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ABSTRACT 

In this study, the effect of the extraction medium on the properties and efficiency of 

bio-coagulant, extracted of Jatropha curcas (Jc), in turbidity removal from aqueous 

solutions has been investigated. The optimised values of NaCI concentration (i.e. 

NaCI), solution pH and solution temperature were identified to improve the extraction 

of the coagulant. The optimised conditions were associated with an optimum coagulant 

dosage and a maximum turbidity removal from the synthetic aqueous solutions. The 

highest turbidity reduction was achieved with the coagulant extracted at a solution pH 

of I 0 and an extraction temperature of 60 oc (pH I 0/60°C-JcPc). Under these 

conditions, the coagulant dosage required was reduced by 80-90%, depending on the 

coagulation pH. At the coagulation pH=6, the pH I 0/60°C-JcPc well reduced the 

turbidity by 85%. However, the distilled water-based extract failed to lower the 

turbidity. Several analytical techniques were employed to characterize the nature of the 

active components derived from Jc. SDS-PAGE electrophoresis showed that Jc extract 

was mainly made up of proteins with molecular weights between 20 and 35 kDa. The 

optimized extraction conditions significantly improved the efficiency of this promising 

bio-derived coagulant in turbidity reduction. This study demonstrates the potential 

employability of these enhanced bio-coagulants. This can be a step ahead in helping 

with the development of sustainable processes in (waste)water treatment, particularly in 

tropical regions e.g. Malaysia with an abundant access to Jc. 

iii 



ABSTRACT 

Dalam kajian ini, pengaruh medium pengekstrakan terhadap sifat dan kecekapan bio­

koagulan, diekstraksi Jatropha curcas (Jc), dalam penyingkiran kekeruhan dari larutan 

berair telah diselidiki. Nilai kepekatan NaCI yang dioptimumkan (iaitu NaCI), pH 

larutan dan suhu larutan dikenal pasti untuk meningkatkan pengekstrakan koagulan . 

Keadaan yang dioptimumkan dikaitkan dengan dos koagulan optimum dan 

penyingkiran kekeruhan maksimum dari larutan berair sintetik. Pengurangan kekeruhan 

tertinggi dicapai dengan koagulan yang diekstrak pada pH larutan I 0 dan suhu 

pengekstrakan 60 o C (pH I 0 I 60 o C-JcPc). Dalam keadaan ini, dos koagulan yang 

diperlukan dikurangkan sebanyak 80-90%, bergantung pada pH pembekuan. Pada 

pembekuan pH = 6, pH I 0/60 o C-JcPc dengan baik menurunkan kekeruhan sebanyak 

85%. Walau bagaimanapun, ekstrak berasaskan air suling gagal menurunkan 

kekeruhan . Beberapa teknik analisis digunakan untuk mencirikan sifat komponen aktif 

yang berasal dari Jc. Elektroforesis SDS-PAGE menunjukkan bahawa ekstrak Jc 

terutama terdiri dari protein dengan berat molekul antara 20 dan 35 kDa. Keadaan 

pengekstrakan yang dioptimumkan men ingkatkan kecekapan koagulan bio-turunan 

yang menjanjikan ini dalam pengurangan kekeruhan. Kajian ini menunjukkan potensi 

penggunaan bio-koagulan yang dipertingkatkan. lni dapat menjadi langkah maju dalam 

membantu pengembangan proses berkelanjutan dalam (air) rawatan air, terutama di 

kawasan tropika mis. Malaysia dengan akses yang banyak ke Jc. 
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CHAPTER 1 

INTRODUCTION 

Access to safe drinking water is one of major global concern of humankind over the 

last decades. In developing countries, the cost of imported chemicals, such as aluminum salts 

and poly aluminum chloride, for conventional water purification is exorbitantly expensive. 

Disposal difficulties of the high volume sludge because of its aluminum content, residual 

aluminum concentration in the treated water, reaction of aluminum with alkalinity present in 

the water leading to the big drop in the pH of water and its low coagulating efficiency in cold 

water are the main problems which water treatment plants face with (Chatterjee T. et. al, 

2009 and; Sanghi Rashmi and Singh Ajay, 2001 ). Additionally, recent studies have pointed 

out possible negative effect on consumers' health associated with using aluminum-based 

coagulants (Grahama et. al, 2008 and; Katayon et. al, 2006) McLachlan et. al, reported that 

extensive intake of alum may cause Alzheimer's disease (McLachlan, 1995). 

Thus, in recent years, there has been an important challenge to develop sustainable 

technologies to treat turbid water with a better alternative for conventional coagulants, 

preferably from natural and locally grown or harvested. Aqueous extracts of several dry seeds 

have been recommended for their perfonnance in water treatment applications in developing 

communities (A bid in et. al, 20 II; Sanghi et. al, 200 I; Ndbigengesere et. al, 1995 and; 

Pritchard et. al, 2009). Natural polyelectrolytes, which can be derived from plants and animal 

life such as Vegetable tannins and cactus mucilage (Miller et. al, 2008; Sanchez-Martinet. al, 

20 II and; Zhang et. al, 2006) and chitosan (Chatterjee et. a!, 2009) are alternatives to 



synthetic polymers or alum. A large number of bio materials in which coagulating properties 

have been observed, are available long time ago, but applying them in cheaper way and 

sustainable is sti II a serious challenge. 

Present study is aimed to test the natural source materials that are indigenous and 

abundantly available in Southeast Asia region, particularly Malaysia, as renewable sources of 

natural coagulants. Four natural materials, which have properties similar to those previously 

described for natural coagulants, were chosen to examine the quality of the surface water 

treated by them and to compare them with that of the water treated with alum. Two seed 

plants, Moringa oleifera and Jatropha curcas, one animal-based polymer, chitosan, one plant 

mucilage, dragon fruit (Hylocereus costaricensis) foliage, have been selected to examine their 

applicability in surface water treatment. 

The main objective is to conduct an investigation to improve the extract method of 

active agent from Jc seeds for water treatment. The specific objectives of this research are as 

follows: 

1- To model and optimize the extraction of active agent from Jc press cake based on 

its coagulation activity using Response Surface Methodology. 

2- To characterize the isolated protein from extraction coagulant. 
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CHAPTER2 

LITERATURE RIVIEW 

Today, one of the key changes in the process industries is waste minimisation in the 

conversion of waste to value-added end products. Furthermore, the continual depletion of 

available resources has led to a rising growth in research opportunities e.g. the use of waste 

biomass in energy production and water/wastewater treatments. Natural materials are known 

to be effective coagulants. They are of great importance especially in countries where access 

to conventional chemicals has proven to be difficult or not economical (Megersa et. al, 2017 

and; Saranya et. al, 2014). These easily-biodegradable biomaterials are readily found in 

abundance as waste by-products with practically little or no secondary large-scale application 

(Ozacar et. al, 2002 and; Hu et. al, 2013 ). 

Active components derived from natural coagulant can be produced or extracted from 

microorganisms, animals (Rizzo et. al, 2008) and/or plants (Yin et. al, 20 I 0). Plant-based 

coagulants are categorised into three main groups depending on the nature of their active 

components. The first group comprises oilseeds of which press-cake has shown a good 

coagulation activity with protein as their active component. The next group is mucilage of the 

cactus family plants with a mixture of polysaccharides, capable of treating water via floc 

forming. And finally, tannin, a general name given to large polyphenolic compounds derived 

from natural materials (Yin et. al, 20 I 0). 

Among plant-based coagulants, the active component in Moringa oleifera (M 

ole~fera) seeds is a promising alternative for the conventional coagulants . The corresponding 
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coagulation mechanism has been thoroughly investigated in the literature (Katayon et. al, 

2006 and; Yarahmadi et. al, 2009). It was shown that the active components in the water 

extract are the dimeric cationic polypeptides (6-17 kDa) with I 0-11 isoelectric points 

(Fatombi et. al, 20 13). Another potential source of bio-coagulant is Jatropha curcas (Jc), 

sometimes referred to as the "physic nut". The seeds are made up of about 30-35% oil. Jc has 

been widely grown for oil extraction from its seeds (Fatombi et. al, 2013; Lestari et. al, 2011 

and; Makkar et. al, 2008). A solid waste residue, called press cake (Pc), with a good protein 

content is generated after the oil extraction process (Lestari et. al, 20 II; Da Luz et. al, 2014 

and; Makkar et. al, 2008). 

In comparison toM ole(fera, it has been reported (Khodapanah et. al, 2013) that the 

aqueous extracts of Jc kernel demonstrate an acceptable coagulation activity when tested on 

river water samples. The active coagulant component in the Jc is believed to be a soluble 

protein (Jc is an oilseed with a high protein content). It has also been reported that the key 

factors in increasing the solubility of protein in aqueous solutions are the ionic strength, 

solution pH and temperature (Okuda et. al, 200 I; Alvarez et. al, 2018 and; Saetae et. al, 

2011 ). 

The first objective of the present work is to investigate and optimize the extraction 

conditions in order to reduce turbidity in aqueous solutions with a minimum dosage of bio­

coagulant. This study also seeks to specifY and characterize the produced extract. To the best 

of our knowledge, the composition, nature and properties of Jc extract has not been reported 

elsewhere. Elemental analysis, FTIR analysis, enzymatic hydrolysis and sodium dodecyl 

sulphate polyacrylamide gel electrophoresis (SDS-PAGE) measurements were employed in 

order to characterize the active components. 
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Coagulation activity of each isolated coagulant is evaluated in Jar tester. The study 

involved steps such as rapid mixing, slow mixing and sedimentation in a batch process. 

Samples of synthetic turbid water were prepared by adding a stock kaolin suspension to tap 

water for all coagulation experiments. pH of synthetic turbid water is adjusted to desired pH 

before each run. During a rapid mixing, the different dosage of isolated coagulant sample is 

added to each beaker of turbid water sample. One of the jars receiving no treatment (i.e. 

dosage of 0 mg/L of coagulant), serving as a blank against in which turbidity removal can be 

compared with. Residual (final) turbidity of treated water mples is measured after 

sedimentation period by turbiditimeter. 

In order to extract the active agent, Jc press cake is mixed with the extraction solution 

in different conditions. Then the extracted proteins are isolated and characterized using a 

range of techniques including isoelectric precipitation, dialysis and electrophoresis. To isolate 

the active protein from extracted solution, the pH of the coagulant solution was adjusted to 

isoelectric point of Jc proteins. The generated suspension is centrifuged to seperate from 

supernatant then dissolved in distilled water and continually stirred for several hours by 

magnetic stirrer. Subsequently, the non-soluble part is filtered. The supernatant was dialyzed 

overnight at 4 °C against deionized water in a dialysis bag. 

As a first optimization step, the critical variables of the extraction along with their 

variation ranges are estimated based on a classical "one-variable-a-time" (OV AT) procedure. 

The effective variables (results from OVA T) are then used as input variables in a full 

factorial analysis, with three (or five) levels, and with 3 replicates. The input levels of 

different factors, including center points, for the full factorial procedure are: temperature 

(estimated 25- 75 °C), NaCI concentration (estimated 0 - 0.5 M) and pH (estimated 8- 12). 
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The responses are coagulation activity, optimum dose and protein content of isolated protein 

from Jc. 

Various tests are performed on isolated protein from Jc to characterise the active 

agent. Total protein/carbohydrate content, FTIR spectroscopy, HPLC, and the molecular size 

of active protein by SDS-PAGE electro-phoresis are several analytical techniques to 

characterize the isolated active agent. 
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CHAPTER3 

METHODOLOGY 

3.1 Materials 

The Jc seeds were supplied by the Malaysian Agricultural Research and Development 

Institute (MARDI). The raw plant was freshly collected from Universiti Putra Malaysia's 

farm. Kaolin, sodium hydroxide pellets and sodium chloride were purchased from R&M 

Chemicals, Essex, UK. Hexane from Systerm Co., Shah Alam, Malaysia, Alcalase from 

Novozymes A/S, Baegsvard, Denmark and Hydrochloric acid (HCI, 36%) from Fisher 

Scientific, UK were the other chemicals used in the present work. 

