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Abstract 
 
Purpose  
Faecal sludge, especially poorly handled or even untreated is putting a tremendous burden on public health 
and the environment. Anaerobic digestion is considered an effective and well-established method for energy 
recovery while reducing threats. Due to the high water content of faecal sludge, the dewatering process is 
indispensable before treatment.  
Methods 
This study presents the experimental results, which combine chemical coagulation and mesophilic anaerobic 
digestion to treat synthetic faecal sludge. Five coagulants, FeCl3, AlCl3, Fe2(SO4)3, Poly ferric sulfate (PFS), 
Poly aluminum ferric chloride (PAFC), with five dosages (20, 50, 100, 150, 200 mg/g TS) were applied. 
Parameters such as pH, DO, turbidity, COD, sCOD, TN, TP, NH4+-N, dry weight of sludge cake, and the 
sedimentation efficiency were analyzed to assess the coagulation process. An anaerobic digestion experiment 
tested the influence of 5 different doses of chemical coagulants on the biogas yield of faecal sludge.  
Results 
Coagulation results indicated no significant changes in fecal sludge dewaterability after the experiment. 
However, the sedimentation rate varied with the increasing coagulant dosage. High removal rates were 
observed for COD, sCOD, and TP, whereas the removal rates for TN and NH4+-N were rather low. The 
anaerobic digestion process showed that Fe-based coagulants promoted specific biogas production. In contrast, 
Al-based coagulants reduced the specific biogas production.  
Conclusions 
The orthogonal experiment of chemical coagulants and dosages provides complete information about their 
effects on dewatering ability and anaerobic digestion performance. A dose between 100 and 200 mg/g TS of 
Fe-based coagulants to perform the coagulation process of can be considered optimal as it both provided a 
maximum COD, sCOD, TP removal efficiency, and a better AD performance. 
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1. Introduction 

Currently, 2.7 billion people still use on-site sanitary facilities [1]. The overwhelming of poorly handled or even 
untreated faecal sludge is released into nature, creating a significant health and environmental risk [2]. 
According to the WHO, 1.8 million people die each year from diarrheal diseases, with 88% of diarrheal diseases 
primarily caused by unsafe water, sanitation, and hygiene [3]. Furthermore, the WEHAB reports that diarrheal 
infections killed twice as many people in China, India, and Indonesia as HIV/AIDS [4]. One of the most 
challenging parts of sanitation is integrating innovative, user-friendly, low-cost systems [5]. 

Among all faecal sludge treatment processes, such as composting, waste stabilization ponds, sludge incineration, 
vermicomposting, thermal drying, etc., anaerobic digestion (AD) is one of the most well-established methods for 
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obtaining energy and recovering nutrients [6]. During the AD process, bacteria convert organic wastes into 
biogas, a gas mixture of methane (approximately 60%) and CO2. This is the same process that occurs naturally in 
septic tanks, except that the methane is then released into the environment. Methane emissions are an 
opportunity as well as a threat to the environment: methane is a valuable source of energy, which has a calorific 
value of approximately 36 kJ.L-1 at STP and a greenhouse gas that is widely regarded to be 25 times more 
effective than CO2 over 100 years [5]. However, there is relatively little information on the AD of human faecal 
sludge: Colon et al. reported that a maximum biogas yield of 0.44 NL/g COD could be obtained from simulant 
undiluted human excreta [5]. Another research reported a biomethane yield of 208 ml CH4/g VS by faecal 
sludge collected from a municipal sewage treatment plant in Muscat, Oman [7]. Le Phuong et al. applied the co-
digestion methods with organic waste to reduce the effect of higher nitrogen content in faecal sludge on 
methanogens, yielded biogas production with 0.51 NL/g VS [8]. However, as far as is known, none of these AD 
studies address a series of adverse effects caused by the high moisture content of faecal sludge.  

