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A B S T R A C T   

The study presents the results of the laboratory experiment performed on the anaerobic digestion 
of water hyacinth biomass harvested from the Volta River basin of Ghana and Fruit waste sludge 
as the inoculum. Batch mode of experiment was performed under mesophilic conditions (29 ±
3 ◦C) with a hydraulic retention time of 61 days. The experimental setup was made up of three (3) 
fermenter bottles of 5.0 L capacity namely F1, F2 and F3. F1 served as the control whiles F2 and 
F3 served as the test fermenter bottles. Each of the fermenter bottles was fitted with BlueSens 
methane sensor and BlueVcount flowmeter for the measurement of methane composition and 
biogas volumes, respectively. The Theoretical Biomethane Potential (BMP) of the water hyacinth 
biomass was estimated to be 422.23 ml/gVS. The experimental BMP was determined to be 
402.62 ml CH4/gVS and 356.03 ml CH4/gVS for F2 and F3, respectively. Consequently, a 
biodegradability value of 95.36 and 84.32 % was obtained from F2 and F3, respectively. More
over, the F2 fermenter bottle recorded a cumulative net methane and biogas volumes of 5576.3 
ml and 12,014 ml, respectively. Likewise, a total net cumulative methane and biogas volumes of 
4931.0 ml and 11,384 ml were produced from the F3 fermenter bottle. Using the First order 
kinetic model, an average value of hydrolysis constant for water hyacinth biomass was deter
mined as 0.051 day− 1. Furthermore, the modified Gompertz model, the logistic function model 
and Transference function models were used to fit the experimental cumulative biogas and 
methane production data. The outcome of the study shows that, the production of biogas from 
water hyacinth biomass harvested the Volta River basin of Ghana could offer sustainable control 
solutions to its invasion on water bodies whiles providing a cheap and reliable means of biofuel to 
the riparian communities.   

Introduction 

Eichornia crassipes which is mostly referred to as water hyacinth has been reported to be the world’s most noxious, dreadful and 
aquatic invasive weeds which is able to produce 14 × 107 daughter plants yearly [1]. It is an aquatic plant which grows on the surfaces 
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of open water such as slow-moving rivers, ponds and lakes. Water hyacinth could achieve a growth rate of 1.75 metric tons per hectare 
per day under favorable conditions [2]. Additionally, other reports have indicated that water hyacinth usually forms a densed mat on 
the surfaces of slowing moving water bodies whose population size doubles every 5–15 days or 6–18 days [3,4]. In Ghana, it is reported 
to be prevalent on River Oti arm of the Volta Lake, the lower Volta River, Tano River, Kpong Headpond and Odaw stream in Accra [5]. 
Elsewhere in Africa, the invasion of water hyacinth on major water bodies such as Lake Victoria in Kenya, Ologe Lagoon in Nigeria, 
Nile River in Egypt and the Zembezi River in Zambia have been reported [6].The contribution towards the reduction in the quantity 
and quality of water bodies by water hyacinth through evapotranspiration on the Roseta branch of the Nile River alone have been 
estimated to be 21.3 million m3/year [7]. Further, the effect of the invasion of the densed mat of water hyacinth interrupts with 
navigation of water transport due to the clogging of waterways. The situation interferes with fishing and farming activities which 
impacts negatively on the socioeconomic life of the affected communities. Woefully, the densed mat of water hyacinth also creates a 
favorable environment for the breeding of disease vectors such as mosquitoes and snails [5]. Due to the difficulty associated with its 
eradication through biological, physical, and chemical means, there is a great divergence of thoughts among policy makers and 
environmental scientists with regards to the most effective control measure scheme to be adopted. Notable among the sustainable 
applications proposed as a form of mitigating the hazards caused by water hyacinth is the exploitation of its biomass for biogas 
production through anaerobic digestion process [8]. Anaerobic digestion (AD) is environmental friendly biological process in which 
microorganisms work synergistically to convert organic wastes into biogas and a stable product (soil conditioner) useful for agri
cultural practices without any detrimental effects on the environment [9]. The technology has been widely applied as a useful method 
for the bioconversion of complex substrates into renewable energy in a form of methane [10]. Moreover, the option for the conversion 
of complex organic substrates to renewable energy has largely been embraced especially in a dispensation of increasing demand for 
energy arising from the growth of human population, depletion of fossil fuels resources amidst environmental concerns emanating 
from the its combustion [11]. 

Water hyacinth biomass, under the classification of aquatic based waste material has been proposed as a potential feedstock for 
biogas production [12]. Water hyacinth as a potential biomass for biogas production is based on its abundant availability at low cost 
because it is naturally grown and it has relatively high cellulose (20 %) proportion, hemicellulose content of (33 %) with low lignin (10 
%) content per unit volume of dry matter which enhances its biodegradability [2]. Again, the water hyacinth biomass as a potential 
feedstock is acknowledged for its highly rich content in nitrogen, essential nutrients and fermentable matter [13]. Subsequently, 
several research works have been undertaken to study the biogas and biomethane yield of water hyacinth using a suitable inoculum 
source at an optimized ratio. A good source of inoculum could further enhance anaerobic biodegradability, shorten lag phase, and 
ensure a more stable process. On the contrary, a low quality inoculum with a volatile solid content below 60 % could affect the stability 
of the anaerobic digestion process [14]. Several experimental works have been undertaken to enhance the biomethane production of 
water hyacinth using different inoculum sources. The combination of water hyacinth and primary sludge as an inoculum source at 
varying ratios have been investigated [13]. In another report, water hyacinth was co-digested with cow dung to assess its biomethane 
potential [15]. The mixing of water hyacinth with sheep waste at varying combinations has also been explored [16]. Further inves
tigation into the biomethane potential of water hyacinth with rumen liquid have equally been reported [17]. Though several 
experimental procedures on the biomethane potential of water hyacinth have previously been reported, the simulation of bio
methanation data of water hyacinth under the specific experimental conditions of (28–35 ◦C), employing fruit waste sludge as the 
source of inoculation using mathematical model equations has not yet been reported in the literature. In the course of the study, the 
hydrolysis constant parameter for water hyacinth biomass which is a rarely documented in literature was determined from the 
first-order kinetic model equation for biogas and methane production. Again, the innovation is centered on the utilization of a modern 
Bluevis BMP test apparatus for the experimental work. This equipment is equipped with digital flowmeters and methane sensors to 
measure biogas volume and methane concentration. In contrast, the traditional method for measuring biogas volumes primarily relied 
on the upward displacement of water, which is more prone to inaccuracies in volume measurements. In addition, sieving analysis 
procedure was exploited to determine the geometric mean diameter of the milled water hyacinth biomass. A Logistic model was also 
developed to determine the particle size (D) for a given cumulative percentage undersize (Ps) of the milled particles using the 
Orthogonal Distance regression iteration in Origin Pro 8 software. The paper aims to reveal the experimental biomethane potential 
data of the water hyacinth biomass located along the stretch of Lower Volta River in Ghana. The exploitation of the biomass for biogas 
production would offer a more sustainable control measure against the high rate of invasion of the biomass on the Volta river. 

Materials and methods 

Analytical methods 

The pH measurements were determined using Hanna Combo pH/EC/EC/TDS and Temperature tester (Model 198129 low range). 
The standard method [18] was strictly followed to determine the Total solid (TS) content where each of Water Hyacinth (WH) and 
Fruit Waste Sludge (FWS) was dried at a temperature of 105 ◦C for 8 h using a Fisher Isotemp Senior model size Oven. In a similar 
manner, the Volatile Solids (VS) content of the WH and FWS was determined according to the standard method [19] by heating to a 
constant mass at a temperature of 550 ◦C for 5 h using a Thermo Scientific Thermolyne benchtop muffle furnace. The compositional 
structural analysis for cellulose, hemicellulose and lignin was performed using the modified form of the Direct Method procedure 
adopted by Auma et al. [3] at the Physiology Laboratory of the Cocoa Research Institute of Ghana (CRIG). The alkalinity tests were 
performed strictly according to the standards proposed by APHA [20].The detection and the quantitative determination of elemental 
traces such as (C, H, N, O, S, Mg, Mn, Ni, Fe) suspected in the WH and FWS was performed using Atomic Absorption Spectroscopy 
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(AAS) method as exposited by Ref. [21]. 

Characterization of water hyacinth 

Water hyacinth (WH) was considered as the main substrate for the study of the biomethane potential test analysis. It is an aquatic 
lignocellulose plant, which is mainly made up of cellulose, hemicellulose and lignin as structural components. Samples were harvested 
along the stretch of Lower Volta River at Kpong in the Eastern region of Ghana, whose geographical location lies within the borders 
reported by Nyamekye et al. [22]. The entire plant (root, stem and leave) was cleaned from debris and dried using a Fisher Isotemp 
Senior model size Oven at temperature of 50 ◦C. The dried samples were milled in batches at a duration of 15 min to obtain particles 
whose mean diameter was 197 µm using CЍTRONIC High Speed Bleeder machine (Model No. CTC-17135). The milling process was 
performed to ensure relative ease of handling, promote fluidity in the fermenter bottle and lastly, increase the surface area to enhance 
microbial accessibility to the biodegradable cellulose and hemicellulose components of the WH. The powdered samples of WH were 
subsequently analyzed for moisture content, total solids, volatile solids, and elemental traces according to analytical method procedure 
mentioned previously. 

