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a b s t r a c t

In this study, the efficacy of inorganic additives in the removal of total ammonia nitrogen (TAN) and
sulfide in the aqueous phase of slaughterhouse waste undergoing anaerobic digestion in the batch
reactor was investigated. A mixture of natural inorganic additives processed from the anthill and red rock
soil samples collected from Arusha, Tanzania were used as adsorbents in different ratios. These materials
were chosen in regard to their abundance in the local environment, surface properties, and elemental
composition. Before analysis, the materials were pulverized and calcined at 700 and 900 �C for 2 h in a
furnace and then sieved to 250 mm fine particle size. XRD analysis revealed that the anthill soil sample is
endowed with major mineral phases of quartz and hematite while red rock soil contains albite, pyroxene,
and quartz as predominant phases. The anthill and red rock soil samples calcined at 900 �C displayed
higher BET surface areas of 815.35 and 852.35 m2/g, respectively. The mixture of anthill soil and red rock
soil in a ratio of 3:1 had a higher TAN removal efficiency of 92% at a contact time of 30 min compared to
other ratios. On the other hand, a ratio of 1:2 showed a higher sulfide removal efficiency of 79% at a
contact time of 60 min. Adsorption isotherm studies revealed that the Jovanovich model fitted better to
the experimental data than the Langmuir and Freundlich models. The results demonstrated further that
inorganic additives have a synergistic effect on stimulating methanogenesis as well as eliminating
ammonia and sulfide during anaerobic digestion of slaughterhouse waste. Our findings demonstrate that
anthill and red rock soils can be exploited as affordable, ecofriendly, and efficient adsorbents for miti-
gation of TAN and sulfide from the liquid phase and sustenance of methanogenesis.

© 2020 Elsevier Ltd. All rights reserved.
1. Introduction

Anaerobic digestion (AD) refers to the process in which sub-
strates with a high organic content are treated in the absence of
oxygen to produce biogas [1]. Generally, biogas is a mixture of
carbon dioxide and methane (50%e70%) along with other com-
pounds such as ammonia, hydrogen sulfide, and siloxane in trace
amounts [2]. Since the world is turning to alternative sources of
energy from commonly used fossil fuels, biogas is regarded among
.

the alternative sources of energy for domestic uses such as cooking
and lighting. Unlike fossil fuel sources, which endanger the envi-
ronment and ecosystem at large due to the excessive production of
polluting agents, the use of alternative sources of energy has gained
much attention due to the little waste, which is accumulated in the
environment. As a substitute for fossil fuels, the use of biogas is
regarded as an environmentally friendly technology to eradicate
the emission of greenhouse gases, hence reducing climatewarming
[3]. In practice, AD has been used to produce biogas from various
organic wastes due to their availability and as a means of waste
management [4]. Both domestic and industrial activities have been
the major source of tons of organic waste discharged in the envi-
ronment, for which the biogas technology can be considered as the
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best solution to overcome their detrimental effects on the envi-
ronment [5]. Organic wastes such as domestic leftovers [6], cow
dung [7], industrial waste [8], municipal solid waste [9], agro waste
[10], and abattoir waste [11], to mention a few, are a good source to
generate biogas due to their high carbon/nitrogen ratio. The higher
C/N ensures the sustainability of microorganisms and a proper
balance of nutrient ratio between carbon and nitrogen, in which a
high carbon content favors the maximum production of methane
gas [12]. For example, more than 50% of the total meat consumption
in Tanzania is from beef cattle, which accumulates a lot of waste
during meat processing [13]. This situation presents a need to uti-
lize the particular waste as a means of resource recovery and waste
management. Hence, batch reactors loaded with slaughterhouse
wastewere set for an experiment during this study. The selection of
the substrate was based on its high composition of proteins and
lipids mixed with its water content [14]. In that case, slaughter-
house waste is regarded as a potential substrate for methane pro-
duction during the AD process. The breaking down of carbon-rich
substrates by microorganisms during AD is sometimes associated
with the emission of unwanted contaminants in the digester, which
are considered toxic to microorganisms. Additionally, the excess
production of other intermediate products such as siloxanes, hal-
ogens, ammonia, aromatics, hydrogen sulfide, and volatile organic
compounds can result in digester failure due to the inhibition
process, which particularly affects methanogens [15,16]. Since
slaughterhouse waste is composed of animal fats and protein
components of blood, the digestion process breaks down both
cysteine and methionine, which results in the formation of sulfur
[17]. Therefore, free ammonia is also accumulated in the aqueous
phase because of a high nitrogen content resulting from protein
decomposition, while long-chain fatty acids accumulate as a result
of fat degradation [18]. The presence of both sulfur and ammonia in
the liquid phase becomes inhibitory to methanogens during the AD
process, and as a result, the quality of biogas produced decreases.
The inhibition occurs as a result of competition between sulfur-
reducing bacteria and methane-producing archaea by oxidizing
molecular hydrogen at a high chemical oxygen demand (COD)
value [19]. It is reported that the total ammonia nitrogen (TAN) in
the range of 1500e5000 mg/L is inhibitory to microorganisms
during biological treatments [20]. Nonetheless, the concentration
of ammonia nitrogen (NH3eN) above 2 mg/L can be toxic to aquatic
species at a certain range of pH, temperature, and other parameters
[21]. Similarly, total sulfide (HS� þ H2S) in the range of
100e800 mg/L is also reported to be inhibitory to methanogens as
it suppresses methane production [22]. Several physicalechemical
and biotechnological approaches such as ion exchange, struvite
precipitation, membrane distillation, adsorption additives, C/N ra-
tio adjustment, and nitrificationedenitrification methods have
been applied to lower the concentrations of sulfide and ammonia in
the liquid phase during the AD process [23,24]. However, a phys-
icalechemical method, which involves the use of various additives
with high affinity to ammonia and sulfide, has been dominating
over the other methods due to its high removal efficiency and
affordability [25]. This method involves the adsorption process in
which the surface of the adsorbent attracts adsorbate molecules
due to intermolecular forces. The process eventually results in the
formation of a new chemical bond at the adsorbent's surface as a
result of chemical interaction between the surface of the adsorbent
and the adsorbate [26]. Several adsorbents have been applied by
researchers, for example, zeolites for the removal of both forms of
ammonia (NH3 and NHþ