Faecal sludge contains more than 95% water [9], which causes expensive transportation costs, large land area 
requirement, reduces the capacity of faecal sludge treatment plants, and may discourage the potential for 
recovery of faecal sludge treatment products [10]. The dewatering process is therefore indispensable for faecal 
sludge treatment. Nowadays, dewatering methods include unplanted drying bed [11], planted drying bed [11], 
centrifugation [12], settling–thickening tank [13], Imhoff tank [12], Geobags [13], solar sludge oven [14], etc. 
It’s worth emphasizing that these treatments are mostly crude and inefficient. Dewatering technologies, such as 
centrifugation, can achieve great efficiency but are expensive and unsuitable for decentralized FS treatment. 

Coagulation is the most widely used process to remove the contaminants in the wastewater to achieve the effect 
of solid-liquid separation [15]. This happens when coagulants neutralize the electric charges of particles and 
through physical or chemical bonds, this neutralization causes the particles to agglomerate. Iron and aluminum 
salts are the most frequent coagulants [16]. In recent years, conventional coagulants such as AlCl3, FeCl3, 
Fe2(SO4)3, and a range of polymeric coagulants such as Poly ferric sulfate (PFS), Poly aluminum ferric chloride 
(PAFC), have been extensively investigated as a highly effective method for separating a wide range of 
contaminants from various types of water, sludge and waste [17–21]. Coagulation with aluminum and ferric salts 
is as such not a novel concept, but it is still unknown whether these coagulants work with faecal sludge.  

As far as is known, no attempt has been made to thoroughly investigate the optimization of coagulation of faecal 
sludge and the subsequent biological AD treatability of the coagulated sediment. For the first time, this study 
aims to clarify the effects of coagulation on pollutant removal efficiency and to evaluate the coagulation and 
digestion of faecal sludge. Tests are performed on a synthetic faecal sludge solution to avoid the variability and 
instability of real faecal sludge. This approach could facilitate selecting an integrated treatment system to treat 
human faecal sludge. 

 
2. Materials and methods 

2.1 Synthetic faecal sludge 

Synthetic faeces and urine were produced using the recipe listed in table 1, retrieved from Penn et al. [22] and 
Colon et al. [5], respectively. Table 1 also shows the resource of each ingredient and its CAS number. 
According to Penn et al., experimental solutions were developed following the preparation of the synthetic 
faeces [22]. The synthetic faeces and urine were stored at 4°C in a fridge, store period no more than six hours 
to avoid acidification. A mixture of 14.5 g of synthetic faeces and 25 g of synthetic urine was diluted with 
322.5 g of tap water in every experiment to mimic the actual proportion of flushed faecal sludge [22]. Table 2 
indicated the comparison of chemical and physical properties of the synthetic faeces and faecal sludge from 
this study with actual faeces and faecal sludge from the literature. Table 2 shows that the synthetic faeces and 
faecal sludge used in this study accurately represent the actual scenario. The synthetic sample has the benefit 
of being stable and reproducible. 
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Table 1: Recipe of synthetic faeces and urine*   
 

Simulant faeces [22]  Simulant urine [5]  

Compound 
Amount 

(g/kg) Resource CAS number  Compound 
Amount 

(g/L) 
Resource CAS number 

DI Water 758.70    DI Water 1000.00   

Baker’s yeast 7.23 Avantor VWR 8013-01-2  Urea 14.20 Merck KGaA 57-13-6 

Yeast extract 65.06 Colruyt Market   Creatinine 3.00 Merck KGaA 60-27-5 

Microcrystalline 

cellulose 
24.10 Sigma Aldrich 9004-34-6  

Ammonium 

citrate 
2.00 Merck KGaA 3012-65-5 

Psyllium husk 42.17 Kruidvat 
Kortrijk   NaCl 8.00 

VWR 

Chemicals 
7647-14-5 

Miso paste 42.17 Asia Market   KCl 1.65 Merck KGaA 7447-40-7 

Oleic acid 48.19 Merck KGaA 112-80-1  KHSO4 0.50 Merck KGaA 7646-93-7 

NaCl 4.82 Merck KGaA 7647-14-5  MgSO4 0.20 Merck KGaA 7487-88-9 

KCl 4.82 Avantor VWR 7447-40-7  KH2PO4 1.75 Avantor VWR 7778-77-0 

CaCl2·H2O 2.75 Avantor VWR 10035-04-8  KHCO3 0.50 
VWR 

Chemicals 
298-14-6 

Total  mass 1000.00 g    Total volume 1000.00 ml   

  

