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A B S T R A C T   

Iron metal (Fe0) materials enhance the performance of anaerobic digestion (AD) reactors to remove pollutants. 
Most research focused on the materials’ mechanisms and effectiveness in enhancing AD. However, there is scant 
information on the biogas and sludge quality and quantity and the kinetics of generated methane (CH4) of biogas 
from the Fe0-aided AD of domestic wastewater (DW). The information is essential for AD reactors’ management. 
This study characterizes the sludge and biogas from Fe0-aided AD of DW and predicts the CH4 yield using the 
Gompertz, Logistic, and Richard models to study the impact of Fe0 materials on the composition and generation 
of sludge and biogas. Bench-scale reactors containing DW were fed with Fe0 and operated for 53 days in a 
quiescent condition, at 24 ± 3 OC room temperature, at 7.3 initial pH value. Steel wool and iron scrap were used 
as Fe0 sources. A parallel experiment without Fe0 was performed as an operational reference. Results indicate 
that Fe0 significantly enriched most of the nutrients in sludges, produced well-settling sludge (sludge volume 
index ≤30), and enriched the CH4 of biogas by more than 12%. Furthermore, all the tested models exhibited 
good fitting (error <10%) in predicting CH4 production. Fe0-aided AD produced a sludge with the potential for 
application in agricultural land and increased the heating value of the biogas by enriching the CH4. More than 
80% of particles generated from Fe0-aided AD of DW can be settled in sedimentation tanks designed at an 
overflow rate ≤40 m/d. Richard was the best model for predicting methane yield from Fe0-aided AD of DW (error 
<1.6%).   

1. Introduction 

Compared to aerobic wastewater treatment systems, anaerobic sys
tems are often practised in developing countries as the appropriate 
treatment systems because they are affordable, applicable, efficient, and 
sustainable [1,2]. As opposed to aerobic systems, anaerobic systems 
facilitate resource recovery from wastes and have relatively low con
struction, operation and maintenance costs [3–5]. However, further 
treatment is required for the wastewater effluents from anaerobic re
actors to reduce the concentration of residual pollutants, such as or
ganics and nutrients, for compliance [6–8]. Besides other methods such 
as co-digestion, digester design, and pre-treatment [9–11], additives 
have been successfully applied in anaerobic digestion (AD) to improve 
the biodegradability of wastes and the overall pollutants removal effi
ciency [12]. The additives that are commonly applied include the 

supplements of iron (Fe), molybdenum (Mo), nickel (Ni), nitrogen (N), 
phosphorus (P), selenium (Se), sulphur (S), and tungsten (W); com
pounds such as bentonite, glauconite, phosphorite, zeolites, Fe0 and 
Fe3+, and ashes from waste incineration [12]. Fe0 materials have been 
recognized as among the effective additives for enhancing the perfor
mance of anaerobic digestion reactors due to their abundance, simplicity 
in manufacturing, low cost, non-toxicity, and environmental friendliness 
[13–17]. 

Metallic iron (Fe0) as additives have been reported in different 
studies to: (i) enhance anaerobic digestion (AD) systems for various ef
fluents such as domestic wastewater (DW), waste-activated sludge, food 
wastes, palm oil mill wastewater, swine wastewater, and azo dye 
wastewater [18–24]; (ii) enhance AD reactors’ capacity to remove ni
trogen and phosphorus from different wastewaters [25–29]; (iii) in
crease the performance of individual AD process stages [18,19,30–33]; 
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(iv) regulate the pH in food wastes AD [20,21]; and (v) increase the 
percentage composition of methane (CH4) of biogas from the AD of palm 
oil mill wastewater, swine wastewater, and activated sludge [19,22,23]. 

Metallic iron (Fe0) materials can play a role as a core factor of 
enzymic activities (e.g. pyruvate-ferrodoxin oxidoreductase) containing 
Fe–S clusters and facilitate fermentation in the hydrolysis stage [34]. 
Moreover, the materials can simultaneously relieve the suppression of 
un-dissociated hydrogen sulphide (H2S) on various microorganisms, 
including acetogenic, methanogenic and sulfate-reducing bacteria (SRB) 
[35,36]. The inhibition relief is achieved through pH buffering (Equa
tion (1)) and precipitation of iron sulphide (Equation (2)) [36,37]. Be
sides, propionic fermentation occur at oxidation-reduction potential 
(ORP) above − 278 mV [31,38]. In lower ORP, propionic shifts to acetic 
fermentation and favours CH4 production [39]. The dosage of Fe0 to the 
reactor for acidogenesis reaction simultaneously dropped the accumu
lation of propionate from 416 to 225 mg/L and raised the acetate pro
duction from 222 to 408 mg/L [31]. These results were linked to the 
inherent capacity of Fe0 to lower ORP [30,31]. Moreover, hydrogen (H2) 
that is normally released during the corrosion of Fe0 donates electrons to 
various H2-respiring microbes, including methanogens (equation (3)) 
and denitrifying bacteria (Equation (4)) [40,41]. The inclusion of Fe0 in 
wastewater treatment has been communicated to enhance bacterial 
growth to realize biological wastewater treatment [42]. 

Fe0 + 2H2O → Fe2+ +H2 + 2OH− (1)  

8H+ + 4Fe0 +SO2−
4 → S2− + 4Fe2+ + 4H2O (2)  

CO2 + 4H2 →CH4 + 2H2O (3)  

2NO−
3 + 5H2 → N2 + 4H2O + 2OH− (4) 

Most studies on integrating Fe0 materials in AD reactors focused on 
the potential to improve the reactors’ capability to remove different 
organic and inorganic pollutants. The pollutants include carbon (C), 
nitrogen (N), sulphur (S), phosphorus (P), heavy metals, chlorinated 
organic compounds, nitroaromatic compounds, dyes, and others from 
polluted waters or sludges as documented in different review papers [16, 
28,43–51]. Nevertheless, the information about the effect of Fe0 on the 
quantity and quality of biogas and sludge produced from Fe0-aided AD 
of DW that could be used for management purposes is scant. Further
more, there is also scant information on the kinetic modelling of CH4 
generated from Fe0-aided AD of DW. The kinetic modelling of CH4 
production is an acceptable method for determining specific operational 
parameters of AD systems [52]. The parameters include cumulative 
specific CH4 production, maximum specific CH4 production potential, 
specific rate of CH4 production, and phase delay time [53–55]. 

