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Abstract 
 
Identification of pollution sources and determination of pollution loads from 
all areas are very important for sustainable rehabilitation of any 
contaminated river. Pusu is a small river which, flows through the main 
campus of International Islamic University Malaysia (IIUM) at Gombak. Poor 
aesthetics of the river, which is flowing through the entrance of the campus, 
gives negative impression to the local and international visitors. As such, this 
study is being conducted to find ways to rehabilitate the river in a 
sustainable manner. The point and non-point pollution sources of the river 
basin are identified. Upper part of the 12.6 km2 river basin is covered with 
secondary forest. However, it is the lower-middle reaches of the river basin 
which is being cleared for residential development and source of high 
sediment load. Flow and concentrations of the common pollutants, 
important for a healthy river, such as Biochemical Oxygen Demand (BOD), 
Chemical Oxygen Demand (COD), Suspended Solids (SS), Turbidity, pH, 
Ammoniacal Nitrogen (AN), Total Nitrogen (TN) and Total Phosphorus (TP) 
are determined. Annual pollution loading to the river was calculated based 
on the primary and secondary data. Concentration of SS was high during 
the rainy day due to contribution from the non-point sources. There are 7 
ponds along the river system within the campus, which are severely affected 
by high sediment load from the land clearing activities. On the other hand, 
concentrations of other pollutants were high during the non-rainy days. The 
main sources of point pollution are the hostels, cafeterias, sewage treatment 
plants located in the campus. Therefore, both pollution sources need to be 
controlled in order to rehabilitate the river in a sustainable manner. 
 
Keywords—River Pollution, Rehabilitation, Point Pollution Source, Non-point 
Pollution Sources, Pollution Loading 
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1.0 INTRODUCTION 

 
Malaysia, being a tropical country, has river pollution 
problems due to point source and non-point source 
pollution. The land use is changing day by day due to 
the development of the country and results in 
increased and new river pollution issues (1). The 
different rivers in Malaysia are having the similar 
pollution problems due to industrialization, sand 
mining, rainfall, etc. Pusu is a small river in Malaysia 
which flows through International Islamic University, 
Malaysia (IIUM) and is affected by the pollutants from 
point and non-point sources. It is necessary to assess 
the amount of pollution occurring in the river to 
rehabilitate the river. The flow rate of the river, 
concentrations of pollutants and the existence of non-
biodegradable pollutants ruin the water quality in a 
visible manner (2). The pollutants that are being 
discharged from point sources seem to have less 
variability and are continuous. They can be assessed 
and monitored by measuring chemical; 
concentrations along with discharge at a point. Point 
source pollutants are easier to measure and control 
whereas non-point sources are difficult to regulate and 
measure. Non-point source pollutants can be 
continuous as well; however, they are more linked with 
irregular activities and seasonal activities (3). 

Assessment of pollution includes the measurement 
of pollution concentration, which does not give us the 
exact amount of pollutants in the river. This is because, 
pollutants like heavy metals tend to accumulate and 
incorporate inside the aquatic species; which we 
assume is not there when we calculate the 
concentration of the pollutant. Accumulation of these 
metals makes them toxic and leads to the death of 
some species (4). To overcome this problem, pollution 
loading is being calculated along with the 
concentration to have a more accurate measurement 
of amount of pollutants. Pollution loading is the 
amount of the pollutant in a stream or river that is 
being carried in a given time. According to (5), 
pollution load instead of pollutant concentration was 
used to compare with maximum allowed 
concentration of pollutant in order to make sure that 
the receiving waters have the ability to absorb excess 
capacity load. He also concluded that pollution 
assessment requires the amount of discharge of 
pollutants in the river along with the concentration. 
Load analysis allows the assessment of the water 
quality of a river for different reasons and this is 
necessary for the monitoring, development and 
management of the water quality. 

The problems that might arise in the calculation of 
pollution load include the lack of data in atmospheric 
measurements which does not allow us to calculate 
the load of some pollutants. The atmospheric 
estimates that concern heavy metal deposition could 
be calculated by multiplying with settling velocity, 
heavy metal concentration and surface area of the 
stream (6). As pollution concentration alone is less 
accurate to determine the pollution occurring in a 
river, pollution load calculation makes it easier for us to 

determine, analyse and solve the pollution problems of 
the rivers 

2.0 METHODOLOGY 
 
The point source pollutions were identified by physical 
observation and assigned to the corresponding nodes 
of the Pusu River hydrologic sub-catchments as shown 
in Figure 1. The flow coming from the point sources to 
the river were measured using a current meter. The 
concentrations of the pollutants were measured by 
American Public Health Association (APHA) standard 
water quality testing methods. Among the tested 
parameters there were Total Suspended Solids (TSS), 
Volatile Suspended Solids (VSS), Biochemical Oxygen 
Demand of 5 days (BOD5), Chemical Oxygen Demand 
(COD), Total Nitrogen (TN), Ammoniacal Nitrogen 
(AN), Nitrate Nitrogen and Total Phosphate (TP). To 
calculate the pollution loading, pollutant 
concentration was multiplied with the flow of the 
corresponding pollution sources and then converted 
to suitable units. Samples were taken from different 
areas of particular landuse during storm events at an 
interval of 5 minutes. Event Mean Concentrations 
(EMC) were determined from the samples taken 
during the storm events. At least five rainfall events 
were sampled and tested to calculate the EMC of 
each landuse. From the EMC values and annual 
rainfall data, the annual Non-Point Source (NPS) 
pollution were determined for different sub-
catchments of the study area. The landuses of the 
Pusu River catchment were determined by digitizing 
the area in Google Earth.  
  
Study Area 

The point source pollutions were investigated within 
the International Islamic University Malaysia (IIUM), 
Gombak campus area. Two major tributaries namely 
Anak Pusu and Batang Pusu and two other small 
tributaries joined the main stem of Pusu River inside the 
IIUM Gombak campus. The point source pollution 
contributed from the upstream of the river, which are 
outside of the IIUM campus, are considered by 
calculating the loads the boundaries of IIUM.  
 
Catchment Properties 

Total catchment area is about 12.52 sq. km. Upper 
catchment is mostly covered with secondary forest 
(Table 1). About 82.3% of the catchment is forested, 
7% is bare land opened for construction, 4.3% is 
residential including the IIUM hostels, 1.7% open turfed 
space, 1.4% institutional and 1.2% is waterbody. The 
remaining landuses include roads, parking place and 
recreational areas. The upper parts of the catchments 
are steep with slopes varying from 20 to 26%. IIUM 
Gombak campus is located at the downstream part of 
the catchment. The areas near to the IIUM campus is 
being developed for residential and other mix 
developments. Therefore, the pollution load from the 
non-point source seems to be high. 
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Figure 1: River Pusu System within the IIUM Gombak Campus and the Sub-catchment Nodes 
 

 

Table 1: Landuse Distribution (%) of Sg. Pusu Catchment 
 

Location 

Landuse Category 

Forest Parking Recreational Residential Roads Turfed Space Bare Land Institutional  Waterbody 

Sg. Pusu 72.4 0.4 0.9 6.6 2.1 2.9 12.8 1.0 0.8 

Anak Pusu 73.2 1.6 0.0 5.6 1.6 2.5 13.5 0.3 1.6 

Btg. Pusu 93.4 0.2 0.3 1.0 0.1 0.3 2.4 1.0 1.3 

Tributary 50.9 2.0 0.0 22.2 4.8 8.4 0.9 10 0.8 

Total 82.3 0.6 0.4 4.3 1.1 1.7 7.0 1.4 1.2 

 
 

3.0 RESULTS AND DISCUSSION 
 
The pollutant concentrations at various locations 
without sand mining and during sand mining are 
determined, as shown in Table 2 and 3, respectively.  

 
It was observed that the concentrations of TSS and 
VSS increased significantly at SP 1-7, AP 1-4 and BP 1-
3 significantly. As a result, the annual pollution 
loading during the sand mining also increased many 
fold times (Table 4 and Table 5). 
 

 

Table 2: Pollutant Concentrations without Sand Mining and Land Clearing Activities 
 

Node 
Pollutant Concentrations (mg/L) without Sand Mining and Land Clearing 

TSS VSS BOD COD TN TKN AN NO3 TP 

SP1-7 26 12 6 12 4.1 2.4 0.30 1.1 0.12 

SP1-12 30 24 15 55 32 27.7 22.00 3.7 2.00 

AP1-4 12 8 1 4 1.9 0.4 0.10 1.2 0.01 

AP1-7 15 12 15 53 29 23.1 19.00 4.2 3.60 

BP1-4 24 14 1 3 2.3 0.6 0.20 1.4 0.02 

BP1-9 112 84 72 136 11 5.7 0.68 2.3 6.10 

TP5-1 40 33 18 40 3.7 1.3 0.24 1.9 0.12 

SP1-21 33 27 20 55 34 29.8 25.00 4.1 2.70 
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Table 3: Pollutant Concentrations during Sand Mining at the Affected Boundary Nodes Only 
 

 

Node 
Pollutant Concentrations (mg/L) during Sand Mining 

TSS VSS BOD COD TN TKN AN NO3 TP 

SP1-7 810 372 17 31 8.2 6.3 1.7 2.7 0.3 

AP1-4 1098 662 8 20 6.4 2.5 1.9 2.4 0.2 

BP1-4 2410 1030 10 32 5.8 2.2 0.6 2.7 0.3 

 
Table 4: Dry-day Pollutant Loading without Sand Mining and Land Clearing Activities  

 
 

Node 
Pollutant Loading (kg/yr) without Sand Mining and Land Clearing 

TSS VSS BOD COD TN TKN AN NO3 TP 

SP1-7 66415 30653 15326 30653 10473 6131 766 2810 307 

SP1-12 13245 10596 6623 24283 14128 12230 9713 1634 883 

AP1-4 16273 10848 1356 5424 2576 542 136 1627 14 

AP1-7 2554 2044 2554 9026 5007 3934 3236 715 613 

BP1-4 96122 56071 4005 12015 9212 2403 801 5607 80 

BP1-9 21899 16424 14078 26591 2151 1114 133 450 
119
3 

TP5-1 1261 1041 568 1261 117 41 8 60 4 

SP1-21 7493 6131 4541 12488 7743 6766 5676 931 613 

Total (tonne/yr) 399.5 266.1 131.9 311.7 135.2 99.4 71.4 26.4 13.2 

 
Table 5: Increased Dry-day Pollutant Loading (at the affected nodes only) during Sand Mining Activities 

 
 

Node 
Pollutant Loading (kg/yr) during Sand Mining and Land Clearing 

TSS VSS BOD COD TN TKN AN NO3 TP 

SP1-7 1293173 593902 27141 49492 13091 10058 2714 4311 463 

AP1-4 930588 561065 6780 16951 5424 2119 1610 2034 170 

BP1-4 6032640 2578265 25032 80101 14518 5507 1502 6759 751 

Total (tonne/yr) 8477.1 3901.8 170.2 410.2 145.9 107.9 75.5 29.4 14.2 

  
Table 6: NPS Pollutant Loading from Various Locations at Present Landuse 

 
 

Node 
Pollutant Loading (kg/ha/yr) from NPS Sources 

TSS VSS BOD COD TN TKN AN NO3 TP 

SP1-7 2644 1165 46 163 19 10 3 6 0.9 

SP1-12 2140 967 47 165 19 10 3 6 1.0 

AP1-4 2306 1021 39 135 18 9 3 5 0.8 

AP1-7 2099 953 49 173 19 10 4 6 1.0 

BP1-4 612 333 23 80 14 7 3 4 0.4 

BP1-9 624 343 26 92 14 7 3 4 0.5 

TP1-5 753 476 90 311 26 11 5 8 2.2 

SP1-21 1247 605 40 140 17 8 3 5 0.8 

IIUM 695 436 78 278 24 11 5 7 1.9 

Total (tonne/yr) 1542.2 748.9 49.4 173.4 21.2 10.3 4.0 6.5 1.0 
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The annual pollution loading from the point sources 
(during and after sand mining) and non-point sources 
were compared to identify which pollutants are 
generated from which sources more. Figure 2 shows 

the variation of the annual pollution loading from the 
catchment, indicating that sand mining has very 
significant impact on the release of sediments into 
the rivers. 
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Figure 2: Annual Pollution Loading from Point and Non-point Sources at Sg. Pusu Catchment 

 

4.0 CONCLUSIONS 
 
Annual pollution loadings were calculated for point 
and non-point sources of Sg. Pusu, which flows 
through IIUM Gombak Campus. About 82% of the 
catchment area is still forested or green. However, 
due to improper land activities, the river is badly 
affected in-terms of water quality and ecological 
aspects. The sediment loading due to sand mining 
from the river was significantly high compared to the 
normal days. Cooperation from all parties is essential 
to reduce the pollution loading and rehabilitate Sg. 
Pusu, which is an important ecological feature of 
IIUM Gombak Campus. 
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 Abstract 
 
This study is intended to investigate the effects of lipid acclimated biomass (LAB) and non-acclimated biomass (NAB) in the 
anaerobic treatment of grease trap waste (GTW) over increasing organic loading rate (OLRs) in continuous stir tank reactor 
(CSTR). The results showed that the resistance of GTW toxicity (long chain fatty acids,LCFAs) was higher in LAB while in inhibited 
reactor (NAB), 9 days lag phase occurred during the start-up process and affected the overall methane production. At OLR of 
2.2 gCOD/L.day, high methane was yielded of 0.22 LCH4/gCODremoved at standard temperature and pressure (STP) with 11% 
CH4 enhancement in LAB. The use of biomass consortium acclimated to LCFAs compounds is a reliable strategy to speed up 
the start-up of anaerobic digestion process and to enhance the overall methane yield.  
 
Keywords—Grease trap waste, anaerobic, long chain fatty acids, acclimatization. 
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1.0  INTRODUCTION 

 
In anaerobic digestion, the consumption of 

organic matters that have high lipid content is less 
favorable option to be used as a substrate. During 
hydrolysis stage, lipid is basically consists of 
triglycerides and degraded by hydrolytic bacteria to 
break the chemical bond to produce fatty acids 
(long chain fatty acids, LCFAs) and organic acids [1]. 
The intermediate produced during degradation is 
sensitive to anaerobes bacteria due to restriction of 
adsorption onto bacteria cell wall that being coated 
by LCFAs [2,3]. The limiting factors of LCFAs inhibition 
had caused transport limitation for cell wall 
adsorption and reduce it solubility thus causes several 
operational problems in anaerobic system treating 
relatively high lipid content substrate [4-5]. Despite 
the abovementioned risks, lipid is tested to have high 

biodegradability and potential to produce more 
methane compared to protein or carbohydrates 
through the catalytic in the process done by 
acidogenic bacteria [1,6]. As the consequences, 
exploitation of waste containing high lipid content 
are becoming more attractive sources in producing 
biogas from anaerobic treatment system.  

Different strategies have been implementing to 
overcome the inhibitive factors caused by LCFAs and 
one of the strategies is by selecting appropriate 
inoculum source refers to lipid acclimated biomass. 
The purpose is to provide favorable condition to the 
methanogens towards build-up of volatile acids and 
inhibitive components [4]. In batch assays tested, 
initial 10 days of lag phase was recorded in non-
adapted inoculum of oily waste digestion while in 
adapted inoculum assays showed highest 
biomethanation values without experienced of lag 
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phase [2]. An increment of 2% of methane 
composition was observed when acclimated 
inoculum to lipid was used in the treatment of waste 
vegetable oils [7]. [4] performed batch experiment to 
evaluate the inhibitory effect of olive mill wastewater 
reported that inhibition occurred during start-up 
process in non-adapted inoculum as low as loading 
of 5 gCOD/L.d while in adapted assay, no inhibition 
occurred even at highest loading of 25 gCOD/L.d.  

Since the most significant phase during 
anaerobic digestion is during start-up, it is important 
to ensure the relevant adaptation of the system to 
the influent capacity to avoid digester failure [8]. 
Numerous studies have been conducted to 
determine the performance of anaerobic treatment 
using acclimated biomass is based on batch assays 
accomplished with lipid-based synthetic substrate. 
Less attention is given on using acclimated biomass 
onto actual effluents in continuous stir tank reactor 
(CSTR). Furthermore, lack of information regarding 
the individual patterns of LCFAs degradation during 
inhibition and stable operation of reactors treating 
grease trap waste (GTW). Thus, the purpose of this 
work is to determine the potential of anaerobic 
digestion of GTW in enhancing methane production 
by studying the effects of using acclimated biomass 
to LCFAs in CSTR with increasing organic loading rate 
(OLR).   

 

2.0  METHODOLOGY 
 

To test the effects of inoculum acclimatization to 
lipid, two reactors were used with different inoculum 
known as lipid acclimated biomass (LAB) and non-
acclimated biomass (NAB). Glass reactors with 
working volume of 1 L were used and both reactors 
were equipped with water jacketed to sustain 
required temperature for the entire processes. The 
reactor is fitted with a top stainless steel plate with 
attached stirrer, feeding and sampling port, gas 
sampling port, pH probe, thermocouple and acid 
and alkaline port. A control unit is used to monitor the 
pH and temperature. The produced biogas was 
collected in a 5 L Tedlar gas sampling bag and 
analyzes using GC-TCD Gas Chromatography. 

Anaerobic digested sludge was collected from 
palm oil mill anaerobic sludge (POMS) obtained from 
Felda Serting Hilir Palm Oil Mill Plant. POMS produced 
from anaerobic treatment process of palm oil mill 
effluent are known to contain low level of oil and 
grease (less than 0.18 g/L) [9].  Thus, in this study 
POMS collected was designated as non-acclimated 
biomass (NAB). To impose lipid acclimated biomass 
(LAB) to the process, preparation was made 
according to [10] by exposing POMS through 
prolonged contact with lipid mixture, consisting of 
sodium palmitate (C16:0), sodium stearate (C18:0) 
and sodium oleate (C18:1) in a mixture of 30:20:50 
(w/w/w), respectively. The LCFA mixture simulated 
the main constituents in GTW [11]. GTW was sampled 
from centralized grease trap of food service 

establishment in Putrajaya, Malaysia. Table 1 shows 
the characterization of LAB, NAB and GTW used in 
the study. Biomass in LAB has been adapted to lipid 
when most of the lipid content was detected 
compared to NAB when only the content of 
palmitate could be detected. Thus, biomass in LAB is 
considered as acclimatized inoculum to lipid. 
Although LAB contained palmitate contents but the 
value is lower than that of GTW and regarded does 
not affect the overall process [12]. 
 

Table 1 Characterization of NAB, LAB and GTW 

Parameters Unit 

Non-

acclimated 

biomass 

(NAB) 

Lipid 

Acclimated 

biomass 

(LAB) 

Grease 

Trap 

Waste 

(GTW) 

   

pH - 
7.35  
±  0.01 

6.94   
± 0.01 

1.17  ± 
0.06 

   

TS g/L 10.45  
± 0.04 

12.12 
 ±  0.05 

0.85 ±  
0.19 

   

VS g/L 4.86  
± 0.04 

6.32 
 ± 0.04 

0.82 ± 
0.04 

   

COD  g/L 39.53  
± 0.13 

23.54  
± 0.11 

12.83 ± 
0.11 

   

Lipid content:     

Myristate 
C14:0 

mg/L n.d 0.78 19.5    

Palmitate 
C16:0 

mg/L 3.81 12.23 249.8    

Palmitoleate 
C16:1 

mg/L n.d 1.09 29.1    

Stearate 
C18:0 

mg/L n.d 4.82 158.4    

Oleate 
C18:1 

mg/L n.d 24.11 536.6    

Linoleate 
C18:2 

mg/L n.d 0.20 6.6    

*not detected       

 During start-up, the adaptation of biomass was 
allowed to acclimatize with GTW in batch mode for 
both reactors before semi-continuous feeding 
started. At this phase, the monitoring of pH, alkalinity, 
chemical oxygen demand (COD), volatile fatty acids 
(VFA) and LCFAs were measured daily (results not 
shown except LCFAs). The reactants volume was 
kept constant and monitored until COD removal 
measurement was consistent for 3 consecutive days. 
This has been demonstrating as an acceptable 
method for anaerobic reactor start-up to maintain 
the population of active methanogens in performing 
methanogen activities when higher organic loading 
will be introduced in semi-continuous phase [13]. 

After the start-up process, the operation of both 
reactors was switched to semi-continuous feeding 
mode with increasing OLR (1.3-3.6 gCOD/L.day). The 
increment of organic loading rate was achieved by 
increasing the influent flow rate. Both reactors were 
fed once per day according to the required influent 
flow rate. The stability and performance of each 
stage of the reactors were monitored until steady 
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state condition was achieved before increasing new 
OLR.  

 

3.0  RESULTS AND DISCUSSION 
 

3.1 Start-up operation 

 In this study, the first 14 days of reactors operation 
was functioned as a start-up phase. The duration of 
start-up phase was determined according to the 
changes of COD removal efficiencies were less than 
15% in 3 consecutive days. This condition can be 
reflected by the stability of volatile acid to alkalinity 
ratio and increment of the methane production 
before any increment of organic loading rate can be 
introduced into the reactor [8]. To determine the 
performance of GTW anaerobic treatment using 
acclimated (LAB) and non-acclimated inoculum 
(NAB) inoculum source, it is significant to evaluate the 
process capability in terms of methane composition, 
methane production rate and methane yield as 
depicted in Fig. 1(a,b,c).  

(a) 

 
(b) 

 
(c) 

 
x  LAB      �  NAB 

Figure 1: The profile of (a) methane composition; (b) 
methane production rate and; (c) methane yield of NAB 
and LAB during start-up operation. 
 

 It can be seen that the foremost difference 
between methane composition in LAB and NAB 
occurred during the start-up stage. For LAB, methane 
production increase immediately while in NAB 

methane production starts slowly with a lag phase of 
9 days was recorded and methane production starts 
to increase rapidly on day 10. A lag phase was 
observed in NAB indicated that inhibition was 
occurred due to acclimatization was take place in 
the beginning of the process. On day 14, methane 
composition for LAB reached a value of 56%, 15% 
higher than that of for NAB. A similar trend as 
methane composition were showed by methane 
production rate and methane yield for both reactors. 
LAB and NAB recorded highest volumetric methane 
production rate of 0.078 LCH4/L and 0.061 LCH4/L, 
respectively. While for methane yield, a value of 0.22 
LCH4/gCODremoved and 0.10 LCH4/gCODremoved were 
recorded for LAB and NAB, respectively. Based on 
these results, similar trend was also reported by [12] 
where methane production was 16% higher was 
evaluated in acclimated reactor as compared to 
non-acclimated reactor during initial stage of 
experiments. A lag phase of 10 days was also 
recorded in non-acclimated reactor treating oily 
waste from can fish processing industry. 

 
x  LAB      �  NAB 

Figure 2: The profile of effluent LCFA of NAB and LAB during 
start-up operation. 

 
Significant differences of LCFAs accumulation 

between NAB and LAB reactors were recorded as 
depicted in Figure 2 and higher concentration of 
LCFAs was observed in NAB reactor for the start-up 
process. Highest LCFA accumulation in LAB was 
recorded on day 4 with the maximum value of 228.31 
mg/L and gradually decreases after that until 
become stable towards the end of the start-up 
process. However, in NAB, the accumulation of LCFA 
was increased until day 10 with value of 361.54 mg/L. 
Thus, the result indicated that the initial lag phase 
observed during the start-up process in NAB could be 
attributed to the rapid LCFA build up as proposed by 
[14]. In batch assay treating suspended sludge and 
dairy wastewater, a lag phase of 42 days was 
observed when the concentration of LCFA 
accumulated recorded up to 900 mg/L and no 
methane production was observed when exceeding 
this value [14]. In batch assay treating granular 
sludge with oleic acid, the addition of 100 mg/L oleic 
acid had reduced approximately 80% of methane 
yield observed with experienced of 13 days lag 
phase caused by accumulation of intermediate 
(palmitate and stearate) in LCFA degradation [15]. 
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(a) 

 
(c) 

 
x  LAB      �  NAB 

Figure 3: The profile of (a) oleate and (b) palmitate of NAB 

and LAB during the start-up operation. 

In Figure 3, it can be seen that the LCFA profile for 
both reactors depicted that the most abundant 
LCFA were palmitate and oleate when the 
concentration of both LCFA were relatively higher in 
inhibited reactors (NAB) as compared to non-
inhibited reactor (LAB) for the entire of start-up 
process. In this study, palmitate and oleate were the 
main LCFA that accumulated and maintain at higher 
concentration in inhibited than non-inhibited reactor. 
Palmitate acid is the primary product from oleate 
degradation phenomenon obtained in this study is 
similar as what has been observed from previous 
study [6,15]. The concentration of oleate 
accumulated in NAB were within the same range 
(100 mg/L–200 mg/L) as reported by [16] for inhibition 
had occurred during lag phase. [17] also reported 
the similar range of oleate concentration that was 
inhibited the thermophilic anaerobic digestion of 
cattle manure. Stearate and myristate was detected 
in very low level but did not accumulated 
significantly as palmitate in both reactors (Results not 
shown). No significant increment in concentration 
recorded for stearate and myristate indicated that 
fast and easy mineralized process conversion of both 
LCFA and that the limiting factor was not from this 
conversion [12]. 
 
3.2 Semi-continuous feeding operation 

During steady-state condition, it was observed 
that the methane composition, methane production 
rate and methane yield increased with increasing 
OLR from 1.3 gCOD/L.day until 2.2 gCOD/L.day for 
both reactors as depicted in Figure 4 (a,b,c). Later, a 
downtrend methane production was observed for 
OLR from 2.5 gCOD/L.day to 3.6 gCOD/L.day for all 
reactors indicated a decreased performance of all 
reactors.  

(a) 

 
(b) 

 
(c) 

 
x  LAB      �  NAB 

Figure 4: The profile of (a) methane composition; (b) 
methane production rate and; (c) methane yield in NAB 
and LAB during steady state condition. 

 
Overall performance of steady state condition in 

all reactors depicted that the effectiveness of 
methanogen activities reached its maximum 
efficiency at OLR 2.2 gCOD/L.day. At this stage of 
stable condition, the average maximum methane 
composition was recorded highest in LAB (71%) than 
NAB (60%). While for methane production rate, 
average maximum values recorded for LAB and NAB 
was 0.455 and 0.269 LCH4/L.day, respectively. 
Furthermore, in agreement with methane 
composition and production rate performance, 
methane yield for all reactors were also recorded its 
average maximum values at OLR of 2.2 gCOD/L.day. 
The value of methane yield evaluated for LAB is 0.22 
LCH4/gCODremoved and for NAB is 0.14 
LCH4/gCODremoved. 

Easily converted to biogas in LAB during start-up 
had induced and affected the overall methane 
production when higher values in LAB than NAB 
reactor were observed. This signifies that acclimated 
biomass to lipid in LAB has higher resistance to lipid 
toxicity and can improved the production rate. An 
increase in OLR of 2.5 gCOD/L.day onwards had 
decreased the value of methane composition, 
production rate and methane yield. The reduction of 
these values maybe caused by organic wash out 
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due to semi-continuous feeding and no sludge 
recycle implemented that may reduce the tolerance 
to the substrate [1,18].  

Data on methane composition and the 
occurrence of lag phase in this study were 
comparable to those reported by [19]. It can be 
seen that the methane production is retarded in 
higher concentration of inhibitor and the duration of 
lag phase also increase. [14] demonstrated higher 
concentration of oleate (900 mg/L) evaluated that 
shock load do not improves methane production 
hence no methane production were recorded for 
the entire experiments even though acclimated 
inoculum was used. The experiment was stop after 21 
days duration and suggested that the accumulation 
of LCFA is a critical factor to be considered when 
dealing with oily effluents. In order to improves the 
performance of waste vegetable oil, [7] observed 
the potential of using acclimated biomass (sludge 
from hotel, restaurants and catering waste 
anaerobic treatment) could improves 3% methane 
production regardless any LCFA concentration that 
inhibit the system. However, the occurrence of lag 
phase indicated that inhibition occurred at the initial 
stage of the study. The comparison between 
methane yields cannot be made so far as this system 
has not been applied for any continuous stir tank 
reactor (CSTR) in the literature studies.  

 

4.0  CONCLUSION 
The existing results demonstrate that the 

inoculum previously adapted to LCFA and as well as 
the control operating condition can lead to better 
outcomes when anaerobic digestion of oily waste is 
concerned. By using acclimated inoculum, 15% 
methane production composition improvement was 
observed with biogas containing 71% methane and 
methane yield of 0.22 LCH4/gCODremoved were 
achieved. Efficient performance of acclimated 
reactor (LAB) was achieved at OLR of 2.2 
gCOD/L.day. The use of acclimated inoculum had 
no observation of lag phase during the start-up stage 
and is consider a promising strategy to accelerate 
the start-up process and thus improve the overall 
performance of anaerobic digestion from GTW.  
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Abstract 
Three-dimensional network polymers were prepared by the copolymerization of cyclic 

macromonomers.  Chain threading (ring penetration) during polymerization process led 

network structure composed of movable cross-linking points.  Such network polymers 

were found to exhibit good swelling property, good extension, and good shock-absorbing 

properties due to the increased movement of the polymer chains.  Introduction of 

movable cross-linking points into thermo-responsive hydrogel was found to be useful to 

improve shrinking rate.  Silicone resin with movable-cross-linking points changed to less 

brittle material.  Network polymers composed of movable cross-linking points can be new 

candidates of soft materials for various applications. 

 

Keywords—cyclic polymer, cyclic macromonomer, cross-linking, movable cross-linking 

point, ring penetration 
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1.0  INTRODUCTION  

 
Cyclic polymers have no chain ends and they exhibit 
different physical properties under dilute and bulk 
condition compared to their linear counterparts of 
the same molecular weight.  For example, cyclic 
polymers exhibit lower intrinsic viscosity, smaller 
hydrodynamic volume, higher grass transition 
temperature, and lower crystallinity.  These different 
properties could have potential impact in the 
production of new and exciting polymer products.  
However, expensive costs of cyclic polymers limit the 
applications of cyclic polymers.  A small difference in 
Tg cannot be a good reason for replacing a linear 
polymer with a cyclic polymer. 

Our idea for applications of cyclic polymers is to use 
cyclic polymers as an additive.  If a small amount of 
cyclic polymer can change the properties of 
polymeric materials, the problem of the high cost of 
cyclic polymer will be solved.  One possibility of such 
additive is cross-linking agent.  Usually, a small 
amount of cross-linking agent is added in any three-
dimensional network formulation.  Especially, cyclic 
molecules can be useful for mechanically cross-
linking in which ring penetration plays an important 
role (Figure 1).  The most interesting features of 
mechanical cross-linking is its movability. 

 

Chemical Physical Mechanical
 

Figure 1 Various cross-linking methodology. 

 

In recent years, a number of mechanically or 
topologically cross-linked polymers have been 
prepared as novel soft materials in which no 
chemical bonding exists between chains.  Their 
three-dimensional structures based on rotaxane 
structure are quite different from those of 
conventional network polymers formed by chemical 
or physical cross-linking.  Each polymer chain is linked 
through mechanical linkage via chain threading (ring 
penetration) of ring segment.  Since cross-linking 
point can move, these network polymers are 
expected to exhibit good swelling properties and 
high impact strength due to high degrees of freedom 
in the segmental movement. 
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Figure 2 Examples of mechanically cross-linked polymers. 

 

In this paper will be reported preparation of 
mechanically cross-linked three dimensional 
polymers using cyclic polymers as non-bonding cross-
linking agents. 

 

2.0  RESULTS AND DISCUSSION 
 

There are several synthetic pathways to obtain 

mechanically cross-linked polymers depending on 

the type of three-dimensional structure.  One of 

versatile methodology to prepare such mechanically 

cross-linked polymer is to copolymerize a monomer 

with a cyclic macromonomer which has enough ring 

size for ring penetration as shown in Figure 3.1-4  The 

ring penetration of the cyclic moiety by a segment of 

another polymer chain during the copolymerization 

leads three-dimensional structure with movable cross-

linking points. 
 

 
 

Figure 3 Copolymerization of cyclic macromonomer. 

 

 

We have developed various cyclic macromonomers 

as non-bonding cross-linking agents.  Representative 

examples are shown in Figure 4.5-10 

 

 
 

Figure 4 Examples of cyclic macromonomers. 

Although utilization of copolymerization of cyclic 

macromonomer to obtain mechanically cross-linked 

polymer is versatile methodology, the drawback of 

this method is lack of processability.  The resulting 

network polymers precipitate from the reaction 

system, making it difficult to process these materials 

homogeneously into shaped articles. Therefore, we 

proposed an alternative synthetic strategy for 

preparation of noncovalent cross-linked polymer.  

The strategy is based on two-step curing reactions as 

shown in Scheme 3.  The first step is to prepare a 

polypseudorotaxane as a prepolymer by free radical 

polymerization of a vinyl monomer in the presence of 

a large ring molecule.  Polypseudorotaxanes 

represent a new class of macromolecular 

architectures in which macrocycles are penetrated 

by linear polymers and thus the two components are 

mechanically linked with each other.  Threading can 

occur during polymerization in the presence of a 

macrocycle.  The second step corresponds to the 

conversion of the polypseudorotaxane to 

noncovalent cross-linked structure by solid-state 

fixation of the linear chain with rings (both threaded 

and free).  Since polypseudorotaxanes are tractable 

precursor polymers, it is possible to obtain cross-linked 

polymers with desired shapes.   

 

 
 

 
Figure 5 Two-steps cross-linking via polypseudorotaxane. 

 

An example is polypseudorotaxane composed of 

cyclic polystyrene with amino group and poly(methyl 

methacrylate) (PMMA).  Thermal amidation led 

three-dimensional structure (Figure 6).11  
 

 
 

Figure 6 Two-steps cross-linking of PMMA. 
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3.0  CONCLUSION 
 

Numerous investigations have been reported on 
linear macromonomers for constructing of various 
macromolecular architectures including block 
copolymers, highly branched polymers and comb-
like graft copolymers.  However, only a limited 
examples have been reported on cyclic 
macromonomers.  Our idea is to use cyclic 
macromonomers as noncovalent cross-linking agents 
in order to introduce movable cross-linking points into 
three-dimensional network structures. 

Copolymerization of a monomer in the presence of a 
cyclic macromonomer (cyclic polymer with a 
polymerizable group) in high concentration 
conditions leads mechanically linked three-
dimensional network polymer with movable cross-
linking points.  The network structure is formed by the 
threading (ring penetration) of the cyclic moiety by a 
segment of another linear polymer chain during 
copolymerization process. 

Another strategy to introduce movable cross-linking 
points is two-steps cross-linking via 
polypseudorotaxane as precursor of three-
dimensional polymers.  Covalent fixation of the ring 
segments with the threaded liner chains produces 
mechanical cross-linking.  The advantage of this 
methodology is to introduce cross-linking points more 
homogeneous and to enable prosessability because 
polypseudorotaxanes are tractable. 

Finally, this class of materials has attracted a great 
deal of interest as new functional materials with 
unusual chemical, physical and mechanical 
properties due to the high degrees of freedom in 
segmental movement since cross-linking points can 
move in these three-dimensional structures. 

 

References 
 
[1] Zada, A., Avny, Y. and Zilkha, A. 1999. Monomers for Non-

Bond Crosslinking of Vinyl Polymers. European Polymer 

Journal.  35: 1159-1164. 

[2] Zada, A., Avny, Y. and Zilkha, A. 2000. Monomers for Non-

Bond Crosslinking of Vinyl Polymers II. Cyclic Octaethylene 

Glycol 5-Methacrylamido-isophthalate. European Polymer 

Journal. 36: 351-357. 

[3] Zada, A., Avny, Y. and Zilkha, A. 2000. Monomers for Non-

Bond Crosslinking of Vinyl Polymers III. Some 

Characteristics of the System. European Polymer Journal. 

36: 359-364. 

[4] Oike, H., Mouri, T. and Tezuka, Y. 2001. A Cyclic 

Macromonomer Designed for a Novel Polymer Network 

Architecture Having Both Covalent and Physical Linkages. 

Macromolecules. 34: 6229-6234. 

[5] Kubo, M., Hibino, T., Tamura, M., Uno, T. and Itoh, T. 2002. 

Synthesis and Copolymerization of Cyclic Macromonomer 

Based on Cyclic Polystyrene: Gel Formation via Chain 

Threading. Macromolecules. 35: 5816-5820. 

[6] Kubo, M., Kato, N., Uno, T. and Itoh, T. 2004. Preparation of 

Mechanically Cross-Linked Polystyrenes. Macromolecules. 

37: 2762-2765. 

[7] Kubo, M., Hayakawa, N., Minami, Y., Tamura, M., Uno, T. 

and Itoh, T. 2004. Preparation of Mechanically Cross-

Linked Poly(vinyl alcohol). Polymer Bulletin. 52: 201-207. 

[8] Kubo, M., Matsuura, T., Morimoto, H., Uno, T. and Itoh, T. 

2005. Preparation and Polymerization of a Water-Soluble, 

Nonbonding Crosslinking Agent for a Mechanically 

Crosslinked Hydrogel. Journal of Polymer Science : Part A: 

Polymer Chemistry. 43: 5032-5040. 

[9] Miki, K., Inamoto, Y., Inoue, S., Uno, T., Itoh, T. and Kubo, M. 

2009. Preparation of Three-Dimensional Poly(dimethyl-

siloxane) (PDMS) with Movable Cross-Linking. Journal of 

Polymer Science: Part A: Polymer Chemistry. 47: 5882-5890. 

[10] Ishida, K., Uno, T., Itoh, T. and Kubo, M. 2012. Synthesis and 

Property of Temperature-Responsive Hydrogel with 

Movable Cross-Linking Points. Macromolecules. 45: 6136-

6142. 

[11] Nozaki, T., Uno, T., Itoh, T. and Kubo, M. 2008. Noncovalent 

Cross-Linking of Poly(methyl methacrylate) via 

Polypseudorotaxane. Macromolecules. 41: 5186-5190. 

 

  

 



 
(2016) 14–15 | 3rd International Conference on Chemical Innovation|  

 

ICET 2016  
 

Full Paper 

  

 

  

 

SYNTHETIC STRATEGY FOR ARAMIDE FILM 
 

Kazuki Hirata, Takahiro Uno, Takahito Itoh, Masataka Kubo* 

 

Faculty of Engineering, Department of Chemistry for Materials, Mie 

University, Tsu 514-8507, Mie, Japan 

 

 

 

 

 

 

 

*Corresponding author 

kubo@chem.mie-u.ac.jp 

 

Graphical abstract 
 

n

N O

O

N

O

O

 

Abstract 
 

Poly-p-phenylene terephthalamide (PPTA) known as aramid is a class of heat-resistant and 

strong polyamide.  Since aramid is only soluble in concentrated sulfonic acid, it is 

fabricated by spinning from its sulfonic acid solution into fiber.  It is difficult to process 

aramid into film or sheet shapes.  If we successfully obtain aramid film, we can expect a 

wide variety of applications.  This work presents an attempt to prepare aramid as a shape 

of film.  Our idea is to utilize precursor polymer which is easily processable.  The precursor 

polymer is composed of dihydroxycyclohexadiene and N-pentylterephthalamide 

segments.  Thermal aromatization and thermal dealkylation reactions will enable the 

conversion of the precursor polymer to PPTA.  Preparation and thermal reaction of the 

precursor for PPTA will be reported. 

 

Keywords— aramide, precursor, film, thermal dealkylation 
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1.0  INTRODUCTION 

 
Aramids are a class of heat-resistant and strong 
synthetic wholly aromatic polyamides.  The most well-
known aramids are poly(m-phenylene 
isophthalamide) (MPIA) and poly(p-phenylene 
terephthalamide) (PPTA).  The latter is known as 
Kevlar (Du Pont) or Twaron (Akzo) under the trade 
names.  Since PPTA is soluble only in concentrated 
sulfuric acid, it is used for heat protective closing, 
tennis strings, and body armor (bulletproof vest) in 
the shape of fiber.  If film shape of PPTA is available, 
PPTA will find much more use in various fields. 

 

 

Figure 1 Structure of PPTA. 

 

As a preliminary experiment, we attempted to obtain 
PPTA film via soluble precursor A which can be 
converted to PPTA.  Thermal elimination reaction of 
precursor A can give PPTA structure through the 
aromatization reaction.  Although precursor A was 
found to be converted to PPTA by heat treatment, it 
was only soluble in N-methylpyrrolidone (NMP) 
containing lithium chloride, which unable to process 

precursor A into thin film by casting method due to 
the existence of inorganic salt (Figure 2). 

 

 

 

Figure 2 Preparation of PPTA. 

In this work we designed more soluble precursor B 
(Figure 3) which is composed of both dihydroxy-
cyclohexene and N-pentylterephthalamide 
segments.  Easy aromatization of dihydroxycyclo-
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hexene segment and dealkylation of N-pentyl 
segment will make it possible to convert the precursor 
B to PPTA.  And the introduction of alkyl chain on the 
nitrogen should increase the solubility of the resulting 
polyamide due to the inhibition of hydrogen bonding 
between polymers and the decrease of crystallinity 
resulting from steric hindrance. 

 

 

Figure 3 Structure of precursor B. 

 

2.0  RESULTS AND DISCUSSION 
 

We carried out model reaction to establish the 

synthetic pathway for the diamine segment.  

Preliminary experiments indicated that it was difficult 

to introduce alkyl chain directly on the nitrogen of 

the amine functionalities by using alkyl halide (Figure 

4). 

 

 
 

Figure 4 Results of preliminary experiment. 

 

Therefore, we investigated alternative pathway 

which includes acylation of amino functionalities 

followed by reduction of the resulting amide bonding 

retaining the acetal moiety.  We checked above 

reaction by using acetonide of 3-amino-1,2-

propanediol as a starting material.  The starting 

acetonide ((2,2-dimethyl-1,3-dioxolan-4-yl)methan-

amine) was prepared in three steps from glycerol 

acetonide according to the reported procedure1.  It 

is noted that this amine has cyclic acetal moiety.  

Then, we carried out acylation reaction with 

pentanoic acid by using (benzotriazol-1-

yloxy)tris(dimetylamino)phosphonium hexafluoro-

phosphate2 (BOP) as a condensation agent.  Finally, 

the resulting amide linkage was reduced by 

conventional hydride reduction using lithium 

aluminum hydride (LAH) to obtain N-((2,2-dimethyl-

1,3-dioxolan-4-yl)methyl)pentan-1- amine (Figure 5). 

 

NH2
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O
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N
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N
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Figure 5 Model reaction for precursor B. 

 

Finally, the diamine segment was successfully 

prepared by acylation followed by reduction as 

shown in Figure 6. 
 

 
 

Figure 6 Synthetic pathway for the diamine segment of 

precursor B. 

 

3.0  CONCLUSION 
 
We investigated synthetic strategy for aramid film.  
The important precursor for PPTA is precursor B in 
which amide linkage was protected by removable 
alkyl chain to prevent intermolecular hydrogen 
bonding between chains.  The increased solubility of 
the resulting precursor B will make it possible to 
fabricate into film shape. 
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Abstract 
 

Carboxyl groups were introduced into donor-acceptor polyfluorenes carrying 

benzothiaziazole or naphthoselenadiazole as an acceptor moiety.  The emissions from their 

solution states were quite different depending on the solvents.  While these polymers 

exhibited blue emission from its methanol solution, additional emission at longer 

wavelength was observed from tetrahydrofuran (THF) solution.  Addition of hydrochloric 

acid into THF solution resulted in change of emission color.  The observed 

photoluminescence solvatochromism can be explained by considering polymer 

aggregation arising from the intermolecular interaction through carboxyl functionalities. 

 

Keywords—photoluminescence solvatochromism, polyfluorene, hydrogen bonding, 

aggregation, sensor  
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1.0  INTRODUCTION 

 
Photoluminescence solvatochromism is the ability of 
a chemical substance that possesses emission 
properties (e.g. fluorescence lifetime, emission 
wavelength, and quantum yield) responsive to 
physical changes in the local environment including 
pH, viscosity, and solvent polarity.  Such 
solvatochromic fluorophores have been used in 
censors and materials for biological studies.  
Polyfluorene and its derivatives are particularly 
interesting as a new class of emitting materials due to 
their highly efficient photoluminescence, thermal 
and oxidative stability, and good solubility.1,2  The 
alternating incorporation of various aryl comonomers 
as acceptor segment into the fluorene backbone 
enables the tuning of the emission properties.  That is, 
the interaction between fluorene and aryl moieties 
has an effect on the emission color.  For example, 
Yang et al. prepared polyfluorene consisting of 
napthoselenadiazole (NSeD) and found that this 
polyfluorene exhibits different emission spectra in 
solution and solid film.3  In solution, the copolymer 
exhibits two emission peaks at 450 nm and 700 nm, 
which are corresponding to fluorene and NSeD 
segments, respectively.  On the other hand, the 

emission at 450 nm decreased remarkably in the solid 
state due to the interchain interaction. 

We report here photoluminescence solvatochromic 
behavior of polyfluorenes which carry carboxyl 
functionalities at their alkyl side chains.  Figure 1 
shows chemical structures of polyfluorenes studied in 
this work.  Since inter- and/or intramolecular 
interactions through hydrogen bonding is possible 
due to the existence of carboxyl functionalities, PFBT-
CO2H and PFNSeD-CO2H are expected to exhibit 
photoluminescence solvatochromism arising from the 
polymer aggregation. 

 

 

Figure 1 Chemical structures of polyfluorenes studied in this 

work. 
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2.0  RESULTS AND DISCUSSION 
 

Figure 2 shows synthetic pathway for PFBT-CO2H and 

PFNSeD-CO2H.  The key compound is 2,7-dibromo-

9,9-bis(5-ethoxycarbonylpentyl)fluorene that carries 

carboxyl functionality masked as the ethyl ester.  

Suzuki-Coupling terpolymerization followed by 

hydrolysis of the ester moiety gave PFBT-CO2H and 

PFNSeD-CO2H as yellow and purple powders, 

respectively.  
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Figure 2 Preparation of PFBT-CO2H and PFNSeD-CO2H. 

 

Figure 3 shows PL spectra of PFBT-CO2H in methanol 

(blue line), THF (red line), and acetonitrile (green line) 

at the polymer concentration of 0.17 mg/mL.  The PL 

spectrum from methanol solution exhibited emission 

peaks around 440 nm.  On the other hand, a strong 

emission at 580 nm emerged from THF and 

acetonitrile solution instead of the emissions around 

440 nm.  Therefore, the emission colors were quite 

different to our naked eye.  While the emission from 

methanol solution was blue, THF and acetonitrile 

solutions gave yellow emission. 
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Figure 3 Photoluminescence spectra of PFBT-CO2H in CH3OH 

(blue), THF (red), and acetonitrile (green). 

 

The observed photoluminescence solvatochromism 

can be explained by considering polymer 

aggregation arising from the intermolecular 

interaction among carboxyl functionalities as shown 

in Figure 4.  In THF and acetonitrile, the PFBT-CO2H 

chains aggregated due to the hydrogen-bonding 

interaction between carboxyl groups.  This leads to 

the emission at longer wavelength due to the energy 

transfer.  On the other hand, the PFBT-CO2H chain 

assumes a fully extended conformation in methanol 

solution due to the hydrogen bonding interaction 

between carboxyl groups and methanol. 

 

 
 

Figure 4 Schemetic illustration of PFBT-CO2H chains through 

hydrogen bonding between carboxyl groups. 

 

Since hydrogen bonding can be cleaved by strong 

acid such as hydrochloric acid, the influence of 

hydrochloric acid on the photoluminescence 

spectrum of PFBT-CO2H in THF solution was examined 

by using different concentrations of hydrochloric 

acid.  The results are shown in Figure 5.  As expected, 

increase of the acid concentration led to a decrease 

of emission at 580 nm which comes from aggregated 

PFBT-CO2H.  The emissions at shorter wavelength 

around 420 nm increased with increase of 

hydrochloric acid solution.  This behavior is 

reasonably explained by considering the polymer 

aggregation. 

 

400 500 600 700 800

Wavelength (nm)

PFBT-CO2H = 0.5 mg

THF (mL)      HCl (mL)

2
2
2

0
1.0
1.5

 
Figure 5  Effect of hydrochloric acid on photoluminescence 

of PFBT-CO2H in THF solution. 

 

Another evidence of polymer aggregation due to 

hydrogen bonding is fluorescence thermochromism 

of the THF solution of PFBT-CO2H as shown in Figure 6.  

As the temperature increased from 20 °C to 60 °C, 

emission at 420 nm emerged, indicating that 

intermolecular interaction was weakened by the 

cleavage of hydrogen bonding. 
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Figure 6 Photoluminescence spectra of PFBT-CO2H in THF at 

20 °C (red) and 60 °C (blue). 

 

Figure 7 shows the effect of polymer concentration of 

PFBT-CO2H in methanol on the emission properties.  

The emission at 420 nm was dominant when the 

polymer concentration was low (a).  On the other 

hand, emission at longer wavelength at 580 nm 

increased with increase of polymer concentration (b 

and c).  This increase at 580 nm can be explained by 

interaction between polymer chains. 
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Figure 7 Effect of polymer concentration of PFBT-CO2H in 

methanol at (a) 0.2, (b), 0.4 and (c) 1.0 mg/mL. 

 

Figure 8 shows photoluminescence spectra of 

PFNSeD-CO2H in methanol (blue line) and THF (red 

line).  The PL spectrum from methanol solution 

exhibited emission peaks around 440 nm.  On the 

other hand, a strong emission at 700 nm emerged 

from THF solution in addition to the emissions around 

440 nm.   Therefore, the emission colors were quite 

different to our naked eye.  While the emission from 

methanol solution was blue, THF solution gave purple 

emission. 
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Figure 8 Photoluminescence spectra of PFNSeD-CO2H in 

methanol (blue line) and THF (red line). 

 

3.0  CONCLUSION 
 
Novel donor acceptor type polyfluorenes with 
carboxyl groups at the side chain were prepared by 
Suzuki-Coupling terpolymerization followed by 
hydrolysis reaction.  The obtained polyfluorenes 
carrying carboxyl groups were found to exhibit 
photoluminescence solvatochromism.  Aggregation 
of the polymer chain due to the hydrogen-bonding 
between carboxyl functionalities is considered to be 
the reason of the photoluminescence 
solvatochromism. 
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Abstract 
 

A cyclic polyethylene glycol with molecular weight of 1000 was prepared by 1:1 cyclization 

reaction between amino-terminated telechelic polyethylene glycol and isophthalic acid.  