 
 
Table 2. Comparison of chemical properties of the synthetic faeces and faecal sludge from this study with actual faeces and 

faecal sludge from the literature  
 

This study    Literature from 
Penn et al. [22]  

Parameter Synthetic faeces Synthetic faecal sludge  Real faeces Real faecal sludge 
COD 1318.12± 214.2 mg/g TS 8774.2 ± 125.0 mg/L  567-1450 mg/g TS 7000-106000 mg/L 
NH4

+-N 0.59 ± 0.06 mg/g TS 41.8 ± 0.6 mg/L  < 4.9 mg/g TS < 45.3 mg/L 
TN 27.08 ± 3.93 mg/g TS 845.0 ± 46.0 mg/L  20-70 mg/g TS 50-1500 mg/L 
TP 5.28 ± 0.21 mg/g TS 91.4 ± 5.6 mg/L  3.9-49.3 mg/g TS  
TOC 156.93 ± 1.37 mg/g TS 1650.0 ± 256.0 mg/L    
TS (%) 19.86 ± 0.43 1.11 ± 0.01  14-37 0.5-40 
VS (%) 16.7997 ± 0.38 0.86 ± 0.00  11.2-34 0.7-5.2 
VS/TS (%) 84.59  77.48  80-92  
C/N 5.80 1.95  5-16 2.2-14.6 
EC (µs/cm)  14.4    
pH  5.56 ± 0.2  4.6-8.4 6.7-8.5 
Turbidity  904    
DO (mg/L)  7.93    
 
2.2 Coagulation experiment 

In this study, synthetic faecal sludge was first treated by coagulation and then used as a substrate in the 
biomethane potential (BMP) test. The coagulation and sedimentation processes were carried out using jar test 
equipment consisting of six 500 mL capacity beakers with an active volume of 400 mL. The experiments were 
performed in triplicate at room temperature. 

Ferric chloride hexahydrate (FeCl3·6H2O), aluminum chloride hexahydrate (AlCl3·6H2O), ferric sulfate 
dodecahydrate (Fe2(SO4)3·12H2O), polyferric sulfate (PFS), and poly aluminum ferric chloride (PAFC) were 
used in this study. PAFC and PFS were purchased from Alibaba, China. VWR Chemicals (Belgium) provided 
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FeCl3, AlCl3, and Fe2(SO4)3. The coagulant solutions were prepared using distilled water at a 160 g/L 
concentration used for the entire experiment. To determine the optimal pH of each coagulation process, jar tests 
were conducted over the pH range 2-9 and coagulant dosages of 100 mg/g TS. The pH was adjusted using 
sulphuric acid and sodium hydroxide before adding coagulant while gently stirring.  
Before performing the coagulation process, pH of the 362g synthetic faecal sludge was adjusted to the optimal 
pH value according to the above pH optimization tests. Then, 5 coagulants in different dosages of 20, 50, 100, 
150, and 200 mg/g TS, respectively, were added to the samples to determine the optimal dosage of each 
coagulant. After adding the coagulant, the samples were stirred fiercely for 1 min at 200 rpm, and then stirred 
lightly for 15 min at 40 rpm. After stirring, the mixed samples were settled for 30 min. Then the liquid 
supernatant was collected by a syringe to determine various chemical parameters.  

Dewaterability was calculated as the percentage of total solids remaining at the bottom of a 50 mL centrifuge 
tube after centrifugation (3000 rpm, 20 min) and discarding the supernatant [9]. 

