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Abstract 

This work focused on treatment of paint wastewater 

and biofuel generation using post coagulation sludge 

(PCS). Helix potemia shell coagulant was used as a 

biocoagulant for paint wastewater coagulation. The 

PCS was converted to biogas via anaerobic digestion. 

The biogas production process thermodynamics and 

the energy content of the biogas were evaluated. The 

total solid (TS) content of the paint wastewater 

sample (3994mg/l) before the treatment reduced to 

804mg/l (42% below the national discharge limit of  

1905mg/l) after the coagulation treatment. The 

volatile solid content(%VS) and the C: N value of 

76% and 25:1 indicate that PCS has propensity to 

yield gas. Cumulatively, 250ml of biogas was 

recovered within the 40days from 150g of PCS. The 

recovered biogas contained 63% methane. The 

negative gibbs free energy (∆G) of -7.81E+04 shows 

that the digestion process was spontaneous. Positive 

enthalpy (∆Ho) and entropy (∆So) values of 

259.1136KJ/Kg and 8.61E+03Kj/K depict the 

process was endothermic and entropy driven, 
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respectively. The upper calorific value (UCV), lower 

calorific value (LCV), latent heat of vaporization 

(LHV), wobbies index (W) and adiabatic flame 

temperature (TTL) of 24385.54 kJ/m, 

21964.34kJ/m3, 2421.202 kJ/m3, 30246.54 kJ/m3 

and 813.1189K, respectively indicate that the biogas 

is within the standard that can be used in internal 

combustion engine or as cooking gas. 

 

Keywords: Paint wastewater; Helix pometia; 

Post coagulation sludge; Anaerobic digestion; 

Thermodynamics; Biogas energy 

 

1. Introduction 

Treatment of industrial wastewater and management 

of post treatment sludge has been an issue of interest 

to researchers. In one way or the other, discharge of 

untreated wastewater has affected the eco-system 

adversely [1-5] and will continue to be a global 

challenge if nothing is done to curtail its impact. 

Industries such as paint manufacturing industry 

generate tons of wastewater annually [6-8] which is 

expected to return into the ecosystem. The 

wastewater from paint industry contains suspended 

particles and other contaminants (dissolved solids), 

hence cannot be returned into the environment 

without adequate treatment (9). Generally, much 

research has successfully treated different 

wastewaters including paint wastewater to conform 

to WHO standard [9-15] for discharge into the 

environment [16-19]. However, researchers in quest 

to solve the puzzles of decontaminating the 

wastewater to conform to dischargeable standard 

have created another problem of management of 

large volume of post treatment sludge [20, 21]. 

Specifically, huge success has been recorded in 

treatment of paint wastewater using coagulation [5, 

14, 22-26] and adsorption methods [27-30]. This 

research leaves behind the gap of effective 

management of the post coagulation or post 

adsorption sludge associated with these treatments. 

The post treatment sludge, toxic as they may be 

always disposed in dumps and landfills [31-33]. For 

effective management of post treatment sludge, an 

attempt has been made to integrate a method of 

converting the sludge into a useful product that will 

be beneficial to the society. The present method seeks 

to convert the post coagulation sludge from paint 

wastewater coagulation into biogas via anaerobic 

digestion. Coagulation/flocculation and anaerobic 

digestion are two main methods for this present 

research. Coagulation/flocculation as treatment 

method employs the introduction of coagulants into 

the wastewater sample to effect particles charge 

neutralization and subsequent floc formation. The 

flocs formed during the process settle by gravity and 

are recovered as post coagulation sludge. The choice 

of the coagulant depends on the extent of clarification 

desired and the purpose of treatment (discharge or 

reuse) [34, 35]. However, recent research emphasized 

the need for eco-friendly coagulants and suggested 

the use of natural coagulants which are biodegradable 

over chemical-based coagulants [9, 36, 37]. Hence, 

the present work verified the possibility of extraction 

coagulant from helix potemia shells. The post 

coagulation sludge recovered from the use of the 

extracted coagulant (helix potemia shell coagulant) in 

treatment of paint wastewater is rich in C: N (carbon 

– nitrogen ratio), hence can yield biogas via 

anaerobic digestion. Biogas is important for energy 

sustainability [38]. It was referred to as “the future 
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way” [39] in terms of eco- friendly energy 

generation. With a climatic condition that has been 

adversely affected by burning of fossil fuels, 

resulting in intense droughts, devastating hurricanes, 

and a diminishing ozone [40-44] a clean, renewable 

energy source is of interest. Biogas is fast becoming a 

valuable energy source contributing to the global 

energy need. At the end of this work, three things are 

set to be achieved; (a) to extract a bio-coagulant from 

helix pometia shell for treatment of the paint 

wastewater (b) treat the paint wastewater to conform 

to dischargeable standard and (3) recover and convert 

the post coagulation sludge into biogas. 

 

2. Materials and methods 

2.1 Raw material collection and preparation 

Helix pometia shells (Plate 1) were obtained as waste 

at no cost from a market in Onitsha, Anambra State, 

Nigeria, while the paint wastewater was collected 

after a batch wash-off at Naco paints Onitsha, 

Anambra State. The shells were washed with distilled 

water and sun dried for two days. The dried samples 

were milled and sieved with standard sieve (1/4in 

mesh size). The milled sample (Helix pometia shell 

floor, HPSF) of 0.91 – 0.43um was obtained and 

stored in an airtight sack for further use. 

 

2.2 Novel strong alkaline solution extraction 

method of HPSC from HPSF 

The Fernandez-Kim extraction procedure [9] was 

modified for the extraction of helix pometia shell 

coagulant (HPSC). 100g of HPSF was introduced 

into 500ml of 3.5% NaOH (w/v) solution contained 

in 1L extraction beaker. The resultant mixture was 

heated to 70oC and kept at same temperature under 

agitation for 2h. 2 ml of de-ionized water was added 

at intervals to prevent foaming. After 2h stirring, the 

mixture was subsequently allowed to cool to room 

temperature and separated using filter sack setup. The 

extract was allowed to settle and decanted to remove 

the clear extraction solution from the crude extract. 

The insoluble product obtained was washed with 

distilled water and discalced thermally at 105oC for 2 

min to precipitate any trace of calcium. The resultant 

mixture was allowed to settle and further decanted to 

have more concentrated sample. The potential of the 

obtained sample termed helix pometia shell coagulant 

(chito-protein) was harnessed in treatment of paint 

wastewater via jar test experiment using conventional 

coagulation method adopted from Menkiti and 

Ejimofor et al., 2016. 