Particle size analysis of water hyacinth 

The assessment of the particle size distribution of the water hyacinth was carried out using sieving analysis referenced to the 
procedure outlined by Jillavenkatesa et al. [23]. Accordingly, the finely milled water hyacinth particles were subjected to vigorous 
shaking as it passed through series of mounted sieves having different opening sizes. The sieves were successively arranged in 
decreasing order of mesh size from top to the bottom. The nominal sieve size openings used were 4000, 3350, 2000, 1700, 1400, 1180, 
850, 710, 600, 500, 425, 300,212, 150, 106, 90, 75 and 45 µm. Initially, the retained mass of particles on each sieve opening was 
determined. The obtained value was then expressed as a percentage of the total mass of sample used for the analysis. A semi log graph 
of retained mass of particles against the particle geometric mean diameter was plotted. Besides, another semi-log graph of the per
centage of cumulative passing against the nominal sieve opening was also drawn to determine the geometrical mean diameter (D50) of 
the particles. 

Characterization of the inoculum 

Fruit Waste Sludge (FWS) from a mesophilic biodigester plant (28–35 ◦C) plant was used as the inoculum source. This was obtained 
from the Fresh and Dry Fruit Processing Company located at Adeiso in the Eastern region, Ghana. The biodigester plant operates at a 
hydraulic retention time (RHT) of (18) days under ambient temperature conditions. The FWS was subjected to a hunger phase of (15) 
days at room temperatures between 26 and 29 ◦C to expel as much as possible the available carbon (IV) oxide and methane present. 
The raw FWS was flocculated according to the procedure outlined by Scherer et al. [24] where Synthofloc 5840 VS was used as the 
flocculation agent. The practice tends to increase the total solid content of the raw FWS, reduce the interspatial distance and enhance 
synergistic activities among the microorganisms to boost biogas production. The flocculation process was performed by adding 500 ml 
of prepared flocculent solution of concentration 6.0 g/l to 60 L of raw FWS. The contents were thoroughly stirred gently and allowed to 
stay at room temperature (26–28 ◦C) for 24 h. The supernatant developed after the flocculating process was separated from the solid 
residue (flocculated sludge). The flocculated FWS was characterized for parameters such as total solids, volatile solids, alkalinity, pH 
and total organic carbon. The buffering capacity of the flocculated FWS was enhanced by adding 20 ml of 1 M of sodium hydrogen 
carbonate before it was introduced into the fermenter bottles. 

Fig. 1. Anaerobic batch fermentation set-up.  
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Description of experimental setup 

The BMP setup consists of three (3) glass fermentation vessels namely F1, F2 and F3 as presented in Fig. 1. Each vessel has a 
capacity of 5.0 L. However, only 60 % of the full capacity was occupied by the mixture of the inoculum and the water hyacinth biomass 
whiles the remaining capacity served as headspace volume. The fermentation process was allowed to proceed at mesophilic conditions 
of 29 ± 3 ◦C under atmospheric pressure for 61 days. Each of the fermentation vessel is connected to a distinct cold trap bottle which is 
filled iron oxide adsorbent granules for the adsorption of H2S gas and a BlueVCount flowmeter. These accessories are linked by a rubber 
hose having an internal and external diameter of 4 mm and 6 mm, respectively. In addition, a BCP-CH4 sensor (BlueSens, Germany) 
which measure the concentration of methane in the biogas produced is directly mounted on the opening of the fermentation vessels 
and held firmly by a supporting clip. The setup is also equipped with Counterbox BACCom which serves as a data logger. A dedicated 
computer installed with a BlueVis 4.0 bioprocess software program captures and processes the volume and the concentration of 
methane in the biogas produced from the fermentation vessels. The BlueVcount gives an online measurement of the biogas volume 
produced. The device has a volume measuring unit which consist of a sealed lubricated cylinder fitted with a magnetic piston. The 
measurement of the produced gas volume is based on the displacement meter principle. 

A built-up pressure of 3.0 mbar by the produced gas from the fermentation vessel causes the magnetic piston to rise in the guided 
cylinder until a marked volume (0.6 ml) in the measuring cylinder is reached. At this point, the presence of a micro-controller in the 
measuring unit signals a magnetic sensor to activate the opening of the outlet valve and the volume of gas that exits is measured 
spontaneously. 

The process of methane production in the fermentation bottle is accomplished through the four main stages namely; hydrolysis, 
acidogenesis, acetogenesis and methanogenesis which occur concurrently. At the hydrolysis stage, the cellulose and hemicellose 
structural components of the water hyacinth are broken down largely into glucose monomers and other basic organic structures such as 
amino acids. The newly formed basic organic structures (glucose, amino acids and lipids) at the hydrolytic stage are converted to 
acetate, carbon dioxide and hydrogen including alcohol and volatile fatty acids (VFA) by the acidogenic bacterial at the acidogenesis 
stage. During the acetogenesis stage, the alcohol and volatile fatty acids formed in the acidogenesis stage is converted to methanogenic 
substrates such as acetate, hydrogen and carbon dioxide. At the methanogenesis stage, about 70 % of the methane is produced from the 
acetate formed at the acetogenesis stage. The remaining 30 % of the methane production is formed from the available carbondioxide 
and hydrogen [25]. 

Experimental design 

The fermentation vessel (F1) served as the control which contained only the inoculum. An Inoculum to substrate ratio (ISR) of 10 
was chosen for the test fermentation vessels (F2) and (F3) which contained the inoculum and the water hyacinth. 

This was necessary to minimize the effect of the biogas production from inoculum on the net biogas production from the test 
fermentation vessels. The ISR represents the ratio of inoculum to the water hyacinth biomass in terms of gram mass of the volatile solid 
content. The gram mass of the volatile solid content of the inoculum is determined using the percentages of total solids (TS), the 
volatile solids (VS), density and active volume of the fermentation vessel which is 3000 ml in the current study. As an illustration for a 
basis of 100 g of inoculum, the masses of the total solids and volatile solids present were determined from the percentage of total solids 
and volatile solids (Table 1) using Eq. (1) and Eq. (2), respectively. In order to establish a basis for calculating the volatile solid mass of 
the inoculum expected in the active volume of the fermentation vessel, the volume occupied by the 100 g of inoculum was determined 
from its density using Eq. (3). Therefore, the gram mass of volatile solids present in the inoculum (138.52 gVS) as shown in Table 2 that 
could be found in the active volume of the fermenter vessel was determined using equation Eq. (4). Moreover, the actual mass of 
inoculum likely to contain the estimated volatile solid content of 138.52 gVS was determined from Eq. (5). 

Mass of TS of Inoculum (MTS) =
% TS
100

× 100g of inoculum (1)  

Mass of VS of Inoculum(MVS) =
% VS
100

× Mass of TS of Inoculum (TSm) (2)  

Volume of inoculum(Vi) =
mass of inoculum (Mi)

Density(ρi)
(3)  

Table 1 
Physical properties of water hyacinth and inoculum.  

Parameters Unit Inoculum (flocculated sludge) Water hyacinth 

Moisture % 94.32 35.27 
Total solid content % 5.68 64.73 
Volatile matter content % 84.67 53.73 
Density g/ml 0.96 –  
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Table 2 
Determined gram mass of volatile solids for inoculum and water hyacinth.  

Fermenter Inoculum mass (gVS) Water hyacinth mass (gVS) Total feedstock mass (gVS) Inoculum actual mass (g) Water hyacinth actual mass (g) ISR 

F1 (control) 138.52 – 138.52 2880.00 – – 
F2 138.52 13.85 152.37 2880.00 39.83 10.00 
F3 138.52 13.85 152.37 2880.00 39.83 10.00 

gVS: gram mass of volatile solids. 
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Mass of VS of inoculum in the active volume of fermenter vessel =
Active fermenter vol.

Inoculum vol.
× Mass of VS of Inoculum(MVS) (4)  

Actual Mass of inoculum = Density(ρi) × Active fermenter vol. (5) 

An ISR of 10 indicates that, the proportion by mass in terms volatile solids of the water hyacinth biomass in feed mixture constitutes 
one tenth (13.85 gVS) of the total gram mass of the volatile solid (138.52 gVS) present in the inoculum. Referencing a basis of 100 g of 
water hyacinth biomass, the mass of total solids and volatile solids of the water hyacinth were calculated from the percentage values 
(Table 1) using Eqs. (6) and (7). The gram mass of volatile solids present in the 100 g of the water hyacinth obtained from Eq. (7) was 
used as the basis for calculating the mass of water hyacinth that would contain 13.85 gVS using Eq. (8). As a result, 39.83 g of water 
hyacinth biomass was added to the inoculum in the test fermentation vessels (F2 and F3) at an ISR of 10 as shown in Table 2. 

Mass of TS of water hyacinth (MTS) =
% TS
100

× 100g of water hyacinth (6)  

Mass of VS of water hyacinth (MVS) =
% VS
100

× Mass of TS of Water hyacith(TSm) (7)  

Mass water hyacinth
(
Mg
)

=
13.85gVS

Mass of VS of water hyacinth (MVS)
× 100g (8)  

Theoretical developments 

Estimation of theoretical biomethane potential 

Theoretical BMP values could be predicted either as a function of the elemental composition such as carbon, hydrogen, oxygen, 
nitrogen and sulfur or based on the presence of organic family groups such carbohydrate, lipids and proteins present in the substrate 
[26]. The Buswell and Mullers equation (Eq. (9)) can be used for the prediction of the of BMP based on the chemical equation rep
resented below. The equation only factors the presence of carbon, hydrogen and oxygen as the only elemental components of the 
substrate and CH4 and CO2 as the products of the anaerobic digestion process. The indexes a, b and c are determined from the ratio of 
the percentage mass compositions of carbon, hydrogen and oxygen in the substrate to their respective atomic masses. 