2.3 Anaerobic digestion of dewatered faecal sludge  

The AD tests were carried out in a specifically designed biogas experimental platform to test how different 
coagulants and their dosage affected the biogas yield of dewatered faecal sludge and the overall energy 
recovery efficiency based on different coagulants and dosage. Dewatered faecal sludge as feedstock was 
combined with inoculum obtained from a biogas facility in Kortrijk, Belgium. The inoculum treatment is 
described in detail elsewhere [23]. See prior articles for more information on the AD process [23–25]. All of 
the tests were carried out in triplicate and over 22 days. 

2.4 Chemical analysis 

Chemical oxygen demand (COD), soluble-COD (sCOD), total solids (TS), volatile solids (VS), ammonium 
(NH4+-N), total nitrogen (TN), total phosphorus (TP), metal (Fe, Al), and methane concentration were analysed. 
Temperature, pH, dissolved oxygen (DO) and electrical conductivity (EC) were measured with Hach Lange 
Field Case HQ30d. The turbidity was measured with the HI 98703 turbidity meter [26]. TS, VS was determined 
according to Standard Methods [27]. COD, TN, TP, NH4+-N were measured using spectrophotometric test kits 
(Hach, USA) following Standard Methods [27]. 

Samples were filtered using a 0.45µm membrane filter before being analyzed for soluble-COD (sCOD). TP, TN, 
and total COD are all measured in unfiltered samples. Fe and Al concentration were investigated by the 
inductively coupled plasma optical emission spectrophotometer (ICP-OES, Agilent 7000 series ICP-OES, USA) 
after being digested by microwave digestion (Milestone Ethos TC) according to standard methods set by 
international organizations (ISO 11885, 2007). 0.5 g of dewatered faecal sludge or 5 mL supernatant was mixed 
with 6 mL HNO3 65% solution and 3 mL double-distilled water for the digesting process. Find our previous 
work for details on microwave digestion and ICP-OES operation [28,29]. The standard calibration solutions of 
50 mg/L, 25 mg/L, 10 mg/L, 5 mg/L, and 1 mg/L were made using HNO3 1% solution diluted ICP multi-element 
standard solution according to standard procedure 200.8 (USEPA). The Agilent 6890 series gas chromatograph 
(GC) was used to perform the biogas compositional assessment. A gas sample of 10 µl was injected at 280 ºC at 
the inlet, detector temperature was 60 ºC, for 6 min at a flow of 46.6 ml/min under a pressure of 230 kPa, 
separation was carried out using an HP-5MS column (30 m × 0.25 mm × 0.25 µm, Hewlett Packard, Palo Alto, 
USA). CH4 and CO2 ratios were analyzed using chemstation software (Agilent Technologies, Santa Clara, USA).  
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3. Results and discussion 

3.1 Chemical coagulation of faecal sludge 

Optimization of the pH for Coagulation 

In this work, the effects of different coagulants on the dewatering efficiency of synthetic faecal sludge were 
investigated. Among various operating parameters, pH plays a critical role in influencing the coagulation 
process’s performance [30,31]. To evaluate the effect of the initial pH value on turbidity removal, the initial pH 
of the samples was varied between 2 and 9 while keeping each coagulant dose constant at 100 mg/g TS. 
Turbidity changes obtained at different pH values using FeCl3, AlCl3, Fe2(SO4)3, PFS, and PAFC as the 
coagulants are shown in Figure 1. The figure shows that the highest removal percentages for turbidity were 
achieved at the initial pH of 5 for FeCl3 and PFS. At this pH value, the turbidity decreased to 126 NTU and 189 
NTU, respectively. For Fe2 (SO4)3 and PAFC, the maximum turbidity was removed under the pH of 6 and 3, with 
the turbidity value of 203 NTU and 8.45 NTU. The results demonstrate that Fe-based coagulants have a better 
performance in acidic rather than alkaline circumstances. This finding was also reported by Tunc et al. [32]. This 
is likely related to the fact that ferric (Fe3+) can hydrolyze and convert into a polynuclear cation with multiple 
positive charges in acidic conditions. Negatively charged colloids were neutralized by these cations, which 
improved the coagulation process’ effectiveness. Fe3+ reacts with OH- ions to create Fe(OH)3 or Fe(OH)4 - under 
basic circumstances. Because Fe(OH)3 and Fe(OH)4- contain both neutral and negative charges, they are unable 
to neutralize negatively charged colloids [33]. As for AlCl3, experiment results show that the neutral condition is 
the optimum pH range with the turbidity value of 21.1. These results are consistent with previous literature [34]. 