4 ) and iron-rich materials such as iron
pellets for hydrogen sulfide removal [27,28]. Furthermore,
adsorption by activated carbon has been reported to have a rela-
tively low adsorption capacity of about 6.079 mg/g in removing
2

ammonia from aqueous solutions [29]. Generally, most of the ma-
terials that are already existing are industrially synthesized, which
are readily expensive and unaffordable to apply for the removal of
contaminants in the liquid phase. It is therefore recommended that
economically feasible methods be employed for lowering both
ammonia and sulfide inhibition in order to elevate the methane
content produced during the AD process. In this study, affordable
and readily available inorganic materials rich in hematite and
aluminosilicate were employed in different stoichiometric amounts
for both ammonia and sulfide removal in the liquid phase during
AD of slaughterhouse waste. In addition, the effect of the adsorbent
mixture on the methanogenesis process was also investigated by
measuring the content of methane produced in relation to the
accumulation of volatile fatty acids and alkalinity in the reactor.
Moreover, the influence of calcination temperature on the physi-
cochemical properties of the adsorbent materials was also exam-
ined. The selection of anthill and red rock soil samples was based on
their elemental composition such as iron in the form of magnetite
(Fe3O4) and hematite (Fe2O3) [28]. These iron contents are
considered as remaining products of rocks that have undergone
leaching and oxidizing practices during the weathering process.
The presence of iron oxide in the red soil is a major breakthrough
for the precipitation of sulfide into elemental sulfur [30]. Mean-
while, the high amount of alumina (Al2O3) and silica (SiO2)
composing the aluminosilicate cage in anthill soil provides a means
for removing ammonia/ammonium (NH3=NH

þ
4 ) from the substrate

undergoing the AD process through ion exchange and adsorption
processes [31].

2. Materials and methods

2.1. Sample collection, pretreatment, and preparation

The substrate used in this experiment was a liquid mixture of
blood and intestine discharged from a slaughterhouse waste point
owned by Arusha Meat Company Limited, located in Arusha City,
Tanzania. The sample was then stored in a fridge at 4 �C before
characterization. The substrate stored was inoculated with 10% (w/
v) of cow dung, which was obtained from cattle keepers. The
mixture was then fed into a batch-reactor of 1 L capacity for biogas
production. Adsorbent materials used in this study were soil sam-
ples obtained from two different locations. The red rock soil sample
was collected from the Nayobi village, Ngorongoro district, Arusha,
Northern Tanzania, whereas the anthill soil sample was collected
from an anthill around the campus of Nelson Mandela African
Institution of Science and Technology (NM-AIST), Arusha, Tanzania.
The two types of soil samples were processed into powder form
before further analysis. The red rock was pulverized to 250 mm fine
particles and calcined in the furnace (Thermo Scientific 1200 Box
Furnace) at 700 and 900 �C for 2 h. The calcined samples were
allowed to cool to room temperature and processed further by
grinding and sieving using sieve no.16 of 250 mm before further
analysis. Similar procedures were followed to process the anthill
soil sample. The obtained calcined adsorbent materials were kept
in a clean container and labeled as AHX and RRX, where the pre-
fixes ‘AH’ and ‘RR’ denote anthill and red rock respectively. The
postscript ‘X’ represents the calcination temperature.

2.2. Analytical methods

Both total solids (TS) and volatile solids (VS) were determined
by using the standard protocols for wastewater examination [32]. A
HACH DR2800 instrument (HACH, Loveland, CO) was used to
measure the chemical oxygen demand (COD) value using HACH
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digestion solution vials for high range COD (20 mg/L to 1500 mg/L)
following the manufacturer's protocol [33]. On the other hand, the
biological oxygen demand (BOD5) value was also measured using
the OxiTop method in which the stored values were quantified in
mg/L after 5 days. All measurements for both COD and BOD were
performed in triplicate. The Ripley and Kapp titration methods
were used to determine the concentrations of volatile fatty acids
(VFA) and alkalinity [34]. The pH of the samples was measured
using a VWR symphony pH meter. The concentrations of TAN and
sulfide in the liquid phase were ascertained by the Nessler method
and methylene blue method, respectively [35,36]. Liquid samples
were collected and then centrifuged at 8000 rpm for 15 min and
then filtered through a 0.45 mm Whatman filter paper. The filtrate
collected was then used to measure the parameters such as pH,
VFA, total ammonia, and alkalinity. Methane content was deter-
mined using a biogas analyzer i.e. Geotec Biogas 5000. The sum-
mation of both unionized [NH3eN] and ionized [NH4

þ] forms of
ammoniawas used to quantify the TAN by equation (1) given below
[37]:

½TAN� ¼ ½NH3� þ ½NHþ
4 � (1)

The adsorption capacity was calculated using a mass balance
according to equation (2), which is given below:

Qe ¼
ðCo � CeÞV

m
(2)

where Qe is the mass of TAN/S2� exchanged per unit mass of
adsorbent mixed at different ratios (mg/g), C0 and Ce are initial and
equilibrium concentrations of TAN/S2� in the liquid phase (mg/L),
respectively, V is the volume of the slurry mixture (L), and m is the
mass of the adsorbent (g).

The adsorbate (TAN and S2�) removal efficiency was calculated
using equation (3) given below:

Removal efficiency ð%Þ¼ ðCo � CeÞ100
Co

(3)

where C0 (mg/L) is the initial concentration of TAN/S2� in the liquid
phase and Ce (mg/L) represents the equilibrium concentration of
TAN/S2� in the liquid phase. All these laboratory analyses were
carried out at the NelsonMandela African Institution of Science and
Technology (NM-AIST), Arusha, Tanzania.