Solid-phase intramolecular cyclization of heterotelechelic polystyrene with molecular 

weight of 3000 having amino and carboxyl groups was carried out in the presence of the 

cyclic polyethylene glycol using diisopropylcarbodiimide as a dehydration agent and 

hydroxybenzotriazole functionalized silica (SiliaBond HOBt) as a condensation additive to 

obtain polymer catenane composed of cyclic polyethylene glycol and cyclic polystyrene.  

The successful ring-penetration followed by intramolecular cyclization was probably due to 

the immobilization of the reactive intermediate onto silica, which prevented intermolecular 

coupling reaction even in the high polymer concentration. 

 

Keywords— polymer catenane, solid-phase cyclization, ring-penetration, 

hydroxybenzotriazole functionalized silica 
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1.0  INTRODUCTION 

 
Cyclic polymers are of current interest as a member 
of new macromolecular architectures.  Recently, 
cyclic polymers have been applied to compounds 
having a more complex structure.  Among them 
supramolecules such as catenaned polymers attract 
much attention.  A polymer catenane is a molecular 
assembly in which two or more cyclic polymers are 
joined mechanically through ring penetration 
(threading) (Figure 1) 

 

 

Figure 1 Structure of polymer catenane. 

 

Since most cyclic polymers have been prepared by 
end-to-end ring closure of a linear precursor polymer, 
a straightforward synthesis of polymer catenane is to 

carry out an intramolecular cyclization reaction of a 
linear precursor polymer in the presence of another 
cyclic polymer which is to be threaded.  Usually, the 
ring closure reaction is carried out under high dilution 
conditions to prevent intermolecular reaction which 
will give linear chain-extended by-products.  
However, high-diluted condition is unfavorable for 
chain threading which leads catenated structure.  
That is, it is difficult to establish experimental reaction 
conditions which enable the intramolecular 
cyclization and chain threading at the same time. 

If intramolecular cyclization is possible in high polymer 
concentration, chain threading which leads 
catenaned structure can occur.  One possible 
strategy is to use solid-phase intramolecular 
cyclization.  Since one polymer terminal is fixed on 
the insoluble solid, intramolecular reaction will be 
restricted. 

In this work we aim at developing intramolecular 
cyclization of a linear polymer using solid-phase 
condensation agent in high polymer concentration 
in order to establish a fundamental synthetic strategy 
for catenaned polymer.  The preparation of α-
carboxyl, ω-amino heterodifunctional polystyrene 
and its intramolecular cyclization using silica-
supported condensation agent will be reported. 
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2.0  RESULTS AND DISCUSSION 
 

Figure 2 shows preparation of cyclic polyethylene 

glycol (cyclic-PEG) by 1:1 cyclization between 

amino-terminated PEG and isophthalic acid 

derivative in high dilution conditions.1 

 

 

Figure 2 Preparation of cyclic-PEG. 

 

 

The key compound for solid-phase cyclization is silica-

supported 1-hydroxybenzotriazole (SiO2-HOBt) which 

was prepared according to the reported procedure 

as shown in Figure 3.2 

 

 
 

Figure 3 Preparation of SiO2-HOBt. 

 

In order to carry out intramolecular cyclization 

even in high polymer concentration, we applied 

solid-phase amidation methodology using SiO2-HOBt.  

Schematic illustration of the cyclization using SiO2-

HOBt is shown in Figure 4.  The heterodifunctional 

polymer will react first with SiO2-HOBt to give reaction 

intermediate, in which α-position of the polymer is 

fixed onto the solid surface.  Under such 

circumstance, it is difficult to react intermolecularly 

because of the restriction of diffusion of 

macromolecules.  As a result of suppression of 

condensation reaction between chains, 

intramolecular reaction should take place 

preferentially even in high polymer concentration. 
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Figure 4 Schemetic illustration of cyclization using SiO2-HOBt. 

 

As a preliminary experiment, cyclization reaction of 

linear α-carboxyl-ω-amino heterodifunctional 

polystyrene3 (linear-PSt) with molecular weight of 

3000 was carried out using diisopropylcarbodiimide 

(DIC) and SiO2-HOBt as a condensation agent and a 

condensation activator, respectively.  Figure 5 shows 

GPC trace of cyclic-PSt obtained by DIC/SiO2-HOBt 

coupling.  It is noteworthy that the product did not 

contain higher molecular weight fraction, indicating 

that intermolecular condensation reaction was 

successfully suppressed by using solid-phase 

cyclization method. 

Elution Time (min)

0 10 20 30 40

 
 
Figure 5  GPC trace of cyclic-PSt obtained by solid-phase 

cyclization using SiO2-HOBt. 

 

Then, intramolecular cyclization of linear-PSt was 

carried out using SiO2-HOBt in the presence of cyclic-

PEG.  After reaction, SiO2-HOBt was filtered off and 

the filtrate was placed under reduced pressure to 

remove the solvent.  The residue was purified by 

preparative chromatography.  Finally, the target 

catenane was isolated by silica gel column 

chromatography.  Figure 6 shows GPC trace of 

isolated catenane together with those of cyclic-PSt 

and cyclic-PEG. 
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Figure 6  GPC traces of cyclic-PSt (blue), cyclic-PEG (green), 

and catenane (red).. 
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In order to confirm the catenane formation, 1H NMR 

spectrum of the product was examined as shown in 

Figure 7.  Apparently, all absorptions can be ascribed 

to both cyclic-PSt and cyclic-PEG.  Integrated 

intensities of these absorption exhibited that the 

composition ratio of the catenane was PEG:PSt = 1:1. 
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Figure 7 1H NMR spectrum of polymer catenane composed 

of cyclic-PSt and cyclic-PEG. 

 

3.0  CONCLUSION 

 
Intramolecular amidation of linear-PSt with terminal 

amine and carboxyl functionalities was carried out 

using DIC/SiO2-HOBt system in the presence of cyclic-

PEG.  The reaction products were purified by 

preparative GPC chromatography followed by silica 

gel column chromatography to isolate polymer 

catenane composed of PSt and PEG segment.  

Catenated structure composed of cyclic-PEG and 

cyclic-PSt was confirmed by GPC and 1H NMR 

measurements. 
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Abstract 
Self-doped conducting polymer based on a cyclopentadithiophene, PCPDT-SO3H, was 

immobilized onto titanium dioxide by grafting to method to obtain PCPDT-SO3H/TiO2 hybrid.  

The dispersion of PCPDT-SO3H/TiO2 in aqueous coumarin solution was examined to check 

the generation of hydroxyl radicals.  After 96 h, blue emission was observed due to the 

formation of emissive 7-hydroxycoumarin.  Another example of hydroxyl radicals formation 

was degradation of L-alanine.  Into aqueous solution of L-alanine was added PCPDT-

SO3H/TiO2 and the mixture was stirred for 48 h in the dark and analyzed by NMR.  NMR 

analysis of the solution revealed that acetic acid was detected, indicating that reactive 

hydroxyl radicals were generated from the dispersion of PCPDT-SO3H/TiO2 even in the dark 

conditions.  PCPDT-SO3H/TiO2 can be an unique candidate for application in 

environmental remediation which is usable even in the dark conditions 

 

Keywords—titanium dioxide, organic/inorganic hybrid, self-doped conducting polymer, 

grafting, environmental remediation 
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1.0  INTRODUCTION  

 
Titanium dioxide (TiO2) is one of the most widely used 
photocatalyst.  When irradiated with fluorescent light 
or sunlight, the strong oxidative potential of the 
positive holes oxidizes water to create hydroxyl 
radicals and decompose organic molecules.  This is 
convenient for the removal of organic pollutants 
from environment.  Unfortunately, the decomposition 
efficiency is not high enough because TiO2 is inactive 
under visible light due to its wide band gap.  Various 
efforts have been made to make it possible to 
absorb photons of lower energy as well.  These 
techniques include doping with metal or nonmetal 
ion, co-doping with two or more ions, semiconductor 
coupling, and surface modification with organic 
materials.1 

We are interested in surface modification of TiO2 with 
polymer carrying holes to generate hydroxyl radicals 
without photo irradiation.  Self-doped conducting 
polymers (SDCPs) are organic polymers that conduct 
electricity without external dopant.2  Representative 
examples of SDPCs are poly(3-thiophene 
ethanesulfonate) and poly(3-thiophene butane-
sulfonate).3  Covalently bound sulfonate groups serve 

as charge balancing counter ions when the polymers 
are p-doped.  Since this discovery, many analogous 
polymers have been synthesized.  Recently, we 
reported PCPDT-SO3H as a new SDCP with high 
solubility (Figure 1).4 

 

 

Figure 1 Chemical structure of PCPDT-SO3H. 

 

Figure 2 shows UV-vis-NIR absorption spectrum of 
PCPDT-SO3H film.  Large absorption at NIR region 
(above 1000 nm) corresponds to polaron and 
bipolaron band transitions, indicating the existence 
of holes. 
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Figure 2 UV-vis-NIR absorption spectrum of PCPDT-SO3H film. 

 

In this study will be reported immobilization of PCPDT-
SO3H onto TiO2 through covalent bonding to obtain 
PCPDT-SO3H/TiO2 hybrid.  Generation of hydroxyl 
radicals from the aqueous dispersion of PCPDT-
SO3H/TiO2 is examined. 

 

2.0  RESULTS AND DISCUSSION 
 

Figure 3 shows synthetic pathway of PCPDT-SO3H. 

 

  
 

 
 

Figure 3 Synthetic pathway of PCPDT-SO3H. 

 

Immobilization of PCPDT-SO3H onto TiO2 was carried 

out by condensation of PCPDT-SO3H with amine-

functionalized TiO2 (TiO2-NH2) using 4-(4,6-dimethoxy-

1,3,5-triazin-2-yl)-4-methylmorpholinium chloride 

(DMTMM) as a condensation agent as shown in 

Figure 4.  The preparation results of PCPDT-SO3H/TiO2 

hybrids are summarized in Table 1.  

 

 

 
 

Figure 4 Immobilization of PCPDT-SO3H onto TiO2. 

 
Table 1 Preparation of PCPDT-SO3H/TiO2 

 

 

 

Sample 

TiO2-NH2 

mg 

PCPDT-SO3H 

mg 

DMT-MM 

mg 

PCPDT-SO3H/TiO2 (A) 

PCPDT-SO3H/TiO2 (B) 

500 

500 

10 

10 

500 

100 

    

First, we examined generation of hydroxyl radicals 

from the aqueous dispersion of PCPDT-SO3H/TiO2 in 

the dark.  The generation of hydroxyl radicals in the 

process of photocatalytic reaction with TiO2 can be 

detected by using a fluorescence probe method 

with coumarin.5  The nonfluorescent coumarin 

captures hydroxyl radicals to generate umbelliferone, 

which emits fluorescence at the excitation of 365 nm.  

PCPDT-SO3H/TiO2 was added to the aqueous 

coumarin solution and the suspension was stirred in 

the dark.  The results are shown in Figure 5.  The 

emission at 456 nm was observed from the coumarin 

solution containing PCPDT-SO3H/TiO2, indicating 

formation of hydroxyl radicals.  The emission was 

quite similar to that from the aqueous coumarin 

solution containing TiO2 irradiated with fluorescent 

light.   

 

300 400
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TiO2/hν
PCPDT-SO3H/TiO2 (A)/dark
PCPDT-SO3H/TiO2 (B)/dark

PCPDT-SO3H/dark
TiO2/dark

 
 

Figure 5 PL spectra of various aqueous coumarin solutions. 

To confirm the generation of hydroxyl radicals from 

the aqueous dispersion of PCPDT-SO3H/TiO2 in 

coumarin solution, tert-butyl alcohol was added to 
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the reaction mixture.  The results are shown in Figure 6, 

where addition of tBuOH significantly reduced the 

emission at 456 nm.  Since tBuOH is known as a 

radical scavenger,6 this decrease in blue emission is 

another evidence of hydroxyl radicals generation 

from the aqueous dispersion of PCPDT-SO3H/TiO2. 
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Figure 6 Effect of tBuOH on the emission from the dispersion 

of PCPDT-SO3H/TiO2 dispersion in aqueous coumarin solution. 

 

Another example of generation of hydroxyl radicals is 

detection of degradation intermediates by 1H NMR 

analysis.  To the solution of L-alanine in D2O was 

added PCPDT-SO3H/TiO2 and the mixture was stirred 

at room temperature in the dark.  Figure 7 shows part 

of 1H NMR spectra of the reaction mixtures.  New 

peak marked with * appeared and this can be 

assigned to acetic acid.  Matsushita et al. carried out 

photocatalytic degradation of L-alanine and found 

that compounds such as pyruvic acid, acetic acid, 

and paraaldehyde were degradation products.7 

 

3.0 2.5 2.0

δ (PPM)

TiO2/hν

PCPDT-SO3H/TiO2 (A)/dark

PCPDT-SO3H/TiO2 (B)/dark

PCPDT-SO3H/dark

TiO2/dark

*

*

DSS DSS

 

3.0  CONCLUSION 
 
In conclusion, we have demonstrated that self-
doped conducting polymer with strong NIR 
absorption was immobilized onto TiO2 through 
covalent bonding.  Generation of hydroxyl radicals 
from the aqueous suspension of PCPDT-SO3H/TiO2 in 
water was confirmed by using coumarin as a 
fluorescent indicator.  Degradation of L-alanine took 
place in the presence of PCPDT-SO3H/TiO2 in the dark.  
Degradation intermediate was detected by 1H NMR 
analysis and it was the same compound observed for 
photocatalytic degradation of L-alanine using TiO2. 
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Figure 7 Part of 1H NMR spectra of reaction mixtures. 
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Abstract 
 
7-Alkoxycarbonyl-7,8,8-tris(methoxycarbonyl)quinodimethanes with various alkoxy groups 
(1a – 1c) were synthesized, and the photopolymerization in solid state and the crystal 
structure of those monomers were investigated.  The photopolymerization of EtMe3CQ (1a) 
and BrEtMe3CQ (1c) gave the polymer with high molecular weight and the dimer at 
quantitative yield, respectively.  On the other hand, no polymer was obtained by 
photopolymerization of FEtMe3CQ (1b).  EtMe3CQ (1a) formed twofold helical assembly 
with plus supramolecular chirality in the single crystal prepared from the mixture solvent of 
CHCl3 and hexane, while 1a formed twofold helical assembly with minus supramolecular 
chirality in the single crystal prepared from the mixture solvent of CHCl3, hexane and (S)-(+)-
2-butanol. 
 
Keywords— quinodimethane, crystal sturucture, solid-state polymerization, chiral crystal  
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1.0  INTRODUCTION 

 
Solid-state polymerization is one of polymerization 
method which produces a crystalline polymer from 
monomer crystal, and is an environmental-friendly 
polymerization process.  In particular, topochemical 
polymerization as a specific case of solid-state 
polymerization has received much attention from a 
viewpoint of control of polymer structures such as 
regioselectivity, stereoregularity, and molecular 
weight, because topochemical polymerization 
proceeds with no movement of the center of gravity 
of monomer molecules and with retaining the 
crystallographic position and symmetry of the 
monomer crystals.[1-5]  Previously, we reported that 
the solid-state polymerizations of 7,7,8,8-
teterakis(alkoxycarbonyl)quinodimethanes (RCQs) 
with methoxy, 2-chloroethoxy and 2-bromoethoxy 
groups proceed topochemically, and gave the 
highly crystalline polymers.[6-8]  In a series of studies on 

solid-state polymerization of substituted 
quinodimethanes, we found that 7-ethoxycarbonyl-
7,8,8-tris(methoxycarbonyl)quinodimethane 
(EtMe3CQ, 1a) forms a chiral crystal which belong to 
space group P21 and the photopolymerization of 1a 
proceeds in solid state by UV irradiation.  However, 
the relationship between the crystal structure and the 
photopolymerization product of 1a had not been 
discussed enough.  Recently, Miyata et al. proposed 
the supramolecular-tilt-chirality (STC) method to 
define the handedness of twofold (21) helical 
molecular assembly in crystals, which does not seem 
to have been distinguished from crystallographic 
viewpoints,[9] and successfully controlled the 
handedness of the supramolecular chirality by 
exploiting achiral factors.[10]  In this work, we 
investigated the control of crystal structure and the 
photopolymerization in solid state of EtMe3CQ (1a) 
and its derivatives with terminal halogen atom on the 
ethyl group (FEtMe3CQ, 1b and BrEtMe3CQ, 1c).   
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2.0  METHODOLOGY 
 
Materials:  
EtMe3CQ (1a), FEtMe3CQ (1b) and BrEtMe3CQ (1c) 
were synthesized by the same procedure reported 
previously for MeCQ[6] (Scheme 1).  Crystal suitable 
for X-ray single-crystal structure determination was 
obtained by recrystallization from various solvents 
upon slow evaporation of the solvent. 
 

 
 

Scheme 1    Synthetic rout of RCQs (1a-1c) 
 
X-ray Measurement: 

The single-crystal X-ray data were collected on a 
Rigaku RAXIS-RAPID imaging plate diffractometer 
using Cu Kα radiation (λ= 1.54178 Å) 
monochromated with graphite.  The structure was 
solved by the direct methods with program SIR-
2004[11] and refined by SHELX-97.[12]  All calculations 
were performed using the program CrystalStructure 
ver 3.8, crystal structure analysis package of the 
Rigaku Corporation.   
 
Photopolymerization: 

A given amount of 1a – 1c were put in a Pyrex 
ampoule, which were degassed under reduced 
pressure and then sealed.  Photopolymerization was 
carried out at 30 °C under UV irradiation with high-
pressure mercury lamp (Fuji Glass Work Type HB-400, 
400W) at a distance of 12 cm.  The polymer yield was 
determined by gravimetrical analysis after removing 
the residual unreacted 1a, 1b and 1c with ether.  
 
 

3.0  RESULTS AND DISCUSSION 
 
1. Photopolymerization in solid state   
The results of photopolymerization of 1a – 1c in solid 
state are summarized in Table 1.  The conversion of 
1a increased with increasing the UV irradiation time, 
and attained to the quantitative consumption at 14 
days.  The polymer with molecular weight of 38,000 
was obtained by photopolymerization of 1a for 27 
days.  On the other hand, no photopolymerization of 
1b proceeded under UV irradiation for 90 days.  1c 
was quantitatively consumed at short UV irradiation 
time, and gave the product with molecular weight of 
550, which indicate that the only dimer was obtained 
by photopolymerization of 1c   
 
 

Table 1 Photopolymerization of 1a – 1c in solid state 
 

Monomer Time 

(days) 

Form Yield 

(%) 

Mn 

1a 2 Yellow Column <1  
 14 White Powder 95  
 27 White Powder 80 380000 
1b 90 Yellow Plate 0  
1c 0.5 White Powder >99 550 
 
2.  Single crystal X-ray structure analysis   

To clarify the molecular assembly in the crystals, we 
investigated the crystal structures of 1a – 1c by single-
crystal X-ray crystallography.  The single-crystals of 1a 
prepared from hexane or a mixture solvents of 
chloroform/hexane and benzene/hexane formed 
right-handed 21 helical molecular assembly with plus 
supramolecular chirality (supP) as shown in Figure 1(a).  
On the other hand, the single-crystal of 1a obtained 
from the mixture solvent of chloroform/hexane/(S)-
(+)-2-butanol showed supM chirality, that is, left-
handed 21 helical molecular assembly (Figure 1(b)).  
This results indicate that the supramolecular chirality 
of 1a in the crystal can be controlled by the 
alteration of recrystallization solvent.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1 Crystal structure of 1a 
 

Because the carbon-to-carbon distance between 
bond-forming carbons (dCC) of 1a (4.02 Å) is slightly 
longer than ideal dCC for topochemical 
polymerization of substituted quinodimethanes 
(about 3.9 Å), it was considered that the long UV 
irradiation time was required to form a polymer in the 
photopolymerization of 1a.   
 
 
Figure 2 shows the crystal structure of 1b.  The single-
crystal of 1b formed columnar molecular assembly, 
and the dCC is 4.48 Å, which seems to be 
polymerizable in solid state.  However, 
photopolymerization of 1b did not proceed at all.  
This suggests that the rotatory motion of 1b molecules 
is significantly restricted by strong electrostatic 
interaction (·····) between the fluorine atom of 
fluoroethyl group and the carbon atom of methyl 
group in adjacent monomers.   
 

dCC 

(a) (b) 

supM 
supP 
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Figure 3 Crystal structure of 1b 

 
 
Figure 3 shows the crystal structure of 1c.  The the dCC 
of 1c is 3.88 Å, which is very close to dCC of 
topochemically polymerizable substituted 
quinodimethanes.  However, the molecular assembly 
of 1c was not columnar but making a pair by two 
monomer molecules.  From these structural reasons, it 
was considered that the photopolymerization of 1c 
quantitatively gave the only dimer at short UV 
irradiation time.  Furthermore, it was suggested that 
the dimer of 1c obtained by photopolymerization is 
[2.2]paracyclophane.   
 

 
Figure 4 Crystal structure of 1c 

 

4.0  CONCLUSION 
 
7-Alkoxycarbonyl-7,8,8-tris(methoxycarbonyl)quinodi-
methanes with ethoxy (1a), 2-fluoroethoxy (1b) and 
2-bromoethoxy group (1c) were synthesized, and the 
photopolymerization in solid state and the crystal 
structure of those monomers were investigated.  The 
solid-state polymerization of 1a proceeded under UV 
irradiation and gave the polymer.  On the other 
hand, no polymer and only dimer were obtained by 
photopolymerization of 1b and 1c, respectively.  The 
single-crystal of 1a formed one-handed 21 helical 
molecular assembly, and the handedness of helical 
assembly could be controlled by recrystallization 

using chiral solvent.  The photopolymerization 
reactivities of 1a – 1c could be interpreted from those 
crystal structures reasonably.   
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 Abstract 
 
Symmetrical and unsymmetrical 7,7,8,8-tetrakis(aryloxycarbonyl)quinodimethanes with 
benzyloxy or pentafluorobenzyloxy groups (BnCQ (1a), pFBnCQ (1b), Bn2pFBn2CQ (1c)) 
were synthesized and the effects of aryloxy groups on thermal solid-state polymerization 
reactivities and on crystal structures of 1a – 1c were investigated.  Thermal polymerizations 
of all monomers proceeded with retaining their initial crystal shapes in appearance, and 
gave the amorphous polymers in quantitative yields.  X-ray single-crystal structure analysis 
indicates that their crystals adopt the molecular arrangements suitable for trans-type 1,6-
addition polymerization by the interactions between phenyl and/or pentafluorophenyl 
groups.  These results suggest that the interaction between aromatic rings are effective to 
control the crystal structure of quinodimethane monomers.    
 
Keywords—quinodimethane, thermal solid-state polymerization, crystal structure  

© 2016 ICET 2016. All rights reserved 

  

 
1.0  INTRODUCTION 

 
Solid-state polymerization is one of polymerization 
method which produces a crystalline polymer from 
monomer crystal, and is an environmental-friendly 
polymerization process. In particular, topochemical 
polymerization as a specific case of solid-state 
polymerization has received much attention from a 
viewpoint of control of polymer structures such as 
regioselectivity, stereoregularity, and molecular 
weight, because topochemical polymerization 
proceeds with no movement of the center of gravity 
of monomer molecules and with retaining the 
crystallographic position and symmetry of the 
monomer crystals.[1-5]  Previously, we reported that 
the solid-state polymerization of 7,7,8,8-tetrakis-
(alkoxycarbonyl)quinodimethane with 2-
bromoethoxy (BrEtCQ), methoxy, and 2-chloroethoxy 
groups proceeds topochemically with trans-type 1,6-

addition, and gave highly crystalline polymers.[6-8]  
And also, we found that these monomers form 
suitable crystal structure for topochemical 
polymerization by CH-π and halogen-halogen 
interaction.  However, the effect of interaction 
between aromatic rings to the crystal structure of 
quinodimethane monomers were not investigated 
enough.  In this work, we synthesize symmetrical and 
unsymmetrical 7,7,8,8-
tetrakis(aryloxycarbonyl)quinodimethane with 
benzyloxy and/or pentafluorobenzyloxy groups 
(BnCQ (1a), pFBnCQ (1b), Bn2pFBn2CQ (1c)) for the 
purpose of utilization of π-π and CH-π interactions of 
aromatic rings and halogen-halogen and halogen-
bonding interaction of pentafluorophenyl group, and 
investigate the effects of aryloxy groups on thermal 
solid-state polymerization reactivities and crystal 
structures of 1a -1c.   
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2.0  METHODOLOGY 
 
Materials:  
Monomers (1a – 1c) were synthesized according to 
the route as shown in Scheme 1.  Crystalized suitable 
for X-ray single-crystal structure determination was 
obtained by recrystallization upon slow evaporation 
of the solvent. 

 
 

Scheme 1    Synthetic rout of Monomers (1a-1c) 
 

X-ray Measurement: 

The single-crystal X-ray data were collected on a 
Rigaku RAXIS-RAPID imaging plate diffractometer 
using Cu Kα radiation (λ= 1.54178 Å) 
monochromated with graphite.  The structure was 
solved by the direct methods with program SIR-2004[9] 
and refined by SHELX-97.[10]  All calculations were 
performed using the program CrystalStructure ver 3.8, 
crystal structure analysis package of the Rigaku 
Corporation.    
 
Thermal Polymerization: 

Thermal polymerizations of monomer crystals (1a – 
1c) were carried out in an oil bath at temperature 
ranges lower by 20-80 °C than their melting points for 
a given time. The polymer yield was determined by 
gravimetrical analysis after removing the residual 
monomers with chloroform and hexane.   
 
 

3.0  RESULTS AND DISCUSSION 
 
The results of thermal polymerizations of three 
monomer crystals (1a – 1c) are summarized in Table 1.   

 

Table 1 Thermal polymerization of 1a – 1c in solid state 
Monomer Temp. 

(°C) 

Time 

(days) 

Form Yield 

(%) 

Mn 

1a 

(mp=127-
129 °C) 

60 1 Yellow plate 0  

90 1 White glass-
like solid 35 3,000 

110 1 White solid 90 7,500 

1b 

(mp=170-
173 °C) 

110 5 Yellow needle 0  

130 5 Pale yellow 
needle 22 ND 

150 5 White needle 94 ND 
1c 90 1 Yellow needle 0  

(mp=127-
129 °C) 

110 1 Pale yellow-
white needle 20 65,000 

110 6 White needle 73 32,000 
 
Thermal polymerizations of all monomers proceeded 
with retaining their initial crystal shapes in 
appearance, and the yields of polymers increased 
with increasing polymerization temperature and 
polymerization time.  The poly-1b was insoluble in 
common organic solvents.  The powder X-ray 
diffraction measurement of reaction mixtures 
obtained by thermal polymerization of 1a – 1c 
showed broad patterns, indicating that amorphous 
polymers were formed.   
 
The molecular arrangement in the crystals of 1a – 1c 
determined by single-crystal X-ray crystallography 
are shown in Figure 1 together with a result of BrEtCQ, 
whose thermal polymerization proceed 
topochemically.  All crystals of 1a – 1c adopt the 
columnar molecular arrangement suitable for trans-
type 1,6-addition polymerization by the π-π, CH-π, 
halogen-halogen, and halogen-bonding interactions 
between phenyl and/or pentafluorophenyl groups.  
The carbon-to-carbon distance between bond-
forming carbons (dCC) of 1a was significantly longer 
and those of 1b and 1c were almost similar to that of 
BrEtCQ.  However, the stacking distances (dS) were 
too short in 1b and a little longer in 1a and 1c, 
respectively.  Therefore, it was considered that those 
polymerizations did not proceed topochemically.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1  Crystal structures of BrEtCQ, 1a, 1b, and 1c. 
 
 
4.0  CONCLUSION 

 
Thermal solid-sate polymerizations of 7,7,8,8-

tetrakis(aryloxycarbonyl)quinodimethanes (1a – 1c) 
were proceeded with retaining their initial crystal 
shapes in appearance to give amorphous polymers.  
All crystals of 1a – 1c adopt the columnar molecular 
arrangement suitable for trans-type 1,6-addition 

1a 

ds= 8.0 Å 

dcc=8.4 Å 

1b 

ds= 5.5 Å 

dcc= 4.0 Å 

1c 

ds= 7.9 Å 

dcc= 4.0 Å 

BrEtCQ 

ds= 7.0 Å 

dcc= 3.8 Å 
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polymerization by the interactions between aryloxy 
groups.  We expect that the interaction between 
aromatic rings will enable to realize the novel 
examples of topochemical polymerization of 
quinodimethane monomers.   
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Abstract 
 
This study aimed to investigate the effect of nitrogen stress on the accumulation of 
bioactive constituents in the Orthosiphon stamineus’s leaf. Experiment was 
conducted under plastic rain shelter using plant grown in pots. The four levels of 
nitrogen fertilization and applied three times immediately after transplanting. Urea 
was used as N source. Phosphorus and potassium were applied at the rate as 
recommended by MARDI [1]. Application of N, P, K is on a plant basis. The 
experiment is factorial and arranged on a Randomized Complete Design (RCBD) 
with 4 replicates. The present study have showed the concentration of bioactive 
compounds (rosmarinic acid (RA), 3’-hydroxy-5,6,7,4’-tetramethoxyflavone (TMF), 
Sinensetin (SEN) and eupatorin (EUP) in O.stamineusleaf was increased greatly 
when imposed with the medium nitrogen stress level (110 kg/ha rate of N). The 
present study have showed the concentration of  RA, TMF, SEN and EUP in 
O.stamineus’s leaf significantly increased compared to control, low and high levels 
of N stress. Besides that, the accumulation of TMF was significantly high when 
imposed with medium N stress level. It is hope that the content of bioactive 
compounds can be increased and endure improved the quality of herbal raw 
material produced.  
 
Keywords: O.stamineus; bioactive compounds; nitrogen stress; concentrations. 
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1.0  INTRODUCTION 

 
Nitrogen is one of the most important nutrients for 

plant growth and also as a major nutrient of plants. In 
plants, the nitrogen often comes from fertilizer 
application, and, although the atmosphere is mostly 
made up of nitrogen, only legumes such as soybeans 
and alfalfa can convert atmospheric N2 to plant-
available forms via a symbiotic biological process 
involving Rhizobium bacteria and the plant roots [2]. 
Sources of nitrogen in plants can be categories into 
two sources; inorganic form ( include nitrate (NO-3); 
and nitrite (NO-2 ); as well as ammonium (NH-4) [3] 
and organic form (urea (NH2)2CO) which applied as 
a fertilizer. Commonly, fertilizer act as a supplement 
for the plants. The fertilizer (nitrogen sources) is a 
constituent sources of plant proteins, chlorophyll (the 

green plant pigment important to photosynthesis), 
nucleic acids (DNA, RNA), and other plant 
substances. Usually, the potential rate of nitrogen use 
by growing plants generally exceeds the rate at 
which nitrogen becomes available [4]. 

Previously, nitrogen deficiency affect root hydraulic 
conductivity resulted in reduction of pressure. Besides 
that, it was reported that deficiency of nitrogen 
source also affects in accumulation of phenolics, 
such as flavonols, anthocyanins and coumarins [5]. 
The effect of low nitrogen availability on plant 
biomass, nitrate uptake and root architecture has 
already been widely studied [6]. Previous studies on 
Labisa pumila performed with different nitrogen 
fertilizations have shown that high nitrogen can 
reduce the production of secondary metabolites in 
this herb due to reduced phenyl alanine lyase (PAL) 
activity. It found to  correlate with low carbon or 
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nitrogen ratio, photosynthetic rates and total 
nonstructural carbohydrate [7]. 

 
Orthosiphon stamineus (O.stamineus) is a 

Malaysian important herbal species. It is locally 
known as misai kucing. This plant is also commonly 
found in tropical countries such as Thailand, 
Indonesia, Philippines, Brunei. O.stamineuscontains 
more than 20 phenolic compounds, including nine 
caffeic acid derivatives, including rosmarinic acid 
and 2,3-dicaffeoyltartaric acid, two flavonol 
glycosides and nine lipophilic flavones [8]. The main 
components of O.stamineusleaves are polyphenols 
(caffeic acid derivatives and the polymethoxylated 
flavonoids)[9]. The therapeutic effects of 
O.stamineushave been recognized mainly to its 
polyphenols which form the most dominant 
constituents in the leaf. These constituents have been 
reported to be effective in reducing oxidative stress 
by inhibiting the formation of lipid peroxidation 
products in biological systems [9].  

Meanwhile, the application of stressors has been 
proven to enhance the production of 
phytochemicals in a number of herbal plant [10], it is 
expected that nitrogen treatment might also 
enhance the production of specific medicinal 
secondary metabolites of O.stamineus. Therefore, the 
main objective of the present research was to 
examine the effects of nitrogen stress on the 
accumulation of Orthosiphon stamineus bioactive 
compounds. It is hope that the content of bioactive 
compounds can be increased and endure improved 
the quality of herbal raw material produced.  
 

2.0  METHODOLOGY 
 
Chemicals and reagents 

 
All chemicals for HPLC analysis such tetrahydrofuran 
(THF) [HPLC grade] and methanol (HPLC grade) 
obtained from AR Alatan (K) Sdn  Bhd. Sinensetin 
(SEN), eupatorin (EUP), Rosmarinic acid (RA) and 3’-
hydroxy-5,6,7,4’-tetramethoxyflavone (TMF) were 
purchased from YKN Tech Ent.  
 
Plant materials 

 
O. stamineus (misai kucing) was grown at the UniMAP 
Agrotechnology Research Station farm in Perlis. The 
experiments were conducted under plastic rain 
shelter using potted plants. The experimental plants 
were propagated by stem cuttings and grown in 
peat moss in trays. For 4 weeks old seedlings were 
transferred into pots containing soil mixture of top soil, 
peat and sand (ratio 3:2:1). 
 
Experimental design 

 
The experiments were conducted under plastic rain 
shelter using plant grown in pots. The experiments 
were consisted of four levels nitrogen fertilization [0 N 

kg/ha (high N stress)), 110 N kg/ha (medium N stress), 
170 N kg/ha (low N stress) and 250 N kg/ha (Control)]. 
The nitrogen fertilization was split into three 
fertilization phases (after sowing, week 4 and week 6) 
and each phase was applied at 33.3% of total 
nitrogen fertilization. Urea (46%) was used as N 
source. Each of nitrogen treated plants were 
received TSP (Triple Super Phosphate; 46% P) and 
MOP (Muriate Of Potash; 60% K) at the standard rate 
equivalent 167 kg/ha (the rate as recommended by 
MARDI [1]) at planting of 14,800 plants per hectare. 
Then, the plants were harvested on week 8 at the 
end of the experiment. The experiment is factorial 
and arranged on a Randomized Complete Design 
(RCBD) with 4 replicates, at least 8 plants per plot.  

 
Bioactive extraction 

  
The O.stamineusplant which was grown at UniMAP 
Agrotechnology Research Station, Sg. Chucuh, Perlis 
was randomly harvested at 8.00 am in the morning 
and the leaf of plant were dried at 400C for 5 days. 
The dried leaf of O.stamineusplant were weighed 
and grounded to powder form and used for 
extraction process. One gram of O.stamineusdry 
powder was accurately weighed into 100 ml conical 
flask and mixed with 100% methanol solution. The 
conical flask were sealed with cotton wool and 
wrapped with aluminium foil to prevent spilling of 
mixture. Then the mixture was shaken at 150 rpm by 
using shaker with temperature control water bath 
(400C). 
 
Quantification of Bioactive Compounds 

 
HPLC quantification of O.stamineusmarker 
compounds, namely rosmarinic acid (RA), 3’-
hydroxy-5,6,7,4’-tetramethoxyflavone (TMF), 
sinensetin (SEN) and eupatorin (EUP) were 
conducted according to the method used by [11]. 
Methanolic extract was used for this quantitative 
analysis. HPLC  analysis  were performed  by using  a  
system  equip  with  an  automatic injector, a column 
oven and a UV detector. A LiChrosorb RP-18 column 
(250 mm x 4.6 i.d. mm, 5 ml particle size) (Merck 
Darmstadt, Germany) were used for this experiment. 
The temperature was maintained at 25oC with 
injection volume of 20 microliter and flow rate of 1 
ml/min. The following reference compound were 
used as a marker: Rosmarinic acid (RA), Sinensetin 
(SEN), 30-hydroxy-5,6,7,40-tetramethoxyflavone (TMF) 
and eupatorin (EUP). 

 
Statistical analysis 

 

Data analysis was carried out by using the JMP 
software. The t-test was used to determine 
differences stresses between different intervals, times 
of the day and treatment of each stage. Differences 
between treatments in the plant were determined by 
using analysis of variances (ANOVA). 
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3.0  RESULTS AND DISCUSSION 
 

The HPLC procedure was applied to determine the 
concentration of Rosmarinic acid (RA),  3′-hydroxy-5, 
6, 7, 4 ′-tetramethoxyflavone (TMF), Sinensetin (SEN) 
and Eupatorin (EUP) in O.stamineusplant which 
treated with different rates of nitrogen supplied. As 
shown in table 1, the concentration of rosmarinic 
acid for leaf was significant higher for medium 
nitrogen stress level compared other level of N stress. 
These results indicated that the optimum supplied of 
nitrogen was most effectively compared with high 
nitrogen supplied in O.stamineusplant. It should be 
considered that appropriate supplied of nitrogen 
fertilizer can be managed efficiently to avoid costly.  

 
Table 1: The concentration of bioactive compounds in 

O.stamineus’s leaf. 

Different letters in rows for each extract indicate significantly 
different values of means (P < 0.05). 

 
 Then, the concentration TMF of O.stamineus’s leaf 

was also significantly increased on medium N stress 
level compared with others level. Followed by low N 
stress level was also stated significantly increased 
compared with others level. Nevertheless, high N 
stress level and control N stress level were not 
significantly difference and slightly decreased 
accumulated of TMF concentration on O.stamineus’s 
leaf. Due to the facts, large quantities of nitrogen 
supplied were not produce the high concentration of 
TMF on O.stamineus’s leaf. Recently, considerations 
on nitrogen supply are the most important factor to 
acquire high accumulation of bioactive compounds. 

 
Nevertheless, the sinensetin concentration 

compounds in O.stamineusleaf were observed and 
shows the medium level of nitrogen stress 
dramatically influenced the concentration of 
sinensetin on leaf compared others level. Followed 
by low and high levels of nitrogen stress were not 
drastically increased by nitrogen supplied. 
Considering the importance of nitrogen supplied also 
most influenced the production of bioactive 
compounds. Nonetheless, the sufficient supplied of 
nitrogen fertilizer also be considered for the plant.  

 
 Besides that, the nitrogen stress also 
significantly affected the eupatorin concentration 
especially on leaf of O.stamineusplant. It was 
observed that the medium level of nitrogen stress 

was significantly increased compared with other 
levels of stress in leaf. It appears that the nitrogen 
stress and their application supplied were flatteringly 
influenced in the bioactive constituents’ production 
exclusively on plant leaf. As reported by Kováčik & 
Klejdus (2014) the chamomile plants was showed 
high effects on parameters (reduction of growth, 
chlorophyll fluorescence and proteins) and selected 
metabolites (increase in proline, chlorogenic acid, 
flavones and umbelliferone) cause of the nitrate 
deficiency supplied. In this view, balanced 
application of nitrogen supply may increase 
accumulation of desirable phenolic metabolites in 
this medicinal plant. 
 

4.0  CONCLUSION 
 
As we can concluded that, the concentration of 
bioactive compounds (RA, TMF, SEN and EUP) in 
O.stamineusleaf was increased highly when imposed 
with the medium nitrogen stress level (110 kg/ha rate 
of N). Nevertheless, stem shows high accumulation of 
TMF, SEN and EUP on high stress level (0 kg/ha rate of 
N). But, the RA of stem shows the accumuation high 
on medium stress level. The roots of O.stamineusplant 
shows different response where the accumulation of 
RA and SEN were increased highly on high stress level 
with 0 kg/ha rate of N. Besides that, the 
accumulation of TMF and EUP were highly increased 
on low stress level (170 N kg/ha). 
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Graphical abstract 
 

 

Abstract 
 
The Cassia alata leaf is widely used for the medical uses as it is beneficial for treatment of 
skin diseases such as purities, eczema and allergy. The moisture sorption behavior included 
desorption and adsorption of C. alata leaves were investigated using standard static 
gravimetric method. The sorption isotherm was obtained at ambient temperature 24 ˚C and 
with the equilibrium relative humidity (ERH) range from 11.3 to 84.3 %. The equilibrium 
moisture content (EMC) of C. alata increased from 8.67 to 28.50 g water/dry matter with 
increasing ERH during desorption. It is similar to adsorption which the EMC increased from 
21.28 to 32.85 g water/dry matter. The color quality of C. alata leaves were lower with 
increasing the ERH.   
 
Keywords— Cassia Alata Leaf; Moisture Sorption Behavior and Color Quality 
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1.0  INTRODUCTION 
 
An increase population’s awareness about the 
negative effect on consuming synthetic medicine 
urge the community to find the alternative treatment 
using natural herb product. In order to perform good 
quality of herb, it is crucial to get appropriate 
moisture content of the herb during the drying 
process.  High moisture content of the herbs would 
limit their shelf life and complicates their transport 
and storage [1]. Therefore, to reduce the moisture 
content, it is necessary to submit these herbs to a 
dehydration process. the moisture sorption isotherm 
are divided into two (adsorption) by addition of 
water to dry sample and (desorption) by removing 
the water from wet sample [2]. The study of moisture 
sorption is important to preserve the function of 
bioactive compounds constituent and maintain 
longer lifespan consumer.  

In addition to moisture content, the color of the 
dehydrated herbs is another important quality factor, 
which is affected by the operation conditions. Food 
color usually is the first quality parameter evaluated 
by consumers and is critical in the acceptance of the 
products. In addition, color measurement is an 
objective parameter for the evaluation of quality 
changes during herb processing, and storage [3].  

 Cassia alata herb is traditionally used to treat a 
number of diseases such as constipation, skin 
problems, stomach pain, respiratory and digestive 
ailments [4]. The moisture content controlling has 
great influence on the quality of dehydrated C. 
alata. The removal of moisture prevents the growth of 
microorganisms which deteriorate quality of herbs 
while while too low moisture content can badly 
influence the color, texture and even destroy 
nutrition contents of herbs. The colour measurement 
of food is commonly used in an alternate way to  
determine  the  quality  variations  as  they  are  faster  
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than  a  complete  physicochemical examination. 
However, there is lack of information on the effects of 
moisture sorption behavior on the color changes of 
C. alata leaves. Thus, the aims of this study were to 
determine the moisture sorption isotherms and color 
changes of C. alata leaves at the various relative 
humidity range from 11.30 until 84.34 %. The 
hypothesis of this study is that the color quality of C. 
alata leaves decrease with the increasing equilibrium 
moisture content. Therefore, it has been expected to 
determine a suitable moisture content range of the 
leaves for preserving the color quality of C. alata 
during industrial scale production and storage. 

2.0  METHODOLOGY 
 
Preparation of Materials 

 

The fresh Cassia alata leaves were collected 
randomly from Institute of Sustainable 
Agrotechnology (INSAT), which located at Sungai 
Chuchuh, Perlis. The samples were dried immediately 
using oven for 24 hours at 40 ˚C. 
 
Development of Moisture Sorption Isotherm 

 

The static gravimetric method with different 
saturated salt solution (ranged from 11.30 until 84.34 
%) was used to determine the equilibrium moisture 
content (EMC) of the samples. The saturated salt 
solutions were placed in the desiccators to give 
different range of relative humidity exposed to the 
herbs. The desiccators were placed at room 
temperature (24 °C ± 0.1 °C). About 2.0 to 2.5 gram 
of the fresh and dried samples for desorption and 
adsorption experiments, respectively, were prepared 
triplicate in each desiccator.  The weight of the 
sample was recorded every 2 days by using 
analytical balance. The equilibrium of moisture 
content was considered to have reached when the 
weight difference for three consecutive weights was 
less than 1 mg. 
 
Table 1: Saturated salt solutions used to establish the 
equilibrium moisture content (ERH) at different levels 

from 11.30 to 84.34 % (modified from Greenspan, 
1977) 

Saturated Salt Solutions 
Relative Humidity at 

ambient temperature 
(24 ˚C) 

Lithium chloride 11.30 

Magnesium chloride 33.78 

Sodium bromide 57.57 

Sodium chloride 75.29 

Potassium chloride 84.34 

 
 
Determination of Equilibrium Moisture Content 

 

The equilibrium moisture content was measured using 
Equation 1. 
 

(1) 
 
Where, 
 
Weight eq is the final weight of the samples in g 
Weight dm is the dry matter weight of the samples in 
g. 
 
Determination of Color Quality 

 

The determination of the color quality was based on 
lightness (L*), greenish to reddish (a*), and blue to 
yellowish (b*) color. The color quality of the sample 
were determined using colorimeter. The readings 
were recorded in triplicate. 
 

3.0  RESULTS AND DISCUSSION 
 
Moisture Sorption Isotherms of Cassia alata Leaves 

 

The moisture sorption isotherms of the Cassia alata 
leaves were determined at ambient temperature (24 
˚C) and different relative humidity range from 11.30 
to 84.34 %. Desorption and adsorption equilibrium 
moisture content (EMC) were shown in Table 2. In 
desorption experiment, the fresh C. alata leaves held 
lowest water content (8.67 g water/dry matter) at the 
lowest equilibrium relative humidity (ERH) (11.30 %). 
Whereas, the C. alata leaves obtained highest EMC 
(28.50 g water/dry matter) at the highest ERH (84.34 
%). This finding was similar with work of Bejar et. al. [5], 
which also found that the dried leaves hold a large 
amount of water at high relative humidity. 
 
For the adsorption, the EMC increase from 21.28 to 
32.85 g water/dry matter as the ERH increased. This 
could be attributed to the adsorption water into the 
leaves as increasing ERH. The water moved from the 
high concentration of water to the lower 
concentration of water thus increasing in weight for 
adsorption slowly. This finding agreed with work of 
Abdul Razak et. al. [6], who also found the dried 
leaves with lower moisture content results in 
increment of moisture content after prolong storage. 

 
Effect of Equilibrium Relative Humidity (ERH) on The 

Color Quality of Cassia alata Leaves 
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The determination of the color quality is based on 
lightness (L*), greenish to reddish (a*), and blue to 
yellowish (b*) color. For L*, the scale is given as 0 
which is black and 100 as white. For a*, negative 
value indicates greenness and positive value 
indicates reddish. Meanwhile for b*, negative value 
means blue and positive indicates that the yellowish. 
The effect of equilibrium relative humidity (ERH) on 
the color quality of C. alata leaves in desorption 
experiment is as shown in Table 3. The results showed 
that the L* values of the leaves decreased as the ERH 
increased. The highest of L* was 54.09 at the lowest 
relative humidity (RH) while the lowest was 44.65 at 
84.34 %RH.  

 
Table 2: EMC values for desorption and adsorption of 
Cassia alata leaves at different ERH. 

Desorption Adsorption 

ERH (%) EMC (d.b) ERH (%) EMC (d.b) 

11.30 8.67 ± 0.28 11.30 21.28 ± 1.20 

32.78 11.03 ± 0.36 32.78 22.26 ± 1.51 

57.57 16.05 ± 0.81 57.57 26.57 ± 0.17 

75.29 24.45 ± 0.45 75.29 30.12 ± 1.13 

84.34 28.50 ± 0.19 84.34 32.85 ± 0.51 

*Mean ± standard deviation 
The samples were prepared in triplicate 

 
Table 3 shows an increase in a* values of the leaves 
with increasing the RH (-6.44, -6.29, -5.55, -2.25, 2.50 
respectively). The green colors of leaves decreased 
as they were undergone desorption process. The 
change of color was probably due to degradation of 
chlorophyll. The a* value was also observed 
decreasing from green to reddish as the degradation 
of the chloropyll occurred [7]. The chloropyll was a 
main pigment of the leaves in order to retain the 
green color of the C. alata leaves with the humidity 
treatment. Besides that, Table 3 also showed the 
results of b* of C. alata at different relative humidity. 
The b* value decreased from 20.49 to 16.34 with 
increasing relative humidity. 

 
Table 3: Effect of different relative humidity conditions 

for the color quality in Cassia alata leaves for 
desorption 

Relative 

Humidity 

(%) 

L* a* b* 

11.30 54.09 ± 0.71 -6.44 ± 0.39 20.49 ± 0.38 

32.78 53.16 ± 2.98 -6.29 ± 0.08 21.13 ± 1.48 

57.57 51.39 ± 4.63 -5.55 ± 0.60 20.87 ± 0.42 

75.29 48.91 ± 2.40 -2.25 ± 1.22 18.84 ± 1.30 

84.34 44.64 ± 2.56 2.50 ± 1.25 16.34 ± 3.53 

*Mean ± standard deviation 
The samples were prepared in triplicate 
 
Table 4 shows the effect of equilibrium relative 
humidity (ERH) on the color quality of C. alata leaves 
in adsorption experiment. The highest L* value (52.56) 
was observed at 57.57 %RH while the lowest was 
35.83 at 75.29 %RH. This finding was similar with work 
of Abdul Razak et. al. [6], which also found that the L* 
value of dried leaves decreased from 46.65 to 44.68 
after 10 to 30 days storage. Nevertheless, an increase 
in a* values of the leaves was observed with 
increasing the relative humidity. The highest a* value 
was 4.01 at 84.34% RH while the lowest (-5.50) at 
32.78% RH. The parameter of a* was important as it 
indicates the greenness of leaves and subsequently 
the quality of leaves. According to Rudra et. al. [8], 
the degree of greenness is an important 
characteristic for customers to determine the final 
dried products. 

 
Table 4: Effect of different relative humidity conditions 
for color quality in Cassia alata leaves for adsorption 
Relative 

Humidity 

(%) 

L* a* b* 

11.30 36.45 ± 2.75 -3.18 ± 0.19 13.75 ± 0.72 

32.78 51.00 ± 3.34 -5.50 ± 0.55 25.64 ± 4.53 

57.57 52.26 ± 1.74 -4.00 ± 0.59 25.21 ± 3.24 

75.29 35.83 ± 1.22 0.19 ± 0.39 19.90 ± 3.28 

84.34 46.01 ± 4.31 4.01 ± 0.20 18.85 ± 5.53 

*Mean ± standard deviation 
The samples were prepared in triplicate 

 
During the adsorption process, the leaves turned out 
brown color. This probably due to entering and 
removing of the water on the leaves itself. The color 
changes of C. alata could be attributed to the 
conversion of chlorophyll to pheophytins at high 
relative humidity and subsequently the leaves quality 
was affected in the presence of excessive water [7].  
It appears that the b* value of C. alata was highest 
at 32.78 %RH and declining with increasing relative 
humidity However, the lowest b* value (13.75) was 
found at 11.30 %RH. This suggests that the carotenoid 
compound in C. alata can be sustained even at 
32.78 %RH. 