 
 

 
Figure 1: pH optimization of FeCl3, AlCl3, Fe2 (SO4)3, PFS, PAFC 

Effect of Coagulation on pH, DO, Turbidity changes, and pollutants removal efficiency 

The coagulation of synthetic faecal sludge was conducted based on the optimized coagulating pH for each 
specific coagulant. As mentioned in the previous section, for synthetic faecal sludge treatment in this study, 5 
different chemical coagulants were used: FeCl3, AlCl3, Fe2 (SO4)3, PFS, PAFC. All coagulants were utilized in 
20, 50, 100, 150 and 200 mg/g TS concentrations. The jar test results for the different coagulants are represented 
in Figs. 2 – 3. The mentioned figures illustrated the changes in pH, DO, turbidity, and the removal efficiencies of 
COD, sCOD, TP, TN, and NH4+-N for every coagulant concentration. 
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 Figure 2: pH, DO, turbidity changes resulting from the addition of FeCl3 (a), AlCl3 (b), Fe2 (SO4)3 (c), PFS (d) and PAFC 
(e) 
 

Overall, almost all coagulants exhibited excellent turbidity removal. The removal efficiency of turbidity was 
larger than 88% at optimal dosing. Similar trends were noticed for COD, sCOD, and TP removal (Figure 3). 
Figure 2 (a) shows that coagulation with 150 mg/g TS of FeCl3, turbidity was reduced by 88.1%. Consistently, 
maximum COD and sCOD removal were also obtained for 150 mg/g TS of FeCl3, with a decrease rate of 67.9% 
and 38.4%, respectively. It can be seen in figure 3 (a) that most TP was removed by 100 mg/g TS of FeCl3 with a 
removal efficiency of 82.22%. It showed that, as the coagulant dosage increased from 20 to 100 mg/g TS, there 
was a continuous decrease in COD, sCOD, TP and residual turbidity, thus increasing removal efficiency. 
Whereas the coagulant dosage increased further than 100 - 150 mg/g TS, the removal efficiency decreased or 
maintained constant. AlCl3, Fe2 (SO4)3, PFS, PAFC also in line with this trend, as shown in figure 2 and 3, the 
optimal COD removal dosage and corresponding removal efficiency are 150 mg/g TS (67.2%), 150 mg/g TS 
(73.3%), 100 mg/g TS (69.1%), 150 mg/g TS (63.6%), respectively. For sCOD, these figures are 100 mg/g TS 
(34.1%), 100 mg/g TS (37.8%), 150 mg/g TS (37.5%), 200 mg/g TS (39.9%), respectively. Coagulants of 
Fe2(SO4)3, PFS, PAFC all gave the best TP removal efficiency at 100 mg/g TS with the removal efficiency of 
86.9%, 68.9%, 92.8%, respectively, except for AlCl3, which at 150 mg/g TS (65.3%).  