Each Fe0 material (e.g., IS or SW) has its intrinsic reactivity [56–58]. 
Adding more reactive Fe0 materials or a more significant amount of less 
reactive ones to aqueous systems forms more precipitates of Fe0 corro
sion products (FeCPs) [56,59,60]. The FeCPs enmesh and adsorb pol
lutants while settling down [60–62] to form more sludge with elevated 
concentrations of such pollutants. The sludge, for instance, may contain 
macro-nutrients (calcium (Ca), magnesium (Mg), nitrogen (N), phos
phorus (P), potassium (K) and sulphur (S)), micro-nutrients (copper 
(Cu), iron (Fe), manganese (Mn) and zinc (Zn)), carbon (C) and toxic 
elements such as chromium (Cr), nickel (Ni) and lead (Pb) in concen
trations acceptable or above the ceiling limits for application in agri
cultural land [5,63,64]. On the other hand, precipitation of S as Fe2S 
[65–70] and N as (FeNH4PO4.H20) [71–73], for instance, may reduce 
the concentration of H2S and ammonia (NH3) gaseous impurities of the 
produced biogas. The higher the CH4 content (with fewer impurities, e. 
g., H2S and NH3) in biogas, the higher the biogas’ potential for energy 
recovery [4,74]. Although the energy content of biogas depends mainly 
on its CH4 gas content, the gas needs to be controlled (not released to the 
atmosphere) as it is more potent (about 21 folds) than carbon dioxide 
(CO2) for inducing the greenhouse effect [74,75]. The current study 

focused on the characterization of solids and biogas generated in Fe0- 
aided AD of DW. The study also evaluated the Logistic, modified Gom
pertz, and Richard models for assessing the kinetic of CH4 production. 
To our knowledge, the evaluation of models for predicting CH4 yield 
from Fe0-aided AD of DS has not been done. Different quantities of 
biogas and sludge from the tested Fe0-aided AD reactors were expected 
in this study on account of different; (i) Fe0 materials types (Iron Scrap 
(IS) and Steel Wool (SW)) and (ii) amounts (dosages) of IS materials (0 
g/L and 10 g/L). This study applied IS and SW materials as sources for 
Fe0 since they are easily obtainable, inexpensive and have good re
activities founded on the experimental results of previous studies [56, 
76]. Similarly, the 10 mg/L dosages of Fe0 (IS and SW) were used in this 
study because our previous study [59] with the same materials found 
that 10 mg/L was the optimum dose for removing of organics and nu
trients from DW. 

Biogas and sludge samples from the tested Fe0-aided anaerobic batch 
reactors (10 g/L IS or 10 g/L SW) and the reference reactor (reactor 
without Fe0) were analyzed to compare the reactors’ significances in 
enriching the generated; (i) sludge with organics, nutrients and toxic 
elements and (ii) biogas with CH4 or other gaseous impurities such as 
H2S, CO2, and NH3. The basis for comparison was; (i) the difference in 
concentrations of the organics, nutrients and toxic elements in the 
sludge between the anaerobic reactors with Fe0 materials (10 g/L IS or 
10 g/L SW) and the reference (0 g Fe0/L) (ii) difference in concentrations 
of CH4, H2S, CO2, and NH3 between the reactors dosed with Fe0 (10 g/L 
IS or 10 g/L SW) and the reference (0 g Fe0/L). The 10 g Fe0/L dosage 
selection was based on our previous lab-scale optimization studies [59] 
with the same materials in removing organics and nutrients from DW. 
However, different optimum dosages (≤30 g Fe0/L) of different types of 
Fe0 material with various wastes have been reported [20,23,77–79]. 
This research studied the significance of Fe0-aided AD of DW to enrich 
(i) nutrients in sludge and (ii) CH4 in biogas reactors for managing such 
reactors. 

2. Materials and methods 

2.1. Materials 

2.1.1. Inoculum sludge and wastewater 
Table 1 presents the quality of the inoculum sludge and tested do

mestic wastewater. The sludge and domestic wastewater were sampled 
from the septic tank at the Nelson Mandela African Institution of Science 
and Technology (NM-AIST). The septic tank is dedicated to treating 
wastewater from the students’ hostels. In order to avoid floating objects, 
oil, and grease as much as possible, the wastewater sample was collected 
below the scum. 

2.1.2. Fe0 materials 
Iron Scrap (IS)and commercial steel wool (SW) were the Fe0 mate

rials used in this study. The IS materials were the waste products from 
the lathing machine. The tested SW (Africa Limited) was a commercial 
product bought on the local market in Tengeru (Tanzania). The SW was 
slashed into lengths of about 20 mm, while IS sizes ranged from 4 mm to 
20 mm (Fig. 1). The steel wool materials used had an iron content of 
99.25%, while the scrap iron materials had 98.68% (Table 2). Further
more, the dissolution rates were 4.41 μg/h for IS and 5.05 μg/h for SW 
[59]. The Fe0 materials used in this study are the same as the Fe0 ma
terials used in our previous study [59], where detailed information 
about the characteristics and reactivity of the materials is reported. 

2.2. Experimental procedure 

2.2.1. Characteristics of sludge and biogas 
An experiment was designed to anaerobically digest the DW dosed 

with Fe0 materials in a monitored environment to obtain and then 
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characterize the resulting biogas and sludge. The experimental set-up 
involved bench-scale plastic anaerobic reactors, each with 60 L capac
ity (Fig. 2(a)). The first reactor (Reactor I) was used as a reference 
(Table 3). Except for the reference reactor, which was fed with 50 L of 
DW and 3 L of inoculum only, each of the other two reactors (Reactors II 
and III) was fed with 50 L of DW, 3 L of inoculum and 10 g/L of Fe0 

materials (Table 3). The COD/VS (Wastewater/Inoculum) was 5.4%. 
Reactor II was fed with IS, while Reactor III was with SW materials 
(Table 3) to compare the effect of dissimilar Fe0 materials on biogas and 
sludge quantity and quality. The same inoculum and DW were used in 
each tested reactor. The 10 g/L dosages of Fe0 material were adopted 
because our previous lab-scale study [59] with the same materials 
established the dose as optimum for organics and nutrient removal. All 
the anaerobic reactors were operated parallelly for 53 days at quiescent 
conditions, batch mode, room temperature of 24 ± 3 OC, and initial pH 
of 7.3. The biogas monitoring was also done for 53 days of reactors’ 

operation because, after that period, the amount of biogas generated was 
too small to measure. 

Fe0 to inoculum ratio
(
g Fe0 / g TS

)
=

Fe0 dosage
(
g/L

)

TS of the inoculum sludge
(
g/L

)

Where; Fe0 dosage = 10 g/L for IS or SW (Table 3), and TS of the sludge 
= 14.75 g/L (Table 1). 

Treated DW samples (50 mL) were collected from each reactor twice 
a week for COD and pH analysis. The biogas samples from the airbag 
were collected and analyzed daily for the first two weeks of the reactor’s 
operation. The subsequent sampling and analysis were done after col
lecting at least 300 ml of biogas from the slowest biogas-releasing 
reactor. The analysis of the generated biogas was for determining the 
volume and composition. A portion of the sludge sample from each 
bench-scale reactor was drawn through the sludge sampling port (Fig. 2 
(a)) and analyzed for TS, TSS, VSS, and settleable solids at the end of the 
53 days of the experiment. Another portion of the sludge samples was air 
dried (in the absence of direct sun rays) and analyzed for macro- 
nutrients (Ca, K, Mg, N, P, and S), micro-nutrients (Cu, Fe, Mn, and 
Zn), organic carbon, pH, and toxic elements (Cr, Ni, and Pb). All the 
experiments were performed in triplicates. 