CaHbOc +

(

a −
b
4
−

c
2

)

H2O→
(

a
2
−

b
8
+

c
4

)

CO2 +

(
a
2
+

b
8
−

c
4

)

CH4  

BMPTh =

[(
a
2

)
+

(
b
8

)

−
(

c
4

)]

× 22400

12a + b + 16c

[
mL
gVS

]

(9) 

The BMP estimation by the Boyles equation (Eq. (10)) modifies the Buswell and Mullers equation to include nitrogen and sulfur 
atoms in the substrate and the release of NH3 and H2S in addition to CH4 and CO2 as products of the anaerobic digestion [27]. 

CaHbOcNdSe +

(

a −
b
4
−

c
2
+

3d
4
+

e
4

)

H2O →
(

a
2
−

b
8
+

c
4
+

3d
8
+

e
4

)

CO2 +

(
a
2
+

b
8
−

c
4
+

3d
8
−

e
4

)

CH4 + dNH3 + eH2S  

BMPTh =

[(
a
2

)
+

(
b
8

)

−
(

c
4

)
−

(
3d
8

)

−
(

e
4

)]

× 22400

12a + b + 16c + 14d + 32e

[
mL
gVS

]

(10) 

Though the estimation of BMP using the elemental composition has been reported to be relatively fast, an ideal situation is always 
assumed that there is a complete conversion of all the organic matter present in the substrate to biomethane production. As a result, the 
approach fails to account for the fraction of the organic matter that is utilized for the growth of the microorganisms [26]. Though, the 
theoretical methane yield prediction based on the organic composition of the substrate has been exploited, the identification of the 
organic groups by chemical analysis have been reported to be time consuming [26]. Generally the experimental determined BMP 
values are always lower than theoretical BMP values due to limitations such as the utilization of substrate for the synthesis of bacterial 
mass, limitation of essential nutrients and inaccessibility of portions of the organic matter by microorganisms [28]. The theoretical 
BMP was predicted based on the elemental composition of the water hyacinth biomass using the Boyles equation. According to the 
Boyles equation, the general chemical formula of the substrate is represented as CaHbOcNdSe. In the present study, the chemical for
mula C1.94H3.15O1.38N0.15S0.01 was determined for the water hyacinth biomass. The indexes of the chemical formula were obtained by 
dividing the mass percentage composition of carbon, hydrogen, oxygen, nitrogen, and sulfur atoms using the results from the ultimate 
analysis test by the respective atomic masses as indicated below. 

a =
% mass compostion of carbon

Atomic mass of carbon
=

% mass compostion of carbon
12.00 
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b =
% mass compostion of hydrogen

Atomic mass of hydrogen
=

% mass compostion of carbon
1.01  

c =
% mass compostion of oxygen

Atomic mass of oxygen
=

% mass compostion of carbon
16.00  

d =
% mass compostion of nitrogen

Atomic mass of nitrogen
=

% mass compostion of nitrogen
14.01  

e =
% mass compostion of sulfur

Atomic mass of sulfur
=

% mass compostion of nitrogen
32.07  

Determination of experimental biomethane potential test 

Biochemical methane potential (BMP) tests refers to the capacity of biodegradability of a substrate [29]. In the current study, the 
BMP test was defined as the volume of methane produced per gram mass of volatile matter present in the water hyacinth biomass. The 
biogas volume (ml) and methane concentration measured as (%v/v) of biogas produced were automatically recorded throughout the 
fermentation period. The contribution of errors in the in-situ measurement of the methane concentration due to the presence of air at 
the headspace volume of the fermenters was corrected according to procedure outlined by Scherer et al. [24]. Accordingly, the 
continuous displacement of air in the headspace volume was calculated to obtain the actual final methane percentage. The correction 
was made possible by first calculating at any given time (t) for the successive difference in biogas production (Eq. (11)), percentage of 
newly produced biogas at the headspace (Eq. (12)), the percentage volume of methane at the headspace (Eq. (13)), corrected methane 
percentage (Eq. (14)), corrected methane volume (Eq. (15)) and cumulated methane volume (Eq. (16)). 

Difference in Biogas production
(
VBiogas. diff .

)
= Vt − Vt− 1 (11)  

where Vt and Vt− 1 are any two successive biogas volumes 
The % volume of newly produced biogas at the headspace section (Ft)

(Ft) =
VBiogas. diff

VHeadspace
× 100 (12) 

The proportion of biogas at the headspace section at any given time (βt)

(βt) = Ft + βt− 1 −

(
βt− 1 × Ft

100

)

(13)  

where βt− 1 = 0 and it represents the initial %volume of methane at the headspace section 
The corrected % methane (Vmethane percetage)

(
Vmp
)

=
Ms

βt
× 100 (14)  

where Ms is the % methane of reading from the methane sensor 

The corrected methane volume (Vmethane) =
Vmp

100
×
(
VBiogas. diff .

)
(15)  

Cumulated methane volume(Vmethane) =
∑n=f

n=i
Vmethane (16)  

where n = i and n = f are the intial and final corrected volumes of methane.
The final methane concentration (%v/v) produced at the end of the experiment was obtained from the ratio of the cumulated 

methane volume Eq. (16) to the cumulative volume of biogas production during the incubation period expressed as a percentage Eq. 
(17) . 

CH4 concentration =

∑
VMethane

∑
VBiogas

× 100 (17) 

The net methane concentration produced from the water hyacinth biomass only was obtained by subtracting the concentration of 
the methane produced by the control fermentation vessel (F1) from each of the test fermentation vessels (F2) and (F3) using Eq. (18).

(∑
VMethane Test fermenter, corrected −∑

VBiogas Test fermenter

∑
VMethane control fermenter, corrected∑

VBiogas control

)

× 100 (18) 
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Biodegradability 

Anaerobic biodegradability of a substrate is percentage of its volatile fraction that is converted to biomethane during anaerobic 
digestion process [30]. The presence of the lignin component in the cell wall of a plant biomass represents the main factor that limits 
the extent of the degradation of the cellulose portion. To a large extent, the proportion of the constituents of a plant cell wall (cellulose, 
hemicellulose and lignin) affects the biodegradability of a biomass substrate [31]. Factors ranging from the composition of the organic 
substrate, particle size, inoculum source, concentration and experimental conditions such as temperature, reactor volume and the 
method of gas measurement systems have been reported to affect the biodegradability of a substrate [32]. To enhance high degree of 
biodegradability in the present study, a particulate mean diameter size of 197 µm of the water hyacinth biomass was used. The 
mechanical pretreatment through the milling process was suitable to reduce the level of the lignin restriction and increase the surface 
area of the substrate for microbial degradation. A relatively short lag phase period in the current experiment could be expected due to 
the earlier utilization of the inoculum (FWS) for the breakdown of the fruit waste material which is lignocellulosic in nature. This 
makes the selected inoculum source suitable to enhance the biodegradability of the water hyacinth biomass. In addition, the floc
culation process also enhanced the synergistic activities of the microbial population which resulted in the effective breakdown of the 
substrate. The biodegradability of the substrate was further enhanced by the addition of buffer system of 1 M sodium hydrogen 
carbonate to stabilize the pH of the system by neutralizing the volatile fatty acids associated with the acidogenic stage. 

Modeling biogas production 

Zweitering reparameterization of the Gompertz equation 

The parameterized Gompertz model by Zweitering is known as the modified Gompertz model Eq. (19). The modified Gompertz 
model which describes the cumulative biogas production curve as a function of the bacterial growth was exploited to determine the 
maximum biogas production (P), the maximum production rate (Kz) and lag phase (λ) parameters for the design of biogas experiment. 
The bacterial growth curve shows an initial lag phase which is followed by an exponential phase and finally a decreasing growth rate 
down to zero resulting in a maximum value of the organisms. 

Y = P × exp
{

− exp
[

Kz × e
P

(λ − t)+ 1
]}

(19) 

Y = Cumulative biogas production(Nml biogas per gram VS)
P = Maximum biogas potential (Nml biogas per gram VS per minute)
Rm = Maximum biogas production rate (Nml biogas per gram per VS per minute 

First order model 

The First order kinetic model is normally considered during the modelling of the hydrolysis stage of anaerobic digestion process 
[33]. The model assumes the hydrolysis stage is the limiting step of the anaerobic digestion process. 

As a result, the cumulative biogas production during the fermentation period is described by (Eq. (20)). It provides additional 
information about the hydrolysis rate constant of given substrate [34]. The model will be exploited to estimate the biogas production 
rate constant (K) and biogas potential (P) of the water hyacinth biomass used in this study. 

Y = P(1 − exp(− K × t)) (20) 

Y = Cumulative biogas yield time (days)
P = Biogas potential of the substrate (ml per gram per VS add)
K = Hydrolysis rate constant(per day)
t = Time (day)

Logistic function model 

Similar to the modified Gompertz model, the logistic function model (Eq. (21)) relates the growth of the methanogenic bacteria to 
methane production during the anaerobic digestion process and considers the lag phase as an important factor for biogas production 
[35]. The logistic function model assumes that the rate of biogas production is proportional to the quantity of biogas already produced 
[34]. In other words, the model assumes the methane production is proportional to the maximum rate of methane production [36]. 