 

2.3 Sludge collection and preparation 

The post coagulation sludge (PCS) used were 

collected after the coagulation treatment of the paint 

wastewater using Helix Pometia shell coagulant 

(HPSC). The sludge (PCS) was separated from the 

bulk of the treated water by decanting the clarified 

wastewater. Furthermore, the recovered PCS was 

mildly concentrated by heating in an oven at 800C for 

20min. 

 

2.4 Materials characterization 

2.4.1 Paint wastewater (PW): The characterization 

of paint wastewater was conducted based on the 

standard methods for the characterization of 

wastewater as reported by Menkiti and Ejimofor 

2016. 

 

2.4.2 Helix pometia shell coagulant (HPSC): HPSC 

was characterized using proximate and elemental 

characterization. The parameter testing methods for 
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the proximate characterization is given in Table 1. 

 

2.4.3 PCS characterization: Instrumental 

characterization of PCS was done using standard 

instruments and test methods. EDX/WDS scanning 

electroscope was used for surface morphological 

analysis, thermo nicolet 470FTIR spectrophotometer 

was used for FTIR characterization. X-ray diffraction 

pattern was obtained using X-ray diffraction 

spectrophotometer (MiniFlex Benchtop model). 

Physical characterizations were also carried out to 

determine the following: total solid content (TS)7, 

volatile solid content (VS)8, chemical oxygen 

demand (COD)9, total carbon (TOC)10 and the total 

nitrogen (TN)11. The testing methods are presented in 

Table 1(7-11- method number in Table 1).  

 

S/No Parameters Procedure Ref. 

1 Yield (%) AOAC – PA (118) (1990)  [43] 

2 Protein (%) AOAC- 920.53 (1995) [42] 

3 Bulk density (g/ml) ASTM E-357-07 (2015) [43] 

4 Ash content (%) AOAC -942.05PA (2000) [43] 

5 Weight loss (%) AOAC - 930.15(2000) [42] 

5 Oil content (%) AOAC – 999.02(1999) [44] 

6 Moisture content (%) AOAC 934 (2005) [46] 

7 Total, solid (TS) APHA 2540B (1997) [35] 

8 Volatile solid (VS) APHA 2540E (1997) [35, 37] 

9 
Chemical oxygen demand 

(COD) 
APHA 5220 B (2005) [57] 

10 Total, Carbon Walkley and Black (1934) [35] 

11 Total, Nitrogen APHA 4500-Norg C (2005) [46] 

 

Table 1: Parameter testing method for proximate/physical characterization of HPSC and PCs. 

 

2.5 Bench scale Jar test experiment 

Standard turbid-metric laboratory Jar test method [5, 

9] was used for the coag- flocculation experiment. 

500 mL of PPW samples were measured into (five) 

1000mL beakers. 1000-5000mg of konki-De was 

dosed into 5different beakers. Specified pH 

adjustment was achieved using 0.1MH2SO4 and 0.1M 

NaOH after the experiment was first conducted using 

the initial pH of PPW. The mixture was continuously 

stirred in a magnetic stirrer for 2min at 250rpm 

stirring speed and subsequently reduced to 30rpm for 

20min. The treated mixture was allowed to settle for 

35min.Within this interval, at desired times, 20mL of 

the clear upper layer of the settling mixture was taken 

and analyzed for residual turbidity. The data obtained 

were used to investigate the treatment efficiency, 

effect of process parameters, adsorption kinetics and 

equilibrium studies. 
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2.6 Biogas production 

Bio-gas production via anaerobic digestion of PCS 

was carried out using four experimental units 

(anaerobic bio-digester, biogas measuring unit, 

biogas purification unit and biogas collection unit) as 

shown in Figure 1.  

 

Figure 1: Block diagram for the production of biogas. 

 

A mixture of 150g of PCS and 450ml of water was 

charged into the anaerobic bio-digester (A, Figure 1) 

(made of sealed 1L gallon, with 750ml working 

volume). The crude biogas produced inside the bio-

digester flowed into the water displacement biogas 

measuring unit (B) through delivery tube (D1). The 

water displacement measuring unit consists of 

inverted measuring cylinder and bowel filled with 

supersaturated acidified brine. The brine was used to 

prevent dissolution of the produced biogas and to 

enhance the building up of gas pressure for easy 

measurement and recovery [45]. The biogas is 

expected to displace equal volume of brine inside the 

measuring unit. The volume of water displaced by the 

biogas entering the measuring unit was recorded 

every five (5) days. The biogas evolved in the air 

space of the inverted measuring cylinder flowed into 

the purification unit through delivery tube D3. Within 

the purification unit, the biogas passed through 

subunits C (containing Ca (OH)2), D (containing 

solution of iron fillings) and E (containing CaCl2) to 

remove CO2(g), H2S(g) and H2O(g), respectively. 

Aliquots were collected from the bio-digester at five 

days intervals through line D2 (sampling point) for 

analysis (TS, VS, TOC, TN). The biogas sample 

collected from collection unit (F) after the 40 days 

retention time was analyzed using gas 

chromatography. 

 

2.7 Thermodynamics of biogas production process 

The biogas production thermodynamic parameters: 

mass fractions, specific gas constant, specific heats, 

ratio of the specific heats, internal energy, and 

enthalpy were calculated from the gas 

chromatography result using Equations (1) to (10) 

shown in Table 2 [46].  

 

Parameters Equation Equation No. 

Mass fraction 

 

 

-1 
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Specific biogas constant 

 

 

-2 

Specific heat at constant volume 

 

 
 

-3 

Specific heat at constant pressure 

 

 

-4 

Specific gas constant 

 

 

-5 

Heat ratio constant at pressure and volume 

 

 

-6 

Independent specific heat at constant pressure 

 

 

-7 

Independent specific heat at constant volume 

 

 

-8 

Internal energy 

 

 

-9 

Enthalpy 

 

 

-10 

 

Table 2: Thermodynamics parameters estimated. 