 

4.0  CONCLUSION 
 

The study of moisture sorption isotherm is important to 
preserve the function of bioactive compounds 
constituent and maintain longer lifespan consumer. 
With higher relative humidity, the equilibrium moisture 
content of Cassia alata increased for both 
adsorption and desorption process. However, the 
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color quality of C. alata leaves was lower with 
increasing relative humidity. This study suggests that 
the color quality of C. alata was the best at the 
relative humidity of 32.78. Low relative humidity was 
better in preserve the color quality of C. alata leaves. 
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Abstract 
 

Three type one-dimensional nanostructures, amorphous silicon oxide nanowires, crystalline 
silicon carbide filled carbon nanotubes, and crystalline copper filled carbon nanotubes, 

were grown by simple laser vaporization in high-pressure argon gas. Unlike the well-known 

metal-catalyzed vapor-liquid-solid growth, the three one-dimensional nanostructures were 
grown without the addition of catalyst metals.  The growth of the filled carbon nanotubes 

were efficient and no empty structures were present. A common feature in the grown one-

dimensional nanostructures is the presence of nanoparticles attached with their tips. We 

discuss the growth mechanisms of the nanostructures based on the formation of molten 
composite nanoparticles with specific sizes and compositions and the precipitation of 

materials constructing the nanostructures.  
 

Keywords—nanostructure, growth, nanowire, nanotube, laser vaporization  
© 2016 ICET 2016. All rights reserved 

  

 

 

1.0  INTRODUCTION 

 
The unique physical and chemical properties of one-

dimensional (1D) nanostructures composed of 

various elements have continued to generate 
interest for years. The 1D nanostructures have 

promising applications in various fields such as 

nanoscale electronics and optoelectronics. The 

growth of many 1D nanostructures are 

conventionally accomplished by a metal-catalyzed 

vapor-liquid-solid (VLS) mechanism. However, the use 

of metal catalysts introduces the potential for 

incorporation of impurities. Here, we describe the 

synthesis of 1D nanostructures without the addition of 

any metal catalysts. Continuous-wave laser 

vaporization of solid targets is used in high-pressure Ar 

gas. The laser vaporization can eject hot species of 

atoms and clusters with low expansion velocities (102 

―103 cm/s) in to Ar gas atmosphere. The confinement 

of the hot species by Ar gas and subsequent 

interaction among them results in characteristic 

nanostructures such as carbon nanotubes (CNTs) 

and nanowires (NWs). From targets of Si and Si/SiO2, 

Si/graphite, and Cu/graphite, three type 1D 

nanostructures of amorphous SiOx NWs (1), crystalline 

SiC filled CNTs [2], and crystalline Cu filled CNTs [3] 

were grown. The two filled CNTs were grown 

efficiently and no unfilled CNTs were produced. In 

order to clarify the growth mechanisms of the 1D 

nanostructures, we compare the three 1D 

nanostructures. We discuss their growth mechanisms 

based on liquid-like molten nanoparticles (NPs), 
which have specific ranges of sizes and compositions 

and act as seeds to nucleate and grow the 1D 

nanostructures. 
 

2.0  EXPERIMENTAL 

 
Powders of Si, Si/SiO2, SiO2, Si/graphite, and 

Cu/graphite were ground and then pressed to form 

target pellets (10-mm diameter and 2-mm thickness). 
The target pellets were irradiated by a continuous 

wave Nd:YAG laser in Ar gas of 0.1―0.9 MPa in a 

stainless-steel chamber. The laser spot size and the 

power density on the pellets were typically adjusted 

to 2 mm and about 13 kW/cm2, respectively, and 

laser-irradiation time was set to 2 s. After laser-
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irradiation, the deposits in the chamber were 

collected and examined by transmission electron 

microscopy (TEM).  
 

3.0  RESULTS AND DISCUSSION 

 
The fractions of the three 1D nanostructures in 
deposits in the chamber and their morphologies 
strongly depended on the target compositions and 
Ar pressure. With increasing Ar pressure, there was a 
general tendency that thick 1D nanostructures were 
obtained. Figure 1a shows a TEM image of products 
from a Si target. NWs with diameters of 18―70  nm are 
observed. The NWs are attached with spherelike NPs 
with diameters of 25―100   nm at their tips. Figure 1b 
shows a high resolution (HR) TEM image of a tip 
portion. A NW in an amorphous state is observed. In 
contrast, in a spherelike tip NP, lattice fringes 
corresponding to the lattice distance (0.314 nm) and 
the interplanar angle (109.5°) of the {111} plane of 
crystalline Si are observed. Transmission electron 
diffraction (TED) pattern of the product showed 
distinct Debye-Scherrer rings which were assigned to 
a diamond-type structure Si [1]. Energy-dispersive X- 
ray spectra observed for a NW and a tip NP 
indicated that the NW was composed of Si and O 
atoms and the NP is composed of almost pure Si, 
suggesting the NW consists of amorphous SiOx. The O 
atoms contained in NWs may come from residual O2 
in the stainless steel chamber, H2O and O2 in the gas 
of Ar, or natural oxidation layers present on the 
surfaces of Si powders. In deposits from a Si/SiO2 
target, we similarly found amorphous SiOx NWs. 

 

Figure 1 (a) TEM image of product obtained from Si target 

at Ar gas pressure of 0.9 MPa, (b) HRTEM image of product 

at tip region 

However, from a SiO2 target, only amorphous SiOx 
NPs were formed.  

Figure 2 shows TEM and HRTEM images of products 
from a Si/graphite target. Straight 1D structures with 
diameters of 35—70 nm are seen (Figure 2a). 
Increasing Si content in the target up to 70 at. % 
enabled the formation of the straight and long 1D 
structures. The HRTEM image of the outer portion of 
the 1D nanostructure indicates the presence of 
graphitic layers with an interlayer distance of ~0.35 
nm (Figure 2b). The HRTEM image focusing on the 
core  exhibits lattice fringes of a spacing of ~0.25 nm 
assigned to the {111} planes of cubic β–SiC (Figure 
2c). The TED pattern also shows a typical pattern of 
the β–SiC phase. These results indicate the 1D 
nanostructure is a CNT filled with crystalline SiC NW. In 
TEM observations of more than 200 SiC-filled CNTs, no 
unfilled or intermittently-filled CNTs were observed 
and all the grown CNTs were found to contain SiC 
from their roots to their tips. As seen in Figure 3a and 
b, in the tips of CNTs filled with crystalline SiC NWs, 
angular polyhedron-like NPs with sizes of 100―400 nm 
were observed. The TEM images of the outer regions 
of the NPs indicate the NPs are wrapped with 
graphitic layers (Figure 3c).  

Figure 4 shows TEM and HRTEM images of products 
from a Cu/graphite target, which consists of 1D 
nanostructures with diameters of 15―25 nm  and  NPs. 
As seen in the HRTEM image of the 1D nanostructure 
of Figure 4b, the 1D nanostructure with graphitic 

 

Figure 2 (a) TEM image of product obtained from 
Si/graphite target at Ar gas pressure of 0.9 MPa, (b) HRTEM 
image of product at outer region, (c) HRTEM image of core 
region and TED pattern 
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Figure 3 (a, b) TEM images of products obtained from 
Si/graphite target at two different tip regions, (c) HRTEM 
image of outer region of attached NP 

 

Figure 4 (a) TEM image of product obtained from 

Cu/graphite target at Ar gas pressure of 0.9 MPa, (b) HRTEM 

image of product at outer region 

 

layers of up to seven were observed. The interlayer 
spacing in the graphitic layers was in the 0.34―0.40 
nm range, which is slightly larger than that of 
graphite. The HRTEM image focusing on the core  
exhibits lattice fringes of a spacing of ~0.21 nm 
assigned to the {111} planes of face centered cubic 
Cu structure [3]. In the selected area electron 
diffraction pattern, reflections assigned to the 
graphite {002} plane and the Cu {111}, {200}, and 
{220} planes were observed [3]. These results indicate 
the  1 D  nanos t r u c tu r e  i s  a  CNT f i l l ed  w i th 
polycrystalline Cu NW. Similar to the SiC-filled CNTs, 
no unfilled or intermittently-filled CNTs were observed 
in TEM observations of more than 300 Cu-filled CNTs. 
As seen in Figure 5a and b, in the tips of CNTs filled 
with Cu NWs, spherical NPs with sizes of 10―50 nm 
were observed. The TEM images of the outer regions 
of the NPs indicate the NPs are wrapped with 

 

Figure 5 (a) TEM image of product obtained from 
Cu/graphite target at tip region, (b) HRTEM image of outer 
region of attached NP 

graphitic layers (Figure 5b). The yield of the CNTs filled 
with Cu NWs became maximum at around 20―30 at. 
% of the Cu content in the target.  

A common feature of grown three type 1D 
nanostructures is the presence of NPs at their tips. 
There was a strong correlation between the NP 
diameter and the SiOx NW diameter [4]. We believe 
that molten NPs formed in high-pressure Ar gas act as 
seeds or the growth of the 1D nanostructures. 
According to the binary phase diagram of Si-O [5], 
there is a coexistence of liquid, composed of Si and 
O, and solid SiO and/or SiO2 at high temperatures of 
1370―1723 ºC for the presence of O at specific 
percentages of 25―67 at. %. Consequently, we 
propose the precipitation of SiOx to form nuclei of 
SiOx NWs on Si-rich molten SiOx NPs with specific sizes. 
The precipitation of SiOx occurs via its supersaturation 
in Si-rich molten SiOx NPs in a VLS growth process. Si 
acts as both a catalyst to precipitate SiOx and a 
source material of the NWs. After the formation of the 
nuclei, the anisotropic growth of the NWs, together 
with some processes such as the supply of Si, SiO, O, 
and others to the molten NPs and their diffusion and 
precipitation, occurs at high temperature. Similar to 
the diagram of Si-O, the binary phase diagram of Si-
C [6] shows that there is a coexistence of liquid 
composed of Si and C, and solid SiC at high 
temperatures of 1404―2545 ºC for the presence of C 
at less than 50 at. %. Consequently, for the formation 
of CNTs filled with crystalline SiC NWs, we propose the 
precipitation of SiCx from molten NPs, followed by 
phase separation of C and SiC. The phase diagram 
of Cu-C is not available, however, from the similar 
presence of NPs at the tips of the CNTs filled with 
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polycrystalline Cu NWs, we believe that molten Cu-C 
NPs act as seeds for the growth of the CNTs filled with 
polycrystalline Cu NWs. 

 

4.0  CONCLUSION 
 

Three types of 1D nanostructures, amorphous SiOx 
NWs, crystalline SiC filled CNTs, and crystalline Cu 

filled CNTs, were successfully produced by laser 

vaporization in high-pressure Ar gas. The growth of 

the 1D nanostructures is explained by the formation 

of molten NPs with specific sizes and compositions 

acting as seeds to grow the 1D nanostructures. The 

usual VLS mechanism could not be applied in these 

cases. According to the binary phase diagrams, the 

precipitation of materials to construct the 1D 

nanostructures from molten NPs may result in the 

growth of the 1D nanostructures. These 1D 

nanostructures may find their application in energy 

storage fields such as anode materials for lithium ion 

batteries. Some of these activities are currently being 

pursued in our laboratory. 
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Abstract 

 
In this research, we attempt to discover a new development model for the type of small 

hydro power plant (SHPP) which capacity limit is under 200kW. Conventional, hydro power 

plant adopted on open channel to transport water as before. This way needs to construct a 

wide open channel with a costly development cost. In our consideration, it is important to 

take care of  above economical problems for new advancement of SHPP in various region.  

We examine and propose a closed piping system, rather than an existing channel, which is 

internally filled with water. This new idea is one new water transportation method that can 

reduce construction cost steeply. 

However, the small piping can’t transport much water because of high pipe friction loss. So 

we use booster pumps in halfway of the long piping. Pump is operated just in rainy season to 

expand a power yield, calculate the net electric output with various size piping is necessary.  
 

Keywords—regional innovation, small hydro power plant, water turbine, optimization  
© 2016 ICET 2016. All rights reserved 

  

 

 

1.0  INTRODUCTION 

 
1.1 Hydropower development in japan 

As everyone realizes that, the technique for burning 
fossil fuels and other method of un-renewable energy 
generation  has hurt the planet and resulted the 
came about the greenhouse gases(GHGs)[1]. 
Researchers attempt their best to diminish the bad 
impact while expand the electric generation In  
renewable field. 

Hydropower as a key role in the energy development 
field, however according to the world hydropower 
investigation information, we can find that only 33% 
of potential hydro resources have been exploited[2]. 
It is implies that hydropower as basic renewable 
energy, the investigation is insufficient. 

Japan is the country which is endowed with rich 
water resources and has an normal yearly 
precipitation of around 1,700mm[3]. Considering the 
nuclear plant accident on March 11,2011. Japan is 
especially in the situation to deal with maintaining 
energy security and reducing greenhouse gas 

emissions with- out nuclear power[4]. Thus, in order to 
change this situation, government presented new 
policy that called   feed-in tariff (FIT) to advance the 
renewable energy development in 2012. Fig.1 shows 
the new circumstance (Japan Energy Resource 
Information Website;  

http://www.enecho.meti.go.jp/).  

Figure 1 Hydropower exploitation situation in Japan (2015) 
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1.2 Small hydropower 

In our research, we give attention to SHPP. Actually, 
there don’t have clear definition for SHPP, just call it 
“Medium and small hydropower” that the project’ 
capacity limit which is under 10,000kW~30,000kW. 
According the Japan government established the 
New Energy Law, SHPP has been defined the parts 
that capacity less than 1,000kW. Table 1 shows the 
main investment groups in Japan.  

Table 1 Hydropower Capacity Classification 

 

Type 

(Hydropower) 

Generated 

electricity(kW) 

Exploitation 

organization 

Large/Medium 
More than 

10,000 
Big electric 

power 

companies Small 1,000~10,000 

Mini 100~1,000 
Regional 

group Micro 
Less than 

1,00 

 

Be one of clean energy, SHPP has a lot advantages. 
There have the words as “hydropower project are 
long-term investments with an average life span of 
50~100 years”[2]. It doesn’t require very advanced 
facilities like solar power or nuclear power, but SHPP 
can provide the safe and stable electricity. However, 
SHPP is limited by location and flow rate, almost of 
SHPP are in the mountains[5]. Subsequently, it is useful 
for SHPP improvement which is connect closely with 
regional groups. This is one win-win progress model. 
For regions, SHPP is one project which can increase 
regional economic vitality, and SHPP also take full 
advantage of local resources. Meanwhile, in this 
research, we begin with the project which was used 
many years ago. From the research [6], we can get 
that "refurbishment and up-rating for hydro power 
plants is cost effective, environment friendly and 
requires less time for implementation", so be one  
optimization research, it is important. 

0 200 400 600 800 1000 1200 1400

Unexploited

In exploiting

Exploited

Quantity of location

less than 1000kW 1000-3000kW 3000-5000kW

5000-10000kW 10000-30000kW 30000-50000kW

50000-100000kW more than 100000kW

Figure 2 Different capacity hydropower plants development 
circumstance in Japan (2015) 

 

Table 2 Quantity of Exploited projects change in 10 years 

 

Capacity and Time 2005 2015 

More than 10,000 543 548 

1,000~10,000 869 878 

Less than 1,000 439 541 

 

Like Fig.2 and Table.3 show, as one takes a large 
proportion of unexploited part, the amount of SHPP 
projects expanded quickly in recent 10 years. A study 
[5] also said that “Japan has used nearly all available 
sites for the construction of large scale hydroelectric 
facilities, and so recent developments have been on 
a smaller scale”. In a way, minimizing the power 
generation cost turns into an improvement trend for 
Japan energy market. So it’s the reason of SHPP 
becomes popular today furthermore gives an 
opportunity to new business advancement. 

1.3 Research site 

From previous researches, the greater part of them 
are considered for facilities like high effectiveness 
turbine,   method of cost assessment or new program 
for hydropower plant design. However, the research,   
particularly take attention from construction cost to 
increase benefit, is very lack.  

Obviously, invest SHPP is a development tendency in 
energy demands increasing today, improve the 
project profit is one critical thing. In our study, we 
choose the research case in iga city, Japan. The river 
which is calculated in this time had been utilized for 
hydropower plant many years ago. Considering the 
issue of Japan country development recession, 
regional residents hope to recover local dynamism 
by this way.  

 

2.0  METHODOLOGY 
 

Traditional hydropower plant use open channel to 

transport water. The channel has always installed 

deviously to through the mountains. So high upfront 

construction cost and channel’ periodic cleaning 

muse be considered in first. With these reasons, we 

focus on the expense decrease method and 

propose an arrangement that utilization shut pipeline 

with pump framework to supplant the old one.  

It is well known that hydraulic potential energy will 

decrease when the water flow in closed piping 

cause friction. Conventional hydropower plant use 

water head to convert hydraulic energy to electricity 

in expression. So according the hydrodynamic, 

calculated friction loss energy can be expressed as 

loss water head (
eh ): 

                             g

V

d
h e

2

2

⋅⋅=
l

λ
 (m)                      (1) 

In this equation, λ is coefficient of piping friction 

and l is the length of piping, d is a diameter, and 

V is the water velocity in piping. 

Through above equation (1), we know that friction 

loss head in connect with the pipeline length, texture 

and diameter. After the length and texture have 

been decided, which size is suitable for this SHPP 
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project get to be one of our optimization research 

important point. 

For the most part, the friction loss of shut channel has 

change with diameter in same length. It is harder for 

small size pipe to transport water than big one. So the 

friction influence is one problem for project. 

Meanwhile, the flow rate of river in iga city, changes 

a lot in rainy season. In order to use the geographical 

advantage to increase the project electric output 

and also consider facilities safety(when water flow in 

the closed pipelines, the pressure of pipeline will 

decrease follow with the water flow rate change[7]). 

We utilize booster pump system to offset the loss 

head cause friction to enlarge the available flow 

range.  
Table 3 Compare with different plans 

 

 
Conventional Our plan 

Diameter Large Small 

Pump system Non-use Use 

Friction loss Low High 

Electric output Small  Large 

Cost Expensive Cheap 

 

On the other hand, according table.3, conventional 

method just use big pipe to reduce the influence of 

friction. But for optimization reason, even closed 

piping method is cheaper than open channel, the 

pipe size still restrict the construction cost. In our 

opinion, we use small size pipe to reduce the cost 

and install pump system to increase net electric 

output.  

 

 
Figure 3 Diagram of the project in iga city, Japan  

 

 
Figure 4 Diagram of our plan  

 

As Fig.3 shows that, we propose to install pump in 

middle of pipeline to compensate the loss energy. 

Before water pressure of pipeline  is reduced to 

vacuum condition, we increase it by booster pump 

system. According Fig.4, without pump system, same 

flow rate water pressure that in small size pipe 

decrease steeply, it also means that the higher flow 

rate water con not transport successfully through 

800m length pipeline. Like the wave line in Fig.4, if we 

use booster pump, old method can’t transported 

water can be used.   

In general, our plan isn’t like the previous project, the 

water transportation pipeline has almost installed 

straight to drop location first. Secondly, we can take 

advantage of more water than other conventional 

methods.  

 

 

3.0  RESULTS AND DISCUSSION 
 

As mentioned above, we are sure that use closed 

piping and pump system can generate more 

electricity.  So first, we calculated the available 

highest flow rate of two different cases like Table.4. 

 
Table 4 Compare with different cases 

 

 
Case 1 

(Large size) 

Case 2 

(Small size) 

Diameter(mm) 450 400 

Pump system Non-use Use 

Available highest flow 

rate (m3/s) 

0.333 0.372 

 

And we got the result as Fig.5 shows. The parts 

between with two line is just one section of additional 

available hydroelectric parts. 

 

 
Figure 5 Available part flow rate of different cases 

 

In order to solve the problem about pipeline suitable 

diameter selection, we add the calculation cases 

and estimated every case’ annual net electric 

output. Fig.6 and Table.5 show the result. 
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Figure 6 Different size case generated annual net electric 

output 

 

 

 

 
Table 5 Calculated result of different cases 

 

Diameter 

(mm) 

Our plan Conventional 

200 300 350 400 450 500 600 

Net 

output(M

Wh) 

208

.2 

553.

6 

731 880 1017.

6 

1130.2 1357.

5 

Actual 

output(M

Wh) 

267

.6 

663.

1 

836 980.

7 

1127 1248.2 1459.

1 

Non-use 

pump 

condition 

(MWh) 

189

.4 

507.

8 

681.

1 

830.

2 

957 1076.9 1300.

8 

 

According above results, it’s easy to find that not only 

small size pipe with booster pump can increase 

electricity, but also large size pipe with pump can do 

the same. Hence we confirmed the important 

influence of pump system. But considering about the 

pump system consumed electricity, pipe diameter 

selection need to find the optimum balance about 

cost and generation. 

 

 

4.0  CONCLUSION 
 

According above calculations, we can find out that 

cases which use booster pump system really 

generate more electricity.  So the new method that, 

install booster pump in middle of transportation way, 

do have an effect for profit. In this step of research, 

we confirmed the feasibility of our proposed method 

is possibly optimized. However, for total optimization 

investigation, we also need to consider and 

investigate the cost evaluation. We need to select 

the capacity of pump system. Meanwhile, in 

technology level, we have to make experiment for 

booster pump system to confirm its operating 

procedure. 

 

Acknowledgement 
  

Prof.Masaaki Bannai has fully supported to this 

research. Authors also thank for regional companies 

in iga city that have supported help to make 

experiment for research. 

 

 

References 

 
[1] Douglas Eduardo Costa Martins, Mari Elizabete Bernardini 

Seiffert, Mauricio Dziedzic. 2013. The importance of clean 

development mechanism for small hydro power plants. 

Renewable Energy. 60(2013): 643-647. 

[2] G.Ardizzon, G.Cavazzini and G.Pavesi. 2014. A new 

generation of small hydro and pumped-hydro power 

plants: Advance and future challenges. Renewable and 

Sustainable Energy Reviews 31(2014): 746-761. 

[3] Tatsuki UEDA, Masahiro GOTO, Atsushi NAMIHIRA and 

Yuichi HIROSE. 2012. Perspectives of Small-scale 

Hydropower Generation Using Irrigation Water in Japan, 

2012, JARQ 42(2):135-140(2013) 

http://www.jiras.affrc.go.jp. 

[4] Masayuki Horio, Sawako Shigeto, Ryota Ii, Yukihiro 

Shimatani, Masato Hidaka,, 2015.Potential of the 

'Renewable Energy Exodus'(a mass rural remigration) for 

massive GHG reduction in Japan. Applied Energy 

160(2015). 623-632. 

[5] Masahiko Fujii, Sochiro Tanabe, Makoto Yamada, 

Taketoshi Mishima. Takahiro Sawadate. Shinji Ohsawa, 

Assessment of the potential for developing mini/micro 

hydropower: A case study in Beppu City, Japan. Journal 

of Hydrology: Regional Studies.  

[6] O.P.Rahi, Ashwani Kumar, Economic analysis for 

refurbishment and uprating of hydro power plants. 

Renewable Energy 86(2016). 1197-1204. 

(2015):.http://dx.doi.org/10.1016/j.ejrh.2015.10.007. 

[7] J.P.Deane, B.P.O Gallachoir, E.J.McKeogh. 2010.Techno-

economic review of existing and new pumped hydro 

energy storage plant. Renewable and Sustainable Energy 

Reviews. 14(2010): 1293-1302. 

[8] Manning,R,, 1891. On the Flow of Water in Open Channels 

and Pipes, 20. Transactions of the Institution of Civil 

Engineers of Civil Engineers of Ireland. 161-207. 

[9] Bilal Abdullah Nasir. Design Considerations of Micro-Hydro-

Electric Power Plant. Energy Procedia 50(2014). 19-29. 

[10] B.Ogayar. P.G.Vidal. Cost determination of the electro-

mechanical equipment of a small hydro-power plant. 

Renewable Energy 34(2009.)6-13. 

[11] G.A.Aggidis, E.Luchinskaya.R.Rothschild,D.C.Howard. The 

cost of small-scale hydro power production: Impact on 

the development of existing potential. Renewable Energy 

35(2010). 2632-2638. 

 

Net output 

Net output without 



 
(2016) 47–50 | 3rd International Conference on Chemical Innovation| 

 
 

 

ICET 2016  
 

Full Paper 

  

 

  

 

SINTERING PROPERTY OF GARNET-LIKE LITHIUM 

CONDUCTOR Li7-2xZnxLa3Zr2O12 
 

Kaoru Sugimotoa, Yasuaki Matsudaa*, Yasuo Takedaa, Masaki 

Matsuia,b and Nobuyuki Imanishia 

 
aDepartment of Chemistry, Graduate School of Engineering, Mie 

University, 1577 Kurimamachiya-cho, Tsu, 514-8507, Japan 
bJapan Science and Technology Agency, PRESTO, 4-1-8 Honcho, 

Kawaguchi, Saitama, 332-0012, Japan 

 

 

 

 

 

 

 

 

 

 

*Corresponding author 
matsuda@chem.mie-u.ac.jp 

 

Graphical abstract 
 

 

ABSTRACT 
 

The sintering property of garnet-like lithium conductor Li6Zn0.5La3Zr2O12 was investigated.  

A cubic garnet phase was observed as a main phase at the sintering temperature 

above 900°C.  Though the formation of the cubic phase proceeded from 900°C to 

950°C, the phase separation between the cubic and the tetragonal phases was 

observed at 1000°C.  The relative density of the pellets increased with sintering 

temperature from 60% at 900°C to 77% at 975°C.  The densification of the pellet 

drastically proceeded at 1000°C and the relative density of the pellet reached the 

value of 96%, which is higher than those of the other garnet-like lithium-ion conductors 

such as Li7-3xAlxLa3Zr2O12.  The substitution of Zn2+ for Li7La3Zr2O12 is effective for the 

enhancement of the sintering property at low temperature.  The cation diffusion 

caused by the phase separation between the tetragonal and the cubic phases might 

accelerate the sintering of the Li6Zn0.5La3Zr2O12. 

Keywords—sintering, Garnet, lithium-ion conductor 
© 2016 ICET 2016. All rights reserved 

  

 

 

1.0  INTRODUCTION 
       The fast lithium-ion conducting 

electrolytes with chemical and electrochemical 

stability in contact with lithium metal is key to the 

development of next generation energy storage 

systems such as all-solid-state lithium secondary 

batteries and lithium-air secondary batteries [1-3].  

Among the lithium-ion conductors, the garnet like 

conductor Li7-3xAlxLa3Zr2O12(LLZ-Al) and its derivatives 

are considered to be one of the most promising 

materials for application as an electrolyte because 

of a high ionic conductivity of ca 5 x 10-4 S cm-1 at 

25 °C and chemical and electrochemical stability 

with lithium metal [4,5]. 

The garnet compounds are generally 

described as A3B2C3O12, where A, B and C are eight, 

six and four oxygen coordinated cation sites in the 

cubic structure.  The LLZ-Al structure has La3+ at A-sites, 

Zr4+ at B-sites, and lithium ions at C-sites and interstitial 

sites [6, 7].  A small amount of Al3+ exists at C-sites and 

the cubic phase, which exhibits the fast lithium 

conductivity, was stabilized at room temperature [8-

10].  To obtain the well-sintered pellet, LLZ-Al needs 

the high temperature sintering [2, 4].  Although the 

high temperature sintering enhances the 

densification of the pellets, the composition change 

due to the lithium evaporation during the sintering 

becomes significant.  This becomes a big barrier for 

the practical applications, because it causes the 

decomposition of the garnet-like compounds. 

 To lowering the sintering temperature, the 

addition of sintering aids such as Li3BO3 was 

examined [11, 12].  Ohta et al. reported the drastic 

decrease of the sintering temperature by the 

addition of Li3BO3 and Al2O3, whereas the addition of 

the sintering aids of Li3BO3 or Al2O3 didn’t enhance 

sintering [12].  They suggest that the cation diffusion 

such as Li+ and Al3+ in the liquid phase at the grain 

boundary improved the sintering of the pellet, 

because these can diffuse in the garnet-like structure 
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through the lithium conduction pathway.  Though the 

appropriate selection of the sintering aid enhances 

the sintering at low temperature, the residual of 

Li3BO3 at the grain boundary decreases total ionic 

conductivity [12]. 
 To improve the sintering property without using 
Li3BO3, we tried to improve the sintering property by 
the replacement of Al3+ for Zn2+, because divalent 
cation is more favorable for the cation diffusion and 
might have wider solubility limit in the garnet-like 
structure than trivalent cation.  Furthermore, Zn2+ 
forms Li – Zn – O compounds [13] and might act as a 
sintering aid during the synthesis.  The ionic 
conductivity of garnet-like compounds is strongly 
dependent on the cation contents at the lithium sites 
in the garet-like structure.  In LLZ-Al, the cubic phase 
exhibiting high ionic conductivity formed at x = 0.25 
in LLZ-Al [8, 10].  Therefore, we focused on 
Li6Zn0.5La3Zr2O12(LLZ-Zn) and investigated sintering 
property at low temperature. 

 

2.0  METHODOLOGY 
The garnet-like lithium-ion conductor LLZ-Zn 

was synthesized by conventional solid state methods.  

Appropriate amounts of Li2CO3 (Nacalai Tesque, 

99%), La(OH)3 (Aldrich, 99.9%), ZrO2 (Tosoh), and ZnO 

(Nacalai Tesque, 99.0%) were ball-milled in hexane 

for 2 h with zirconia milling media.  The mixed powder 

was isostatically pressed into pellets, which were 

placed on a gold sheet in an alumina crucible and 

then calcined at 800 °C for 12 h in air.  The samples 

were re-ground, pelletized, placed on the gold sheet 

in the alumina crucible, and then sintered at 900 - 

1000 °C for 12 h in air.  To compensate for Li 

evaporation during the high temperature synthesis, a 

5% excess of lithium was added.  The LLZ-Al pellets 

were synthesized by same procedure to compare 

the sintering property. 

 Phase identification was performed using a 

powder X-ray diffractometer (Bulker D8 and Rigaku 

RINT 2500) with Cu Kα radiation. The diffraction data 

were collected at each 0.02° step width in the 2θ 

range from 10 to 80°.  Morphology change of the 

sintered pellets was observed by using scanning 

electron microscopy (SEM; S-4000, Hitachi)) equipped 

with EDX analyzer (EDX; X-Max80, EX-350, SLICON 

DRIFT X-RAY DETECTOR, HORIBA). 

 

3.0  RESULTS AND DISCUSSION 
 Figure 1 shows XRD patterns for LLZ-Zn 

synthesized at different temperatures.  Diffraction 

peaks of the sample synthesized at 900 °C could be 

indexed according to the cubic garnet-like structure 

with the space group Ia-3d [7].  Small peaks 

according to the tetragonal garnet-like structure with 

the space group I41/acd were also observed [6].  

The formation of the cubic phase proceeded with 

increasing sintering temperature and the cubic 

phase was an almost single phase at 950 °C.  

Diffraction peaks of the tetragonal phase were 

observed again at 975 °C and the formation of the 

tetragonal phase became significant at 1000 °C.  For 

LLZ-Al, the single phase of the cubic garnet-like 

phase is stable up to 1200 °C [8].  However, the 

phase separation between the cubic and tetragonal 

garnet-like structures occurred at 1000 °C in LLZ-Zn. 

 

 
Figure 1.  XRD patterns for LLZ-Zn synthesized at 

different temperatures. 

 

 
Figure 2.  The change of the relative density of the 

LLZ-Zn as a function of the sintering temperature. 

 

Figure 2 shows the change of the relative density of 

the LLZ-Zn as a function of the sintering temperature.  

The relative density of the pellets increased with 

sintering temperature from 60% at 900 °C to 77% at 

975 °C, respectively.  The relative density of the pellet 

jumped up at 1000 °C and reached the value of 96%.  

The densification of the LLZ-Zn proceeded at 1000 °C 

drastically. 

Figure 3 shows SEM images of surface of (a) 

Li6Zn0.5La3Zr2O12 and (b) Li6.25Al0.25La3Zr2O12, and cross-

section view of (c) Li6Zn0.5La3Zr2O12 (d) 

Li6.25Al0.25La3Zr2O12 synthesized at 1000 °C for 12 h in air.  

The relative density of the LLZ-Al was 58%.  Though 

LLZ-Al particles sintered with each other, many pores 
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were observed.  On the other hand, the densification 

of the LLZ-Zn pellet proceeded well and pores almost 

disappeared.  The sintering behavior of the garnet-

like compounds at low temperature was enhanced 

by the replacement of Al3+ for Zn2+. 

Figure 4 shows EDX mapping of 

Li6Zn0.5La3Zr2O12 synthesized at 1000 °C.  The La3+, Zr4+ 

and O2- distributed homogeneously.  Although the 

partial segregation at the grain boundaries was 

observed, the Zn2+ was observed for in whole of the 

pellet.  The diffraction pattern for LLZ-Zn suggests that 

the Zn2+ distributed not only at the grain boundaries, 

but also the inner grains.  The residual Zn2+ at the 

grain boundaries might react with lithium sources 

which have a low melting point at 723 °C and might 

form a liquid phase during the sintering process. 

 
Figure 3.  SEM images of surface of (a) 

Li6Zn0.5La3Zr2O12 and (b) Li6.25Al0.25La3Zr2O12, and cross-

section view of (c) Li6Zn0.5La3Zr2O12 (d) 

Li6.25Al0.25La3Zr2O12 synthesized at 1000 °C for 12 h in air. 

 

 
Figure 4.  EDX mapping of Li6Zn0.5La3Zr2O12 synthesized 

at 1000 °C. 

 

 Figure 5 shows a schematic drowing of the 

sintereing behavior of Li6Zn0.5La3Zr2O12.  The formation 

of the cubic garnet like phase proceeds up to 950 °C.  

The sintering of LLZ-Zn gradually proceeds with 

increasing temperature due to the enhancement of 

the cation diffusion.  At 1000 °C, the phase 

separation between the cubic and tetragonal 

garnet-like structures occurs.  Though the tetragonal 

and cubic structure form the different arrangement 

of lithium ions, both of them have the frameworks 

which are composed by face-shared LaO8 

dodecahedra and ZrO6 octahedra.  The Li+ and Zn2+ 

exit at the lithium sites and can diffuse though the 

lithium conduction pathway in the structure.  The 

stability between the tetragonal and cubic phases is 

dependent on the cation contents at the lithium sites 

[8].  In case of LLZ-Zn, the phase separation is 

dependent on the composition of the Li+ and Zn2+.  

The phase selaretion indicates the fast diffusion of 

these cations between the inner and inter grains.  The 

phase separation between the tetragonal and cubic 

structures indicates that the diffusion process of the 

Li+ and Zn2+ was acceleted resulting in the significant 

densification of the LLZ-Zn pellts. 
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Figure 5. A schematic drowing of the sintereing 

behavior of Li6Zn0.5La3Zr2O12. 

 

4.0  CONCLUSION 
 The sintering property of garnet-like lithium 

conductor Li6.5Zn6.5La3Zr2O12 was investigated.  A 

cubic garnet phase was observed as a main phase 

at the sintering temperature above 900°C.  The 

formation of the cubic phase proceeded from 900°C 

to 950°C. At 1000°C, the phase separation between 

the cubic and the tetragonal phases became 

significant.  The relative density of the pellets 

increased with sintering temperature from 60% at 

900°C to 77% at 975°C.  The densification of the pellet 

drastically proceeded at 1000°C and the relative 

density of the pellet reached the value of 96%, which 

is higher than those of the other garnet-like lithium-ion 

conductors such as Li7-3xAlxLa3Zr2O12.  The 

improvement of the low temperature sinterability of 

the garnet-like lithium conductors is expected to 

promote the development of next-generation 

energy storage devices such as all-solid-state lithium 

secondary batteries and rechargeable lithium-air 

batteries. 
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Abstract 
 

Li-O2 battery is expected as a candidate of a beyond Li-ion system, because of its 

high theoretical energy density. Since the non-aqueous Li-O2 battery shows 

extremely high overpotential, we have been working on an aqueous Li-O2 system. 

Originally the redox reaction was proposed as the four-electron transfer process 

based on the oxygen-water (lithium hydroxide) redox couple. However, we recently 

found that the LiOH is not the actual discharging product, but Li2O2 in the case of a 

catalyst-free carbon-based gas-diffusion electrode. Here we investigated the 

electron-transfer process of the aqueous Li-O2 system using a rotating ring-disk 

electrode (RRDE) measurement. The RRDE measurement showed that the two-

electron transfer reaction occurred on a catalyst-free glassy carbon disk electrode, 

while the four-electron transfer reaction occurred on the glassy carbon disk 

electrode with platinum catalyst. These results suggest that the two-electron transfer 

process of the oxygen-peroxide redox couple is the preferred reaction in a catalyst-

free gas diffusion electrode. Since the oxygen-peroxide redox couple is highly 

reversible, it should be appropriate electrochemical reaction for rechargeable 

aqueous Li-O2 batteries. 

© 2016 ICET 2016. All rights reserved 

  

 

1.0 INTRODUCTION 

 
Li-O2 battery is expected as a post Li-ion battery, 

because of its high theoretical energy density. A lot of 

studies for the non-aqueous Li-O2 battery have been 

carried out after the first report by Abraham et al.1 

However since the non-aqueous Li-O2 battery typically 

shows extremely high overpotential >1.0 V during the 

charging process, the power density and the energy 

efficiency of the non-aqueous Li-O2 battery are still far 

from a practical battery system.2 3 We think aqueous 

system could be a good option for the improvement 

of the power density of the Li-O2 battery.4 The 

discharging reaction (O2 reduction process) of the 

aqueous Li-O2 battery are described in the following 

equations.     
 

O2 + 2H2O + 4e- ⇌ 4OH-   (1) 

O2 + 6H2O + 4Li+ + 4e- ⇌ 4LiOH・H2O   (1’) 

 

Since the reaction product LiOH is easily dissolved in 

the aqueous electrolyte solution, the surface area of 

the porous gas-diffusion electrode is maintained, as a 

consequence the overpotential of the reaction could 

be much lower than that of the non-aqueous system.   

However, we recently found that the LiOH is not the 

actual discharging product, but Li2O2 in the case of a 

catalyst-free gas-diffusion electrode.5 We proposed 

the actual oxygen reduction process should be based 

upon the oxygen-peroxide redox couple described as 

follows.   

 

O2 + H2O + 2e- ⇌ HO2
- + OH-

   (2) 

O2 + H2O + 2Li+ + 2e- ⇌ HO2
- + OH- + 2Li+  

⇌ Li2O2 + H2O   (2’) 

  

In usual the above reaction has been considered as 

an “incomplete” oxygen reduction process, thus 

various catalyst materials has been studied for fuel cell 

applications. However we think that the oxygen-

peroxide couple is even suitable for a rechargeable 

The reaction mechanism of the 

aqueous Li-O2 system. 
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battery application, because the electrochemical 

reaction of the oxygen-peroxide couple is highly 

reversible.6 Furthermore, the water molecules are not 

consumed in the oxygen-peroxide couple: equation 

(2’), while the water consumption occurs in the 

oxygen-water couple: equation (1’).  Therefore excess 

electrolyte solution is not necessary to be added in the 

Li-O2 battery based on the oxygen-peroxide couple. 

Consequently the energy density of the aqueous 

rechargeable Li-O2 battery becomes higher than the 

oxygen-water couple.   

In the present study, we carefully investigated the 

actual electron-transfer process of the aqueous Li-O2 

system using rotating ring-disk electrode (RRDE) 

technique. We also investigated the key parameter for 

the reversibility of the oxygen-peroxide couple. 

 

 

2.0  METHODOLOGY 
 

A ring-disk electrode (BAS) with glassy carbon disk and 

Pt ring, was used for the RRDE measurement. The RRDE 

measurements were carried out using a bi-potentiostat 

(ALS DY2323) with a three-electrode cell. The counter 

and reference electrode was platinum and Ag/AgCl 

respectively. Aqueous electrolyte solutions with 

containing LiCl and LiOH・H2O saturated with O2 were 

used for the RRDE measurement.   

Linear sweep voltammograms were taken for the 

disk electrode, while the electrode potential of the Pt 

ring electrode was kept at 0.5 V vs. Ag/AgCl.  In this set 

up, the O2 saturated in the electrolyte solution is 

reduced to the H2O2 and then diffused to the Pt ring 

electrode. Once the H2O2 diffuses to the Pt ring 

electrode, the H2O2 is re-oxidized to O2.  Since the H2O2 

formed at the disk electrode partially diffuses to the 

bulk electrolyte solution, a collection efficiency was 

measured in advance using a K3Fe(CN)6 aqueous 

solution. The collection efficiency is determined by 

only a shape of the electrode.7  The diameter of the 

disk electrode is 4.0 mm, and the inner and the outer 

diameter of the ring electrode is 5.0 mm and 7.0 mm 

respectively. In the present system, the measured 

collection efficiency 0.428 well matched with the 

theoretical value 0.424.  . 

In order to investigate the influence of the porous 

carbon electrode, cyclic voltammograms were taken 

by using another three-electrode cell confined in an 

O2 filled chamber.  The cell configuration is shown in 

Fig. 1.  A carbon black (Ketjen Black: EC600JD) and a 

polytetrafluoroethylene (PTFE) binder were mixed to 

form a gas-diffusion electrode. The prepared gas-

diffusion electrode was then layered with a Ti gauze 

used as the current collector.  Same as the RRDE 

measurement, a Ag/AgCl and a Pt were employed as 

the reference and counter electrode respectively. In 

order to control the Li+ concentration, aqueous 

electrolyte solution with 10 M LiCl and 1 M LiOH・H2O 

was chosen. O2 bubbling was performed for 30 

minutes before the electrochemical measurement to 

prepared the O2 saturated electrolyte solution. 

 
 

Fig. 1 The cell configuration exchangeable a working 

electrode. 

 
 

 

3.0  RESULTS AND DISCUSSION 
 

Fig. 2 shows the linear sweep voltammetry (LSV) 

taken by using the ring/platinum-disk/glassy carbon 

and ring/platinum-disk/platinum species-supported the 

glassy carbon.  The electron transfer number was 

calculated in the following equation,  

 

      (3) 

 

where IR is current value on a ring electrode, ID is 

current value on a disk electrode and N is a collection 

efficiency.8  

The oxygen reduction on the disk electrode took 

place around -0.2 V vs. Ag/AgCl as shown in Fig. 2 (a). 

Simultaneously the oxidation current on the ring 

electrode was observed. The number of the 

transferred electrons during the LSV is shown in Fig. 2 

(a: Inset).  The expected two-electron transfer reaction 

was confirmed below -0.4 V vs. Ag/AgCl. The LSV result 

proves that the oxygen reduction process based on 

the oxygen-peroxide couple is the preferred reaction 

at the carbon-based electrode materials which have 

poor catalytic activity to decompose of hydrogen 

peroxide.   

A RRDE measurement result for the glassy carbon 

disk electrode coated with platinum is shown in Fig. 2 

(b). Almost no oxidation current on the ring electrode 

was observed, because the sputtered Pt effectively 

decomposed the H2O2 formed at the initial step of the 

oxygen reduction process. Moreover, the generation 

rate of peroxide was calculated in the following 

equation (4).8  

 

    (4)   

 

The calculation result shows that the approximately 

97 % of oxygen was reduced to OH- (H2O) via the four-

electron transfer reaction due to the catalytic activity 

of Pt.   
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Fig. 2 Linear sweep hydrodynamic voltammograms 

with the ring/platinum-disk/glassy carbon (a) and the 

ring/platinum-disk/platinum species-supported the 

glassy carbon (b). Inset: calculated the electron-

transfer (a) and (b), respectively. 

 
 

Fig. 3 shows cyclic voltammograms for glassy carbon 

electrodes used in different cell geometries; facing 

downward (a) and upward (b). The glassy carbon 

electrode facing downward showed poor reversibility 

while the one facing upward showed relatively good 

reversibility. Surprisingly it indicates that the reversibility 

of the oxygen-peroxide couple in the present system 

could be affected by the cell geometry. Furthermore, 

we took a cyclic voltammogram using a porous 

carbon electrode as shown in Fig. 4. The porous 

electrode showed even better reversibility compared 

with the flat glassy carbon electrode. The result 

indicates that the diffusion of the reduced product 

hinders to maintain the good reversibility of the 

oxygen-peroxide couple. We assume that the 

precipitated Li2O2 on the electrode maintain the 

activity of HO2
- high enough to maintain good 

reversibility.  

Further investigations are necessary for the effective 

utilization of the oxygen-peroxide redox couple for 

practical battery applications. 

 

 

 

 
 

 
 

Fig. 3 Cyclic voltammograms (1 mV/s) of a glassy 

carbon electrode facing downward (a) and upward 

(Fig. 1) (b). 

 

 
 

Fig. 4 Cyclic voltammogram (1 mV/s) of a porous 

carbon electrode facing upward. 

 
 

4.0  CONCLUSION 

 
In the present study, we investigated the reaction 

mechanism of the aqueous Li-O2 cell using the RRDE 

(a) 

(b) 

(a) 

(b) 
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technique. The RRDE measurements proved that the 

two-electron transfer reaction occurred on a catalyst-

free glassy carbon disk electrode, while the four-

electron transfer reaction occurred on the glassy 

carbon electrode with platinum catalyst.   

The reversible redox reaction of the oxygen-peroxide 

couple was also observed with a flat glassy carbon 

electrode. The influence of the cell geometry suggests 

that the formation of Li2O2 initiates the good 

reversibility in the present system, because the Li2O2 

maintains the activity of the HO2
- high. We propose 

that the key parameter for the reversibility of the 

oxygen-peroxide couple is HO2
- activity on the 

electrode surface.   
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Abstract 
 

We present high-yield hydrogen production through selective thermal decomposition of formic acid with Pd/ZnO catalyst. The 

investigation for formic acid (HCOOH) decomposition on transition metal surfaces is very important to derive useful insights for the 

development of direct HCOOH fuel cells. We analyzed the paths for HCOOH dehydrogenation to CO2 + H2 and dehydration to 

CO + H2O through the carboxyl (COOH) and formate (HCOO) intermediates. The results showed that metallic Pd is highly 

dispersed on ZnO surface. ZnO reacted with Metallic Pd. Then, this reaction generated PdZn alloy. Existence of PdZn alloy was 

confirmed by X-ray photoelectron spectroscopy (XPS). PdZn alloy catalyst produced carbon dioxide (CO2) selectively. However, 

the hydrogen production decreased with progress of time. The results may be owing to it that PdZn alloy changed into PdO. By 

using only 50mg of the Pd/ZnO containing the 0.1wt.% Pd, we could achieve an optimal H2 generation rate of 220 mol h−1. The 

generation of CO could be not confirmed. Therefore H2 and CO2 generation may occur mainly through formic acid 

decomposition. 

 

Keywords—Hydrogen production, Formic acid, Thermal decomposition, Pd/ZnO 
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1. INTRODUCTION 

 
The worldwide problem of air pollution induced 

by the excessive use of fossil fuels has become 

increasingly serious issues for human beings in 

modern times. Hydrogen gas has been recognized as 

one of clean and renewable energy sources to 

replace fossil fuels for the sustainable future. 

Hydrogen has extremely low density and highly 

explosive character. As a consequence, hydrogen 

storage and distribution remains a challenging issue. 

The formic acid decomposition into H2 and CO2 

(HCOOH → H2 + CO2) is thermodynamically favored (

⊿G = −32.8 kJ mol−1). However, a competitive route 

of formic acid decomposition into CO and H2O (⊿G 

= −20.7 kJ mol−1) usually occurs, which is undesirable. 

Therefore, the major challenge of developing formic 

acid as a practical carrier of hydrogen is finding 

suitable catalysts that enable highly selective formic 

acid decomposition into H2/CO2 rather than CO/H2O 

to occur with high efficiency and large throughput in 

ambient condition.  

 

The Sachtler–Fahrenfort volcano curve plot has 

attracted recent extensive density functional theory 

(DFT) calculations for HCOOH decomposition on 

metal surfaces. Pt and Pd represent two of the most 

promising metals. So Pd and Pt are one of the most 

active metals used as the anode in direct HCOOH 

fuel cells (DFAFC). 

 

 
 

Fig.1. The Sachtler-Fahrenfort volcano curve 
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2. EXPERIMENTAL 

 
The catalytic reaction was performed for 5 hours 

in Pyrex reactor (volume: 123 mL) equipped with a 

magnetic stirrer with the heater. The reactor was 

placed on the stirrer to keep the suspension during 

the reaction and the constant temperature of 

reactor. An optimum amount of sodium hydroxide 

solution was added into the formic acid solution to 

adjust the pH. The base solution suppressed the 

dissolution of ZnO in the formic acid solution. In a 

typical experiment, 50 mg of ZnO was dispersed in a 

Pyrex glass reactor containing 40 mL of formic acid 

solution. An optimum Pd amount was added in the 

solution. Formic acid was adsorbed onto ZnO surface. 

The catalytic hydrogen production form the formic 

acid was analyzed by gas chromatography with 

thermal conductivity detector (TCD). Catalysts after 

the reaction were recovered by centrifugal 

separation. 

The prepared samples were characterized by X-

ray diffraction (XRD, Rigaku Ultima IV), Fourier 

transform infrared spectroscopy (FT-IR, PerkinElmer 

Spectrum Spectrum 100), X-ray photoelectron 

spectroscopy (XPS, Ulvac PHI Quantera SXM), 

scanning electron microscopy (SEM, JEOL JEM-1011) 

and N2 adsorption–desorptionisotherms. 

 
 

Fig. 2 Hydrogen production system. 

 

Table 1.  Experimental conditions. 

 
 

 

3. Results and discussion 

 
We examined the effect of pH, co-catalysts, Pd 

concentration, formic acid concentration and 

temperature to optimize the experimental conditions. 

Figs. 3 show that (a): effect of pH on the catalytic H2 

production with ZnO(Co-catalyst is Pt), (b): catalytic 

H2 production with various co-catalysts, (c): effect of 

Pd on the catalytic H2 production with ZnO, (d): 

effect of formic acid concentration on the catalytic 

H2 production with Pd/ZnO, and (e): effect of 

temperature on the catalytic H2 production with 

Pd/ZnO.  

(a) Since on pH 6.0 ZnO did not dissolve into 

formic acid, the highest hydrogen evolution of the 

catalyst is 22.5 mol h−1 at pH 6.0. (b) Pd was excellent 

metal for the co-catalyst. (c) The highest hydrogen 

evolution with the catalyst is 448.4 mol h−1 at 1.25 

ppm Pd (0.1 wt.%). (d) The highest hydrogen 

evolution with the catalyst is 734.9 mol h−1 at 0.5 wt.% 

formic acid. (e) Catalytic reaction at 50 oC was the 

highest hydrogen production in the temperature 

range tested. 