2.2.2. Settling experiment 
The settling test of solids resulting from 53 days of anaerobically 

digested DW in each bench-scale reactor (Fig. 2(a)) was done in a 
settling column (Fig. 2(b)). The analysis aimed to determine the solids 
settling velocities and overall TSS removal efficiencies at 90 min and 
120 min settling times for the samples collected from the port at 2.5 m 
column depth for comparison purposes. The settling column was fabri
cated using a class C uPVC pipe with a nominal outside diameter of 
160mm. The column was 3 m tall with an effective side water depth of 
2.5 m. The sampling ports were provided at an equal interval of 500 mm 
from the top (Fig. 2(b)). The content from each reactor was manually 

Table 1 
Essential quality of inoculum sludge and tested domestic wastewater.  

Parameters M (n = 3) SD (n = 3) 

I – Quality of Dry Inoculum sludge 
Potential of hydrogen, pH (1:2.5) 6.83 0.02 
Chemical oxygen demand, COD (gCOD/L) 3.945 0.004 
Total solids, TS (gTS/L) 14.75 0.04 
Total volatile solids, TVS (gVS/L) 7.98 0.1 
Volatile Suspended solids, VSS (gVSS/L) 5.57 0.2 
Total Organic Carbon, TOC (%) 27.1 1.1 
Total Kjeldahl Nitrogen – TN (%) 0.81 0.03 
Sulphur, S (mg/kg) 0.51 0.03 
Extractable Phosphorus – P (mg/kg) 135.7 3.4 
Potassium, K (%) 0.02 0.003 
Magnesium, Mg (%) 7.2 0.4 
Calcium, Ca (%) 4.83 0.3 
Iron, Fe (%) 0.11 0.03 
Manganese, Mn (mg/kg) 285.2 4.9 
Copper, Cu (mg/kg) 9.9 0.7 
Zinc, Zn (mg/kg) 306.2 6.2 
Chromium, Cr (mg/kg) 23.7 1.3 
Nickel, Ni (mg/kg) 5.8 0.6 
Lead, Pb (mg/kg) 0.34 0.04 
II – Quality of tested domestic wastewater 
Potential of hydrogen, pH 7.51 0.03 
Temperature, T (oC) 22 0.1 
Chemical oxygen demand, COD (gCOD/L) 428 3.6 
Orthophosphate, PO4

3− (mg PO4
3− /L) 28.6 0.6 

Nitrate, NO3
− (mg NO3

− /L) 24.8 0.9 
Ammonium, NH4

+ (mg NH4
+/L) 55.5 1.5 

Sulfate, SO4
2− (mg SO4

2− /L) 41.4 1.2 

’’M’’ stands for mean, and ’’SD′′ for standard deviation. 

Fig. 1. Size specification of Fe0 materials tested – (a) Scrap iron (b) Steel wool.  

Table 2 
Elemental composition of tested Fe0 materials. LOD stands for the lowest con
centration at which an element can be detected.  

Name Elemental composition (%) 

Fe Cu Ni Cr Mn Sn Nb Mo 

Steel wool 
(SW) 

99.25 0.09 0.09 0.04 0.50 <

LOD 
<

LOD 
<

LOD 
Steel scraps 

(IS) 
98.68 0.33 0.15 0.27 0.40 0.07 0.01 0.02  
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stirred to obtain a uniform suspension of particles before quickly taking 
a sample to measure the initial TSS concentration and pouring the 
content into the settling column through the top. The stirring was done 
for an average of 10 seconds by inverting the capped container five (5) 
times. The amount of sludge involved in each settling column test was 3 
L. The samples were drawn simultaneously from all ports of the settling 
column every 10 minutes for 150 minutes. The collected samples were 
then analyzed for TSS in triplicate. The method for column settling 
analysis is well described in various literature [3,5,80–83]. 

2.3. Analytical methods 

The names of methods used for the analyzed parameters were: aqua 
regia for K, Mg, Ca, Na, S, Fe, Mn, Cu, Zn, Cr, Ni, and Pb; Olsen for P; 
Kjeldahl for TN; and Walkley-black for organic carbon; Low Range (LR) 
reactor digestion for COD; Nessler reagent for NH4

+, High Range (HR) 
Cadmium reduction for NO3

− , PhosVer 3 for PO4
3− . The pH of sludge was 

measured in 1:2.5 sludge: water using an Accsen benchtop pH meter by 
Lasec SA (Pty) Ltd, while that of DW was measured using an Orion star 
A214 pH meter. The K, Mg, Ca, and Na were measured using a Flame 
photometer (Model 2655–00) manufactured by Cole-Parmer Company 
based in Chicago, USA. On the other hand, Fe, Mn, Cu, Zn, Cr, Ni, S, and 
Pb were measured using Thermo scientific iCE 3000 series atomic ab
sorption spectrometer designed in the UK; P using Spectronic 200E UV- 
VIS spectrometer by Thermo Fisher Scientific based in China. TKN by 
Kjeldahl distillation unit manufactured by Jinan Biobase Biotech Co. Ltd 
based in China. Parameters such as COD, NH4

+, NO3
− , and PO4

3− were 
measured using a spectrophotometer (DR2800), the product of HACH 
Company. The syringe method was used to measure the generated 
biogas volume, while the composition analysis was done with a biogas 

analyzer (Geotech biogas 5000 analyzers). 

2.4. Statistical data analysis 

Graph plotting was accomplished using either Microsoft Excel 2019 
or AUTOCAD 2018 soft. The AUTOCAD 2018 was used only in plotting 
the percent removal and Isoremoval curves for settling column analysis. 
The statistical analysis of the gathered data was performed using 
Microsoft Excel 2019. The Microsoft Excel software was used to deter
mine the statistical significance tests for n < 30 observations ions, two- 
tailed student t-test, degrees of freedom of n – 2, and p = 0.05 confidence 
interval. The t-tests were performed to assess whether there was a sig
nificant difference in the observed nutrients and organic matters con
centrations in the produced sludge and biogas quantity and quality 
between (i) the reference reactor and the reactors with Fe0 materials and 
(ii) the reactor with IS materials and that with SW materials. 

2.5. Determination of overall TSS removal efficiency 

The AUTOCAD program was used only in plotting per cent removal 
and isoremoval curves graphs, while the Excel program was used in 
plotting all other graphs and calculations. The per cent TSS removal 
values were calculated using equation (5) and plotted as points in circles 
against time and depth (Fig. 3 (a), (b) and (c)). Settling velocity (over
flow rate) and the overall TSS removal efficiency achieved in the settling 
analysis of particles generated by each reactor was calculated using 
curves shown in Fig. 3, together with the formula presented in equations 
(6) and (7). 