3.2 Characterisation of Jc 

A hexane-based solid-liquid extraction process was employed in order to prepare the 

Jc press cake (Sayyar et. al, 2009). The results from the proximate and elemental analyses 

(Truspec CHNS/CHNSO elemental analyzer (LECO, USA)) of the shelled Jc seeds as well as 

the press cake are shown in Table I. All chemicals used in the experiments were of analytical 

grade and were used as received without any further purification. In addition, the functional 

groups in Jc and JcPc were detected on a Spectrum I 00 FTIR spectrometer (Thermo Nicolet) 

within a spectral range of 4000-400 cm· 1• The spectra of the kernel and the press cake were 

similarly recorded. 
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Table 1. Elemental and proximate analyses of shelled Jc seed. 

Kcmcl 

Press cake 

Elemental analysis (dry wt%) 

Nitrogen 

4 .98±003 

8.38±0.30 

Proximate analysis (raw wt%) 

Hydrogen 

8.87±0.17 

6.80±0.12 

Carbon 

57.05±0.24 

47.69±0. 15 

Sulfur Oxygen 

2.20±0 06 22.56±0.16 

0.18±0.02 33.11±0.23 

Crude protein Crude Lipids i\sh Content Moisture Content Crude Fiber Total Carbohydrates* 

Kemcl 31.52±0.35 51.79±0.09 3.30±0.14 3.95±0.04 6.56±0.27 2.88±0.06 

Press cake 54 .04±0.43 16.19±0.02 6.03±0 OJ 5.20±0.02 7.64±0.13 I 0.90±0.12 

• Calculated from difference 

3.3 Extraction of the coagulant's active component 

In order to extract the active component, two grams ofthe sieved JcPc (100-550 ~un) 

was mixed with I 00 ml of the extraction solution. In order to determine the optimum 

extraction conditions, the effects of three experimental parameters i.e. solution temperature, 

NaCI concentration and solution pH (i.e. the extraction pH), were studied. To achieve this, 

different aqueous media were used: distilled water (Favorit Water Still W4L) at neutral pH 

(i.e. pH 7) as well as at pH values of 9 and I 0 (adjusted by using 0.1 and I M NaOH) and 

NaCI solutions (0.1, 0.2, 0.3, 0.5, 1.0, 2.0 M) (Lestari et. al, 2011 and 201 0). The extraction 

temperature was studied at three levels: the room temperature (RT), 40 °C and 60 °C 

(Makkar et. al, 2008). All mixtures were continuously stirred for five minutes on a heated 

hotplate, using a magnetic stirrer (Fisher Scientific lsotemp). The suspension was next 

filtered through a muslin cloth and cooled down to room temperature. The supernatant was 

then centrifuged (High Speed Refrigerated Centrifuge CU BOT A 6500) at 3000 rpm for 15 

minutes. These coagulant solutions, extracted in distilled water (DW) and NaCI solutions, 

were referred to as DWE-JcPc and SCE-JcPc (i.e. Distilled Water Extract/Sodium Chloride 
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Extract of JcPc), respectively. A fresh solution was prepared for each sequence of 

experiments to prevent any change in coagulation activity due to microbial decomposition of 

the organic compounds during storage. The coagulant extract from JcPc at optimum 

extraction condition was labelled as pH I 0/60°C-JcPc indicating that the extraction solution 

pH and solution temperature were adjusted at I 0 and 60 °C, respectively. 

3.4 Isolation, partial purification and characterization of the active component 

In order to identify the nature of the active components in Jc, enzymatic hydrolysis 

was p~rformed by adding Alcalase to pH I 0/60°C-JcPc. The solution pH of the pH I 0/60°C-

JcPc was adjusted at 8 using HCI (0.1 M and 1 M) prior to the addition of the enzyme (pre-

adjusted medium pH). The mixture was then continually stirred inside a water bath regulated 

at 50 oc for 6 hr (Li et. al, 2010 and; Espejo-Carpio et. al. 2015) During this process, the 

entire peptide bonds were broken down (Marrufo-Estrada et. al, 2013). This would then allow 

a coagulation test to potentially prove the quality of the extracted active component in the 

solution (Li et. al, 20 I 0). 

In order to study the nature of the active component, three samples from the original 

pH I 0/60°C-JcPc solution (30 mi. pH=8) were prepared in three volumetric flasks (I 00 ml). 

Alcalase (500 ~Ll) was next added to one ofthe three samples. The second sample was used as 

the control experiment with no added Alcalase. Finally, the third sample (Alcalase free) was 

placed and kept inside the refrigerator (4-7 oq in order to prevent any microbial 

decomposition of the organic compounds. An enzyme control test was also employed by 

adding of Alcalase (500 Ill) to distilled water (30 ml, pH = 8). After the completion of the 

hydrolysis reactions, the coagulation activities of all four samples were tested via the jar test. 

Active proteins were isolated and characterized using a range of techniques including 

isoelectric precipitation, dialysis and electrophoresis. A modified version of an existing 
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method (Makkar et. al, 2008) was employed in order to precipitate the active proteins from 

the JcPc solutions. In order to isolate the protein from the pH I 0/60°C-JcPc, the pH of the 

coagulant solution was adjusted to 5 using HCI (Fisher Scientific 36%) before being 

centrifuged at 3000 rpm for 20 min at room temperature (High Speed Refrigerated Centrifuge 

CUBOTA 6500). The generated white suspension was then dissolved in distilled water and 

was continually stirred for four hours on a magnetic hotplate (Fisher Scientific lsotemp). 

Finally, the non-soluble residue was filtered firstly through a Whatman No. I filter paper and 

then through a 0.45 and 0.22 j.lm nylon membrane. The supernatant was dialyzed overnight at 

4 °C against deionized water in a dialysis bag (UC36-32-1 00, Viskase Sales Corp) with a 

molecular weight cut-off of 12-14 kDa. 

The protein's Molecular Weight Distribution of the distilled-water extract and the 

purified pHI 0/60°C-JcPc samples were monitored by SDS-PAGE (sodium dodecyl sulphate 

polyacrylamide gel electrophoresis) on 12.5% (w/v) polyacrilamid gel. Protein bands were 

visualized via Coomassie bri II iant blue R-250 staining (Hamarneh et. a!, 20 I 0). 

The total sugar and protein contents of the natural coagulant solutions were measured 

via the phenol-sulfuric acid method with glucose as the standard (Zheng et. al, 2008) and the 

Bradford method with bovine serum albumin as the standard, respectively (Da Luz et. 

al,2014). 

3.5 Turbid water samples 

In order to identify the optimised experimental condition for the extraction of the 

active component of Jc, synthetic kaolin turbid water was prepared and used in the 

subsequent turbidity removal experiments. Kaolin was used to establish a desired level of 

turbidity. By adding 7.5 ml of kaolin stock solution (Sciban et. al, 2009) to 500 ml of tap 

water and storing the solution over night to maintain a constant temperature and remove any 
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residual chlorine, a 200-NTU turbid water was successfully synthesized. The turbidity was 

determined using a HACH Turbidimeter (Model 2100 N). The pH of the turbid water 

samples was 7.41 ± 0.07 and where indicated, the desired pH (i.e . coagulation pH) was 

adjusted by adding hydrochloric acid (0.1 M and I M) and sodium hydroxide (0.1 M and I 

M). 

3.6 Coagulation experiments 

Jar floc test, comprising a series of batch experiments, was employed in order to study 

the coagulation process. All experimental parameters were kept constant during the tests 

except for the target variable. The coagulation activities of the different extracts were 

evaluated in a jar tester (YELP, model JLT6). Samples were added to beakers filled with 

turbid water in different dosages (I 0-400 mgL- 1). The solutions were then constantly stirred 

(I 00 rpm) for 4 min, followed by a slow mixing phase (40 rpm) for 25 min. After about 30 

minutes of sedimentation, an aliquot of the clarified sample (20 mL) was collected from the 

top of the beaker and the residual turbidity was measured. The final (residual) turbidity of the 

treated water samples was measured and the turbidity removal percentage was calculated by 

the difference between the initial and the final turbidity values divided by the initial turbidity, 

multiplied by I 00. All experiments were run at room temperature (25 ± I °C). 

In order to investigate the reproducibility of the results, the extraction experiments in 

pH I 0 and temperature 60 °C were repeated in quintuples and in irregular intervals for two 

months followed by the subsequent analyses of the efficiency of the pH I 0/60°C-JcPc in 

turbidity removal at coagulation pH of 4. Each experiment was run in triplicates. The residual 

turbidity of these runs i.e. 4.22±0.43, 4.02±0.20, 4.63±0.34, 5.48±0.45, 4.65±0.31 NTU, 

indicates that the extracted natural coagulant could successfully reduce the turbidity of the 

synthetic turbid water with a high degree of reproducibility. 
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CHAPTER4 

RESULT AND DISCUSSION 

4.1 Optimisation of the extraction conditions 

The coagulation activity of the DWE-JcPc was investigated in a synthetic aqueous 

kaolin solution. Through a series of initial tests, it was concluded that acidic pH facilitates 

turbidity reduction from synthetic water. Fig. I presents the effect of DWE-JcPc dosage on 

residual turbidity of synthetic aqueous kaolin solution at coagulation pH values of 4, 5 and 6. 

The residual turbidities of water treated with the optimum dose of the coagulating solution -

corresponding to the highest turbidity reduction -were found to be 5 and 33 NTU at pH 4 and 

5, respectively. The optimum doses of coagulant at pH 4 and 5 were I 00 and 200 mgL· 1
, 

respectively. However, at a coagulation pH of 6, DWE-JcPc could not reduce the turbidity to 

an acceptable level (i.e. >30%, Miller et. al, 2008) and therefore, distilled-water extraction 

proved not to be suitable for successful coagulation at coagulation pH of 6. 
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Fig. 1. Effect of water-extracted coagulant (DWE-JcPc) dosage on turbidity reduction of 

synthetic kaolin/water at coagulation pH values of 4, 5 and 6. 

The elemental analysis on the JcPc (Table I) showed an enrichment of protein in the 

sample: 8.38 wt% nitrogen (7.69 wt% carbon) as compared to the kernel. which contained 

only 4.98 wt% nitrogen (57.05 wt% carbon). The crude protein contents of Jc's kernel and 

JcPc are 31.52% and 54.04%, respectively (Table I). Both kernel and press cake were further 

analysed via FTIR to confirm the presence of the protein. As illustrated in Fig. 2, FTIR 

analysis for Jc kernel and press cake showed two strong absorption bands at 1635 cm· 1 and 

another at 1535 cm· 1
• Another band was also recorded in the range of 1240-1246 cm·1• These 

peaks are characteristic of carbonyl C=O stretching vibrations in primary, secondary, and 

tertiary amides, respectively (Prasuna et. al, 2009 and; Kwaambwa et. a1, 2008). This 
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suggests that the Jc seeds hold up a high percentage of protein within them. The comparison 

between spectra of the press cake and the kernel demonstrated that the amide infrared 

absorbance has not been remarkably altered in the press cake due to the structural changes in 

protein after solvent extraction of lipids. 
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Fig. 2. FTIR spectra of Jc kernel and press cake. 
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Therefore, the active component of Jc press cake as a coagulant might be protein 

molecules. In both laboratory and commercial-scale extraction processes, water with sodium 

or potassium hydroxide are used to modifY the pH and to ultimately extract protein from 

press cake (Makkar et. al, 2008 and; Pelegrine et. al, 2005). On this ground, the same 

approach was adapted throughout the JcPc active component extraction process. 

With NaCI solution, it was observed that the optimum dosage of JcPc extract was 

halved compared to when water was used as the extraction medium at coagulation pH 4. The 

corresponding amount of SCE-JcPc was 40 mgL- 1• On the other hand, the lowest 

concentration of NaCI showing the same degree of turbidity reduction was 0.3 M. 

Additionally, higher concentrations of up to 0.5 M did not show any significant difference 

while elevated salt concentrations ( 1.0 and 2.0 M NaCI) had a negative impact on turbidity 

reduction. The decrease in coagulation performance at 1.0 and 2_0 M could be due to the 

"salting-out" phenomena (Makkar et. al, 2008). 