 

 
(a) Effect of pH                (b) various co-catalysts 

 

 
(c) Effect of Pd                (d) Effect of formic acid 

 

 
(e) Effect of temperature 

50℃ 

40℃ 

60℃ 

70℃ 

30℃ 
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The composition and crystalline structures of the 

ZnO and Pd/ZnO were characterized by XRD. As 

compared Pd/ZnO with ZnO, there are the same XRD 

patterns for ZnO and Pd/ZnO. Pd peak could not be 

confirmed in XRD patterns of Pd/ZnO.  

 

   
Fig. 4 XRD patterns of ZnO and Pd/ZnO. 

 

SEM was used to characterize the morphologies 

and structures of the products. SEM images 

confirmed that the diameter of ZnO and Pd/ZnO 

were approximately a few hundred nanometers. As 

compared Pd/ZnO with ZnO, there are almost same 

SEM images between ZnO and Pd/ZnO. 

 

 
Fig.4. SEM images of ZnO (A),(B) and Pd/ZnO (C),(D). 

 

 XPS were employed to investigate the surface 

chemical state of the Pd/ZnO. The peak at about 

335.0 eV is attributed to Pd 3d5/2 core level state of 

Pd and the other one at about 340.0 eV to Pd 3d3/2 

core level state. The signal due to metallic Pd (335.0 

eV) has grown remarkably to replace the PdO peak 

(336.75 eV) completely. Moreover, a small peak at 

336.0 eV is observed. This peak proved the existence 

of PdZn alloy. In the initial stage of the reaction, the 

existence of PdZn alloy was confirmed by XPS. ZnO 

may react with metallic Pd. Then, this reaction 

generated PdZn alloy. In the latter stage of the 

reaction, XPS results suggested it that PdO was 

existence. The result indicated it that PdZn alloy 

changed into PdO with progress of time.  

 
  Fig. 5 XP spectra of Pd/ZnO (treatment time=10 min). 

 

 
Fig. 6 XP spectra of Pd/ZnO (tretment time=5 h). 

 

The composition, structure and surface state of the 

Pd/ZnO were characterized by FT-IR. Pd/ZnO reacted 

for ten minutes and five hours served as typical 

sample. As compared Pd/ZnO (5 h) with Pd/ZnO (10 

min), several new band peaks can be observed in FT-

IR spectra of Pd/ZnO (5 h). The wide peak around 

3400 cm-1 can be ascribed to the stretching vibration 

of O-H bonds. The peak around 1750 cm-1 can be 

related to the stretching vibration of C=O bonds. As a 

reaction time, surface state of Pd/ZnO was 

contaminated with formic acid. 

 

 

ZnO 

Pd/ZnO 

Pd/ZnO (10 min) 

Pd/ZnO (5 h) 

Pd 3d 

Pd 3d 
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Fig. 7 FT-IR spectra of Pd/ZnO. 

BET surface method was employed to investigate the 

surface area of the ZnO and Pd/ZnO. As compared 

Pd/ZnO with ZnO, BET surface result showed it that 

increase in surface area of Pd/ZnO was confirmed by 

loading of Pd. 

 

 
Fig. 8 N2 adsorption-desorption isotherms of ZnO and 

Pd/ZnO. 

 

 
Fig. 9 Miro pore distribution of ZnO and Pd/ZnO. 

 

Table 2. Textural surface properties of ZnO and 

Pd/ZnO. 

 
 

By using 50 mg of the Pd/ZnO containing the 0.1 wt.% 

Pd, we could achieve an optimal H2 generation rate 

of 220 mol h−1. This hydrogen evolution rate is about 

760 times larger than that of the pure ZnO. However, 

the hydrogen production rate decreased with 

progress of time. The results may be owing to it that 

PdZn alloy changed into PdO. PdZn alloy catalyst 

produced carbon dioxide (CO2) selectively. The 

generation of CO could be not confirmed.  

 
Fig. 10 Catalytic H2 production with various materials. 

 

Mechanism of this reaction was explained as follows. 

Because the  isoelectric point of ZnO is pH 9.3～10.3, 

the surface of ZnO in pH 6.0 became a positive 

charge. In the formic acid thermolysis course, O 

species of formic acid was attracted on ZnO, and 

that O was adsorbed on PdZn alloy surface. In this 

experiment, a reaction course generating H2 and 

CO2 progresses preferentially. Formic acid, which was 

adsorbed onto PdZn alloy surface, produced 

carboxyl (COOH) and formate (HCOO) 

intermediates. H2 and CO2 were generated from the 

intermediates. 

 
Fig. 11 Mechanism for catalytic H2 production. 

 

 

4. CONCLUSION 

 
The optimized experimental condition was as follows. 

pH: 6.0  

Co-catalysts: Pd 

Pd concentration: 1.25 ppm (0.1 wt.%) 

Temperature: 50 oC 

Formic acid concentration: 0.5 wt.% 

H2 generation rate under the optimized experimental 

condition was 220 mol h−1. The generation rate was 

about 760 times better relative to that of the pure 

ZnO. PdZn alloy catalyst produced CO2 and H2 

Pd/ZnO 

Pd/TiO
2
 

Pd/Al
2
O

3
 



Yuki Egawa et al. / ICET 2016  

 

 

selectively. Catalytic activity deceased with reaction 

time because PdZn alloy changed into PdO. 
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Abstract 
In this study, we investigated the performance of TiO2 nanotube prepared by anodization Ti plate (30 × 20 mm) in 1% 

hydrogen fluoride and calcination for the photoelectrochemical reduction of CO2 in the methanol. The 

photoelectrochemical CO2 reduction using ultraviolet-active photoanode has the advantage of high activity, and the 

products by photoelectrochemical reduction of CO2 are available for renewable energy. Particular, the emphasis is placed 

on evaluating and comparing the current density and Faradaic efficiencies at different calcination temperatures, calcination 

times and cathodes (Pb and Ag). The main product by photoelectrochemical reduction of CO2 with Pb cathode was formic 

acid whereas the main product with Ag cathode was carbon monoxide. The current density and Faradaic efficiency for TiO2 

photoanode (calcination at 700 oC for 2 hours) with Pb cathode, at an applied potential of 2.0 V vs. Ag QRE, were J = 2.1 mA 

cm-2 and FE (HCOOCH3) = 89.0 %, respectively. Consequently, the use of TiO2 photoanode may be possible for the application 

for the photoelectrochemical reduction of CO2, although further research is still required in order to develop highly active, 

selective and stable catalysts. 

 

Keywords— Photoelectrochemical reduction of CO2, TiO2 photoanode, Methanol 
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1. INTRODUCTION 

 
These high atmospheric CO2 concentrations are 

linked to severe environmental problems, such as the 

undesirable effects of global warming [1,2]. 

Carbon dioxide is a linear and very stable molecule 

in which the oxygen atoms are weak Lewis (and 

Brønsted) bases and the carbon is electrophilicCarbon 

dioxide (CO2) is one of the main contributors to the 

global warming. Consequently, the conversion of CO2 

into value-added products and/or high-energy 

content fuel will become one of the goals in 

environmental research [3]. 

Among the various possible approaches, the 

photoelectrochemical reduction technique is used to 

reduce the CO2. It has been found that the 

electrochemical technique may not only convert CO2 

from the environment but also the products by 

photoelectrochemical reduction of CO2 may be used 

as renewable energy.  

Methanol is better solvent of CO2 than water, 

particularly at a low temperature. Literature data for 

the solubility of CO2 in pure methanol and water, at 15 
oC, were of 4.6 and 1.07 cm3 cm-3, respectively.  

Therefore, methanol has been used as a physical 

absorbent of CO2 [4]. 

In the present study, we investigated the 

performance of TiO2 nanotube prepared by 

anodization for the photoelectrochemical reduction of 

CO2 in the methanol. Also, the emphasis is placed on 

evaluating and comparing the current density and 

Faradaic efficiencies at different calcination 

temperatures, calcination times and different 

cathodes (Pb and Ag). 

 

2 EXPERIMENTAL 

 
2.1 Preparation of photoanode 
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The TiO2 nanotube photoanodes were obtained by 

anodization of Ti plate (30 × 20 mm) (Fig.1). For typical 

synthesis, a two-electrode system was assembled by 

using Ti plate and Pt foil as working electrode (WE) and 

counter electrode (CE). Hydrogen fluoride solution (1 

vol% in 10 vol% CH3OH + 90 vol% water) was used as 

the electrolyte. In order to obtain nanotube of TiO2, 

the foil was anodized at 20 V with a DC constant 

voltage/current power for 30 minutes under ultrasound 

to obtain nanotube arrays. After Ti plate was anodized, 

the fabricated electrode was thoroughly washed by 

methanol and deionized water. Finally, Ti foil was 

calcined at different calcination temperatures (300-

900 oC) and calcination times (1-10 hours) for 

improvement of TiO2 crystallinity. 

 

2.2 Electrochemical cell and experimental conditions 

 

The experimental conditions for the 

photoelectrochemical reduction of CO2 in the 

methanol are shown in Table 1. 

The electrochemical reactor was operated using a 

potentiostat (HA-3001A) under ambient pressure and 

temperature. The 3.0 M KHCO3 and 0.3 M KOH in 

CH3OH solution was used as catholyte and anolyte, 

respectively, in a standard three-electrode H-type cell 

 
 

Fig. 1 Anodization method for TiO2 photoanode. 

 

 

Table 1. Experimental conditions. 
Cell H-type grass cell 

Electrode  

Working electrode TiO2 foil ( 30 × 20 mm ) 

Counter electrode Pb wire ( 2.0 × 35 mm, 99.9% ) 

Ag wire ( 1.0 × 42 mm, 99.9%) 

Reference electrode Ag Q.R.E. 

Catholyte 0.3 M KOH in methanol 

Anolyte 3.0 M KHCO3 in water 

Potential (V) +2.0 V vs Ag.Q.R.E. 

Temperature room temperature 

Total charge passed 10 C 

Light source UV LED (365 nm) 

Product analysis  

 Gaseous products GC with FID and TCD 

 Liquid products HPLC with UV detector 

 

 

 

equipped with cathodes (Pb and Ag) as the counter 

electrode and a Ag QRE as reference electrode (Fig. 

2).  

Then, CO2 gas was bubbled into the methanol 

catholyte for 2 hours. Aldrich Nafion 117 ion exchange 

membrane was used as the diaphragm between 

photoanode and cathode. 

The Photoelectrochemical reduction system for the 

photoelectrochemical reduction of CO2 in the 

methanol is shown in Fig. 2. The working electrode (TiO2 

photoelectrode) was irradiated by a UV light (365nm) 

for the photoelectrochemical reduction of CO2 in the 

methanol. The gaseous products obtained during 

electroreduction were collected in a gas collector 

and were analyzed by gas chromatography. Products 

soluble in the catholyte were analyzed by using high 

performance liquid chromatography (HPLC). The 

electrochemical behavior of the electrodes was 

evaluated using cyclic voltammetry (CV) and 

potentiostatic mode. Morphology measurements of 

TiO2 photoelectrode were performed using scanning 

electron microscope (SEM). The performance of the 

process is evaluated by current density, J and the 

Faradaic efficiency, FE.  
 

3.0  RESULTS AND DISCUSSION 

 
3.1 Physical characterization 

 

Figs. 3 (a) and (b) provides SEM images of TiO2 

photoelectrode (calcination at 700 oC for 2 hours) 

before and after the photoelectrochemical reduction 

use with a scanning electron microscope (SEM). From 

Fig. 3 (a) and (b), we can see that the obtained TiO2 

nanotubes [5,6]. TiO2 photoelecrode after the 

photoelectrochemical reduction (Fig. 3 (b)) had the 

broken part, but we were able to confirm a nanotube 

in a considerable part. 

 

 

 

 
 

Fig. 2 Photoelectrochemical reduction system of CO2. 
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Fig. 3 SEM images of TiO2 photoanode (a) before photoelectrochemical reduction and (b) after photoelectrochemical 

reduction. 

 

 

 
 

Fig. 4 Photoreaction with TiO2 photoanode and (a) Pb cathode (b) Ag cathode under on-off light irradiation condition. 

 

3.2 TiO2 photoanode behavior under UV irradiation 

and the effect of calcination program and cathode. 

 

In order to examine the electrochemical behavior 

with the photoelectrode, the photoreaction of TiO2 

photoelectrode (calcination at 700 oC for 2 hours) with 

Pb and Ag cathode is observed at an applied 

potential of 2.0 V vs. Ag AQE for the anode (Figs.4 (a) 

and (b)). Because an electric current flowing at the 

potential (2.0 V vs. Ag AQE) under the illumination was 

different from that observed without the light with both 

Ag and Pb cathode, it was confirmed that the TiO2 

photoelectrode could use the light energy. Also, 

because no remarkable changes of current density 

were observed for the Ag and Pb cathodes, the 

influence of metal materials on current density could 

not be observed. 

In order to identify the optimum program of 

calcination temperature and time, the 

photoelectrochemical reduction of CO2 was 

performed for evaluating and comparing the current 

density and Faradaic efficiencies at different 

calcination temperatures (300-900 oC) and calcination 

times (1-10 hours). Figs. 5 and 6 show the effect of 

calcination temperature and calcination time, 

respectively, in terms of current density and Faradaic 

efficiencies. Calcination time and temperature were 

fixed as 2 hours and 700 oC in further experiments, 

respectively. 

 

 

A result for calcination temperature (Fig. 5) 

suggested that the current density and Faradaic 

efficiency for TiO2 photoelectrode at the 700 oC 

calcination for 2 hours with Pb cathode, at an applied 

potential of 2.0 V vs. Ag QRE, were J = 2.2 mA cm-2 

and FE (HCOOCH3) = 107.6 %. Furthermore, a result for 

calcination time (Fig. 6) suggested that the current 

density and Faradaic efficiency for TiO2 photoanode 

at the calcination at 700 oC during 2 hours with Pb 

cathode, at an applied potential of 2.0 V vs. Ag QRE, 

were J = 2.1 mA cm-2 and FE (HCOOCH3) = 89.0%. 

These results concluded that the optimum program of 

TiO2 photoelectrode was the calcination at 700 oC 

during 2 hours. It is attributed to improvement of TiO2 

crystalline by proper calcination.  

Table 2 shows the effect of metal cathodes on 

current density and Faradaic efficiencies of the 

products for photoelectrochemical reduction of CO2 

with TiO2 photoanode at the calcination at 700 oC 

during 2 hours. The photoelectrochemical reduction 

was carried out at an applied potential of 2.0 V vs. Ag 

QRE. The photoelectrochemical reduction of CO2 with 

Ag cathode was equal to Pb cathode in current 

density. However, the main product by 

photoelectrochemical reduction of CO2 with Pb 

cathode was HCOOCH3 whereas the main product 

with Ag cathode was CO. It is due to metallic 

character of cathodes. 
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Fig.5 Effect of calcination temperature on current density and Faradaic efficiency of product by photoelectrochemical reduction 

of CO2 with TiO2 photoanode. 

 

 
 
Fig.6 Effect of calcination time on current density and Faradaic efficiencies of products by photoelectrochemical reduction of 

CO2 with TiO2 photoanode . 

 

3.3 Reaction Mechanism 

 

 Fig. 7 shows the reaction mechanism of the 

photoelectrochemical reduction of CO2. When TiO2 

photoanode is irradiated with UV right, the electrons 

of valence band (VB) are excited to CB with the 

same amount of holes simultaneously generated in 

the VB, and then the photo-generated electrons are 

injected from the TiO2 photoanode to the cathode. 

The photo-generated electrons react with CO2 which 

is adsorbed on cathode. The adsorbed CO2
－ radical 

anion was formed in the first electronation step. It 

undergoes a second electronation/protonation to 

yield adsorbed CO and HCOOCH3. 

 

 

 
Table.2 Effect of metal cathode on Current density and 

Faradaic efficiencies. 

Cathode 

Current 

density 

(mA/cm2) 

Faradaic efficiencies (%) 

HCOOCH3 CO H2 Total 

Pb 2.4 80 9.5 5.1 95 

Ag 2.4 13 61 3.3 76 

Potential : +2.0 V Calcination : 700 oC for 2 hours 

 

 

 
Fig.7 Reaction mechanism of the electrochemical reduction 

of CO2  in methanol. 

 

 

4.0  CONCLUSION 

 
The photoelectrochemical reduction of CO2 with TiO2 

photoelectrode is investigated. The physical 

characterization of TiO2 photoelectode shows the 

TiO2 obtained nanotubes structure. The optimum 

program of TiO2 photoelectrode was the calcination 

at 700 oC during 2 hours. The products analysis of 

photoelectrochemical reduction of CO2 confirms the 

formation of carbon monoxide and formate. The 
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monitoring for the selectivity of reduction product 

with metal cathode indicated that the main product 

by photoelectrochemical reduction of CO2 with Pb 

cathode was HCOOCH3 whereas the main product 

with Ag cathode was CO.  

Future plan, the p-Si cathode will be applied to the 

presented system. 
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Abstract 
 

 Recently, graphitic carbon nitride (g-CN) has attracted attention as a promising 

hydrogen production substance. However, the photocatalytic activity of g-CN is 

limited by the high recombination rate of its photogenerated charge carriers. 

Therefore, the effective electron-hole separation is one of important factors for 

the enhancement of the photocatalytic performance. In this study, novel 

carbon particles and g-CN composite photocatalysts were prepared through a 

facile two-step calcination using carbon particles and melamine as a starting 

material. The synthesized samples were characterized by X-ray diffraction 

(XRD), fourier transform infrared spectroscopy (FT-IR), X-ray photoelectron 

spectroscopy (XPS), nitrogen-sorption, UV-Vis diffuse reflectance spectra (DRS), 

photoluminescence spectra (PL), scanning electron microscopy (SEM), and 

transmission electron microscopy (TEM). Photocatalytic activity of carbon 

particles modified g-CN (C/g-CN) was evaluated by photocatalytic hydrogen 

production under visible irradiation (λ ≧ 420 nm). The experimental results showed 

that the highest photocatalytic hydrogen evolution rate for 0.5 wt% C/g-CN was 

approximately 340 µmol /g・h, which was about 43 times higher than that of 

pure g-CN. The improved photocatalytic activity was attributed to the fact that 

carbon particles acted electron reservoirs to trap the electrons for promoting 

charge separation and light harvesters to enhance the visible light absorption. 

 

Keywords— Photocatalytic hydrogen production, g-C3N4, Carbon particles, 

Visible light 
© 2016 ICET 2016. All rights reserved 

  

1. INTRODUCTION 

 
As a typical metal free inorganic semiconductor, 

graphitic C3N4 (g-CN) has attracted intensive 

attention for H2 generation, pollutant degradation 

and CO2 reduction【1】 . It is well-known that the 

band gap of g-CN is about 2.7 eV【2】, which can 

absorb visible light up to 460 nm【3】. Furthermore, 

the conduction band minimum of g-CN is extremely 

negative, so photogenerated electrons should have 

high reduction ability. However, the photocatalytic 

efficiency of the pure g-CN is limited by the high 

recombination rate of its photo-generated electron–

hole pairs 【 4~6 】 . One of the techniques for 

increasing the separation efficiency of photo-

generated electron–hole pairs is to load a nonmetal 

element into a photocatalyst. For the increase of the 

photocatalytic activity, an extensively studied 

carbonaceous candidate is carbon particles with 

tunable size and band gap, abundant hydrophilic 
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surface groups, and long term stability 【 7 】 . 

Particularly, carbon particles can act as spectral 

converters to overcome the contradiction between 

optical absorption and chemical reaction dynamics 

of various semiconductors with UV and visible light 

activity because of its large cross-section of 

upconversion absorption and a wide range of 

emission spectra that boost the energy band-gap 

matching【3】. In this study, novel carbon particles 

and g-CN composite photocatalysts were prepared 

through a facile two-step calcination using carbon 

particles and melamine as a starting material. The 

synthesized samples were characterized by X-ray 

diffraction (XRD), fourier transform infrared 

spectroscopy (FT-IR), X-ray photoelectron 

spectroscopy (XPS), nitrogen-sorption, UV-Vis diffuse 

reflectance spectra (DRS), photoluminescence 

spectra (PL), scanning electron microscopy (SEM), 

and transmission electron microscopy (TEM). 

Photocatalytic activity of carbon particles modified 

g-CN (C/g-CN) was evaluated by photocatalytic 

hydrogen production under visible irradiation (λ ≧ 

420 nm). 

 

 

2. EXPERIMENTAL 

 

2.1. Preparation of carbon particles 

 
 Firstly, 3.6 g of glucose was dissolved in distilled 

water (40 mL) to form a clear solution, then 40 mL of 

concentrated HCl solution was dropped into the 

solution of glucose. Afterward, the mixture solution 

was transferred into a 100 mL Teflon liner followed by 

hydrothermal treatment at 180 ℃  for 6 h. After 

hydrothermal reaction, the black precipitates were 

centrifuged and get brown carbon particles solution.  

 

2.2. Preparation of photocatalysts 
 

Carbon particles and Tg-CN composite 

photocatalysts were prepared by two step 

calcination of the mixture of carbon particles and 

melamine. Before calcination, 5 mL of carbon 

particles suspension in ethanol was added into 3 g of 

melamine, then ethanol was evaporated. This 

obtained ingredient was applied two times 

calcination, first heating at 550 ℃  for 3h, second 

heating at 500 ℃ for 10 h. We got C/Tg-CN. 

 

2.3. Characterization of photocatalysts 
 

 Physicochemical measurement of the samples 

were characterized by XRD (RIGAKU, Ultima Ⅳ), FT-IR 

(Perkin Elmer, Spectrum 100), XPS (Ulvac PHI, 

Quantera SXM), nitrogen-sorption (Microtrac BEL, 

BELSORP-mini Ⅱ ), DRS (SHIMADZU, UV 2450), PL 

(SHIMADZU, RF-5300PC), SEM (HITACHI, S-4000), and 

TEM (JEOL, JEM-1011).  

 

2.4. Evaluation of photocatalysts 
 

The pyrex column vessel reactor (inner volume: 123 

mL) was used for the photocatalytic H2 production 

from aqueous solution (40 mL) containing 10 vol% 

triethanolamine (TEA) as a sacrificial donor. 2 wt% Pt 

loaded on the surface of the photocatalyst by the in 

situ photodeposition method using H2PtCl6. Before 

irradiation, N2 gas was bubbled into the reaction 

solution for 30 min to remove a dissolved O2. Typically, 

40 mg of the photocatalyst were added into the 

reaction solution. A 300 W Xe lamp with a UV cut filter 

(λ<420 nm) was applied as a light source. The 

concentration of H2 production from the aqueous 

TEA solution was analyzed by GC with TCD. The 

photocatalytic H2 production experiments were 

performed in triplicate. 

 

 

3. RESULTS AND DISCUSSION 

 

3.1. Hydrogen production  

 
Photocatalytic hydrogen production rate of the 

samples is shown in Fig. 1. The rate of hydrogen 

production for pure Tg-CN was approximately 7.9 

µmol/g・h. After the modification of carbon particles, 

photocatalytic performance was higher. The highest 

photocatalytic hydrogen evolution rate for 0.5 wt% 

C/Tg-CN was approximately 340 µmol/g・h, which 

was about 43 times greater than that of pure Tg-CN. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1 Hydrogen production rate of photocatalysts. 

 

 

 

3.2. Characterization of photocatalysts 
 

The crystal structure and phase of the prepared 

samples were analyzed by XRD patterns. As 

presented in Fig. 2, in the case of all samples, two 

characteristic peaks around 13 ° and 27 ° are 

indexed as the (100) and (002) planes, corresponding 

to the interlayer structural packing and the 

characteristic inter planar stacking peaks of aromatic 

systems, respectively 【 1 】 . However, Tg-CN and 

modified carbon particles, both the intensities of 
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(100) and (002) diffraction peaks decrease. This 

reflects that both of them were destroyed the 

polymerization of them by the second calcination. 

Close-up view of the (002) diffraction peak of 

samples clearly shows the shift of the diffraction peak 

angle toward a higher 2θ value. From this result, 

interlayer distance of them was reduced because 

the surface of bulk g-CN became smooth by the 

second calcination.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.2 XRD patterns of photocatalysts. 

 

Fig.3 shows FT-IR spectra of photocatalysts. As can 

be seen from Fig. 3, the vibration at around 1600-1500 

cm-1 (C=N), 1500-1200 cm-1 (C-N), corresponding to 

the typical stretching modes of CN heterocycles, and 

the characteristic mode of the triazine units at 

around 800 cm-1 , are found for all samples in Fig. 3. 

The broad bands at around 3200cm-1 are indicative 

of stretching vibration modes for –NH of g-CN【2】. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3 FT-IR spectra of photocatalysts. 

 

 

The XPS spectra were obtained to analyze the 

chemical composition and the element chemical 

status on the surface of the 0.5wt% C/Tg-CN.  Only C, 

N and O elements are detected in Fig. 3. Moreover, 

the C/N ratios of g-CN, Tg-CN, 0.5 wt% C/Tg-CN and 

5.0 wt% C/Tg-CN are 0.73, 0.75, 0.76 and 0.83, 

respectively. The ratio of modified carbon particles is 

higher than g-CN and Tg-CN, indicating the 

existence of carbon particles in the composite. The 

chemical groups of and bonding characteristic of 0.5 

wt% C/Tg-CN is further examined by the high-

resolution C 1s and N 1s spectrum. As shown survey 

spectrum, the weak O1s peak may be ascribed to 

water absorbed on sample surface【7】. There are 

two kinds of carbon species, including around 284 eV 

for C-C, 288 eV for N-C=N in the C1s spectrum. The C-

C coordination is attributed to surface adventitious 

carbon, which comes from the sample and XPS 

instrument itself. Moreover, the N 1s spectrum can be 

well deconvoluted into four peaks with binding 

energy at around 398 eV, 399 eV, 401 eV and 404 eV, 

respectively. The major peak at around 398 eV is 

attributed to sp2 hybridized nitrogen (C=N-C). The 

other main peak at around 399 eV is assigned to 

tertiary nitrogen (N-(C)3), the existence of which can 

confirm the polymerization of melamine. The peak of 

401 eV is ascribed to existence of amino functional 

group (N-H) which indicates the incomplete 

condense of thiourea, being consistent with the result 

of FT-IR (Fig.2). The weakest peak at 404 eV is related 

to π  excitation. Both C 1s and N 1s XPS spectra 

confirm the basic heptazine heterocyclic structure of 

g-CN, which in association with the results of XRD and 

FT-IR, prove the successful preparation of g-CN under 

the appearance of carbon particles. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4 XPS survey and narrow spectra of  

0.5 wt% C/Tg-CN. 

 

The nitrogen adsorption-desorption isotherms were 

recorded to investigate the porous characteristics of 

g-CN, Tg-CN, 0.5 wt% C/Tg-CN and 5.0 wt% C/Tg-CN 

in Fig. 5. All of them exhibit typical type Ⅳ isotherm 

with hysteresis loops, indicating the presence of 

mesopores. All hysteresis loops can be classified into 

type H3, reflecting the appearance of slit-like pores

【7】. The pore size distribution s (inset in Fig. 5) of Tg-

CN, 0.5 wt% C/Tg-CN and 5.0 wt% C/Tg-CN showed a 

main peak around 10 nm. However, specific surface 

area, pore volume and pore diameter of the samples 

were not related to the contents of carbon particles. 

From this result, it was found that these parameters 

were not affected on the photocatalytic activity for 

H2 production in this study.  
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Fig. 5 N2 adsorption-desorption isotherms and the 

corresponding pore size distribution curves (inset) of 

photocatalysts. 

 

 

Table 1 Specific surface area, total pore volume and 

average pore diameter of the photocatalysts. 

Sample g-CN Tg-CN 0.1wt% 

S
BET

 (m

2

/g) 9.81  29.73  97.80  

V
p
 (p/p

0
=0.990, cm

3

/g) 0.08  0.12  0.39  

d
p
 (nm) 34.24  15.50  15.94  

Sample 0.25wt% 0.5wt% 1.0wt% 

S
BET

 (m

2

/g) 33.64  48.30  90.49  

V
p
 (p/p

0
=0.990, cm

3

/g) 0.13  0.18  0.32  

d
p
 (nm) 15.16  14.66  14.08  

Sample 1.5wt% 2.0wt% 5.0wt% 

S
BET

 (m

2

/g) 74.91  23.83  42.93  

V
p
 (p/p

0
=0.990, cm

3

/g) 0.29  0.10  0.15  

d
p
 (nm) 15.66  16.57  13.83  

 

 

Fig.6 shows the SEM images of the photocatalysts. 

Comparing g-CN with Tg-CN, 0.5 wt% C/Tg-CN and 

5.0 wt% C/Tg-CN, we can see that g-CN was 

aggregated. In addition, all photocatalysts were 

consistent of about 20 nm-particles. 

The morphology of the prepared samples was 

observed by TEM, which is shown in Fig. 7【8】 .  

Comparing g-CN with Tg-CN, Tg-CN has thinner 

layers than that of g-CN. Also, mottled pattern of 

black could be observed in carbon particles 

modified Tg-CN, indicating the existence of carbon 

particles over Tg-CN. These results demonstrated that 

the layers of g-CN have been peeling by second 

calcination and carbon particles have been 

successfully deposited onto the surface of Tg-CN to 

form C/Tg-CN composites. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6 SEM images of photocatalysts. 

(a) g-CN,(b) Tg-CN,(c) 0.5 wt% C/Tg-CN, 

(d) 5.0 wt% C/Tg-CN 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 7 TEM images of photocatalysts. 

(a) g-CN,(b) Tg-CN,(c) 0.5 wt% C/Tg-CN, 

(d) 5.0 wt% C/Tg-CN 

 

The optical absorption properties of the resultant 

samples were examined with DRS spectra (Fig. 8). g-

CN exhibited an intrinsic absorption edge at around 

460 nm with a calculated band gap of about 2.70 eV 

according to the Kubelka-Munk function 【9】. After 

loading carbon particles, the absorbing wavelength 

region expanded after loading carbon particles. 

Especially, 5.0 wt% C/Tg-CN could be absorbed over 

NIR. Although band gap energy of Tg-CN 

(approximately 2.95 eV) is higher than that of g-CN, 

by loading carbon particles, their band gaps 

became near that of g-CN (The band gap energy of 

0.5 wt% C/Tg-CN and 5.0 wt% C/Tg-CN are about 

2.90 eV and 2.80 eV, respectively). However, among 

these photocatalysts 0.5 wt% C/Tg-CN exhibited the 

highest photocatalytic performance. This result was 

attributed to the light shading effect. 
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Fig. 8 DRS spectra and Tauc plots (inset) 

 of photocatalysts. 

 

 Fig.9 shows PL spectra of photocatalysts. PL spectra 

represented the peak intensity of C/Tg-CN were 

weaker than that of pure Tg-CN. In this case, this 

result was implied to preventing recombination of 

electron-hole pairs which derived from carbon 

particles loaded. 

 Also, after second calcination, a new peak was 

expressed to the low-wavelength. It is due to the fact 

that the impure position has occurred between VB 

and CB. The existence of it supports the excitation of 

electrons. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 9 PL spectra of photocatalysts. 

 

 On the basis of the above results, the 

photocatalytic mechanism under visible-light 

irradiation can be proposed in Fig. 10 【10】. The 

loaded carbon particles could act as electron traps 

to facilitate the separation of photogenerated 

electron-hole pairs and promote interfacial electron 

transfer process. In the photocatalytic reaction 

process , when  C/Tg-CN composite photocatalysts 

suspension is irradiated with visible light, electrons are 

excited from the valence band (VB) populated by N 

2p orbitals to the conduction band (CB) formed by C 

2p orbitals of Tg-CN, creating holes (h+) in the VB. The 

excited states in the CB are transferred Pt via carbon 

particles. Therefore, H+ is reduced to H2 by the 

electrons on Pt particles while the holes at the VB of 

Tg-CN can react with TEA as a sacrificial reagent. 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 10 Reaction mechanism of 0.5 wt% C/Tg-CN. 

 

 

4. Conclusion 
 

 In conclusion, the highest photocatalytic 

hydrogen evolution rate for 0.5 wt% C/Tg-CN was 

approximately 340 µmol /g・h, which was about 43 

times higher than that of pure Tg-CN. The improved 

photocatalytic activity was attributed to the fact that 

carbon particles acted electron reservoirs to trap the 

electrons for promoting charge separation and light 

harvesters to enhance the visible light absorption. 
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Abstract 
 

The use of nanoscale zero-valent iron (nZVI) has received much attention due to their high activities for the treatment of organic 

pollutants in waste waters and ground waters. In the present work, we show the decolorization of Reactive Yellow 86 by 

nanoscale zero-valent iron loaded chelating resin. The results showed zero-valent iron (nZVI) particles were uniformly distributed 

onto the surface of the Eporas MX-86 resin. The nanoscale zero-valent iron loaded chelating resin was very effective for the 

decolorization of Reactive Yellow 86 in aqueous solution.  
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1. INTRODUCTION 

 
The use of zero-valent metals (ZVMs), especially 

zero-valent iron (ZVI), for the treatment of organic 

pollutants in wastewaters and groundwater has 

received much attention due to the environmental 

benignity and high activities of these materials [1].   

Generally, the decrease in the ZVI particle size 

from microscale to nanoscale can greatly improve 

the reaction rate due to the higher surface reactivity 

onto larger specific surface area (SSA) [2].  

Nano ZVI particles are prone to agglomerate into 

larger ones due to the tendency to reduce the high 

surface energies and intrinsic magnetic interaction, 

resulting in an adverse effect on both effective 

surface area and reaction performance. Moreover, 

the release or escape of nanoparticles into the 

environment can result in nanotoxicity [3].  

Polymeric exchange resin has been proven to be 

an excellent carrier for metal and metal oxide 

nanoparticles due to chemical stability and robust 

mechanical strength [4]. The Eporas MX-86 resin, 

which is one of cation exchanger, has chosen as a 

supporting material for nZVI [5].  

The azo dyes, having an azo group consisting of 

two nitrogen atoms (N=N), are the largest class of 

dyes used in textile industry [6]. 

Azo dyes are the most problematic pollutants of 

textile wastewaters since more than 15% of the textile 

dyes enter the wastewater stream [7]. 

In the present study, the nanoscale zero-valent 

iron loaded chelating resin has been prepared and 

has been applied into the decolorization of Reactive 

Yellow 86 (RY 86), which is one of Reactive azo dyes 

in water. 

 

 

2. EXPERIMENTAL 
 

2.1 Preparation of nZVI resin 

 

First, 200 mL of 1.0 M iron sulfate solution was 

added into 200 ml of clean chelate resin, and the 

suspension was stirred for three days while 

maintaining below pH 4.5 with sulfuric acid. Then, 50 

mL of 1.3 M sodium borohydride was added into the 

iron loaded chelating resin, which leaded to the nZVI 

loaded chelating resin through the reduction by 

sodium borohydride. Finally, the NZVI loaded 
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chelating resin was washed with the water which 

had been deoxygenated with Ar. 

 

2.2 Decolorization treatment 

 

The experiment condition was shown in Table 1. 

The treatment parameters, including initial 

concentration of RY 86 (5~100 mg/L), sample pH (pH 

of supernatant after the decolorization (2.1~7.0)), the 

NZVI supported amount (9.4/17.3 mg/mL) and 

reaction time (1min~30min), were studied. 

First, 12 sample reactors (20 mL) were prepared, 

and 20 mL of different concentration Reactive Yellow 

86 was put in the sample reactor. Then, 0.5 mL of 

NZVI resin (9.4/17.3 mg/mL) was added into the 

sample reactor. Finally, 12 sample reactors were set 

into a rotary device and were stirred with 22 rpm. The 

supernatant of sample solution was sampled at given 

time intervals. 

The absorbance of the supernatant of sample 

solution was measured at 418 nm by ultraviolet and 

visible spectrometer, and  the decolorization 

efficiency was evaluated. 

In addition, the concentration of Fe in the 

supernatant of the sample solution was measured by 

atomic absorption spectrometry, and the Fe elution 

was calculated. 

 

Table 1: Experiment condition of decolorization 

reaction 

 

Decolorization 
Reactive Yellow 86 :    5～100 mg/L 

    Sample volume:     20 mL 

    NZVI@chelate resin:     0.5 mL 

    Fe :    9.4 mg/mL resin,   17.3 mg/mL resin 

    Temperature:     Room temperature 

Analysis 

UV-visible spectrometer (418 nm) 

    Atomic absorption spectrometry (AAS) 

 
 

3. Results and discussion 
 

3.1 Morphologies of the nZVI loaded chelating resin  

 

The form of the resin at each stage was observed 

with a digital camera, as shown in Fig. 1.  

Photo A was Eporas MX-86 resin. It was yellow. 

Photo B was the iron loaded chelating resin. The color 

turned to red. Photo C was the nZVI loaded chelating 

resin. Because of the reduction of the Fe ion, it 

became black. Photo D was the nZVI loaded 

chelating resin after decolorization. The color 

became brown. 

 

 

3.2 Effect of PH 

 

In order to evaluate the decolorization efficiency 

and environmental pollution, the effect of initial pH of 

sample was investigated on the decolorization of RY 

86 in the condition of initial concentration of RY 86 10 

mg/L, reaction time 20 min and nZVI supported 

amount 9.4 mg/mL. In the present work, we checked 

pH of supernatant after decolorization (2.1 - 9.0). 

It could be seen from Fig.2 that large decoloration 

efficiency was obtained at pH 3.8, but the Fe 

leaching was also high, resulting in the environment 

pollution. It was probably due to the fact that ZVI 

tends to gain an electron and dissolve in acidic 

environment. There was little amount of iron elution at 

pH 5.7, but the decoloration efficiency was low. 

Because some zero-valent iron became iron 

hydroxide by hydroxyl ion in aqueous solution [8], the 

decoloration efficiency decreased. 

The adjustment of pH of the supernatant after 

decolorization was very difficult. Considering the 

decoloration efficiency and Fe elution rate, pH 5.7 

was chosen as the optimum condition. 

 

 
   

A                 B                C              D 
 

Fig.1:  Comparison of the chelate resin. 
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Fig.2: Effect of pH. 

 

 

 

3.3 Effect of initial concentration of RY 86 

   

The effects of initial concentration of RY 86 on the 

decolorization of RY 86 was investigated with 

different concentration of RY 86, ranging from 5~100 

mg/L, in the condition of NZVI amount 9.4 mg/mL 

and reaction time 20 min. 

 The results are shown in Fig. 3. It could be observed 

that the removal of RY 86 decreased with the 

increase of the initial concentration of RY 86 and it 

decreased rapidly, when the initial concentration of 

RY 86 was over 20 mg/L. Because of the complete 

consumption of NZVI, the decolorization efficiency 

did not almost change when the initial concentration 

of RY 86 was over 50 mg/L. 

 

 
 

Fig.3: The effect of initial concentration of RY 86 

 

 

 3.4 Effect of reaction time 

   

Different reaction time, varying from 1 min to 30 

min was selected to study the effect of reaction time 

on the decolorization of RY 86 in the condition of 

initial concentration of RY 86 10 mg/L and NZVI 

amount 9.4/17.3 mg/mL, as shown in Fig. 4. 

With the NZVI amount was 9.4 mg/mL, the removal 

of RY 86 increased slowly when the reaction time 

reached 15 min, indicating that the NZVI had been 

almost consumed by RY 86. Though the decoloration 

efficiency did not rise from 15 min to 20 min, pH had 

increased, suggesting that the hydrogen ion was 

consumed except for the decoloration reaction. 

According to the side reaction (2H+ + e- → H2), the 

consumption of hydrogen would rise pH value. 

With the NZVI amount 17.3 mg/mL, the removal of 

RY 86 significantly enhanced. The removal of RY 86 of 

the whole process achieved over 83.0%. After 30 min, 

the decolorization rate reached 99.0%, indicating 

that the NZVI loaded chelating resin had an excellent 

performance for the decolorization of RY 86.  

 From the fig.4, we could estimate the conclusion 

that, more nZVI amount it contained, the more 

excellent performance it would become. As the 

reaction was carried out, the value of pH became 

larger.  

   

 
Fig.4: The effect of reaction time. 

 

3.5 Decolorization mechanisms of RY 86 

 

The decolorization mechanisms of RY 86 was 

proposed based on the intermediates identified by 

Ion Chromatography (IC), as shown in Fig. 5. 

The red circle section is azo-combination, which is 

one kind of the chromophoric group.  The bond was 

reduced by hydroxyl ion in aqueous solution. It was 

considered to be the decolorization reason. In the 

supernatant after decolorization, the sulfate ion was 

detected by IC, indicating that the blue circle 

section was also degraded. 
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Fig.4: mechanism. 

 

 

4. CONCLUSION 

 

In this study, the NZVI loaded chelating resin was 

successfully prepared. The materials were applied 

into the decolorization performance of RY 86. The 

NZVI loaded chelating resin showed a high efficiency 

for removing RY 86 in aqueous solution. The 

decolorization efficiency was high with the initial 

concentration of RY 86 under 20 mg/L. The pH 5.7 

was chosen as the optimum condition because it 

could maintain a high efficiency at the same time to 

keep small Fe elution. The immobilization of NZVI 

facilitates their application in pollutants degradation. 

The developed system will become a promising 

choice for the remediation of pollutants 

contaminated sites. 
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Abstract 
 
A rigid tripod-shaped molecule consisting of an adamantane core and three CH2SH 
groups was synthesized. This molecule formed robust self-assembled monolayers (SAMs) on 
gold surface by three S-Au bonds. When ferrocene was connected at the top of this tripod 
through an oligo(p-phenyleneethynylene) linker, the SAM showed an oxidation-reduction 
response owing to the surface-bound ferrocene. Cyclic voltammetry indicated that the 
ferrocene is bound on gold with high surface densities, yet the molecular interaction 
among adjacent ferrocene units was negligible owing to the extended intermolecular 
distance due to the bulky tripod framework. The rates of electron transfer from the 
ferrocene to the gold surface through different linker lengths were determined by 
electrochemical measurements, from which the decay factor for oligo(p-
phenyleneethynylene) wire was evaluated. 
 
Keywords—molecular tripod, self-assembled monolayer, electron transfer 
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1.0  INTRODUCTION 
 
Self-assembled monolayer (SAM) of thiolates on a 
gold surface, produced by the tight Au–S bonding, 
creates a secure molecule-metal junction.1–4 
Thermodynamically favored chemisorption of 
molecules on the gold surface enables monolayer 
formation simply by forcing thiols to make contact 
with a clean gold surface. The resultant dense SAMs 
have been applied to sensors,5,6 molecular 
machines,7,8 and molecular electronic devices.9–11 In 
particular, a SAM of electron-transporting molecules 
could serve as an excellent junction between the 
device molecule and a metal electrode. 

The component molecules in a densely packed SAM, 
however, are subjected to severe steric and 
electrostatic interactions, which can exert an 
undesirable mutual intermolecular influence that can 
potentially alter the structural and electronic features 
of the original molecules in their isolated state. This 
would hamper the design and utilization of the single-
molecule functionalities of the monolayers.  

The use of tripod-shaped anchors could avoid such 
interactions by isolating the molecules within a SAM. 
Properly designed molecular tripods with an area-
demanding structure are expected to ensure the 
distance that is required for molecular isolation. 
Previously, we reported a tripod molecule 112–15 and 
its ferrocenyl derivative 2a,14–16 consisting of a rigid 
adamantane core and three CH2SH legs (Figure 1). 

 
Figure 1 Tripod-shaped Trithiols with an Adamantane Core 

Based on the results of scanning tunneling 
microscopy (STM) studies, the SAM of 1 is hexagonally 
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arranged with a closest molecular distance of 8.7 Å. 
This distance is significantly larger than that normally 
observed for the SAMs of linear alkane thiols (5.0 Å)17 
and allows molecule 2a to arrange in the same 
density, wherein neighboring ferrocenyl groups are 
isolated from each other (Figure 2).16 This feature is 
highly desirable for the study of the electron transport 
properties of π-conjugated molecular wire such as 
poly(p-phenyleneethynylene), [–(C6H4-C≡C)n–]. 

 
Figure 2 SAM of Ferrocene-terminated Trithiol 2a 

In this paper, we report the electron transfer behavior 
of p-phenyleneethynylene bridges that join 
ferrocene and gold substrate using the SAMs of 2a 
and 2b via electrochemical techniques. Reliable 
single-molecule properties were expected, owing to 
the independence of each component molecule 
from neighboring molecules. Decay of the electron 
transfer rate through the molecule was discussed by 
comparing the results from the two SAMs. 

 
2.0  EXPERIMENTAL 
 
Trithiols 2a and 2b 

Trithiol 2a was prepared by the synthetic route 
starting from adamantane, which we reported 
earlier.12,16 The synthesis of extended trithiol 2b will be 
reported elsewhere. 

Preparation of self-assembled monolayers on gold 

Gold substrates with a (111) surface were prepared 
via vacuum vapor deposition of gold (99.99%) onto 
freshly cleaved mica sheets (0.05 mm thickness, 6 cm 
x 6 cm) under high vacuum (<10–3 Pa) at a substrate 
temperature of 580 °C. The deposition was 
performed at an evaporation rate of 1.0–1.5 nm/s 
until a gold thickness of 200 nm was reached. The 
obtained substrate was cut into 1 cm x 2 cm pieces 
and annealed at 530 °C in a furnace for 8 h under air 
to remove the surface contamination and to 
minimize defects. 

Gold sphere electrodes were prepared by melting 
the tip of the gold wire (0.2 mmL, 99.95%) in a 
hydrogen burner flame to form a small sphere with a 
diameter of approximately 0.5 mm. SAMs were 
formed on the surface of the Au(111) substrate, or 
gold sphere, by soaking in a 0.1 mM solution of 
trithiols in CH2Cl2 for at least 24 h. 

 

Cyclic voltammetry 

The surface-modified gold substrate was mounted at 
the bottom of a cone-shaped cell using an O-ring to 
serve as a working electrode (Figure 3A). The area of 
the electrode exposed to the electrolyte was 0.152 
cm2 (4.4 mm diameter circle). Redox waves of 
ferrocene were observed using a CH2Cl2 solution 
containing 0.1 M tetrabutylammonium perchlorate 
(TBAP) and a Ag/AgNO3 (0.01 M in CH3CN) reference 
electrode. The electrolyte solution in the cell was 
deaerated by bubbling argon for 10 min before 
scanning. Voltammograms were recorded using a 
BAS ALS600C electrochemical analyzer. 

   
Figure 3 Electrochemical Cells for Cyclic Voltammetry (A) 

and AC Impedance Measurement (B) 

 
AC impedance measurement 

The monolayer-coated Au sphere electrode was 
placed in a cell, as shown in Figure 3B. The sphere 
was positioned just below the surface of the 
electrolyte. Analysis was performed using a BAS 
ALS600C electrochemical analyzer. 

 
3.0  RESULTS AND DISCUSSION 
 
Cyclic voltammetric behavior of the ferrocenyl group 

on SAMs 

The cyclic voltammograms of the SAMs of 2a and 2b 
showed similar reversible redox waves at 
approximately 0.4 V vs Ag/AgNO3, owing to the 
single-electron oxidation of the ferrocenyl group. The 
redox charges for both SAMs were 24 ± 1 µC/cm2, 
which corresponded to a surface coverage of 2.5 x 
10–10 mol/cm2 and indicated that the molecules were 
packed as densely as in the SAM of 1. At sufficiently 
low scan rates (<0.1 V/s), the full width at half-
maximum (∆Efwhm) and the cathodic to anodic peak 
separation (∆Epp) approximated those predicted for 
an ideal Nernstian redox system (∆Efwhm = 90.6 mV 
and ∆Epp = 0 mV),18 which indicated that the 
ferrocenyl groups in these SAMs were well isolated 
from their neighboring molecules. 

At scan rates higher than 0.1 V/s both SAMs showed 
a gradual increase in ∆Epp, which is typical of a 
kinetic outcome involving the rate of electron 
transfer through adsorbed material (Figure 4). Based 
on the increases in ∆Epp as a function of the scan 
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rate, the rate constant of electron transfer, kET, was 
estimated, using the methodology established by 
Laviron,19 resulting in values of 40 and 28 s–1 for the 
SAMs of 2a and 2b, respectively. 

 
Figure 4 Cyclic Voltammograms of the SAM of 2a  

Recorded at Different Scan Rates 

 
Electron transfer rate from AC impedance 

measurement 

The electron transfer rate of the SAM of 2a was also 
determined by AC impedance measurement. In this 
case, a SAM-modified, small gold sphere electrode 
was used. The Nyquist plot shown in Figure 5 was 
obtained in a frequency range of 105–10–3 Hz. 
Although this plot showed a significant level of 
roughness, fitting to an equivalent circuit shown in 
Figure 6 gave an approximate rate constant [kET = 
1/(2RctCad)] of 30–70 s–1, which is consistent with the 
value obtained by cyclic voltammetry. 

 

 
Figure 5 Impedance Nyquist Plot for the Au(111) Substrate 

Modified with the SAM of 2a 

 

     
Figure 6 Equivalent Circuit Used for the Analysis of AC 

Impedance Measurement 

 
 

Dependence of the electron transfer rate on 

distance 

The deceleration of the electron transfer from 40 s–1 
(2a) to 28 s–1 (2b) was due to an increase in the 
distance between the ferrocenyl group and the gold 
surface, which was equal to the size of one p-
phenyleneethynylene unit. In general, the electron 
transfer rate decays exponentially with distance r, as 
follows: 

kET = k0 exp(–ßr) 

On the Basis of the distance between the Fe atom 
and the gold surface, 16.0 Å (2a) and 23.5 Å (2b), 
obtained by molecular mechanics calculations, the 
decay constant ß was determined to be 0.05 Å–1. This 
value is far smaller than that reported by Creager, 
0.36 Å–1,20 which was determined by using the 
oligo(p-phenyleneethynylene) bridge bound to gold, 
Au-S-(C6H4-C≡C)n-Fc (n = 3–6) without adamantane 
tripod. 

 
4.0  CONCLUSIONS 
 
Tripod-shaped trithiols, 2a and 2b, bearing a 
ferrocenyl group via mono and bis p-
phenyleneethynylene linker formed dense SAMs on 
gold that featured negligible molecular interactions 
among ferrocenyl groups. The rate of electron 
transfer in these SAMs showed a very small decay 
constant, compared to that reported for a similar but 
adamantane-free SAMs. These results showed a clear 
difference in the electron transfer properties 
depending on the presence or the absence of an 
adamantane junction, which is composed of a 
poorly conducting, unsaturated carbon framework. 
 