Y =
P

1 + exp
{

4 ×Rm(λ− t)
P + 2

} (21) 

Y = Cumulative biogas yield time (day)
P = Biogas potential of the substrate (ml per gram per VS add)
Rm = Maximum biogas production rate (ml biogas per gram per VS per day 
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t = Time (day)
λ = Lag phase time (day)
The validity of the models will be evaluated using the correlation coefficient (R2) and Root Mean Square Error (RMSE) where, R2 

measures the goodness of fit and RMSE is the standard deviation of the predicted and the experiment measured values. 

Transference function model 

The transference function model (Eq. (22)) also known as the reaction-curve model was derived from the first-order kinetic model 
where the hydrolysis constant is replaced by the ratio of between the methane potential and the methane velocity. The model assumes 
an anaerobic digestion process could be considered as an input and output system [36]. The model was exploited to predict the po
tential, maximum rate of production and lag phase associated with methane and biogas production from the biomass. 

Y = P
(

1 − exp
(

− Rm
(t − λ)

P

))

(22) 

Y = Cumulative biogas yield time (day)
P = Biogas potential of the substrate (ml per gram per VS add)
Rm = Maximum biogas production rate (ml biogas per gram per VS per day 
t = Time (day)
λ = Lag phase time (day)

Results and discussion 

Structural and chemical composition of water hyacinth 

The structural composition of a biomass may differ based on its geographical location, the procedure developed for the analysis 
(gravimetric, chromatography and spectroscopy) and the parts of plant (root, stem, leave) used for the analysis [37]. In this study, the 
direct method reported by Auma et al. [3] was slightly modified by drying at a temperature of 60 ◦C prior to the determination of the 
lignin fraction. The results revealed that, the water hyacinth used contained 49.98 % cellulose, 28.99 % hemicellulose and 9.50 % 
lignin. The relatively high amount of cellulose and hemicellulose determined from the water hyacinth biomass used in the study 
indicated the presence of biodegradable components which could to be used for biogas production. As shown in Table 3, varying 
structural compositions of water hyacinth have previously been reported in literature. To begin with, a structural composition of 43.01 
% cellulose, 29.13 % hemicellulose and 6.9 % lignin in water hyacinth has been reported [38]. Another study proposed 24 % cellulose, 
30 % hemicellulose and 16 % lignin for water hyacinth biomass [39]. A review publication by [40] indicated 20 % cellulose, 33 % 
hemicellulose and 10 % lignin compositions for water hyacinth biomass. The variation in the results of the structural composition of 
the water hyacinth in literature could be attributed to the environmental and geographical location of the plant. 

The results from the ultimate analysis of the water hyacinth biomass together with the results of other published works are pre
sented in Table 4. The results from the current experiment were used in the Boyles equation (Eq. (10)) to estimate the theoretical 
biomethane potential of the water hyacinth biomass. 

Characterization of inoculum 

The results on the assessment of the Fruit waste sludge inoculum for pH, total solids, volatile solids and alkalinity are presented in 
Table 5. After the flocculation process, there was an increase in the total solids and the volatile solids contents of the sludge. The total 
solid content was increased from 2.46 to 5.20 representing about 111 % increment. The volatile solid content also increased from 
81.75 to 84.85 % which showed about 3.8 % increment. The flocculation process transforms the watery sludge into a more semi solid 
form. This reduces the interspatial distance between the bacteria cells and enhance biogas production as reported by Scherer et al. 
[24]. 

The results on the presence of elemental traces in the sludge revealed an amount of 0.021 mg/l of Iron with limited amount of nickel 
and cobalt. The presence of the iron could enhance anaerobic digestion processes because, it is utilized in the transport system of the 
methanogenic bacteria for the conversion of CO2 to CH4, and functions both as an electron acceptor and donor [43]. 

Table 3 
Structural composition of water hyacinth biomass.   

Structural composition of water hyacinth biomass 

Research Cellulose Hemicellulose Lignin 

Current study 49.98 28.99 9.5 
[38] 43.01 29.13 6.9 
[39] 24 30 16 
[40] 20 33 10 
[1] 24.5 34.1 8.6  
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Particle size analysis 

As shown in Fig. 2A, a semi log graph of retained mass of particles against the particle geometric mean diameter was plotted. 
Besides, another semi-log graph of the percentage of cumulative passing against the nominal sieve opening was also drawn as shown in 
Fig. 2B. The geometric mean diameter D50 was determined graphically to be 197 µm. This was obtained after fitting the data to a 
Logistic model Eq. (23) which was developed by Orthogonal Distance Regression iteration in Origin Pro 8 software where Ps is the 
cumulative passing and D is the particle size diameter. As an illustration, for cumulative undersize of 10 % where Ps = 10, the geo
metric mean diameter of milled particles was determined to be 104 um. Accordingly, the particle sizes of D30 and D60, were deter
mined to be 144 µm and 202 µm, respectively, as shown in Table 6. 

The coefficient of uniformity (Cu) and the coefficient of gradation (Cc) of the particle size distribution were determined to be 1.94 
and 0.99 ≈ 1.0 respectively. The value of the coefficient of uniformity obtained was less than 4 which indicated the particle size of the 
milled water hyacinth biomass was uniform and had the same size [44]. 

Table 4 
Elemental composition of water hyacinth biomass.  

Elemental percentage composition of water hyacinth biomass 

Research Carbon Hydrogen Oxygen Nitrogen Sulphur 

Current study 23.3 3.15 22.1 2.08 0.18 
[39] 38.4 5.85 28.1 2.9 0.47 
[41] 29.7 4.52 64.6 0.97 0.21 
[42] 49.33 5.96 43.46 1.09 0.17 
[14] 20.4 4.53 – 0.74 0.21  

Table 5 
Characterization of fruit waste sludge.  

Parameter Units Raw sludge Flocculated sludge 

pH  7.34 7.33 
Total solids (TS) % 2.46 5.20 
Volatile solids (VS) % TS 81.75 84.85 
VS/TS ratio  33.23 16.32 
Alkalinity mg CaCO3 2960 4602 
Iron mg/l 0.021 – 
Nickel mg/l 0.0001 – 
Cobalt mg/l 0.00011 –  

Fig. 2. A. The retained mass of milled water hyacinth particles on each sieve. B. The cumulative percentage undersize mass of water hyacinth 
particles on sieves size (4000–25 µm). 
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Ps = 97.94 +
− 3.95 − 97.94

1 +

(
D

175.17

)3.55 (23)  

Cu =
D60

D10
=

202
104

= 1.94  

Cc =
(D30)

2

D10 × D60
=

1442

104 × 202
= 0.99 ≈ 1.00 

Elsewhere, the study on the effect of different particle size (0.088 mm, 0.4 mm, 1.0 mm, 6.0 mm, and 30.0 mm) of agricultural and 
forest residues on biogas production were performed in batch reactors at 37 ◦C. The maximum quantity of methane (362 l/kg TS) was 
produced by the 0.088 mm particles [45].The effect of varying particles of water hyacinth on biogas production was investigated using 
cow dung mixed with blood as the inoculum source. The particle size of feedstock used were 0.001 mm, 0.05 mm, 1.0 mm and 2.5 mm. 
The highest volume of biogas (0.39 L) was produced by the digester which contained 0.00l mm particles. This was followed by the 0.05 
mm particle size digester which produced 0.34 L. The digester bearing the 2.5 mm particle size of feedstock had the least volume of 
biogas production [46]. Moreover, a study to investigate the effect of different size particles (1.6 mm, 6.4 mm and 12.7 mm) of water 
hyacinth feedstock, nitrogen and inoculum volumes on biogas production revealed that, the cumulative biogas production was on the 
15th day of incubation where the 6.4 particle size digester produced the maximum volume of biogas. Regardless, the total biogas 
(0.2–0.28 g/l VS) which was produced on the 60th day were similar irrespective the particle size [47]. This also affirms the position 
that, smaller particles only contribute to the kinetics of biogas production rather than the bulk biogas production at the end of the 
incubation period [48]. The results indicate the rate of biomethanation mostly increases with smaller particle size because, greater 
amount of degradable organic matter is usually produced which tends to favor methanogenesis [49]. However, relatively large size 
particles tend to have small surface area which reduces the microbial-substrate interaction leading to lower volume of biogas pro
duction. In this study, particle size of 0.197 mm digested for 61 days under mesophilic conditions of 29 ± 3 ◦C yielded methane volume 
of 402.62 ml/gVS and 356.03 ml/gVS in Fermenters F2 and F3, respectively. Even though the same quantity and size of particles size 
were introduced into Fermenters F2 and F3, the difference in the volume methane production could not be explained explicitly. 
However, different dynamics of microbial behavior with respect to access and breakdown of the water hyacinth biomass in the two 
different fermenters may have accounted for the current observation. 

Estimation of theoretical biomethane potential 

The theoretical methane potential signifies the maximum quantity of methane that can be generated from a given substrate during 
anaerobic digestion. The theoretical BMP of the water hyacinth was estimated based on the elemental chemical composition (C, H, N, 
O, S). Clearly, the location and nutrient availability of the aquatic environment of the source of the water hyacinth may have variable 
effect on the available fractional composition of these elements. As a result, different values of theoretical biomethane potential values 
of water hyacinth may be estimated. In a similar manner, the theoretical methane potential values of 383.4, 331.8, 351.3 and 352.6 ml 
CH4/g VS were determined using the Boyles equation for water hyacinth biomass, which was collected from Goyal para pond river, 
Mula-Mutha river, Pavana river all located in India and Lake Victoria in Uganda, respectively [50]. The results of the theoretical BMP 
varied because the molar fractions of C, H, N, O, S, in the water hyacinth samples were specific to the different aquatic sources. 