The overdosing effect of the coagulant may explain this trend. Charge neutralization and micro-bridging are two 
primary mechanisms involved in the flocculation of charged particles [35,36]. The micro-bridging mechanism 
proposed that the polymer might adsorb onto the surface of colloids in water using long chains with tails and 
loops that extend far beyond the surface and connect with other particles via bridging flocculation [37]. There is 
insufficient polymer to generate enough bridge linkages between particles at lower dosages. Nevertheless, when 
there is too much polymer, there is not enough exposed particle surface for segment attachment, and the particles 
become unstable, this is also called charge inversion [38]. As a result, an optimal polymer dosage for 
coagulation–flocculation behavior should exist. The result showed an optimum coagulant dosage to achieve the 
best turbidity and pollutants removal efficiency at each coagulant dosage of 100 - 150 mg/g TS. The removal 
effectiveness gradually decreased when the coagulant dosage was above 150 mg/g TS. 
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The initial concentration of DO in the raw synthetic faecal sludge was 7.93 mg/L. As shown in Figure 2, when 
the dose of coagulants increased from 20 - 200 mg/g TS, the concentration of DO in almost all experiments 
slightly increased from 7.97 mg/L to 8.76 mg/L. This outcome is contrary to that of Beyene et al. who found that 
the value of DO decreased under both natural and artificial coagulants[39]. A possible explanation for these 
results may be the mixing during the jar tests. 

Figure 2 also clearly shows a pH depending on the coagulant dosage. It is seen that the increase in dosage of  
either FeCl3, AlCl3, Fe2 (SO4)3, or PFS will lower the pH of the synthetic faecal sludge. Initial pH were 5.0, 7.0, 
6.0, and 5.0, respectively. The pH of faecal sludge samples decreases gradually with the coagulant dosage 
increase. By the maximum 200 mg/g TS dosage, coagulated synthetic faecal sludge reduced the pH to 2.6, 3.9, 
2.8, and 2.6, respectively. Similar results could be found in the literature [40]. Only the PAFC has a different 
result. The pH rises to 4.0 from the initial pH of 3.0 with the PAFC dosage was 20 mg/g TS. Then pH slightly 
decreases to 3.9 with the PAFC dosage increasing to 200 mg/g TS. This inconsistency is unclear, but it may be 
related to the lower initial pH.  

Furthermore, as seen in figure 3, chemical coagulation could not remove much nitrogen from wastewater. The 
removal efficiency of total nitrogen under each coagulant was constant between 9.8% and 21.9%, which means 
that 78.1 to 90.2% of nitrogen remained in the supernatant, except that FeCl3 at 150 and 200 mg/g TS dosages 
achieved a higher removal of 36.1 ± 6.3 and 34.3 ± 1.3%. Correspondingly, the removal ammonium was worse. 
According to figure 3, 85.4% - 92.3% of ammonium is still present in the synthetic faecal sludge supernatant. 
This finding was also reported by Xiong et al., who indicated that both ammonium and total nitrogen were 
hardly removed by the combined coagulation and adsorption processes. As high as 92.8% of ammonium, 84.7% 
of nitrite, and 82.5% of total nitrogen remained in the final leachate effluent [41]. Nonetheless, the high retention 
of nitrogen compounds in the supernatant meant that less nitrogen remained in the sediment, serving as the AD 
process's feedstock. This could reduce the carbon to nitrogen ratio in the AD process, improving biogas 
production and energy recovery efficiency [42,43]. 

 
Figure 3: COD, sCOD, TP, TN, NH4

+-N removal efficiency resulting from the addition of FeCl3 (a), AlCl3 (b), Fe2 

(SO4)3 (c), PFS (d), PAFC (e) 

