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concentrations of 4,000-6,000 mg/L and the potential to form H-S during anaerobic
processes. This study investigated sulfate removal using biochar derived from biogas
digestate. The biochar was produced by carbonization at 600 °C for 1.5 h and applied as
an adsorbent with masses of 1-3 g and contact times of 20—100 min. BET, SEM-EDX,
and FTIR analyses showed that the biochar had a mesoporous structure with a surface
area of 140 m?/g, pore volume of 0.155 cm*/g, pore diameter of 4.43 nm, mineral content
of Ca, K, and Mg, and active functional groups. Adsorption efficiency increased until
reaching an optimum at 2 g adsorbent and 60 min contact time with an efficiency of
88.7605%, then decreased due to adsorption equilibrium and ion competition. Isotherm
analysis indicated that the adsorption process followed the Langmuir model with a
maximum adsorption capacity of 232.558 mg SO+*/g, indicating monolayer adsorption
on a homogeneous surface.
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Contribution to Sustainable Development Goals (SDGs):

SDG 6: Clean Water and Sanitation
SDG 7: Affordable and Clean Energy
SDG 12: Responsible Consumption and Production

1. INTRODUCTION
1.1.  Research Background

Globally, biogas production reached an energy intensity of
120 GW in 2019, with total global capacity standing at
approximately 19.5 GW by the end of 2019. Furthermore, biogas
production increased by 90% compared to the 2010 figure of 65
GW [1]. Generally, biogas is produced from biomass residues
using the anaerobic digestion (AD) process. One of the feedstock
for biogas is distillery spent wash [2].

Distillery spent wash is obtained as a byproduct of the
sugarcane-based bioethanol distillation process; using this waste
as a biogas feedstock can yield 38—40 m® of biogas per 1 m* of
spentwash. The energy generated from this biogas amounts to 169
kW. However, biogas produced from distillery spent wash
contains high levels of H.S [3], [4], [5]. Several methods have
been employed to reduce sulfate content, such as adsorption using
biochar, chemical precipitation, the use of sulfate-reducing

microorganisms, and others [6], [7], [8]. Sulfate adsorption using
biochar can be selected for its relatively low cost, simple process,
and sufficient efficiency in practice.

Several studies have developed research related to the
adsorption of sulphate by using biochar derived from biomass. In
the study conducted by Ge, which used an adsorption process
with activated carbon to reduce sulfur and sulfate concentrations;
obtained an optimal contact time of 60—80 min and an adsorbent
dose of 4 g/L and in the study conducted by Rahmati, which used
an adsorption process with activated carbon to reduce sulfate
concentration; obtained a maximum contact time of 65 min, a pH
of 6, and an adsorbent mass of 5 g/L.

Recent studies have demonstrated that mineral-
rich biochars exhibit considerable potential for sulfate and anion
removal due to the combined effects of surface complexation, ion
exchange, and precipitation mechanisms. Tian et al. reported
that CaCl.-modified kelp-derived biochar showed a high affinity
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for sulfate ions owing to its porous structure, large surface area,
and abundant oxygen-containing functional groups. The presence
of calcium species on the biochar surface promoted sulfate
removal through mineral-assisted adsorption and precipitation
mechanisms.  Similarly, prior reserach demonstrated that
magnesium-loaded  sludge biochar effectively removed
phosphate through ion exchange and surface precipitation
processes involving Mg-containing active sites [9]. These
findings suggest that biochars enriched with alkaline earth metals
can provide additional adsorption pathways beyond conventional
physical  adsorption.  Since  digestate-derived  biochar
naturally contains calcium, magnesium, and potassium minerals,
it may possess similar capabilities for sulfate removal without
requiring extensive chemical modification. However, studies
investigating sulfate adsorption using digestate-derived biochar
remain limited, particularly for the treatment of actual distillery
spent wash wastewater.

1.2.  Literature Review

Distillery spent wash is waste from the bottom product of
bioethanol distillation. This waste is acidic and difficult to
process due to its high content of COD (Chemical Oxygen
Demand), BOD (Biological Oxygen Demand), TSS (Total
Suspended Solid), nitrogen, phenolic compound, sulphate, and
heavy metals (Mn, Fe, Zn, Cd, Ni, and Pb). In addition, spentwash
also contains toxic compounds such as melanoid [3].