 

ma -mass fraction of the biogas components,mi - the 

mass of a component gas in the mixture, mT - the total 

mass of the components in the mixture. R- Specific 

biogas constant, R0 - the universal gas constant; Ri - 

specific gas constant of a component gas in the 

biogas mixture. Cp - specific heat at constant 

pressure, Cv - specific heat at constant volume, γ - 

ratio of the specific heats, Cvi- specific heat at 

constant volume, u - specific internal energy,h- 

specific enthalpy 

 

Furthermore, change in standard Gibb’s free energy 
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(ΔGo), standard enthalpy (ΔHo), and standard entropy 

(ΔSo) were also estimated using modified Eyring-

Polanyi equation (Equation 11), Equation 12 and 13, 

respectively. 

∆𝐺 = RT Ln (
𝐾ℎ

𝐾𝐵𝑇
) (11) 

∆𝐻 = 𝐶𝑝 ∆𝑇  (12) 

∆𝐺 = ∆𝐻 − 𝑇∆𝑆   (13) 

Where k is the rate constant (s-1) from kinetic studies 

(reported elsewhere), T is the absolute temperature 

(K), R, kb and h are the universal gas (8.314 Jmol-1K-

1), Boltzmann (1.38 x 10-23 J/K) and Planck’s (6.63x 

10-34 J s) constants, respectively. The transmission 

coefficient κ is often taken as unity.  

 

2.8 Energy Content of Biogas 

Energy content of biogas estimates the approximate 

values of the useful part of energy obtained during 

biogas combustion. The higher the energy content, 

the higher the biogas quality and the lower the 

chemical complexity [47-49]. The energy parameters 

of the recovered biogas (actual calorific values 

(heating value), the latent heat of vaporization (the 

difference between the upper calorific and actual 

calorific value), the wobbe’s index (W) and the 

adiabatic flame temperature (TLL) were evaluated 

based on the thermodynamics properties of the biogas 

(specific heat (Cp) molar mass(M), density (ρ), 

standard lower calorific value (Hu), specific gas 

constant(R) using Equations 14, 15, 16 and 12, 

respectively.  

Hu,act =  
VCH4

Vtot
=  ρCH4,act ∗ Hu,n   (14) 

Hu,act : Actual biogas upper calorific value 

(calculated), VCH4: Volume (ml) of CH4 component 

of the biogas, Vtot: Total biogas volume (ml), 

ρCH4,act : Density of 

CH4, Hu,n: Standard upper calorific value. 

LHVap = HHV – LHV (15) 

HHV = LHV+m hfg (where HHV: higher heating 

value (upper calorific value), LHV: lower heating 

value (lower calorific value), LHVap: Latent heat of 

vaporization (m hfg). 

W = 
Hu,act

√𝑑
 (16) 

(W = Wobbies index, Hu,act = Actual biogas calorific 

value, d = relative density of the biogas, m = mass, 

hfg =latent heat of vaporization). 

dbiogas = ∑ 𝑦𝑖 𝑑𝑖 (d: density) 17 

 ∑ 𝑛𝑖 = (ℎ𝑓𝑖 + ℎ𝑇𝑖 − ℎ𝑖298𝑘)𝑝 = (∑ 𝑛𝑖 ℎ𝑓𝑖)𝑟 18 

∑ 𝑛𝑖: Total component mass, hTi: the enthalpy of each 

component in the combustion products at the 

adiabatic flame temperature, hfi: s the formation 

enthalpy of the components. 

T adiabatic (TTL) ⇒ -ΔHTi298 = Cp 298K, biogas ΔT 19 

Cp 298K: heat capacity at 298K, TTL: adiabatic flame 

temperature. 

 

3. Results 

3.1 Paint wastewater analysis before and after 

coagulation 

Wastewater analyses of the paint wastewater carried 

out before and after coagulation treatment were 

compared with the national environmental regulatory 

standard for wastewater discharge (national discharge 

limit) in Table 3. The jar test experiment was 

conducted using best coagulant dosage, pH, 

temperature, and time of 4g/l, 4, 45oC and 20mins, 

respectively obtained from the preliminary one factor 

at a time jar test experiment. Table 3 shows that the 

paint wastewater has high content of TSS and TDS of 

2681mg/l and 1313mg/l, respectively as against the 

NERS (National effluent regulatory standard) 
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standard of 300NTU (705mg/l) and 1200mg/l before 

treatment. The high TSS and TDS observed in paint 

effluent indicate that the wastewater contains high 

particle load which cannot be discharged to the 

environment without treatment. The sample’s pH 

(7.89) was observed to be within the acceptable 

standard. After the coagulation treatment, the 

wastewater characteristic was observed to have 

reduced below the discharge limit. Hence, the treated 

wastewater can be discharged into the environment 

without adverse effect. 

 

 

 

  

Nacco Paint wastewater Quality   Before treatment After treatment NERS 

TS (mg/l) 3994 804 1905 

TSS (mg/l) 2681 279 705 

TDS (mg/l) 1313 525 1200 

pH 7.89 7.2 07-Aug 

Table 3: Wastewater Analysis of Nacco emulsion paint wastewater. 

TS: Total solid, TDS: Total dissolved solid, TSS: Total suspended solid. 

 

3.2 Sludge characterization 

3.2.1. Elemental Analysis of PCS: Elemental 

characterization was carried out to evaluate the 

elemental composition of PCS. Table 4 shows that 

PCS contains calcium (Ca), oxygen (O), sodium (Na) 

and carbon (C) as the major elemental components. 

Other elements such as Mg, Al, P, Si, C, Cl, Ti, and 

K are in trace values. The Ca, Si Cl, Ti, C and Na 

content of PCS can be attributed to the suspended 

particles in paint wastewater which must have  

 

resulted from different components used in paint 

production (calcium carbonate, titanium dioxide, 

Sodium silicate, biocide, cellulose thickener among 

others). The oxygen (O) and other components result 

from the natural coagulant (helix potemia shell 

extract HPSE, [5] used for the jar test coagulation 

experiment. The presence of these elements infers 

that PCS consists of the particles in the wastewater 

and the crude extract (chito-protein) used as 

coagulant for particles decontamination. 

 

Elements %W.C 

C 9.26 

Na 7.68 

Mg 1.96 

Al 3.03 

P 0.27 

Si 3.28 

Cl 0.94 
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K 0.25 

Ca 39.6 

Ti 3.58 

Fe 1.33 

O 29.04 

Table 4: Elemental composition of the post coagulation Sludge (PCS). 

 

3.2.2 FTIR Analysis of PCS: The observed 

functional groups in PCS give suggestion of the 

proportion of the biodegradable components of PCS. 