The chemical formula C1.94H3.15O1.38N0.15S0.01 was determined for water hyacinth according to the outlined procedure in Section 
"Estimation of theoretical biomethane potential". The chemical formula was used in the Boyles equation (Eq. (24)) to determine the 
theoretical biomethane potential. 

BMPTh =

[(
a
2

)
+

(
b
8

)

−
(

c
4

)
−

(
3d
8

)

−
(

e
4

)]

× 22400

12a + b + 16c + 14d + 32e

[
mL
gVS

]

(24)  

=

[(
1.94

2

)

+

(
3.15

8

)

−

(
1.38

4

)

−

(
3 × 0.15

8

)

−

(
0.01

4

)]

× 22400

(12 × 1.94) + 3.15 + (16 × 1.38) + (14 × 0.15) + (32 × 0.01)

Table 6 
Particle size of cumulative percentages water hyacinth substrate.  

Cumulative passing (%) Particle size (µm) 

D10(P = 10) 104 
D30(P = 30) 144 
D60(P = 60) 202 
D50(P = 50) 197  
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= 422.23
[

mL
gVS

]

Estimation of experimental biomethane potential 

Following the procedure outlined in Section "Determination of experimental biomethane potential test", the experimental BMP of 
water hyacinth was determined from fermenters F2 and F3 at the end of the incubation period. The trend of cumulative net methane 
production from each of the two fermenters is presented in Fig. 3. Methane production started immediately at the beginning of the 
fermentation period in both fermenters, F2 produced a volume methane of 442.43 ml and F3 registered a volume of 408.80 ml at the 
end of the first day. The methane volume production curve in F2 increased sharply till the 55th day with a recorded volume of 5530 ml 
which slowly increased to a total cumulative volume of 5576 ml at the end of the fermentation period. Similarly, the asymptotic stage 
of methane production in F3 was also reached on the 55th day with a volume of 4926 ml. 

At this point, methane production was mostly constant till the end of the experiment where a volume 4931 ml was noted. Though 
Fermenters F2 and F3 were both served with the same Inoculum to substrate ratio (I:S =10), difference in methane volumes within the 
range of (0–11.5 %) were observed till the end of the incubation period. The observation could be attributed to the variation in mi
crobial adaptation to the water hyacinth substrate and substrate accessibility in test fermenters. 

The specific methane production was determined as 402.62 ml CH4 /g VS and 356.03 ml CH4 /g VS for the F2 and F3 fermenters, 
respectively. The net percentage of methane for (F2) and (F3) were also determined to be 46.4 % and 43.3 %, respectively. Mathe
matically, the cumulative net methane volume for a test fermenter (F2) was obtained by taking the difference in the total cumulated 
corrected methane volumes between the Test fermenter (F2) and the Control fermenter (F1). 

Net methane volume =
∑

VMethane Test fermenter, corrected −
∑

VMethane control fermenter, corrected  

Net methane volume (F2) = 10583.61499 − 5007.31424 = 5576.300 ml  

specific net methane yield =
Net methane vol. fermenter (F2)

Mass of water hyacinth per gram volatile solids  

Specific net methane yield (F2) =
5576.300 ml
13.85 /gVS

= 402.62 Nml/gVS  

Net methane content =
Net Methane volume

Net Biogas volume
× 100  

Net Methane Volume = cumulated Methane vol.(F2) − cumulated Methane vol.(Control fermenter)

Net Methane vol. = 10583.61499 − 5007.31424 = 5576.300  

Net Biogas volume = cumulated biogas vol.(F2) − cumulated biogas vol.(Control fermenter  

Fig. 3. Cumulative net methane yield for fermenters F2 and F3.  
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Net biogas vol. = 19798.789 − 7784.29688 = 12014.492  

Net methane content =
5576.3

12014.492
× 100 = 46.41% 

In Table 7, the maximum methane production of 387±25 NLCH4/kg VS was reported during the fermentation of water hyacinth 
with Organic Fraction Municipal Solid Waste (OFMSW) as an inoculum source at an S:I ratio 1:1 under thermophilic conditions for 50 
days [51]. Similarly, ultimate methane production of 350 LCH4/kg VS was reached when water hyacinth and digested sludge as the 
source of inoculum at an I:S ratio of 3:1 were digested anaerobically under mesophilic conditions for 90 days [52]. Further, the 
anaerobic digestion of water hyacinth inoculated with at 25 % volume of cattle dung for 120 days under mesophilic conditions resulted 
in the methane production of 244 LCH4/kg VS [53]. Methane production of 196 and 213 LCH4/kg VS, respectively, for high and low 
lignin content water hyacinth was recorded for a biomethanation test where sewage sludge was employed as the source of inoculum at 
an I:S ratio of 2:1 under mesophilic condition. Another investigation revealed a cumulated methane volume of 237.37 LCH4/kg VS 
when the squeezed-out-water from water hyacinth biomass inoculated at a mixing ratio of 1:1 by volume was digested anaerobically 
for 60 days [54]. To conclude, methane production of range of 0.26–0.43 m3 kg− 1VS was generated when water hyacinth shoot and a 
mixture of high protein animal feed and Bermuda grass as seed inoculum was digested under mesophilic condition [55]. The volumes 
of specific methane production observed in the current experiment fell within the reported literature range [51,55]. 

Gross biogas production 

The gross biogas production referred to the total biogas generated from the contribution of the water hyacinth biomass and the 
Fruit waste sludge inoculum during the fermentation process. The final volumes of biogas produced by F2 and F3 fermenters were 
directly read from the BlueViscount flowmeter as shown in Fig. 4. There was a consistent rise in biogas production to the end of the 
fermentation period where a total cumulative volume of 19,798.8 ml (0.129 L/gVS) and 19,168.6 ml (0.125 L/gVS) was recorded for 
F2 and F3, respectively, and a difference of 630.2 ml of biogas representing 3.2 % was noted. The difference in gross biogas production 
could be attributed to more sluggish anaerobic bacterial response to the conversion of the available organic matter to biogas in F3. A 
total biogas volume of 44.9 L/kg water hyacinth was reported after 40 days of fermentation period using cow dung as the inoculum 
source [56]. In addition, the anaerobic digestion of water hyacinth and sheep waste for 60 days reported a maximum biogas yield of 
0.36 L/gVS under mesophilic conditions [16]. 

Gross Biogas Volume
/

Production (F2) =
∑

VBiogas Test fermenter = 19798.8 ml  

Gross methane production 

The gross methane production is the bulk volume of methane obtained from the water hyacinth biomass and the fruit waste sludge 
(inoculum) at the end of the fermentation period. There was a sharp rise in gross methane volume in each of fermenters F2 and F3 from 
the beginning of the experiment till the 61st day where a total of 10,583.6 ml and 9938.3 ml were recorded, respectively, as shown in 
Fig. 5. A total of methane volume difference of 645.3 ml observed between F2 and F3 which supposedly implied that a higher con
version rate of the substrate occurred in F2 than in F3. 

Gross methane Volume
/

Production (F2) =
∑

VMethane Test fermenter, corrected = 10583.615 ml  

Daily gross biogas production 

The total volume of biogas generated on daily basis from the water hyacinth biomass and Fruit waste sludge (inoculum) throughout 
the fermentation period was estimated. The trend of daily gross biogas production within the fermentation period is shown in Fig. 6. 
Daily gross biogas production in fermenter F2 showed an initial biogas volume of 654.5 ml, 868.1 ml and 845.9 ml on the 1st, 4th and 

Table 7 
Summary of previous studies on Anaerobic digestion of water hyacinth.  

Research Substrate Inoculum Mixing ratio 
ISR 

Hydraulic retention time (days) Temperature Methane yield 
(LCH4/kg VS) 

Current work WH FWS 10 61 Mesophilic 356–402 
[51] WH OFMSW 0.1 50 Thermophilic 387±25 
[52] WH DS 3 90 Mesophilic 350 
[53] WH CD – 120 Mesophilic 244 
[54] SWWH M  60 Mesophilic 237.37 
[55] WHS HPAF+BG+DM – – Mesophilic 260–430 

WH: Water hyacinth; FWS: Fruit waste sludge; OFMSW: Organic fraction municipal solid waste; DS: Digested sludge; CD: Cattle dung; SWWH: 
Squeezed-out-water as water hyacinth juice; M: Microorganism; WHS: Water hyacinth shoot; HPAF: High Protein Animal Feed; BG: Bermuda Grass; 
DM: Define medium. 

E. Asante et al.                                                                                                                                                                                                         



Scientific African 23 (2024) e02032

14

7th days, respectively, amidst intermittent fluctuations on 2nd, 6th and 9th days of fermentation. This notwithstanding, the highest 
volume of biogas production was observed on the 10th day at a volume of 909.6 ml. Afterwards, a gradual decline in production was 
observed till a volume of 119.5 ml at the end of the fermentation period. The trend daily gross biogas production in F3 showed a similar 
pattern as F2 except that a peak volume of 925 ml was observed earlier on the 4th day of fermentation. The observed volume exceeded 
the maximum daily volume recorded in F2 by 1.79 %. In addition, another spike in volume production for F3 was observed on the 10th 
day with a biogas volume of 913 ml. Subsequently, there was decline in biogas production till a volume of 111.7 ml at end of the 
fermentation period. The spikes and fluctuations of daily gross production as depicted by Fig. 6. occurred based on the degradable 
organic matter accessible to the anaerobic bacteria responsible for biogas production. Access limitation to degradable organic matter 
by the anaerobic bacteria could prolong the time for the maximum biogas production. A peak volume of 1474 cm3 of biogas production 
occurred at the end of the fifth week (35th day) of fermentation when water hyacinth and cow dung were anaerobically digested for 9 
weeks (63 days) [57]. High peaks indicated high biogas production volumes which could be explained from the point of view that, 
relatively large amount of degradable organic matter was accessible and consequently degraded for the purpose of biogas production. 
However, the intermittent fluctuation in biogas production observed indicated the period of relatively small available degradable 

Fig. 4. Gross biogas yield from fermenters F2 and F3.  