Distillery spent wash is a liquid waste generated from the
bioethanol production process and is characterized by a dark
brown color with acidic properties, having a pH range of 3.8—4.0.
Spentwash contains very high organic and inorganic pollutant
loads, as indicated by COD concentrations of 80,000-100,000
mg/L and BOD values of 40,000-50,000 mg/L. In addition, this
waste contains high levels of dissolved and suspended solids,
with TDS concentrations ranging from 95,000-110,000 mg/L and
TSS concentrations of 50,000-55,000 mg/L.

Table 1. Inorganic component of spentwash

No. Parameter Unit quantity

1 Ammonia mg/L 10.000 -12.000
(NH3)

2 Bicarbonate mg/L 12.200
(HCO3)

3 Chloride (CI) mg/L 5.000 — 8.000

4 Sulfate (SO4*) mg/L 4.000 - 6.000

5 Nitrat (NOs") mg/L 6071

6 Phospate mg/L 364
(PO#*)

7 Potassium ppm 870
(K"

8 Sodium (Na®) ppm 1180

9 Nickel, zinc, ppm Below the detection level
copper

Sulfate concentrations in spentwash can reach 4,000—
6,000 mg/L, indicating that sulfate is one of the dominant anionic
pollutants in this wastewater. High sulfate concentrations may
contribute to increased salinity, corrosion potential, and
environmental pollution if discharged directly into water bodies
without proper treatment. Furthermore, spentwash also contains
nutrients and dissolved mineral ions that may affect wastewater
treatment processes. The high concentration of dissolved organic
matter combined with acidic conditions makes spentwash
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difficult to treat using conventional methods alone. Therefore,
additional treatment methods such as adsorption are required to
reduce sulfate concentration and improve wastewater quality
before discharge into the environment. The characteristics of
spentwash demonstrate its high pollution potential and the need
for effective treatment technologies [10].

1.2.1. Biochar

Biochar is a porous carbon-rich solid with a high degree of
aromaticity and strong resistance to decomposition, produced by
the thermal degradation of biomass under limited oxygen
conditions. It can be derived from various feedstocks, including
lignocellulosic and non-lignocellulosic materials such as algae,
animal bones, plants, sludge, fermentation by-products, and
animal manure [11]. Biochar can be produced through several
methods, including slow, intermediate, and fast pyrolysis,
gasification, carbonization, and torrefaction. The production
method influences the resulting biochar properties, such as ash
content, pore structure, chemical stability, and porosity [12].

1.2.2.  Carbonization

Carbonization is a thermal process that converts organic materials
into char, liquid, and gaseous products under limited or oxygen-
free conditions. This process is generally carried out at
temperatures ranging from 600-800 °C to increase carbon content
through the release of non-carbon elements [13]. Similar to
pyrolysis, carbonization produces solid char, liquid compounds
such as tar and organic substances, and gases including Hz, CO,
CO2, and CH4 [14]. The pyrolysis reaction can be expressed as:

CHxOy — niC + n2H2 + n3H20 + n4CO + nsCO2 + neCH4

The resulting char contains high carbon content and is widely
utilized as an adsorbent material due to its porous structure and
surface characteristics [15], [16].

1.2.3.  Adsorption

Adsorption is the process of accumulating substances on the
surface of another material, resulting in a higher concentration of
molecules at the surface than in the bulk phase. In water
treatment, adsorption is commonly performed using activated
carbon as the adsorbent. The interaction between the adsorbent
surface and the adsorbed molecules is generally physical in nature
(physisorption), involving weak van der Waals forces, making the
process reversible and typically occurring at relatively low
temperatures [17].

Adsorption is the accumulation of adsorbate molecules on the
surface of an adsorbent due to intermolecular attractive forces.
Adsorption mechanisms are generally classified into physical
adsorption and chemical adsorption. Physical adsorption involves
weak intermolecular interactions, such as van der Waals forces,
is non-specific, reversible, and may form multilayer adsorption.
In contrast, chemical adsorption involves the formation of
chemical bonds between the adsorbent and adsorbate, making it
more specific, stronger, generally irreversible, and limited to
monolayer formation[18], [19].
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As for the comparison of the two types of adsorption, it
can be seen in Table 2.