The presence of functional group such as amine 

group, β-glycosides, cellulose infers that to a large 

extent PCS is biodegradable. Furthermore, 

understanding of the surface chemistry of the sludge 

in terms of the present functional group will aid the 

decision of the best method to apply for sludge 

processing and treatment. 

 

 

Figure. 1: FTIR spectrum of PCS. 

 

FTIR spectrum of PCS (Figure 1) shows many 

distinct and pronounced peaks. The peaks were 

analyzed and compared with the known signature of 

identified materials in FTIR library (FTIR databases, 

wwwftir-libraries.com). From the spectrum peaks 

within the plot of absorbance and wavenumbers, the 

nature and representation of some functional groups 

were observed. Twenty-four (24) discernable peaks 

were detected between the frequencies 

(wavenumbers) of 600-4000 cm-1 in Figure 1. The 

highest peak can be observed as 1403 cm-1 and at a 

threshold of 0.4. This peak represents =C–H in-plane 

bending of alkene aliphatic compound. A trace of 

carboxylic functional group is observed as stunted 

band at 3000 cm-1. The peak at 3476 cm-1 may be 

attributed to cellulose –OH stretching vibration [35]. 
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The appearance of peak within the range of 3300-

3500 cm-1 could be linked to N-H stretching of amine 

group. Peaks within the range of 3500 – 3550 cm-1 

depict phenol O-H stretching. Frequency range above 

3550 cm-1 as seen in the higher wave number area of 

the spectrum could be linked to alcohol O–H 

stretching, which is typical of oxygen containing 

compounds. This can be confirmed by the presence 

of oxygen in the chemical/elemental characterization 

presented in Table 4. At the lower wave-number area, 

the appearance of band at 939 cm-1 could be 

attributed to C–O–H out-of-plane bending while 

peaks at 712 cm−1 and 700 cm−1 show N-H wagging 

group. In addition, the presence of β-glycosides at 

871 cm-1 may have given credence to the presence of 

cellulose [50]. These functional groups were formed 

from the adsorptive interaction between the 

suspended particles from paint and the bio-coagulant 

during the coagulation experiment that generated the 

PCS. 

  

3.2.3 XRD Analysis of PCS: X-ray diffraction 

spectrum of PCS is presented in Figure 2. From the 

spectrum, a systematic arrangement of peaks with 

two distinct high intensity peaks and other ten (11) 

low intensity peaks can be observed. Hence, a total of 

twelve (13) clear peaks were detected at scattering 

angles of 2θ = 260, 270, 290, 310, 330, 360, 390, 420, 

440, 460, 470, 480 and 490, respectively. 

 

 

Figure. 2: XRD pattern of PCS. 

 

The two distinct peaks represent the dominant 

element accumulated during coagulation (calcium 

and oxygen). The two elements were found also to be 

prominent in elemental characterization of PCS 

(Table 4). It is understandable that calcium is one of 

the major constituents in paint wastewater while the 

oxygen shows to a great extent the protein content the 

bio-coagulant used in PCS generation [9]. The low 
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intensity peaks can be attributed to the position of the 

trace elements within the crystalline structure. The 

symmetric arrangements of the peaks indicate a well-

organized atomic grouping or crystalline spacing 

within the internal chemistry of PCS. This 

arrangement indicates an organized crystalline 

structure. The lattice d-spacing (interplanar spacing) 

was evaluated using Braggs equation (d= λ/(2Sin θ) 

[51-53]. The first diffraction plane was observed 

from the origin at hkl of 000. Therefore, it can be 

concluded that the atomic structure of PCS is of 

primitive crystalline structure [9]. The lattice planes 

for the peaks are presented in Table 5. The planes 

represent the distances between successive, parallel 

planes of lattice atoms. The planes act as diffraction 

gratings to radiation that has a wavelength 

comparable in size to the spacing between planes. 

 

peak 2θ θ  d(A) Plane (hkl) 

1 26 13 3.43 0 

2 27 13.5 3.3 103 

3 29 14.5 3.08 222 

4 31 15.5 2.89 4 

5 33 16.5 2.72 110 

6 36 18 2.49 200 

7 39 19.5 2.31 202 

8 42 21 2.15 111 

9 44 22 2.06 202 

10 46 23 1.97 200 

11 47 23.5 1.93 200 

12 48 24 1.89 220 

13 49 24.5 1.86 220 

 

Table 5: d- Values and their corresponding miller’s planes for PCS. 

 

3.2.4 DSC /TGA for PCS: PCS was subjected to 

DSC and TGA; the images obtained are presented in 

Plate 1 respectively. From Plate 1, the glass transition 

point was observed at 25oC, while the sharp transition 

was observed at 102oC. The Eutectic point in DSC 

curve of any material projects the presence of 

impurity on such material (Sarı,2006). The point-like 

elongated part at 175oC (eutectic point) shows that 

PCS is not a pure sample from single origin. PCS 

contains particles from different origins aggregated 

and settled as sludge. From thermal gravimetric 

analysis (TGA) in Plate 2, the descending TGA 

thermal curve obtained indicates that weight loss 

occurred. The plateau stage was observed between 

100 - 200oC. This stage indicates a stage of thermal 

stability where there is no weight loss as a result of 
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variation in temperature. The onset temperature was 

observed at 225oC. At this temperature, the initial 

pronounced weight loss began. Weight loss of 69% 

was obtained; this weight loss must have resulted 

from the volatile part of PCS. This observed volatile 

content of the recovered sludge (PCS) infers those 

parts of the PCS are biodegradable. Sludge of that 

nature can be used effectively for biogas production. 

 

 

Plate 1: DSC presentation of PCS. 

 

 

Plate 2: TGA of PCS 
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3.2.5 Physicochemical Properties of the digester 

feedstock: The intrinsic properties of PCS were 

observed via physicochemical characterization shown 

in Table 6. The parameters of importance while 

considering a feed slurry for anaerobic digestion are 

the carbon-to-nitrogen value (C: N) and the volatile 

solid content (% VS). The % VS shows the extent of 

the biodegradability of the feed slurry. 

 

 

Parameters PCS 

pH 6.94 

TS 222g/l 

COD 1236mg/l 

BOD5 866.5mg/l  

TOC 28% 

VS(%TS) 76 

VSS (mg/l) 3179 

TKN 1.12% 

C: N 25:01:00 

 

Table 6: Physicochemical characterization PCS. 