In the next phase of the experiments, the effects of temperature and pH on extraction 

were investigated. Although the temperature of the extraction solution was expected to 

improve the extraction yield (increasing temperatures facilitated the molecular dissolution of 

solutes in the solvents), the results indicated that solely preheating the coagulant solution 

would not have a significant effect on the coagulating efficiency_ It has been observed that in 

some cases, an increase in temperature could decrease the protein solubility at isoelectric 

point (pi); however, at other pH values (below and above pi), the effect of temperature on 

solubility of protein was strongly affected by solution pH (Pelegrine et. al, 2005 ). On the 

other hand, Saetae et al. 20 II, reported that Jc protein solubility increases with temperatures 

within the range of 30 to 50 oc at an extraction pH of 12_ In general, it is understood that the 

effect of temperature on solubility is strongly dependent on the pH of the extracting solution 

and therefore, there exists an interaction between these two experimental factors. Hence, in 
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the subsequent experiments, the effects of temperature and pH of the media were studied 

together. 

Fig. 3 demonstrates the effects of ionic strength, pH and temperature of the extraction 

solution on the optimum coagulant dosage to achieve a residual turbidity of 5 NTU ~ in 

synthetic water at a coagulation pH of 4. 
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Fig. 3. Optimum dose corresponding to a residual turbidity of 5 NTU < of water at 

coagulation pH 4 using various extracting solutions. 

The optimum dosage was observed to be I 00, 40 and 20 mgL- 1 for DWE-JcPc, SCE-

JcPc and pH I 0/60°C-JcPc at a coagulation pH of 4, respectively. A notable achievement was 

the improvement in coagulation activity of JcPc extract at coagulation pH values of 5 and 6 

16 



by changing the extraction pH and the temperature of the extraction media. Fig. 4 draws a 

comparison among various extracting solutions with respect to turbidity removal at 

coagulation pH values of 5 and 6. The results show that the extraction of active components 

at an extraction pH of I 0 and higher temperature substantially improved the performance of 

coagulant at coagulation pH values greater than 4. 

100 0 Turbid water at pH=S 
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Fig. 4. Turbidity reduction of synthetic water at two coagulation pH values of 5 and 6 with 

various extracting solutions with a constant coagulant solution dosage of 20 mgL·1
• 

The efficiency of different extracting solutions at coagulation pH=4 was understood 

to be the same in terms of the observed residual turbidity. They all showed residual turbidity 

of :S 5 NTU. However, the optimum coagulant dosages dropped by 80% and 90% for 
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coagulation pH 4 and 5, respectively. Additionally, a higher coagulation activity (by 91.6%) 

with the pH I 0/60°C-JcPc was observed at coagulation pH=5 comparing with 83% when 

using DWE-JcPc. Therefore, regarding the optimum dosage improvemnt, the highest 

achieved turbidity removal with pH I 0/60°C-JcPc at coagulation pH=5 was almost II times 

higher than that of distilled water extract. Interestingly, at the coagulation pH=6, and with the 

use of an alkaline-medium extract, the coagulation activity increased by 85% despite the 

absence of coagulation activity with distilled water extract. Therefore, it is concluded that 

extraction at pH I 0 and at 60 °C presents two major advantages: a reduction in the optimum 

dosage to achieve the maximum turbidity removal and the improvement of coagulation 

activity at coagulation pH=5 & 6. Although salt extraction solution showed its capability in 

reducing the optimum dosage at coagulation pH=4 and it also indicated an improvement in 

coagulation activity at coagulation pH=5 compared to DWE-JcPc, it was still not as efficient 

as the solution extracted at pH I 0 and at 60 °C. 

Since the active coagulant component was now believed to be protein, the protein and 

carbohydrate content of the extractant were subsequently analysed. The results indicate a 

significant increase in the yield of protein extraction from JcPc through alkaline extraction. 

Extraction at 60 °C and a pH of I 0 corresponded to a higher protein content (i.e . 6.65 ± 0.20 

gL- 1
) than extraction in a water-only medium (i.e . 0.81 ± 0.06 gL-1). Furthermore, the total 

amount of carbohydrate in DWE-JcPc and pH I 0/60°C-JcPc were 1.35 ± 0.17 gL·1 and 1.63 ± 

0.02 gL-1
, respectively . Similar findings by other researchers (Madrona et. al, 2011 and; 

Makkar et. al, 2008) have also been reported in the literature for optimising the extraction of 

protein from oil seed biomass. 

4.2 Isolation and identification of pH10/60°C-JcPc active component 

18 



In order to characterize the extracts, several characterization techniques were 

employed. Protein hydrolysis and SDS-PAGE electrophoresis were used to characterize the 

coagulation active components in Jc. 

The hydrolysis process is a reaction in which a substance is degraded. Enzymatic 

hydrolysis involves minimum side reactions and leads to a limited hydrolysis of selected 

bonds. Proteases hydrolysis breaks down proteins into various peptides which are further 

reduced into amino acids. This leads to a complete degradation of protein structure [ 19]. The 

results could support our hypothesis that the active component of Jc-derived coagulant is a 

protein if the hydrolysed sample does not show a significant coagulation activity. Fig. 5 

compares the performance of the pH I 0/60°C-JcPc and the hydrolysed pH I 0/60°C-JcPc 

solutions for their turbidity removal. 
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Fig. 5. Residual turbidity of kaolin water at two-coagulation pH values of 5 and 6 by using 

pH I 0/60°C-JcPc solution under protein hydrolysis reaction. 

Sample no. I, 2 and 4 were maintained inside a water bath under identical Alcalase 

hydrolysis conditions. The hydrolysed pH I 0/60°C-JcPc solution did not show any 

coagulation activity. The turbidity removal of the treated water using the hydrolysed 

pH I 0/60°C-JcPc was measured to be 2-5% compared to the turbid water treated with sample 

no. 2 and 3 (i.e. 85-92%). This indicated that sample no. I completely failed to reduce the 

turbidity and therefore, no coagulation activity was observed. Alcalase just reacts with 

protein components and break downs peptide bonds, resulting in new components such as 

amino acids with completely different properties from proteins. In addition, the results of 

sample no. 4 confirmed that Alcalase did not demonstrate any coagulation activity. 
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The SDS-PAGE was used to determine the molecular weight profile for the isolated 

proteins. The SDS-PAGE patterns ofpHI0/60°C-JcPc (Fig. 6 (a)) contain three major bands 

indicating the presence of various types of proteins with different molecular weights. The 

highest protein intensities of pH I 0/60°C-JcPc are grouped into two classes of molecular 

weights : <25 kDa and >25-35 kDa. In general, a minimum number of 25 protein bands are 

present in the Jc seed protein (Lestari et. al, 20 I 0). The number of proteins extracted in 

distilled water was much larger than the optimum extraction conditions while the 

concentration of the target protein was significantly higher in the pH I 0/60°C-JcPc solution. 

These results were consistent with the findings by (Hamarneh et al. 20 I 0). They stated that 

the molecular weight of the protein in the Jc extract (under isoelectric conditions) contains 

three major bands between 20 and 45 kDa (Fig. 6 (b)). In our study, this was between 20 and 

35 kDa. 
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Fig. 6. Protein molecular weight distributions of JcPc extracts: (a) Isolated protein from 

pHI 0/60°C-JcPc by isoelectric precipitation & dialysis (2), DWE-JcPc (3), and protein 

marker (I) and (b) Jc proteins extracted by isoelectric precipitation. 

The total protein content in pH I 0/60°C-JcPc after isoelectric precipitation was 

measured to be 1.5 ± 0.06 gL· 1
• However, the total amount of carbohydrate was observed to 

be negligible. This also confinned that the protein isolation procedure was successful. The 

protein content of the pH I 0/60°C-JcPc after isoelectric precipitation was 77% less than of the 

pHI 0/60°C-JcPc, owing to the loss of proteins during the precipitation and dissolution stages. 
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CHAPTER 5 

CONCLUSION 

The purpose of this study was to optimise the extraction method of the active 

coagulation component from Jc seeds. In order to identify the extracted species, a range of 

characterisation techniques were employed. The key findings in this study are summarised as 

follows: 

l- Among various extraction media employed to extract the active components, an 

extraction medium with a pH of l 0 and a temperature of 60 oc was found to be the 

optimised condition for both maximum turbidity removal and optimum coagulant 

dosage required. In the removal of kaolinite turbidity at the coagulation pH 4 and 5, 

JcPc extracted in an alkaline media demonstrated an improved coagulation activity 

with a five- and tenfold reductions in the required coagulant dosage compared to JcPc 

extracted in distill~d water, respectively. The experimental results indicate the 

efficiency of the optimized extraction conditions in the active component extraction 

from JcPc. The protein content of pH l 0/60°C-JcPc was 8.2 times higher than that of 

the DWE-JcPc. The pH I 0/60°C-JcPc could efficiently coagulate more than 91% of 

the initial 200-NTU kaolin turbidity using only a dosage of20 mgL· 1 at a coagulation 

pH of 5. However, 200 mgL- 1 of the DWE-JcPc was required to remove only 80% of 

the same kaolin water. With an alkaline solution as the extractant, a coagulation 

activity at pH 6 corresponding to more than 85% turbidity removal was observed. 

However, distilled water extract did not show any coagulation activity at this pH. 
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2- As confirmed via the elemental/proximate analyses as well as the FTIR spectra, the 

effective coagulant components were protein molecules. This was further confirmed 

through enzymatic hydrolysis. The water-extract solution demonstrated at least 20 

protein bands in SDS-PAGE gel. Comparing the two SDS-PAGE gels, it was realised 

that the active proteins had a molecular weight between 20 and 35 kDa. 

3- This study has showed that the pH I 0/60°C-JcPc can be a promising coagulant to be 

used in water treatment plants, especially in tropical countries such as Malaysia with 

an easy access to Jc. It was realized that the Jc seeds could be used as an efficient 

coagulant in water and wastewater treatment upon an initial purification of the active 

component. It is mentionable that the ultimate application of this coagulant in pilot 

and full-scale plants requires appropriate cost-benefit and a full techno-economic 

analyses for a viable commercial application of pH 1 0/60°C-JcPc. Therefore, the 

authors would see it critical and with key benefits to perform such calculations in 

future works. 
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1. Introduction 

ABSTRACT 

Pretreatment is significant for the bioenergy yield enhancement by anaerobic co-digestion (/\CoD) process. 
Oxidization by hydrogen peroxide (OHP) had substantial impact~ on biological break down through pretreat­
ment of substrate and bioenergy production by /\CoD methods. It is considered as an environmentally friendly 
and economical pretreatment method of /\CoD for different wastewater treatment. This work aims to study the 
potential effect~ of OHP pretreatment in treating palm oil mill effluent (POMEJ for greater bioenergy yield using 
a solar assisted bioreactor (SI\Br). In this study, the solar panel first converted solar radiation into electricity, 
which warmed up POME and cattle manure (CM) mixture to keep the reactor in mesophilic temperature. The 
operation was done semi-continuously, and the /\CoD operation was analysed at a 50:50 mixing ratio for POME 
and CM. The Fenton oxidation effect< of 1.00% OHP doses with 1 mM Fe3

- on the POME at 30 min exposure for 
COD and TOC removal were 33.80 o/o and 28.31 o/o, The improvement of biodegradable dissolved organic carbon 
(BDOC) was 59 o/o more for POME at 1.00 o/o OHP doses, which were maximum for any other OHP percentage 
dose and thus BOD/COD was also enhanced up to 0.72 for POME. Biogas and methane production can be 
enhanced up to 46.00 o/o and 64.83 o/o if pretreated by 1.00 o/o OHP doses. The methane composition is also 
enhanced up to 72.4 o/o compared to non-pretreated which was 64.13 o/o, Kinetic study of potential methane 
production from POME was determined for measuring final methane production as well as kinetic constants. The 
consequences ofOHP pretreatment for POME subsidile advantageous evidence for the effectiveness of the A CoD 
process for the treatment of POME. 

Anaerobic co-digestion (ACoD) is one of the prominent wastewater 

treatment methods that process multiple substrates to produce bioe­
nergy, which consequences also in an enhancement of wastewater 

treatment efficiency [ l]. It consequently regulates higher bioenergy 

production and improved ACoD system steadiness compared to mono 
anaerobic digestion (AD) of the substrate [ .. ].It is considered as one of 

the most energy-efficient and eco-friendly methods for bioenergy yield 

from sustainable energy sources [ :]. However, palm oil mill effluent 

(POME) is like dark liquid which can easily dissolve and become sus­

pended and produces bad odor after a chemical breakdown by bacteria. 