Table 2. A comparison of physical and chemical

adsorption
Parameter Physical Chemical
Adsorption adsorption
Interaction Adsorbate molecules  Adsorbate
mechanism are retained on the molecules are bound
adsorbent  surface to the adsorbent
through weak surface through the
intermolecular formation of
forces, mainly van chemical bonds
der Waals
interactions
Adsorption Characterized by Characterized by
energy relatively low higher adsorption
adsorption enthalpy, enthalpy, generally
typically in the range ranging from 40—
of 4-40 kJ/mol 800 kJ/mol
Layer Capable of forming Typically limited to
formation multilayer monolayer
adsorption on the adsorption due to
adsorbent surface specific active sites
Temperature Commonly occurs at May occur  at
dependence relatively low elevated
temperatures, temperatures
usually below the depending on the
boiling point of the activation energy
adsorbate required
Activation Does not require Requires a certain
energy significant activation  activation energy for
energy bond formation
Reversibility  Generally reversible Generally
in nature irreversible due to
strong chemical
interactions
Adsorption Usually occurs at a  Generally proceeds
rate slower rate at a faster rate once
activation energy is
achieved

Table 3. Principles and Mechanisms of Adsorption
No. Mechanisms Principles

1. Ion exchange Ion exchange between ions in solution
and ions bound to the adsorbent
surface. This process is driven by
charge equilibrium and the affinity of
ions for charged sites on the
adsorbent. In anion systems, the
adsorbent typically carries a positive
charge or contains basic groups [20].
Coulombic attraction between
oppositely charged surfaces on the
adsorbent and the adsorbate. This

2. Electrrostatic
attraction

mechanism is strongly influenced by
pH because pH alters the surface
charge of the adsorbent; when the
surface becomes positively charged,
anions are more easily adsorbed, and
vice versa [21].

A mechanism in which metal ions
already bound to the adsorbent
surface act as bridges connecting the
adsorbent to other species, thereby
forming ternary complexes [22].

The principle involves depositing

3. Surface
complexation

4. Co-
precipitation  metal ions together with the adsorbent
matrix, resulting in a more uniform
and stable distribution and the
creation of more active sites [23].
5. Surface This process occurs when the
precipitation  adsorbate forms a solid phase that is
difficult to dissolve on the adsorbent
surface due to changes in solubility

equilibrium [24].

In addition to chemical and physical adsorption, adsorption
mechanisms for both organic and inorganic ions can occur in
several ways, including ion exchange, electrostatic attraction,
surface complexation, coprecipitation, and surface precipitation.

The adsorption of sulfate was partially governed by
electrostatic attraction. At the initial solution pH (5-6),
protonation of hydroxyl-containing functional groups generated
positively charged surface sites capable of attracting negatively
charged sulfate ions. This interaction facilitated the migration of
sulfate ions from the bulk solution toward the biochar surface
prior to stronger chemical interactions such as complexation and
precipitation. The decrease in Ca, Mg, and K
contents observed from EDX analysis suggests that ion exchange
contributed to sulfate removal. Sulfate ions displaced
exchangeable cations associated with mineral phases on the
biochar surface. The release of these cations into solution
created additional adsorption sites and
promoted subsequent sulfate immobilization.
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The exceptionally high calcium content
(37.9 wt%) indicates that  sulfate strongly
influenced by calcium-mediated reactions. Dissolved Ca*" ions
originating from carbonate minerals could react with sulfate ions
to form calcium sulfate deposits on the biochar surface.
Therefore, sulfate removal likely occurred not only through
adsorption but also through simultaneous surface precipitation.
The increase in solution pH together with the abundance of
calcium-containing minerals created favorable conditions for
sulfate precipitation. Under near-neutral and alkaline conditions,
dissolved Ca?*ions could combine with sulfate ions, forming low-
solubility calcium sulfate species that accumulated on the biochar
surface. This mechanism is supported by the sulfur signal
detected in EDX spectra and the appearance of sulfate-related

FTIR bands after adsorption.

removal  was

1.2.4.  Effect of Adsorbant Mass and Contact Time

The increase in biogas digestate adsorbent mass enhanced
sulfate adsorption in spentwash wastewater up to the optimum
dosage. A higher adsorbent dosage provides a greater surface area
and more active adsorption sites, thereby increasing the
probability of interaction between sulfate ions and the adsorbent
surface. However, beyond the optimum dosage, further addition
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of adsorbent did not significantly improve sulfate removal due to
the saturation of active sites and the attainment of adsorption
equilibrium [7].