Fig. 5. Cumulative gross methane yield for fermenters F2 and F3.  
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organic matter for biogas production. The consistent decline in daily biogas production also corresponded to the decline in the 
available degradable organic matter to the anaerobic bacteria. 

Daily gross methane production 

The daily gross methane production refers to the total volume methane generated from the water hyacinth biomass and the fruit 
waste sludge (inoculum) on daily basis. The trend of daily gross methane production within period of digestion is shown in Fig. 7. 
Interestingly, fermenters F2 and F3 produced the highest gross methane volume on the 4th day of the fermentation period with a 
recorded volume of 522.6 ml and 535.8 ml, respectively, which corresponded to difference of 2.5 %. In addition, identical peaks were 
also observed on the 7th and 10th day of fermentation in each of fermenters F2 and F3 which clearly indicated an insignificant dif
ference in gross methane production in the test fermenters. Specifically, on the 7th and 10th day of fermentation, 442.7 ml and 441.3 
ml of gross methane was observed in F2 whiles 425.9 ml and 430 ml were found in F3. On the last day of the fermentation period, 65.4 
ml of gross methane volume was recorded in F2 whiles 58.9 ml was observed in F3. The slight difference in maximum daily gross 
methane production (2.5 %) between F2 and F3 showed a similar respond to the breakdown of cellulose and hemicellulose portions of 
the substrate for methane production. Likewise, high peak volumes of methane implied the availability of relatively high amount of 
degradable organic matter for methanation processes. 

Net biogas production 

The net biogas production is the total biogas generated from the water hyacinth biomass without the contribution of the biogas 

Fig. 6. Daily gross biogas yield for fermenters F2 and F3.  

Fig. 7. Daily gross methane yield for fermenters F2 and F3.  
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generated from the fruit waste sludge during the fermentation period. The test fermenters F2 and F3 showed steady rise in biogas 
production from the start of the experiment and assumed asymptotic stage on the 50th day of fermentation with recorded values of 
11,693.9 ml and 11,158.6 ml, respectively. Biogas production from F2 and F3 was stable throughout the remaining days of 
fermentation until a final volume of 12,014.4 ml (867 ml/gVS) and 11,384.2 ml (821 ml/gVS) on 61st day. Fermenter F2 produced 5.5 
% more biogas volume than F3. This showed a relatively more active response of the anaerobic bacteria in F2 towards the breakdown 
of the degradable solids for biogas production. The anaerobic digestion of water hyacinth using digested sludge as inoculum source for 
120 days yielded 337 NL/kg VS under mesophilic condition [53]. A cumulative net biogas yield of 25,780 ml was reported after 30 
days of anaerobic digestion of water hyacinth using animal waste inoculum from a biogas plant under mesophilic conditions [58]. 
Moreover, cumulative biogas yield of 458.44 L was reported during the fermentation of squeezed water from water hyacinth and 
microorganisms under mesophilic conditions for 60 days [59]. Another research revealed a total biogas production volume of 406 
NL/kg VS under mesophilic condition during the anaerobic digestion of water hyacinth and cow dung for 30 days [60]. In addition, a 
total specific volume of biogas of 552 NL/kg VS was reported following the anaerobic degradation of water hyacinth and cow dung for 
60 days under mesophilic conditions [61]. 

Net daily biogas production 

The net daily biogas production is the total biogas generated from the water hyacinth biomass on daily basis. The contribution of 
the inoculum in terms of biogas production is not considered. The net daily biogas production for fermenters F2 and F3 is graphically 
presented in Fig. 4. 6. The test fermenters F2 and F3 produced the maximum biogas volume on the 5th day of the fermentation where 
F2 and F3 reached 787.3 ml (56.8 ml/gVS) and 845 ml (62.6 ml/gVS), respectively. Relatively low peak volumes were subsequently 
observed on the 8th and 11th with intermittent fluctuation volumes between the period for fermenters F2 and F3. Further decline in 
the net daily biogas production occurred in the remaining days until minimum volumes of 18.2 ml and 10.43 ml at end of the 
fermentation period. In a similar experiment, a maximum daily biogas production of 9.23 L/kg VS was obtained on the 22nd day of 
fermentation when the squeezed out water from water hyacinth was digested with microorganism under mesophilic conditions for 60 
days [59]. Probably, variable period of adaptation and access to the substrate by the anaerobic bacteria for biogas produced may 
account for the difference in the observed peak volumes (Figs. 8 and 9). 

Net daily methane production 

The net daily methane production is the total volume of methane generated from the water hyacinth biomass only during each day 
of the fermentation period. According to Fig. 10, maximum net daily methane volumes of 475.3 ml and 488.6 ml were noted on the 5th 
day of fermentation for F2 and F3, respectively. The F3 fermenter produced 13.3 ml (2.8 %) higher methane volume than in F2. The 
current situation suggests that microbial activities with respect to bioconversion of the substrate to methane were similar in both 
fermenters. In each of F2 and F3, lower peaks of methane production were observed on the 8th and 11th day which was like the trend 
of net daily biogas production. Further, methane production declined in the subsequent days where a volume 4.4 ml and 1.97 ml was 
recorded at end of the fermentation period. Elsewhere, peak volume of 2120 ml of methane was reached on the 12th day of 
fermentation when urea pretreated water hyacinth was anaerobically digested under mesophilic conditions using combined municipal 
waste (20 %) and animal manure (80 %) as the inoculum source [59]. 

Fig. 8. Net biogas yield for fermenters F2 and F3.  
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Fig. 9. Net daily biogas yield for fermenters F2 and F3.  

Fig. 10. Net daily methane yield for fermenters F2 and F3.  

Fig. 11. Methane percentage composition for fermenters F2 and F3.  
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Corrected methane composition 

The error associated with the in-situ methane volume measurement which mainly results from the presence of air at the headspace 
volume of the fermenter bottles and the connecting tubes was corrected. Due to the initial presence of air at the headspace section of 
the fermentation bottles, the percentage composition of methane measured initially by the methane sensor do not reflect the true 
methane percentage generated from the anaerobic digestion process. Hence, it was corrected according to the steps mentioned pre
viously by Scherer et al. [24]. The corrected percentage of methane for the F2 and F3 during the fermentation period is graphically 
shown in Fig. 11. The fermenters F2 and F3 showed a similar trend in methane composition. The maximum percentage composition for 
F2 and F3 was reached on the 2nd day of fermentation at 74.65 % and 77.22 %, respectively. Subsequently, there was a reduction to 
48.5 % on the 10th for F2 and 46.5 % on the 11th day for F3. Thereafter, there was a steady methane composition for F2 and F3 
fermenters until final compositions of 54.7 % and 52.8 % was achieved at the end of fermentations, respectively. As an illustration the 
in-situ methane measurement for Fermenter F2 on the 61st day of fermentation was determined as follows:  

1. Find the difference in Biogas production 
(
VBiogas. diff .

)
= Vt − Vt− 1   

where Vt and Vt− 1 are any two successive biogas volumes 
(
VBiogas. diff .

)
= 19798.79 − 19679.27 = 119.51 ml    

1. Find the % volume of newly produced biogas at the headspace section (Ft)

(Ft) =
VBiogas. diff

VHeadspace
× 100 =

119.51
2000

× 100 = 5.975 %    

2. Find the % volume of methane at the headspace section (βt)

(βt) = Ft + βt− 1 −

(
βt− 1 × Ft

100

)

= (99.99+ 5.975) −
99.99 ∗ 5.975

100
= 99.99%    

3. Find the corrected % methane (Vmethane percetage)

(
Vmp
)

=
Ms

βt
× 100 =

54.73
99.99

× 100 = 54.74 %   

where Ms is the % methane of reading from the methane senso 

Biodegradability 

Anaerobic biodegradability was evaluated from the ratio of the experimental determined BMP value to the theoretical BMP value 
expressed as a percentage. It indicates the proportion of the total water hyacinth biomass that was converted to methane during the 
anaerobic conditions. The experimental BMP values fermenter F2 and F3 at end of the fermentation period were 402.62 and 356.03 
ml/gVS. The theoretical methane potential for the water hyacinth biomass was estimated to be 422.23 ml/gVS. As a result, 

Table 8 
Results on the first order kinetics studies on biogas production.  

First order kinetics studies on biogas production 

Parameter Units Fermenter F2 Fermenter F3 

Hydrolysis rate constant (K) Day− 1 0.049 0.053 
Predicted Biogas Yield (P) ml 12,668 11,918 
Measured Biogas Yield (P) ml 12,014 11,384 
Difference between Predicted and Measured Biogas yield % 5.44 4.48 
Coefficient of determination (R2)  0.999 0.998 

Adjusted (R2)  0.999 0.988 
RMSE  111 127 
P- value  2.52E-116 7.87E-112  
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biodegradability of 95.36 % and 84.32 % were achieved at the end of the fermentation period which implied a large portion of the 
biomass was converted to methane gas. 