2.3. Adsorbent characterization

The mineral phases present in the adsorbent materials were
elucidated by employing powder-X-ray diffraction (p-XRD). The
analyses were performed in the high angle 2q ranging from 5 to 55�

using a Bruker AXS D8 Advance X-ray diffractometer equippedwith
a nickel-filtered Cu Ka radiation (l¼ 1.7890 Å) at 40 kV, 40mA, and
room temperature. The scan speedwas 0.5 s/step at an increment of
0.01314. The textural properties of both red rock and anthill soil
samples were analyzed using the BrunauereEmmetteTeller (BET)
method to determine the specific surface area while pore size and
pore volume were evaluated using the BarretteJoynereHalenda
(BJH) method. Nitrogen adsorptionedesorption isotherms were
assessed at 77 K by using a porosimeter (Nova 4200e Quantach-
rome, UK) after degassing the sample at 160 �C for 3 h. About 0.1 g
of the calcined soil sample was used for an adsorptionedesorption
process at a temperature of �195.8 �C. The infrared spectroscopy
measurements (FT-IR, PerkineElmer, Spectrum 100) were carried
out to identify the vibration frequency in the functional groups of
the adsorbent materials. The wavelength of the spectra was ob-
tained in the range of 400 and 4000 cm�1. The sample's chemical
3

composition was determined at the Geological Survey of Tanzania
(GST) using an X-ray fluorescence analyzer (XRF), model Vanta
Element Series manufactured by Olympus Scientific Solutions, USA.
The surface microstructure and morphology of the calcined sam-
ples (AHX) and (RRX) were investigated using a Zeiss Ultra Plus
Field Emission Scanning Electron Microscope (FE-SEM) from The
University of Cape Town, South Africa.

2.4. Experimental setup

In this experiment, side-arm conical flasks (Pyrex) of 1 L capacity
fed with slurry (a mixture of abattoir waste and 10% w/v cow dung
inoculum) to about 900 mL were used as batch reactors. The
remaining 100 mL was used as headspace volume. The reactors
were immersed into three thermostat water baths operated at 37 �C
and labeled as A, B, and C. Each of the three thermostat water baths
was equipped with three reactors. Reactors in water bath A were
used as the control of the experiment, which was run in triplicate.
The reactors in the respective water baths were named as A1, A2,
and A3; B1, B2, and B3; and C1, C2, and C3. Each reactor was con-
nected to a 1 L Tedlar gas sampling bag. Then, the experiment was
run, and the AD was allowed to proceed for 65 days to monitor the
level of ammonia and sulfide inhibition as well as methane pro-
duction before and after the addition of inorganic additives for the
adsorption process. Shaking of reactors was done twice a day at
10:00 a.m. and 10:00 p.m. After 44 days of the initial AD process,
adsorbent materials (AHX and RRX) for adsorption of TAN and
sulfide concentrations were applied in each reactor at the mixed
ratios of 1:1, 1:2, and 3:1 (AH:RR). This was followed by another 20
days of monitoring the removal efficiency and the impact of each
reactor composition on methane production. Unlike reactors in
water bath A, which were used as a control experiment, those in
water bath B and Cwere supplied with adsorbentmaterials calcined
at 700 and 900 �C, respectively. The adsorbent material (4 g) was
contacted with 1 L of the substrate containing the adsorbate under
study. The resulting mixture was shaken well for 5 min. Thereafter,
the removal efficiencies for TAN and S2� were recorded at intervals
of 5, 10, 15, 20, 30, 60, 90, and 120 min. Measurements of other
parameters such as (NH3/NH4

þ), alkalinity, VFA, pH of the slurry, and
methane content were carried out after every 7 days.

2.5. Adsorption isotherm studies

The adsorption capacities for the uptake of TAN and sulfide by
the AH@RR adsorbent were studied using the Langmuir (4),
Freundlich (6), and Jovanovich (7) isotherm models in accordance
with experimental data. The equilibrium behavior of TAN and sul-
fide exchange with the adsorbents in different ratios was charac-
terized by fitting themodel equations to the experimental data. The
Langmuir adsorption assumes that the adsorbent's surface is uni-
form (monolayer) with no interaction between adsorbed and des-
orbedmolecules, which exist in equilibrium. On the other hand, the
Freundlich isotherm describes the existence of multisite adsorption
on rough (heterogeneous) surfaces. In the Jovanovich model, the
assumptions considered are the same as in the Langmuir model.
However, the possibility of mechanical contact between the
adsorbent and adsorbates is mostly taken into consideration in this
model [38,39].

The linear Langmuir equation is written as:

Ceq
qe

¼ð 1
qmax

ÞCeq þ 1
kLqmax

(4)

where qe (mg/g) is the amount of TAN/S2� adsorbed at equilibrium,
qmax (mg/g) is the maximum adsorption capacity, Ceq (mg/L) is the
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concentration at equilibrium, and kL (L/mg) is the Langmuir equi-
librium constant.

RL ¼
1

1þ KLCo
(5)

The linear Freundlich equation is written in the following form:

qe ¼ kf :C
1 =

n
eq (6)

where qe (mg/g) is the amount of TAN/S2� adsorbed at equilibrium,
Ceq (mg/L) is the concentration at equilibrium, kf (mg/g) is the
Freundlich capacity coefficient, and 1/n is the measure of adsorp-
tion intensity. However, equation (6) above is further deduced to
equation (7) below for quantification of parameters.

log qe ¼
1
n
logCeq þ logkf (7)

The linear Jovanovich equation is written in the following form:

ln qe ¼ ln qmax � KJCeq (8)

where qe (mg/g) is the amount of TAN/S2� adsorbed at equilibrium,
qmax (mg/g) is the maximum adsorption capacity, Ceq (mg/L) is the
concentration at equilibrium, and KJ (l/g) is the Jovanovich constant.