Acknowledgment 
 
This work was supported by the Grand-in-Aid for 
Scientific Research (C) (24550155 and 15K05474) from 
the Ministry of Education, Culture, Sports, Science 
and Technology, Japan. 
 
 
References 
 
[1] Ulman, A. Formation and Structure of Self-Assembled 

Monolayers. Chem. Rev. 1996, 96, 1533–1554. 
[2] Poirier, G. E. Characterization of Organosulfur Molecular 

Monolayers on Au(111) using Scanning Tunneling 
Microscopy. Chem. Rev. 1997, 97, 1117–1127. 

[3] Love, J. C., Estroff, L. A., Kriebel, J. K., Nuzzo, R. G. and 
Whitesides, G. M. Self-Assembled Monolayers of Thiolates 
on Metals as a Form of Nanotechnology. Chem. Rev. 2005, 
105, 1103–1169. 

[4] Kind, M. and Wöll, C. Organic surfaces exposed by self-
assembled organothiol monolayers: Preparation, 
characterization, and application. Prog. Surf. Sci. 2009, 84, 
230–278. 

[5] Gooding, J. J., Mearns, F., Yang, W. and Liu, J. Self-
Assembled Monolayers into the 21st Century: Recent 
Advances and Applications. Electroanalysis 2003, 15, 81–
96. 



Toshikazu Kitagawa & Takashi Kawano / ICET 2016  

 

 

[6] Bertin, P. A., Ahrens, M. J., Bhavsar, K., Georganopoulou, 
D., Wunder, M., Blackburn, G. F. and Meade, T. J. 
Ferrocene and Maleimide-Functionalized Disulfide 
Scaffolds for Self-Assembled Monolayers on Gold. Org. 

Lett. 2010, 12, 3372–3375. 
[7] van Delden, R. A., ter Wiel, M. K. J., Pollard, M. M., Vicario, 

J., Koumura, N. and Feringa, B. L. Unidirectional molecular 
motor on a gold surface. Nature 2005, 437, 1337–1340. 

[8] Kay, E. R., Leigh, D. A. and Zerbetto, F. Synthetic Molecular 
Motors and Mechanical Machines. Angew. Chem. Int. Ed. 
2007, 46, 72–191. 

[9] Tour, J. M. Molecular Electronics. Synthesis and Testing of 
Components. Acc. Chem. Res. 2000, 33, 791–804. 

[10] Hirayama, D., Takimiya, K., Aso, Y., Otsubo, T., Hasobe, T., 
Yamada, H., Imahori, H., Fukuzumi, S. and Sakata, Y. Large 
Photocurrent Generation of Gold Electrodes Modified with 
[60]Fullerene-Linked Oligothiophenes Bearing a Tripodal 
Rigid Anchor. J. Am. Chem. Soc. 2002, 124, 532–533. 

[11] McCreery, R. L. Molecular Electronic Junctions. Chem. 

Mater. 2004, 16, 4477–4496. 
[12] Kitagawa, T., Idomoto, Y., Matsubara, H., Hobara, D., 

Kakiuchi, T., Okazaki, T. and Komatsu, K. Rigid Molecular 
Tripod with an Adamantane Framework and Thiol Legs. 
Synthesis and Observation of an Ordered Monolayer on 
Au(111). J. Org. Chem. 2006, 71, 1362–1369. 

[13] Katano, S., Kim, Y., Matsubara, H., Kitagawa, T. and Kawai, 
M. Hierarchical Chiral Framework Based on a Rigid 
Adamantane Tripod on Au(111). J. Am. Chem. Soc. 2007, 
129, 2511–2515. 

[14] Katano, S., Kim, Y., Kitagawa, T. and Kawai, M. Self-
Assembly and Scanning Tunneling Microscopy Tip-

Induced Motion of Ferrocene Adamantane Trithiolate 
Adsorbed on Au(111). Jpn. J. Appl. Phys. 2008 47, 6156–
6159. 

[15] Katano, S., Kim, Y., Kitagawa, T. and Kawai M. Single 
Molecule Study of the Electronic Structures of Molecular 
Tripods with Functional Units. J. Vac. Soc. Jpn. 2014, 57, 
159–162. 

[16] Kitagawa, T., Matsubara, H., Komatsu, K., Hirai, K., Okazaki, 
T. and Hase, T. Ideal Redox Behavior of the High-Density 
Self-Assembled Monolayer of a Molecular Tripod on a 
Au(111) Surface with a Terminal Ferrocene Group. 
Langmuir, 2013, 29, 4275–4282. 

[17] Kakiuchi, T., Iida, M., Gon, N., Hobara, D., Imabayashi, S. 
and Niki, K. Miscibility of Adsorbed 1-Undecanethiol and 
11-Mercaptoundecanoic Acid Species in Binary Self-
Assembled Monolayers on Au(111). Langmuir 2001, 17, 

1599–1603. 
[18] Bard, A. J. and Faulkner, L. R. Electrochmical Methods: 

Fundamentals and Applications, 2nd ed.; John Wiley and 
Sons: New York, 2000, pp. 590–593. 

[19] Laviron, E. General Expression of the Linear Potential 
Sweep Voltammogram in the Case of Diffusionless 
Electrochemical Systems. J. Electroanal. Chem. 1979, 101, 
19–28. 

[20] Creager, S., Yu, C. J., Bamdad, C., O’Connor, S., 
MacLean, T., Lam, E., Chong, Y., Olsen, G. T., Luo, J., 
Gozin, M. and Kayyem, J. F. Electron Transfer at Electrodes 
through Conjugated “Molecular Wire” Bridges. J. Am. 

Chem. Soc. 1999, 121, 1059–1064. 
 

 
 

 



 (2016) 78-80 | 3rd International Conference on Chemical Innovation|    

 

ICET 2016  
 

Full Paper 

  

 

  

 

PHOTOCATALYTIC DEGRADATION OF BISPHENOL A OVER 

AGI/BISMUTH OXY IODIDES 
 

Hideyuki Katsumataa*, Takahiro Sasakia, Tohru Suzukib, Satoshi 

Kanecoa,b 

 
aDepartment of Chemistry for Materials, Graduate School of 

Engineering, Mie University, Tsu, Mie 514-8507, Japan 
bMie Global Environment Center for Education & Research, Mie 

University, Tsu, Mie 514-8507, Japan 

 

 

 

 

 

 

 

 

 

 

*Corresponding author 

hidek@chem.mie-u.ac.jp 

 

Graphical abstract 
 

 

Abstract 
 

A facile ion exchange route was applied to synthesize AgI/Bi7O9I3 hierarchical hybrids. 

AgI/Bi7O9I3 hybrids exhibited the excellent photocatalytic activity on the degradation of 

bisphenol A, which was superior to those of pure AgI and Bi7O9I3 under visible-light 

irradiation. The enhanced photocatalytic activity of the hybrid photocatalysts may 

originate from the efficient separation of photogenerated electron−hole pairs at the 

heterojunction interface. 
 

Keywords— AgI/Bi7O9I3 hybrids; bisphenol A; photocatalysts; visible light 
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1.0  INTRODUCTION 

 
As a traditional semiconductor photocatalyst, TiO2 
has been widely used in the photocatalytic 
reactions. However, TiO2 is not ideal for all purposes 
and performs in the photocatalytic applications due 
to its low utilization of solar energy and quantum 
efficiency. Therefore, studies on the development of 
efficient and visible-light-driven semiconductor 
photocatalysts have attracted increasing attention 
[1]. So far, the major strategies for improving 
photocatalytic activity of the semiconductor 
photocatalysts are modification of TiO2 (including 
energy band modulation by doping and , noble 
metal deposition and surface functionalization), 
combination of semiconductor photocatalysts and 
exploitation of novel photocatalytic materials [2]. 
Among them, compared with a single 
semiconductor, the composite semiconductor 
photocatalysts have higher photocatalytic activity 
because they can meaningfully reduce the 
recombination and enhance the separation rate of 
photogenerated charge carriers [3]. Therefore, many 

studies and works focus on the preparation of 
composite semiconductor photocatalyst. 

Bisphenol-A [2,2-bis(4-hydroxyphenyl)propane, 
BPA], which is commonly used in the production of 
polycarbonate plastics and epoxy resins and as the 
stabilizer or antioxidant in many plastics products, has 
frequently been detected in surface water and even 
in drinking water [4]. Unfortunately, BPA has also 
been recognized as an endocrine disrupting 
chemical (EDC), and toxicity tests revealed that it 
may cause various adverse effects on aquatic 
organisms even at low exposure levels. Therefore, a 
good knowledge of the fate of BPA during water 
treatment is required [5]. 

 Bismuth oxyhalides (BiOX, X = Cl, Br and I) are a 
new type of photocatalytic material. Its unique layer 
structure may generate electrostatic field that is 
perpendicular to each layer, which is beneficial to 
the effective segregation of photocarriers. Hence, it 
shows high photo-catalytic activity. Besides some 
ordinary BiOX (X:O = 1:1) in the BiOX family, there are 
still some poor BiOX (X:O < 1), such as Bi3O4Cl , 
Bi4O5Br2, Bi4O5I2, Bi7O9I3 and Bi5O7I,which are obtaining 
increasing attention as well [6]. 



Hideyuki Katsumata et al./ ICET 2016 

 

 

In this study, AgI/Bi7O9I3 photocatalyst was 
synthesized by facile ion exchange route. Bi7O9I3 
photocatalyst have been successfully synthesized by 
a simple, one-pot and template-free solvothermal 
method using Bi(NO3)3・5H2O and KI as precursors. 

These were characterized by using scanning electron 
microscopy (SEM), X-ray diffractometry and UV–vis 
spectrophotometry. The photocatalytic activities 
were evaluated by the degradation of bisphenol A 
(BPA). The complete photodegradation efficiency of 
BPA was observed under visible light irradiation for 30 
min. these results suggest a promising prospect in the 
practical application of the photodegradation of 
organic pollutants.  

 

2.0  EXPERIMENTAL 
 

Bi7O9I3 photocatalysts were prepared by one-pot 

ethylene glycol (EG)-assisted solvothermal process 

using KI as precursors. In typical synthesis, 5 mmol of 

Bi(NO3)3・ 5H2O was added to 70 mL of EG with 

stirring. Then a total 5 mmol of NaCl and NaBr was 

added to the above solution. The resulting mixture 

solution was transferred into a Teflon-lined stainless 

steel autoclave. The autoclave was sealed and 

maintained at 160 ℃  for 10 h. The precipitation 

powder obtained was filtered and washed several 

times with water and ethanol and the, dried at 80 ℃ 

for 24h. 

The AgI/Bi7O9I3 hybrids were prepared by an ion 

exchange route. AgNO3 (0.5 mmol) was first dissolved 

in 100 mL EG containing different concentrations of 

PVP (K-30) with magnetic stirring. Then the as-

obtained Bi7O9I3 sample (0.33 mmol) was added to 

the solution with ultrasonic dispersion for 2 min and 

vigorously stirred for a further 2 h. The product was 

collected, washed and dried at 80℃. 

Catalysts were characterized by using scanning 

electron microscopy (SEM), X-ray diffractometry, X-

ray photoelectron Spectroscopy and UV–vis diffuse 

reflection.  

The photocatalytic activities of the samples were 

evaluated by the decomposition of bisphenol A 

under visible light irradiation at room temperature. Xe 

arc lamp equipped with an ultraviolet cutoff filter to 

provide visible light was used as the light source. The 

sample powder (30 mg) was suspended in BPA 

solution (10ppm, 30 mL) with constant stirring. Prior to 

irradiation, the suspension was stirred in the dark for 

30 min to ensure adsorption–desorption equilibrium. 

At intervals, 3 mL of the suspension was abstracted 

for the following analysis with centrifugation. The BPA 

decomposition was analyzed by HPLC.   

 

3.0  RESULTS AND DISCUSSION 
 

It is observed that the intensities of the AgI 

diffraction peaks increase with the increase of AgI 

content in the AgI/Bi7O9I3 composites, as shown in 

Fig.1. It shows that AgI is successfully deposited on 

the catalyst surface.  
The photocatalytic activities of AgI/Bi7O9I3 

samples were measured by the degradation of BPA 

in water under visible light irradiation as shown Fig.2. 

For the purpose of comparison, the photocatalytic 

activities of AgI was tested under the same 

conditions. The degradation efficiencies of 25 wt% 

AgI/Bi7O9I3, 33 wt% AgI/Bi7O9I3, 50 wt% AgI/Bi7O9I3 and 

Bi7O9I3 after 30 min irradiation were about 98%, 99%, 

85%, and 62%, respectively. It is shown that while BPA 

was decomposed in AgI/Bi7O9I3 photocatalysts, not 

so little in AgI. 

 

Under visible-light irradiation, AgI and Bi7O9I3 

would be excited simultaneously and generate 

electron-hole pairs (Fig. 3). On the one hand, the CB 

electrons (AgI) easily flow into the CB edge of BiOI 

through the interface because the CB edge of AgI is 

higher than that of BiOI, thereby, preventing the 

formation of silver atoms by the combination of the 

photoinduced electrons and the interstitial silver ion. 

On the other hand, because the VB edge level of 

BiOI is lower than that of AgI, holes in the VB edge of 

BiOI will transfer to that of AgI by the control of the 

interface. In such a way, the AgI/ Bi7O9I3 composites 

Fig. 2. Photocatalytic degradation of BPA over 

AgI/Bi7O9I3, AgI and Bi7O9I3. 

Fig. 1. XRD patterns of AgI/Bi7O9I3. 
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enable the AgI to be stable under irradiation. 

Additionally, we can observe that AgI and Bi7O9I3 

have matching band potentials, which supports the 

experimental result that the AgI/Bi7O9I3 composites 

exhibited much higher photocatalytic performance 

than the single AgI or Bi7O9I3. 

 

4.0  CONCLUSION 
 
The ion-exchange strategy for the synthesis of uniform 
AgI/Bi7O9I3 composites has been demonstrated. 
Their photocatalytic performance studies indicated 
that AgI/Bi7O9I3 composites exhibit much higher 
catalytic activities than the pure Bi7O9I3 catalyst 
under visible light irradiation due to the band 
matching. 
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Abstract 
 

Three constructed wetlands, each with floating aquatic plants species, Eichhornia crassipes, 

Salvinia molesta and Pistia stratiotes were developed. The objective of this study is to 

phytoremediate the lake water from Tasik Puteri, Bukit Besi, Terengganu, which was 

contaminated with mining wastewater in 1970’s using the floating aquatic plants. Six water 

parameters were analysed using standard laboratory procedures which include:  Total Iron 

(Fe), Total Phosphorus (TP), Chemical Oxygen Demand (COD), Turbidity, Electrical 

Conductivity (EC), and Total Suspended Solid (TSS). The experiments were conducted in dry 

season for 28 days. The results obtained indicated that the three species of floating plants 

enabled to remove the contaminants well. Considerable reductions can be observed for 

Total Iron (Fe), Total Phosphorus (TP) and Electrical Conductivity (EC), fluctuation in Chemical 

Oxygen Demand (COD) and Turbidity but increment in Total Suspended Solid (TSS). Physical 

observation showed different survival level of the species in the lake water. E. crassipes 

could grow and survive well in the high contaminated lake water but S. molesta and P. 

stratiotes tend to die after 28 days.  
 
 

Keywords—phytoextraction, rhizofiltration, mining wastewater, contaminant removal, 

aquatic plants. 
© 2016 ICET 2016. All rights reserved 

  

 

 

1.0 INTRODUCTION 

 
Phytoremediation is a combination of Greek word 

(for phyto) which means plant and Latin word (for 

remedium) that carries the meaning of restore 

balance. Phytoremediation can be defined as the 

efficiency of biologically and chemically selected 

plant activities to remove, detoxify or incapacitate 

environmental contaminants in soils, sludge, and 

water [1]. Phytoremediation is an alternative way to 

replace technological clean up and it is 

environmental friendly user besides cost effective. 
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Phytoremediation process is very useful in a way to 

preserve the aquatic life from various pollutants. This 

process is important to restore the stability and 

sustainability of utility for future generation life.  

Conventional treatment such as water treatment 

optimization, disinfection and flocculation are very 

costly, labor-intensive, generated secondary waste 

or sludge, energy intensive and metal specific [2]. 

The major target for phytoremediation is toxic heavy 

metals and organic pollutants.  

Constructed Wetland (CW) is an artificial 

wetland created for treating anthropogenic 

discharge such as industrial wastewater, land 

reclamation after mining or refineries.  CW is human-

made system where it is a natural process typical of 

natural wetlands. It is a combination of soil, plants 

and microbial life where it is used to control the 

operation and efficiency of CW. There are several 

aquatic floating plants widely used in process of 

phytoremediation such as Azzola pinnata, Azzola 

papyrus, Nymphaea spontanea, Typha latifolia and 

Limnocharis, [3].  

Pistia stratiotes comes from Aracea family, 

which has broadleaf, fibrous roots, and wedges 

shaped trunk less lived in paddy field, ponds, canals 

and ditches. Its fibrous roots are good heavy metals 

and contaminant absorbents. Meanwhile Eichhornia 

crassipes, a family of Pontederiaceae is a species 

that has swollen petiole, rombud lead shaped, floats 

on water, always flowering and meet surface to the 

population. This species live in trench. Furthermore, 

Salvinia molesta is a species of Salviniaceae, an 

aquatic plant that has three circles of leaves held by 

a short stalk and oval. Two of the circles floating 

leaves and a circle of leaves submerged have 

shorter stalks, ovate to elliptic-round and cordate. It 

also has a lot of hair that spread with megaspore or 

microspores. S. molesta also lives in paddy field, 

canals and ditches. Figure 1 shows the three species 

of selected floating aquatic plants in this study. 

 

 
a 

 
b 

 
c 

 

Figure 1 Three selected floating aquatic plants. a) Pistia 

stratiotes b) Eichhornia crassipes c) Salvinia molesta  

 

These types of plants are good in absorbing 

contaminants and heavy metals thus essential to 

study its effectiveness in removal of Total Phosphorus 

(TP), Turbidity, Electrical Conductivity (EC), Total Iron 

(Fe) and Chemical Oxygen Demand (COD) [4]. The 

six parameters were selected in order to determine 

the water quality of the lake water. There is still no 

research that has been done in Tasik Puteri, Bukit Besi, 

Terengganu to remediate the lake water which is 

highly contaminated since there is no aquatic life 

survives in the lake. Therefore, the objective of this 

study is to phytoremediate the lake water 

contaminated with mining wastewater and this 

experiment was conducted in dry season for 28 days 

by considering physical observation and other six 

parameters. 

 

 

2.0 METHODOLOGY 
 

2.1 Description of Study Site 

 

Bukit Besi is a small mining town in 

Terengganu, Malaysia, famous for its high quality iron 

ore. The iron content of Bukit Besi's iron ore is more 

than 70% hence making it a very high grade sought, 

located at coordinate 4.7667° N, 103.2000° E in 

Malaysia. Weather: 86°F (30°C), Wind NE at 7 mph (11 

km/h), 74% Humidity. The objective of this study is to 

study the efficiency of aquatic plants in remediating 

lake water in Tasik Puteri, Bukit Besi, Terengganu. The 

concentration of heavy metal (specifically iron (Fe)) 

in lake water of Tasik Puteri is high, so the experiment 

was conducted on the study site to evaluate the 

efficiency of floating aquatic plants to remove the 

heavy metals.  

 

2.2 Experimental Setup for Constructed Wetlands 

 

Three CWs with same area and volume (L 

420 X W 335 X H 820 mm) were set up in this 

experiment. Three aquatic plant species such as E. 

crassipes, S. molesta, and P. stratiotes act as the 

phytoremediation absorbent. Each container filled 

with 4 cm height of river sand and lake water and 

one aquatic plant species was placed in. The CWs 

were placed in a greenhouse and exposed to the 

ambient air. The percentage removal efficiency was 

calculated using Equation (1): 

 

( ) ( )
( )

0

0

Initial reading  - Final  reading
Removal (%)= 100%

Initial reading

fC C

C
×

 Eq. (1) 

 

2.3 Waste Water Characterization 

 

Three water samples were labelled as for 

different plant species E. crassipes, S. molesta, and P. 

stratiotes. The water samples were collected weekly. 

The parameter analyzed in this experiment were 

COD (Chemical Oxygen Demand), Total Phosphorus 
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(TP), Electrical Conductivity (EC), Total Suspended 

Solid (TSS), Total Iron (Fe) and Turbidity. All of these 

parameters were examined through HACH method 

procedure using DR 2200 colorimeter. Total 

Phosphorus (TP) and Total Iron (Fe) were measured 

using colorimeter with 10 ml sample water from water 

samples. 

The TSS parameter was determined using 

laboratory TSS equipment, Turbidity parameter by 

using a colorimetric, Electrical Conductivity (EC) 

parameter was determined using conductivity meter 

equipment. Each procedure was repeated for all 

three water sample. 

 

 

3.0 RESULTS AND DISCUSSION 
 

3.1 Characterization of Tasik Puteri Lake Water 

 

Table 1 shows the initial characteristics of six 

parameters that being considered in studying of 

phytoremediation the lake water of Tasik Puteri, Bukit 

Besi, Terengganu.  

 
Table 1 Initial Value Characterization of Lake Water Samples 

 

No. Parameters Initial Days 

1. Total Phosphorus (TP) 3.00 mg/L 

2. Turbidity 6 FAU 

3. Electrical Conductivity (EC) 200 µs/cm 

4. Total Iron (Fe) 2.00 mg/L 

5. Chemical Oxygen Demand 

(COD) 

7 mg/L 

6. Total Suspended Solid (TSS) 4.56 x 106 mg/L 

 

3.2 Physical Observation  

 

 Table 2 shows the differences of physical 

observation of the three species on day 0 and day 

28. E. crassipe and S. molesta were all healthy on day 

0. P. stratiotes showed rapid reaction with lake water 

and turned yellowish at the end of the leaves after a 

few days. On day 28, the quantity of E. crassipes 

decreased due to dead plants but compared to the 

other two species, it showed better survival. S. 

molesta and P. stratiotes were withered, the leaves 

turned to yellowish and several were died. The dead 

of plants were due to contaminant toxicity due to 

growth inhibition either in the roots or towards the 

upper part of the plants [2]. 

 

3.3 Total Phosphorus 

 

 The initial and final concentrations of Total 

Phosphorus (TP) are shown in Table 3 thus indicates 

that the removal of TP occurred. The reduction of TP 

concentrations were from 3 mg/L to 0.08 mg/L for E. 

crassipes, 0.12 mg/L for S. molesta and 0.10 mg/L for 

P. stratiotes. 
Table 2 Plant Physical Observation 

 

Day E. Crassipes S. Molesta P. Stratiotes 

0 

 
All plants were 

healthy 

 
All plants were 

healthy 

 
All plants were 

healthy 

28 

 
Plants were 

healthy, a few  

were died 

 
Plants were 

withered, 

several was 

died 

 
Plants were 

withered, many 

was died 

 

The adsorption capacity of substrate was the 

function of effectiveness of wetlands in Phosphorus 

reduction corresponding to TP reduction [5]. Thus, the 

increasing trend in percentage of removal efficiency 

is observed in Figure 2 which related to the increasing 

of Phosphorus reduction from day to day. 
 

Table 3 Concentration of Total Phosphorus (mg/L) 

 

Plant  Day 7 Day 14 Day 21 Day 28 

E. crassipes 2.6 0.43 0.14 0.08 

S. molesta 2.29 0.51 0.12 0.12 

P. stratiotes  1.33 0.61 0.12 0.10 

Day 0: 3.00 mg/L 
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Figure 2 Percentage Removal of Total Phosphorus 

 

3.4 Turbidity 

 

  Table 4 shows the value of turbidity removal of each 

aquatic plant. The CWs in the experiment were 

batch system, therefore fluctuated trend of removal 

efficiency is observed due to the quantity of dead 

plant in the CW. The most efficient turbidity removal 

was P. Stratiotes, reduction from 6 FAU to 3 FAU. 

Turbidity concentration is depend on the 
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concentration of TSS value. However  the reduction 

of turbidity depend on the longer the retention time 

of the process [3]. The increasing of turbidity 

concentration may due to fragmentation of root by 

plant [6]. 
 

Table 4 Concentration of Turbidity (FAU) 

 

Plant  Day 7 Day 14 Day 21 Day 28 

E. crassipes 6 5 5 4 

S. molesta 5 7 7 5 
P. stratiotes  4 6 5 3 

Day 0: 6 FAU (Formazin Attenuation Unit) 

 
3.5 Electrical Conductivity 

 
The values of Electrical Conductivity (EC) are 

shown in Table 5 with initial value was 265.0 µS/cm. Final 

EC value for E. crassipes was 206.2 µS/cm, and it 

shows the highest removal efficiency. The decreasing 

value of EC might be due to the decreasing Total 

Dissolved Solid (TDS) in the CW [7]. The least reduction 

in EC is with S. molesta with final EC value was 210.3 

µS/cm. The decreasing value of EC was due to the 

salt removal through absorption process by plant 

causing the decreasing the value of EC using water 

lettuce [8]. However from the previous research, 

reduction of EC was related to the reduction of total 

iron in water sample during the process [3]. This shows 

that the three species of aquatic plants contributed 

significantly to the removal of iron. 

 
Table 5 Amount of Electrical Conductivity (µS/cm) 

 

Plant  Day 7 Day 14 Day 21 Day 28 

E. crassipes 235.0 224.0 213.7 206.2 
S. molesta 230.0 220.0 216.8 214.8 

P. stratiotes  250.0 238.0 216.8 210.3 

Day 0: 265.0 µS/cm 

 

3.6 Total Iron 
 

 Similar trend was observed for the Total Iron 

(Fe) reduction. Based on Table 6, the concentration 

of Fe reduced from 2.00 mg/L to 0.19 mg/L, 0.22 mg/L 

and 0.08 mg/L for E. crassipes, S. molesta and P. 

stratiotes respectively. Figure 3 represents the 

percentage removal of Fe with the highest removal 

percentage was achieved by P. stratiotes for 96% 

followed by E. crassipes for 91% and 89% removal for 

S. molesta. The common mechanism of plants was 

strong accumulation of Cu, Fe, and Pb in their roots 

[9]. Besides, this considerate were good in 

phytoextraction process of Cd, and good 

phytostabilization of Cu, Fe and Pb [10]. 

 
Table 6 Concentration of Total Iron (mg/L) 

 

Plant  Day 7 Day 14 Day 21 Day 28 

E. crassipes 0.53 0.26 0.22 0.19 

S. molesta 1.45 0.63 0.27 0.22 

P. stratiotes  0.38 0.16 0.11 0.08 

Day 0:  2.00 mg/L 
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Figure 3 Percentage Removal of Total Iron 

 

3.7 Chemical Oxygen Demand  

 

 Parameter of Chemical Oxygen Demand 

(COD) shows a fluctuated profile. Based on Table 7, 

the concentration of COD was 7 mg/L on the initial 

day. The removal efficiency of adsorbent was 

affected due to the temperature [11]. The CWs were 

placed in an open area and, the environment 

temperature was kept changing and no fixed 

temperature was recorded during sampling days. 

The increasing in temperature enhances adsorption 

capacity. Further, higher temperature increase the 

kinetic energy of the adsorbent, which lead to the 

expansion of pores by increasing the active sites of 

an adsorbent thereby increasing the COD removal 

efficiency. Besides, available adsorption of 

contaminates was depending on large number of 

pores and rough structures [12]. 

 
Table 7 Concentration of Chemical Oxygen Demand 

(mg/L) 

 

Plant  Day 7 Day 14 Day 21 Day 28 

E. crassipes 8 9 8 5 

S. molesta 12 13 11 7 

P. stratiotes 11 15 10 8 

Day 0: 7 mg/L 

 

3.8 Total Suspended Solid  

 

Based on the results in Table 8, the TSS (Total 

Suspended Solid) was reduced from day 0 to day 28. 

This finding agrees with the previous research by 

United States Geological Survey (USGS) (1998). The 

most efficient removal is by S. molesta with removal 

value was from 4.56 x 102 to 3.9 x 106 mg/L. The least 

efficient TSS removal is P. stratiotes with reduction 

value to 4.17 x 106. TSS concentration reduction is 

mainly caused by the presence of sand media, acts 

as filtration substance to precipitate suspended solid 

material. Increasing the retention time, more 

reduction of TSS concentration occur [3].    
 

Table 8 Concentration of Total Suspended Solid (mg/L) 
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Plant  Day 7 Day 14 Day 21 Day 28 

E. crassipes 4.0x103 9.9x105 1.95x106 4.0x106 

S. molesta 9.0x103 12.0x103 4.12x106 3.9x106 
P. stratiotes  2.0x103 1.5x105 4.14x106 4.17x106 

Day 0: 4.56 x 102 mg/L 

 

 

4.0 CONCLUSIONS 
 

As the conclusion, the study purposely aims to 
study the efficiency of aquatic plant to remediate 
lake water.  As the result after 28 days, E. crassipes 
survived well in the lake water, but S. molesta and P. 
stratiotes turned yellowish and tended to die. E. 
crassipes was the most efficient phytoremediator to 
reduce concentration of TP, EC and COD. P. 
stratiotes exhibits as the most efficient removal for 
turbidity and Fe while the highest removal of TSS is by 
S. molesta. E. crassipes is proven as an effective plant 
in reducing contamination and could still survive at 
the end of exposure.  Thus, phytoremediation using 
floating aquatic plants is proven as capable to treat 
and remove contaminants with high percentage of 
removal. 
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Graphical abstract 
 

Parameter 

Result analysis 

Base oil Sludge oil 

Flash 

point (ºC) 
214 182 

Kinematic 

Viscosity 

(cSt) 

40ºC 84.57 98.29 

100ºC 12.60 15.40 

Ash content (%) 0.64 0.63 

Density (kg/m3) 860.6 913.3 

Water content (%) 0.04 0.63 

 

CHARACTERIZATION OF WASTE SLUDGE AND BASE OIL. 

 

Abstract 
 

Waste sludge oil is a kind of mineral oil from solid waste which includes 

oily sands, sludge oil from tank bottoms and other kinds of sludge from 

refineries. Sludge oil is the major source of pollution produced in the 

process of oilfield production and development. Each year, every oil 

refinery plant in Malaysia is performing inspection to maintain the oil 

storage tank. Waste sludge is commonly treated using biological, 

chemical and physical processes such as land farming, land filling, and 

incineration. However, those methods have a lot of disadvantages such 

as long period of time and high energy consumption, ineffective and 

expensive. Since lots of money spent by the industry to dispose this waste, 

it is rational to conduct research in order to recover base oil from this 

waste sludge by using ultrasonic solvent extraction method. In this 

research, the characterization of waste sludge and base oil also have 

been evaluated and the comparison of extraction methods, ultrasonic 

solvent extraction and conventional extraction have been discussed, 

respectively. A characterization of waste sludge and recovered base oil 

such as viscosity, density, moisture content, flash point and ash content 

have been studied by using American Society for Testing and Material 

(ASTM) method. From the results, it can be said ultrasonic treatment has 

been proved as an effective treatment of waste sludge and able to get 

high yield which was 65% of base oil recovery compared to the 

conventional treatment only achieved 30%. Consequently, ultrasonic 

treatment has been proved as an effective treatment of waste sludge 

which can save disposal cost, produce new valuable product of base oil 

as a raw material of lubricant oil and at the same time protect the 

environment.  

 

Keywords— Waste sludge oil, ultrasonic solvent extraction, base oil 

recovery 
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1.0 INTRODUCTION 

 
Waste sludge means the residual waste oil 

products generated during the normal operation 
such as those resulting from the purification of fuel or 
lubricating oil for main or auxiliary machinery, 
separated waste oil from oil filtering equipment, 

waste oil collected in drip trays, and waste hydraulic 
and lubricating oils. Unfortunately, waste sludge ends 
up directly into the environment are due to general 
public discharging it onto the ground, drains and 
directly into landfills as a trash or burned in 
incinerator. It is estimated that more than 80 percent 
of the hydrocarbons waste generated within a 
refinery is reused, reclaimed, or recycled with the 
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remaining 20 percent eliminated by an acceptable 
disposal method. Transportation is the main cause of 
oil spillage, where it contributes as much as 30 times 
of oil lost than during production. Each year, every oil 
refinery plant in Malaysia is performing an inspection 
of their scheduled waste that controlled and 
monitored by Department of Environment (DOE) in 
order to comply with legal and regulations. 
Approximately, each tank will produce 100-200 
tonnes of sludge oil depend on the capacity of the 
tank. This scheduled waste emulsion is disposed to 
Kualiti Alam (Malaysia Waste Disposal Authorized 
Company) at RM 3,000.00 per tonne. From this 
situation, the industry need to spend lots of money to 
dispose their waste. Thus, to overcome this problem 
recycling helps to reducing the energy used, and 
minimizes the amount of fuel usage which is turn 
reduces the amount of harmful pollutants in the 
environment. 

Nowadays, base oil produced by recycling waste 
sludge is an important aspect need to be considered 
in an oilfield industry. This is because majority an 
industry there faced major problems to manage their 
own facilities due to high cost to build waste 
treatment facilities and it contributes harmful to the 
people and environment. Currently, waste sludge is 
commonly treated using biological, chemical and 
physical processes such as land farming, land filling, 
and incineration. However, those methods have a lot 
of disadvantages such as to be time and high energy 
consumption, ineffective and expensive. For an 
example, an industry there used conventional 
treatment method to treating their waste. One of the 
most biological treating methods was land farming 
due to its low cost and the simplicity of the treatment. 
Wilson and Jones, (1993) has been reported about 
this method is to be good choice to dispose oil 
refinery sludge even though low efficiencies in 
removing most toxic pollutants were achieved [1]. An 
alternative biological method such as composting 
has been suggested in order to overcome the large 
surface area required for land farming. 

In terms of extraction treatment, it can be defined 
as a separation process consisting in the separation 
of a substance from a matrix. Basically, the 
extractions are referring to liquid-liquid extraction, 
and solid phase extraction. The example of 
technique in extraction process includes ultrasonic 
solvent extraction, heat reflux extraction, supercritical 
carbon dioxide extraction, enzymatic extraction and 
microwave-assisted extraction. The choice of 
extraction technique is basically decided upon 
based on initial cost, operating cost, simplicity of 
operation, amount of organic solvent required and 
sample throughout. Among of this extraction 
treatment, ultrasonic solvent extraction is the best 
method for extraction process due to its advantages 
of other extraction process. Ultrasonic extraction can 
be used for both liquid and solid samples, and the 
extraction of either inorganic or organic compounds. 
It is expected the use of ultrasonic extraction for 
sample preparation purposes in environmental 
analytical chemistry will become more widespread, 

owing to its simplicity, speed, and enhanced safety 
when compared with others. 

The choice of suitable solvent in combination with 
ultrasonic assisted extraction influences the mass 
transport processes and subsequently efficiency of 
the extraction. Alves and Jeronimo (1988) reported 
that the uses of ketones and alcohols are miscible 
with base oils at room temperature [2]. They showed 
that the flocculating action of polar solvents in waste 
oils is basically an anti-solvent effect exerted on some 
non-polar macromolecules, and the addition of KOH 
in alcoholic solution easily destabilizes the dispersion 
and increase sludge removal from waste oil. J.P. 
Martins (1997) has been studied the ternary organic 
solvent (n-hexane, 2-propanol, 1-butanol) on waste 
oil sludge removal. They showed that 0.25 waste oil, 
0.35 n-hexane, and 0.4 polar compounds which are 
80% 2-propanol, and 20% 1-butanol with 3 gm/l KOH 
is an economical aspect for the extraction of 
flocculation process in the refining of waste oils [3]. 
The most widely used solvent to extract waste sludge 
from an industry is hexane. Hexane is available at low 
cost and is efficient in terms of oil and solvent 
recovery. More recently, the use of alternative 
solvents such as alcohols (isopropanol or ethanol) 
and supercritical carbon dioxide has increased due 
to environmental, health and safety concerns.  

 Alternative solvents are often less efficient due to 
a decreased molecular affinity between solvent and 
solute and costs for solvent and process equipment 
can be higher [4]. The major advantages of this 
method are the reproducibility of the technique, the 
dramatic reduction in time needed to perform highly 
efficient extraction and the applicability of the 
method to use a wide range of samples sizes. The 
commonly disadvantages of conventional extraction 
are the process need to be carried out in high 
temperature and in lower pH. This will make the 
outcome product will be more in acidic and 
corrosive condition. Besides, during the process of 
conventional  extraction, several inhibitor compound 
can be formed and the time for conventional 
extraction sometimes need to be carry out in long 
period of time. Furthermore, the solvent used for 
conventional extraction is high and this will make a 
lot of waste product will be formed. Thus, ultrasonic-
assisted extraction is the main extraction process in 
this studies rather than other conventional extraction. 
In this case we used ultrasonic treatment process due 
to ability to get highest efficiency of separation and 
easily to conduct the equipment. It also can save 
disposal cost, produce new valuable product which 
is become a raw material for lubricant oil and at the 
same time protect the environment. 

2.0 METHODOLOGY 
 

Chemicals and Raw materials 

The chemicals and reagents used in this study were 

analytical grade. 95% Hexane, Isopropyl alcohol 

(IPA), Potassium hydroxide and Sodium chloride were 

purchased from Fisher Scientific (M) Sdn.Bhd. The 

main raw material used for this research is waste 
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sludge oil. The waste sludge used in this experiment 

was collected from the bottom of crude oil tank in an 

oil refinery plant at Gebeng, Kuantan. The samples 

were stored in the bottle and stored in a room 

temperature. 

 

Composite solvent preparation 

The chemicals and reagent used for this study 

consists of Hexane, Isopropyl alcohol (IPA), Potassium 

hydroxide (KOH) and Sodium chloride (NaCl). For the 

solvent preparation, first Potassium hydroxide (KOH) is 

weighed using digital weighing balance. About 3.0 

gram of solid KOH has been used which then added 

into Isopropyl alcohol (IPA). This experiment will be 

repeatedly conduct using other reagent which is 

sodium chloride (NaCl) which then well mixed with 

the same chemicals. The chemicals is put in the 

conical flask and stirred with a magnetic stirrer. The 

use of magnetic stirrer is to facilitate KOH to dissolve 

in IPA. The KOH is made sure it has fully dissolved in 

IPA before proceeding to the next level. Next, the 

ratio of hexane and the IPA mixture has been 

determined which is 2:2 respectively. In this 

experiment, 200 ml hexane is added to 200 ml of IPA 

mixture with continuously stirred about few minutes. 

The prepared solvent is obtained after the stirring is 

completed and stored into the beaker 

 

Recuperation of waste sludge 

The next level is the recuperation process. Waste 

sludge is prepared and put it inside a 1000 ml conical 

flask which then added to the composite solvent that 

has been obtained. The ratio of waste sludge and 

composite solvent has been determined using 1:4 

respectively. In this experiment, 100 ml of waste 

sludge and 400 ml of the solvent prepared is used 

with continuously stirred about few minutes. Before 

the sample mixture in the conical flask has been put 

into the ultrasonic bath the top of the conical flask 

will be covered with aluminum foil due to avoid other 

substance from outside to evaporate together. 

  

Ultrasonic assisted Solvent extraction 

The treatment was conducted using ultrasonic 

bath at a different scale power starting from 0, 2, 4, 6, 

8 and 9 W. The effects of extraction time have been 

tested at different treatment duration which is 15, 30, 

45, 60, 75 and 90 minutes. The constant temperature 

of 60 °C has been selected for heating process of 

ultrasonic bath in order to obtain the reaction in 

extraction process of waste sludge and then the 

samples mixture is undergo for the centrifugation 

process. 

 

Centrifugation 

After ultrasonic treatment has been done, the 

samples were then separated using a centrifuge 

machines in order to remove sludge particles at the 

bottom of centrifuges tubes. A 50ml centrifuges tube 

has been used for this experiment. Then, the 

centrifuge speed is set up to optimum speed which is 

5000 RPM and the centrifugation process is started. 

Next, the centrifuge speed is set constant and the 

duration time is varied. The centrifuge controlled 

mode is set for 25-30 minutes for centrifugation. The 

dark colloidal mixture which is waste sludge will be 

produced at the bottom of centrifuge tubes is 

removed and the base oil mixture is transfer into the 

beaker for the separation process.  

 

Composite Solvent Recovery Procedure 

After the samples has been collected during 

centrifugation, the mixture of sample with the solvent 

are first transfer into receiving flask of the rotary 

evaporator and concentrate at different boiling 

point temperature starting from 50, 70, 80 and 100°C 

with rotary speed of 200 RPM for 30  minutes. Later, 

excess solvent will be vaporizing due to the 

differenced in boiling point with the sample. 

Recovery solvents are collected in the collecting flask 

while the purify sample of base oil remain in the 

receiving flask. The purify sample then store in a 

sample bottle then keep in the stored room for 

further experimental procedure. 

 

American Society for Testing and Materials (ASTM) 

methods 

ASTM International, known as the American Society 

for Testing and Materials (ASTM) is an international 

standards that develops and publishes technical 

standards for a wide range of materials, systems, 

products and services. In this case, ASTM methods 

has been used to analyze several parameter 

involved such as flash point, viscosity, ash content, 

density and also water content. The type of methods 

is determined as followed in the below:  

 
Table 1 ASTM Method 

 

No Parameter Unit ASTM 

Method 

1. Flash Point oC D93 

2. 
Kinematic 

Viscosity 

40oC 
cSt 

(centistokes) 
D445 

100oC 

3. Ash Content % D874 

4. Density kg/cm3 D1298 

5. Water Content % D95 

 

Oil recovery of Base oil Calculation 

After evaporation process, the round flask which 

contain purify of base oil was put in the fume hood 

for 15 minutes at room temperature due to cooled 

down the heat. The mass of the round flask 

containing base oil was then measured as MT 

(mg).Consequently, the concentration of base oil in 

there covered oil can be calculated by referred an 

equation at the below: 

 

         (1)       
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Similarly, the base oil concentration in the original 

waste sludge can be obtained. Where M is the mass 

of oil layer sample or original waste sludge sample 

used for extraction analysis (g) and C is the base oil 

concentration in oil layer or original sludge 

(mg/g).The oil recovery was defined as the ratio of 

the mass of base oil in the recovered oil to the mass 

of base oil in the original sludge sample, and can be 

obtained using equation at the below:  

 

    (2) 

 

 

Where R is oil recovery (%), Coil-layer and Csludge are 

base oil concentrations (mg/g) in the recovered oil 

layer and original sludge respectively. Moil-layer (g) is 

the total mass of recovered oil layer from separation, 

and Msludge (g) is the mass of waste sludge used for 

each experimental treatment. 

 
 

3.0 RESULTS AND DISCUSSIONS 

 
Characterization of Waste Sludge and Base oil. 

Characterization of waste sludge and recovered 

base oil is important to be conducted before further 

investigation can be performed in order to 

understand the nature and behavior of the samples. 

Determination of oil characterization has been 

tabulated in Table 2. 

 
Table 2 ASTM Method 

 

Parameter 

Result analysis Standard Base oil* 

Base 

oil 

Sludge 

oil 
SN 150 SN500 

Flash 

point (ºC) 
214 182 240 278 

Kinemati

c 

Viscosity 

(cSt) 

40ºC 84.57 98.29 30.77 97.75 

100º

C 
12.60 15.40 5.309 11.04 

Ash content (%) 0.64 0.63 0 0 

Density (kg/m3) 860.6 913.3 872.4 887.2 

Water content 

(%) 
0.04 0.63 0 0 

* Standard Base oil in market industry 

 

Based on Table 2, it was obvious that the result 

analysis for base oil obtained is complying with the 

standard base oil. All the parameters measured is not 

exceeded the limit of standard base oil in industry.  

 

The commonly tested parameters for base oils are 

flash point, viscosity, ash content, density and water 

content. Flash point has to be known to determine if 

the mineral oil is suited for certain purposes. In 

addition, flash point also used to characterize the fire 

hazard of base oils and measures when an oil vapor-

air mixture will ignite. From the result analysis, it can 

be obtained that sludge oil has lower flash point 

compared with recovered base oil. It occurs 

because the sludge oil still contains solid particles 

and sulphur content and will make it high tendency 

for the oil to suffer vaporization loss at high 

temperature. The flash point can be an indicator of 

the quality of the base stock used. Thus, the higher 

the flash point will make the better quality for base 

oil. 

 

Viscosity is perhaps the most important parameter 

as it is used to categorize the mineral oil. From the 

results, tests are typically done at 40ºC and 100ºC. 

Viscosity differs with temperature so measurements 

always mention the temperature at which it was 

conducted. The reading of viscosity for both 

temperatures is not too far compared with viscosity 

at standard base oil. Thus, the result analysis for 

viscosity is still complying with specification of 

standard base oil. Kinematic viscosity has been used 

for this analysis based on the amount of force 

required to beat the internal friction of fluid and is 

usually expressed with the units Centistokes (cSt). The 

result of the viscosity tests will place the base oil in its 

grade and provide its name such as SN 150 and SN 

500. SN 150 is defined as light grade base oil at the 

lower end of the specifications for Grade I light base 

oils. They are mainly used in lubricant and lubricant 

additives production. It is a Group I base oil which 

has undergone solvent refining and solvent dewaxing 

processes. Finally it was treated with hydrogen to 

clear out any impurities. 

 

For grade base oil of SN 500, it is defined as light 

grade base oil at the upper end of the specifications 

for Grade I base oils. It is a Group I base oil which also 

has undergone solvent refining and solvent dewaxing 

processes. Lastly, it was treated with hydrogen to 

clear out any impurities. The function of the lubricant 

will influence the choice of which base oil is selected 

to produce the final product. As an example, SN 150 

has a lower viscosity value than SN 500 and this 

makes SN 150 good to be used in lubricating oils for 

fast rotating engines while SN 500 will be used for 

engine oils and hydraulic oils. Consequently, good 

quality base oil is equal to base oil with good viscosity 

index. The index shows how well base oil can work at 

different temperatures. 

 

Motor oils are derived from base stocks. Thus, 

generic base oil is modified with additives to produce 

a lubricant with the desired properties. Base stock oil 
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with no additives would not perform very well at all. 

Base stocks have been classified by the American 

petroleum Institute (API) and fall into one of five 

categories. The lists of categories are stated in Table 

3: 

Table 3 Base oil groups based on API (American 

Petroleum Institute) classification 

 

Grades of 

oil 
Descriptions 

Group I Mineral oils derived from crude oil 

Group II 

Common in mineral based motor oils. 

They have fair to good performance in 

lubricating properties such as volatility, 

oxidative stability and flash points. 

Group III 

Highly refined mineral oil made through 

a process called hydro-cracking. 

Commonly mixed with additives and 

marketed as synthetic or semi-synthetic 

products. 

Group IV 

True synthetic oils, known as 

Polyalphaoefin (PAO). Commonly in 

synthetic and synthetic-blend products 

for automotive and industrial 

applications. 

Group V 

Used primarily in the creation of oil 

additives. Esters and polyolesters are 

both common base oils used in the 

formulation of oil additives. 

 

In term of ash content in the base oil, it is defined 

as the residue remaining after a sample has been 

combusted in the furnace.  

 

For the density, is used as an extra identifier for the 

liquid product and it will differ should the sample be 

contaminated. From the results obtained, the 

reading of density for base oil between sample 

analysis with standard base oil is almost achieved the 

same value due to phenomenon of contamination 

of another substance that still remaining in the base 

oil. Thus, the reading of density can be complying 

with the standard base oil. 

 

Lastly, for the water content analysis of base oil it 

can be shown from the Table 2 that the sample 

analysis still a little bit contamination of water due to 

lack of separation process which not overall 

removed the water content in the base oil. It occurs 

when to separate the base oil from solvent and 

water that cannot achieved the maximum boiling 

point temperature of water which is 100°C due to 

technical problem with the equipment used. 

Comparing with the standard base oil, it can be seen 

no water content in the base oil which is 0%. Thus, 

several factors need to be considered when 

analyzed the sample by checked the condition of 

equipment  before used and ensure that the boiling 

point of water is achieved at maximum temperature 

in order to remove the overall water contamination. 

Comparison of Ultrasonic Solvent Extraction with 

Conventional Extraction. 

 
 

 
Figure 1 Oil recovery by extraction methods. 

 

The experimental result has been analyzed using 

two recovery methods which are conventional 

solvent extraction and ultrasonic solvent extraction. 

The experiment conditions are determined by 

conducting a constant parameter such as 

temperature and ultrasonic power for both methods 

using shaking water bath and ultrasonic bath 

respectively. In addition, the extraction time can be 

as manipulated variable need to be considered in 

order to find the optimum duration time for both 

extraction methods. For the temperature condition, 

60ºC has been selected because the optimal 

extraction occurs across the range of temperature 

from 40 to 66°C. According to Wu et al, (2001) stated 

that the use of ultrasonic extraction allows changes 

in the processing condition such as a decrease of 

temperature and pressure when compared 

extraction methods without ultrasonic [5]. However, 

further increment of temperature above 60°C was 

not suitable because the solvent used for this 

experiment will be vaporized due to boiling point 

condition for the solvent such as hexane and 

isopropyl alcohol (IPA). Thus, higher temperature 

used will cause less oil recovery due to both solvent 

could not exist in the extraction treatment. In term of 

ultrasonic power, the maximum frequency also been 

determined that is 9.0 watt (W). The frequency power 

will produced electromagnetic waves or sound 

waves which will travel into the samples within time.  

 

It was found from the experiments the ultrasonic 

extraction was achieved the high yield of base oil 

recovery which is 65%. It was observed in this 

experiment that the solid particles which is waste 

sludge oil was separated from aqueous phases and 

settled in the bottom of the conical flask and it 

indicates the ultrasonic could easily enhance the 

settling of solid particles. Previous studies by O. 
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Hamdaoui et al. (2005) proved that ultrasound could 

effectively promote desorption of organic 

compounds [6]. It also mentioned that the leading to 

localized high pressure and temperature would 

influenced the process due to ultrasonic irradiation in 

liquid media, micro-bubbles could form and then 

implode or collapse when they reach some critical 

size. The collapse occurring in the particle size would 

release the trapped or adsorbed compound 

molecules from the solid particles into the solution. 

Furthermore, the collapse can bring high speed liquid 

with strong shear force which then break the bond of 

solid particles and obtained the result in the 

detachment of water and oil from the solid particles 

[7].  

 

Furthermore, the oil recovery was increased to its 

peak within 30 minutes of ultrasonic treatment. 