 

For a biodegradable feed slurry, the potential for 

biogas yield is a measure of the C:N value. Feed 

slurry with good propensity for biogas yield must 

have C:N value within the range of 25:1 and 30:1 

[46]. From Table 6, the %VS for PCS feed slurry was 

found to be 76%. The % VS of this magnitude 

indicates that greater part of the feed slurry is 

biodegradable. The C:N value of 25:1 was obtained 

which shows that the slurry has a good potential for 

biogas yield. Hence it could be inferred that PCS can 

be used as precursor for biogas generation. Near 

neutral PCS pH of 6 is reasonably within the suitable 

pH for bacteria activities in anaerobic digestion. The 

presence of organic matter in PCS was revealed by 

the BOD and COD of 1236 mg/l and 866.5, 

respectively. 

 

3.3 Biogas production 

3.3.1 Biogas Yield: The biogas yield from PCS 

digestion was observed every five days using water 

displacement method (see biogas production 

method). The volume of biogas generated was plotted 

against retention time in Fig 3. 
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Figure 3: Daily biogas production. 

 

Different stages can be observed from the sinusoidal 

trend of Figure 3. These stages include: the lag stage, 

acidogenesis stage, acetogenesis and methanogenesis 

stage. Although these stages sometimes take place 

simultaneously in some cases. It is possible to detect 

them from a careful study of the process. From 

Figure 3, it can be observed that the biogas 

production started after the day 3 of charging the feed 

slurry into the bio-digester. From day 1 to day 3 

when there was no active yield of biogas is regarded 

as the hydrolysis period. In general, hydrolysis is a 

chemical reaction. Within this period, there is 

formation of H+ cations and OH- anions. The 

otherwise unstable large organic polymers in the feed 

slurry are broken down into simple organic 

monomers, oligomers and amino acids that could be 

utilized by the fermentative acido-genesis bacteria. 

[54, 55] referred to this hydrolysis period as lag 

period which is the minimum time required for 

commencement of biogas production. From the FTIR 

characterization in Figure 1, it was observed that PCS 

contains protein and cellulose. Therefore, protease 

and cellulase must have played major role in PCS 

hydrolysis. 

The acidogenesis stage began at the day 4. This stage 

is characterized by the release of proton and proton 

acceptors. Within this period, acid forming bacteria 

which are facultative, break down the products of 

hydrolysis into acetic acid (CH3COOH), hydrogen 

(H2), carbon dioxide (CO2) and alcohols [55]. The 

stage is also characterized by the onset of actual 

biogas yield after the lag period. From Figure 3, this 

stage was observed within day 4 - day 9. Within the 

acidogenesis stage, active gas production was 

observed; however, the non-flammability of the gas 

at this stage indicates the absence of methane gas. 

[56] reported a similar result. 

 

The termination of acido-genesis stage was marked 

by the onset of flammability, which introduced aceto-

genesis and methanogenesis stages on the day 10. 

The aceto-genesis stage is characterized by 

conversion of fermentation product into acetic acid, 

and H2. In addition, at this stage H2S present in 

biogas are formed through the action of 

sulphoreductors [56]. The action of two other 

bacteria such as homoacetogens and syntrophes are 

pronounced at this stage. The homoacetogens creates 
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https://en.wikipedia.org/w/index.php?title=Homoacetogen&action=edit&redlink=1
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a pathway for acetate production while the syntophes 

is responsible for ammonia formation [55]. The onset 

of acetogenesis stage could be observed from Figure 

3 at day 10. Also, it is observable that after the day 

10, within the aceto-genesis stage there was decline 

in gas production (between day 10-15). This decline 

could be attributed to kinetic difference existing 

between the actions of acetogens and methanogens. 

In addition, parts of the existing products (sugar and 

amino acids) are being rapidly converted to acetic 

acid. Within this stage, the actions of methanogens 

cannot be ruled out due to the presence of CO2 [57]. 

However, the stage is predominantly for acetate 

formation. After this period (acetogenesis stage), the 

system experienced a rapid increase in yield of 

biogas till the maximum yield was attained on day 

20. This rapid yield could be linked to increase in 

production of mainly methane gas resulting from 

surplus substrate available for methanogens. The 

methanogens achieve methane production by using 

the acetic acid and the inorganic carbon-dioxide as 

terminal electron acceptors. Depletion in substrate 

concentration resulted in decline in yield after the 

maximum gas yield was attained. [56, 58, 59] 

reported similar result. 

  

3.3.2 Cumulative biogas yield: The cumulative 

biogas yield within the 40 days retention time was 

shown in Figure 4. Within the RT (40 days), 250ml 

of biogas was produced from PCS slurry. This is a 

relatively good yield based on the size of the 

experimental setup (IL, with 75% working volume).

 

 

Figure 4: Plot of cumulative biogas production within the 40days RT. 

 

3.3.3 Variation in process parameters with 

retention time 

3.3.3.1 Variation in pH with retention time: The 

variation in pH within the anaerobic digester during 

the experiment is shown in Figure 5. The pH was 

observed to fluctuate between the pH of 7 and 8, after 

initial drop from 6.9-6.1 between 0-5 days of the 

experiment. 

 

https://en.wikipedia.org/wiki/Acetic_acid
https://en.wikipedia.org/wiki/Carbon_dioxide
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Figure 5: pH variation with RT. 

 

This initial drop in pH towards acidic level (6.9 - 6.1) 

before assuming a more stable values after day 10 has 

been attributed to the action of the acidogenic 

bacteria. Within this period (day 3- day 10), the acid 

forming bacteria (acidogenic bacteria) were actively 

breaking down organic content of the substrates, 

producing mostly organic acids. This process 

increases the general acidity of the anaerobic 

digestion system. 

  

After the sharp decline in pH (from pH of 6.9 - 6.1), 

the system pH fluctuates around neutrality all through 

the 40 days retention time. This near neutral 

environment provides a suitable atmosphere for the 

activities of the methanogens. The maximum biogas 

yield was observed at the 20th day within neutral pH 

of 7.2.). This can be attributed to the fact that the 

methanogens are highly pH sensitive. The bacteria 

thrive within neutral pH, any slight variation in pH 

above or below neutrality inhibit the activities of the 

methanogens. [58, 60] reported similar trend. 

 

3.3.3.2 Variation in temperature with RT: The 

variation of the process temperature with the 

retention time during the bio-digestion experiment is 

presented in Figure 6. It was observed that the 

temperature remained within mesophilic range (25-

31oC) throughout the 40 days retention period. 