3. Results and discussion

3.1. Substrate characterization

The substrate mixture was characterized before being intro-
duced into the reactor for analyzing the parameters such as TS, VS,
COD, and BOD. The values of TS, VS, COD, and BOD in the raw
substrate were found to be 0.93%, 78.09%, 11,025, and 1600,
respectively. Characterization was also performed after 65 days of
the digestion process where the values of TS, VS, COD, and BOD
were found to be 3.59%, 68.12%, 1575, and 375 respectively. The VS
removal efficiency at day 65 was 12.77%. The increase in TS was due
to the addition of inorganic additives in the reactor at day 44 of AD.

3.2. Adsorbent characterization

3.2.1. XRD analysis
The XRD analysis was performed to ascertain themineral phases

present in both anthill and red rock soil samples, and the profiles
Fig. 1. XRD spectra of anthill (AH) a

4

for both samples are presented in Fig. 1. From the XRD spectra, it
was observed that the anthill soil sample (AH) contains quartz
(SiO2), as a dominant phase followed by hematite (Fe2O3). In
addition to the two major phases, traces of cristobalite (SiO2) and
pyroxene-ideal (MgSiO3) were found to be present. The peaks for
quartz appears at 2q ¼ 25.39�, 32�, and 47.6� corresponding to
d ¼ 4.07, 3.25, and 2.22 Å, respectively, while those for hematite
appears at 2q ¼ 28.1�, 38.84�, and 41.71� corresponding to d ¼ 3.67,
2.69, and 2.51 Å, respectively. The diffraction peaks for trace min-
erals were identified as follows: cristobalite (2q¼ 24.85� and 41.12�

for d¼ 4.16 and 2.55 Å) and pyroxene ideal (2q¼ 23.07�, 32�, 36.12�,
41.12�, and 47.6� corresponding to d ¼ 4.47, 3.24, 2.88, 2.54, and
2.21 Å, respectively). On the other hand, the XRD profile of RR soil
confirmed the presence of albite (Al1.02Ca0.02Na0.98Si2.98O8) as the
dominant phase followed by pyroxene (Al1.38Ca0.74-
Fe0.16Mg0.01Si1.5O6), quartz (SiO2), stishovite (SiO2), and hematite
(Fe2O3). Traces of downeyite (SeO2), halite (NaCl), magnetite, and
witherite (BaCO3) were also observed. The diffraction patterns of
the dominant albite phase were observed at 2q ¼ 25.65�, 27.56�,
28.11�, 29.85�, 31.0�, 32.3�, 34.80�, 35.39�, 38.72�, 40.90�, 41.62�,
47.0�, 49.05�, and 52.0� corresponding to d ¼ 4.02, 3.75, 3.68, 3.47,
3.34, 3.21, 2.99, 2.94, 2.69, 2.56, 2.51, 2.24, 2.15, and 2.04 Å,
respectively. The pyroxene phase registered its peaks at 2q¼ 28.11�,
31.0�, 32.3�, 34.8�, 35.39�, 35.96�, 40.90�, 41.62�, and 47.78� at
d ¼ 3.68, 3.34, 3.21, 2.99, 2.94, 2.89, 2.56, 2.51, and 2.20 Å, respec-
tively, while peaks for quartz were found at 2q ¼ 24.97�, 32.30�,
47.78�, 49.05�, and 52� at d ¼ 4.13, 3.21, 2.20, 2.155, 2.04 Å, corre-
spondingly. The peaks for other phases were also found within the
same range of diffraction angle of 2q ¼ 35.39� and 47� at d ¼ 2.94
and 2.2 4 Å (stishovite), 2q ¼ 28.11�, 38.72�, 41.62�, and 47.78� at
d¼ 3.68, 2.69, 2.51, and 2.20 Å (hematite), 2q¼ 34.80� and 40.90� at
2.99 and 2.56 Å (magnetite), 2q ¼ 27.56�, 28.11�, 38.72�, 47.0�,
47.78�, 49.05� and 52.0� at d ¼ 3.75, 3.68, 2.69, 2.24, 2.20, 2.15, and
2.04 Å (witherite), 2q ¼ 31.0�, 35.39�, and 52.0� at d ¼ 3.34, 2.89,
and 2.04 Å (halite), and 2q ¼ 24.97�, 27.56�, 32.30�, 34.80�, 41.62�,
and 49.05� at d¼ 4.13, 3.75, 3.21, 2.99, 2.51, and 2.15 Å (downeyite),
respectively. The diffraction patterns of the phases present in the
anthill and red rock soil samples are in agreement with the stan-
dard diffraction patterns of the respective phases reported in the
literature [40e47].

3.2.2. Analysis of chemical composition
The XRF results of AH and RR samples are displayed in Table 1. It

is observed that the AH soil has a higher amount of alumina
(36.15%), which is greater than the amount of all other chemical
nd red rock (RR) soil samples.
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components. In addition, the presence of both Al2O3 (36.15%) and
SiO2 (16.83) confirms the aluminosilicate nature of the soil. Simi-
larly, RR soil contains high proportions of SiO2 (31.33%) and Al2O3
(23.23%). Since silica and alumina are vital components of both the
soil samples, an elegant mixture of the two soil samples coupled
with their synergism is expected to enhance the removal efficiency
of pollutants in the substrate undergoing the AD process.
Besides the alumina and silica contents, both soil samples have an
appreciable content of hematite (Fe2O3), which is a key component
for the precipitation of sulfides. Furthermore, the loss on ignition
(LOI), which is an index measure of the organic content of the soil,
shows that anthill soil has a high amount of volatile content than
red rock soil. The LOI for anthill soil is enriched by the buildup of a
distinct surface crust during heating that insulates the core of the
sample from ignition temperatures [48]. Generally, the composi-
tions of the two soil samples in terms of relative weights were
found to be in good agreement with the major phases obtained
from the XRD analysis.
3.2.3. FTIR analysis
The functional groups of the sorbent materials were analyzed

by Fourier transform infrared spectroscopy, and the results are
displayed in Fig. 2. The FT-IR spectra indicate the presence of the
SieOe group at the surfaces of both AH and RR materials. Silanol
groups (Si̶ OH) are formed due to the fragmentation of silica
surfaces and are commonly available on the surface of the adsor-
bent material due to the presence of silica (SiO2) as reflected in the
XRF results (Table 1). In both anthill and red rock soil samples, the
broad bands assigned for SieOewere observed around 1000 cm�1.
The other species that may be present on the silica surface is
hydrogen-bonded to silanol groups, which are significant for
enhancing the adsorption process through interaction with the
adsorbates.
3.2.4. Analysis of BET surface area and porosity characteristics
The calcination of aluminosilicate materials is essential for the

volatilization of the organic template and condenses the silanol
groups present in the silicate cage. The process enhances the
Table 1
Chemical composition of AH and RR analyzed by XRF.