Its characteristics are acidic, and its degradation is quite tricky [ :, >].If 

discharged directly into the waterways, the environment can be pol­
luted by POME because of its greater chemical oxygen demand (COD) 

and biochemical oxygen demand (BOD) concentration [.,,,.]. In con­

trast, there is a relatively new issue which is feedlot farming with 

slaughterhouse incorporation, and so it is necessary to administrate 

carefully for waste management. Though the cattle are kept only for 

three months sequence to make fatter before sending for slaughter, the 

cow dung and effluent produced from slaughterhouse per day are about 

200-300 tonnes [ ]. Conversely, the element analysis of cattle manure 

(CM) indicates a large proportion of oxygenated compounds, perhaps 

for the nature of the food which is consumed by cattle[ .. ]. In the ACoD, 

the microbial growth of wastewater requires different cationic elements 

like sodium, potassium, and others; if these element exist in high 
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absorptions, the microbial activity can be hindered [·'), It is positively 
affected by the presence of metal contents because of its low percen­
tage. However, as an exceptional inoculum in the ACoD, CM contains 
prominent buffering capacity, anaerobic microorganisms abundance, 
and a wide variety of essential nutrients for optimum bacterial growing 
[ ). 

Pretreatment of POME is required for improving bioenergy yield 
through ACoD. To enhance the organic degradation efficiency of sev­
eral stubborn materials, an effective pretreatment could be supportive. 
The pretreatment can change several stubborn organic materials to 
decomposable organics, which might be degraded easily later in the 
bioreactor [, ). Many pretreatment techniques are existing for POME 
including chemical, biological, and physical methods to increase the 
hydrolysis of organic materials [L : ·1. But, keeping these chemical 
reactions, circumstances were taken as expensive and might produce 
toxicity, which can create serious ecological difficulties. Oxidation by 
hydrogen peroxide (OHP), a safe technology appeared to come across 
the gaps in between the substrates treatment techniques with average to 
rich stubborn organic content and dumpy digestibility [:.>).Moreover, 
this method is appropriate to treat all types of carbon-based waste­
water. Hydrogen peroxide is broadly used as an oxidizing reagent in 
wastewater treatment and can improve degradation at neutral pH be­
cause the quick disintegration of hydrogen peroxide at alkaline pH 
confines the oxidization. So, alkaline OHP pretreatment was considered 
as one of the most excellent processes to improve the hydrolysis 
[, ., , ·]. However, OHP pretreatment of POME needs more consider­
able amounts of alkaline conditions; substrate needs to be detached and 
eroded before future usage. These aspects could intensify the pre­
treatment cost and wastewater management difficulties. 

On the other hand, solar energy is used for less costly anaerobic 
reactors. The anaerobic solar heating system for the bioreactor is allied 
with greater bioenergy yield. Rather than using electric and diesel 
heating system for bioreactor, solar-powered reactor also produces a 
greater amount of bioenergy, and henceforth the cost of bioenergy 
generation could be lessened. The solar-assisted bioreactor (SABr) 
consists of a solar thermal energy accumulator, a temperature con­
troller, a reactor, and a produced biogas collector [J'). Solar radio­
activity coming by solar panel becomes electricity, which will provide 
the required temperature for biological waste degradation and keep 
balance the reactor temperature [ ... ! ]. Then, the main reactor at the 
ideal reaction temperature produces biogas and methane that capitalize 
on the net energy productivity [ ... :]. The previous study showed that 
mesophilic (308°K) and thermophilic (328°K) conditions are the stable 
functioning temperature for the bioenergy production process by the 
ACOD method. The bioreactor heating system can be easily achieved 
from a solar energy storage system and produce bioenergy throughout 
the year. In this research study, the mesophilic (308'K) temperature 
was maintained to warm the organic substances in anaerobic condi­
tions. 

The main aim of this research study was to examine the effects of 
hydrogen peroxide for the enhancement of bioenergy production at 
different OHP concentrations. This work developed a pretreatment 
technique for POME which is ecologically proficient as it enhanced 
bioenergy production which is environment friendly, cost-effective 
because it requires very small amount, and have greater effects on 
biological breakdown of POME so that it can enhance bioenergy pro­
duction. There is still a gap of investigations and researches on the ef­
fects of OHP on POME degradation efficiency during chemical pre­
treatment at neutral pH and its influence on subsequent bioenergy 
production [ .. : .. ]. In this study, the first-order kinetic model was also 
assessed for the methane production in different OHP concentrations. 
The POME pretreatment by OHP used in this research was operated at 
room temperature, basic pH, and post pretreatment cleaning step was 
avoided. 

2 
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Table 1 
Compositions and Characteristics of Palm Oil Mill Effluent and Cattle Manure. 

Parameter Raw POME RawCM 

pH 4.60 :!: 0.40 5.40 :!: 0.50 

COD 28.34 :!: 0.30 16.72 :!: 0.20 

BOD 15.28 :!: 0.20 9.28 :!: 0.10 

TS 39.75 :!: 0.30 2.38 :!: 0.10 

vs 32.56 :!: 0.30 1.17 :!: 0.10 

VFA 3.20 :!: 0.10 2.80 :!: 0.05 

TC 15.69 :!: 0.20 2.62 :!: 0.05 

TN 0,73 :!: 0.05 0.32 :!: 0.05 

TP 0.13 :!: 0.02 0.03 :!: 0.02 

C/N Ratio 21.64 8.27 

Note: All parameters are in g/L except pH. 

2. Materials and methods 

2.1. Feedstock collection, preparation, and characterization 

A 100.00 L sample of POME was accumulated in sample collection 
container from the anaerobic pond of the LKPP Corporation Sdn. Bhd., 
No.45/4, Jalan Teluk Sisek, 25,000 Kuantan, Pahang, Malaysia. 
Approximately, 100.00 kg partially digested CM was collected duly 
from the ejection of the average-sized farm in Gambang, Malaysia. 
POME sample was subjected to the simple screening to eliminate coarse 
materials. The dilution of CM in the water at a proportion of 1:25 was 
made and filtered through a sieve (20 IJm) to remove debris. The phy­
sicochemical characterization of POME and CM before co-digestion is 
presented in : Y i. Total solids (TS) and volatile solids (VS) value of 
POME had of 39.75 g/L and 32.56 g/L, respectively. This large amount 
of presence indicates that microorganisms are readily-available in the 
substrate. Mostly, the POME holds cellulose, hemicellulose, sugars, 
carbohydrate, and lignin while CM holds prominent buffering capacity, 
plenty of anaerobic microbes and a wide variety of important nutrients 
for optimum bacteriological rising [; '', ·). The pH of POME was found 
4.60 while the pH of the co-substrate, i.e., CM was found 5.40. The COD 
value of the POME was found 28.34 g/L. The nitrogen content quantity 
was more in manure livestock than other surplus constituents. The 
ammonia from CM during the digestion process subsidized the ad­
vanced process steadiness. The carbon to nitrogen ratio (C:N) is another 
utmost important parameter for anaerobic digestion process [.' •]. To 
form new cells, carbon and nitrogen are vital nutrients. 

2.2. Pretreatment of palm oil mill effluent (oxidation by hydrogen peroxide) 

Five POME samples of the same volume, which is 150 mL were 
taken in airtight conical nasks. Then, each volume of POME was treated 
with 50 mL standard volume of 30 % concentrated hydrogen peroxide 
solution and 1 mM Fe3

+ by Fenton oxidation process. In the process of 
Fenton reaction, hydroxyl radicals (• OH) are generated from the hy­
drogen peroxide reduction. The Fenton reaction make happens the 
oxidant dissociation and the creation of highly responsive hydroxyl 
radicals that attack the organic pollutants and finally destroy them 
[ ]. To assess the optimum dose of hydrogen peroxide solution in­
tended for improved organic degradation, percentage of hydrogen 
peroxide addition was gradually added like 0.25 %, 0.5 o/o, 0. 75 o/o, 1 o/o, 

1.25 o/o and then pH was changed to 7.0 ::':: 0.05 with adding 1 N NaOH 
solution. The liquid composition of the wastewater with hydrogen 
peroxide was done for 30 min agitation with a magnetic stirrer. The 
optimum hydrogen peroxide dosing was determined by obtaining high 
biodegradability from BOD/COD ratio. Then, all the samples were set 
aside about 2.5 h for oxidation by hydrogen peroxide at 298'K for better 
biodegradability enhancement, COD and TOC reduction. 

The reaction between H20 2 and Fe3 + generates a non-selective re­
silient oxidant known as hydroxyl radical. The reaction pathway is 
expressed below: 
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1120 2 + FeCI_, - Fe·' · + ·Oil+ OH + 3CI (1) 

The reactions creating oxidizing groups basically accountable for 
the absolute attack on organic carbon can be shown as follows: 

Rll + • 011- • R+ 1120 (2) 

• R+ 0 2 - •ROO (3) 

• ROO+ RH- ROOI-1+ ·R (4) 

2.3. Reactor design, fabrication, and operation 

The conventional solar reactor design is not appropriately proficient 
at maintaining the pH and temperature. So, pH and temperature con­
trollers were installed to attain good control over the system. There was 
a two-unit battery cell that stored solar energy from the solar panel and 
converts to electrical power by a DC-AC converter. The total volume for 
the reactor was 5.00 L, where 3.50 L was working volume. The reactor 
was made of the cylindrical global configuration system. The main re­
actor was made of glass and stainless steel. It was tightly closed with a 
steel frame topping in combination with four nuts. The stirrer motor 
was fixed over the reactor. A speed control device was also installed for 
the stirrer which ranged from 0- 450 rpm. There was also a water 
jacketing to provide the required temperature for bacteria degradation. 
There were also two feeding injectors to feed the sample into the re­
actor. Produced gas was collected through a gas collection bag. The 
following ! · i is the schematic diagram of the solar-assisted bior­
eactor for the anaerobic co-digestion process. 

The reactor was run at 308'K for 24 days while it was fed with 
437.50 mL of the substrates of the same every three days until3 .50 L of 
its working volume was achieved for 24 days i:ligestion. The volume 
mixing ratio was analyzed which is 50:50 of POME:CM [• ]. Mixing was 
generated by direct motors powered from solar energy and joined to 
blades functioning at 60 rpm . Meanwhile, the anaerobic bacteria con­
sume organic compounds in the sludge as a substrate and formed 
anaerobic environments suitable for the development of firm anae­
robes. The properties of fed wastewater were analyzed in every three 
days, exclud ing pH that was examined daily. pH at 7.00 :!:: 0.10 was 
maintained us ing 1 N NaOH throughout the co-digestion time. The 
outcomes of the reactor operation were like the consequence of co-di­
gestion on biodegradation, biogas production, and moreover system 
stability. A gas bag was also attached for the collection of the produced 
gas. The mixture of POME and CM was gradually increased because it 
took some time for the microbes to adapt to the new situation. 

'- I / -0-
/ I '-
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2.4. Biogas and methane composition analysis 

Biogas production was determined by water displacement method 
at a fixed temperature and pressure condition [ :~ '], The daily and CU· 

mulative biogas amount was established by the procedure of water 
displacement. Biogas production was represented as volume yield ex­
pressed in mL. As much as the water displaced, the more biogas was 
generated. Biogas yield and methane composition were analyzed with 
an Agilent's gas chromatography (GC) device. Helium was used as the 
carrier gas, which has a flow rate of about 30.00 ml/min. 343' K, 393'K, 
and 473' K temperature were kept for the oven, inlet and detector re­
spectively. 

2.5. Statistical analysis 

The data were analyzed for three replicates by using Microsoft Excel 
2016. All necessary statistical data were derived in this software. The 
mean, standard deviation, and standard error results were calculated 
from replicates by OriginPro 9.1 and applied to each figure and table 
values. 