η=
(

C0 − Cti

C0

)

× 100 (5)  

Where; η = TSS removal efficiency (%), C0 = Initial TSS concentration 
(mg/L), and Cti = TSS concentration observed at time t for ith port (mg/ 
L). 

Vs =
H
ts

(6)  

Where; Vs = Settling velocity (m/min), H = side water depth that is 
equal to or less than settling column height (m), and ts = time required to 
achieve a particular percentage removal of particles in the settling col
umn analysis (min). 

Fig. 2. Experimental set-up (a) Anaerobic digester with 60 L capacity (b) Settling column.  

Table 3 
Identities of reactors used in the bench-scale study.  

Reactor Medium Fe0 

material 
Fe0 dosage 
(g/L) 

Fe0 to inoculum ratio (g 
Fe0/g TS) 

I DW none 0 0.0 
II DW IS 10 0.7 
III DW SW 10 0.7 

“DW” stands for Domestic Wastewater, “IS” for Iron Scrap, “SW” for steel wool 
and TS for total solid. The Fe0 materials dosages measurement accuracy was 0.1 
g Fe0/L. 
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Fig. 3. Percent removal and Isoremoval curves for settling column analysis (a) Reactor without Fe0 materials (b) Reactor dosed with 10 mg/L IS materials (c) Reactor 
dosed with 10 mg/L SW materials. 
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RT =
Δh1

H

(
100 + R1

2

)

+
Δh2

H

(
R1 + R2

2

)

+…….+
Δhn

H

(
Rn + Rn+1

2

)

(7)  

Where; RT = Overall TSS removal, (%), Δh1, Δh2, ….., Δhn = vertical 
distance between two consecutive curves of equal percent removal, (m), 
R1,R2,………,Rn = consecutive isoremoval curves, (%). 

2.6. Kinematic models for methane production 

Different models have been applied to determine the kinetics of CH4 
generation [53–55]. The models are used to predict the cumulative CH4 
yield, estimate CH4 generation potential, determine the daily maximum 
CH4 generation and establish the lag phase required to start CH4 pro
duction [84]. However, in this study, the kinetics of CH4 generation 
from Fe0-aided AD of DW was evaluated using the modified Gompertz 
(equation (8)), Logistic (equation (9)) and Richard (equation (10)) 
models. Gompertz, Logistic and Richard are among the most appropriate 
models for CH4 generation prediction [85]. Regression analysis was 
done in Excel using the data analysis toolpak add-in to evaluate the 
models predicting CH4 production at a 95% confidence interval. The 
average observed cumulative CH4 production was used to evaluate the 
models. 

y=A.exp
[
− exp

(μm.e
A

.(λ − t) + 1
)]

(8)  

y=
A

[
1 + exp

( 4μm
A .(λ − t) + 2

)] (9)  

y=A.
{

1 + v.exp(1 + v).exp
[

μm

A
.(1 + v).

(

1 +
1
v

)

.(λ − t)
]}

(

1
v

)

(10)  

Where: y = cumulative specific CH4 production (mLCH4/gVS); A =
maximum specific CH4 production potential (mLCH4/gVS); μm = spe
cific rate of CH4 production (mL/gVS/d); e = exp(1) = 2.7182; λ = phase 
delay time (days); t = incubation time (days); and v = shape coefficient 
of the curve. 

3. Results and discussion 

3.1. Effects of Fe0 materials types on sludge quantity and quality 

3.1.1. Physical characteristics of sludge 
Results of solids analysis of the sludges produced from different 

dosages of materials in anaerobic reactors are presented in Tables 4 and 
5. The results in Table 4 indicate that compared to the reference reactor, 
the Fe0 – aided anaerobic reactors produced sludge with more weight, 

volume, TSS, and VSS. For instance, 10 g/L IS reactor produced 275 mL/ 
L of sludge (settled sludge), more than 1.4 times the 190 mL/L produced 
in the reference reactor. However, the reference produced sludge with 
VSS to TSS ratio of 69%, which is the highest compared to 52% for 10 g/ 
L IS reactor and 45% for 10 g/L SW reactor. 

A higher volume of sludge generated from Fe0-aided anaerobic re
actors compared to the reference system may be linked to (i) accumu
lation of passivated Fe0 solids [23], (ii) higher biomass generation due to 
the proliferation of microbial population enhanced by Fe0 materials [24, 
25], and (iii) solids from enhanced precipitation and adsorption of 
pollutants by FeCPs [56,59,60]. Results in Table 5 indicate that the 
observed TSS concentration at 60 min, 90 min, and 150 min settling 
times were 329 mg/L, 319 mg/L and 310 mg/L for 10 g/L IS reactor and 
663 mg/L, 635 mg/L and 555 mg/L for 10 g/L SW reactor respectively. 
The results suggest that relatively more solids will remain suspended 
(unsettled), and hence lower sludge will be collected in 10 g/L SW than 
in 10 g/L IS reactor. Because steel wool (SW) materials are more reactive 
than IS [59,76], it is perceived that SW materials were highly corroded 
to form a more concentrated (Table 5) range of finer particles with less 
settling velocities compared to the particles from Iron Scrap (IS) 
materials. 

On the other hand, the overall solid removal efficiencies achieved at 
the settling times of 60 min and 90 min were 93.07% and 94.13% for the 
reference reactor, 92.31% and 93.30% for 10 mg/L IS reactor and 
83.86% and 85.22% for 10 mg/L SW reactor (Fig. 3 (a), (b) and (c)). The 
90 min and 120 min settling times at 2.5 m column depth correspond to 
settling velocities (overflow rates) of 40 m/day and 30 m/day. 

The results suggest the possibility of removing more than 80% of 
particles generated from Fe0-aided AD of DW using sedimentation tanks 
(clarifiers) designed at an overflow rate of 40 m/d or below. Moreover, 
the results indicate that the Fe0– aided AD generates more suspended 
solids with lower average settling velocities than anaerobic digesters 
without such materials. Apart from normal biosolids generated from the 
AD of solids from DW, some particles result from precipitation and the 
adsorption of pollutants by the Fe0 materials FeCPs. The low settling 
velocity may be due to the different nature and sizes of precipitates from 
Fe0– aided anaerobic reactors. For instance, nitrogen may be removed as 
metal ammonium phosphates (FeNH4PO4.H20) [71–73]; phosphates as 
ferric phosphates precipitates (Fe0.8HPO4(OH)1.4) and; sulphur as iron 
sulphide (Fe2S) [5,65–68,86,87]. Although the average settling velocity 
of the solids from the reactors dosed with Fe0 materials is perceivably 
lower than that of the solids from the reference (Fig. 3), the fraction of 
solids with relatively higher settling velocities was enough to form more 
sludge in the reactors dosed with Fe0 materials than in the reference 
reactor (Table 4). Adding Fe0 materials has been reported to increase the 
size and settling rate of granules formed in municipal wastewater 
treatment [88]. However, the sludges from all reactors are generally 
classified as well-settling because their SVIs are less than 100 (Table 4) 
[3,83,89–91]. 