Sample ID SiO2 (%) CaO (%) MgO (%) Fe2O3 (%) Al2O3 (%) Na2O (%) LOI

AH 16.83 1.61 1.51 12.14 36.15 e 16.52
RR 31.33 9.54 7.79 14.38 23.23 9.14 4.42

Fig. 2. FTIR spectra of AH and RR.
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surface area and micropore volume and exposes the silanol groups
at the surface of the adsorbent material for improving the
adsorption capacity. Results in Table 2 indicate that the surface
areas of both anthill and red rock soil samples were obtained at
higher calcination temperatures. The anthill soil calcined at 700
and 900 �C developed surface areas of 613.88 and 815.35 m2/g,
respectively. Meanwhile, the red rock soil developed surface areas
of 601.43 and 852.8 m2/g at 700 and 900 �C, respectively. In addi-
tion, the pore volume for the anthill soil sample increased from
0.51 cm3/g at 700 �C to 1.21 cm3/g at 900 �C. Likewise, the pore
volume for red rock soil augmented from 0.62 cm3/g at 700 �C to
0.75 cm3/g at 900 �C. Furthermore, the pore diameter for both
anthill and red rock soil samples seemed to increase with the
calcination temperature. For instance, the anthill soil calcined at
700 �C recorded a pore diameter of 15.19 Å, which increased to
15.22 Å at 900 �C. On the other hand, the pore size of the red rock
soil sample increased from 15.17 Å at 700 to 30.49 Å at 900 �C.

The effect of calcination of the adsorbent materials is further
manifested by N2 adsorptionedesorption and micropore develop-
ment. As a result of calcining anthill soil at 900 �C, it was possible to
achieve higher N2 adsorption with the highest possible pore vol-
ume of 816.32 cm3/g and a relative pressure of 0.99 P/P0 (Fig. 3b).
Similarly, red rock soil calcined at the same temperature attained
higher N2 adsorption with the pore volume of 515.85 cm3/g at a
relative pressure of 0.99 P/P0 (Fig. 3d). This implies that the calci-
nation process favored the formation of both micropores and
mesopores in both the adsorbent materials. Since anthill soil
exhibited a higher N2 adsorption capacity than red rock soil, it is
therefore agreed that anthill soil has a higher pore volume and
sufficient surface area features than red rock soil. This means that
anthill soil has efficient adsorption properties compared to red rock
soil.

3.2.5. Morphological analysis
The surface morphologies of AH and RR adsorbents calcined at

700 �C and 900 �C were ascertained by FE-SEM, and the micro-
graphs are displayed in Fig. 4. It can be seen that the adsorbent
displays small hollow multipores, which are likely to contribute to
the increase in the surface area. The agglomeration of particles is
also obvious in the adsorbent material. The observed agglomera-
tion of the adsorbent materials can be attributed to the magnetic
interaction among the hematite/magnetite components of the
materials, where each magnetic particle behaves like a magnet
[49]. The extent of agglomeration is observed to increase with the
calcination temperature, a phenomenon that enhances high uptake
of TAN and sulfide contaminants in the liquid phase.

3.3. Determination of parameter composition of slaughterhouse
waste undergoing AD

In the course of AD of slaughterhouse waste, different parame-
ters such as VFA, alkalinity, pH, and TAN, sulfide, and methane
concentrations were determined in both control experiment and
after the addition of the adsorbents. From the results in Table 3,
Table 2
BET surface area, pore size, and pore volume for AH and RR samples.

Surface area (m2/g) Pore volume (cm3/g) Pore diameter (Å)

Anthill soil
AH700 613.88 0.51 15.19
AH900 815.35 1.21 15.22
Red rock soil
RR700 601.43 0.62 15.17
RR900 852.8 0.75 30.49



Fig. 3. Adsorptionedesorption isotherms of (a) AH700, (b) AH900, (c) RR700, and (d) RR900.
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notably a control experiment, the TAN level (obtained with the aid
of Eq. (1)) was increasing throughout the digestion process, though
there was a decrease in VFA concentration, which is regarded as
food for methanogens [50]. The increasing trend of TAN affected
methane production from day 37 to day 44, leading to a decrease in
methane content by 35.9%. However, the decrease in methane
content was further observed throughout the AD process as the
amount of TAN increased. From Table 3, the minimum concentra-
tion of TAN was recorded to be 1022.64 ± 0.95 mg/L on day 22 and
increased tremendously as the degradation process was proceed-
ing. The amount of TAN recorded was far above the recommended
level for methanogens to resist the inhibition process. This is sup-
ported by the fact that the TAN concentration in the range of
1000e1500 mg/L is often regarded as the key factor for inhibition
and AD failure in general [51]. This indicates that the methano-
genesis stage was highly affected due to the inhibition process
attributed to a higher concentration of TAN. The ratio between VFA
and alkalinity can be considered as an essential parameter to
describe the digester's performance at mesophilic temperature.
Since VFA is regarded as food for methanogens during fermentation
[52], its decrease is associated with the total breakdown of the
organic content by microorganisms. However, the VFA/alkalinity
ratio produced between day 26 (0.39) and day 44 (0.31) is within
the recommended threshold value of 0.3e0.4 [53], for a stable
biodigester with a pH range of 7.5e7.6. For instance, the highest
methane content of about 55.7% was recorded during day 37 in
which the VFA/alkalinity ratio was 0.34 as indicated in Table 3.
Nevertheless, from day 37 onwards, the control experiment
showed a decrease in the threshold value as the TAN concentration
was increasing. This phenomenon, coupled with the inhibition
process induced by high accumulation of TAN concentration,
resulted in the decrease of methane content.
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3.4. Adsorption of TAN and sulfide by the AH@RR adsorbent