However, further increment of oil recovery after 30 

minutes was not associated with enhancement of oil 

recovery. After 30 minutes, the percentage of oil 

recovery will be declined because of ultrasonic 

extraction condition itself. Ultrasonic extraction only 

achieve minimum extraction time because there do 

not separate solid particles with base oil for long 

period of time as well as not associated to achieve 

high yield recovery of base oil. This may indicate that 

ultrasonic could effectively break the surfactant 

molecules or bond between base oil and waste 

sludge. 

 

For conventional extraction method, it can be 

observed from the graph the maximum oil recovery 

was not associated to get the high yield of base oil 

recovery which only achieved 30%. It occurs 

because the equipment used which is shaking water 

bath could not effectively to extract the waste 

sludge oil. Thus, this method is difficult to break the 

bond of solid particles and could not achieve higher 

oil recovery. According to J. Shie et al. (2000) 

reported the emulsion and high petroleum 

hydrocarbon concentration could make the 

conventional sludge treatment process such as land 

filling, land farming and incineration to be time-

consuming, ineffective and expensive [8]. In addition, 

the time consumed in order to get high yield 

recovery only achieved at 90 minutes and it takes 

long period of time to extract the waste sludge. 

 

The increment of oil recovery rate is too slow 

starting within 15-75 minutes because the influenced 

of extraction technique which is could not 

conducted by ultrasound waves become a major 

factor to obtained low oil recovery. Furthermore, the 

equipment used is not involving expansion and 

compression cycles during the extraction process. 

Consequently, ultrasonic could considerably 

enhance the separation of oil from solid phase and 

more adsorbed or trapped oil could enter the oil 

layer after separation. 

 

4.0 CONCLUSION 

 

Based on the characterization results obtained, it can 

be conclude that the result of analysis of base oil 

characterization is over limit of stabdart base oil for 

every parameters such as flash point, viscosity, 

density, ash content and water content . Comparing 

the extraction method between ultrasonic solvent 

with conventional extraction method,the ultrasonic 

treatment has been proved as an effective 

treatment of waste sludge and able to get high yield 

of base oil recovery compared to the conventional 

treatment which is 65% and 30%, respectively. 

Ultrasonic has the potential to be used in oil 

extraction processes to improve efficiency and 

reduce processing time. In summary, the ultrasonic 

treatment could represent an environmentally 

friendly and economically competitive alternative for 

the effective treatment of oily sludge waste from the 

petroleum industry. 
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Abstract 
 

Corn starch has been evaluated as a corrosion inhibitor for mild steel in seawater by weight 

loss and electrochemical measurements. It carries tremendous potential for industrial 

usage. Furthermore, the potential usage of corn starch discussed in this research is on the 

line with the recent trend of the ecological friendly concept. In this research, the effect of 

corn starch on the electrochemical properties is measured at various concentrations. 

Linear polarization studies showed that there were significant increases in overall resistant 

after addition of corn starch. It also indicates that the Rp values increase with addition of 

inhibitor whilst, the corrosion rate values decrease indicating the formation of a surface 

film. 
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1.0  INTRODUCTION 

 
The corrosion is unavoidable but controllable process. 
There are several different methods can be employed 
to slow or prevent corrosion of metallic structures. The 
most commonly used methods are protective coatings 
on metals using organic molecules, plastics, polymers, 
and cathode and/or anodic protection using organic 
or inorganic inhibitors [1-3]. In controlling the corrosion, 
many organic and inorganic compounds have been 
investigated by adding to the corrosive fluids as it is 
environmental friendly. Green inhibitors like natural 
products from plant extracts and substances from 
other renewable sources are of the interest of the 
researchers who are interested in green chemistry or 
eco-friendly technologies. In order to highlight the 
growing interest on “corrosion inhibition of mild steel in 
corrosive fluids”, the authors have performed a survey 
on the literature published during 1950 until nowadays 
[1-7]. Mild steel is extensively used in industries and as a 
result corrodes when exposed to various industrial 
environments and condition. The application of 
inhibitors has been studied and used as practicable 
ways for protection of metal against corrosion [4]. 

 

2.0  METHODOLOGY 

 
The material employed was mild steel (AISI/SAE 1020) 

with following chemical composition (wt); Si (0.17%), 

Cu (0.14%), Mn (0.35%), S (0.025%), P (0.03%) and Fe 

(remainder). The samples (25 x 25 x 3 mm coupons) 

were mechanically polished using 400, 500 and 600 

emery papers and lubricated using distilled water. The 

polished samples were cleaned with acetone, washed 

using distilled water, dried in air and stored in moisture-

free desiccators prior to use. The test solution used for 

the investigation was seawater collected from Pantai 

Teluk Kalong, Kemaman, Terengganu (port area). The 

inhibitor used was corn starch and the concentration 

range of the inhibitor employed was varied from 200 

ppm to 1000 ppm. Freshly seawater solution was used 

in all the experiments. All the experiments were 

conducted at room temperature (25ºC). The 

specimens in triplicate for each inhibitor concentration 

were immersed in a 100 mL beaker containing the 

respective solution for 30 minutes. All electrochemical 

measurements were accomplished with Autolab 

frequency response analyzer (FRA) coupled to an 

Autolab potentiostat connected to a computer as 

shown in Figure 1. The cell used is a conventional three 
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electrodes with a platinum wire counter electrode 

(CE) and a saturated calomel electrode (SCE) as 

reference to which all potentials are referred. The 

working electrode (WE) was in the form of a square cut 

so that the flat surface was the only surface in the 

electrode. The exposed area to the test solution was 

3.75 cm2. The WE was first immersed in the test solution 

and after establishing a steady state open circuit 

potential, the electrochemical measurements were 

performed. The potentiodynamic current-potential 

curves were recorded by changing the electrode 

potential automatically from -250 mV to +250 mV, 

related to the open circuit potential, with the scanning 

rate of 5 mV s-1. Corrosion current densities (icorr) and 

corrosion potential (Ecorr) were evaluated from the 

intersection of the linear anodic and cathodic 

branches of the polarization curves as Tafel plots. The 

polarization resistance (Rp) measurements were 

carried out at -10 mV to +10 mV. 

 

 

 

Figure 1 Electrochemical cell measurements 

 

 

3.0 RESULTS AND DISCUSSION  

 

The spontaneous dissolution of mild steel in seawater 

containing different concentrations of corn starch was 

studied by weight loss measurement. The investigations 

were carried out in the open air at room temperature. 

The weight loss of mild steel in seawater with and 

without the studied inhibitor as corrosion inhibitor was 

determined as a function of the immersion time. Figure 

2 illustrates the weight losses (mgcm-2) of mild steel in 

seawater with and without corn starch as inhibitors. 

The plots show that the weight loss of mild steel for all 

samples increases with the immersion time. Initially, the 

dissolution of metal in seawater is slow and increases 

with immersion time, as indicated by increasing the 

weight loss by time. Clear differences can be noted 

between the samples exposed to seawater containing 

corn starch as compared to that immersed in the 

absence of the inhibitor.  

Figure 2 Weight losses versus immersion time for mild steel in 

seawater containing various concentrations of corn starch 

 

The test without inhibitor addition had the higher 

weight loss. The presence of 200 ppm of corn starch 

reduce the weight loss of mild steel and further 

decrease in loss of weight is greatly reduced with an 

increase of corn starch concentrations up to 1000 

ppm. This is attributed to the adsorption of corn starch 

molecules on the metal surface, which limits the 

dissolution of mild steel by blocking the corrosion site 

and hence decreasing the weight loss as its 

concentration increases. As a result, the mild steel 

surface is efficiency separated from the medium [1-3]. 

 

 

 
 

Figure 3 Rp versus concentration of corn starch 

 

 

 

 

 

 

 

 



Rosliza Ramli & Siti Saudah Nasli/ ICET 2016  

 

 

Polarization resistance, Rp values for mild steel in 

seawater in the presence and absence of corrosion 

inhibitor were determined using linear polarization 

method. Figure 3 represents the values of Rp in 

seawater devoid of and containing various 

concentrations of corn. The obtained results show 

that addition of the examined corrosion inhibitor 

causes increase in Rp of mild steel. A higher of Rp 

indicates the lower of the corrosion rate. The inhibitor 

concentration was plotted against the values of Rp 

for studied inhibitor for day 1, 4 and 7 (Figure 3).  
 
 

 
 

Figure 4 Concentration of corn starch (ppm) versus 

corrosion rate (mm/yr) 
 
 

The results show that the Rp values increase with the 

addition of corrosion inhibitors when compared with 

those without corrosion inhibitor. Furthermore, the 

values of Rp are observed to increase with the 

increasing corrosion inhibitor concentration, which 

can be attributed to the formation of a protective 

over-layer at the metal surface. It becomes a barrier 

for the charge transfers [2]. Figure 4 above shows the 

corrosion rate measurement results in terms of 

mm/year. It shows that the concentration of corn 

starch is inversely proportional to the corrosion rate of 

mild steel. The corrosion rates were decrease due to 

the increasing concentration of corn starch. The 

results also described the most inhibitive reaction 

occur at 1000 ppm of corn starch which has the 

lowest value in corrosion rate of mild steel. 

 

 

4.0  CONCLUSION 

 
The corrosion inhibition studies of the mild steel have 

been carried out at room temperature using 

seawater and the results indicated that corn starch is 

an effective corrosion inhibitor of mild steel in 

seawater. The weight loss results showed that the 

introduction of corn starch obviously minimizes the 

weight loss and abridged mild steel dissolution in 

seawater. The weight loss decreases with the 

increasing of corrosion inhibitor concentration. It also 

indicates that the Rp values increase with addition of 

inhibitor whilst, the corrosion rate values decrease 

indicating the formation of a surface film. 
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Abstract 
 

Monoethanolamine (MEA) is commonly used in oil and gas industry as absorption 

medium to remove carbon dioxide (CO2) from gaseous stream. Upon usage, the 

MEA solution is contaminated with hydrocarbon and suspended solids. Heavily 

contaminated MEA solution reduces its effectiveness in stripping the CO2 gas and 

also causes foaming phenomenon in the CO2 removal unit which further reduces 

the overall performance of the unit. There are many instances in which during 

operation, the solution overshoot and mix with condensed water in the knock-out 

drum. At this point, all the solution (the contaminated solution and the condensed 

water) is discharged as wastewater and replaced with fresh solution. It is common, 

in the range of 60 – 80 tons of MEA wastewater is generated per month. This study 

was conducted to examine the best method of treating the MEA wastewater for 

the best interest of the company. Characterization of the MEA wastewater 

suggested that the most rational way of treating the wastewater was to achieve 

quality suited for the purpose of recycling it back into the system. Adsorption 

method was used for the treatment with four different types of adsorbent, namely 

chitosan, activated carbon, alum and zeolite, were investigated. Five different 

variables, namely adsorbent dosage, pH, temperature, mixing time and mixing 

speed were varied to examine the effect on the parameters such as percentage 

of residue oil, suspended solids, MEA concentration and COD level. The results 

showed that chitosan was the best adsorbent in treating the MEA wastewater, 

followed by activated carbon, alum and zeolite. Adsorbent dosage was the main 

variable affecting the performance of the adsorbent in removing the residue oil, 

suspended solids and reducing the COD level. Chitosan indicated two 

mechanisms of adsorption in treating the MEA wastewater, in which at low 

adsorbent dosage chitosan functioned through chemical adsorption, while at 

high dosage, electrostatic adsorption started to accompany. In all adsorbents 

investigated in this study, MEA concentration was not affected by the adsorption 

treatment. 

 

Keywords—monoethanolamine (MEA). adsorbents, chitosan, alum,activated  

                    carbon,zeolite 
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1.0 INTRODUCTION 

 
MEA is an organic chemical compound which 

has both primary amine (due to an amino group in its 
molecule) and a primary alcohol (due to a hydroxyl 
group). Like other amines, MEA acts as a weak base, 
toxic, flammable, corrosive, colorless and viscous 
liquid with an odor similar to ammonia. MEA is 

produced by reacting ethylene oxide with ammonia. 
By heating the aqueous solution, the covalent 
bonding between MEA and CO2 will break and 
releases CO2 as gaseous state. As the MEA left in 
aqueous solution, any treatment methods imply 
would be ease due to ions mobilization in the 
solution.  
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Focusing on the CO2 absorption process, the 
heavy hydrocarbon component could be carried 
over to the absorber with the feed gas which caused 
sudden foaming in the absorber. The reaction 
between CO2 and MEA will produce some salt and 
increased the amount of suspended solids in 
absorber also contributed to the foaming problem. 
This foaming phenomenon give a number of different 
problems such as decreased absorption efficiency, 
increased amine losses, reduced quality of product 
gas and MEA somehow is not appropriate to feed 
back into the stripper due to properties deterioration 
and thus give difficulties in optimizing the absorption 
processes and it has been removed as wastewater. 

Once the MEA wastewater entering the 
wastewater treatment plant (WTP), it will upset the 
WTP by increasing the loading and significantly 
increase the chemical oxygen demand (COD), oil 
contents and suspended solids which complicates 
the effective treatment of such wastewater. In many 
occasions, the concentration of amine in the 
wastewater triggers the COD to exceed the 200,000 
ppm level and not possible to be sent to the 
wastewater treatment plant. The MEA wastewater 
then has to be stored for disposal and conversely, it 
costs a lot of money for waste disposal handling, to 
buy fresh MEA and thus, minimizes the profit margin. 
From the industrial survey, every petrochemical plant 
in Malaysia were produce 60-80 tonnes per upset 
cases and currently, this MEA wastewater were 
disposed to Kualiti Alam. Furthermore, this MEA 
wastewater were classified as scheduled waste, so 
the cost to dispose this wastewater was very 
expensive approximately RM 3000.00 per tonne. 
Besides that, the petrochemical plants need to buy 
new fresh MEA to replace the MEA wastewater at 
the CO2 absorber system which is very costly 
approximately RM 2760.00 per drum. So, this MEA 
wastewater was contributed to increase disposal 
cost and influenced to the financial of the 
petrochemical companies. 

Several researches have been conducted and 
suggested a few methods to treat MEA wastewater. 
The researches were not limited to aliphatic amine 
but up to aromatic amine used as targeted sample. 
Generally, the treatment methods to separate amine 
from wastewater are based on physical, chemical 
and biological separation methods. Wang et al. 
(2007) has illustrated that biological treatment of 
isolating strain bacteria by using activated sludge of 
a complex bio-denitrification system (CBDS) for 
treating petrochemical wastewater in Northeastern 
China capable of degrading pentyl amine up to 
82%. For maximum degradation efficiency, the strain 
required a neutral pH, full aeration of 6 mg O2/L and 
temperature of 30oC. Under such conditions, two 
stage treatment systems is required to reach 99% 
degradation of pollutant representing the required 
standards for surface water discharge. On the other 
hand, when the oil refinery activated sludge was 
inoculated with the strain bacteria, 93% of pentyl 
amine was degraded. Nevertheless, several 
disadvantages were identified for instance, it takes 
longer time (24 hours) and inadequate to degrade 

high concentration of pentyl amine in petrochemical 
wastewater. In addition, further research needs to be 
carried out to clarify and demonstrate the limitation 
and findings.  

In chemical treatment method, several 
researchers have suggested the conversion of amine 
into their corresponding acetates in excellent yields. 
Das and Thirupathi (2007) have illustrated the 
treatment of amine (aliphatic and aromatic) with 
acetic anhydride at room temperature using 
NaHSO4 [1].SiO2 as heterogeneous catalyst affords 
the corresponding acetates in excellent yields. 
Meanwhile, Joseph et al. (2007) has proposed the 
conversion of amine into acetates using acetic 
anhydride and Alumina supported MoO3 as 
heterogeneous catalyst and found that about 90% 
yield was attained [2]. They also found that the 
catalyst indicating the recyclability and reusability 
without loss of reaction activity. Both researchers 
have not mentioned the used of MEA wastewater as 
studied subject and intentionally focusing on virgin 
amine solvent for the preparation of bioactive 
natural products. In the physical treatment method, 
several researchers have suggested the usage of 
adsorbents for the removal and recovery of the 
amines. Boger et al. (1997) has demonstrated that 
the removal and recovery of amines emmited from 
foundry can be performed by an adsorptive process 
[3]. Activated carbon and hydrophobic zeolite can 
be used as adsorbents. However, in both cases a loss 
in capacity due to chemisorption is found. Moreover, 
the studies has shown that the adsorbent can be 
regenerated by adding small amounts of a purge 
gas and at condition of 100 mbar vacuum 
conditions.  

The potential of using chitosan as alternative 
adsorbent for the treatment of MEA wastewater is 
becoming a research interest field in the near future. 
It has been proven that this adsorbent has the 
capability to adsorb metal ions, oil and grease and 
improve wastewater quality [4]. Chitosan also has 
potential as an adsorbent for removal of reactive 
dyes from textile wastewater because it can adsorb 
reactive dyes over wide pH range and at high 
temperatures. The effect of initial pH, elution studies, 
and the thermodynamic parameters demonstrated 
that the reactive dye was probably adsorbed onto 
chitosan by both physical and chemical adsorption. 
In addition, the adsorption mechanism under acidic 
conditions was chemical adsorption, while under 
caustic conditions was both physical and chemical 
adsorption. However, the ATR-FTIR spectra confirmed 
that the amines on chitosan polymer tend to be 
effective functional groups for dye adsorption under 
acidic conditions, while the hydroxyl group tended to 
be the effective functional group for dye adsorption 
under caustic conditions (Niramol et al, 2005) [5]. The 
literature on the interaction of chitosan with those 
contaminations has been discussed elsewhere [6], 
[7]. Due to chemisoption and structure properties of 
chitosan, the adsorbent is believed capable to treat 
MEA wastewater tremendously.  
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From the literatures point of view, researches on 
treatment of MEA wastewater from petrochemical 
plant are insufficiently conducted especially for 
recycle purpose. In view of the fact that, no work has 
been done in the literature regarding the treatment 
of MEA wastewater using chitosan, activated 
carbon, alum and zeolite. Furthermore, not many 
studies were been done using real effluent, whereby 
these studies were done using homemade synthetic 
effluent. Besides that, this research was also 
evaluating the potential of recycling the treated 
MEA wastewater and reuse in the CO2 removal unit. 
The physical treatment methods would be the 
interesting research field due to simple, easy, shorter 
time, economically viable to be commercialized and 
widely used in wastewater treatment plant. 

Based on industrial survey, four types of 
adsorbents commonly used in wastewater treatment 
industries which are chitosan, activated carbon, 
alum and zeolite based adsorption method were 
selected, employed and explored in order to 
examine its feasibility in reducing the COD, 
suspended solid, oil concentration in the MEA 
wastewater and at the same time maintaining the 
level of amine concentration at acceptable limit. 
These parameters evaluation were very crucial in 
determining the treated MEA could be recycled or 
else. In view of the fact that the MEA wastewater is 
produced abundantly from petrochemical plants 
and other processing plants for instance power plant, 
and the lack of researches have been carried out to 
date, the research needs is significantly important in 
order to find alternative route methods for treating 
MEA wastewater which is inexpensive, simple, 
economically viable and environmental friendly. Due 
to this, chitosan is believed to be the best natural 
adsorbent to reduce COD, suspended solid and 
remove oil from MEA wastewater rather than other 
adsorbents. 

 

2.0  METHODOLOGY 
 

2.1 Sample Selection 

 

Samples of MEA wastewater were collected from oil 

and gas industry at Terengganu. The collected 

samples were then placed in a thermal resistant 

plastic container, sealed tight and labelled, before 

transported to the laboratory. For preservation, 

samples were refrigerated at about 4°C in order to 

prevent the wastewater from undergoing 

biodegradation due to microbial activities. A portion 

of the samples were analyzed for their characteristic. 

Freshly discharged MEA wastewater is black in colour 

and oily with obnoxious odour.  MEA wastewater 

characteristics may different for each sample 

depending on the gas processing plant failure. This 

might due to the foaming phenomenon cause by 

heavy hydrocarbon content and suspended solids. 

Although the characteristics of MEA wastewater 

could vary in order to minimize the effect of different 

characteristics of MEA, the experiments were 

repeated with same samples of MEA wastewater to 

obtain average results.  Sampling was carried out 

every problem occur at the gas processing plant and 

five bottles of 5 L samples were taken and 

transported to laboratory. 

 

2.2 Materials 

 

Chitosan was supplied by Mathani Chitosan Pvt. Ltd. 

(India) in off-white flakes and powders form with 

viscosities and DDA are about 30-3000 mPa·S (at 25 

oC) and 85% - 98% respectively were used for the 

monoethanolamie (MEA) wastewater treatment. 

Activated carbon was supplied by Scharlau Chemie 

S.A (Spain), Zeolite was supplied by Fluka Biochemica 

with a mesh size less than 45 µm and Alum was 

supplied by Merck. 

 

Distilled water was used to dilute hydrochloric acid 

solution (Merck, Germany) and dissolve sodium 

hydroxide pellets (Merck, Germany) to obtain 

solution of 5 M.  These solutions were used for pH 

adjustment during the treatment process. N-hexane 

(Merck) was used as the solvent for oil extraction in 

the residue oil analysis. 

 

2.3 Scanning Electron Microscopic Analysis 

 

The scanning electron microscope (SEM) is a type of 

electron microscope that images the sample surface 

by scanning it with a high energy beam of electrons 

in a raster scan pattern. The electrons interact with 

the atoms that make up the sample producing 

signals that contain information about the sample's 

surface topography, composition and other 

properties such as electrical conductivity.  

The untreated and pretreated samples were 

closely analyzed by scanning electron microscope 

model Philips SL40, Holand, which generated high 

resolution images of shapes of object.   A small 

amount of sample was coated under argon 

atmosphere with gold prior to analysis and examined 

under SEM at 30kV for range magnifications between 

100 to 1000 times.  Figure 3.4 shows a typical SEM 

instrument with the electron column, sample 

chamber, EDS detector, electronics console, and 

visual display monitors. 

 

2.4 Experimental Procedure 

 

From the industrial survey, there were four parameters 

which were oil content, suspended solids, amine 

concentration and chemical oxygen demand 

(COD). These parameters evaluation were very 

crucial in determining the treated MEA could be 

recycled or else. Whereas, Chemical Oxygen 

Demand (COD) was also analyzed and this 

evaluation would provide information to the 

alternative treatment via wastewater treatment plant 

if the treated MEA was not possible to be recycled.   

A conventional jar test apparatus (JLT6 Jar Test, 

VELP Scientifica) was used in the experiments to treat 
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MEA wastewater with the adsorbents. It was carried 

out as a batch test, accommodating a series of six 

beakers together with six-spindle steel paddles. The 

samples were mix homogeneously before 

fractionated into the beakers containing 250mL of 

suspension each. Prior to the test, the samples were 

measured for COD, suspended solid, residue oil and 

amine concentration for representing an initial 

concentration. After the desired amount of 

adsorbents was added to the suspension, the 

beakers were agitated at identical speed (100 rpm) 

for 1 hour. A sample was withdrawn using a pipette 

from the top inch of supernatant for analysis, 

representing the final concentration.  

The pH of samples was also determined. The COD, 

residue oil, suspended solid and amine 

concentration were determined for each sample of 

MEA wastewater both before and after experiment. 

Three replicates of each test were undertaken with 

the mean value obtained being calculated from the 

replicates. All tests were performed at an ambient 

temperature in the range of 26-30°C.  Thus, the 

optimum experiment parameters needed to achieve 

maximum removal residue oil, suspended solid and 

COD was determined. 

 

2.5 Oil and Grease Method 

 

The residue oil content was measured by using the oil 

and grease method recommended by APHA 

method, with n-hexane being used as the oil-

extraction solvent.  The residue oil content in the 

suspension was determined for each sample of MEA 

wastewater both before and after each experiment.  

100 mL of upper aliquots liquid of sample was 

transferred into a separating funnel.  Then, 2.5 mL of 

50% sulfuric acid, H2SO4 was added to re-active the 

sample.  After that, 30 mL of n-hexane were added 

into the separating funnel to collect the oil content.   

 

The contents were shaken vigorously for 2 minutes 

and 3 mL of 2-propanol were added to expel the 

existed bubbles. The samples were allowed to 

separate into layers for 5 minutes and the aqueous 

layer was drip drained into second separating funnel.  

Extraction was repeated twice with two more 

portions of 30 mL n-hexane.  Then, the all the surface 

layers were collected and 2 scoops of anhydrous 

sodium sulphate were added to expel the water in 

the layers.  The samples of extracted residual oil with 

n-hexane were transferred into round bottom flask 

and the samples were heated to remove n-hexane.  

The initial weight was measured and the drying and 

cooling were repeated until the weight becomes 

constant in every 1 hour. Figure 3.6 shows the flow 

diagram of oil and grease method. 

 

2.6 Suspended Solid Method 

 

A gravimetric method recommended by APHA 

method was used to determine the suspended solid. 

With the aid of vacuum filtration apparatus, a 

retained solid on the filter was recorded after 

heating.  

 

2.7 Amine Concentration Method 

 

The amine concentration was measured by using 

titration method recommended by APHA method 

which Taschiro indicator used as amine indicator.  

 

2.8 Chemical Oxygen Demand (COD) Demand 

 

The COD test was performed by colorimetric 

method using Spectrophotometer HACH Model 

DR/2400 (HACH Company, USA). It measures the 

amount of oxygen (O2) required for complete 

oxidation of organic matter using strong oxidation 

agent, i.e. dichromate ion (Cr2O7
2-). 

 

3.0 RESULTS AND DISCUSSION 
 

3.1 Effect of Adsorbents Dosage 

 

Adsorbent dosage is one of the independent 

variables varied in this study to examine the 

performance of adsorbents in treating the waste 

MEA. The effect of varying the dosage on the degree 

of removal of residue oil, suspended solid, MEA 

concentration level and reduction of COD were 

examined. 

 

3.1.1 Effect on Removal of Residue Oil 

 

The effects of adsorbent dosage (wt%) on the 

removal of residue oil from MEA wastewater was 

analyzed by varying the weight percentage of 

adsorbents at 100 rpm of mixing rate and 30 minutes 

of mixing time and at temperature of 30oC. Tests 

were carried out at original pH of the sample, i.e. 

11.21. The pH value needs to be in the range of pH 11 

to adhere with requirement and operating condition 

of the CO2 removal system. Fig. 3.1 shows the 

removal percentage of residue oil from MEA 

wastewater using chitosan, activated carbon, alum 

and zeolite. From the figure, it can be seen that at 

the highest adsorbent dosage (5wt %), chitosan 

showed the highest removal of residue oil compared 

to other absorbents. Chitosan managed to remove 

95 % of residue oil while activated carbon removed 

87%, alum removed 64% and zeolite removed 46% of 

residue oil at the maximum dosage. Based on the 

results, Chitosan proved to be the best adsorbent in 

removing residue oil from MEA wastewater 

compared to activated carbon, alum and zeolite, 

within 5wt % of adsorbent dosage. 
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Fig. 3.1 Percentage of residue oil removed versus 

dosage of adsorbents 

 

The figure indicated that alum and zeolite 

behaved linearly within the range of adsorbent 

dosage investigated in this study. Chitosan and 

activated carbon, on the other hand shows two 

distinct phases of behavior where at low dosage (1-2 

wt%), slow progressive increase of oil removal was 

observed, while at high adsorbent dosage (above 2 

wt%), high percentage of oil removal was 

experienced.  

 

The main reason for the different behavior 

observed in the usage of various adsorbents 

mentioned above is due to the difference in 

mechanism of adsorption taking place in the 

systems. The linear relationships observed in alum and 

zeolite systems indicated that only one single 

mechanism of adsorption took place during the 

treatment process. Alum, a typical flocculating 

agent in water treatment plant, mainly adsorbed 

residue oil droplets through chemical adsorption. 

Zeolite, on the other hand, mainly adsorbed the 

residue oil droplets through physical adsorption. 

 

The two distinct phases observed in Fig. 3.1 in 

chitosan and activated carbon systems suggesting 

more than one mechanism of adsorption involved in 

each of the system. Chitosan, a well-known 

biopolymer adsorbent, removed the residue oil 

droplets through chemical adsorption. Further 

increasing the dosage of the adsorbent increased 

the electrostatic field of the system significantly and 

contributed to the increase in the percentage of oil 

removal through electrostatic adsorption. On the 

same note, activated carbon, having large 

area/volume ratio, adsorbed residue oil droplets 

through physical adsorption and at high adsorbent 

dosage also showed significant contribution of 

electrostatic adsorption taking place.  

 

Chemical adsorption took place as a result of the 

presence of hydroxyl groups and charge density on 

the adsorbent. In addition to this, residue oil in the 

MEA wastewater is negatively charged. Alum 

contained positive charge Al3+ which attracted the 

negatively charged residue oil in MEA wastewater to 

its surface. However, the charge density of alum is 

less than that of chitosan, hence, the degree of 

chemical adsorption in alum is less than that of 

chitosan. 

 

Zeta potential measurement was therefore 

conducted to measure the charge density of 

chitosan and alum in the MEA solution. The 

measurement showed that zeta potential of chitosan 

system revealed a reading of ZP = -13.02 mV while 

alum system revealed a reading of ZP = -34.41mV. 

High negative value of ZP indicates a more stable 

suspension system. Hence, the lower negative value 

of ZP in chitosan system indicated a more readiness 

of the system to be affected by the adsorbent, as 

compared to the alum system with a higher negative 

value. The finding is consistent with the explanation 

on the chemical adsorption given above. This can be 

noticed especially at low adsorbent dosage (for 

instance at 2 wt%) where chitosan removed 34 wt% 

oil as compared to 24 wt% removed by alum. 

Chitosan has a high charge density compared to 

other adsorbents [4]. Chitosan is a cationic 

biopolymer adsorbent and possesses a positive ionic 

charge, with the ability to chemically bind with the 

negatively charged residue oil in the MEA 

wastewater. The deprotonation of the hydroxyl group 

occurred under alkaline conditions makes the 

chitosan positively charge [5]. The hydroxyl groups in 

the chitosan polymer adsorbed residue oil ions by 

ionic and covalent bonding. The strong alkaline 

condition aggravates MEA wastewater to break the 

oil droplets. 

 

Activated carbon and zeolite mainly adsorbed 

residue oil through physical adsorption. BET 

measurement conducted on the adsorbents 

confirmed this finding. The BET specific surface area 

for chitosan, activated carbon, alum and zeolite 

were measured via N2 adsorption isotherms. It was 

found that the BET specific surface area for chitosan 

was 7.02 m2/g, activated carbon was 1042.62 m2/g, 

alum was 2.85 m2/g and zeolite was 104.49 m2/g 

respectively. The readings tally with the findings 

presented above. The relatively high values of BET for 

activated carbon and zeolite reflected the 

mechanism of physical adsorption in removing the 

residue oil. Similarly, the low values of BET for chitosan 

and alum supported the suggestion that chemical 

adsorption was the main mechanism in removing 

residue oil for both of the systems. 

 

Activated carbon is a common type of adsorbent 

used for the removal of color and organic 

compounds in wastewater and water treatment 

plant and up to date there is no research conducted 

on the usage this adsorbent in removing residue oil, 

especially in the MEA contaminated wastewater. 

Activated carbon can be used to adsorb residue oil 

due to its highly porous nature of the solid and its 

large surface area to volume ratio. Much of this 
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surface area is contained in micropores and 

mesopores. Due to its high degree of porosity, 

through physical adsorption, activated carbon 

removed more residue oil as compared to zeolite. 

This can be seen especially at low adsorbent dosage 

(below 2 wt%), where activated carbon removed 24 

wt% of residue oil as compared to zeolite, 16 wt%. In 

physical adsorption, attraction of residue oil to the 

surface of activated carbon and zeolite was mainly 

due to the relatively weak van der Waals forces 

between the ions. 

 

At pH 11, electrostatic attraction occurred 

between hydroxide ions of residue oil in MEA 

wastewater and the activated carbon surface to 

perform physical and electrostatic adsorption, but 

the attraction was much weaker than the chemical 

adsorption as in chitosan. This can be seen in Figure 

4.1 where removal of residue oil was lower than the 

removal achieved in chitosan system. Furthermore, 

the zeta potential readings also indicated that the 

activated carbon possessed lower charge density (ZP 

= - 16.19 mV) as compared to chitosan (ZP = - 

13.02mV). 

 

The mechanism of adsorption by zeolites was 

mainly through ion-exchange. The structures of 

zeolites consist of three-dimensional frameworks of 

SiO4 and AlO4 tetrahedra. The aluminum ion is small 

enough to occupy the position in the center of the 

tetrahedron of four oxygen atoms, and the 

isomorphous replacement of Si4+ by Al3+ produces a 

negative charge in the lattice. Zeolites also contain 

various types of cationic sites. The overall negative 

charge of the anions is balanced by cations that 

occupy the channels within the structure, and can 

be replaced with heavy metal ions. 

 

MEA wastewater contained various negative and 

positive charge ions of residue oil. Based on chemical 

nature of zeolite, the dominating mechanism of 

sorption was ion exchange in which cations in MEA 

wastewater bind to negatively charged groups on 

the zeolite surface. However, zeolite, having lower 

adsorption capacity (i.e. lower BET value than 

activated carbon) and the fact that ion exchange 

was weaker attraction than physical and chemical 

adsorption, removed less residue oil as compared to 

chitosan, activated carbon and alum, in treating the 

MEA wastewater. Furthermore, the zeta potential 

readings also indicated that the zeolite possessed 

lower charge density ( ZP = - 38.22 mV) as compared 

to chitosan (ZP = - 13.02mV), activated carbon (ZP = - 

16.19 mV) and alum (ZP = - 34.41 mV). 

 

3.2 Effect on Removal of Suspended Solid 

 

Fig. 3.2 demonstrates the effect of adsorption on 

the percentage of suspended solid removal in MEA 

wastewater. In general, all adsorbents used in this 

study managed to reduce the suspended solids in 

the liquid sample. The untreated MEA wastewater 

was opaque and black in nature, having average 

suspended solids of 83,000 ppm. Prior to adsorption 

treatment, the MEA wastewater was pre-filtered with 

0.45 µm ceramic filter. The purpose of this pre-

filtration was to remove the coarse particles (> 0.45 

µm) in the waste water since preliminary study 

showed that directly adsorbing the suspended solids 

before pre-filtering the sample resulted in fluctuation 

of readings, making it difficult to interpret the curve. 

This suggested that the presence of coarse particles 

affected the stability of the newly formed flocs or 

agglomerates, reflected by the fluctuation of the 

collected data. Upon pre-filtration, the 

concentration of suspended solids dropped to 69,000 

ppm. 

 

Fig. 3.2 indicated that the percentage of 

suspended solids removal was a function of 

adsorbent concentration. The result showed that the 

suspended solid decreased progressively with the 

incremental increase of adsorbent from 1 wt% to 5 

wt%. The result is analogous to the removal of residue 

oil from MEA wastewater. The graph shows that 

chitosan was the best adsorbent to remove 

suspended solid compared to activated carbon, 

alum and zeolite. The performance of suspended 

solids removal was similar to residue oil removal, i.e. 

chitosan > activated carbon > alum > zeolite.  

 

Fig. 3.2 showed the first instance of introducing the 

adsorbent gave the highest impact on the removal 

of suspended solids. Region 0 to 1 wt% of adsorbents 

dosage showed the most dramatic effect, with 

removal of solids achieving 40% using chitosan, 

followed by activated carbon (28%), alum (24%) and 

zeolite (20%). Percentage of solids removal continued 

to increase slowly in response to the increase of 

adsorbent concentration until reaching the 

maximum concentration of 5 wt%. At maximum 

dosage of adsorbents application, 5 wt% Chitosan 

managed to remove 57 % of suspended solid (29,000 

ppm) while activated carbon was 49%, alum was 

43% and zeolite was 38% (42,000 ppm) respectively. 

 

It is interesting to note that without addition of 

adsorbent, even after a prolonged standing time of 7 

days, no changes were observed on the condition of 

the MEA wastewater. As adsorbent was applied onto 

the sample, coagulation started to occur and upon 

filtration, concentration of suspended solids was 

reduced significantly. However, it was also noticed 

that there was no change in colour appearance of 

the sample. As the treated sample was left standing 

further for 7 days, clear sample was observed, 

indicating further settling of fine particles at the 

bottom of the container. 

 

The observation indicated the presence of 

emulsifying agent in the residue oil within the vicinity 

of the wastewater which encapsulated the solid 

particles and prevented the particles to flocculate. 

As adsorbent was added into the wastewater, the 
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emulsifier was adsorbed, leaving the particles to 

coalesce and settled at the bottom of the container. 

Another supporting point was the fact that the 

original wastewater sample contained suspended 

solids with a range of particle sizes, ranging from 

large to fine particles. Leaving the sample standing 

for several days did not change the appearance of 

the sample. Even after pre-filtering the wastewater 

sample before treating with adsorbent, the sample 

still appeared opaque and black in colour, after 

further standing for seven days. 

 

Hence, it is obvious that adsorbent was more 

attracted to oil than solid particles. This was evident 

from the results obtained showing high percentage 

of oil residue removed from the system for all types of 

adsorbents as compared to the percentage of solids 

removed from the wastewater. The trends of removal 

observed were similar for both residue oil and 

suspended solids. Thus, it can be concluded that 

most of solid particles were removed together with 

the residue oil. Upon filtration of the treated sample, 

the wastewater was still appeared unchanged 

(opaque and black). Analysis of the wastewater 

showed almost all residue oil was removed while up 

to 57% of suspended particles were removed, leaving 

final solids concentration of 29,000 ppm (in the case 

of chitosan).The opaque and black nature of the 

wastewater indicated the presence of fine solid 

particles suspended in the liquid medium. The 

absence of emulsifier in the wastewater after being 

adsorbed by the adsorbent (chitosan, alum, 

activated carbon, zeolite) allowed the fine 

suspended solids to settle with time, resulting in a 

clear liquid after seven days standing. 
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Fig. 3.2 Percentage of suspended solids removal 

versus dosage of adsorbents 

 

  As compared to the performance of residue oil 

removal in MEA wastewater, these four types of 

adsorbents showed poor performance to remove the 

suspended solids. This happened due to suspended 

solids in the MEA waste was not 100% ionic. Some 

component such as potassium, vanadium and heavy 

metals were present in the MEA wastewater. These 

heavy metals could not be adsorbed by the 

adsorbents due to the selectivity and competition 

occurred in the MEA wastewater. In this case, the 

surface area of chitosan and other adsorbent 

preferred to adsorb the ionic charge particles 

compared to heavy metals. Therefore, after the 

adsorbents reached the maximum adsorption 

capacity, it was unable to adsorb heavy metals. 

Furthermore, the concentration of suspended solids 

in MEA wastewater was 60,000 – 80,000 mg/l while 

concentration of residue oil was 500 – 2,000 mg/l. It 

showed that the selectivity of residue oil adsorption 

was about 120 times greater than suspended solid 

adsorption. So, the adsorbents were not capable to 

adsorb all the particles in the suspension.  

 

There were also differences in the nature of solids 

and liquids interactions. The strength of adsorption 

interaction was different involving solid-solid and 

solid-liquid attractions. The surface tension and 

surface contact between particles in MEA 

wastewater with adsorbents were much weaker than 

residue oil ions with adsorbents. The interaction 

between suspended solids with adsorbents involving 

Van Der Waals interaction was not stable and easily 

to break off into the suspensions.  

 

However, the results also verified that adsorption of 

suspended solid on chitosan, activated carbon, alum 

and zeolite was insignificant at strong alkaline 

condition (pH 11). This is because at this pH condition, 

chitosan loses its cationic nature [8], whereas 

activated carbon, alum and zeolite were very 

unstable. Particularly for alum and zeolite, it was an 

extreme case, because alum and zeolite charges 

are very unstable at these alkaline conditions. 

Furthermore at this pH, the adsorption process itself is 

very unstable due to the characteristics of MEA 

wastewater. It needs to be mentioned that 

adsorbents were introduced once into the MEA 

wastewater and observation was conducted to see 

its effect on all the parameters 

 

3.3 Effect on MEA Concentration 

 

Fig. 3.3 shows the effects of varying the dosage of 

adsorbents (chitosan, activated carbon, alum and 

zeolite) on the MEA concentration in the treatment of 

MEA wastewater. As observed in the graph, no 

significant reductions of amine concentration were 

observed in the waste water. Hence, it can be 

concluded that all the different types of adsorbent 

used in this study did not adsorb amine molecules in 

the waste water during treatment, even upon 

increasing the dosage of the adsorbents. The results 

indicated that in general, the adsorbents were 

effective in reducing the residue oil and suspended 

solids and at the same time the adsorbents were inert 

to the amine group. This was due to the fact that the 

amine group itself functioned as an absorber to 

capture CO2 and H2S in the gas stream during 

absorption tower operation. This implied that the 

amine group consisted of relatively big molecules to 
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function as an absorber. Thus, adsorption treatment 

of the MEA waste water would not be able to 

capture the amine molecules. This scenario indicated 

that adsorption method of treating the waste MEA 

solution is suitable and can be explored further so as 

to rectify the proposed method of treatment. 
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Fig. 3.3 MEA concentration (MEA) versus dosage of 

adsorbents 

 

 

3.4 Effect on Reduction of Chemical Oxygen 

Demand (COD) 

 

For recycling purposes of MEA waste solution into 

the absorption process system, COD reading is not a 

parameter of concern to be monitored. However, if 

the solution is to be discharged to the wastewater 

treatment plant, then COD reading is the almost 

important parameter to be monitored since waste 

water having COD value exceeding 50,000 ppm will 

destroy the microorganism activities in the treatment 

plant. 

 

Study was conducted to measure the COD 

reading of waste water sample before and after 

adsorption treatment to examine the effectiveness of 

the absorbents in reducing the COD. This COD 

reading would show either the wastewater can be 

recycled or not. Fig. 3.4 shows the COD readings as a 

function of adsorbent dosage for the four types of 

adsorbents investigated in this research. The initial 

COD reading of the untreated MEA waste solution 

was 230,000 ppm. Based on the study, all of the 

investigated adsorbers showed effect of COD 

reduction especially upon increasing the adsorbent 

dosage. Chitosan managed to reduce 83 % of the 

COD reading to 38,500 ppm, while activated carbon 

treatment reduced the reading by 80% to 44,000 

ppm. Alum reduced the COD reading by 73% to 

62,000 ppm while zeolite by 71% to 66,000 ppm, 

respectively. All the readings were recorded at 

adsorbent dosage of 5wt%. At this dosage, only 

chitosan and activated carbon were able to reduce 

the COD reading below the requirement limit of the 

wastewater treatment plant (i.e. 50,000 ppm). 

Looking at the trend of the curves in Fig. 3.4, it was 

expected that increasing further the adsorbent 

dosage greater than 5 wt%, will eventually able to 

reduce the COD below 50,000 ppm for alum and 

zeolite.  

 

0

10

20

30

40

50

60

70

80

90

100

0 1 2 3 4 5

Dosage of Adsorbents (w%)

C
O

D
 R

e
d

u
c

ti
o

n
 (

%
)

Chitosan Activated Carbon Zeolite Alum

 
Fig. 3.4 Percentage of COD reduction versus dosage 

of adsorbents 

 

COD of MEA wastewater was high because it 

contained high organic material and heavy metals, 

especially heavy hydrocarbon contaminated from 

the gas processing. The heavy hydrocarbon consists 

of long carbon chain which is difficult to degrade. 

Removal of oil and grease as well as the suspended 

solids by the adsorption treatment contributed to the 

reduction of COD value significantly. Hence, it can 

be concluded that chitosan showed the best 

adsorbent in reducing the COD level effectively, 

followed by activated carbon and alum, while 

zeolite showed the least effective adsorbent for the 

reduction of COD, within the scope of this study. 

 

4.0 CONCLUSION 

The characterization study of MEA wastewater 

indicated the readings were obviously far from 

acceptable limit for the wastewater to be released 

as effluent and required thorough treatment even for 

the purpose of sending to the wastewater treatment 

plant of the company. Since high MEA concentration 

was measured in the wastewater, it makes more 

sense to treat the waste MEA for the purpose of 

recycling it back into the system rather than disposed 

it to Kualiti Alam. 

Adsorption technique using Chitosan, Activated 

Carbon, Alum and Zeolite were selected since these 

adsorbents did not react with MEA concentration. 

Chitosan showed the best performance as an 

adsorbent to remove residue oil, suspended solid and 

reducing COD level compared to activated carbon, 

alum and zeolite. Chitosan and activated carbon 

systems showed more than one mechanism of 

adsorption involved in each of the system. Chitosan 

functioned through chemical adsorption at low 
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dosage, while further increasing the dosage 

increased the electrostatic field of the system 

significantly and contributed to the increase in the 

percentage of removal through electrostatic 

adsorption. Activated carbon, having large 

area/volume ratio, adsorbed residue oil droplets 

through physical adsorption and at high dosage also 

showed significant contribution of electrostatic 

adsorption taking place. Alum and zeolite systems 

indicated that only one single mechanism of 

adsorption took place during the treatment process. 

Alum, a typical flocculating agent in water treatment 

plant, mainly adsorbed residue oil droplets through 

chemical adsorption. Zeolite, on the other hand, 

mainly adsorbed the residue oil droplets through 

physical adsorption. 

The lower negative value of zeta potential in 

chitosan indicates its readiness to accept particles 

and oil droplets as compared to activated carbon, 

alum and zeolite which have relatively higher zeta 

potential values.  

The high values of BET for activated carbon and 

zeolite confirmed the suggestion that adsorption of 

residue oil by these adsorbent were mainly through 

physical adsorption. Similarly, the low values of BET for 

chitosan and alum supported the suggestion that 

chemical adsorption was the main mechanism in 

removing residue oil for both of the systems. 
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 Abstract 
 
Direct ethanol alkaline fuel cells (DEAFCS) are increasingly being developed to replace or 
support conventional batteries due to high energy density, modular and simple to 
construct, compact and lightweight cell. This paper investigated the mass transport 
behavior within the DEAFCs. The two dimensional mathematical modeling incorporated 
with cross over effects of ethanol via AEM was developed to predict the cell behavior. The 
developed model is validated against published experimental data in the literature. The 
results of the numerical simulation shown the higher ethanol feeding at anode generated 
higher parasitic current at cathode and lowering the cell performance. In order to avoid 
detrimental crossover effects, the DEAFCs should be feeding with ethanol concentrations 
lower than 8M at tested temperature.  
 
Keywords – Fuel Cell, Modeling, Mass transport 
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1.0  INTRODUCTION 

 
The growing demand for power and energy for 
portable devices such as cellular phones, PDAs, 
portable computers, etc. on the one hand and the 
limited energy density of the Li-ion batteries on the 
other, makes the direct alcohol fuel cell (DAFC) an 
attractive candidate for powering these devices[1]. 
DAFCs posses several advantages in terms of structure 
design and performance, such as modular and simple 
to construct, compact and lightweight cell. Direct 
methanol fuel cells (DMFCs) are increasingly being 
developed to replace or support conventional 
batteries due to high energy density [2][3][4]. 
However, methanol is nonrenewable, has a high 
toxicity, volatile and flammable substance make the 
use of methanol may result in major issues if applied to 
portable devices [5]. Ethanol is an attractive alcohol 

to be fed in DAFCS, has a variety of advantages over 
other fuels, such as hydrogen and methanol, including 
a substantially higher energy density of 8.00 kWhkg-1 
and nontoxic, which avoids environmental pollution 
issues [6] [7],[8].  
Direct ethanol fuel cells (DEFCs) can be operated in 
acidic medium using polymer electrolyte membrane 
(PEMs) or alkaline medium with anion exchange 
membrane (AEMs). It is worth to be noticed that the 
use of low cost AEMs exhibited better performance 
values (i.e., the state-of-the-art peak power density is 
about 185mWcm-2 at 80oC over Au- modified Pd 
catalysts supported on carbon nanotubes)[9]. On the 
other hand, DEFCs operated with PEMs (typically 
Nafion type) exhibit relatively low performance (i.e., 
the state-of-the-art peak power density is 110mWcm-2 
at 145oC over 4 mg of total Pt loading)[10]. The 
inherently faster kinetics of ethanol oxidation reaction 
(EOR) and oxygen reduction reactions (EOR) in 
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DEAFCs compared to in acidic media, allow the use of 
non-noble metal catalyst to reduce the fuel cell cost 
[11][12] [13]. Unlike in PEMs, the ion transport within the 
AEMs will be from cathode to anode, opposing the 
direction of, is alleviated the ethanol crossover[14]. 

However, the DEAFCs performance is still 
relatively low due to poor electrochemical kinetics 
EOR and low conductivity of state of the art AEMs and 
ionomers (the state of  the art peak power density is 
1.6 mW/cm2 at 60oC)[15]. Thus, Current trends showed 
the priority research direction in the field of DEAFCs 
focusing on the synthesis of alkaline 
membranes[14],[16],[19]–[23]and electrocatalysts for 
the EOR and ORR in alkaline media [9], [22]–[28]. 
Despite the ongoing scientific breakthrough of 
material development, seeking for better catalyst and 
AEM, the optimal DEAFC design associated to 
operating conditions, physical and electrochemical 
paramaters and geometric design parameters is 
significantly yield better performance. Poor reactant 
mass transport characteristic  is obviously lowering the 
cell performance[29]. This mass transport issue is a 
complex physiochemical process inside DEAFC  which 
is hard to quantify by experimentally. An alternative, a 
mathematical modeling offered advantages such as 
less time and cost consuming, flexibility to investigate 
the mass transport in DEAFCs. Thereby, the primary 
focus of this paper is modeling and assessment of two 
dimensional effects incorporated crossover effects for 
the sake of better understanding the transport process 
within DEAFCs system.  

 

2.0  METHODOLOGY 

 
2.1 DEAFC’s principle 
A schematic diagram of DEAFCs is illustrated in figure 
1. The model was developed for single DEAFCs for 
each single layer anode diffusion layer (ADL), anode 
catalyst layer (ACL), an anion exchange membrane 
(AEM),a cathode catalyst layer (CCL) and a cathode 
diffusion layer (CDL). The ethanol oxidation reaction  
(EOR) occurred at ACL as expressed in equation (1) 

   

  (1)  

 
The oxygen reduce rate (ORR) as depicted in 
equation (2).  

          (2)

   
The overall reaction for DEAFC as expressed in 
equation (3) 

        (3)  

 
2.2 Mass transport Model 
In order to determine the species reactant transport 
rates in the both electrodes and the consumption 
rates at electrode-membrane interface, it is necessary 
to determine the species concentration profile using 
mass transport model. Based on these assumptions, 
the governing equations for two dimensional DEAFCs 

model are given below. 
 

 

 

 

 

 

 

 

 

 

 

Figure1 Diagram of Direct Ethanol Alkaline Fuel Cells 
(DEAFCs) 
 
2.2.1 Governing equations 
The general conservation mass equation over a 
differential element, considering both effects of 
convection and mass diffusion as expressed in 
equation (4).  
 