3.2 Anaerobic digestion of dewatered faecal sludge  

Dry weight of sludge cake and sedimentation efficiency 
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Chemical coagulation is an efficient method for solid-liquid separation by removing pollutants from synthetic 
faecal sludge to sediment sludge cake. To analyze the performance of the different chemical coagulants with 
various dosages, dewaterability of the sludge cake and sedimentation efficiency were investigated in this study. 
Dewaterability could be designated as total solids (TS) after removing free water during dewatering [9]. 
Sedimentation efficiency was calculated by the ratio of the sediment weight after discarding the supernatant to 
its raw synthetic faecal sludge weight. Figure 4 (a - e) presented the experimental results of dewaterability 
performance and sedimentation efficiency for FeCl3, AlCl3, Fe2(SO4)3, PFS, PAFC as coagulants with dosages 
ranged from 20 – 200 mg/g TS. It turned out that the dry weight of sludge cake was slightly increased by 1.6%, 
0.9%, 1.2%, and 1.7% with increasing dosage of the FeCl3, AlCl3, Fe2(SO4)3, and PFS, respectively. The sludge 
cake in the PAFC group showed a decreasing trend for dewaterability. As for the sedimentation efficiency, a 
steady increase is observed followed by a slight decrease at excess dosages for all the experiment groups except 
PAFC. These results presented a similar trend with COD and sCOD removal efficiency, as displayed in figure 3. 
These results are likely to be related to an overdose of coagulant which leads to charge reversal and particles 
start restabilising, resulting in less sedimentation efficiency when we added more than the optimum 
concentration of coagulant [44]. The highest sedimentation efficiency was achieved at 150 mg/g TS (18.2%), 
100 mg/g TS (15.4%), 150 mg/g TS (23.4%), 100 mg/g TS (18.0%), and 200 mg/g TS (26.6%) for FeCl3, AlCl3, 
Fe2(SO4)3, PFS, and PAFC, respectively. The optimal dosages were in good agreement with the results from the 
previous section, as shown in Figure 3, for the COD and sCOD removal efficiency. 

 

 

 

Figure 4: Ratio of dry weight in sludge cake (%) and sedimentation efficiency (%) resulting from the addition of 
FeCl3 (a), AlCl3 (b), Fe2(SO4)3 (c), PFS (d), PAFC (e) 

 

Fe and Al concentration of dewatered sludge 
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Fe and Al concentrations in AD reactors were analyzed to assess the AD performance. As shown in figure 
5, it is apparent that adding more coagulant for the dewatering process led to a significant increase in the 
AD Fe/Al concentrations. The result also shows that the Fe and Al concentration in AD reactors rapidly 
increase around the optimal dosage. During the FeCl3 experiments, as seen in figure 5 a, Fe concentration 
rises rapidly from 3.3 – 91.5 mg/L, with the coagulant dosage increasing from 20– 200 mg/g TS. The 
same trend also can be seen in PAFC (figure 5 e), Fe2(SO4)3 (figure 5 c), and PFS (figure 5 d), with a Fe 
concentration increasing of 66.4 mg/L, 129.0 mg/L, 326.9 mg/L, respectively. It can be seen that 
Fe2(SO4)3 and PFS have a more dramatic increase compared with PAFC and FeCl3. Al concentration in 
AD reactors was more moderate, with the coagulant dosage increasing from 20– 200 mg/g TS: AlCl3 only 
raised by 21.2 mg/L, while PAFC increased by 66.4 mg/L. This finding may help us understand the 
biogas and methane production from ECF floc, as shown in figure 6 and figure 1 in the appendix.  

Figure 5: Fe and Al concentration in AD reactor (mg/L): FeCl3 (a), AlCl3 (b), Fe2(SO4)3 (c), PFS (d), PAFC (e) 
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First 7 days slope of biogas production  
 

 
 

Figure 6: The slope of the biogas production during first 7 days (k7) after dewatering with: FeCl3 (a), AlCl3 (b) 
 