3.1.2. Chemical characteristics of sludge 

3.1.2.1. Organic matters. The organic matters concentrations in the 

Table 4 
Comparison of the physical characteristics of sludges from different reactors.  

Sample parameters Unit Systems 

0 g/L 10 g/L SI 10 g/L SW 

M SD M SD M SD 

Sludge weight at 
105 ◦C (TS) 

kg/ 
m3 

9.2 0.38 15.5 0.41 20.5 0.43 

TSS mg/L 8730 7.8 14550 8.1 19520 8.6 
VSS mg/L 6040 6.2 7550 7.1 8720 7.8 
VSS/TSS % 69 1.3 52 1.5 45 1.7 
Sludge volume/ 

Settleable solids 
(After 30 min 
settling time) 

mL/L 190 2.4 275 2.2 200 2.3 

Sludge volume 
index (SVI) 

mL/ 
gTSS 

22 0.7 19 0.5 10 0.8 

“TS” stands for total solids, “VSS” for volatile suspended solids, “TSS” for total 
suspended solids, “M” for mean, and “SD” for standard deviation. 

Table 5 
TSS concentrations for domestic wastewater from different reactors as observed 
at 2.5 m depth of the settling column.  

Reactor name TSSo (mg/L) TSS60 (mg/L) TSS90 (mg/L) TSS150 (mg/L) 

M SD M SD M SD M SD 

0 g/L 2510 8.4 257 7.4 244 6.6 217 5.8 
10 g/L IS 3433 10.1 329 9.8 319 9.1 310 8.7 
10 g/L SW 3506 12.2 663 10.8 635 11 555 9.7 

“M” stands for mean, “SD” for standard deviation, and “TSS0
′′, “TSS60

′′, and 
“TSS150

′′ for total suspended solids concentrations at 0 min, 60 min, and 90 min 
settling times, respectively. 
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three different types of sludges tested are presented in Table 6. The re
sults indicate that there were relatively higher N and S but lower organic 
carbon concentrations in the sludge from the reactors dosed with Fe0 

materials than in the reference reactor (Table 6). Results for the tested 
sludges from the tested anaerobic reactors (I, II, and III) indicate that 
statistically: (i) there was a significant difference in the observed con
centrations of organic matters (C, N, and S) and C/N ratio between 
reactor I and II or III, p < 0.05, two-tailed (Table 6) (ii) there was a 
significant difference in the observed concentrations of C and N, and C/ 
N ratio between Reactor II and III, p < 0.05, two-tailed (Table 6) (iii) 
there was no significant difference in the observed S concentrations 
between Reactor II and III, p < 0.05, two-tailed. 

The relatively lower amount of organic carbon in the sludges from 
reactors II and III (Table 6) is perceivably due to the higher conversion of 
organics to CO2 and CH4 [40,66,92,93]. The COD removal and biogas 
production is higher in the Fe0-aided anaerobic reactors compared to the 
reactor without Fe0 materials, as shown in section 3.2 and elsewhere 
[23,59,94–99]. Moreover, adding Fe0 materials leads to the accumula
tion of passivated Fe0 solids [23,59,100] that contribute to the increase 
in the inorganic solids in the Fe0-aided anaerobic reactors compared to 
the reactor without Fe0 (reference). On the other hand, a relatively 
higher amount of N in Fe0 materials dosed reactors compared to the 
reference reactor may be due to the precipitation of nitrogen as metal 
ammonium phosphates (FeNH4PO4.H20) [71–73] and nitrogen released 
from the dead microbes. Fe0-aided AD is associated with the prolifera
tion of microbial populations [24,25]. Furthermore, a higher amount of 
S in Fe0 materials dosed reactors than the reference may be due to the 
precipitation of iron-sulphide (FeS) due to Fe0 materials dosage [65–68, 
86]. 

On the other hand, the relatively higher concentration of organic 
matter (C, N, and S) in the sludges from reactor II compared to that from 
reactor III is perceivably due to a higher accumulated amount of FeCPs 
in reactor III compared to reactor II. Because SW materials are more 
reactive than IS materials [29,56,59,101], more FeCPs may have 
contributed to the increase in the percentage of inorganic solids in 
reactor III than II. 

The mass C/N ratio of the sludges from the reactors was 34 for 0 g/L, 

9 for 10 g/L IS and 5 for 10 g/L SW (Table 6). The C/N ratio in the re
actors dosed with Fe0 materials were below the optimum range of 25–35 
for the composting process [102]. The relatively higher N and lower C 
contents in the sludges from the systems dosed with Fe0 materials 
resulted in lower C/N ratios than the control system (Table 6). There
fore, during AD of the sludge from Fe-aided anaerobic digestors, mate
rials with more organic carbon, such as sawdust, rice husks, leaves, 
wood chips, and old compost, may be added to regulate the C/N ratio 
[102]. However, the results clearly show that the Fe0 -aided AD 
increased the concentration of N and S by more than 1.5 times that of the 
N and S in the reference reactor (Table 6). Therefore, the sludge from the 
Fe0 - aided anaerobic reactors can potentially increase soil organic 
matter for N and S if applied to land. 

3.1.2.2. Macro-nutrients. The concentrations of macro-nutrients in the 
three different types of sludges tested are presented in Table 6. The re
sults indicate relatively higher N, P, K, S and SAR but lower mg and Ca 
concentrations in the sludge from the reactors dosed with Fe0 materials 
than in the reference reactor (Table 6). The sludges analysis results for 
the tested Fe0-aided anaerobic reactors (0 g/L, 10 g/L IS, and 10 g/L SW) 
indicate that statistically: (i) there was a significant difference in the 
observed concentrations of macro-nutrients (N, P, K, Mg, Ca, and S) and 
SAR between reactor I and II, p < 0.05, two-tailed or reactor III, p < 0.05, 
two-tailed (Table 6) (ii) there were significant differences in the 
observed concentrations of macro-nutrients (N, P, Mg, Ca, and S) and 
SAR between reactor II and III, p < 0.05, two-tailed (Table 6) (iii) there 
was no significant difference in the observed K concentrations between 
reactor II and III, p > 0.05, two-tailed (Table 6). 