3. Results & discussions 

3.1. Effects of pretreatment on palm oil mill effluent characteristics 

! ., ,; . .. : represents the biological fermentation of POME with dif­
ferent applied doses of OHP under semi batch-test operation. The im­
plemented OHP doses varied between 0.25-1.25% and whereas the 
oxidation process continued until 30 min for maximum removal of 
pollutants. The pretreatment efficiency of OHP to promote the waste­
water quality was actively subjected to the applied OHP dose. The effect 
of OHP dosing on the wastewater properties at 30 min of exposure was 
presented in : - · COD and TOC removal were 33.80 %and 28.31 % 
at 1.00 % OHP dose. Mater et a!. reported that at 1.00 % OHP doses 
with 1 mM FeJ+, 28 % TOC removal was done [ ·. ]. Results showed 
that OHP dose of 1.00 %was found to be optimal as higher OHP doses 
were not so effective in pollutant removal because it has a toxic effect 
on the survival of microorganisms. As seen, TN removal was very low 
and did not exceed 24.66 %. Allen et a!. reported that the substantial 
rise in oxidation potential of ammonia concerning non-oxygenated 
controls during the treatment process is the reason for low TN removal 
[ .. :' ']. VSS removal was significantly dependent upon OHP dose. How­
ever, OHP paths contain hydroxyl radicals and attack on the short fatty 
acid chains. The aromatic rings attached by the hydroxyl group that 
exists in the short fatty acid chains are ruptured by powerful OH 

Orgaaic \Yast•s ) ---.. Anaerobic Bioreactor 

Fig. 1. Schc matic Diagram of the Solar Assisted Bioreactor2. 

3 
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Table 2 
Physicochemical Characteristics Changes of POME with Different OHP Doses. 

Parameter Raw POME 0.25 °AJ 0.5 % 0.75% 1.00 % 1.25 % 

pH 4.60 :t 0 .40 7.0 :t 0.05 7.0 :t 0.05 7.0 :!: 0.05 7.0 = 0 .05 7.0 :!: 0.05 
coo 28.34 :t 0 .30 25.32 :t 0.30 22.89 :t 0 .30 20.64 :t 0.30 18.76 :t 0.30 17.44 :!: 0.30 
BOD 15.28 :t 0.20 14.69 :t 0.20 14.42 :t 0.20 14.24 = 0.20 13.52 = 0.20 12.90 :t 0.20 
TOC 9.68 :t 0.20 8.75 :t 0.20 7.83 :t 0.20 7.03 :t 0.20 6.64 :t 0.20 6.13 :t 0.20 
TN 0.73 :t 0.05 0.68 :t 0.05 0.62 :t 0.05 0.59 :t 0.05 0.55 :t 0.05 0.52 :t 0.05 
vss 15.54 :t 0 .30 12.92 :t 0.30 10.10 :!: 0.30 9.80 :!: 0.30 9.17 :t 0.30 8.32 :t 0.3 
BOD/ COD Ratio 0.54 0.58 

Note: All parameters arc in g/ L except pH. 
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Fig. 2. Effects of Oxidation by Hydrogen Peroxide (OHP) on COD and TOC 
Removal in POME at Different Hydrogen Peroxide Doses(%) <• COD, • TOC)3. 

radicals. This consequence in the generation of water-soluble compo­
sitions using hydrogen abstraction and oxygen atoms insertion with the 
existence of ferrous or ferric ions. The consequence of this reaction 
yields minor aliphatic compositions, consequent from the eradicating of 
the lengthy hydrocarbon chains (C-C) of short-chain fatty acids and 
eventually promote the mineralizing of the antecedent organics. Or­
ganic substances exist in POME are utilized by microbes as nutrients 
and are transformed into simple end products [ ·•', -· : ]. 

The biodegradability index (BOD/ COD) in wastewater ought to be 
in the range of 0.40 to 0.80 for the treatment by the biological proce­
dure as reported by many authors [ · :] . · ' ·' : describes the initial value 
of the BOD/COD ratio was 0.54 in POME, and hence pretreatment was 
planned to be done with chemical oxidation by hydrogen peroxide. At 
the end of 30 min of chemical oxidation in different dosing, BOD/COD 
was enhanced up to 0.72 for POME with 1.00% OHP doses. Oxidation 
with Fenton reagent based on ferrous ions may possess the capability to 
attack the short-chain fatty acids generating most effective hydroxyl 
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Fig. 3. Increase in Biodegradability Index at Different OHP Doses4. 
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radicals [ : :, ,.:]. Fenton oxidization handling of POME changes high 
atomic fatty acids to small atomic fatty acids like acetic acids and 
formic acids. Mae et a!. reported that eliminating oxidizing organics 
present in POME, the OHP removes fatty acid [.':•] . 

The effect of OHP on biodegradable dissolved organic carbon 
(BDOC) was shown in ; :. BDOC is the indicator of bacterial re­
growth potential in terms of the existence of biodegradable organic 
contents in the wastewater [ :·.] . The BDOC section contains organic 
particles, and the heterotrophic microbes can be used as a potential 
source of carbon to produce bioenergy. At an applied dose of OHP for 
30 min contact time, BDOC improvement was 59 o/o more for POME, 
which was maximum for any other OHP doses. The relation between 
hydrogen peroxide aromatics and unsaturated organic compounds in 
the formation of saturated polycarbonaceous contents; moreover, it also 
works on aliphatic acids generating OH- radicals and thus BDOC in­
creases [ -· ] . The reason is due to split and cyclic soaked hydrocarbons 
highly and aromatic contents are more tough to biodegradation. The 
result also indicates that OHP can expressively enhance the biode­
gradability of the POME; particularly, the biological treatment com­
petence might be enhanced by oxidation. 

3.2 E.ffecto on biogas production 

Pretreated and nonpretreated POME with CM having 50:50 mixing 
ratios was subjected to ACoD operation in SABr. The cumulative biogas 
production is shown in i i·· ·;, The maximum cumulative biogas pro­
duction was attained from 1.00% OHP doses. The biogas yields of 0.25 
%, 0.50 %, 0.75 %, 1.00% and 1.25 o/o OHP doses were 13.17 %, 22.04 
o/o, 29.32 %, 46.00 o/o and 24.94 % more than non-pretreated sample 
respectively. So, cumulative biogas productions were enhanced after 
pretreatment of POME by OHP as it enhanced the substrate hydrolysis 
and promotes a substantial amount of biogas production. It is essential 
to find out maximum OHP concentration at basic pH for greater biogas 
production. In conventional pretreatment by OHP, the pretreated debris 
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need to be detached to avoid liquid toxicity (lignin break down end 
products and sodium ions pressure) on supplementary digestion 
[ l" ·, ]. It caused not only the loss of a substantial percentage of 
hemicellulose but also produced numerous liquid wastes. Hereafter, the 
pretreatment methods utilized in this research was prominent due to 
enhanced production of bioenergy and more cost-effective regarding 
alkali consumption. 

From l ·, the gradual increase of OHP pretreatment increases 
from 0.25 % to 1.00 o/o as the co-digestion duration prolonged, and so 
the biogas production has improved. Again, the OHP doses increasing 
more than 1.00 'llo; the cumulative biogas production deteriorated 
concerning 1.00 o/o OHP doses. With pretreatment of POME by OHP, the 
maximum biogas production was found 2287.82 mL in the case of 1.0 % 

OHP, which is 46.00% more production concerning OHP untreated co­
digestion. This effect is quite similar to other research that proved that 
the maximum biogas production was found in 6.8 o/o OHP pretreated 
Sorghum bicolor, which is 65.00 % higher than the untreated samples 
[ ' ]. The OHP was insufficient in lower concentration doses, and even 
high concentration was not also appropriate. When the OHP composi­
tion is too high, the generation of OH radicals may help in nutrients 
precipitation, their gathering onto bioreactor partitions and action can 
decrease methanogenic archaea. This phenomenon further con­
sequences in the nutrition loss and lowering buffering capacity in the 
co-digestion system. Zhu eta!. commented that the production ofbiogas 
from corn stover by alkaline pretreatment decreased when the con­
centration of NaOH improved from 5.00%-7.50 % and induces an ad­
ditional short-chain fatty acid and methanogenesis inhibition [ · ']. As 
well, these aspects could be caused by the increased break down of 
cellulose and hemicellulose for the high percentages ofOHP doses [ ' ·]. 

3.3. Effects on methane production 

Methane composition and cumulative methane production (at 24 
days of co-digestion) from different POME pretreatment by OHP doses 
are presented in : · · . Comparatively low methane production from 
non pretreated POME is because of the density of the plant surface to 
ACoD and high lignin composition. The structure between cellulose, 
hemicellulose, and lignin restricted the hydrolysis and enzyme process, 
therefore, lignocellulosic digestion is hindered [ "l]. The methane 
production is similar to a series of current research with POME as ACoD 
substrates. As shown in · ·, different OHP pretreatment dosing has a 

5 

greater amount of methane production than the nonpretreated co-di­
gestion. Methane composition rises with the rise of OHP dosing from 
0.25 % to 1.00 % and decreases after 1.00 %. The results indicate that 
OHP pretreatment enhances methane production. With the appropriate 
percentages of OHP dosing, the chemical bond of cellulose, hemi­
cellulose, and lignin were demolished by alkali, preparing POME more 
biodegradable by the microbes. By pretreating with different OHP 
dosing, the maximum methane production was found 1656.38 mL, 
which was 64.83 % more than the nonpretreated co-digestion, which 
was observed at 1.00 % OHP pretreatment of POME. This methane 
composition was 72.40 % in terms of biogas production. In a similar 
study, pretreatment by OHP was also used to improve the ACoD effi­
ciency for Miscanthus floridulus [ · ]. Their outcomes displayed that 
the highest methane production was found 278.7 mL/g VS at 0.8 % 
OHP doses maintaining neutral pH and improved by 49 % concerning 
nonpretreated samples. 

Actually, pretreatment plays important role for the enhancement of 
bioenergy yield from biomass through ACoD process, particularly for 
lignocellulosic substrates. Pretreatment by hydrogen peroxide was used 
to increase the anaerobic digestion of Miscanthus floridulus [-: .. :]. The 
outcomes of this study showed that the highest methane production 
was yield 278.7 mL/g VS at 0.8 % H20 2 concentration having neutral 
pH which is an increment of 49 o/o with respect to the non-pretreated 
sample. In another study, the effect of hydrothermal and Ca(OHh 
pretreatment on the biogas production by the AD of sugarcane bagasse 
(SCB) was examined. Hydrothermal, Ca(OH)2 and their combination of 
pretreatment had substantial effects on hemicellulose and lignin 
breakdown by pretreatment and methane production through anae­
robic digester [ ·]. The maximum production of biogas was observed 
with combined pretreatment effect was reached 318 mL/g VS, that was 
47 o/o more than the untreated sugarcane bagasse where the maximum 
methane content was 69 o/o and maximum lignin degradation was 44 %. 
So, it is crystal clear that pretreatment is very effective in enhancing 
bioenergy production. 

Again, the impact of alkaline pretreatment by H20 2 on the biode­
gradation and the methane yield of greenhouse crop waste was ex­
plored [ · :]. In this approach, H20 2 concentration (1-3 %) was main­
tained in different groupings to fix the effects of alkaline pretreatment 
of H20 2. The consequences shown that the alkaline pretreatment H20 2 

made a substantial rise in the range of 200-800 o/o in soluble COD 
leakage and enhanced the methane production from 174 mL CH4/g VS 
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to greater amount of 250-350 mLCH4/ g VS. Yet again, a pretreatment 
course by hydrogen peroxide was enhanced to optimize the biode­
gradation of rice straw and enhancement in biogas production [-' ' ]. 
The cellulose, hemicellulose, and lignin of rice straw were expressively 
degraded with the increasing concentration of hydrogen peroxide. The 
ideal conditions for the usage of pretreated rice straw in digestion 
process were 2.68 % H20 2 ans it results in a methane production of 
288 mL/g VS. Thus, hydrogen peroxide pretreatment for rice straw 
could be used to expand methane content during production of biogas. 

3.4. Kinetic modeling of biomethane yield 

To assess the effect of pretreatment by OHP dosing on methane 
production from POME co-digestion, a first-order kinetic study is fre­
quently investigated to A CoD process was used to compare the methane 
production through the co-digestion period [·'' •J. 

Y= Y,,(l - c kt) (5) 

Where Y is displayed as the cumulative methane production at the time 
taken t (mL/g VS), Ym is the final methane production (mL/g VS), k is 
termed as the apparent constant in kinetic (d- 1 

), t is the total co-di­
gestion time (days). So, the final methane production expresses the 
ultimate value after that no more gas from the bioreactor is collected. 
The curve fitting by nonlinear regression for the sets of investigational 
data (Y, t) calculated the apparent constant in kinetic (k). 