3.4.1. Determination of adsorption capacity (mg/g) and removal
efficiency (%)

The removal efficiencies for both TAN and sulfide in the liquid
phase were estimated using Eq. (3) based on the mixing ratios of
anthill and red rock soil adsorbents. The AH to RR adsorbent ratios
were 1:1,1:2, and 3:1 for TAN adsorption and 1:1 and 1:2 for sulfide
adsorption. From the results indicated in Fig. 5a, it is clear that the
removal efficiency for TAN did not show any clear order based on
the calcination temperature of the adsorbent mixture, surface area,
and pore volume distribution. For instance, the ratio of 3:1 for the
adsorbent mixture calcined at 700 �C exhibited a higher removal
efficiency (92%) for TAN than the same ratio of adsorbent mixture
calcined at 900 �C (82%), which was observed to possess high
surface area and porosity behavior. However, the ratio of 1:2 of the
adsorbent mixture calcined at 900 �C showed a high removal effi-
ciency for sulfide (82%) compared to the same ratio of adsorbent
mixture calcined at 700 �C, which showed a removal efficiency of
79%. As opposed to TAN, the higher sulfide removal shown by the
adsorbent mixture in the ratio of 1:2 calcined at 900 �C is in
agreement with the results of improved physicochemical charac-
teristics such as surface area and porosity features of the adsorbent
as a result of a higher temperature calcination. In addition, the
higher sulfide removal efficiency demonstrated by the adsorbent
ratio of 1:2 is ascribed to the appreciable content of hematite
(Fe2O3), which influenced the precipitation reaction of iron sulfide.
Thus, the adsorption of TAN onto the adsorbent mixture calcined at
both 700 and 900 �C followed the 3:1 > 1:1 > 1:2 trend (Fig. 5a),
whereas the trend for sulfide removal efficiency is 1:2 > 1:1
(Fig. 5b). From these trends based on different mixing ratios, it is
obvious that the higher mixing ratio of anthill soil is sufficient for



Fig. 4. SEM images of (a) AH700, (b) AH900, (c) RR700, and (d) RR900.

Table 3
Parameter analysis of slaughterhouse waste before and after adsorption during the AD process.

Control experiment Parameters assessed after
addition of adsorbents

VFA (mg/L) Alkalinity (mg/L) Ratio (VFA/Alk) TAN (mg/L) S2�(mg/L) %CH4 pH VFA %CH4 pH

Day 1(in) 152.89 ± 2.22 202.23 ± 3.25 0.76 1041.03 ± 2.59 32.54 ± 0.59 e 7.70
Day 8 210.5 ± 2.1 285.32 ± 4.71 0.74 1029.38 ± 2.38 27.20 ± 0.66 29.2 7.69
Day 15 270.45 ± 0.70 495.73 ± 5.49 0.55 1030.04 ± 1.05 13.41 ± 0.74 41.2 7.65
Day 22 390.85 ± 5.94 819.77 ± 3.53 0.48 1022.64 ± 0.95 9.610 ± 1.04 54.3 7.50
Day 26 304.51 ± 6.16 786.99 ± 4.83 0.39 1035.79 ± 1.56 14.51 ± 0.64 52.8 7.51
Day 37 274.41 ± 7.39 804.24 ± 5.81 0.34 1093.81 ± 2.78 10.51 ± 0.45 55.7 7.42
Day 44 252.40 ± 4.85 811.59 ± 2.48 0.31 1111.91 ± 1.53 12.41 ± 0.35 35.7 7.24
Day 51 173.16 ± 2.36 821.56 ± 4.15 0.21 1109.43 ± 1.09 14.93 ± 0.15 28.2 7.18 152.24 41.0 7.31
Day 58 142.48 ± 3.5 847.96 ± 4.91 0.17 1109.79 ± 1.95 11.31 ± 0.06 24.6 7.06 122.54 48.4 7.42
Day 65 135.09 ± 2.43 938.74 ± 4.47 0.14 1210.17 ± 0.71 10.28 ± 0.24 22.8 7.10 112.82 60.3 7.50
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the removal of TAN with almost 90% removal efficiency regardless
of the calcination temperature. Moreover, the higher mixing ratio
of the red rock soil sample seemed to perform better in removing
sulfide in the liquid phase, with almost 80% removal efficiency. The
results of this study are comparably higher or within the range of
previous studies on other adsorbents in removing TAN and sulfide
in the liquid phase [54,55]. Nevertheless, the frequent use of ferric
and ferrous salts (Fe3þ/Fe2þ), which oxidizes sulfur, has been
commonly practiced in which the combined species has depicted a
higher removal efficiency for sulfide in the aqueous phase than
when either of the species is used alone [56]. Farghali and other co-
authors have indicated that the reduction of hydrogen sulfide (H2S)
can be achieved in the range of 83.82e98.10% from day 10 during
AD of cattle manure through direct application of metal oxide
nanoparticles [57]. The present study, however, has demonstrated
the use of local powder processed from cheap and abundant inor-
ganic materials collected from the Northern Zone of Tanzania, for
the removal of ammonia and sulfide in the liquid phase.
7

In addition to the removal efficiency (%), the adsorption capacity
(mg/g) of different ratios of the adsorbent mixture was determined
using Eq. (2), and the results are presented in Fig. 6. For example,
Fig.6a indicates that the ratio of AH to RR of 1:1 for the adsorbent
mixture calcined at 700 �C is superior for TAN adsorption to the
other ratio mixtures. This implies that the 1:1 mixture takes up a
higher amount of TAN per unit mass of AH@RR. A similar trend for
sulfide removal is also observed for the same adsorbent mixture
calcined at 700 �C (Fig. 6b). Generally, the overall trend in TAN
removal capacities by different ratios of adsorbent mixtures
calcined at both 700 and 900 �C follows the following sequence:
1:1 > 3:1 > 1:2 �C, while the trend for sulfide removal follows
the 1:1 > 1:2 sequence. From the trends of both TAN and sulfide
removal capacities, it is evident that the ratio of 1:1 for the adsor-
bent mixture calcined at 700 �C was more efficient than all other
mixing ratios. Similar observations have been reported for most of
the adsorbents calcined at temperatures ranging from 500 to
700 �C, showing high adsorption capacities [58].