The relatively higher concentrations of parameters such as N, P, K, 
and S in the sludge from Fe0 materials dosed reactors compared to the 
reference reactor may be due to the following reasons; (i) precipitation 
of N and P as metal ammonium phosphates [73] (ii) precipitation of S as 
Fe2S [65–68,86,87] (iii) possibility of precipitation of K as FeKPO4 
[103]. Although precipitation of P with Fe reduces the availability of P 
due to the strength of their bond [86], the results in Table 6 indicate that 
extractable P has increased by more than two times in the reactors dosed 
with Fe materials compared to the reference reactor (reactor without Fe0 

materials). For that reason, more P could be recovered perceivably if the 
sludges were further treated with lime or other known P recovery 
methods [104,105]. On the other hand, relatively lower concentrations 
of Ca and Mg metals in the sludge from reactors dosed with Fe0 materials 
are perceivably due to; (i) the dominance of iron in the reactors that 
make it the favourable cations for precipitation of available anions and 
(ii) higher affinity of iron to anions such as phosphorus and therefore 
may cause less precipitation of compounds such as calcium phosphate 
(Ca3(PO4)2) and struvite (MgNH4PO4) [69]. 

3.1.2.3. Micronutrients and toxic elements to plants. Results on the 
observed concentration of the micronutrients (Fe, Mn, Cu, and Zn) and 
toxic elements (Cr, Ni and Pb) in the three different types of sludges are 
presented in Table 6. Concentrations of micronutrients in the sludge 
from the reactor without Fe0 materials were lower than those dosed with 
Fe0 materials. Therefore, it is perceived that Fe0-aided AD of DW has the 
potential to concentrate micronutrients and toxic elements in the sludge. 

The sludges analysis results for the tested Fe0-aided anaerobic re
actors (0 g/L, 10 g/L IS, and 10 g/L SW) indicate that statistically, there 
was: (i) significant difference in the observed concentrations of micro- 
nutrients (Fe, Mn, Cu, and Zn) and toxic elements (Cr, Ni, and Pb) be
tween Reactor I and II, p < 0.05, two-tailed or Reactor III, p < 0.05, two- 
tailed (Table 6) (ii) significant difference in the observed concentrations 
of micro-nutrients (Fe, Mn, Cu, and Zn) and toxic elements (Ni and Pb) 
between Reactor II and III, p < 0.05, two-tailed (Table 6) (ii) no sig
nificant difference in the observed Cr concentrations between Reactor II 
and III, p > 0.05, two-tailed (Table 6). 

The relatively higher concentrations of metals such as Mn, Cu, Zn, Cr, 

Table 6 
Comparison of the observed parameters’ concentrations in dry sludges from 
the tested anaerobic digestion reactors. 
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Ni and Pb in the sludge from Fe0 materials dosed reactors compared to 
the reference reactor is perhaps due to adsorption onto the surface of 
metallic iron materials or FeCPs [106]. Furthermore, being more reac
tive (hence producing more FeCPs) than Iron Scrap materials [59], 
maybe the reason for the relatively higher concentration of 
micro-nutrients and toxic elements in reactor III compared to II 
(Table 6). 

However, the concentration of toxic elements in the sludges from the 
reactors (II and III) dosed with Fe0 materials (Table 6) are far better than 
the European Directive 86/278/EEC proposed allowable concentrations 
of heavy metals in Wastewater sludge used in agriculture: 20 to 40 for 
Cd, 1000–1750 mg/kg for Cu, 300–400 mg/kg for Ni, 750–1200 mg/kg 
for Pb, 2500–4000 mg/kg for Zn, and Cr is not limited [64]. Similarly, 
the concentrations are also far better than US EPA pollutant ceiling 
concentrations (85 mg/kg for Cd, 3000 mg/kg for Cr, 4300 mg/kg for 
Cu, 840 mg/kg for Pb, 420 mg/kg for Ni, and 7500 mg/kg for Zn) for the 
land application of Wastewater sludge [63]. Therefore, sludges from 
Fe0-aided AD of DW contain heavy metals within acceptable concen
trations for application in agricultural lands. 

3.2. Effects of Fe0 materials types on biogas quantity and quality 

Fig. 4 compares the effects of Fe0 types on the quantity and quality of 
the produced biogas. Results indicate that the maximum CH4 contents 
(Fig. 4 (a)) and cumulative specific CH4 yield (Fig. 4(e)) achieved in the 

tested reactors were 79.8% and 684.3 mLCH4/gVS for 10 g/L IS, 78.9% 
and 609.8 mLCH4/gVS for 10 g/L SW and 67.4% and 422.6 mLCH4/gVS 
for the reference reactor. Based on the cumulative specific CH4 yield 
(Fig. 4 (e)), adding 10 g/L IS increased CH4 gas production by 38.3%, 
while adding 10 g/L SW increased the gas production by 30.7%. On the 
other hand, the maximum observed concentration of CO2 (Fig. 4 (b)), 
H2S (Fig. 4 (c)), and NH3 (Fig. 4 (d)) were 7.9%, 135 ppm and 97 ppm 
for 0 g/L, 6.7%, 93 ppm and 68 ppm for 10 g/L IS, and 7.0%, 70 ppm and 
62 ppm for 10 g/L SW. 

Moreover, the results presented in Fig. 4(f) indicate that specific CH4 
yields were 0.22 m3/kgCOD for reactor I (0 g/L), 0.33 m3/kgCOD for 
reactor II (10 g/L IS), and 0.31 m3/kgCOD for reactor III (10 g/L SW). 
Generally, the results indicate that: (i) reactors with Fe0 materials (IS or 
SW) produced biogas with higher CH4 (Fig. 4 (a)) but lower CO2 (Fig. 4 
(b)), H2S (Fig. 4 (c)), and NH3 (Fig. 4 (d)) contents compared with the 
reactor without Fe0 materials (reference); (ii) reactors with Fe0 materials 
(IS or SW) produced a more CH4 amount (mL) compared with the 
reactor without Fe0 materials (Fig. 4 (e) and (f)); (iii) reactors with IS 
materials (10 g/L IS) produced biogas with higher CH4 (Fig. 4 (a)), H2S 
(Fig. 4 (c)), and NH3 (Fig. 4 (d)) but lower CO2 (Fig. 4 (b)) contents 
compared with the reactor with SW materials (10 g/L SW); (iii) reactors 
with IS materials produced more CH4 amount (mL) compared with the 
reactor with SW Fe0 materials (Fig. 4 (e) and (f))) 

Statistically, (i) there was a significant difference in the CH4 content 
between biogas produced in 0 g/L (M = 53.2%, SD = 15%) and 10 g/L IS 