As presented in I .: · ;, methane production is well described by 
the Cheynoweth first-order kinetic model from Eq. 5. The kinetic con­
stants (k) for different OHP from 0.18647 to 0.23029 d- 1

• The simu­
lated Cheynoweth curve and real data curve of methane production 

Table 3 
Parameters for the First Order Reaction of Biomethane Production 
(Cheynoweth Equation) of Palm Oil Mill Effluent and Cattle Manure. 

OHP Doses k (d 'l Y.., (mLl Adjusted R2 

0 .25 % 0.21437 1192.26 0.9917 
0 .50 % 0.23029 1335.77 0.9878 
0.75 % 0.20172 1516.81 0.9927 
1.00 % 0.21925 1807.60 0.9976 
1.25 % 0.18647 1432.80 0.9906 
Non Pretreated 0.20862 101! .69 0.9884 
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from the 1.00 o/o OHP doses are shown in I ·. Real methane pro-
duction was entirely analogous to simulated Cheynoweth results. 

4. Conclusion 

Nowadays, the anaerobic bioreactor is the most extensively prac­
ticed strategy treating a vast range of wastewaters. Regardlessness of 
wastewater treatment application and simplicity of installation makes it 
a unique technology. ACoD of POME with CM (equal proportion) in 
SABr provided the ultimate degradation efficiency, maintain process 
stability by controlling temperature and pH, and maximize the bioe­
nergy production compared to conventional treatment systems. The 
present study proves the biodegradability and bioenergy production 
potential of OHP pretreated POME with CM with a 50:50 mixture ratio 
with the constancy and performance of the continual co-digestion 
procedure. The effects of OHP dose with different concentration was 
investigated on the physicochemical characteristics of POME. This re­
search discloses that OHP dose of 1.00 o/o with 1 mM Fe3 + having a 
contact time of 30 min show a remarkable reduction in the physico­
chemical parameter of POME. The maximum biogas and methane 
production were obtained at 1.00% of OHP doses, which was improved 
by 46.00 o/o and 64.83 o/o respectively compared to the untreated group. 
OHP pretreatment of the POME ensured an improvement to the 
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subsequent ACoD as its digestibility was augmented. According to this 
result, it is transparent that the OHP dosing enhances the biodegrada­
tion of POME in comparison with many other treatment technologies. 
So, it can be concluded that OHP is an effective, sustainable, and en­
vironment-friendly technique for enhanced degradation of POME for 
enhanced bioenergy production. 
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ABSTRACT 

Lack of suffici<'nt nitrogenous substr;lle and buffering pot<"ntial have been acknowledged .1s imp<'diments to the 
treatment of palm oil mill effluent through co-digestion processes. In tl1is study. ,1mmonium bicarbonate w.1s 
used to provide the nitrogenous substrate and buffering potential. To regul,1te the impact of ammonium bicar· 
bonate toxicity on the anaerobic co-digestion system. dosages from 0 to 40 mg!L were supplemented. The biog,1s 
yield was used to indicate the effects ofNH; toxicity.ln a solar-assisted bioreactor. solar radiation was first col­
lected by a solar panel and converted into electricity. which was then used to heat a mixture of palm oil mill ef­
nuent and cattle m,1nure to maint,1in the reactor in the mesophilic temperature range. This co-digestion 
oper,1tion was performed semi-continuously and was analyzed at a 50:50 mixing ratio of palm oil mill efnuent 
,1nd ct~ttle manure. The results indicate that tile additional dosing of ammonium bict~rbonate c,ln signific,1ntly en· 
11,1nce biog,1s production. M,1ximum cumulative biogt~s ,llld methane productions of2034.00 ml and 1430.51 mL 
respectively. were obt;1inecl with the optimum addition of I 0 mg l ;m11nonium bic.1rbonate: these values .1 re 
29.80% ,1ml42.30% higher. respectively. than th<~t obtt~ined in the control co-d igestion operation without ,1ddition 
of ammonium birarbon,1te. Utiliz.Jtion of a mt~them,1tic,ll equation (C ·= em• ') to describe a kinetic analysis of 
the biogas yield also indic·atecl that the optimum ammonium bicarbonate dose was 10 mg 'L The results of this 
study suggest that supplernent.Hion with ammonium bir<1rbonate doses of up to 40 mg!L c,1n be used to provide 
nitrogenous substrates and buffering potential in ,1naerobic co-digestion processes. The determination of tile 
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optim,11 dose provides an altem.1tive and efficient option ftJr enhanced biogas production, which will have obvi­
ous economic advant,1ges for fe.1sible industrial applic,ltions. 

l.lntroduction 

Palm oil mills produce vast quantities of wastewater, which is a com­
bination of the undergrowth wastewater produced during various steps 
of the palm oil yield procedure and the clean water used for washing: 
this wastewater is referred to as palm oil mill efnuent (POME). POME 
contains several suspended and dissolved elements that can produce 
unpleasant odors after organic breakdown by microbes (N,Jsnill.1h 
Pt .11.. 2017). POME 11as acidic characteristics. ami the degradation is rel­
atively complex (Zai('d c·t .11. 201 CJ.1). Til rougl1 pumping and distributing 
water. unindustTialized actions consume a greater amount or energy. 
and tl1e palm oil industly is responsible for the production of a large 
amount of extremely contaminating waste substances tllat contain 
valual;le biological substances and moisture. If POME is discharged di­
rectly into the waterways, t11e environment can be polluted owing to 
high biochemical oxygen demand (BOD) and cl1emical oxygen demJnd 
(COD) (Z.1iPd rt al.. 20 l ~lr) Moreover. feedlot fanning with slaughter­
house incorporation represents a relatively new issue, and this is neces­
sary to administrate these carefully for waste management. Though the 
caitle are kept for three months to mal<e them more fatty before slaugh­
ter, the amounr or manure and ef!luent originating from these slaugh­
terhouses is approximately 200-300 t per clay (Om;Jt' et al.. 2DO!:l). 

Anaerobic co-digestion (ACoD) is a wastewater treatment method 
that processes two or more substrates, with consequences for the devel­
opment of system competence (i\lv;m:z !'I ,,I., 201 0; Z.1 i('(! PI <1l.. 201 ~1.1). 
This process leads to greater biogas yields and improved system stradi­
ness comp<~red to digestion of a single substrate (1\st;1ls t.'t .11.. :w It). Co­
digestion is the simultaneous digestion of more than two substrates to 
improve process efficiency (Z.lied ,., .11.. 20 19r). This is a promising op­
tion to overcome the difficulties of single digestion and expand the eco­
nomic feasibility or anaerobic digestion (AD) owing to improved biogas 
yields. Consequrntly, the implementation of AD with POME as the inoc­
ulum is favot·able because the biogas source is delivered and the pollu­
tion risk is simultaneously resolved when the POME is arcompanied 
by cow manure (CM) ·p-tniman ct ,11.. :!011 ). Previously, m,1ny re­
searchers have reported the co-digestion of POME with several inocu­
lums (l'ol1 and Chon:s. 2Uo:J). However. the co-digestion ofPOME with 
CM for biogas production is inadequate. At present, studies are being 
conducted on the prospective use of CM as an inoculum with POME 
for biogas production under controlled pH and temperature conditions. 

On the other hand, solar energy is used in less costly bioreactors for 
the treatment of organic wastrw.1ter. The sol.1r heating system of the 
bioreactor is rrlated to enhanced biogas production. In lieu of using 
electrical or diesel heating for organic wastewater. a solar-assisted bio­
reactor (SABr) can also enhance the biogas yield, allowing the cost of 
biogas production to be reduced. An SABr comprises a solar thermal ra­
diation collector, temperature regulator, stirred tank reactor, and pro­
duced gils collector (lt1si rt .11.. 2007). Solar radiation from sunlight is 
collected by the solar panel and converted to electTicity with the use 
of a battery and DC-AC converter; this can then provide the appropriate 
temperature for organic waste breakdown and maintain a steady biore­
actor temperature (Ahm.1d el al.. 2003 ). The main tank reactor at there­
quired temperature then yields biogas with an enhanced total biog~s 
production (St<•dleck,1 <111d Stepnowskt, 2005). A previous study has 
shown that mesophilic ( 35 •q and thermophilic {55 ·c) conditions pro­
vide stable functioning temperatures for biogas production with the an­
.1erobic digestion method (Siddtque et ,11.. 20 t4). 

An experiment,lill·ial of treating POME using ACoD with CM h,ls pn'­
viously been carried out (Z.:ued et .11. 201 ~lb). The experimental results 
indicated that I'OME treatment necessitJtes additional substrates to 
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maint.1in important functioning constr<lints such <IS the pH, alkalinity, 
~nd biomass. Investigation during the ACoD operation revealed that 
these constraints were below the suggested levels. Subsequently, afier 
the volume of substrates reached 1.75 Lin the main tank reactor after 
12 d, tl1e entire trial operation failed. This failure occurred as a result 
of an unusual pH drop and increase in volatile fatty acids (VFAs). This 
is suggested that the pH .1nd VFAs are essential to the ACoD treatment 
process. particularly for tile critical methanogen set of microbes. Yet, 
the substrate amount of 1.75 L was found to be insufflcient to become 
a reason for failure in the SABr. Hence. this was reported that an inade­
quate butTering capacity and disturbance of the bacterial activity stabil­
ity between methanogens .1nd non-methanogens for 1'11e conversion of 
carbon materials to methane ( CH4 ) were the main reasons for the oper­
ation<~ I failure. Difficulties during ACoD trials should be identified, as 
this procedure has been demonstrated to be an effeeiive alternative 
for treating highly organic wilstewater to produce CH.1 as a form of bin­
gas (BntJ;l ;111 d B;1nks. Ifl'J4). 

Nevertheless. the ability of ammonium bic.1rbonate to improve SABr 
systems has not been investigated comprehensively. This study investi­
gates supplementation with ammonium bicarbonate (NH4 HC03 ), 

which can provide the rrquired butTering capacity and nitrogen avail­
ability to prevent VFA accumulation during the ACoD treatment pro­
cess; this also benefits the bacterial population . Ammonium 
bicarbon,lte can play significant roles in the anaerobic digester .1s the 
preferred nitrogenous substrate for microbes and to provide an impor­
tant buffering potential. However. high ammonium bicarbonate doses 
can cause ammonia toxicity. panicularly for methanogens. Thus. the op­
timum dosage for ammonium bicarbonate supplementation in ACoD 
processes needs to be resolved. 

2. Materials and methods 

2.1. Feedstock co/lecrion one/ preparation 

A I 00.00 L I'OME sample was collected from the anaerobic pond of 
the LKPP Corporation Sdn. Bhd., No. 45 /4. Jalan Teluk Sisel<, 25000 
Kuantan, Pah,mg. Malaysia . In ,Jddi lion . 100.00 kg of partly fermented 
CM was collected from an average-sized cattle farm in Gambang. 
Malaysia. The I'OME and CM were placed 111 compact rrost containers 
and transferred to a cold room. The temperature was maintained at 
4 ·c during storage. Before the ACoD trials. the POME sample was sub­
jected to a simplr screening to remove coarser constituents. Tile CM 
was diluted with water at a volume ratio of I :25 and sieved through a 
20 fUll sieve to eliminate debris. 

22. Reactor design and fabrication 

The conventional design of a bioreactor is not sufficiently capable of 
maintaining the pH <111d remperature in a stable condition. Therefore. a 
pH (0-14) and temperature (0-55 ''C) regularor was introduced to 
achieve good control of the system stability. A two-unit battery ( 48 V, 
0-100 A) stored solar radiation obtained from direct sunlight using a 
solar panel ( 150 W, 147 em x 67 em) and converted the solar energy 
to electrical energy with a DC-AC inverter and controller (0-220 V out­
pttt). The instrumentation parameters of the SABr are listed in Tabk 1. 

The total volume of the SABr was 5.00 L. with a working volume of 
3.50 L. The bioreactor was configured as a cylindrical global system fab­
ricated of glass and stainless steel. This was closely covered with a stl'ei 
frame containing four nuts. The ,lgitating motor was installed over 1 he 
top of the main reactor. A device for controlling I he agitation speed in 
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Tahle I 
lnstrument,ll parameters of solar assisted biorrattor (SABr ). 