     (4) 

  
where the first term on the left hand side represent the 
time dependent,  is the flux of species  is the 

volumetric species molar concentration. For the 
diffusion flux given by Fick’s law, the conservation mass 
equation is expressed as equation (5) 
 

  (5) 

 
 For Cartesian coordinate, steady state condition, the 
convection effects is negligible, the species transport 
equations for two dimensional is expressed in terms of 
mole concentrations  as expressed in equation 6) to 
(10) The  source term is eliminated for ADL, CDL and 
AEM due to no species consumption in the absence of 
any kind of reactions.  
 

ADL :        (6) 

ACL :        (7) 

CCL :      (8) 

 

CDL :       (9) 

 

AEM :   (10) 

 
The above conservation equations are coupled with 
respective source terms involving the electrochemical 
reactions The detailed of electrochemical model and 
cell performance calculations including transport 
coefficients can be found elsewhere  [30] 

       

             AFF   ADL  ACL  AEM CCL CDL   CFF 

 

CO
2
  O2 

Ethanol + 

NaOH 

Water 
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2.3 Boundary Conditions 
 
At the inlet of each flow channel, all the variables 
are given based on the reactant supplying 
conditions, while the boundary conditions at the 
outlet of each flow channel are given by assuming 
that the flow is fully developed and the gradient of 
concentration of each species is zero. With respect 
to the external walls, the non-slip flow boundary 
condition for flow and the impermeable-wall 
condition for species and mass transfer are 
specified.  
The computational domain is enclosed by 6 
boundaries. The boundary conditions at each 
boundary are described below. 
Boundary 1 and  5: This boundary represents the 
inlet of reactant supply at the anode and cathode 
respectively, at which the concentration of liquid 
ethanol, liquid NaOH and oxygen gas are specified 
to be inlet conditions: 

 ,  

Boundary 2 and 5: This boundary is the interface 
between ADL/ACL and CDL/CCL respectively. The 
EOR and ORR are considered take place here at 
the surface . The species consumption as depicted 
in EOR equation is coupled with mass transport 
model as well as the convective mass transfer 
coeffiecient,  in the anode channel While the 

oxygen consumption in ORR taken into account in 
the oxygen flux balance. All the equations are 
given given based on the principle that the 
continuity and mass/species flux balance are 
required for each interface to satisfy the general 
mass and species conservation of the entire cell. 

 

 

 
Boundary 3 : This boundary denote interface 
between ACL/AEM . Two different cases 
considered here, which are the ethanol flux in the y 
direction are zero assuming the flow is fully 
developed, while the OH concentration 
considered as zero due to OH crossover is 
negligible.  

 
Boundary 6 and 7 : This boundary represents the 
external walls, the non-slip flow boundary condition 
for flow and the impermeable-wall condition for 
species and mass transfer. Accordingly, all the 
fluxes in the x direction are zero at this boundary: 

 
 

 

3.0  RESULTS AND DISCUSSION 
 

3.1 Model validation 
 
Figure 2 shows the comparison of performance 
curve from simulation result with experimental 
data[21]. The operating parameters, coeficients 
and constant were taken as listed in table 1.  The 
experiment was performed with supplying 3.0M 
ethanol and 5.0M NaOH to the anode at flow rate 
1ml/min and pure O2 at a flow rate of 100 
standard cubic centimeters per minute (sccm) 
pumped to the cathode. The MEA setup consist 
non-Pt catalyst (Fe-Co K-14 HYPERMEC (ACTA)) at 
anode, PdNi/C catalyst at cathode and AEM 
(Tokuyama A201). The comparison showed the 
simulation result experimental data are in good 
agreement. Thus, the model can be used for 
further mass transport analysis. 

 

Figure 2 Comparison of predicted performance 
(polarization curve) with  experimental data [21] at 
T=600C. 
 
3.2 Concentration Profile 
Figure 3 shows the numerical prediction of different 
ethanol concentrations profile across the anode 
and AEM at current densities of 3000 A/m2. The 
concentration profile along ADL is not much 
change as no reaction occurred in this layer. 
However, the ethanol concentrations significantly 
dropped in the ACL due to the consumption in 
EOR as equation (1). The slope is higher for 
concentrated ethanol because of higher 
crossover. 
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Figure 3 Predicted concentration profile along 
ADL, ACL and AEM for different ethanol feed 
concentrations with fixed NaOH 3M at T=600C. with 
the cell operation current density of 3000 A/m2. 
 
 
 3.3 Crossover effects  
The crossover effects for different ethanol 
concentrations with fixed KOH (5M) added at 60oC 
was shown figure 4. It obviously shows the higher 
ethanol feeding resulting higher parasitic current 
formation at any range of cell current density 
operations. This is because the concentrated 
ethanol have higher permeation rate through the 
membrane and reacted with oxygen at cathode 
producing unwanted current. This finding is 
consistent with previous findings [31]. Thus, this 
model predicts the cell should be feeding with 
ethanol concentrations less than 8M, because the 
crossover currents almost double leads to poor cell 
performance and wasted fuel.  
 

 
 

Figure 4 2D numerical prediction of parasitic current 
formation for different ethanol concentrations at 
T=60oC. 
 

 

4.0  CONCLUSION 
 
In this study, a two dimensional model for direct 
ethanol alkaline fuel cells (AAEMFC) has been 
developed. The model shows the fuel feed 
concentrations play significant role on crossover 
effects. The model predicts feeding the DEAFC with 
ethanol concentrations higher than 8M will cause 
the detrimental effects including lowering cell 
performance, wasted fuel and electrode corrosion. 
However, the investigation on mass transport 
factors affecting the DEFC’s performance and 
stability are just at their very initial stage, and there 
is still much room to improve for DEAFCs 
development. In order to realize the direct use of 
ethanol as the fuel for fuel cells, the breakthrough 

in the proper cell design  and  mass transport is the 
rate-determining step. 
 
Table 1: List of physiochemical, operating conditions,  
design parameters and species diffusion coefficient . 
 

Parameter Symbol Value Unit Ref 
Pyhsiochemical 
 Faraday’s 
constant 

F 96485 Asmol
-1 

- 

Gas constant R 8.314 Jmol-
1K-1 

- 

Number of 
anode 
transferred 
electron 

 12 - - 

Number of 
cathode 
transferred 
electron 

 4 - - 

Anode 
transfer 
coefficient  

 0.5  assumed 

Cathode 
transfer 
coefficient 

 0.3  assumed 

Anode 
exchange 
current 
density 

 50  [32] 

Cathode 
exchange 
current 
density 

 44  [32] 

Anode 
standard 
potential 

 -0.74 V [33] 

Cathode 
standard 
potential 

 0.4 V [33] 

Operating parameters 
Pressure P Pa  
Reference O2 
concentratio
n 

 
 

mol 
m-3 

 

Reference 
ethanol 
concentratio
n 

 3000 mol 
m-3 

[15] 

Reference 
OH- 
concentratio
n 

 5000 mol 
m-3 

[15] 

Contact 
resistance 

   [34] 

Conductivity 
of 
membrane 

 5.5  [16] 

Operating 
temperature 

T 333.15 K  

 
 
 

    

Design parameters 
Porosity 
anode DL 

 0.8   

Thickness 
anode DL 

  m  

Porosity  0.7   
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anode CL 
Thickness 
anode CL 

  m  

Porosity 
cathode DL 

 0.7   

Thickness 
cathode DL 

  m  

Porosity 
cathode CL 

 0.7   

Thickness 
cathode CL 

  m  

Thickness of 
membrane 

  m  

Channel 
width 

  m  

Channel 
depth 

  m  

Species diffusion coefficient constant  
Diffusivity of 
Na 

  [35] 

Diffusivity of 
OH- 

 
(T/298.1

5)1.5 

 [35] 

Diffusivity of 
ethanol 

 
exp(319
9(1/350)
-(1/T)) 

 [36] 

Diffusivity of 
O2 

  [37] 

Diffusivity of 
ethanol in 
membrane 

 
 
exp(319
9(1/350)
-(1/T)) 

 [29] 
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Abstract 
 
Biodiesel is primarily fatty acid methyl ester and has been widely promoted as a 
green fuel for vehicles replacing typical petrodiesel fuel from non-renewable 
fossil fuel. This study focused on the production of Fatty Acid Methyl Ester using 
Potassium supported on Oil Palm Frond (OPF). The transesterification process in 
batch reactor was employed to study the effects of catalyst loading and 
reaction temperature in the production of fatty acid methyl ester using 
potassium supported catalyst on OPF. The highest yield was obtained from OPF 
supported catalyst or activated carbon, 10wt% of catalyst loading 
approximately at 60°C reaction temperature. From this study, it can be 
concluded that OPF supported catalyst of potassium hydroxide is an effective 
catalyst for transesterification of refined palm oil to produce fatty acid methyl 
ester. 
 
Keywords— Fatty Acid Methyl Ester, biodiesel, Potassium, heterogeneous 
catalyst, Biodiesel, Supported carbon 
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1.0 INTRODUCTION 

 
Biodiesel is produced from vegetable oils or 

animal fats which are renewable feedstocks that 
present in the form of monoalkyl esters of long chain 
fatty acids [1,2]. Biodiesel gives less emission and 
impact to the surrounding and environment instead 
of fossil fuels. In order to reduce emission of carbon 
dioxide from combustion of fossil fuels, impressive 
alternatives, such as biodiesel and bioethanol, were 
found by previous researchers [3], hence creating 
biodiesel as a widely known, clean biodegradable 
energy source. Different areas have different 
geographical conditions which contribute to the 
different types of vegetable oil produced in Malaysia 
ait nd palm oil is the major feedstocks for biodiesel 

production since Malaysia is one of the world’s 
largest palm oil producers and exporters [4]. The 
advantages of biodiesel are non-toxic and 
biodegradable to the environment and it produces 
low emission of unburned hydrocarbon and 
particulate matter and also contains a higher cetane 
number [3,5]. 

There are four primary ways to make biodiesel, 
which are direct use and blending, microemulsions, 
thermal cracking (pyrolysis) and transesterification [3]. 
The most commonly used method is 
transesterification of vegetable oils or animal fats. 
Transesterification process is a process that converts 
triacylglycerides which is the main component of 
vegetable oils or fat to fatty acid monoalkyl esters 
that has lower molecular weight [6].   
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Transesterification process is the reaction 
between triacylglycerols with alcohol to produce 
fatty acid methyl ester (FAME) and glycerol [7] and 
from this reaction, Fatty acid methyl ester is 
produced, along with glycerol. In stoichiometric form 
of the transesterification process, one mol of 
triglyceride reacts with three mol of alcohol in the 
presence of strong catalyst, producing a mixture of 
fatty acid alkyl esters which is the biodiesel and 
glycerol. Usually, the alcohol used in the process of 
transesterification of biodiesel is methanol. Catalyst 
selection for transesterification is based on the free 
fatty acid (FFA) content of the oil. If the FFA content 
is high, acid-catalyzed is used, while for oils with lower 
content of FFA, base-catalyzed is preferable in the 
transesterification process. Furthermore, the base-
catalyzed is the most desirable and is relatively faster 
than acid-catalyzed [9]. However, excess alcohol is 
required (six mol alcohol) to make sure the process 
completely reacts with each other because the 
process is reversible. 

Homogenous catalyst is usually used for 
transesterification process, however, due to the 
industrial applicability, the homogenous catalyst has 
its own limitations. The usage of homogenous catalyst 
in biodiesel production makes it to dissolve 
completely in glycerin layer and partially in FAME 
layer, which makes the product becomes really hard 
to be separated. As a result, the biodiesel needs to 
go for further process which is more complex and 
more costly in order to remove the undesired 
components. Another disadvantage of homogenous 
catalyst is that the catalyst cannot be recycled and 
is non-reusable [9]. On the contrary, heterogeneous 
catalysts is used because they have higher biodiesel 
yield, which is higher glycerol purity, easier catalyst 
separation and recovery, much cheaper, safer, more 
environmentally friendly and does not require further 
and harder separation processes which require a lot 
of energy and can lead to degradation of both the 
product and catalyst used. Activated carbon acts as 
a supporting catalyst is needed to provide more 
specific surface area and pores to hold the catalyst 
[8,12]. There are various activated carbon, like oil 
palm frond (OPF) and oil palm kernel shell (OPKS). 

 Hence, this experiment was conducted to 
study the effects of reaction temperature and 
catalyst loading, wt% in transesterification process on 
the percentage yield of fatty acid methyl ester 
(FAME). 

 

2.0  METHODOLOGY 
 
2.1 Preparation of Catalyst 

Cuts of oil palm frond were obtained from a nearby 

factory and they were washed with distilled and pipe 

water to clean up the remaining bits of dirt. It was 

dried in the oven under the temperature of 120°C for 

3 hours. Then, the dried sample was carbonized in a 

furnace at 600°C for 3 hours [10]. The activated 

carbon produced was grounded, sieved and 

impregnated with 1.0 M of Potassium Hydroxide 

(KOH) with 10wt% and 20wt% of loading metal each. 

These impregnated OPF then calcined in a furnace 

at 450°C for 3 hours [10].  

2.2 Transesterification Process 

Transesterification was carried out in a 250ml three-
necked flask acting as a batch reactor equipped 
with thermometer, stopper, condenser and magnetic 
stirrer with a retort stand to hold the three-necked 
flask in a mantle heat for 3 hours reaction time. The 
reflux condenser in this experiment was used to 
condense the methanol vapour back into the 
process. The oil, catalyst and methanol were 
measured in the desired quantities according to the 
molar ratio of methanol to oil, which is 10:1, while the 
ratio of oil to catalyst is 10:1 in weight percentage, 
wt% and the catalyst loading metal of 10 wt%. 
Refined palm oil was added into three-necked flask. 
The oil was first heated until the temperature reached 
its constant at 50oC, and then the methanol and 
potassium catalyst supported on activated carbon 
was added. The mixture was then stirred continuously 
at a constant agitation time for 3 hours. Experiments 
were repeated at different reaction temperature of 
55 and 60oC and at catalyst loading metal of 20 wt%. 
The molar ratio of methanol to oil, which is 10:1, the 
ratio of oil to catalyst, 10:1 in weight percent and the 
reaction time of 3 hours, were kept constant. 

After the reaction was completed, the flask 
was allowed to cool down at the room temperature. 
Then, the mixture was placed into a centrifuge tube 
to be centrifuged with the agitation of 3000 rpm for 
20 minutes in order to clarify the separation layer of 
the mixture. Three layers were formed in the mixture 
where the bottom layer was the catalyst, the middle 
layer was the FAME and the upper layer was the 
glycerol. After the FAME was separated from the 
mixture, the sample of FAME was added with n-
hexane which the ratio of FAME to n-hexane is 1:1 in 
a small bottle [11]. The sample of FAME went through 
the analysis of the Gas Chromatography–Mass 
Spectrometry (GCMS) [13] in order to get the FAME 
conversion. 
 

3.0 RESULTS AND DISCUSSION 
 

3.1 Effects of Reaction Temperature 

 

Figure 1 shows the production of FAME for 10 wt% of 
active metal catalyst was the highest at reaction 
temperature of 60⁰C which is 82.93% than that of 
50⁰C and 55⁰C, while the lowest production of FAME 
was at 50⁰C which is 13.83%. Therefore, for the 
production of FAME at 20 wt% of active metal 
catalyst, the highest was at reaction temperature of 
60⁰C which is 78.83%, while the lowest production of 
FAME was at 50⁰C which is 17.93%. This is because the 
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high reaction temperature will speed up the reaction 
of the reactants, but the transesterification process 
did not occur only at high temperatures, it also 
happened at different level of temperatures such as 
at ambient temperature or a temperature closes to 
the boiling point. Furthermore, the differences in the 
percentage of yield of FAME at different 
temperatures were due to the increase in 
temperature, which increases the transesterification 
and the saponification process [15]. However, the 
transesterification process can be maximized and the 
saponification process can be minimized by 
increasing the alcohol-to-oil molar ratio. The ratio 
used in this experiment was 10:1, which could 
adequately help derive the reaction equilibrium 
forward [16]. 
 

 
Figure 1 The effects of reaction temperature, ˚С on the 

percentage yield of fatty acid methyl ester 

 
3.1 Effects of Catalyst Loading 
 
The production of the FAME was the highest at 10 
wt% of active metal catalyst than that of 20 wt% of 
active metal catalyst which can be seen from the 
Figure 2 above. The highest production of FAME from 
the 10 wt% was 82.93%, while the highest production 
of FAME was from 20 wt%, which is only 78.83%. Based 
on the analysis obtained from this experiment, it was 
concluded that at 10 wt% of the active metal 
catalyst is the best in the production of FAME. 
Theoretically, when the concentration of catalyst 
increases, the reaction condition will be faster and 
will give a better yield of production [15]. However, 
every reaction has its optimum catalyst 
concentration value. For the active metal catalyst of 
KOH and OPF, the optimum catalyst concentration is 
at 10wt% and if the value goes beyond that value, 
the production of FAME starts to drop. The excessive 
amount of the catalyst will participate in the 
production of saponification and thus it will decrease 
the production of FAME and produces more soap 
[17]. 
 

 
Figure 2 The effects of catalyst loading, wt% on the 

percentage yield of fatty acid methyl ester. 
 

 

4.0 CONCLUSION 
 
Based on all the analysis and experimental results 

obtained and illustrated, it can be concluded that oil 
palm frond (OPF) could be an effective catalyst 
carbon support for active metal, which in this 
research is potassium. Furthermore, 10 wt% of catalyst 
loading and 60°C reaction temperature give higher 
yield of FAME. Hence, further research still needs to 
be done to investigate other parameters which may 
also give significant effect to the production of FAME 
such as different reaction time, different types of 
active metal, different types of carbon support and 
different calcination temperature. 
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Abstract 
 

Catalyst is a chemical substance that can increase the reaction rate of a chemical process 

without changing the process. There are many types of catalyst that can be used in a 

chemical process. The common catalysts used are homogeneous and heterogeneous but 

the demand for the heterogeneous catalyst is more as compared to that of the 

homogeneous catalyst. This is due to the fact that homogeneous catalyst has a lot of 

limitations and disadvantages. Thus, this study is to synthesize the heterogeneous catalyst of 

potassium/oil palm kernel shell at a different ratio of weight percent of loading active metal 

and oil palm kernel shell and to analyze the characterizations of the catalysts by using TGA. 

The parameters used in this study are the ratio of weight percent of loading active metal 

and oil palm kernel shell, the molarity of KOH solution and the calcination temperature. As a 

conclusion, the catalysts were successfully synthesized. All the catalysts produced were 

thermally stable and have the potential to be used in the production of biodiesel. 
 

Keywords— Activated Carbon, Biodiesel, Supported carbon, Heterogeneous catalyst, 

Homogeneous catalyst 
© 2016 ICET 2016. All rights reserved 

  

 

 

1.0 INTRODUCTION 

 
To increase the reaction rate of a chemical 

process without changing or interrupting the process, 

a catalyst is needed since it can create an 

alternative pathway for the reaction to take place 

thus reducing the activation energy and increasing 

the rate of reaction. There are two types of catalyst 

that are generally used, which are homogeneous 

and heterogeneous catalysts. The homogeneous 

catalyst is a sequence of reactions that involved a 

catalyst in the same phase as the reactant while the 

heterogeneous catalyst refers to the form of catalysis 

where the phase of the catalyst is different from that 

of the reactants.  In a recent study, it was found that 

the heterogeneous catalyst was used in a biodiesel 

production due to the fact that the catalyst is 

recyclable as compared to homogeneous catalyst 

[1]. Typically, the amount of catalyst needed in a 

chemical reaction relies heavily on the amount of 

the chemical reactant used. The common types of 

catalyst that are used for a biodiesel production are 

homogeneous catalyst and heterogeneous catalyst. 

The catalyst can be either in the base, acid or 

enzyme form. Each type of the catalyst has its own 

advantages and disadvantages. The process of 

choosing the type of catalyst used for a research is 

important in order to meet the characteristic of the 

catalyst required in that research. 

In the production of biodiesel, homogeneous 

alkali catalysts, like KOH and NaOH, are the most 

common catalysts used. These economical catalysts 

can expedite to lower the reaction times and to 

increase their mobility and ease of storage [2]. It has 

been reported that the reaction rate of 
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homogeneous base-catalyzed has 4000 times faster 

than that of homogeneous acid-catalyzed [2]. 

However, homogeneous base-catalyzed 

transesterification is very sensitive to the presence of 

free fatty acids (FFA) in the oil, which can cause to 

the development of undesired soap. Production of 

soap can lower the reaction yield and facilitate the 

formation of emulsions and cause the downstream 

separation process becomes difficult [2]. In order to 

avoid saponification to occur, the reactant for the 

alkali-catalyzed transesterification must be anhydrous 

[3], which contains no water. The yield of the resulting 

esters can be lowered by the formation of soap and 

causing difficulties in the separation and purification 

process. As for the heterogeneous catalyst, it is the 

alternative method that is appropriate to replace the 

usage of alkali or acid homogeneous catalyst in a 

biodiesel [4]. A heterogeneous catalyst can be easily 

removed from the formed biodiesel. The examples of 

the heterogeneous catalyst that can be used are 

basic solid catalyst, acidic solid catalyst, acid-base 

solid catalyst and enzymatic catalyst [5]. Activated 

carbons (ACs) are known as porous materials which 

have a wide surface area and have a great 

adsorption capacity. Activated carbons are 

acknowledged as an effective substance in 

removing pollutants such as gases, dyes, pesticides 

and heavy metal and they are used to detoxify, 

purify, filter, discolor or adjust the concentration of 

many liquid and gaseous materials and deodorize 

[6].These utilizations are the main concern in many 

industrial sectors such as chemical, food, mining, 

pharmaceutical, oil and in the treatment of drinking 

water [6]. Furthermore, it has been found that 

activated carbon is a great effective catalyst 

support in liquid and vapour phase reactions and 

hence, in a transesterification reaction. Activated 

carbon possesses a great surface area, allowing 

catalyst to scatter over it effectively. The bones of 

activated carbon are completely inert, providing no 

interference with the process of transesterification 

itself. However, the reaction could be improved by 

lowering the ash content of carbon. Activated 

carbon could also be utilized in a reaction with high 

temperature and pressure because the surface 

property of activated carbon does not change at 

high temperature and pressure [7].   

Oil palm kernel shells (OPKSs) are the unwanted 

product of the extracting emollient from oil palm 

trees by pulverizing the palm nut in the palm oil mills. 

Being the second largest country that produces palm 

oil, Malaysia contributes to a large amount of palm 

oil wastes and this initiates many researchers to 

determine ways to overcome the waste problem. As 

a result, OPKSs have been used in many industries as 

a root based material, granular strainer material for 

treatment of water and floor roofing [8]. In a recent 

study, it has been found that potassium hydroxide 

(KOH) was the most used heterogeneous catalyst in 

the production of biodiesel [9] KOH has been 

supported by ACs to increase the catalyst 

performance, the catalytic activities of Na/NaOH 

/Aluminium and K/KOH/Aluminium toward the 

process of esterification. The process was improved 

with the presence of a strong, basic site in the 

catalyst, that was resulted by the ionization of 

potassium or sodium based [10].  

The temperature of a calcination process plays 

an important role in determining the percentage 

yield of FAME production. In achieving the high 

catalytic performance, it is vital to optimize the 

calcination of temperature in the preparation of a 

catalyst [6]. In can be proven from the study by Xie 

and Huang (2006), the catalyst, like KI/Al2O3 and 

KNO3/Al2O3, was calcined at 500°C- 600°C, showed 

better performance in the transesterification of 

vegetable oil. As the temperature of the calcination 

process increases, the surface area of the particles 

decreases but the size of the pore and the pore 

volume the catalysts increases [11]. 

Thermo Gravimetric Analysis (TGA) is commonly 

used to determine the selected properties of 

materials that exhibit either the mass loss or gain due 

to the decomposition, oxidation, or loss of volatiles 

(such as moisture). The importance of the mass loss 

study is it can evaluate the thermal stability of a 

material. In a desired temperature range, there will 

be no observed mass change if the species is 

thermally stable. The mass loss that corresponds to 

little or no slope in the TGA trace could be 

neglected. Besides that, TGA also gives the upper 

use temperature of a material. The material will be 

degrading if it exceeds the temperature.  
Therefore, this study was conducted in order to 

synthesize the heterogeneous catalyst of 

potassium/oil palm kernel shell (K/0PKS) at a different 

ratio of weight percent (wt%) of loading metal and 

oil palm kernel shell and to determine the thermal 

stability of the catalyst produced in terms of 

percentage loss of mass as the function of 

temperature by using Thermo Gravimetric Analysis 

(TGA). 

 

2.0  METHODOLOGY 
 

2.1 Raw Materials and Chemicals 

In this experiment, the raw material used to 

produce activated carbons is oil palm kernel shells 

(OPKSs) which were collected from a factory. For the 

production of a catalyst, distilled water and 

potassium hydroxide solution were used.  

2.2 Preparation of Activated Carbon 

OPKSs have been washed by using distilled 

water for several times to remove any impurities and 

dirt, followed by a sun drying process to remove the 

moisture content that was present in the OPKSs. After 

that, the OPKSs were dried further, using an oven for 

3 hours at 200oC.  Later, the dried OPKSs were burned 

in a furnace for 3 hours at 500℃ to produce 
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activated carbons and this process is known as 

carbonization process. Then, the activated carbon 

was grinded by using a mortar or blender in order to 

reduce its size. Finally, it was sieved with the size 

between 45 µm to 1000 µm. 

 

2.3 Wet Impregnation Process 

The mass of ACs needed was weighed by 

using an electronic balance and the volume of KOH 

solution needed was measured using a burette. Then, 

the AC powder and the KOH solution were mixed in 

a beaker and heated on a hot plate at 150°C for 

several hours until the solution evaporated and dried. 

Later, the dried reaction mixture was placed in an 

oven at 120°C for 2 hours to ensure all the moisture in 

the mixture was removed and finally, the dried 

mixture was calcined for 3 hours at 550°C by using a 

furnace. 

2.3 Thermo Gravimetric Analysis (TGA) 

All samples of the catalyst produced were 

analyzed by using TGA. TGA is one of the techniques 

used to examine the decomposition of a solid. Its 

principal uses include the measurement of a 

material's thermal stability and composition. TGA 

provides a significant measurement of mass change 

in materials together with the transition and thermal 

degradation. TGA records change in mass from 

dehydration, decomposition, and oxidation of a 

sample with time and temperature. 

3.0 RESULTS AND DISCUSSION 
 

The study was intended to characterize the catalyst 

produced in term of percentage of mass loss as the 

function of temperature by using TGA was performed 

at the target temperature of 100°C (boiling point of 

water) and 759°C (boiling point of K) and at a 

constant temperature ramping rate which was 

between 0°C – 1000 °C/min. The purpose of the 

analysis was to study the decomposition behavior of 

powdered K/OPKS catalysts. Measurements were 

used to determine the percentage of mass loss of K 

and to predict the thermal stability of the catalyst at 

the temperature up to 1000°C. 

TGA curves displayed generally two stages 

of degradation. The first stage represented the 

dehydration process of the samples which indicates 

the moisture. During this stage, water and moisture 

components were removed and the losses of 

moisture content occurred at an average 

temperature, which was below 200°C, for all the 

samples. For the second stage, it exhibits the 

decomposition of potassium in the metal carbon. 

During this stage, the chemical bonds between OPKS 

and potassium began to break and the lightest 

volatile compounds were released [12]. It was 

observed that the decomposition of K occurred at 

an average temperature below 600°C for all 

samples. The difference between the first stage and 

the second stage is that the temperature 

degradation was higher in the second stage as 

compared to that in the first stage due to the higher 

energy required to break the bond of the potassium. 

The remaining material was considered as residue. 

This happened because of the chemical reaction 

that took place when using high temperature in the 

reaction. 

At the temperature between 90°C-200°C, 

the dehydration process occurred. In this process, 

water and other moisture that existed in the catalyst 

were completely removed. The decomposition of K 

happened at the temperature between 500°C to 

700°C and during this process, the metal (potassium), 

which was present in the catalyst, started to vaporize. 

The boiling point for potassium is at 759°C and it 

vaporized when the temperature was above its 

boiling point. The upper limit of temperature that the 

catalyst can withstand is around 800°C. Therefore, 

the metal carbon still existed between 0 - 800°C but 

the metal completely turned into residue when the 

temperature is above 800°C. All the activated 

carbon and metal turned into ashes after going 

through the high temperature process. 

Figure 1 and Figure 2 show the graph of TG 

and DSC for the sample catalyst of 10 wt% of 1M KOH 

and 20 wt% of 1M KOH respectively at the 

calcination temperature of 450°C. TG is represented 

by the thermal gravimetric (the red line) and DSC 

was represented by the differential scanning 

calorimeter (the blue line). In the first stage of 

degradation, which the hydration process occurred, 

it was found that the gradient of the graph is steeper 

as compared to that of other stage. This was due to 

the loss of water at 0°C to 150°C and the loss of mass 

was about 10%. The gradient of the graph decreases 

after several degree of temperature.  

In the second stage of degradation, the 

decomposition of K occured, K started to vaporize. 

The losses of K started to occur from 500°C until 759 

°C. Both Figure 1 and Figure 2 show the same 

patterns. It is also observed in Figure 1 that about 25% 

loss of mass occurred at 759°C for the catalyst 

consists of 10 wt% of 1M KOH and about 30% of mass 

still existed at the temperature of 1000°C. Figure 2 

shows that for the catalyst which consists of 20 wt% of 

1M KOH, about 40% loss of mass occurred at 759 °C 

and about 45% of mass still existed at the 

temperature of 1000°C. Different wt% of metal 

loading behaves slightly similar in terms of water loss 

and mass loss due to thermally exposed to high 

temperature. 
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Figure 1 10wt% of 1M KOH 450 °C (TG, DSC) 

 

 
Figure 2 20wt% of 1M KOH 450 °C (TG, DSC) 

  

From the result, both figures show that the 

carbon support made from OPKS is thermally stable 

to be used as the carbon support for the catalysts of 

K/OPKS. The catalysts are thermally stable if they are 

used in the transesterification process for biodiesel 

production. The reaction temperature in the 

transesterifincation process of biodiesel production is 

only about 30°C-60°C [13], which is still within the 

temperature which K still exists within the catalyst.  
 

 

4.0  CONCLUSION 
 
Therefore, all the catalysts produced were found 

to be thermally stable at different ratio of metal 
loading. Higher ratio of metal loading gives higher 
thermal stability to the catalyst and had the potential 
to be used in the production of biodiesel. OPKS in the 
other way could have a good potential to be used 
as carbon support in the production of catalyst as it is 
thermally stable at high temperature. 

References 
 
[1] Agarwal, M., Chauhan, G., Chaurasia, S., & Singh, K. 

(2012). Study of catalytic behavior of KOH as 

homogeneous and heterogeneous catalyst for biodiesel 

production. Journal of the Taiwan Institute of Chemical 

Engineers, 89-94. 

[2] Mazubert, A., Poux, M., & Aubin, J. (2013). Intensified 

processes for FAME production from waste cooking oil:A 

technological review. Chemical Engineering Journal, 201-

223. 

[3] Lin, H.C., & Tan, C.S. (2014). Continuous transesterification 

of coconut oil with pressurized methanol in the presence 

of a heterogeneous catalyst. Journal of the Taiwan 

Institute of Chemical Engineers, 495-503. 

[4] Baroutian, S., Aroua, M. K., Raman, A. A., & Sulaiman, N. 

M. (2010). Potassium hydroxide catalyst supported on 

palm shell activated carbon for transesterification of palm 

oil. Fuel Processing Technology, 1378-1385. 

[5] Semwal, S., Arora, A. K., Badoni, R. P., & Tuli, D. K. (2011). 

Biodiesel production using heterogeneous catalysts. 

Bioresource Technology, 2151-2161. 

 [6] Crini, G. (2006). Non-conventional low-cost adsorbents for 

dye removal: A review. Bioresource Technology, 1061-

1085. 

[7] Islam, A., Taufiq-Yap, Y. H., Chu, C.-M., Chan, E.-S., & 

Ravindra, P. (2013). Studies on design of heterogeneous 

catalysts for biodiesel production. Process Safety and 

Environmental Protection,   131-144. 

[8] Alengaram, U. J., Muhit, B. A., & Jumaat, M. Z. (2013). 

Utilization of oil palm kernel shell as lightweight aggregate 

in concrete – A review. Construction and Building 

Materials, 161-172. 

[9] Araujo, C. D., Andrade, C. d., Silva, E. d., & Dupas, F. A. 

(2013). Biodiesel production from used cooking oil: A 

review. Renewable and Sustainable Energy Reviews, 445-

452. 

[10] Cazetta, A. L., Vargas, A. M., Nogami, E. M., Kunita, M. H., 

Guilherme, M. R., Martins, A. C., et al. (2011). NaOH-

activated carbon of high surface area produced from 

coconut shell:Kinetics and equilibrium studies from the 

methylene blue adsorption. Chemical Engineering 

Journal, 117-125. 

 

[11] Torshizi, H. O., Vahid, S., & Mirzaei, A. A. (2014). Effect of 

calcination conditions on the structure and catalytic 

performance of MgO supported Fe-Co-Ni catalyst for CO 

hydrogenation. Journal of Natural Gas Science 

and Engineering, 110-118. 

[12] Mohammeda, M., Salmiaton, A., Azlina, W. W., & Amran, 

M. M. (2012). Gasification of oil palm empty fruit 

bunches: A characterization and kinetic study. 

Bioresource Technology, 628-636. 

[13] Saadon, N., Yusof, A. M.,  Razali, N., Yashim, M. M.  and 

Roslan, A. K. (2015). Fatty Acid Methyl Ester (FAME) 

Production From Waste Cooking Oil. Advanced Materials 

Research Vol. 1113 pp 322-327. Trans Tech Publications, 

Switzerland 

 

 

 

 

 



 

(2016) 118–121 | 3rd International Conference on Chemical Innovation| 

 

 

ICET 2016  
 

Full Paper 

  

 

  

 

INFLUENCE OF SPUTTERING PRESSURE 

AND ARGON GAS FLOW RATE ON 

THICKNESS AND CRYSTALLINITY OF 

POLYSILICON THIN FILMS BY RF 

MAGNETRON SPUTTERING 
 

Shaiful Bakhtiar Hashima*, Norhidayatul Hikmee Mahzana, 

Nur Syahirah Kamarozamana, Sukreen Hana Hermanb  

 
aFaculty of Electrical Engineering, Universiti Teknologi 

Mara (UiTM), 23000, Dungun, Terengganu, Malaysia 
bFaculty of Electrical Engineering, Universiti Teknologi 

Mara (UiTM), 40450, Shah Alam, Selangor, Malaysia 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

*Corresponding author 

shaifulbakhtiar@tganu.uitm.edu.my 

 

Graphical abstract 
 

 

Abstract 
 

A Polycrystalline silicon (poly-Si) thin film was successfully deposited on glass substrate at room 

temperature using radiofrequency (RF) magnetron sputtering. The effects of sputtering 

pressure and Argon (Ar) gas flow rate on the structural properties of the thin films have been 

studied. From Raman spectroscopy results it shows that the peak is around 507 cm-1 and 510 

cm-1 with 5 mTorr sputtering pressure and 40 sccm Ar gas flow rate condition, respectively. The 

crystalline quality of the films on glass substrates deteriorated with the increasing for both 

sputtering pressure and Ar gas flow rate condition. Thickness for both sputtering condition 

shows, decrease with increasing of sputtering pressure and Ar gas flow rate. It can be 

conclude that, the kinetic energy during sputtering process strongly influences properties of 

deposited film such as crystalline quality, film density, surface roughness and so on. 

 

Keywords— Polycrystalline silicon, RF magnetron sputtering, Sputtering pressure, Ar gas flow 

rate. 
© 2016 ICET 2016. All rights reserved 

  

 

1.0  INTRODUCTION 

 
 Polycrystalline silicon (poly-Si) thin films have 

attracted much attention in application fields of large 

area electronic devices such as thin film transistors [1] 

and solar cells [2]. Various techniques have been 

explored for fabricating poly-Si films, which include 

direct deposition method low chemical vapor 

deposition (LPCVD) and plasma enhanced chemical 

vapor deposition (PECVD) [3-5] and converting a-Si 

films into crystalline silicon such as solid phase 

crystallization (SPC), excimer laser annealing (ELA), 

and metal induced crystallization (MIC) [6-11]. ELA 

method is suitable for low temperature for glass 

substrates but there are some problems such as non-

uniformity of grain growth on large area glass 

substrates and expensive processing costs. Although 

the SPC produce uniform thin films, but longer 

processing time (4-64hours) and high process 

temperature (~650°C) are their drawbacks. LPCVD or 

PECVD are commonly used for direct fabrication, but 

the disadvantages using these methods are the 

complexity of their process and also highly toxic, 

explosive and corrosive gasses [12]. 

 Other than these mentioned method, magnetron 

sputtering is a promising method for the preparation of 

thin films because the crystallinity can be controlled 

easily [13]. Thin films growth can be substantially 

modified by ion bombardment during sputtering [14].  

In magnetron sputtering, there are few parameters 

can be controlled during this sputtering process to get 

good crystalline quality such as RF power, substrate 



Shaiful Bakhtiar Hashim et al./ ICET 2016  

 

 

bias power, temperature, pressure and mixing gas. 

Higher temperature deposition is needed to growth 

poly-Si thin films with good crystalline quality, so it 

difficult to growth poly-Si films at lower temperature. 

However for future electronics application especially 

those using flexible substrates, lower depositions are 

needed because the melting point for flexible 

substrate is lower than conventional glass substrates.   

 In this work, considering future application of Si thin 

films for state-of-the-art electronic devices, in which 

light weight and flexibility is highly needed thus 

deposition on low-heat resistance flexible substrate will 

be considered, we attempt room-temperature 

deposition using RF magnetron sputtering. This paper 

focuses on the effect of the sputtering pressure and Ar 

gas flow rate on the thickness and crystalline 

properties of the poly-Si thin films. The structural 

properties of deposited thin films on glass substrate 

were characterized using Raman spectroscopy for 

crystallinity and surface profiler (KLA-Tencor P-6) for 

thickness measurements. 

2.0  EXPERIMENTAL 

Poly-Si thin films were deposited directly on glass 

(slide glass) substrates by using RF magnetron 

sputtering system using pure (99.999%) n-type silicon 

target (4 inches diameter and 0.25 inches thickness). 

Prior to each deposition, the base sputtering pressure 

was evacuated down to (~ 10-7 mTorr), and for about 

120 seconds, the target was pre-sputtered to remove 

any impurity on the surface of the target. Sputter 

deposition was carried out at room temperature for 1 

hour in pure Ar atmosphere. RF power was 200 W. Total 

sputtering pressure was varied between 5 to 8 mTorr 

and Ar gas flow rate was varied from 40 sccm to 100 

sccm. Prior to the sputtering deposition, the glass 

substrates were cleaned by the conventional organic 

cleaning using acetone, ethanol and deionized water 

(DI water) in ultrasonic bath for 10 minutes respectively 

for each solution. 

Film thickness was measured by surface profiler 

(KLA-Tencor P-6). Crystalline properties was measured 

with a laser Raman scattering spectrometer (Horiba 

Jobin Yvon) using a semiconductor laser of 532 nm 

wavelength, over a range of Raman shifts from 300–

600 cm-1. 

3.0  RESULTS AND DISCUSSIONS 
 

Figure 1 shows the thickness and deposition rate of 

thin film as deposited under various sputtering pressure 

(5 mTorr, 6 mTorr, 7 mTorr and 8 mTorr). We found that, 

the film thickness and deposition rate decreased when 

the sputtering pressure increased from 5 to 8 mTorr as 

can be seen in Figure 1.  

The kinetic energy of sputtered particles 

decreases with increasing sputtering pressure, 

because collisions with sputtering gas are promoted.  

Particularly, at higher sputtering pressure, the mean 

free path is shorter than the distance between the 

substrate and the target, the kinetic energy is 

exponentially reduced with the pressure [15], so it 

decreases the thickness and deposition rate of thin 

films. This is also similar to the results of C.H. Tseng et al. 

[15] which explain that at lower pressure, the sputtered 

materials have higher surface mobility and hence, a 

higher growth rate takes place. 
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Figure 1 Thickness and deposition rate of the film as a function 

of sputtering pressure 
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Figure 2 Thickness and deposition rate of the film as a function 

of Ar gas flow rate 

 

While, Figure 2 shows the thickness and deposition 

rate of deposited poly-Si thin films as a function of Ar 

gas flow rate. As can be seen, the thickness and 

deposition rate decrease with the increase of the Ar 

gas flow rate. The thickness and deposition rate 

decrease slightly from 40 sccm to 80 sccm and the 

decrease dramatically from 80 sccm to 100 sccm. The 

deposition rate of 40 sccm, 60 sccm, 80 sccm and 100 

sccm was observed at 6.13 nm/min, 6.08 nm/min, 5.91 

nm/min and 4.56 nm/min, respectively.  

We assume that, when the Ar gas flow rate 

increases, the number of Ar atom in the chamber also 

increases. The higher number of Ar atom in the 

chamber it produces higher Ar ions which bombard on 

the target surface and it generated high secondary 

electron. This higher secondary electron and Ar atom 

that bombard on the thin film surface will reduce the 
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thickness of thin films due to the damaging of the 

quality thin films. These thicknesses decrease which, 

also due to re-sputtering process. 

Linfeng et al [16] reported that the Ar atom 

velocity increases with the increasing flow rate. The 

higher speed Ar atoms could take the sputtered target 

atoms away more easily, so that some low energy 

atoms could not reach the substrate, causing the 

growth rate dropped with the increasing flow rate. 

Figure 3 shows Raman spectroscopy for films 

deposited at different sputtering pressure. At 5 mTorr 

sputtering pressure, the Si-Si TO is located around 507 

cm-1. As the sputtering pressure increased from 6 mTorr 

to 8 mTorr, the spectra of thin films becomes broad 

which are reflected with the decreasing of the 

crystallinity of thin films. Figure 4 shows the graph of 

Raman shift over the sputtering pressure. 
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 Figure 3 Raman Spectroscopy result for films deposited under 

different sputtering pressure 
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Figure 4 Dependence of Raman Shift as a function of 

sputtering pressure 

 

As can be seen, the Raman shift decreases with 

increasing sputtering pressure. The graph also shows at 

5 mTorr to 7 mTorr, films are in nanocrystalline silicon 

(nc-Si) phase. While at 8 mTorr the films are located 

below the nc-Si phase. From the results, we can 

predict that the increasing in sputtering pressure 

resulting in poorer crystallization of thin film. At 5 mTorr, 

thin films are crystallized due to higher energy 

bombardment on the deposited film at lower 

sputtering pressure.  

These higher energy bombardments help with the 

arrangement of particles from not aligned to aligned 

structure.  There are two effects of the bombardment 

on the deposited thin films, one is to damage the 

crystal particles and the other is to enhance the 

surface migration of the deposited particles and to 

promote the crystallization of the films. It is supposed 

that the damage becomes more serious when 

particles with higher kinetic energy bombard a film 

with higher quality. On the other hand, crystallization 

becomes more effective when the film quality is 

poorer [17]. 

 

400 450 500 550

100sccm

80sccm

60sccm

520, c-Si

500. nc-Si

In
te

n
s
it

y
, 

a
.u

Raman shift, cm
-1

515, poly-Si

40sccm

480, a-Si

 
Figure 5 Raman Spectroscopy result for films deposited under 

different Ar gas flow rate 
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Figure 6 Dependence of Raman Shift as a function of Ar gas 

flow rate 

 

F. Yan et al. [18] reported that the the increase of 

the kinetic energy and the number of the sputtered 

particles will improve migration of the particles on the 

film-growing surface and that is beneficial to 

crystallization of the film.  As the sputtering pressure is 
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increased, the density of gas molecules in the 

deposition chamber increases, and then the number 

of the sputtered particles increases. But meanwhile, 

the decrease of mean free path of the sputtered 

particles will increase the collision probability, and then 

the kinetic energy of the sputtered particles is 

decreased. The crystallinity of the film is influenced by 

the comprehensive influence of the above factors and 

changes with different sputtering pressure. 

Figure 5 shows Raman spectra for films deposited 

at different Ar gas flow rate. It can be seen that there 

are no peaks observed for each samples at 480 cm-1 

which means no samples at amorphous phase. At 40 

sccm Ar gas flow rate, the spectra indicate that thin 

films are crystallized because the Si-Si TO located at 

510 cm-1 and indicating that the existence of poly-Si 

phase for this sample. 

As can be seen in Figure 6, sample deposited at 40 

sccm were in poly-Si phase while the other samples in 

nc-Si phase. It also shows that, the Raman shift 

decreases slightly from samples deposited at 40 sccm 

to 100 sccm where the spectra become broader 

indicating that the crystallization of thin films becomes 

poorer. We assume that, the re-sputtering process 

which reduces the thickness of thin films lead to poor 

crystallization of thin films because the crystallized thin 

films have been damaged. This effect of Ar gas flow 

rate is similar with the effect of sputtering pressure 

condition during the sputtering process. 

 

4.0  CONCLUSION 
 

In conclusion, poly-Si thin films were deposited 

directly at room temperature by using RF magnetron 

sputtering. The effects of sputtering pressure and Ar 

gas flow rate on thickness and crystallinity were 

investigated. The increasing of sputtering pressure and 

Ar gas flow rate results in thinner thin films and lower 

deposition rate. The kinetic energy during sputtering 

process strongly influences properties of deposited film 

such as crystalline quality, film density, surface 

roughness and so on. Based on Raman spectroscopy 

result, it showed that the peak was around 507 cm-1 

and 510 cm-1 for both condition showing that the thin 

film is nanocrystalline instead of polycrystalline silicon.  
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Abstract 
 

Polymer blend nanocomposites based on polylactic acid (PLA), poly(ethylene glycol) 

(PEG) and surface modified carbon nanotubes were prepared via simple melt process and 

investigated for its mechanical. The surface modification of CNTs was confirmed by using 

Fourier Transform Infra-red (FTIR). Loading of surface modified CNTs in the PLA 

nanocomposites resulted in the significant improvement on the melt flow index when 

compared to the pristine CNTs loaded polymer blends. The PEG loading improved more 

than doubled of the MFI of pristine and modified CNTs. The CNTs loading reduced the 

hardness of nanocomposites as compared to neat PLA but the addition of PEG improved 

the hardness properties. The modification of CNTs hiked the hardness of PLA/m-CNTs and 

PLA/PEG/CNTs nanocomposites.  

Keywords— polylactic acid, poly(ethylene glycol), carbon nanotubes 
© 2016 ICET 2016. All rights reserved 

  

 

 

1.0 INTRODUCTION 

 
Polylactic acid (PLA) has a semicrystalline structure 

which is 37% crystallinity, hydrophobic [1], high elastic 

modulus around 4.8 GPa and glass transition 

temperature between 60–65oC. All listed properties 

depend on molecular weight, production 

parameters as well as its degradation rate. Those can 

be controllable, by modifying its chemical 

composition, crystallinity or molecular weight or by 

adding other biodegradable polymers to the matrix, 

turning it to the polymers [2–4]. PLA presents a 

relatively brittle behavior under tensile loading and 

being often blend with other biodegradable and 

non-biodegradable polymers to improve its fracture 

energy. Several researches have been made to 

reinforce PLA mechanical properties, through 

copolymers [5] and composite fabrication [6,7]. 

These findings revealed the need to mechanically 

reinforce of polymer to avoid permanent plastic 

deformation. Since the first observation of CNTs in 

1991 by Ijima [8], extensive research has been 

pursued in the field of polymer/CNTs nanocomposites 

due to awareness of their distinctive mechanical, 

thermal and electrical properties. Instead, CNTs often 

aggregate to bundles due to the van der Waals 

interactions between individual tubes, which 

constitutes a major limitation in polymer composite 

applications [11–13].  

 

Recently, many studies are focused on the 

preparation of polymer/CNTs nanocomposites via 

melt mixing method. This is caused by high 

temperature and large shear forces in melt mixing 

often generate chemical and physical interactions 

between inorganic fillers and polymer components. 

These understandings have been confirmed by both 
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theoretical and experimental studies from other 

researches [14,15]. In addition, solution mixing utilizes 

the excessive toxic and/or volatile solvents makes this 

method impractical for bulk production of 

polymer/CNTs composites.  

 

CNTs are generally insoluble in organic solvents, in 

turn, will raise the homogenous dispersion issue and 

interfacial compatibility with the polymer matrix, 

hence,  restricted the excellence performance of 

nanocomposites. Thus, the organic modification of 

CNTs to increase their organophilic properties is 

required for industrial applications. The 

functionalization of CNTs with PLA is attracting 

particular interest because the long polymer chains 

will help the tubes dissolve in good solvents, even in 

low degree of functionalization.  

 

Physical and chemical treatments in surface 

modification of CNTs have been intensively studied 

as efficient approach to increase their dispersion 

ability. Acid-treated CNTs contain carboxylic acid 

and hydroxyl groups, are the most common 

functional groups on CNTs [8,10]. Surfactants have 

also been used to disperse CNTs, since they prevent 

them from becoming aggregated over long period, 

as well as improve the dispersion in aqueous media 

[16]. The role of surface modification and the effect 

of nanofiller loading on the flowability behavior of the 

polymer nanocomposites have not been resolved 

yet. Hence, the existed scope for research in this 

area and with this objective in mind, the present 

investigation was undertaken. In this work, the 

properties enhancement of modified PLA/m-CNT 

nanocomposites compared to unmodified blends 

were reported. The flowability behavior and hardness 

testing were studied to support the findings. The 

effect of PEG loading in nanocomposites was also 

investigated.  

 

2.0  METHODOLOGY 
 

Chemicals and Raw Materials  

Industrial grade multi-wall carbon nanotubes (CNTs) 

with >90wt% purity and ash <1.5wt% were supplied by 

Global Science Resources. Its main characteristics is 

outer diameter close to 20–40 nm and length 

between 10–30 µm. PLA was provided from 

NatureWorks with grade 3251D while poly(ethylene 

glycol) PEG with average molecular mass 950–1050 g 

mol-1, H2SO4 95-97% and HNO3 65% were supplied by 

Merck KGaA.  