Fig. 4. Effects of Fe0 types on biogas production: (a), (b), (c) and (d) are the variations in CH4, CO2, H2S and NH3 concentration, respectively; (e) cumulative specific 
CH4 yield, and (f) CH4 yield. 
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(M = 63.4%, SD = 17.30%), t(14) = − 11.4, p < 0.05, two-tailed or 10 g/ 
L SW (M = 62.3%, SD = 17.4%), t(14) = − 10.3, p < 0.05, two-tailed. On 
the other hand, statistically, there was no distinguishable difference in 
the observed CH4 content in the biogas between 10 g/L IS (M = 63.4%, 
SD = 17.30%) and 10 g/L SW (M = 62.3%, SD = 17.4%), t(14) = − 10.3, 
p > 0.05, two-tailed (ii) there was a significant difference in the 
observed CO2 content between biogas produced in 0 g/L (M = 6.5%, SD 
= 1.7%) and 10 g/L IS (M = 5.5%, SD = 1.4%), t(14) = 8.9, p < 0.05, 
two-tailed or 10 g/L SW (M = 5.6%, SD = 1.6%), t(14) = 18.9, p < 0.05, 
two-tailed. On the other hand, statistically, there was no distinguishable 
difference in the observed CO2 content in the biogas between 10 g/L IS 
(M = 5.5%, SD = 1.4) and 10 g/L SW (M = 5.6%, SD = 1.6%), t(14) =
− 1.0, p > 0.05, two-tailed (iii) there was a significant difference in the 
observed H2S content between biogas produced in 0 g/L (M = 47.9 ppm, 
SD = 47.6 ppm) and 10 g/L IS (M = 33.8 ppm, SD = 30.4 ppm), t(14) =
4.3, p < 0.05, two-tailed or 10 g/L SW (M = 22.6%, SD = 25.2%), t(14) 
= 4.2, p < 0.05, two-tailed. On the other hand, statistically, there was a 
significant difference in the observed H2S content in the biogas between 
10 g/L IS (M = 33.8 ppm, SD = 30.4 ppm) and 10 g/L SW (M = 25.2 
ppm, SD = 22.6 ppm), t(14) = 3.2, p < 0.05, two-tailed (iv) there was a 
significant difference in the observed NH3 content between biogas 
produced in 0 g/L (M = 38.3 ppm, SD = 36.0 ppm) and 10 g/L IS (M =
25.3 ppm, SD = 26.7 ppm), t(14) = 4.3, p < 0.05, two-tailed or 10 g/L 
SW (M = 23.4%, SD = 24.3%), t(14) = 4.1, p < 0.05, two-tailed. On the 
other hand, statistically, there was a significant difference in the 
observed NH3 content in the biogas between 10 g/L IS (M = 25.3 ppm, 
SD = 26.7 ppm) and 10 g/L SW (M = 23.4%, SD = 24.3%), t (14) = 2.5, 
p < 0.05, two-tailed. The statistics suggest that; (i) dosing of Fe0 mate
rials in AD of DW increases the CH4 content and decreases the CO2, H2S 
and NH3 contents in biogas, (ii) addition of either IS or SW materials in 
Fe0 - aided AD of DW will lead into the production of biogas with similar 
CH4 and CO2 but significantly different H2S and NH3 contents. 

Biogas production with higher CH4 yield and content in the reactors 
with Fe0 compared to the reference reactor is perhaps due to the 
enhanced methanogenesis by Fe0 materials [32,43,49,107–112]. For 
instance, compared to the 38.3% increase in CH4 production reported in 
this study, it was reported elsewhere that dosing Fe0 in the anaerobic 
treatment of wastewater increased CH4 production by; 28% in brewery 
wastewater AD [113]; 26% in the AD of sulfate-rich wastewater [95]; 
50% in cattle-dung slurry AD digestion [114]; 58% in the AD of cassava 
pulp and its wastewater [115]; 27%, 30%,40.4%, 46.1%, 117% and 
120% in the digestion of sludge [65,97,98,116,117]; 230% in the 
digestion of cheese whey [96]; 74% in the digestion of palm oil mill 
wastewater [22]; 26.2, 52.6, 64.7, and 49.9% in the digestion of potato 
starch processing wastewater. Likewise, compared to the 12.4% increase 
in CH4 content reported in this study, it was reported elsewhere that the 
addition of Fe0 in the treatment of increased CH4 content by; 6.93% in 
the sludge AD systems [118]; 5.1–13.2% in the digestion of wastewater 
sludge [65]; 40% in the digestion of cassava pulp and its wastewater 
[115]. 

The observed production of biogas with relatively lower CO2 con
tents in the reactors dosed with Fe0 materials compared to the reference 
reactor is perceivably due to the potentiality of Fe0 materials to serve as 
an electron donor for reducing CO2 to CH4 as explained elsewhere [40, 
66,92,93]. Corrosion of Fe0 materials releases H2 (equation (1)) that is 
eventually utilized during the transformation of CO2 to CH4 (equation 
(3)) [40,119]. Compared to the 15.2% maximum decrease in CO2 pro
duction reported in this study with 10 g/L IS, it was reported elsewhere 
that the addition of Fe0 in the AD decreased CO2 production by 58% in 
the AD of synthetic wastewater with 5 g/L dosage of nano-scale Fe0 

[113]; 25% in the AD of sulfate-rich wastewater with Fe0 powder [95]. 
Lower H2S content observed in biogas from Fe0-aided reactors is 

possibly a result of Iron-Sulfide (FeS) precipitation (equation (2)) or a 
higher pH range (7.1–7.8) in the reactors with Fe0 materials compared 
to the pH range (6.8–7.3) in the reference reactor (without Fe0) as re
ported elsewhere [65–68,70,120]. In comparison with the 48.1% 

maximum decrease in H2S production reported in this study with 10 g/L 
SW, it was reported elsewhere that the addition of Fe0 in the AD 
decreased H2S production by 98% in the AD of wastewater sludge with 
0.10 wt% of nano-scale Fe0 [65] and 50% in the AD of wastewater 
containing the sulfate [68]. 

The relatively lower NH3 content in biogas from the reactors dosed 
with Fe0 materials was perhaps due to the reactors’ potential to convert 
available nitrogen more to N2 and N2O than to other forms (NH4

+ or NH3) 
[29] and precipitation of N as (FeNH4PO4.H2O) [78–80]. The less NH3 
content in SW dosed reactor compared to IS reactor is perceivably due to 
the higher reactivity of SW compared to IS materials (section 2.1.2). 

Compared to the 80% maximum decrease in NH3 production with 10 
g/L IS reported in this study, it was reported that the addition of zero 
valent Iron Scrap in the AD of sludge decreased NH3 production by 82% 
compared to the reactor without Fe0 materials [66]. 

The gaseous impurities (H2S and NH3) can be major problems in AD 
systems because of their potential to inhibit the AD process [121,122]. 
However, including Fe0 in the AD of DW addresses this problem by 
producing biogas containing relatively fewer gaseous impurities (H2S 
and NH3) than without Fe0 material. 