The adsorption efficiency increased as the contact time
increased because more sulfate ions had sufficient time to interact
with the active sites on the adsorbent surface. At the beginning of
the process, adsorption occurred rapidly due to the abundance of
vacant active sites. The study reported that sulfate removal
continued to increase until reaching equilibrium at approximately
65 min. After this optimum time, the adsorption efficiency
became relatively constant because the active sites of the
adsorbent had become saturated [7].

Although various biochars and activated carbons have been
extensively investigated for sulfate removal, studies utilizing
biochar derived from anaerobic digestion digestate remain very
limited. Digestate is generally regarded as a low-value by-product
of biogas production despite containing naturally occurring
mineral species such as calcium, magnesium, and potassium,
which may enhance sulfate removal through adsorption, ion
exchange, and precipitation mechanisms. Furthermore, most
previous studies have focused on synthetic sulfate solutions under
controlled conditions, whereas information regarding sulfate
removal from real distillery spent wash containing multiple
competing ions is still scarce. Therefore, this study explores the
application of digestate-derived biochar as a low-cost and
sustainable adsorbent for sulfate removal from real distillery
spent wash. The novelty of this work lies in the utilization of
biogas digestate as a biochar feedstock for treating actual
distillery wastewater and in the investigation of the role of
naturally occurring mineral components in sulfate removal. The
scientific contribution of this study is the elucidation of the
relationship between Dbiochar physicochemical properties,
mineral composition, and sulfate adsorption performance through
comprehensive SEM-EDX, BET, FTIR, and adsorption isotherm
analyses. In addition, this work demonstrates a waste-to-resource
approach by converting biogas digestate into a value-added
adsorbent, thereby supporting circular economy implementation
in bioenergy and wastewater treatment systems.

Recent studies have demonstrated the potential of digestate-
derived biochar as an adsorbent for various pollutants, including
phosphate, heavy metals, and organic contaminants. The
adsorption performance of digestate biochar is often attributed to
its porous structure and the presence of naturally occurring
alkaline minerals such as calcium, magnesium, and potassium.
These minerals can participate in ion-exchange reactions, surface
complexation, and precipitation mechanisms, thereby enhancing
the removal of anionic contaminants from aqueous solutions.
Despite these promising characteristics, research on the
application of digestate-derived biochar for sulfate
removal remains scarce, particularly for the treatment of real
industrial distillery spent
wash containing multiple competing ions. Therefore, further
investigation is required to evaluate the adsorption behavior and
sulfate removal mechanisms of digestate-derived biochar under
realistic wastewater conditions.

wastewater such as

1.3.  Research Objective

This study aims to investigate the removal of sulphate in distillery
spent wash using biochar derived from digestate biogas by
considering the influence of adsorbent mass and contact time.

https://doi.org/10.29165/ajarcde.v10i3.1032

2. MATERIALS AND METHODS

2.1. Materials and Tools

In this study, the main materials used were digestate biogas and
distillery spent wash from PT.Enero (Energi Agro Nusantara),
and calcium hydroxide (Ca(OH)2) to increase the pH of distillery
spent wash. The instruments used include a carbonisation process
apparatus, magnetic stirrer, Erlenmeyer beaker, glass beaker,
spatula, watch glass, analytical balance, measuring flask, stirring
rod, measuring cylinder, Petri dish, dropper pipette, pH meter,

and sieve.
3
Ol=Tt—=.
o 1
4
\//
Fig 1. Carbonization Process Appartus Setup
—_— 1
2
3

Fig 2. Adsorption Process Appartus Setup

2.2.  Research Procedure
2.2.1.  Preparation of Biochar from Digestate Biogas

\Wet biogas digestate dried in the sun for approximately + 7
hours until the water content reached <10% by weight. The dried
waste was carbonized in a furnace at 600°C for 1.5 hours. The
carbonized biochar was ground using a grinder and sieved using
a 120-mesh sieve.

2.2.2.  Adsorption of Sulphate from Distillery Spent
Wash

Approximately 50 mL of 0.5 M Ca(OH): solution was added to
the distillery spent wash until its pH reached 5-6. The spent wash
wastewater with adjusted pH was placed into Erlenmeyer flasks,
each containing 100 mL of wastewater, and biogas digestate
adsorbent was added with adsorbent mass variables of 1; 1.5; 2;
2.5; 3 grams. The adsorption process was carried out using a
magnetic stirrer at a stirring speed of 200 rpm with contact times
of 20, 40, 60, 80, and 100 minutes. The adsorption mixture was
filtered to separate the filtrate from the residue using filter paper.
I will schedule some time for us to connect.
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2.2.3.  Analysis of Biochar Derived from Digestate
Biogas

The analysis conducted on biochar derived from biogas digestate
included scanning electron microscopy with energy-dispersive X-
ray spectroscopy (SEM-EDX) to examine and analyze the
biochar surface, Brunauer-Emmett-Teller (BET) analysis to
measure specific surface area and pore size, and Fourier
Transform Infrared (FTIR) spectroscopy to analyze chemical
bonds at specific wavelengths, thereby obtaining characteristic
spectra for each functional group.