  

Preparation of Samples 

Preparation of modified-CNT (m-CNTs) 

CNT sample were modified by acid treatment. First, 

CNT 10wt% was immersed in 20% nitric acid (HNO₃) to 

remove impurities. This carboxylic group was used as 

reaction precursor in the functionalization. The 

mixtures of CNT and HNO₃ were stirred in a few 

minutes and were sonicated for 2 h, then diluted in 

water, filtered till to neutral pH, washed several times 

with deionised water and then dried overnight in 

oven at 60°C. Next, the dried mixtures of CNT were 

mixed together with 50 mL HNO₃ and 150mL sulphuric 

acid (H₂SO₄) to reflux for 100 minutes. Finally, the 

CNTs were again filtered to neutral pH, washed 

several times with deionised water and then dried 

overnight in oven vacuum at 100°C before it was 

ready to be used in preparation of melt-blending 

with polymer matrix. 

 

Preparation of nanocomposites 

 

PLA nanocomposites were prepared by melt-

blending process.  The CNTs and m-CNTs with weight 

ratios of 0.5%, 1.0%, 1.5% and 2.0% were incorporated 

into the PLA pellets without PEG content. Meanwhile, 

CNTs and m-CNTs with the same weight ratios were 

incorporated into the PLA pellets with PEG content. 

Both were using a Benchtop Two-Roll Mill (LRM-M-100) 

to disperse conductive filler in the polymer matrix. 

Blending process was carried out at 4 rpm for 20 min 

and at 170°C, slightly above the melting point of PLA. 

Table 1 shows a series of blending with various 

percentages of CNTs and m-CNTs, with and without 

addition of PEG. 

 
Table 1 Several blending of PLA/CNTs nanocomposites 

 
PLA nanocomposites PLA (%) PEG 

(%) 

C CNTs/    

m-CNTs 

(%) 

 

PLA 

PLA/0.5CNT 

PLA/1.0CNT 

PLA/1.5CNT 

PLA/2.0CNT 

PLA/PEG/0.5CNT 

PLA/PEG/1.0CNT 

PLA/PEG/1.5CNT 

PLA/PEG/2.0CNT 

PLA/0.5m-CNT 

PLA/1.0m-CNT 

PLA/1.5m-CNT 

PLA/2.0m-CNT 

PLA/PEG/0.5m-CNT 

PLA/PEG/1.0m-CNT 

PLA/PEG/1.5m-CNT 

PLA/PEG/2.0m-CNT 

100 

99.5 

99.0 

98.5 

98.0 

99.5 

99.0 

98.5 

98.0 

99.5 

99.0 

98.5 

98.0 

99.5 

99.0 

98.5 

98.0 

- 

- 

- 

- 

- 

10 

10 

10 

10 

- 

- 

- 

- 

10 

10 

10 

10 

0 

0.5 

1.0 

1.5 

2.0 

0.5 

1.0 

1.5 

2.0 

0.5 

1.0 

1.5 

2.0 

0.5 

1.0 

1.5 

2.0 

 

 

Characterization and Analysis 

FT-IR Analysis 

Fourier transmission infrared spectroscopy (FTIR) 

analysis was carried out by using a Perkin-Elmer 

Model FTIR spectrometer and KBr method. The 

transmission of infrared spectra was obtained in the 

range between 400cm-1 to 4000cm-1 at room 

temperature. The spectra of the blends were used to 

determine the types of bonding in the blends. 

 

Melt Flow Index Measurements 
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The Melt Flow Index (MFI) is a measurement of the 

molten thermoplastic polymer flowing. It is defined as 

the weight in grams of polymer flowing during 10 

minutes through a capillary with specific diameter 

and length by a pressure applied via prescribed 

alternative gravimetric weights for alternative 

prescribed temperatures. The MFI tests were carried 

out on a Melt Flow Rate (MFR) tester by DYNISCO 

4002 based on ASTM D1238 and ISO 1133 standards. 

The temperature applied during the test was 165°C 

for nanocomposites with PEG loading and 170°C for 

nanocomposites without PEG because of the high 

viscosity of PLA/CNT mixture. The applied load was 

fixed at 2.06 kg for both parts. Three MFI 

measurements per sample were made and the 

average of MFI was calculated and presented. 

 

Hardness Testing 

The hardness properties measurements of blended 

samples were carried out following the ASTM D 

standard on a Shore Durometer Type D, TH210. All the 

tests were carried out at standard atmosphere. The 

results represent an average of three tests each 

samples. 

 

3.0  RESULTS AND DISCUSSION 
 

FTIR Analysis 

The method used to functionalize the pristine CNTs in 

this study was the acid treatment method which is 

described in methodology part. Through this process, 

CNTs were oxidized and purified by elimination 

impurities such as carbon and metal catalysts [17]. 

The characteristic bands due to generated 

functional groups are observed in the spectrum of 

pure CNTs and surface treated CNTs is shown in 

Figure 1. The acid treated CNTs shows new peaks in 

comparison with FTIR spectrum of the untreated CNTs 

which lack hydroxyl and carbonyl groups. The peak 

at 3767 cm-1 is attributed to free hydroxyl groups. The 

peaks around 3467 cm-1, 2899 cm-1 and 1382 cm-1 

are assigned to the O-H band of carboxylic acid 

group, and the peak at 1648 cm-1 is assigned to the 

C=O band for asymmetric carboxyl groups, 

demonstrating that there have been introduction of 

hydroxyl and carboxyl groups on the nanotube 

surface [17]. This peak also may linked to aromatic 

C=C stretches, which is explained the appearance in 

both pure and modified CNTs. In addition, peak 

appeared at around 1106 cm-1, apparently 

corresponding to the stretching mode C-O functional 

group of carboxylic acid. All new peak appeared in 

m-CNTs confirmed the modification of CNTs. 

 

 

 

 
 

Figure 1 FTIR analysis for pristine CNTs and modified CNTs 

 

 

Melt Flow Index Measurements 

 All the samples were tested using Melt Flow 

Index tester. The MFI value for the 0.5% CNT filled is 

2.068 g/10 min, declined as compared to neat PLA 

at 4.998 g/10 min as shown in Figure 2. The dispersion 

of CNTs into a PLA matrix was challenging because 

of the agglomeration of CNTs as a result of van der 

Waal interactions. Poor dispersion of nanoparticles in 

the polymer matrices caused the formation of 

aggregates and filler networks, particularly at higher 

filler loading. The presence of CNTs reduced the 

mobility of PLA as supported by other findings. Even 

at every low loading, Karchenko et al. reported a 

significant increase in the viscosity of CNT-filled 

polymer materials. A similar increase in viscosity also 

been reported in the case of clay-polymer 

nanocomposites by Ren and Krishnamoorti [18]. 

Thereafter, this value consistently showed an upward 

trend gradually for the CNTs loading up to 2%, which 

is maximum value at 2.747 g/10 min. It is believed, the 

decrease in viscosity due to the increase in 

disentanglement of the polymer chains, induced by 

nanofiller, acting as streamliners for the flow of 

polymer chains as reported earlier [20–22]. For 

PLA/PEG/CNTs samples, the MFI values are higher 

than blends without the plasticizer. As we can see, for 

the 0.5% CNT filled blend, the value is 4.576 g/10 min. 

As the CNTs filler is increasing, the MFI values also 

increased uniformly. The final value for PLA/PEG/CNTs 

sample with 2% CNTs, the value rise tremendously 

which is 7.966 g /10 min. The introduction of PEG 

plasticizer increased the MFI value corresponding to 

a higher fluidity of the blended. The inclusion of the 

PEG plasticizer in PLA polymer also increased the 

mobility of macromolecular chains at the molten 

state. Overall, the addition of CNTs does not affect 

the MFI value especially for introducing 10% of PEG in 

nanocomposites.  
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Figure 2 Melt flow index of nanocomposites 

 

 

The composites with functionalized CNTs show lower 

viscosity as compared to the unfunctionalized CNTs  

at all concentrations.  The reduction in viscosity is 

believed due to the deaggregation of the 

nanoparticles contributes further to the 

disentanglement process. The chemical modification 

of CNTs assists in deaggregation and a drop in 

viscosity. Moreover, the functionalization may lead to 

the decrease in the aspect ratio of CNTs due to the 

de-aggregation of the tubules by the functionalizing 

agents as pronounced in other researches [23-24]. 

Furthermore, the nanocomposites added with 2% of 

m-CNTs show very high MFI value as around 12 g/min. 

It was suggested that the modified CNTs itself 

plasticized the PLA matrix through the enhanced 

segmental mobility of PLA chains as supported by Lai 

et al. [24].   

 

Hardness Testing 

Measurement of the hardness of materials is 

a quick and simple method of obtaining mechanical 

property data of a sample. The values of hardness 

test for nanocomposites are shown in Figure 3. The 

neat PLA gave maximum value which is 48.6 resulted 

by brittleness and rigidity of polymer itself. The 

hardness of the nanocomposites containing 

unmodified CNTs is slightly decreased because of the 

poor compatibility of CNTs with PLA. The value of 

shore hardness for specimen PLA/CNTs is 26 and rose 

to 32.5 with increasing of CNTs loading. The 

compactness of multi-filler increases the 

interconnectivity and interactions between the 

reinforcing constituent. Because of the random and 

relatively separate distribution of CNTs, the hardness 

increased proportionally with the CNT content [25]. 

Surprisingly, the addition of 10% PEG in blends 

continuously improved the hardness. The chemical 

bonding formed between the CNTs and the matrix 

ion provides homogenous distribution of CNTs as well 

as high interfacial strength [26]. Therefore, it is 

confirmed that the remarkable enhancement of 

hardness by CNTs reinforcement is originated from 

the high interfacial strength at PLA/CNTs interface. 

The homogeneous distribution of CNTs within PLA 

matrix attained high relative densities.   

 

 
 

Figure 3 The Shore D hardness of nanocomposites 

 

 

The aim of incorporating m-CNTs into the blend is to 

improve its mechanical properties.  This is proven by 

value of hardness for all PLA/m-CNTs 

nanocomposites increased more than doubled 

compared to unmodified nanocomposites as shown 

in figure. The increment might be most probably due 

to the reinforcing effect imparted by the more stable 

of  m-CNTs   nocomposites due to the contribution 

from the strong interfacial interactions and good 

compatibility of filler in PLA matrix. In contrast to the 

behavior of the samples of untreated CNTs 

nanocomposites, the PEG loading in modified CNTs 

nanocomposites led to a decrease in hardness as 

compared to the sample containing the same CNTs 

content. The presence of PEG reduced the stiffness 

of nanocomposites and enhances the plasticity 

behavior of sample. 

 

 

4.0  CONCLUSION 
 

The nanocomposites of the blended PLA/CNTs, 

PLA/PEG/CNTs, PLA/m-CNTs and PLA/PEG/m-CNTs 

were prepared by melt blending process in order to 

enhance the mechanical and thermal properties by 

enhancing the incorporation between PLA, PEG and 

CNTs. The flowability of CNTs and m-CNTs 

nanocomposites increase with increasing in nanofiller 

loading and the relative increase is higher in the case 

of functionalized CNT, as compared to pristine CNT. 

The hardness of unmodified CNTs nanocomposites 

are lower than neat PLA, whereas the improvement 

are seen for m-CNTs nanocomposites, obviously in 

samples without PEG loading. The m-CNTs were 

effective in achieve the improvement of mechanical 

properties for PLA without PEG content. The addition 

of m-CNTs will prevent the diffusion of short molecular 
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chains of PEG to the surface, which will lead to the 

loss of properties.  
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Graphical abstract 
 

 

Abstract 
This research was conducted to determine the potential of discarded plastic banner from 

advertising industry in Kemaman, Terengganu to produce the creative product. There are 

three types of industries that involved in this research. They are, advertising industry, plastic 

recycling industry and statutory body. Usually, advertising industry will dispose and burn the 

discarded plastic banner. This activity will contribute to waste and environmental pollution. 

Result from interviews with two advertising companies’ show that the waste of plastic 

banner will only be thrown away. In order to overcome this problem, a detailed study on 

the potential use of plastic banner as an alternative to produce creative products has 

been conducted. Three experiments were conducted to see whether the results obtained 

can be used to produce a creative product or not. Three experiments were burning 

experiment on plastic banner, endurance test, patch experiment and stitches experiment. 

For burning experiment, it involves firing combustion process using electric oven and 

differential scanning calorimetry machine (DSC). The results from burning experiment 

showed that plastic banner was not destroyed and very difficult to dispose. For endurance 

test, it used universal material testing machine. The result showed that plastic banner has 

good endurance. For patch experiment, it used the waste of plastic banner that is cut into 

small pieces and then affixed with glue. The results obtained showed that the waste of 

plastic banner can be used to produce creative product using patch method. The 

products that have been produced from patch experiment were pencil box and tent. For 

endurance stitches experiment also use universal material testing machine, it involved the 

use of sewing. The experimental results show that plastic banner can be sewn to produce 

creative product. The findings from this study indicate that the use of waste plastic banner 

as an alternative to produce creative product is a viable approach for delivering value to 

the waste and help to prevent environmental pollution. Therefore, the results of this study 

show that producing creative product from plastic banner can provide income and 

diversify existing creative product in the commercial market.. 

 

Keywords: Plastic banner, advertising, plastic recycling, industry 
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1.0 INTRODUCTION 
 

Plastic or PVC is the material derived from PVC Flex 

Banner is commonly known as a vinyl banner. PVC 

flex banner made of a mixture of polyvinyl chloride 

plastic (PVC) and polyester (IIR, 2002). He also noted 

that PVC flex banner usually used for outdoor 

advertising. According to him, PVC Flex is the best 

quality to all Digital printer specially designed for the 

Indian market. Due to the chemical properties of the 

stable and excellent ink absorption, PVC flex will 

produce prints that are good for advertising involving 

large-format images. Therefore, PVC flex plays an 

important role in the advertising industry. According 

to IIR (2002), PVC Flex is divided into two flex front lit 

and backlit flex. According to him, front lit flex is used 

to produce billboards (billboards), indoor and 

outdoor displays, banners and others. Backlit flex is 

used to produce a light box, in-store display, and 

others. There are many advantages of PVC flex 

banner. Among them is to use banner flexible, easy 

to use on banners in full color, suitable for indoor and 

outdoor use, produce high-quality prints and fade 

resistant for several years (IIR, 2002). Ivan Xiao (2009) 

states that among the advantages of PVC flex 

banner is resistant to the weather (rain or shine), is 

compatible with a wide range of solvent digital 

printer, producing a good print, not easily torn, ink 

absorption stable, quick-drying ink and is ideal for 

printing billboards 

 

3.0 RESULTS AND DISCUSSION 
 

According to the market value of the raw materials 

to produce plastics is       increasing, clearly shows 

that the plastic banner also indirectly increased the 

truth. If this does not apply to plastic banner 

manipulated into something beneficial, of course it is 

not only seen as a contributor to environmental 

pollution, by burning practices adopted by many 

operators and statutory bodies of      government 

advertising is a waste. 

 

 

 

 

 
 

 

Result of Burning Test (Microwave) 
NO TIME TEMPERATURE 

1 10 minutes 150o C 

2 20 minutes 150o C 

3 10 minutes 175o C 

4 20 minutes 175o C 

 

 

 

 

 

 

 

 

 

2.0  METHODOLOGY 
 

Qualitative 
 
 Interview          Advertising Companies 

                                         Govement Sector (MPK)       
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Result of Experimental Burning Test (DSC) 

 

 

 
 

 

Result of Experimental patch Test 

 

 

 
 

 

Result of Experimental Stitches Test 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

Example of recycled product  

 

 

 

 

 

 

 

 

 

 

 

 
Example of product from waste flex banner pencil 

box and apron 

 

4.0 CONCLUSION 
 

Given the market value of the raw materials to 

produce plastic rising, clearly shows that the plastic 

banner indirectly also increase actually. Used plastic 

banner if it is not manipulated into something 

beneficial, of course it is not only seen as a 

contributor to environmental pollution, by burning 

practices adopted by most businessmen and 

government statutory body advertising is a waste. 

Based on the results of the study carried out showed 

that the objective of this study achieved positive 

results. Waste plastic banner seen as trying to 

implement new products, this creative product if 

undertaken on an ongoing basis will be able to 

increase and diversify the products for the craft 

industry. 

At the same time, this study also help in the 

development of R & D (Research and Development) 

and also help in the development of new products 

that were introduced innovative ideas to create 

products (Mahadi, 2011). The production of creative 

products will definitely give something new to the 

interior decoration industry and etc. based on the 

uniqueness of this result. 
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Abstract 
 
Graphene and carbon nanotubes (CNTs) are two important nanomaterials 
having exceptional properties, revolution the entire research world and 
widespread application. In this research, the graphene oxide nanoribbon 
(GONR) has been prepared through unzipping method of multi walled 
carbon nanotubes (MWCNT). The MWCNT is oxidized using the strong acid 
such as potassium permanganates, phosphoric acid and sulphuric acid and 
then the hydrogen peroxide is used to reduce the residual permanganate 
and manganese dioxide.  Fourier  Transform Infrared spectroscopy (FTIR) and 
Thermal Gravimetric Analysis (TGA) are used to compare the characteristic of 
GONR and MWCNT.  
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1.0  INTRODUCTION 

 
The discovery of carbon nanotubes (CNTs) by Iijima 
has attracted much attention from chemist and 
scientists around the globe. Since its discovery, many 
further investigations of its properties have been 
carried out significantly. There are two types of CNTs, 
either as single walled carbon nanotubes (SWCNTs) 
and multi walled carbon nanotubes (MWCNTs), 
depending on the reaction condition. They are 
extremely strong with good thermal conductivity [1]. 
CNTs have been the good candidates for producing 
new functional composite and they may be the next 
generation of carbon fiber. CNTs can be synthesis 
using three ways which are arc- discharge, laser – 

ablation, and also via chemical vapour deposition 
(CVD). They can be pictured as cylinders composed 
of rolled-up graphene planes [2]. 
 
Graphene is a single atomic layer of sp2 carbon atom 
which is bonded together in a hexagonal lattice [3]. It 
has attracted extensive investigation due to its unusual 
mechanical strength as well as excellent electrical, 
thermal stability and gas barrier properties [4].  
Graphene oxide nanoribbon (GONR) is a two – 
dimensional single layer material bearing sp2- bonded 
carbon [5]. It can be produced from the exfoliation 
process of graphite and carbon nanotube.  GONR 
possess oxygen containing functional groups such as 
carboxyl, hydroxyl and epoxide. This material usually 
utilized in many wide range of application including 
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supercapasitor, energy production, electronics and 
biological. 
 
GONR has been successfully produce by many 
methods such as hummer method, exfoliation, tour 
method and other but it still associated with flaws 
during the process to produce GONR such as in 
hummer method it will produce toxic gas such as NO2 

and N2O4.  It is dangerous to environment and the 
residual Na+ and NO3 ions are difficult to be removed 
from the waste water formed from the processes of 
synthesizing and purifying GONR. Besides that, other 
method will give a low strong interfacial interaction 
during processing the carbon materials and required 
high cost to produce the GONR [6].  So that, unzipping 
method is the best way to be used in this research; low 
cost, and safe method. 
 
The GONR also further discovery by Kosynkin and co-
worker in which they synthesis the graphene 
nanoribbon (GNR) from the CNT using longitudinal 
unzipping method.  From this method the MWCNT is 
suspended in concentrated sulphuric acid 12 hour and 
then treated with potassium permanganate for 
oxidation process [7]. Results from the experiment 
show the GONR were highly soluble in water, ethanol, 
and other polar organic solvent. 
 

2.0  METHODOLOGY 
 
 The pristine CNTs used in this work are multi-walled 
carbon nanotubes (MWCNTs). The chemicals utilized 
are as Table 1. Deionised water is used throughout in 
the experiment; all the materials are used directly in 
the experiment without further purification.  
 

Table 1: List of Chemicals 
 

Types of Chemicals Used Quantity 

MWCNTs 
Sulfuric acid (H2SO4) 
Phosphoric acid (H3PO4) 
Potassium permanganate 
(KMnO4) 
Hydrogen peroxide (H2O2) 
Ice water 
Deionized water (DI) 

100 mg 
25 mL 

3 mL (85 wt%) 
200 mg 

20 mL (6 wt%) 
- 
- 

 
The sulphuric acid (H2SO4), phosphoric acid 

(H3PO4), potassium permanganate (KMnO4), and 
hydrogen peroxide (H2O2) is used as the oxidation 
agent, in which it will break the bonding of the CNTs. 
 

 
 

Figure 1: Representation of the gradual unzipping of 
one wall of CNT [7] 

 
 

 
The GONR was prepared by the method of unzipping 
the MWCNTs. The fabrication process can be 
described as follows: firstly, 100 mg of pristine carbon 
nanotubes were suspended in 25 mL of concentrated 
H2SO4 and stirred for 1 hour in the beaker 250ml on the 
hot plate at room temperature. H3PO4 (85 wt%, 3 mL) 
was then added and the mixture was allowed to stir 
for another 20 minutes at room temperature until the 
reaction temperature increase to 70 0C. After that, 200 
mg of KMnO4 was gradually added into the mixture in 
2 hours, at this stage the mixture was put into the ice 
bath. The reaction was stirred for another 2 hour at 70 
0C. After being cooled to room temperature naturally, 
the mixture was poured into 100 mL of ice-water 
containing 20 mL H2O2 (6 wt %). The mixture was 
allowed to coagulated for 24 hour and the obtain 
precipitates were dialyzed against deionized water for 
1 week to remove the residual reagents.  
 
Next, the samples obtained were analyzed to 
compare their characteristics. The FTIR was used to 
identify chemical bonds in a molecule by producing 
an infrared absorption spectrum. TGA is a method of 
thermal analysis in which changes in physical and 
chemical properties compound of MWCNTs and 
GONR were measured as a function of increasing 
temperature with constant heating rate. 
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3.0  RESULTS AND DISCUSSION 
 
The graphene oxide nanoribbon (GONR) has been 
produced through MWCNTs by the unzipping 
method using the sulphuric acid, phosphoric acid, 
potassium permanganate and hydrogen peroxide 
for 2 hour treatment at 70°C.  
 

 
 

Figure 2: Digital Photo Showing the Dispersion of 
Pristine MWCNT and GONR 

 
The samples were tested for their dispersability in the 
distilled water, as shown in Figure 2. When the pristine 
MWCNTs were put in the distilled water, the sample 
aggregated and not disperses in water. However, 
after the unzipping process the GONR dispersed 
easily in water. CNTs have the tendency to 
aggregate due to the large Van de Waals force 
between the surfaces of the tubes and the GONR 
are easy to disperse due to present of the oxygen 
content in the surface after treatment. So, the GONR 
showed better dispersion after the unzipping process. 
 

 
Figure 3: FTIR for MWCNT and GONR 

 
The FTIR is used to compare the characteristic of the 
functional group in MWCNTs and GONR. From Figure 
3, MWCNT show the weak absorption peak at region 
1400-1600 cm-1 indicate the presence of C=C 

stretching vibration, aromatic functional group. 
However, for the GONR peak at region of 1012 cm-1 is 
due to the presence of the O-H bending vibration. 
The range for O-H bending vibration is a round 950 
cm-1 – 1350 cm-1. Besides that, at 1400 cm-1 – 1800 
cm-1 GONR show strong intensity of absorption peak 
compared to MWCNTs. This is because the presence 
of C=O stretching vibration of carboxylic group. For 
the peak at 3484 cm-1 for both materials, it could be 
considered as the KBR humidity peak. The FTIR 
spectrum also shows the presence of the 
asymmetrical stretch of CO2 at the peak 2350 cm-1 
and 660 cm-1 for the both carbon material. The C=O 
and O-H group occurred in the synthesis of GONR 
using MWCNT due to oxidation reaction from the 
potassium permanganates, sulphuric acid and 
phosphoric acid between the surface of MWCNT, 
whereas this chemical is used as mechanism to open 
(cutting/unzipping) the surface of MWCNT. 
 

 

 
 

Figure 4: TGA curve for MWCNT and GONR. 
 

The Figure 4 shows the result of Thermal Gravimetric 
Analysis (TGA), to compare the different thermal 
properties between the MWCNTs and GONR. For 
MWCNTs showed no weight lost from 25oC until 780oC 
but the weight lost started at 780oC to 1100oC. It is 
due to the carbon burning process of the 
composition C=C. However for the GONR it showed 
that a distinct weight lost before the 100oC, due the 
release of the water contain. At 120 to 280oC also 
showed the weight lost. This is because of the 
decomposition of lost stable oxygenated functional 
group. The burning of the carbon also occurs on 
GONR started at 720oC until 1100oC. 
 

4.0  CONCLUSION 
 
In conclusion, the preparation of GONR from MWCNT 
using the unzipping method is successfully prepared. 
It has been confirm by the comparison of the 
characteristic of MWCNT and GONR after the 
treatment using the FTIR and TGA. The FTIR showed 
the GONR presented with functional group of O-H, 
and C=O. This is due to the oxidation reaction from 
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potassium permanganate (KMnO4), sulphuric acid 
and phosphoric acid, their high oxidation properties. 
The result also showed that MWCNT weight lost start 
at 780oC but for GONR have weight lost occurred 
earlier due to the removal of water contain. It is 
found out that the unzipping method can be utilized 
to prepare the GONR due to the ease of method 
and low cost in order to obtained GONR. 
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Abstract 
 
Azido-terminated poly (ԑ-caprolactone) (N3-PCL) was prepared and it was then 

functionalized onto graphene sheets (G). As a result, functionalized graphene (G-PCL) 

with good solubility was successfully produced using grafting-on technique. Transmission 

electron microscope (TEM), and Fourier transform infrared (FTIR) results proved the 

attachment of PCL macromolecules onto graphene. G-PCL showed best solubility in 

dichloromethane (CH2Cl2). 
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1.0  INTRODUCTION 

 
Graphene, the 2D form of carbon based material 

existing as a single layer of atoms. In 2004, Geim and 

co-workers at Manchester University successfully 

identified single layers of graphene arranged in a 

honeycomb lattice. Since Geim reported its 

astounding electrical properties1, interest in graphene 

increased dramatically. For the reason of its unique 

properties such as high surface area, strong 

mechanical strength, excellent thermal and electrical 

conductivities, graphene has stirred the interest of 

academic and industrial researchers in various fields 

such as polymer nanocomposites2-3, lithium ion 

batteries4 and supercapacitors. 

 

However, the inertness property of graphene resulting 

to its insoluble properties in common solvents due to π-

π interaction limits its great potential. Surface 

modification of graphene can enhance its solubility 

and processabilities. The covalent modification plays 

an important role in improving the solubility of 

graphene. Most of the covalent functionalization 

reported in the literature are based on graphene 

oxide (GO) instead of pristine graphene. There are 

functional groups on GO surface such as hydroxyl, 

carboxyl and epoxy groups. Functionalization of GO 

can be achieved utilizing these surface functionalities5. 

However, the existence of a few kinds of functional 

groups may cause trouble in its modification and 

characterization. 

 

We report here the preparation of functionalization of 

exfoliated graphene with azido-terminated poly (ԑ-

caprolactone) (PCL) with a well-defined structure in 

order to solubilize graphene (Scheme 1).  
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Scheme 1 Functionalization of G with N3-PCL 

 

 

2.0  METHODOLOGY 

 
2.1 Materials 

 

Graphite nanoplatelets (GNP) were purchased from 

XG Sciences USA which has nominal average size, 5 

µm and thickness, 5-10 nm. ε-caprolactone (CL) (Tokyo 

Kasei Kogyo, Japan) was distilled over CaH2 under 

reduced pressure. All other reagents were purchased 

from commercial sources and purified by conventional 

method. 

 

2.2 Preparation of N3-PCL     

 

N3-PCL was prepared according to the reported 

procedure6 by cationic ring-opening polymerization of 

CL in toluene using 5-azido-1-pentanol and diphenyl 

phosphate as a functional initiator and catalyst 

respectively. The degree of polymerization was 

designed to be around 25. These relatively short 

polymer chains should be sufficient to control the 

solubility of the attached graphene. Moreover, the low 

molecular weight simplifies characterization such as 

infrared (IR) spectra. 

 

2.3 Ultrasonication-Assisted Functionalization of 

Graphene with N3-PCL 

 

N3-PCL (300 mg) was added into the suspension of 

GNP (50 mg) in 50 mL of NMP and the mixture was 

ultrasonicated (310 W, 300 min). The mixture was 

transferred into a round bottom flask and stirred 

thoroughly for 15 minutes by bubbling with nitrogen. 

Then, the mixture was heated at 160°C for 24 h under 

nitrogen atmosphere. When the reaction was finished, 

the mixture was cooled to room temperature before it 

was proceed to centrifugation. After centrifugation 

(1000 rpm, 30 min) to remove unreacted graphene 

and unexfoliated GNP, the supernatant was filtered by 

TEFLON filter (0.45 µm). The soluble mixture was 

precipitated in IPE and finally the obtained 

precipitation was thoroughly washed using benzene at 

least 3 times to remove the unlinked PCL and was 

named G-PCL.  

 

 

3.0  RESULTS AND DISCUSSION 

 

3.1 TEM 

 

 
 Figure 1 TEM images of (a) GNP (b) G-PCL 

 

 

The morphological nanostructures of GNP and G-PCL 

were investigated by TEM. The image of G-PCL 

exhibited graphene sheets with some wrinkles with a 

dimension ranging from 500 nm to micrometers. As a 

comparison, Figure 1(a) is a starting material GNP. GNP 

shows darker contrast indicating of thicker layers of 

graphite. We can observe in Figure 1(b) that the 

surface of graphene is covered with a thin coating of 

PCL. The G-PCL appears relatively shorter than those in 

the starting samples (GNP), probably due to the 

shortening effect associated with the prolonged 

sonication in the NMP. 

 

 

3.2 IR 

 

Figure 2 shows the FTIR spectra for the G-PCL, GNP and 

N3-PCL. Based on the IR spectrum of N3-PCL (Figure 

2(c)) shows the adsorption peak at 2100 cm-1, which is 

the characteristic of azide group. This is supporting the 

successful synthesis of N3-PCL. The peaks at 2949 cm−1, 

2865 cm−1 and 1740 cm−1, characteristics of 

asymmetric and symmetric stretching of CH2 and 

carbonyl stretching of PCL. The successful grafting of 

PCL macromolecules onto graphene could be proved 

by the IR spectra. The IR spectrum of non-

functionalized graphite (GNP) does not possess any 

characteristic due to PCL moiety (Figure 2(a)). But 

after the reaction with N3-PCL, characteristic 

absorption peaks due to PCL moiety were clearly 

observed in Figure 2(b).  
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Figure 2 IR spectra in KBr pallet (a) GNP (b) G-PCL  

(c) N3-PCL. 

 

 

 

The IR spectrum of N3-PCL and the stretching vibration 

of azide group were completely vanished on G-PCL, 

which could be ascribed to its reaction with graphene 

and successfully attached on graphene. This result 

suggested the presence of PCL macromolecules in the 

functionalized graphene. 

 

3.3 Solubility 

 

The G-PCL dissolved in few solvents to investigate the 

solubility. A small amount (ca. 5 mg) of G-PCL was 

added to 3 mL of solvents (dichloromethane, 

methanol, ethyl acetate and benzene). G-PCL was 

completely soluble in dichloromethane to give dark 

brown homogeneous clear solution. Judging from the 

coloring of the liquid phase, the following is the 

solubility order of G-PCL: dicholoromethane>> 

methanol > ethyl acetate > benzene as shown in 

Figure 3. 

 

 

 

 
Figure 3 Photographs of G-PCL in various solvents 

 

 

 

 

 

 

 

 

4.0  CONCLUSION 

 

We have developed a technique for functionalization 

of graphene with PCL using starting material GNP. 

Based on the results, we can conclude that the PCL 

was covalently attached onto the graphene surface 

to form the G-PCL. G-PCL can be dissolved in a wide 

variety of organic solvent and improve the solubility of 

graphene, which can widen its practical applications. 
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Abstract 
 

Recently, the introduction of separation membranes is progressing in the field of sewage 

and industrial wastewater treatment. The treatment methods with membrane separation 

have many advantages. Firstly, the sedimentation tank has not been required for the sake 

of gravity sedimentation. It is possible that the reaction tank become compact. Secondly, 

suspended solids (SS) can be almost completely removed, and it is possible to produce 

clarified treated water for which even bacteria and viruses can be almost completely 

removed. For this research, a new and novel separation polytetrafluoroethylene (PTFE) 

membrane has been produced, and the membrane has been applied to membrane 

bioreactor and membrane separation coagulation sedimentation treatments on an actual 

sludge treatment center. The experiment data was obtained through continuous operation 

during over approximately one year, and did show the similar good performance to a 

chlorinated polyethylene (CPE) membrane. As a result, the fouling resistance was very 

superior when using the flat PTFE membrane compared to the flat CPE membrane. 
 

Keywords—Wastewater treatment; membrane bioreactor; PTFE 
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1. INTRODUCTION 

 
Compared to the conventional activated sludge 

method, the membrane bioreactor (MBR) method is 
capable of increasing the concentration of 
activated sludge (mixed liquor suspended solids: 
MLSS) within a reaction tank. Therefore the MBR 
method has the advantage that the systems are 
more compact. Moreover, because it is possible to 
produce clarified treated water for which suspended 
solids (SS) and coliform bacteria can be almost 
undetectable, the membrane bioreactor method is 
also suitable for reuse. The first important factor 
relating to selection of the membrane material is the 
membrane strength. Since membrane separation is 

performed through an extremely thin membrane 
surface, if the membrane surface is damaged, the 
separation performance will be worse, causing 
deterioration in quality of the treated water. 
Therefore, it is necessary to have a membrane 
module with high membrane strength. The second 
significant factor is recoverability of the membrane 
using chemical cleaning. Contamination (fouling) of 
the membrane inevitably advances with operation 
during over the long term. For that reason, it is 
necessary to periodically clean the membrane with 
chemicals by doing clean in place (CIP) or immersion 
cleaning. Hence, a membrane material that can be 
cleaned using strong chemicals should be desired. 
Specifically, the membrane character to provide 



Satoshi Kaneco et al./ ICET 2016 

 

 

excellent strength and strong chemical resistance 
are advantageous for the membrane module used 
with MBR. From the background described above, 
with this research, a novel PTFE separation 
membrane was produced, and this was applied to 
membrane bioreactor and membrane separation 
coagulation sedimentation treatments at an actual 
sludge treatment center. Furthermore, experimented 
data was obtained through continuous operation 
over approximately one year, a study was done 
comparing this to when using a flat CPE membrane, 
and from the experiment data, we attempted to put 
into mathematical formula form the relationship 
between the transmembrane pressure difference 
and the permeate flow rate. 

 

2. EXPERIMENTAL 

PTFE membranes and CPE membranes were 
installed in a sludge treatment center (excreta and 
septic tank sludge) in Kyushu. This sludge treatment 
center is a relatively large treatment facility with a 
building area of 3993.37 m2 and a total floor area of 
5447.42 m2. FIG. 1 shows a summary of the treatment 
process. The treatment capacity is excreta 115 
kL/day and septic tank sludge 61 kL/day for a total of 
176 kL/day. Also, the effluent volume is 264 kL/day. 
The membrane elements were installed in the biofilm 
raw water tank and the coagulation membrane raw 
water tank. In the biofilm raw water tank, 150 sheets 
of PTFE membranes and 1650 sheets of CPE 
membranes were installed, and in the coagulation 
membrane raw water tank, 150 sheets of PTFE 
membranes and 1050 sheets of CPE membranes 
were installed. Actual operation was started at the 
sludge treatment center from December 2010, and 
experiments were performed. The sewage inflow is 
composed of excreta and septic tank sludge 
exhausted from the vicinity, which are carried in by 
truck. For the diffuser tube, a 10 mm diameter hole 
was opened in a rigid polyvinyl chloride pipe (outer 
diameter 48 mm, thickness 3.6 mm, inner diameter 40 
mm), and air was diffused. The aeration conditions 
were 1500 L/min for 1 unit (150 sheets), which is 10 
L/min per sheet. The air bubble migration speed at 
this time was approximately 100 cm/sec, and the 
buoyancy per membrane sheet was 200 g. The 
permeate water quality evaluation was made 
according to biochemical oxygen demand (BOD), 
chemical oxygen demand (COD), suspended solids 
(SS), total nitrogen (TN), total phosphorous (TP), and 
chromaticity. As the membrane performance 
evaluation, the relationship between trans-
membrane pressure difference and permeate flow 
rate was measured. Furthermore, the MLSS 
concentration and viscosity within the biofilm raw 
water tank and the coagulation membrane raw 
water tank were measured. With the membrane 
bioreactor treatment, operation was done at flux 0.5 
m3/m2•day up to 213 days, and thereafter, op-
eration was done at flux 0.3 m3/m2•day. The quantity 
of water to be treated for one unit (150 sheets) was 
2.5 m3/hour (flux 0.5 m3/m2•day) and 1.5 m3/hour 
(flux 0.3 m3/m2•day). With membrane separation 

coagulation sedimentation treatment, operation was 
done at flux 0.5 m3/m2•day, and the quantity of 
water to be treated for one unit (150 sheets) was 2.5 
m3/day. 

 

3. RESULTS AND DISCUSSION 

 With this research, a new PTFE separation 
membrane was produced, and this was applied to 
membrane bioreactor and membrane separation 
coagulation sedimentation treatments at an actual 
sludge treatment center. Experimented data was 
obtained through continuous operation for 
approximately one year, and a study was done 
comparing this to when using a CPE membrane. 
Following is a summary of the obtained findings. 

(A) With the membrane bioreactor method, to 
maintain a constant permeate flow rate, compared 
to the PTFE membrane, the CPE membrane exhibited 
a clearly higher transmembrane pressure difference. 
This indicates that membrane fouling occurs more 
easily with the CPE membrane, making the 
chemical-cleaning cycle shorter. Also, for both 
membranes, there was an increase in the 
transmembrane pressure difference exhibiting 
constant flux as the number of days of operation 
increased. 

(B) With the membrane separation coagulation 
sedimentation treatment as well, in order to maintain 
a constant permeate flow rate, the CPE membrane 
exhibited a clearly higher transmembrane pressure 
difference, compared to the PTFE membrane. 
However, for both membranes, even when the 
number of days of operation increased, there was 
almost no change in the transmembrane pressure 
difference indicating constant flux.  

(C) For both the PTFE membrane and the CPE 
membrane with this system, we found that the 
membrane flux (permeate flow rate) followed a 
filtration equation (Darcy's law). 

(D) By doing clean in place with chemicals three 
times, both the PTFE membrane and the CPE 
membrane could be recovered almost to their initial 
state. 

Up to now, there was almost no obtaining of 
experimented data with continuous operation using 
a PTFE membrane, and we were able to obtain 
significant data indicating the effectiveness of the 
PTFE membrane. 
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Graphical abstract 
 
 
 
 
 
 
 
 
 
 
 
 
 
SEM image of BIOX. ~1µm in diam., 
0.14µm in thick, 20nm width fiber-like 
particle on outer surface and 20-
120nm diam. spherical particles on 
inner surface. 

 
 

 
Abstract 
 
Biogenous  iron  oxide(BIOX)  produced  by  Leptothrix  ochracea,  
aquatic bacteria which is amorphous Fe3+-based oxide containing Si and P with 

tube-formed structure was studied as an anode for lithium secondary battery. 

The BIOX has approximately three times larger capacity than that of graphite 

and shows good cycle performance. However, the large first irreversible 

capacity remains in disadvantage for the practical use. In order to eliminate the 

first irreversible capacity, n-butyl lithium was applied for lithium pre-doping to 

BIOX electrode and 100% coulombic efficiency for the first cycle was successfully 

obtained. 
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1.0 INTRODUCTION 

 
In recent years, larger capacity and high energy 

density batteries have been required for applications 

such as hybrid electric vehicles (HEVs), electric 

vehicles (EVs) and load leveling devices. However, 

conventional lithium-ion batteries lack strength to 

respond to the expectation because their energy 

density is too low to satisfy the realization of EVs 

comparable to the ability of gas vehicles. 

Exploitation of high-capacity lithium-ion batteries is 

very important. Especially the application of 

electrode materials with higher energy density is 

required. 
 

Biogenous iron oxide (BIOX) is produced by 
Leptothrix ochracea, aquatic bacteria living in the 

 
 

 

world. BIOX is amorphous Fe3+-based oxide, contains 

Si and P, and takes tube formed structure. The 

structure, functionality, formation mechanism and so 

on have been extensively studied by the group of 

Takada at Okayama University (1). Recently, they 

reported the electrochemical performance as an 

anode for lithium ion battery (2). The capacity of 

BIOX as an anode for lithium ion battery is 

approximately three times larger than that of 

graphite, so that BIOX is expected as a new high-

capacity anode material for lithium ion batteries. 

BIOX belongs to the category of conversion anode 

materials and shows superior cycle and rate 

performance beyond normal conversion anode; the 

nanometric and amorphous features of the primary 

particles likely contribute to the efficient Li ion 
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diffusion, and the presence of strong covalent Si–O 

and P–O tetrahedra may also lead to the suppression 

of growth of particle size during the Li 

insertion/extraction process. However, the large first 

irreversible capacity remains in disadvantage for the 

practical use, which is normally found in the general 

conversion anode materials(3). 
 

It has been generally thought that the first 

irreversible reaction is associated with the formation 

of SEI as a result of electrochemical reaction with the 
electrolyte on the surface of electrode materials. 

Moreover, naturally-derived nanometric BIOX is 

considered to have a wide variety of active sites on 
the particle surface, which react with lithium and /or 

electrolyte and also bring the large first irreversible 

capacity. 
 

In this study, we tried to use a reducing agent, n-

butyl lithium for the BIOX electrode to eliminate the 

first irreversible capacity. The reducing power of n-

butyl lithium corresponds to around 1V vs. Li as a 

redox potential (4). By applying n-butyl lithium to the 

BIOX electrode, the anode with high capacity and 

high cycle performance was obtained. 

 
2.0 METHODOLOGY 
 

The BIOX cultured in Okayama university was firstly 

mixed with CNF (Carbon nanofiber) or KB (Ketchen 

black) as a conductive agent, SBR (styrene-

butadiene rubber) / CMC (carboxymethyl acid) or 

PAA(poly acrylic acid) as a binder (80:10:10 wt%) 

and water as a viscosity adjustor in an agate mortar. 

The slurry was coated on a copper foil, dried in air at 

80ºC and vacuum-dried at 120ºC for 3h. The 

punched out electrode was pressed under the 

pressure of 65 MPa. 
 

The first irreversible capacity was eliminated by 

immersing the electrode in n-Butyl lithium hexane 

solution for different duration. In an Ar filled sample 

tube, the electrode was reacted with 1ml of various 

concentration of n-butyl lithium in hexane. After the 

reaction, the electrode was washed by hexane and 

dried at 120ºC for 3h in vacuum. The charge-

discharge behavior was measured in a coin type cell 

(2032) with Li metal as a counter electrode 
 
and LiPF6 in EC / DEC (1：1) as an electrolyte. The 
 
current rate was 0.1 C (the theoretical capacity of 

anhydrous BIOX:  800mAh/g) and the voltage 

range was set between 50 and 3000 mV. 
  
3.0 RESULTS AND DISCUSSION 
 
Figure 1 shows the initial discharge-charge curves for 

untreated BIOX/Li cells with various binder and 

 
conductive agents. The first discharge 

(corresponding to the transport of Li ions from Li 

metal to the BIOX) down to 0.05V extended to 

 1000mAh/g which is 20% higher 

than the theoretical capacity of BIOX (  

800mAh/g). The following first charge (the transport 

of Li ion from the BIOX) showed rather reasonable 

capacity of 700mAh/g and, as shown in Fig.2, the 

cycle performance from second cycle was very 

stable; these electrodes continued the stable cycling 

with almost 100% cycle efficiency. The first irreversible 

capacity may be mainly due to the formation of the 

solid-electrolyte interface (SEI); the initial coulombic 

efficiency was  which is considerably lower 

than that of graphite ( . The large surface 

area and active sites of nanometric BIOX are 

considered to be the origin of large irreversible 

capacity. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig.1 Charge/Discharge Curve 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.2 Cycle performance 

 
The initial discharge-charge curves for the 

electrodes treated by n-butyl lithium with various 
content and immersing duration are shown in Fig.3. 
The discharge/charge capacity and coulombic 
efficiency are listed in Table I. 
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Table.Ⅰ Discharge/Charge Capacity and Coulombic Efficiency List 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.3 discharge-charge curves for the electrodes 

treated by n-butyl lithium 

 
 

The long immersing period in high concentration 

n of n-butyl lithium brought the extensive decrease 

of the discharge capacity along with the 

degradation of the following charge capacity. The 

coulombic efficiency was improved to around 

100%, however, the overall electrode capacity 

showed a remarkable fall. Especially, the 

degradation of electrode with PAA as a binder is 

very large. It is considered that the high reactive n-

butyl lithium reacted easily with PAA forming some 

lithium compounds which reduced the connecting 

ability as a binder. It is known that PAA forms 
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alkaline compounds. Contrary to PAA, the binder, 

SBR/CMC showed stable behavior although the 

degradation was observed in the case of the long 

immerse (72h) in high concentration of n-butyl lithium 

(2.6 mol / L).  
The comparison between KB and CNF as a 

conductive reagent illustrates that the electrode 

stability with KB is higher than that of CNF. The CNF 

dispersed solution as a starting reagent contains 

various additives, which might have reacted with n-

butyl lithium and brought some degradation.  
In conclusion, it is revealed that the pre-reducing (Li 

pre-doping) of the BIOX electrode by n-butyl lithium is 

the promising method for eliminating the first 

irreversible capacity for the conversion anode 

materials. 
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Abstract 
 

Polymer electrolytes are superior to liquid electrolytes with respect of that there is no 

liquid leakage and a flexible cell is configured. The most detrimental point for the 

practical application is the low ion conductivity at ambient temperature. Inorganic 

fillers addition is a common technique to enhance physical properties such as ion 

conductivity, while aggregation of filler particles becomes a big issue to achieve a 

homogeneous inorganic-organic composite. In this study, inorganic fillers which was 

surface-modified with polyethylene oxide (PEO) were added to PEO-based polymer 

electrolytes. Dispersion of the inorganic fillers in the polymer matrix and the effect on 

the conductivity enhancement will be discussed. 
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1.0  INTRODUCTION 

 
The battery with solid polymer electrolyte is difficult to 

burn at thermal runaways and free from liquid 

leakage. On the other hand, the low ionic 

conductivity of the electrolytes not only lowers 

current density which can be applied to the battery, 

but also limits available thickness of each electrode. 

Addition of small ceramic particles is empirically 

known to improve the ionic conduction in polymers. 

It is the point to distribute the powders 

homogeneously without causing agglomeration. In 

this study, by chemically modifying small 

polyethylene oxide (PEO) molecules on the ceramic 

particle surface, their higher distribution in PEO-based 

polymer electrolyte is attempted.  

 

 

 

 

 

 

2.0  METHODOLOGY 
 

 
First, polymer electrolytes were prepared by mixing 

polyethylene oxide and lithium bis (trifluoromethane) 

sulfonimide (LiTFSI) in a given amount of acetonitrile 

solvent at the molar ratio of Li to ethylene oxide 

moieties of 1/18. The solution was continuously mixed 

in a conical flask for 12 hours using a magnetic stirrer. 

Then TiO2 powders modified with PEO was added 

and stirred for another 6 hours. This solution was cast 

into a Teflon dish and standing for 72 hours. The 

electrolyte membrane was obtained after 

acetonitrile was volatilized overnight under vacuum 

dry at 110 ºC. For ionic conductivity measurements, 

lithium sheets were placed on both sides of the 

electrolyte membrane and impedance 

spectroscopy measurements were made using a 

frequency response analyzer over frequencies from 1 

MHz to 0.1 Hz. Particle size distribution of TiO2 with and 

without PEO-modification was measured . 
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3.0  RESULTS AND DISCUSSION 
 

Four kinds of TiO2 were prepared and mixed with 

PEO-based polymer electrolyte. Compositions of 

these composite electrolytes are summarized in Table 

1. Ball-mill condition is also shown in Table 2. 

Electrolyte A was a mixture with unmodified TiO2 

particles. Electrolyte B was added with TiO2 that was 

ball-milled and then modified with polymers on it. 

Electrolyte C was mixed with TiO2 that was modified 

first and then ball-milled. Electrolyte D was added 

with modified TiO2 without ball-milling. And 

electrolyte E was a pure PEO-based electrolyte 

without any filler.  

 
 

Table.1 Compositions of composite electrolytes 

electrolyte TiO2 PEO chain timing of 

ball- mill 

A addition no 

modification 

no ball-mill  

B addition modification before 

modification 

C addition modification after 

modification 

D addition modification no ball-mill 

E no 

addition 

  

 

Table.2 Ball-mill condition of TiO2 

pot, ball rotational speed time 

Zr 300 rpm 1 h 

 

 
The impedance spectra measured showed 

generally a large depressed semicircle representing 

the interface resistance between the electrolyte and 

lithium electrode. The high frequency intercept of the 

semicircle was assigned to total resistance of the 

polymer electrolyte. The traditional Arrhenius 

equation was employed to analyze the ionic 

conductivity data. The plots of ionic conductivity of 

each electrolyte vs. 1/T are shown in Figure 1. Figure 2 

shows particle size distribution curves of the TiO2 fillers 

added in the polymer electrolyte. 

 

 

 
Figure.1 The plots of ionic conductivity of each 

electrolyte vs. 1/T 

 

 
Figure.2 Particle size distribution curves of the TiO2 

fillers added in the polymer electrolyte 

 

 
 

The ionic conductivity of the electrolyte E is the 

lowest. It is obvious that ionic conductivity improves 

by adding TiO2 particles with or without modification. 

The conductivity of the electrolyte D is the lowest in A 

to D. Since the filler size becomes the largest due to 

agglomeration, TiO2 addition was thought not 

becoming fully effective.  

As there is no significant difference in the 

conductivities in A to C, there is also not much 

difference about the size distribution curves. 

Nonetheless, the electrolyte A has a large peak near 

the origin that indicates the largest proportions of 

small particles. The highest conductivity in A proves 

that making TiO2 size small and distributing it 

homogeneously leads to enhancement of ionic 

mobility. Although the surface modification was not 

able to achieve the effect as expected, it is thought 

that distribution of smaller particles is attained by 

improvement of the modification method. 

 

4.0  CONCLUSION 
 

Ionic conductivity of polymer electrolyte improved 

in the whole measured temperature range by 

adding TiO2 filler regardless of the presence of PEO-

modification. There is a correlation observed 

between enhancement in ionic conductivity and the 

particle size distribution of ceramic particles. That is, 

conductivity tends to increase when the peak of size 

distribution shifts toward smaller diameters. 

Modification with PEO chains at this stage of the 

study did not give better distribution of the ceramic 

particles and as the result did not lead to 

improvement in conductivity. 
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