 

0

2

4

6

8

10

0 10 20 30 40 50

p
H

Retention Time(Days)



 

 

 

Int J Plant Anim Environ Sci 2021; 11 (3): 391-422                                                          DOI: 10.26502/ijpaes.202112 
 

 

International Journal of Plant, Animal and Environmental Sciences                  Vol. 11 No. 3 – September                     407  

 

Figure 6: Variation in Temperature with RT. 

 

The lowest temperature reading of 27ºC was obtained 

on the 25th day, while the highest of 31.5ºC was 

recorded on the 20th day of the digestion process. 

The sinusoidal variation may be attributed to the 

influence of the surrounding environment’s physical 

conditions since the digester was not lagged [61]. The 

significant and sudden decrease in temperature from 

31.5oC to 27oC, corresponding to the 20th and 25th 

day must have occurred as a result of the prevalent 

weather condition. This sudden drop must have 

affected the system as the gas yield dropped 

significantly from 70 ml to 20 ml. 

 

3.3.3.3 Influence of RT on volatile solid reduction: 

Methane yield is often based on the volatile solids 

portion of the feed stock, hence the more the 

reduction in volatile solid the more the yield of 

methane [62]. Figure 7 presents a plot of reduction in 

the volatile solid content with time. The VS were 

observed to decrease with increase in RT. This trend 

can be linked to the progressive conversion of the VS 

content of the feed slurry to methane by 

methanogens. The greater percentage of the VS 

reduction occurred between 0-20 days. Furthermore, 

between day 20 – day 40, there was no much further 

reduction in VS because much of the available 

biodegradable component of the substrate accessible 

to micro-organisms must have been utilized. At the 

end of the 40 days retention time, 37.7 % of the 

initial VS were unconverted while 62.3% were 

converted during the anaerobic digestion process. 

The unconverted content of the VS could be 

attributed to incomplete mineralization of the 

nitrogen content of the feed slurry during the 

digestion process. 

 

26

27

28

29

30

31

32

0 10 20 30 40 50

T
em

p
er

a
tu

re
 (

o
C

)

Time (days)



 

 

 

Int J Plant Anim Environ Sci 2021; 11 (3): 391-422                                                          DOI: 10.26502/ijpaes.202112 
 

 

International Journal of Plant, Animal and Environmental Sciences                  Vol. 11 No. 3 – September                     408  

 

 

Figure 7: Reduction in VS with time. 

 

3.3.3.4 Reduction in COD and BOD with RT: The 

chemical oxygen demand (COD) and biochemical 

oxygen demand (BOD) reduction show the extent of 

utilization of the organic matter present in the system. 

While COD measures the total concentration of 

organic matter, BOD indicates the total amount of 

biodegradable organic matters [63]. 

 

Figure 8: Percentage reduction in COD and BOD with RT. 

 

The COD and BOD estimated using APHA 5220 B 

(2005) and ASTM D6238-98 (2012) in [64] were 

plotted against retention time in Figure 8. Three 

stages of reduction could be observed in Fig 8 (both 

in COD and BOD). For the COD, the lag period 

observed between 0-5 days represent the onset of 

slurry decomposition. The actions of the present 

micro-organisms are not very pronounced at this 

stage. The second stage is a stage of rapid rise in the 

reduction of COD. This stage was observed between 

day 6 – day 20. This stage represents a period of 

more rapid biological degradation of the organic 

content of the feed slurry. The final stage is a stage of 

another gradual or less rapid reduction between day 
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21 – day 40. Before this final stage, more of the 

organic content of the feed slurry has been 

decomposed; therefore, the digestion system contains 

less organic content. Reduction in COD is related to 

theoretical volumetric yield of methane gas. 1mg 

reduction in COD is equivalent to 0.35 ml of methane 

yield [65]. A total of 485.7 mg reduction was 

observed in COD after the last day, which is 

equivalent to 170 ml of methane. 

 

Also from Figure 8, it could be observed that the 

reduction in BOD was favored by increase in 

retention time. About 383 mg reduction (34.5%) was 

recorded from the study. The reduction in COD and 

BOD show the activities of the microorganisms in 

decomposition of the organic materials. A total of 

45% reduction was observed in COD while 34% was 

observed in BOD. 

 

3.4 Variation in Methane production within 40 

days RT 

The theoretical yield of methane gas was estimated 

using the process COD reduction (1mg reduction in 

COD is equivalent to 0.35 ml of methane). Figure 9 

represents the variation in daily methane production 

(DMP) with retention time. 

 

 

Figure 9: The variation in actual methane production with time. 

 

Four stages can be observed from Figure 9, these 

stages include: the lag stage (day 0 – day 5), a stage 

of progressive increase in methane yield (day 6 - day 

20), a stage of rapid decline in yield (day 21- day 30) 

and a stage of equilibrium in methane yield (day 31- 

day 40). The lag stage represents the initial stage of 

hydrolysis where there was no production of methane 

gas. The second stage represents a period of rapid 

increase in methane yield. Within the second stage, 

the action of methanogens are prominent, hence there 

was rapid conversion of acidogenesis products (CO2, 

acetate and H2) to methane gas. The third stage is a 

stage where most of the components available for 

conversion have been utilized. Hence, within this 

stage, methane production declined to the minimum 

before the last stage of equilibrium. The highest 

volume of methane was obtained at the 20th day. 
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3.5 Confirmatory test for the presence of methane 

and the effect of purification 

The gas chromatography conducted on the final 

product collected from the collection unit result in the 

chromatograph in Figure 10. The chromatogram 

presented as graph of detector response (y-axis) 

against retention time (x-axis), generally presents a 

spectrum of peaks for the sample involved. The 

qualitative makeup of the biogas can be deduced 

from Figure 10. Four components were observed at 

different peak strengths. Methane gas has the highest 

peak strength and area.  

 

 

Figure 10: Gas chromatograph (GC) of PCS biogas. 

 

The weight percent (%composition) of each 

component in the biogas was estimated with the peak 

areas obtained from the GC result (Table 7, column 

3) using Equation 20. 

%𝑥 =
𝑎𝑟𝑒𝑎 𝑜𝑓 𝑡ℎ𝑒 𝑝𝑒𝑎𝑘

𝑇𝑜𝑡𝑎𝑙 𝑝𝑒𝑎𝑘 𝑎𝑟𝑒𝑎𝑠
∗ 100  (20) 

Where, the “Total peak area” is the summation of the 

peak areas of the components in the biogas in Table 

7. The actual percentages of the components of the 

recovered biogas are presented in Table 7(column 5). 