No. Tools R;mgc Accuracy Parameter 

Tot<ll Radiometer 1500 Wim' 5~; Tot·al SoiM lrr,ldiation 
ScatTering R.1tliometer 1500 W:m' s; Scattering Solar lrrMiiation 
RMi iJn t Dar,1 Collector 

4 

5 
Thermocouple --200 to '!50 'C I '( Slurry Tempcr.uurc 
Thcrmomercr - :,o to 50 ·c 

the range of0-450 rpm was also affixed. A water J<Ki<et surrounded the 
main reactor to ensure the desired temperature for microbial degrada­
tion was maintained. Two feeding injectors were used to feed the sam­
ple into th~ main reactot·. The produced gas was collected by inst,lllinga 
gas bag. Ft )~- I shows ,1 photograph of the SABr used for the ACoD n·eat­
menr process in these experiments. 

2.3. Reocror operation 

The POME ,1nd CM mixture was slowly added to the reactor as this 
was required few times for the microorganisms to adjust to the new an­
aerobic environment. During operation. the temperature was kept at 
35 oc for 24 d, while 437.50 mL of the substrates mixture ( 50:50) was 
added gradually every 3 d until the working volume of 3.50 L was 
re,Khed ( z,11t>d et .11.. 20 I 'lc). Mixing was performed at 60 rpm by direct 
electric motors powered by the collected solar energy. In the meantime, 
the an.1erobic microbes consumed organic substances in the reactor and 
created a suitable anaerobic environment for the stable growth of mi­
crobes. The properties of fed samples were examined every 3d, while 
the pH was me,1 surecl ctaily. The indexes of the ACoD process were the 
effects of co-digestion on the biodegradation. yield of biogas, cH1d. 
most importantly, system ste<Jdiness. 

2.4. Supplemenrorion with ammonium bicarbonate 

Each digester contained inoculum, substrate sludge, and varying 
amounts of the ammonium bicarbon,Hf.~ additive depending on the 
test conditions. \niti,1\ly, the reactor containing only POME and CM at 
a 50 :50 mixing ratio without ammonium bicarbonate addition was des­
ignated as tl1e control operation. Other reactor conditions were desig­
nated as R l, R2. R3. a net R4, which were supplemented with 
ammonium bicarbonate at doses of 10, 20, 30, and 40 mg/L, respec­
tively. To confirm adequate mixing anct to facilitate the biogas yield. 
all reactors were stirred for 30 min before the s.1mp\e was poured into 
tl1e reactor. The optimal ammonium bicarbonate dosing was deter­
mined based on the total biogas production. The impact of ammonium 
bicarbonate toxicity, p.uticularly on the methanogen activity in the 
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Fig. I. Expcrimemal photogr.lph of the solar assisted bioreactor. 
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re,1Ctor sys1em, could be determined based on the maximum produc­
tion or biogas. 

2.5. Analylicolmethods 

The total solids (TS), volalil e solids (VS), soluble chemical oxygen 
dem.1nd (SCOD), a net soluble ammonia nitrogen (SAN) oft he sludge su­
pernatant were measured according to the standard methods 
(Asson.Hion l't .11.. 1915 ). The pH and temperature in the diges ter 
were controlled and measured as described previously (H.1nscn t't <1\.. 
19'18 ). The concentration ofVFAs WclS detected using gas chromatogra­
phy (GC: GC-2010, Shimadzu. japan) equipped with a flame ionization 
detector ( FID). Biogc1s production was measu red using a water displace­
ment system under a fixed temperature and ideal pt·essure cond i tion 
(W.mg et ,1\ . 2014 ). The regular and cumulative production of biogas 
was measured in this study with the water displacement system. The 
biogas yield was thus reported as a volume yield expressed in units of 
mL. The amount of water displaced was equivalent to the amount ofbio­
gas generated . The methane composition was investigated using an 
Agilent gas chromatograph equipped with a thenml conctucttvity de­
tector (TCf)). Helium gas was utilized as the carrier gas with a flow 
rate of30.00 mL/min. The oven. inlet. .1nd detector temperatures were 
maintained at 70 ''C, 120 "C. and 200 "C. respectively, anct tile ideal ron­
cl it ion for the pressure was 0-150 psi. 

2.6. Starisrical analysis 

The triplicate experiment.11 data were .111alyzed using Microsoft 
Excel 2016, All essential tnc1t hematical and statistical analyses were per­
formed in this softw.1re. The mean. standard deviation. and standard 
error results fot· the data were computed based on replicates using 
Origin Pro 9.1 a net adjusted for each figure a net table value. 

J. Results and disrussions 

3.1. Characrerizarion of substrates 

The characteristics oft he POME. CM. and POME:CM (50: 50) mixture 
befot·e co-digestion are summc1rized in T,1\J\c 2. The concentrations of 
total solids (TS) and volatile solids (VS ) in tl1e POME wer(' 39,75 g/L 
and 32.56 g/L. respectively. These high TS and VS concentrations indi­
cate th,1t microbes are abundantly available in the POME sample, Gener­
ally, POME contains carbohydrates, lignin, cellulose, hemicellulose. and 
sugars, where<Js CM contains significant buffering potential, a sufficient 
amount of anaerobic bacteri,1. and a wide-ranging diversity of important 
nutrients for maximum microbial growth (i\11tn,1di-Pirlou r t ,1 1.. 2017: 
Ltu et .11. ~0 \'!).The pH oft he f'OME ,1nd CM were 4.60 and5.40, respec­
tively. The COD of the POME was 28.34 g/L. The ammoniacal nitrogen 
content was greater in the CM than the POME. The ammonia from the 
CM supported the enhanced process equilibrium throughout the ACoD 
process. 

3.2. Biogas and metlwne production 

Operational failure can be caused by VFA accumulation, which may 
occur as a result of additional constraints such as the availability of 
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Table 2 

Composition'; .1r1d chdrar1erislirs of fMim oi l mill ellluem il!l cl (.',ltrle m,lnuH~. 

P.uJmctr r Raw I'O ME RawCM POME:CM (50:50i 

pH 4.60 -:- 0.40 5.40 c 0.50 5.48 -;: 0.50 
COD 28.34 -i- 0.30 16.72 -:- 0.20 24.58 _,_ 0.30 
BOD 15.28 .· 0.20 9.28 0.10 13.40 0.20 
TS 39.75 : 0.30 2.38 ·:· 0.10 22.79 ,- 0.10 
vs 32.56-:- cuo 1.17 ' 0.10 18.23 ·- 0.10 
VF.~ 0. 30 -:- 0.10 1.40 : ().(15 0.85 -:- 0.05 
SCO D O.SG - 0.12 2.4R c 0.11 1.64 0.13 
NH ,-N 0.03 7 -;- 0.004 0.84-:- 0.07 0.48 -:- 0.02 

Nore: .'\II p.1ramctcrs are in g! L exrepl pH. 

micronutrients (Fe. Mg. Ni. Cu. Co. and P) . However, insufficient 
micronut rients can be prevented on tile basis of the mineral propor­
tions. As the CM was obtained from partly digested cow manure. the 
phosphorus content should be s,Jtisfactory. Currently, the presence of 
ammoniac,ll nilrogen IS considered as the most important source of 
macronutrients in a fermented sludge and is also recognized as a note­
worthy concentration after de-nitrification is accomplished ( l'vlctr.llr 
ct .1 1.. ~007) . Sodium nitrate is also considered as an alternative choice 
to overcome a lack of nitrogenous substriltes. However, during the ap­
plication in the co-digestion process in the reactor. lhe N0-) 1 discharge 

2100 
3 
.e 1800 = 0 ·.:: 
"' 1500 = "C 
0 ... 
c. 1200 
"' ... 
c.ll 
0 900 Cii ... .. 

-.::: 600 ... = E 300 = u 
0 

(a) 0 

0 mg/L 

- 10 mg/L 

20 mg/L 

30 mg/L 

40 mg/L 

3 6 9 

will inn·e,Jse the oxidation-reduction potential. The oxidalion potential 
of lile reactor is lil<ely 10 be maintained above -300 mV: 
methanogenesis is hindered .lt the lower values of the oxidation poten­
tial (Szostkov;i and Viti'z . :101 0). To finalize the buffering potential in the 
ACoD process, the proper chemical choice is an important factor. Unde­
sirable solid substances can be formed as a resull ofCaC03 precipitation. 

Biogas and methane production were the key indicators for the uti­
lization of resources for the POME, and the results are presented in Fig. 2 
The cumul.ltive biogas (Pbio!;.,,) and methane ( Pnwrh.m•·) production had 
stabilized af'ter 24 d of co-digestion. P0;0 g .lS and Pmort1,1110 were improved 
by supplementation with ammonium bicarbonate at closes of 10 to 
40 mg/ L. and the optimum production was found at an ammonium bi­
carbonate dose of 10 mg/L Compared to the control co-digestion. am­
monium bicarbonate addition of 10, 20, 30, and 40 rng/L resulrecl in an 
increase in Puioy,a' of 29.80%, 17.55 %, 11.42%, and 3.64%. respecrivefy. 
and an increase in P111,.,1,_1110 of 42.30%, 26.16%, 16.98%, ancl6.38%. respec­
lively: 10 mg 'L was tf1e oprimal dosage. In comparison. S1cldique ,mel 
Zulansam also applied ammonium bicarbonare to the sludge anaembic 
digestion of petrochemical wastewate1· under mesophilic temperature 
condilions and found th,lt rhe methane production was enhanced by 
27.77% compared 10 the control digestion (S rddJque and Zul.1risam. 
2012 ). This divergence can be allributed to tile species present and 
their specific mechanisms for enhanced methane yield. The 
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• 
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Fig. 2. CUI1llllatlvC' biog~1s production: ,1) rmd me!h,mr prochH.1'ion {b) during ACoD process. 
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experimental outcomes showed that an appropriate supplement.Jtion 
of ammonium bicarbonate ( 10 mg/L) enhanced the biogas and methane 
production. whereas dosing with more th<m 10 mg/ L may not l1ave a 
significant impact. 

If" a rapid reaction orcurs under specific environmental conditions. 
the biogas production will reach a maximum. For the conversion or or­
g.Jnic substances into methane during the ACoD process. 
methanogenesis is the important operational process. Hydrogen and 
carbon dioxide are used by hydrogenotrophic methanogens. wherea5 
.Ketic acid and carbon dioxide are used by acetoclastic nwthanogens 
to produce methane as a fin.1l product (Ler l't ,JI., :w 12). This is recom­
mended to avoid the accumulation ofVFAs by supplementation with ef­
fective and appropriate strong bases in a co-digestion process with 
other waste substances (Chen et .11., 20 12: L1hav and Morgan. 2004 ). 
Thi5 approach maintains a suitable carbon-to-nitrogen ratio and su!Ti­
cient buffering potential to ensure a stable pH. Therefore. the occurrence 
of methanogenesis with improved steadiness will successfully lead to 
enhanced methane generation. 

The maximum methane production increased with an ammonium 
bicarbonate dosage of 10 mg/L compared with the control blll de­
creased at dosages of 20 mg/L to 40 mg/L compared with the 10 mg/L 
dos<1ge. A higher dosage of ammonium bicarbonate leads to an in­
creased hydrolysis reaction rate, and a noticeable improvement in hy­
drolysis with the addition of ammonium bicarbonate is supported by 
the resulrs of a similar study with corn stover (Li el .11. 20 I "3) and a 
study oft he co-digestion process with pig manure and dewatered sew­
age sludge (Zh.ln~·. et .d .. 20 1·1 ). However. dosages or greater than 
40 mg/L may not progressively increase the hydrolysis rate. A 10 mg;L 
addition of ammonium bicarbonate provided the best perfom1ance 
and improved the A CoD process in terms of the Following features: an 
increased hydrolysis period, enhanced hydrolysis and methanogenesis 
effectiveness. and enhanced biogas and methane production. These out­
comes reveal th,;t supplementation with ammonium bicarbonate accel­
erated the hydrolysis rate, and rapid methanogenesis at the higher 
hydrolysis rat(:' improved the methane yield; however. an overdose of 
ammonium bicarbonate may hinder methanogenesis in the co­
digestion process. 