Fig. 5. Removal efficiencies for (a) TAN and (b) sulfide at different ratios of adsorbent mixture calcined at 700 and 900 �C.
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3.4.2. Effect of adsorption time on the removal efficiency
The contact time between the adsorbent and adsorbate is

important in determining the adsorption equilibrium. In this study,
the removal efficiency of the AH@RR adsorbent was studied by
varying the adsorption time from 0 to 120min. As seen from Fig. 5a,
all the ratio mixtures have shown maximum removal efficiency for
TAN within the first 30 min; thereafter, little changes on the
removal efficiency were recorded, followed by a steady adsorption
process. On the other hand, the maximum removal of sulfide was
achieved during the first 60 min, after which a constant adsorption
process was observed (Fig. 5b). This implies that the adsorption
equilibrium was attained during the first 30 min for TAN and
60 min for sulfide under the given conditions and maximum
removal efficiency had taken place. This fast adsorption process
may be ascribed by the fast migration of adsorbate molecules
resulting from abundant active adsorption sites on the surface of
AH@RR. After equilibrium, the observed steady adsorption is
related to the buildup of adsorbate molecules on the adsorbent
surface, hence blocking further adsorption of extra molecules to the
existing active sites. There are reports on the use of other adsorbent
materials in removing TAN and sulfide from environmental
matrices. However, most of these adsorbents took a longer contact
time to reach equilibrium compared to the mixture of adsorbents
used in this study. This variation of contact time is attributed to
Fig. 6. Adsorption capacity for (a) TAN and (b) sulfide at different r
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differences in particle size, experimental conditions, and surface
properties of the sorbent materials. For instance, the study by
Njoroge and Mwamachi [59] revealed that natural zeolite could
even take more than 120 min for the uptake of ammonia with a
removal efficiency of 50%. S�ebastien Ryskie and colleagues [60]
used ozone microbubbles to evaluate their performance in
removing ammonia nitrogen (NH3eN) in a batch mode. In their
study, the removal efficiency in the range of 27.8e99.3% was
recorded after a treatment period of 570 min. The results on the
variation of adsorption efficiency as a function of contact time
obtained in this study are a major breakthrough for industrial
application because fine adsorbent particles like powdered AH@RR
tend to equilibrate with sorbate particles at a very shorter time.

3.4.3. Adsorption isotherm studies
The Langmuir, Freundlich, and Jovanovich isotherm models

were studied to evaluate the interaction behavior between active
sites of AH:RR surfaces and the adsorbate particles. These isotherm
models provide the correlation between the equilibrium amount of
TAN and sulfide in the liquid phase and that in the adsorbent phase.
The Langmuir isotherm parameters summarized in Table 4 were
computed by using equations (4) and (5) to give the plots shown in
Fig. 7a and b. The slope and intercept of the linearized Langmuir
plots of Ce/qe vs. Ce were used to obtain the values of qm, KL, RL, and
atios of adsorbent mixture calcined at different temperatures.
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R2. The feasibility of adsorption was inferred by the values of the
separation factor, RL (Eq. (5)). Technically, if RL ¼ 1 (linear adsorp-
tion), 0 < RL < 1 (favorable adsorption) and RL > 1 (unfavorable
adsorption) [61]. The values of RL for the removal of adsorbates
were obtained in the range of �0.03 to �0.82 for TAN and �0.13
to �0.31 for sulfide. Since these values do not conform to the
relation 0 < RL < 1, then it can be deduced that the uptake of both
TAN and sulfide on AH@RR was not limited to a monolayer
adsorption process and that the adsorption energy is not uniform
for all sites. Hence, based on the values of RL and the lower
regression coefficients, it can be deduced that the Langmuir
isotherm model cannot conveniently describe the adsorption of
TAN and sulfide on the adsorbent used in this study.

The Freundlich adsorption model (Eqs. (6) and (7)) is valid for
multilayer adsorption processes occurring due to the heterogeneity
of the system. The linearized plots of log Qe vs. log Ce shown in Fig. 8
were utilized to determine the values of parameters KF and n
(Table 4), which provide insight into the degree of adsorption and
heterogeneity, respectively. The model also provides information
about the degree of non-linearity between the adsorption and so-
lution concentration. According to this model, the process is
favorable if 1< n < 10, but in cases when n ¼ 1 and n < 1, it signifies
linear and slow sorption processes, respectively [62]. The values of
n obtained from this study were found to be less than 1, suggesting
a slow uptake of TAN and sulfide from the liquid phase. In addition,
the Freundlich isotherm does not predict the saturation of TAN and
sulfide molecules on the surface of the adsorbent and thus re-
inforces the infinite coverage of the adsorbent surface [63].
Therefore, it is reasonable to deduce that the Freundlich model was
not convenient to recount the adsorption of the two adsorbates