 

Component Retention time Peak area Height Units %Composition 

CH4 0.636 5974.36 94.337 Ppm 63.19665 

CO2 7.26 2321.61 64.048 Ppm 16.77861 

Ethanol 10.82 3370.34 95.062 Ppm 4.35793 
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Methanol 16.45 2260.15 62.738 Ppm 16.33446 

 

Table 7: Analysis of Biogas obtained from the collecting unit for PCS digestion system. 

 

It is observable in Table 7, that the recovered biogas 

contained high quantity of methane (approx. 63.2%) 

by weight. The presence of some other elements such 

as ethanol, carbon dioxide, ethanol and methanol 

were also found. Furthermore, the purification units 

attached to the bio-digesters (C, D, E in Figure 1) 

were designed to remove CO2, H2S and water vapor 

from the biogas through gas absorption [46]. 

However, from Table 7, it could be observed that the 

recovered product contains 16.77% of CO2 and other 

trace components (ethanol and methanol). There was 

no trace of hydrogen sulphide and water vapor. 

Hence, it could infer that in the present study, the 

purification method applied achieved total removal of 

hydrogen sulphide and water vapor but was not 

sufficient for total removal of carbondioxide. 

 

The recovered biogas can be classified as relatively 

high-quality biogas [66], due to the percentage of 

methane. Except carbon-dioxide, all the trace 

components present in the recovered biogas are 

flammable. Hence, the recovered biogas can burn 

effectively. 

 

3.6 Thermodynamics analysis of biogas 

production 

The thermodynamic parameters (mass fractions, 

specific gas constant, specific heats, ratio of the 

specific heats, internal energy, and enthalpy) of the 

biogas production process were calculated using 

Equations 1 to 10 in Table 2. The mass in mixture 

(mass of component in biogas), mass fractions (ma, 

Equation 1), specific gas constant (Ri, Equation 5), 

components specific heats (Cpi and Cvi, Equation 

7and 8), ratio of the specific heats (𝛾)(Equation 5), 

internal heat (Equation 9) and enthalpy (Equation 10) 

of the components of the recovered biogas are 

presented in Table 8. 
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Compon

ents 

Mass in 

Mixture 

(mi) (mg) 

Mass 

fraction 

(ma) 

Ri 

(KJ/kgK) 

Cvi  

(KJ/kgk) 

Cpi 

(KJ/kgK) 

Cv 

(KJ/Kg

K 

Cp 

(KJ/kgK

) 

ɤ mole 

mole 

fracti

on 

(mf) 

MW.

C 

mf*

M

W 

u(CvT)k

J/kg 

h(CpT) 

kJ/kg 

 

CH4 122.75 0.389 0.5182 3.129 4.172 1.3359 1.7812 1.33 6.975 0.636 16.4 
10.4

3     
 

CO2 48.24 0.168 0.189 0.567 0.748 0.0951 0.1255 1.39 1.005 0.092 44.01 
4.03

7     
 

Ethanol 70.02 0.244 0.179 0.537 0.716 0.1307 0.1743 1.33 1.512 0.138 46.07 
6.35

5     
 

Methano

l 
46.95 0.163 0.259 0.777 1.034 0.1268 0.1688 1.33 1.461 0.133 32.04 

4.26

8     
 

Total 287.5 1       1.6889 2.2500   10.95 1   
25.1

4 
417.5 624.14  

 

Table 8: Mass fractions of various component of biogas. 

 

MW.C: molecular weight of components, MW: molecular weight of the recovered biogas (mf*MW.C), γ: adiabatic index 
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From Table 8, methane gas (CH4(g)) has the highest 

mole fraction, specific heat at constant volume (Cv) 

and constant pressure (Cp) of 0.636 ,1.338 KJ/KgK and 

1.78 KJ/KgK, respectively compared with other 

components of the biogas. [46] reported a similar 

observation for biogas generation from Cattle, Pig and 

Poultry manure mixture. Specific heat of methane 

forms majorly the specific heat of the biogas and is 

important in estimating the calorific value of the 

biogas desired to be used as energy source [36, 40]. A 

biogas with methane content of Cv and Cp of 1.338 

KJ/KgK and 1.78 KJ/KgK, would require less energy 

to initiate burning in combustion engines [46]. The 

Polyatomic or diatomic nature of the recovered biogas 

was evaluated with the use of the adiabatic index (γ) 

(Equation 6). Adiabatic index is the ratio of specific 

heat at constant pressure to the specific heat at constant 

volume. This index commonly called gamma, reflects 

the effect of heat flow to the change in internal energy 

[51, 58]. It is an arbitrary constant, i.e., it has no 

physical impact and is not a representation of a 

physical quantity but just a ratio. For polyatomic 

gases, γ is ≤ 1.39, while for diatomic gases γ ≥ 1.4 

[67, 68]. In this present study, the values of γ for the 

recovered components of the biogas are 1.29. This 

inferred that the biogas recovered is composed of 

polyatomic gases. 

 

The molecular weight (MW) of the recovered biogas 

was calculated based on the mole fraction and the 

molecular weight of the components (∑ 𝑀𝑖𝑀𝑤
𝑖
𝑛 ). The 

biogas has molecular weight of 25.1167 g/mol. Table 

8, shows the biogas heat capacities at constant pressure 

(Cp) and constant volume (Cv) obtained using 

Equations 3 and 4. The overall biogas heat capacities 

estimated based on the components specific heat 

capacities were obtained as 1.689 KJ/KgK and 2.250 

KJ/KgK,  

 

The specific internal energy (u) and enthalpy (h) of 

biogas recovered after the purification process was 

calculated based on Equation 9 and 10, respectively. 

The specific internal energy and the enthalpy of the 

generated biogas can also be seen in Table 8. The 

specific internal energy defined the inherent energy of 

the recovered biogas while the enthalpy quantifies the 

heat that will be recovered by burning one kilogram 

(1kg) of the recovered biogas. In this present study, the 

specific internal heat, and the enthalpy of the 

recovered biogas at 37oC were 417.558 KJ/Kg and 

624.14KJ/Kg, respectively. A similar observation was 

reported by [46]. 