2.2.4.  Analysis of Distillery Spent Wash

The analysis performed on distillery spent wash was
spectrophotometry. Spectrophotometry was performed on the
distillery spent wash after pH adjustment and after the adsorption
process to determine the concentration of sulfate ions (SO+*).
The concentration of sulfate ions (SO4>") obtained was used to
calculate the adsorption efficiency.

3. RESULT AND DISCUSSION
3.1.  Characterization of Biochar Biogas Digestate via
Scanning Electron Microscope (SEM) Analysis

e X i

UPN SU3500 10,0kV'0. Tmm x1. 00KSE "
Fig 3. Results of SEM Analysis of Biochar from Biogas
Digestate Before the Adsorption Process, at 1000x
Magnification

OB S13508 10,0k 5 S 00K SE
Fig 4. Results of SEM Analysis of Biochar from Biogas
Digestate After Adsorption at 1000x Magnification

Scanning Electron Microscopy (SEM) analysis was
conducted on biogas digestate biochar before and after the
adsorption process to observe changes in surface morphology.
figure 3 the result SEM before adsorption at 1000x magnification
showed that the biochar surface before adsorption exhibited no
clearly visible pores due to pore blockage by ash and mineral

26 Nadzifah et al.

residues formed during the carbonization process. Thermal
treatment of digestate biochar can produce carbon-rich
byproducts that cover the carbon surface and block pore openings
[25].

Fig 4 the result after adsorption, the biochar surface showed
several pore openings; however, some areas were covered by
adsorbed materials, indicating the attachment of adsorbates onto
the biochar surface. This resulted in a denser and more closed
morphology compared to the condition before adsorption. The
phenomenon may occur because the alkaline minerals present in
the biochar dissolved into the acidic filtrate during the adsorption
process [26]. Compared with the biochar before adsorption, the
post-adsorption biochar exhibited a denser surface morphology
and partial blockage of pore openings. The accumulation of
adsorbed species on the biochar surface likely reduced pore
accessibility and altered the surface texture. Such morphological
changes suggest that sulfate ions and associated mineral
precipitates were retained on the biochar surface during the
adsorption process. These observations are consistent with the
FTIR results, which revealed the appearance and strengthening of
sulfate-related absorption bands after adsorption. Furthermore,
the changes observed in SEM images correspond well with the
EDX results, indicating modifications in elemental composition
caused by sulfate uptake and mineral dissolution.

Table 4. EDX Analysis Results for Biochar from Biogas
Digestate Before and After Adsorption

Element Before Adsorption After Adsorption
Weight Atomic Weight Atomic
% % % %
C 1.96 3.81 4.1 7.41
(0] 41.8 61.09 46.7 63.47
Mg 1.28 1.23 1.17 1.03
Si 5.03 4.18 6.2 4.8
P 0.65 0.49 0.71 0.5
S 1.29 0.94 1.2 0.81
Cl 1.62 1.07 0.77 0.47
K 8.49 5.08 5.09 2.83
Ca 37.9 22.11 33.39 18.11

EDX analysis results indicated changes in the elemental
composition of biochar before and after the adsorption process.
The main detected elements included carbon (C), oxygen (O), and
mineral elements such as Mg, Si, P, S, Cl, K, and Ca. Before
adsorption, the biochar was dominated by oxygen and calcium,
indicating a high mineral and ash content derived from biomass
carbonization. Previous studies reported that digestate-derived
biochar contains mineral phases such as CaCO3, KCl, and CaS
on its surface [25]. After adsorption, the increased carbon and
oxygen contents suggested the attachment of adsorbates onto the
biochar surface. Meanwhile, the decrease in potassium (K),
calcium (Ca), and chlorine (Cl) was associated with the
dissolution of carbonate, bicarbonate, and chloride compounds
under acidic conditions during adsorption [27]. In contrast,
silicon (Si) content increased due to its relatively stable and less
soluble nature. These findings indicate that the adsorption process
involved not only adsorbate attachment but also changes in
elemental composition caused by mineral dissolution.