3.3. SoluiJie COD and volatile fatty acids 

The concenti·ation ofSCOD (Fig. 3a) illustrates the hydrolysis rate, 
and the results indicate the occurrence of rapid hydrolysis at the 
start oft he process. which then progressively decreased. The highest 
SCOD values with the addition of ammonium bicarbonate occurred 
within the first 6 d of co-digestion (with maximum values in R1 of 
5486.40 mgi L. R2 of 64 72 .80 mg/ L. R3 of 7324.50 mg / L. and R4 of 
8792.30 mg/L). resulting in a fast decline. The positive relationship 
between the maximum SCOD and the ammonium bicarbonate dose 
reve,11s the enhancement and rate of the hydrolysis. which echo the 
fitting results for the hydrolysis r<He. In pMticuiM. the SCOD w.1s 
quite high from days 3 to 6 in the test digesters. However. for the 
control operation. the SCOD reached maximum v,1lue 
(7054.40 mg/L) at clay 5 of co-digestion and rapidly decreased with­
out a longer preservation phase. Considering the enhanced methane 
production observed in the reactors. the existence of such a preser­
vation stage may indicate faster formation and utilization of SCOD 
as well as ,Kcelerated hydrolysis. After 6 d of co-digestion. the 
SCOD value fluctuated significantly, and the next fluctuation was ob­
served after day 15, which may indicate the ronformity of the hydro­
lysis and methanogenesis actions at the mid-stage or the ACoD 
process to produce a gradual increase in the SCOD: meanwhile. a 
continuous increase in the biogas yield (Fig. 2a) was found through­
out this duration in R 1 and the control co-digestion. 

The concentration of accumulated VFAs signified the acidification 
pl1ase. as shown in Fig. 3b. Usually, the value is approximately 50% of 
the SCOD. and the v,1lu(:' also has similar production and degradation 

behavior to that of the SCOD. The highest concentrations of VFAs in 
the reactor were accumulated before day G (with maximum VFA con­
centrations in R1 of 2846.00 mg/ L. R2 or 3674.00 mg/ L. R3 of 
4324.00 mg/ L. and R4 of 4796.00 mg/L). and a positive correlation be­
tween the maximum VFA v,1lue and tl1e ammonium bicarbonate dosage 
was observed. In contrast, the highest VFA concentration in the control 
operation was 4855.60 mg/L, which occurred on clay 9. In particular. at 
day 3. the VFA accumulation increased with increasing ammonium bi­
carbonate supplement,uion. with a greater increase rate with respect 
to the control co-digestion. indicating that the addition of ammonium 
bicarbonate acceler.1ted the production of VFAs production and ei1· 
hancecl the acidification. Moreover. the highest VFA accumulation in 
the rontrol operation was greater than that in R1, and the decrease in 
the VFA concentration in R1 operation was more gradual than that in 
rhe control operation. These results can be attributed to the previous 
utilization of VFAs by meth<mogenesis resulting in the decrease in the 
observed outcomes: at tl1e same time, the continuous formation of 
VFAs in the reaC'Iors kept the observed outcomes from decreasing so 
rapidly. The accumulation orVFAs in the five reactors were ,111 ,11frrtecl 
by biodegradation after reaching the maximum value. and were almost 
fully biodegraded after 24 d of co-digestion. 

3.4. pH and soluiJ/e ammonia nitrogen 

Supplementation with ammonium bicarbonate induced a sudden 
rise in the pH (as shown in Fl.\:!. 4a). lnrreasing the close of ammonium 
bicarbonate resulted in an increased initial pH v,1lue. However. after 
3 d of operation. the pH was approximately 6.4 in all reactors. 
representing a r~pid offsetting of the pH increase and the utilization of 
the supplemented ammonium bicarbonate. After 3d of co-digestion, 
varying pH trends were observed: the pH in R1 was nearly the same 
as that in the control co-digestion operation. whereas tl1e other three 
reactors exhibited a faster pH gradient . ond a positive correJ,1tion was 
observed between the pH increase rate and the ~mmonium bicarbonate 
dose. After 18 d of operation. the rebound slowed, and the pH values 
were steady within approximately 6.8-7.1. 

The formation and utilization trends in the VFA accumulation 
(Fig. :Jb) m<~y be considered along witl1 the pH variations: higher pro­
duction of VFAs occurred with increasing dosage of ammonium bicar­
bonate. The VFA accumulation was degraded rapidly from days 6 to 12 
of co-digestion. and the degradation rate slowed after day 12. Similar 
variation trends in the pH were observed at a similar period of opera­
tion. In previous studies. an alkaline pH was considered to increase 
sludge digestion (Zhang et ,11 .. 2011: Zhang et ,11.. 2010). while also 
resulting in increased refonmtion of hydrolytic microbes. which addi­
tionally produces extracellular proteases, depolymerises. and Clostrid­
ium ( Clleil ct al.. 2017: Zh.111g et ilL, 20 10; Zheng rt Ji.. ;!0 1 '3 ). The fast 
pH rebound produced by supplementation with ,1mmonium bicarbon­
ate enhanced the effectiveness of the methanogens. and the improve­
ment in the ,KidK environment facilitated the degradation of 
hydrolytic microbes. 

The soluble ammonia nitrogen (SAN) concentration (Fig. 4b) was 
correlated with the pH variation bec<1use the release and accumulation 
incre,1sed with the pH. Consistent with the change in pH. SAN increased 
from day 3 to day 15. At day 3, the concentration of SAN in all five reac­
tors was as follows: control (242.00 mg/L) > R1 (178.00 mg/ L) > R2 
( 170.00 mg/L) :- R3 ( 152.00 mg/L) > R4 ( 62.00 mg/L). indicating th,ll 
supplementation with ammonium bicarbonate may hinder the hydro­
lysis of protein-like substances in the primary stage. Subsequently, the 
SAN concentrations in th(:' reactors wit11 added ammonium bicarbonate 
became greater than that in the control operation. Higher ammonium 
bicarbonate dosages resulted in higher SAN values. such as that of R4 
(658.00 mg/L) at day 12. After 12 d of operation. SAN hardly varied 
and remained steady. Overall. the SAN concentration in the five reactors 
exhibited a similar trend to that of the SCOD and VFA concentration. in 
which increased supplementation with ammonium bicarbonate 
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Fig. 3. Ch.1nges of soluble COD (a) .1nd VFSs (b) conrcnrrations during ACoD prorcss. 

promoted the hydrolysis. whereas the SAN with lower ammonium bi­
carbonate supplementation (e.g., in reactor R1) remained low with re­
spect to the control operation. 

3.5. Use of a specific mathematical equaUon 

Conventional statistical methods. i.e .. ANOVA and r-tests.are not ap­
propriate for analysis of a small number of trials. The data explanation 
presented in Fig. 2 was not clearly able to indicate the effect or ammo­
nium bicarbonate on the biogas production. Thus. a numerical study of 
the volumetl'ic biogas production was carried out using the specific 
mathematic,11 equation given in Eq. ( 1 ). This m.lthematic,JI equ,1tion 
was presented and later modified to provide a kinetic desniption or 
methane production by ,maerobic digestion processes (D;111irl ,mel 
Wood. 19~0: Redzw;m afl(l B.Hlk~. :!.004 ). Similarly, this equ,llion can 
be used to measure the maximum biogas production (G111 ) without con­
tinuing the experiment to exhaustion. Eq. \ l ) is linearized and 
rearranged as Eq. ; 2;. 'L11ll<' ·3 summarizes the quantity of biogas pro­
duced (G) .1t timet, and these data were used to determine the coeffi­
cients in Eq . \2 ). The line,Jr plot oF lnG vs. 1/ t is presented in Fi~. 5. The 
G111 value can be obtained, validating the efficiency of ammonium 

bicarbon,lte supplementation to the process. 

( 11 

lnG = lnG111 + l<i!. (21 

where G is the cumul,ltive biogas yield, Gm is the maximum biogas yield, 
I< is the slope roeffkient in the linear equ,Jtion. and tis the time. 

All of the data plotted in Fi g. 5 show that G111 can be calculated 
using the specific mathematical equation. as the plotted data exhibit 
a linear correlation. Tallie 4 summarizes the projected maximum 
producti on of biogas. This is calculated by inversing the stoppage 
values at they-axis in Fig. 5. as described in Eq. ( 2). This projection 
gives a maximum biogas production value when 10 mg; L or ammo­
nium bicarbonate is used in the co-digestion. The maximum biogas 
production from this experiment is 2034.00 ml. while the projected 
maximum biogas production obtained using the specinc mathemat­
ical equation (Eq. ;2)) ranged between 1658.00 and 2150.00 ml. as 
incU ca ted in T.1ble 4. 

Sustaining the methanogen activity in the ACoD procedure is 
the key process for removing carbon-based materials in the 
POME. Reproduction of a specific substance in the POME is also 
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Fig_ 4. Ch.1nges or pH (,1) ,1nd soluble arnrnonia nitrogen during ACoD process. 

significant. This is highly recommended that w,ller ertluenl having 
a high carbon content should not be mixed with a low-carbon 
water effluent for treatment by the same procedure. even if both 
are produced at the same locality (Chmiel el al.. 2003). Thus. suit­
able POME treatment methods for the specific strength and waste­
water content should be used. Separating the wastewater 

Table J 

treatment procedures with respect to their fe,ltures can be cost­
effective if the treated water effluent is reused (Miy.1kr el .11 .. 
2DOO). For wash waters generated from every palm oil production 
process. such ,1s pre-washing of the oil palm and dusting of process 
containers. channels. and related equipment, using ACoD in every 
processing system for the treatment of the wastewater might be 

Cumulative biog,1s production for serial concentrarion of ammonium bicarbnnatl" in cln,terobic co-digestion system. 

Time (doys) 1\veroge wmul.nive biog•s proclurtion ( mL) 

Ammonium <:oncentra(ion {mg/L) 

0 10 20 30 40 
----

317 ' 20 407 .,.. 20 369.,. 20 346 20 337 .,.. 30 
G 502 .,- 20 672 .,. 30 694 .,- 30 538 .,.. 30 512 30 
~ 749 - 20 839 .. 30 1026 -· 25 917 - 25 R49 • 25 
12 944 ·;- 20 1274 ... 20 1154 ~ 25 1142 ,. 25 1024 20 
15 1197 20 1477 .,.. 20 1338 .,. 20 1302 - 30 1147 .,.. 25 
18 1324 .,. 20 1764 ~· 20 15GB 20 1439 .,- 30 1294 25 
21 1431 .,- 20 1~152 30 1693 -,- 25 1518 - 20 1438 25 
24 1567 20 2034 30 1842 ·: 30 174G :· 25 1624 20 
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est,lblisiled based on the wastew,lter characteristics, composition, 
and strength. The treatment system would then provide the use 
of tertiary treatment for improved possibility of the recycling <~nd 
reuse of treated wastewater. 

4. Conclusion 

This study confirmed th<lt appropriate supplementation with 
ammonium bicarbonate can enhance hydrolysis and biogJs pro­
duction from POME. The results indicate that the ammonium bicar­
bonate accelet·ates tl1e ACoD efficiency of POME for biogas 
production. An ammonium bicarbonate dosage of 10 mg/L was 
found to be the optimal close for the substrate compared to higher 
doses of up to 40 mg/L This is clear that the ,1ddition of strong 
bases like ammonium bicarbonate during ACoD operation can 
markedly improve the steadiness of the pH and successfully main­
tain the system stability. Accordingly, the cumulative biogas pi"O­
cluction was also successfully enhanced. The efficiency of 
ammonium bicarbonate addition was also described by,, specific 
mathematical equation. According to the m.1thematiral calculation, 
supplementation with 10 mg!L of .1mmonium bicarbon,lte CJn pro­
duce up to 29.80% more bioga s compared to the control POME co­
digestion without ammonium bicarbonate addition. This result' 
can add notable economic benefits to make the POME treatment 
strategy more feasible for large-volume industrial applications. 
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Tahte 4 
Estiln<Jtecl m.1ximum volu1netric biog~ls procluct"ion with scri41l roncentr<lt·ion of ammo­
nium bicarbonMC'. 

PMLlmeters Ammonium conrcnrrMion {mg .. l) 

0 Ill 20 

lnG ... 7.4133 7.6730 7.6025 
C1n (mLj Hi58.llll 2150.00 2003.00 
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