3.3. Kinetic study of methane production 

Table 7 and Fig. 5 present the observed and predicted cumulative 
CH4 generation results and kinetic parameters of average cumulative 
CH4 production curves. The cumulative CH4 production for the 0 g/L 
(reference reactor), 10 g/L IS, and 10 g/L SW were: 422.6, 684.3, and 
609.8 mLCH4/gVS for the observed data; 421.6, 700.6 and 618.1 
mLCH4/gVS for Gompertz model; 434.0, 706.2 and 627.9 mLCH4/gVS 
for Logistic model; and 432.1, 695.5, and 618.8 mLCH4/gVS for Richard 
model. The higher cumulative CH4 production observed in Fe0-aided 
reactors for both experimental and predicted results is perceivably due 
to the potentiality of the materials to enhance methanogenesis, as 
described in Section 3.2. 

Results presented in Table 7 indicate that the timeframe for the 
microbial adaptation and beginning of the production of biogas (lag 
phase, λ) is relatively shorter (≈2 days) for reactors dosed with Fe0 

materials compared to that (≈3 days) for the reference reactor. During 
the early seven days of the reactors’ operation, relatively smaller drop in 
pH in Fe0-aided reactors in comparison with the control (reactor without 
Fe0 materials) as follows; the pH dropped from 7.3 to 6.8 in 0 g/L 
(reference reactor), 7.3 to 7.1 in 10 g/L IS, and 7.3 to 7.2 in 10 g/L SW 
reactors. 

The pH drop may have been contributed by; the inoculum added to 

Table 7 
Kinetic parameters of average cumulative methane production curves.  

Parameter Model 0 g/L 10 g/L IS 10 g/L 
SW 

CH4 yield. V0 (mLCH4/gVS) Experimental 422.6 684.3 609.8 
CH4 yield, A (mLCH4/gVS) Gompertz 421.6 700.6 618.1 

Logistic 434.0 706.2 627.9 
Richards 432.1 695.5 618.8 

μm (mL/gVS/d) Gompertz 49.3 62.0 62.5 
Logistic 48.7 70.7 59.8 
Richards 41.1 56.6 51.7 

λ (days) Gompertz 3.1 2.0 2.1 
Logistic 3.0 2.1 2.0 
Richards 3.1 2.0 2.0 

v Gompertz – – – 
Logistic – – – 
Richards 2.3 2.4 2.4 

R2 Gompertz 0.997 0.969 0.994 
Logistic 0.933 0.964 0.960 
Richards 0.984 0.994 0.993 

Difference between V0 and A 
(%) 

Gompertz 0.25 2.37 1.37 
Logistic 2.68 3.20 2.98 
Richards 2.23 1.63 1.48  
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the systems and the second stage of AD (acidogenesis) associated with 
the production of volatile fatty acids (VFA), especially butyrate, propi
onate, and valerate [5]. Accumulation of VFA has been mentioned as 
one of the causes of prolonged lag phases in AD [123]. Besides, it has 
been reported elsewhere [124] that good buffering capacity at the 
starting stages of AD reduces the lag phase. Similarly, the beginning pH 
influenced the latency period (λ) in the AD of vinasse, whereby the best 
condition for biogas production was observed at initial pH of 7 [125]. 
Therefore, for the reactors dosed with Fe0 materials, neutralization oc
curs for a part of hydroxyl iron (OH− ) released in the time of anaerobic 

oxidation of Fe0 (Equation (1)); because of that, the pH was accordingly 
regulated in the reactors. Perceivably, the pH regulation by Fe0 mate
rials contributed to a relatively shorter time taken by microbes to adapt 
and start the generation of CH4 in the reactors dosed with Fe0 materials 
than in the reference reactor (0 g/L). 

For the reference reactor (0 g/L), the difference between the 
observed (V0) and predicted (A) biogas yield was 0.25% for the modified 
Gompertz model, which is less than 2.23% for Richards or 2.68% for the 
Logistic model (Table 7). Thus, among the tested models, the modified 
Gompertz was magnificent for modelling CH4 production in the AD of 

Fig. 5. Cumulative experimental methane production and their fit with models: (a) 0 g/L (control); (b) 10 g/L IS and (c) 10 g/L SW reactors.  
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DW since the model gave the lowest difference between V0 and A. On the 
other hand, for 10 g/L IS reactor, the difference between the observed 
and predicted biogas yield was 1.63% for the Richard model, which is 
less than 2.37% for Gompertz or 3.20% for the Logistic model. 

Thus, among the tested models, the Richard model was the best 
model for predicting CH4 production in the Iron Scrap-aided AD of DW. 
Furthermore, for 10 g/L SW reactor, the difference between the 
observed and predicted biogas yield was 1.37% for the Gompertz model, 
which is less than 1.48% for Richards or 2.98% for the Logistic model. 
Thus, among the tested models, the modified Gompertz was magnificent 
for modelling CH4 production in the steel wool-aided AD of DW. How
ever, the fitting error of equal or less than 10% between the observed 
and predicted biogas yield has been considered a good fitting error in 
various studies [126–128]. Therefore, based on the results presented in 
Table 7, all the tested models (Gompertz, Logistic and Richard) gener
ally portrayed good fitting error (error <10%) in predicting CH4 pro
duction in Fe0 - aided AD of DW. However, generally, the Richard was 
the best model for predicting CH4 production from Fe0 (IS and SW) - 
aided AD of DW with the lowest fitting error ranging from 1.63 to 1.48% 
compared to 1.37–2.37% for Gompertz or 2.98–3.20% for Logistic 
model (Table 7). 

4. Conclusion 

Compared with the reactor without Fe0 (reference), the Fe0 -aided 
AD of DW enriched CH4 of biogas (potential for energy recovery) by 
12.4% with IS and 11.5% with SW. The Fe0 dosed reactors produced 
sludge with relatively higher nutrients and toxic elements concentra
tions. However, the concentrations of toxic elements are far less than the 
EPA recommended ceiling limits for land application. Moreover, the Fe0- 
aided AD produced well-settling sludge (SVI <100). Furthermore, more 
than 80% of solids produced from Fe0-aided AD of DW can be removed 
using sedimentation tanks designed at an overflow rate ≤40 m/d. Sta
tistically, dosing either IS or SW materials in AD of DW will lead to the 
production of biogas with similar CH4 (79.8% for IS and 78.9% for SW), 
but significantly different H2S (93 ppm for IS and 70 ppm for SW) and 
NH3 (68 ppm for IS and 62 ppm for SW) contents. Therefore, although 
this study suggests that including either SW or IS can address the AD 
inhibition problem caused by H2S and NH3 by producing biogas con
taining relatively fewer gaseous impurities (H2S and NH3), SW will 
perform better perceivably due to its higher reactivity compared to IS. 
On the other hand, Richard was the best model for predicting CH4 
production from Fe0-aided AD of DW. As limitations, this research did 
not consider; (i) the effects of varying the sizes of Fe0 materials, (ii) the 
effects of the materials on the dewaterability of the resulting sludge, and 
(iii) the economic significance of applying Fe0 materials in AD of DW. 
Therefore, the authors consider the limitations as the motive for 
continuing this study. 
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