https://doi.org/10.29165/ajarcde.v10i3.1032
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3.2.  Characterization of Biochar from Biogas
Digestate via Brunauer-Emmet-Teller

Volume Adsorbed @ STP (anig)

Fig.5 Results of the BET Analysis of Biochar from Biogas
Digestate Before Use in the Adsorption Process

BET analysis was conducted to evaluate the pore morphology
of biogas digestate biochar. The adsorption—desorption isotherm
exhibited a Type IV pattern according to the IUPAC
classification, indicating the presence of mesoporous structures
with pore sizes ranging from 2—50 nm [28]. The adsorption curve
showed an increase in nitrogen uptake with increasing relative
pressure, while the desorption curve formed a hysteresis loop,
indicating capillary condensation and differences between
adsorption and desorption pathways in porous materials [29]. In
addition, the presence of low-pressure hysteresis suggested that
some nitrogen gas remained trapped within small pores due to
diffusion limitations or complex pore structures [30]. These
results demonstrate that the biochar possesses a well-developed
porous structure with good potential as an adsorbent material.

Table 5. Volume, Pore Diameter, and Specific Surface Area
Determined by BET Adsorption Isotherms for Biogas Digestate

Biochar
Pore volume Spesific Surface Pore Diameter
(cc/g) Area (nm)
(m%g)
0,155 140 4,43

Based on BET analysis, the biogas digestate biochar
exhibited a specific surface area of 140 m?%g, a pore volume of
0.155 cc/g, and an average pore diameter of 4.43 nm, indicating
a predominantly mesoporous structure [29], [31]. Compared with
previous studies on digestate-derived materials, the relatively
high surface area and pore volume suggest good potential for
enhancing adsorption efficiency [32], [33]. In addition, the
presence of hysteresis loops indicates a complex pore network
with slit-shaped pores. These characteristics demonstrate that
biogas digestate biochar has promising potential as an adsorbent
due to its active surface area and well-developed pore structure.

The favourable textural properties observed in the present
study are consistent with previous investigations of modified and
digestate-derived biochars. Tian et al. reported that sulfate
adsorption performance increased significantly with increasing
surface area and pore development, as these characteristics
enhanced the accessibility of sulfate ions to active adsorption
sites. Likewise, Duong et al. demonstrated that digestate-derived

https://doi.org/10.29165/ajarcde.v10i3.1032

biochar possessing a well-developed mesoporous
structure exhibited improved adsorption performance due to
enhanced mass transfer and greater availability of reactive surface
sites. Therefore, the specific surface area of 140 m? g and
average pore diameter of 4.43 nm obtained in this study are
considered beneficial for facilitating sulfate diffusion and
adsorption within the biochar pore network.

In addition to its favorable textural properties, digestate-
derived biochar offers practical advantages as an adsorbent
feedstock. Digestate is generated in large quantities as a by-
product of anaerobic digestion and often requires further
management before disposal. Converting digestate into biochar
not only reduces waste accumulation but also creates a value-
added adsorbent material. Moreover, the naturally occurring
calcium, magnesium, and potassium minerals identified in the
biochar may contribute to sulfate removal without requiring
additional chemical impregnation, thereby reducing production
costs and improving process sustainability.

3.3.  Characterization of Biochar from Biogas
Digestate via Fourier Transform InfraRed (FTIR)
Analysis

g —

3800 3300 2800 1800 1300 300 300

lnfmrﬂir.snlfeurum (em-1)
Fig 6. FTIR Analysis Curves of Biogas Digestate Biochar
Before and After the Adsorption Process

Fourier Transform Infrared Spectroscopy (FTIR) analysis
was conducted to identify the functional groups present on the
surface of biogas digestate biochar before and after the adsorption
process. The FTIR spectra indicated the presence of several
functional groups, including hydroxyl (O-H), carbonyl (C=0),
aromatic C=C, carbonate (COO-), silicate (Si—O-Si), sulfate
(SO4*"), and metal-oxygen (M—O) bonds. Before adsorption, the
biochar exhibited characteristic peaks associated with hydroxyl,
carbonyl, aromatic, and inorganic mineral groups, indicating the
presence of active surface sites and mineral components [34].