To further deduce the model fit to the experimental data, the
Jovanovich adsorption model was tested and the results are sum-
marized in Table 4. Plots of In Qe vs. Ce (Fig. 9) were employed to
obtain the isotherm parameters using equation (8). The data from
the Jovanovich adsorption model seemed to fit better than all other
models tested since the Jovanovich constant was in the favorable
range of 0 < KJ < 1 [64]. The fitting of this model was possible due to
the existence of mechanical contacts between the adsorbent and
adsorbate. This phenomenon is predisposed by the presence of
carboxyl, hydroxyl, and amine groups derived from protein mole-
cules present in the slaughterhouse waste [65,66]. The regression
coefficients (R2) of the Jovanovich model were very close to unity,
ranging from 0.975 to 0.999, which were higher compared to the
regression coefficients obtained from the Langmuir and Freundlich
isotherms. It is apparent from our findings that the maximum
adsorption capacities (qm, (mg/g)) for the Jovanovich model (Table
Table 4
Summarized isotherm parameters for the adsorption of TAN and sulfide onto the AH@R

Isotherm parameters for TAN

Temperature 700 �C 900 �C

Adsorbent ratio (AH:RR) 3:1 1:1 1:2 3:1
Langmuir model
qm (mg/g) 35.34 43.70 8.67 35.99
kL (L/mg) �0.03 �0.006 �0.002 �0.02
RL �0.03 �0.18 �0.82 �0.05
R2 0.998 0.985 0.910 0.998
Freundlich model
kF[(mg/g)(L/mg)1/n] 184.98 3370 2 � 106 253.39
n �3.87 �1.58 �0.57 �3.31
R2 0.989 0.982 0.938 0.991
Jovanovich model
qm (mg/g) 63.96 144.44 179.93 64.64
KJ (L/g) 0.0012 0.0015 0.0026 0.0012
R2 0.999 0.996 0.975 0.999
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4) are higher than those obtained from Langmuir isotherms, mak-
ing it more appropriate to adequately describe the adsorption of
TAN and sulfide.
3.5. The effect of inorganic additives on methanogenesis

The effect of the adsorbent mixture in the reactor was evaluated
in relation to the content of the biogas produced in the next 14 days
after the addition of inorganic materials for the adsorption process.
The adsorption process was carried out on day 44 after a tremen-
dous decrease in the methane content by 36% from day 37. The
effect of the added inorganic materials on methane productionwas
assessed, in which the reactor with an additive mixture in a ratio of
1:2 showed an increase in the methane content by 13% in seven
days (day 44e51) from 35.7 to 41.0% as indicated in Table 3. The
trend was different from methane content recorded in the control
reactors, in which there was a decrease in methane content from
day 44 to 65. For instance, in reactor A, which was used for the
control experiment (no adsorbent mixture was added), 24.6% of
methane was produced on day 58 as opposed to 48.4% of methane
content produced in reactor B. The trend further showed that the
amount of methane in reactor B increased to 60.3% during day 65,
while in the control reactor A, 22.8% of methane content was
recorded on the same day.

Generally, the growth of methanogens in the AD system is
highly influenced by trace elements such as Fe, Ni, and Co [67].
Therefore, the application of additives rich in iron such as iron
oxides, ferric salts, and other iron-based materials is considered the
best way to improve the methanogenesis process to its perfection
and increase the methane content [68]. It is evident that the in-
crease in methane content in this study was influenced by hematite
(Fe2O3) present in the adsorbent mixture, which has the tendency
of enhancing methanogenesis. The process is reinforced by ferric
ion (Fe3þ) from hematite/magnetite present in the mixture of ad-
sorbents, which is regarded as an electron acceptor and further
oxidizes various organic substances through direct interspecies
electron transfer from iron oxides [69]. This process is augmented
by the exchange of electrons between fermenters and metha-
nogens, which triggers the rapid degradation of the organic matter
[68]. However, the addition of ferrous material during day 44 was a
very crucial approach as it accelerated the increase of pH in the
reactor from 7.24 (day 44) to 7.50 (day 65) as shown in Table 3. This
condition resulted in mitigating the increase of volatile fatty acids
and other intermediate products, which could further lead to se-
vere stress of methanogens in the reactor, hence low methane
content.
R adsorbent.

Isotherm parameters for sulfide

700 �C 900 �C

1:1 1:2 1:1 1:2 1:1 1:2

23.65 17.05 0.19 0.29 0.25 0.28
�0.002 �0.003 �0.40 �0.66 �0.46 �0.79
�0.82 �0.43 �0.31 �0.16 �0.26 �0.13
0.991 0.990 0.897 0.952 0.938 0.978

194 � 103 72 � 103 2.53 1.11 2.26 1.00
�0.79 �0.84 �0.99 �1.77 �1.09 �1.79
0.993 0.992 0.869 0.919 0.947 0.955

196.80 124.62 1.67 0.96 1.53 0.91
0.0021 0.0019 0.221 0.149 0.20 0.154
0.998 0.998 0.967 0.988 0.985 0.994



Fig. 7. Langmuir plots for (a) TAN and (b) sulfide removal.

Fig. 8. Freundlich plots for (a) TAN and (b) sulfide removal.

Fig.9. Jovanovich isotherms for (a) TAN and (b) sulfide removal.
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4. Conclusions

The present study investigated the effect of mixing ratios of
powdered adsorbent materials processed from the anthill and red
rock soil samples in removing ammonia and sulfide in the liquid
phase during AD of slaughterhouse waste. Analysis of the adsor-
bent's physicochemical characteristics was performed using p-
XRD, FT-IR, porosimetry, and FE-SEM techniques. The highest
surface area (852.8 m2/g) and pore volume (0.75 cm3/g) were
displayed by the red rock soil sample calcined at 900 �C. Among all
the adsorbent ratios investigated, the 3:1 ratio of the adsorbent
calcined at both 700 and 900 �C showed a high removal efficiency
for TAN (92%) while the ratio of 1:2 of the same adsorbent mixture
under the same conditions was more efficient for sulfide removal
(72%). Analysis of the adsorption isotherm models demonstrated
that the Jovanovich model fitted better than the Langmuir and
Freundlich models, with the Jovanovich constant in the range of
0 < KJ < 1. Therefore, based on these findings, it can reasonably be
concluded that anthill and red rock soils can be employed as
affordable and effective adsorbents in the remediation of TAN and
10
sulfide in the liquid phase as well as sustaining the methano-
genesis process.
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