The effect of acceleration on AD was determined by calculating the slope of the biogas curve in the first 7 
days (k7). The slopes of the AD for two representatives of Fe/Al-based coagulants were given in figure 6. 
From the slopes displayed in figure 6 a, an inhibition is noted initially in the experimental groups that presence 
of Al. If AlCl3 was present, the initial slopes of the biogas production were 78.6, 74.3, 61.6, 59.1, 55.6 ml/g 
VS/d from the dosage of 20 – 200 mg/g TS, respectively. These values are distinctively lower with the dosage 
rise. This result was consistent with the literature, which found that Al could reduce the AD performance by 
inhibiting the production of short-chain fatty acids (SCFA) [45]. FeCl3 as coagulant has the exact opposite 
effect. According to figure 6 a, the initial slopes of the biogas production were 61.7, 63.7, 85.1, 85.4, 88.9 ml/g 
VS/d from the dosage of 20 – 200 mg/g TS, respectively. This increase in initial biogas production is probably 
due to the extra addition of Fe at the start of the anaerobic digestion, according to Zhan et al., which could 
improve hydrolase activity and facilitated waste-activated sludge (WAS) solubilization. Since Fe stimulated 
the release of carbon-rich substrates and could accept the intermediate electrons generated in the acetogenesis 
process, it immediately boosted the productivity of acetic acid and improved the bio-transform from high-
molecular SCFAs to acetic acid [46]. Another researcher also reported a similar result and claimed that the 
promoting effect of Fe2+ addition on biogas yields was primarily due to the prolonging of the gas production 
peak stage and an increase in cellulose activities [47]. The specific total biogas production results were 
consistent with the first 7 days’ biogas production slope, as shown in appendix figure 1.  
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Energy recovery efficiency:  Biogas and methane production per 100g raw faecal sludge  

 

Cumulative biogas and methane recovery efficiency from synthetic faecal sludge pretreated at the different 
dosages of coagulants are shown in figure 7. Results indicated that for FeCl3, Fe2(SO4)3, PFS, and PAFC, 
pretreated with 20 mg/g TS coagulant had the lowest biogas and methane recovery efficiency since both 
sedimentation efficiency and Fe concentration are at their lowest value. With the increasing coagulant dosage, 
the biogas recovery efficiency peaked at 411 ml / 100g raw FS for FeCl3 with 200 mg/g TS dosage. The optimal 
efficiency was also obtained at 321.0, 391, and 372 ml / 100g raw FS for other Fe2(SO4)3, PFS, and PAFC with a 
dosage of 200, 150, and 200 mg/g TS, respectively. Biomethane recovery efficiency also followed a similar 
trend for both Fe / Al-based coagulants: optimal peaks were obtained at 200 mg/g TS dosage with 267, 184, 219, 
265, 225 ml / 100g raw FS for FeCl3, AlCl3, Fe2(SO4)3, PFS, PAFC, respectively. An exception was found in the 
alumina-base coagulant AlCl3, of which the biogas recovery efficiency initially improved to 314 ml / 100g raw 
FS at the dosage of 100 mg/g TS. However, the value declined with higher AlCl3 dosages during the coagulation 
process.  

 
Figure 7: Biogas (a) and methane (b) production / 100g raw faecal sludge by the effect of FeCl3, AlCl3, Fe2(SO4)3, 

PFS, PAFC 

 
4. Conclusion 

 
This study has shown the benefits of coagulation when used to pretreat synthetic faecal sludge before the AD 
process. Pretreatment has aimed to reduce the water content for the biological process of AD and improve 
processing efficiency. In this study, Fe-based coagulants performed better than Al-based coagulants. The 
combination of FeCl3, PFS, and Fe2(SO4)3 coagulation and AD in treating synthetic faecal sludge at the dosage of 
200 mg/g TS resulted in an increase in specific biogas production by 46.0%, 39.9% and 20.6%, respectively, if 
compared with untreated faecal sludge. According to results presented in this work, a dosing between 100 and 
200 mg/g TS of Fe-based coagulants to perform the pretreatment process of coagulation can be considered 
optimal as it both provided a maximum COD, sCOD, TP removal efficiency, and a better AD performance. 
Therefore, the results presented in this paper are promising for using Fe-based coagulants to treat faecal sludge 
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prior to AD to increase the biogas production and promote the COD removal in a real-scale faecal sludge 
digesters.  
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7. Appendix. Supplementary material  

 
Figure 1: Accumulative specific biogas production (ml/g vs) by the effect of FeCl3 (a), AlCl3 (b), Fe2 (SO4)3 (c), PFS (d), 

PAFC (e) 

 