Biodegradability =
Experimental BMP
Theoretical BMP

× 100 =
402.62
422.23

× 100 = 95.36%  

Kinetic modeling 

First order kinetics for biogas production 

The predicted and measured values for biogas production based on the First order kinetic model for the fermenters F2 and F3 is 
presented in Table 8. The difference in error percentage between the predicted and measured biogas yield was evaluated to be 5.44 % 
and 4.48 % in F2 and F3, respectively. According to Ref. [62] deviations which is equal, or less than 10 % between the theoretical and 
the measured values indicates an accurate prediction of the proposed model. This implied that, the first order kinetic model could 
accurately predict the behavior of biogas yield production in both F2 and F3. The relatively low percentage difference between the 
predicted and measured values in F3 showed that, the kinetic model fitted better with the biogas yield from F3 than in F2 fermenter. 
The values of the first order disintegration or hydrolysis constant were evaluated as 0.049 day− 1and 0.053 day− 1 for F2 and F3, 
respectively, with an average value of 0.051− 1 day. Clearly the rate of breakdown of the water hyacinth biomass was higher (8.16 %) in 
F3 than in F2. The relatively high disintegration constant value estimated for F3 might have contributed to the higher observed biogas 
volume (845 ml) during the peak day (5th day) of fermentation. It implied that, more hydrolyzed organic compounds were present in 
F3 for subsequent conversion to biogas production. Though fermenters F2 and F3 were served from a common bulk substrate source, 
the slight difference in hydrolysis rate constants could be expected because of possible varying microbial adaptation behavior. The 
presence of the relatively high lignin content (10 %) in the water hyacinth biomass exploited in the current experimental work might 
have inhibited the rate of breakdown of the degradable organic matter by the hydrolytic anaerobic bacteria. Hydrolysis rate constants 
between 0.05 and 0.09 day− 1 have been reported for high content lignocellulosic materials [63,64]. To evaluate the fitness the first 
order kinetic model, the predicted values of biogas yield were evaluated and plotted using MATLAB R2016b edition against the 
measured biogas yield values as shown in Fig. 12. The coefficient of determination (R2) values of 0.999 and 0.998 were estimated for 
F2 and F3, respectively. 

First order kinetics for methane production 

Table 9 presents the predicted and measured values of methane production for fermenters F2 and F3 according to the first order 
kinetic model. The deviation between the predicted and measured methane volume for F2 and F3 were observed to be 0.361 and 0.364 
%, respectively. The relatively low deviation less 10 % indicated the first order kinetic model exhibited a high prediction accuracy for 
methane production in the present study. The disintegration or hydrolysis constant for methane production was estimated to be 0.067 
and 0.074 day− 1 for F2 and F3, respectively with an average value of 0.071 day− 1. The estimated disintegration constant values are in 
reasonable agreement with the previously reported values for lignocellulosic materials [63]. Again, F3 showed a higher disintegration 
constant value than F2 and this was evident by the higher volume of recorded methane (488.6 ml) in F3 where more degradable 
organic substrates were converted to methane on the peak period (5th day). Similarly, the predicted values of methane yield were also 
evaluated and plotted using MATLAB R2016b edition against the measured methane yield values as shown in Fig. 13. The coefficient of 
determination (R2) values of 0.988 and 0.989 were estimated for F2 and F3, respectively. 

Fig. 12. Comparison between measured and predicted first order kinetics model data on biogas yield for fermenters F2 and F3.  
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Gompertz kinetics on biogas production 

The proposed re-parameterized Gompertz model by Zweitering and colleagues also known as the modified Gompertz model [65] 
was exploited to determine biogas potential of the water hyacinth biomass. As seen in Table 10, the predicted biogas potential, the 
maximum rate of biogas production as well as the lag phase of the fermentation process for F2 and F3 is presented. The difference 
between the predicted and measured biogas potential of the substrate was determined as 0.847 and 1.101 % for fermenters F2 and F3, 
respectively. Undoubtedly, the percentage deviation between the predicted and the measured biogas potential was less 10 % which 
implied the modified Gompertz model exhibited a high prediction accuracy for biogas production in the present work. Moreover, the 
model predicted a maximum biogas production rate of 0.43 % difference between fermenters F2 and F3. This showed a similar mi
crobial activity with respect to the rate of the substrate conversion to biogas formation in the two fermenters. The lag phase which 
represents the period of adaptation and initiation for bacterial multiplication prior to biogas production in fermenters F2 and F3 were 
predicted to be negative time values for both F2 and F3. The failure of the Gompertz model to adequately describe the starting point as 
well as making sense of the lag phase value in biogas production simulation has already been reported [66]. This is because, the lag 

Table 9 
Results on the first order kinetics studies on methane production.  

First order kinetics studies on methane production 

Parameter Units Fermenter F2 Fermenter F3 

Hydrolysis rate constant (K) Day− 1 0.067 0.074 
Predicted methane yield (P) ml 5556.2 4913.1 
Measured methane yield (P) ml 5576.3 4931.0 
Difference between predicted and measured methane yield % 0.361 0.364 
Coefficient of determination (R2)  0.988 0.989 

Adjusted (R2)  0.988 0.989 
RMSE  157 130 
P- value  3.4E-88 1.35E-90  

Fig. 13. Comparison between measured and predicted first order kinetics model data on methane yield for fermenters F2 and F3.  

Table 10 
Results on the Gompertz model kinetics studies on biogas production.  

Gompertz model kinetics studies on biogas production 

Parameter Units Fermenter F2 Fermenter F3 

Predicted biogas potential ml/gVS 11,913 11,260 
Specific rate of biogas production ml/gVS.day 370.68 372.29 
Measured biogas yield (P) ml/gVS 12,014 11,384 
Lag phase period day − 2.38 − 2.15 
Difference between predicted and measured methane yield % 0.847 1.101 
Coefficient of determination (R2)  0.988 0.987 

Adjusted (R2)  0.988 0.987 
RMSE  367 368 
P- value  3.12E-83 3.87E-82  
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time fitted from experimental data for bio-product formation using the modified Gompertz model could be negative [67]. This nor
mally occurs under circumstances where bioproducts are formed almost immediately after the start of the fermentation process. The 
Fruit Waste Sludge (FWS) inoculum was collected from an operational biogas facility. Hence, it was most probable to produce biogas 
immediately from the active inoculum source at the beginning of the fermentation period without a defined lag phase period. Though 
the modified Gompertz model was able to predict the biogas potential and the rate of biogas production from the water hyacinth 
biomass adequately, it could not determine the exact duration of the lag phase prior to biogas production. Lastly, the fitness of the 
model to the experimental data was conducted and plotted using MATLAB R2016b edition as shown in Fig. 14 where the coefficient of 
determination (R2) values of 0.988 and 0.987 were estimated for F2 and F3, respectively. 

Gompertz kinetics on methane production 

The kinetic studies on methane production from anaerobic digestion process was performed using the modified Gompertz model. 
The outcome of the kinetics studies in terms of methane production, maximum methane production rate and the lag phase of the 
anaerobic digestion process is shown in Table 11. Again, the difference between the predicted and measured methane production 
potential were found to be 1.66 and 0.96 % for fermenter F2 and F3, respectively. This implied the modified Gompertz kinetic model 
exhibited a high prediction accuracy for methane production [62] even though a higher fitness was observed in F3 than in F2. The 
maximum methane production rate for the fermenters were found to be equal which clearly indicated a similar microbial activity with 
respect to the substrate conversion rate to methane production. However, a negative time value of lag phase duration was predicted by 
the model equation which indicated there was practically no lag phase period during the fermentation period. The active inoculum 
(FWS) used coupled with the inherent availability of biodegradable components might have initiated methane production immediately 
at the start of the fermentation process. In a study to compare the batch anaerobic digestion and biomethane potential of five different 
livestock manure using different statistical models, the modified Gompertz model predicted a zero lag phase period which was 
attributed to the use active inoculum and the presence of the soluble degradable material in each of the livestock manures [68]. 
Because the modified Gompertz model was formulated to describe biological and bacterial growth rather than their product formation, 
the use of the model for the simulation of bioproduct formation cannot be appropriate without correction [67]. This notwithstanding, 
the fitness of the model to the measured data was conducted and plotted using MATLAB R2016b edition as shown in Fig. 15 where the 
coefficient of determination (R2) values of 0.975 and 0.974 were estimated for F2 and F3, respectively. 

Logistic model on biogas production 

The results on the kinetic studies performed by fitting the experiment data on cumulative biogas production into the Logistic model 
equation is presented in Table 12. The Logistic model provides information on potential biogas potential of a substrate, the maximum 
rate of biogas production and the lag phase. The difference between the measured experimental and predicted biogas production was 
determined to 3.11 and 3.08 % for the fermenters F2 and F3, respectively. Though a higher fitness was observed for fermenter F3 and 
F2, the Logistic model predicted well since the percentage error between the experimental and the predicted values was less than 10 % 
[62]. The maximum biogas production rate was attained at 343.57 and 342.87 ml/gVS.day for the fermenter F2 and F3. 

This indicates a slightly higher microbial activity in fermenter F2 than in F3. A negative value of lag phase duration time was 
predicted for the two fermenters. The presence of biodegradable component in the active FWS inoculum effected biogas production 
immediately at the start of the fermentation process. The fitness of the model to the experimental data was conducted and plotted using 
MATLAB R2016b edition as shown in Fig. 16 where the coefficient of determination (R2) values of 0.976 and 0.974 were estimated for 
F2 and F3, respectively. 