 

The thermodynamic parameters: Gibbs free energy 

(∆G), enthalpy (∆H) and entropy(∆S) of the digestion 

process estimated with respect to temperature based on 

Eyring-polyanyi equation (Equations 10, 11 and 12), 

are presented in Table 9. The rate constant (0.19) used 

for the thermodynamic parameters estimation was 

obtained from the kinetic model parameters of the best 

kinetic model that described the present biogas 

production data (logistic kinetic model), however not 

reported in detail. 
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Table 9: Thermodynamics parameters for biogas production process. 

 

Table 9 shows that the ΔGo was negative while ΔHo 

and ∆So were both positive. The negative values of 

ΔGo depict that the biogas production reaction is 

feasible and spontaneous. Also, it is observable in 

Table 9 that ΔGo decreases negatively with 

temperature, suggesting that increase in temperature 

within the biogas production systems favors the 

process spontaneity. Positive value of ΔHo infers that 

the biogas production process was endothermic in 

nature, while the positive value of ΔSo revealed that 

the process is entropy driven in support of the 

endothermic nature of the digestion process. Also, the 

positive value of ΔHo is an indication that the biogas 

production process will yield better result with 

addition of external source of heat to the system, 

which may be achieved by operating above the 

mesophilic condition. 

 

3.6 Energy Content of the recovered Biogas: 

The useful part of the energy of biogas is the calorific 

value of its CH4 content [68]. The other components 

have energy content also, but they do not participate in 

a combustion process [68]. Calorific value is the 

amount of heat produced by the combustion of a fuel 

mass and is typically expressed in joules per kilogram. 

Biogas with methane content above 40% and calorific 

value above 18000KJ/m3 can be used for power 

generation in internal combustion engines [69]. Table 

10 shows the energy parameters or the combustion 

properties of the recovered biogas. 

 

 

T(K) ΔGo ∆Ho ∆So 

297.8 -7.68E+04 
  

299.7 -7.73E+04 
  

300.9 -7.76E+04 
  

302.5 -7.80E+04 
  

309 -7.98E+04 259.1136 8.61E+03 

306 -7.90E+04 
  

303 -7.82E+04 
  

303 -7.82E+04 
  

302 -7.79E+04 
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 PCS 

VCH4 (ml) 170 

VTotal (ml) 251.8 

Density CH4 at amb. Temp(Kg/m3) 0.65 

Reference UCV(kJ/Kg)Hun 55568.1 

Reference LCV(kJ/m3) 50050.9 

Biogas UCV (calculated)(kJ/m3) 24385.5 

Biogas LCV (calculated) (kJ/m3) 21964.3 

LHV (kJ/m3) 2421.2 

UW (kJ/m3) 30246.5 

LW(kJ/m3) 27243.4 

TLL(K) 813.119 

Table 10: Combustion properties of the recovered biogas. 

 

VCH4: Volume of methane recovered; VTotal: Total volume of biogas; UCV: Upper calorific value; LCV: Lower 

calorific value; LHV: Latent heat of vaporization; UW: Upper wobbe index; LW: Lower wobbe index; TLL: 

Adiabatic flame temperature 

 

From Table 10, the upper calorific value (UCV) at 

standard conditions (STP) of 24385.54 kJ/m3 was 

obtained at ambient temperature. The calorific values 

of this magnitude (24385.54 kJ/m2) indicates that the 

biogas recovered meets the desired condition for use 

in internal combustion engines [70]. However, 

UCV makes no allowance for the latent heat required 

to vaporize the liquid water produced by the 

combustion process. Hence it is a theoretical 

parameter and is rarely used [71]. To account for the 

latent heat of vaporization, the lower calorific value 

(LCV) was estimated. The biogas LCV is the actual 

heat available for work. From Table 10, the lower 

calorific values (LCV) were obtained as 21964.34 

kJ/m3. The latent heat of vaporization (LHV) is the 

difference between UCV and LCV. It accounts for 

the heat soaked up due to evaporation of water during 

combustion in an internal combustion engine [34]. 

This quantity of heat (LHV) is temporarily lost and 

therefore does not contribute to the work done by the 

combustion process. The LHV was obtained as 

2421.202 kJ/m3. Hence, it could be inferred that 

11.02% of the total thermal energy available to do 

work by combustion of the recovered biogas will be 

lost as a result of formation and vaporization of water 

in the combustion chamber. The adiabatic flame 

temperature of the recovered biogas estimated using 

Equation 19 was found to be 813.1189K. This is the 

temperature that will result from complete 

combustion of the biogas without any work, heat 

transfer or changes in kinetic or potential energy. The 

ratio of either the upper or the lower calorific power 

and the square root of its relative density (The 

Wobbe’s Index (W)) is an indicator of the 

interchangeability of fuel gases such as natural gas, 

liquefied petroleum gas (LPG), and town gas. It is 
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used in comparing the combustion energy output of 

different composition of fuel gases in an appliance. If 

two fuels have identical Wobbe Indices, then for a 

given pressure and valve settings, the energy output 

will also be identical. Pure methane has a Wobbe 

number of 50771.75; natural gas as piped to homes in 

the United States typically has upper Wobbe number 

between 48797.5 and 51777.5 [72]. Based on this 

standard, it could be observed that the upper Wobbe’s 

index of the biogas produced (between 36621.9 - 

30246.54) estimated using Equation 16 fall within the 

acceptable standard Wobbe’s number (≤ 48797.5 - 

51777.5) [73]. 

 

4. Conclusion  

Paint wastewater treatment, sludge recovery and 

conversion to biogas was successfully achieved via 

coaguation and anaerobic digestion. The 

thermodynamics of the biogas production process 

shows that the process was spontenoius while the 

energy content studies inicate that the energy 

parameters of the recovered biogas falls within the 

acceptable standard. Generally, the following 

conclusion can be drawn from this work: 

▪ Helix potemia shell coagulant (HPSC) was 

successfully extracted from waste helix potemia 

shells(HPS). 

▪ The extracted HPSC achieved significant 

reduction (> 90%) in total solid content of paint 

wastewater. 

▪ The post treatment sludge(PCS) successfuly 

recovered and subjected to anaerobic digestion yield 

biogas with 62% of methane by weight. 

▪ The thermodynamics properties of the 

biogas production process show that the process was 

feasible and spontenous 

▪ The energy content parameters of the 

recovered biogas fall within the standard of natural 

gases suitable for combustion. 
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