Logistic model on methane production 

The Logistic model was again used to simulate the kinetic parameters of methane production from fermenters F2 and F3. The results 
of the kinetic parameters predicted by the model are shown in Table 13. The error percentage of deviation between the experimental 
and predicted values on methane potential production was determined to be 3.14 and 2.97 % for fermenter F2 and F3, respectively. 
The Logistic model was found to be appropriate for the prediction of the behavior of methane production pattern from the two fer
menters because of the relatively low value of percentage of deviation [62]. Besides, a similar microbial conversion activity could be 
inferred as the maximum methane production rate predicted by the model was 156 and 155 ml/gvs.day for fermenter F2 and F3, 
respectively. Lag phase period was virtually absent as negative time was predicted by the model. The fitness of the model to the 
experimental data was conducted and plotted using MATLAB R2016b edition as shown in Fig. 17 where the coefficient of determi
nation (R2) values of 0.961 and 0.958 were estimated for F2 and F3, respectively. 

Transference function model on biogas production 

The Transference function module was employed to simulate the production of biogas generated from the anaerobic digestion 
process. The results of the kinetic parameters such as the biogas potential, the maximum production rate and the duration of the lag 
phase period is shown in Table 14. The percentage error of deviation between the measured values and predicted values from the 
model was determined to be 5.52 and 4.44 % for fermenter F2 and F3, respectively. Consequently, the model was deemed appropriate 
for the prediction of biogas production behavior of the two fermenters as the percentage error deviation was less than 10 % [62]. A 
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relatively higher value of maximum biogas production rate was observed in fermenter F3 than in F2. This could infer a higher substrate 
conversion rate in F3 by the microbes present in the FWS inoculum. The model further predicted lag phase period predicted − 0.03 and 
0.11 days for fermenters F2 and F3, respectively. The predicted lag phase values indicate the absent of lag phase period since the values 
were less than one and the production of biogas began at the start of the fermentation process due to the present of biodegradable 
components in the inoculum which were easily converted by the microbes [69] The fitness of the model to the experimental data was 
conducted and plotted using MATLAB R2016b edition as shown in Fig. 18 where the coefficient of determination (R2) values of 0.99 

Fig. 14. Comparison between measured and predicted Gompertz model data on biogas yield for fermenters F2 and F3.  

Table 11 
Results on the Gompertz model kinetics studies on methane production.  

Gompertz model kinetics studies on methane production 

Parameter Units Fermenter F2 Fermenter F3 

Predicted methane potential ml/gVS 5485 4884 
Specific rate of methane production ml/gVS.day 177.45 177.7 
Measured methane yield (P) ml/gVS 5576 4931 
Lag phase period day − 4.73 − 3.99 
Difference between predicted and measured methane yield % 1.66 0.96 
Coefficient of determination (R2)  0.975 0.974 

Adjusted (R2)  0.974 0.973 
RMSE  226 205 
P- value  6.44E-77 7.18E-77  

Fig. 15. Comparison between measured and predicted Gompertz model data on methane yield from fermenters F2 and F3.  
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and 0.998 were estimated for F2 and F3, respectively. 

Transference function model on methane production 

The results of the kinetic parameters obtained from the simulation of methane production using the Transference function is shown 
in Table 15. The percentage error of deviation between the predicted and measured methane volume for F2 and F3 were observed to be 
1.65 and 0.87 %, respectively. The relatively low values of percentage error deviation less 10 % showed the Transference function was 
appropriate to predict the methane production pattern from the two fermenters. The Transference model predicted a maximum 
methane production rate of 333.43 and 337.32 ml/gVS.day for the fermenters F2 and F3, respectively. This implied a higher rate of 
1.17 % of substrate conversion in fermenter F3 than in F2. The values of lag phase period predicted by the model were negatives and 
implied a condition of no period of adaptation since methane production started at the onset of the fermentation process. The fitness of 
the model to the experimental data was conducted and plotted using MATLAB R2016b edition as shown in Fig. 19 where the coefficient 
of determination (R2) values of 0.992 and 0.991 were estimated for F2 and F3, respectively. 

Table 12 
The results on the logistic model kinetics studies on biogas production.  

Logistic kinetics studies on biogas production 

Parameter Units Fermenter F2 Fermenter F3 

Predicted biogas potential ml/gVS 11,652 11,044 
Maximum rate of biogas production ml/gVS.day 343.57 342.87 
Measured biogas yield (P) ml/gVS 12,014 11,384 
Lag phase period day − 2.93 − 2.75 
Difference between predicted and measured biogas yield % 3.11 3.08 
Coefficient of determination (R2)  0.976 0.974 

Adjusted (R2)  0.976 0.974 
RMSE  524 521 
P- value  4.14E-74 3.02E-73  

Fig. 16. Comparison between measured and predicted logistic model data for biogas yield from fermenters F2 and F3.  

Table 13 
Results on the logistic model kinetics studies on methane production.  

Logistic kinetics studies on methane production 

Parameter Units Fermenter F2 Fermenter F3 

Predicted methane potential ml/gVS 5406 4789 
Maximum rate of methane production ml/gVS.day 156 155 
Measured methane yield (P) ml/gVS 5576 4931 
Lag phase period day − 6.22 − 5.41 
Difference between predicted and measured biogas yield % 3.14 2.97 
Coefficient of determination (R2)  0.961 0.958 

Adjusted (R2)  0.96 0.957 
RMSE  284 260 
P- value  5.04E-71 8.18E-71  
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Conclusion 

The study has focused on the assessment of biogas and methane potential of water hyacinth biomass collected from the Volta River 
basin in Ghana. For the same value of Inoculum to substrate ratio (ISR=10), different volumes of biogas and methane yields were 
recorded for the two test fermenters F2 and F3. The cumulative volume of biogas production was measured to be 12,014 ml and 
11,384 ml for Fermenters F2 and F3, respectively. For a total volatile solid mass of 13.85 g substrate, an experimental biogas potential 
of 867.47 ml/gVS and 821.97 ml/gVS were determined for F2 and F3, respectively. For methane production, a total cumulated volume 

Fig. 17. Comparison between measured and predicted logistic model data on methane yield from fermenters F2 and F3.  

Table 14 
Results on the transference function kinetics studies on biogas production.  

Transference function kinetics on biogas production 

Parameter Units Fermenter F2 Fermenter F3 

Predicted biogas potential ml/gVS 12,677 11,889 
Maximum rate of biogas production ml/gVS.day 112 127 
Measured biogas yield (P) ml/gVS 12,014 11,384 
Lag phase period day − 0.03 0.114 
Difference between predicted and measured biogas yield % 5.52 4.44 
Coefficient of determination (R2)  0.999 0.998 

Adjusted (R2)  0.999 0.998 
RMSE  112 127 
P- value  1.24E-113 1.81E-109  

Fig. 18. Comparison between measured and predicted transference function model data on biogas yield from fermenters F2 and F3.  
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of 5576.30 ml and 4931.02 ml which translate to experimental biochemical methane potential value of 402.62 ml/gVS and 356.03 ml/ 
gVS were realized for fermenters F2 and F3, respectively. The theoretical methane potential of the water hyacinth biomass was 
determined as 422.23 ml/gVS. Accordingly, the biodegradability was estimated to be 95.3 and 84.3 %, respectively, for fermenter F2 
and F3, respectively. This implied the Fruit waste sludge inoculum had the potential to adequately breakdown the water hyacinth 
biomass. Four kinetic models were employed for the simulation of the biogas and methane volumes generated from each of fermenters 
F2 and F3. Based on the results of the statistical curve fitting, the first order kinetic and the Transference function models were found to 
be the best to appropriately describe the cumulative biogas production with very high goodness of fit (R2 = 0.999 and 0.998) for F2 and 
F3, respectively. This was followed by the Modified Gompertz model which exhibited a goodness of fit (R2 = 0.988 and 0.987) for F2 
and F3, respectively. Lastly, the logistic model showed a coefficient of determination value of (R2 = 0.976 and 0.974) for F2 and F3 
fermenter bottles. Moreover, all the test models showed percentage error deviation within the range of (0.887–5.44 %) between the 
theoretical and measured biogas volumes. This implied the proposed models predicted the biogas production behavior of the reactors 
very accurately. For methane production, the First order kinetic model exhibited the highest goodness of fit values R2 = 0.998 and 
0.989 for F2 and F3, respectively. This was followed by the Transference model which showed an R2 value of 0.992 for each of the 
fermenters F2 and F3. The Modified Gompertz model was next with an R2 = 0.975 and 0.974 for F2 and F3. The Logistic model showed 
an R2 = 0.961 and 0.958. Again, the percentage error of deviation between the theoretical and the predicted volumes were between 
0.87 and 3.14 %. The outcome of the study shows that, the production of biogas from water hyacinth biomass harvested the Volta River 
basin of Ghana could offer sustainable control solutions to its invasion on water bodies whiles providing a cheap and reliable means of 
biofuel to the riparian communities. 
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Table 15 
Results on the transference function kinetics studies on methane production.  

Transference function kinetics on methane production 

Parameter Units Fermenter F2 Fermenter F3 

Predicted methane potential ml/gVS 5668 4974 
Maximum rate of methane production ml/gVS.day 333.43 337.32 
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Lag phase period day − 1.17 − 0.82 
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Fig. 19. Comparison between measured data and predicted transference function model data on methane yield from fermenters F2 and F3.  
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