After adsorption, noticeable shifts and intensity changes were
observed in the O-H, C=0, C-0O, sulfate, and mineral-related
absorption bands. Strong absorption peaks in the range of 1200—
1000 cm! and 650600 cm™! confirmed the presence of sulfate
groups, corresponding to asymmetric stretching and bending
vibrations of S=0O and O-S-O bonds. In addition, low
wavenumber peaks associated with metal-sulfur (M-S)
interactions suggested that sulfate ions interacted with metal-
containing active sites on the biochar surface [34].

These spectral changes indicate that adsorption involved not
only physical interactions but also chemical interactions between
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sulfate ions and the functional groups of the biochar. Functional
groups such as O-H, C=0, C-0O, Si—O, and M—O were identified
as important active sites contributing to ion exchange, hydrogen
bonding, and surface complexation during the adsorption process.
The FTIR results obtained in this study are in agreement with
previous findings reported for sulfate-adsorbing biochars.
Oxygen-containing functional groups, particularly hydroxyl (O—
H) and carbon—oxygen (C—O) groups, played important roles in
sulfate adsorption through surface complexation and electrostatic
interactions  (Tian, et al, 2023). Furthermore, the
shifts observed in the Si—-O-Si and sulfate-related absorption
bands suggest that sulfate adsorption was associated with both
functional-group interactions and mineral-assisted mechanisms.
Considering the relatively  high calcium and magnesium
contents identified by EDX analysis, the adsorption process may
also involve the formation of mineral-sulfate associations on the
biochar surface. Similar mechanisms have been reported for
magnesium-enriched biochars, where adsorption occurred
through a combination of surface precipitation, ion exchange, and
complexation reactions.

The observed spectral changes also provide evidence of
sulfate binding on the biochar surface. The modification of O-H
and C=0O absorption bands after adsorption suggests the
participation of oxygen-containing functional groups in sulfate
interactions. Moreover, the increased intensity of sulfate-related
bands indicates the accumulation of sulfate species on the
adsorbent surface, supporting the occurrence of surface
complexation and mineral-assisted sulfate retention mechanisms.

Table 6. FTIR peak assignment before and after sulfate

adsorption
Functional Before After Av (cm)
group adsorption adsorption

(cm) (cm)
O-H 3425.64
stretching
Cc=0 1710.89 1649.17 —61.72
(carbonyl)
Cc=0 1795.76 1796.72 +0.96
C=C aromatic/ 164531 1649.17 +3.86
O-H bending
COO-/ 1416.74 1414.81 -1.93
carbonate
Si-O-Si/ C-O 1154.42; 1208.42;  +54.00; +30.86

1043.51 1074.37
Si-O bending/ 796.61 711.75 —84.86
0-S-0
0-S-0/ M-O  620.12; 569.97 599.87; 574.80 —20.25; +4.83
M-O 446.53; 406.02 455.21; 423.38 +8.68; +17.36

The observed shifts in O-H, C=0, and Si—O-Si absorption
bands indicate that ~ oxygen-containing  functional  groups
played an important role during sulfate adsorption. These groups
may serve as adsorption sites through hydrogen bonding and
surface complexation mechanisms. In addition, the strengthening
of sulfate-related bands after adsorption provides direct
spectroscopic evidence of sulfate accumulation on the biochar
surface. Similar spectral changes have been reported
in previous studies investigating sulfate adsorption onto mineral-
rich biochars and modified carbonaceous materials.

To further correlate FTIR results with sulfate binding,
quantitative analysis of the wavenumber shifts (Av) was
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performed. The broad O-H stretching bands observed before
adsorption disappeared after sulfate uptake, indicating that
hydroxyl groups participated in the adsorption process through
protonation and hydrogen-bond interactions. The disappearance
of these bands suggests that hydroxyl groups acted as active sites
for sulfate binding.

Significant changes were also observed in the carbonyl
region. The absorption band at 1710.89 cm™ shifted to 1649.17
cm™ (Av = —61.72 cm™), indicating that carbonyl-containing
functional groups were involved in sulfate coordination through
surface complexation. In contrast, the peak at 1795.76 cm™
exhibited only a minor shift to 1796.72 cm™ (Av = +0.96 cm™),
suggesting a relatively limited contribution from this carbonyl
environment.

The carbonate-associated band slightly shifted from 1416.74
cm™ to 1414.81 cm™ (Av = —1.93 cm™), indicating possible
dissolution or transformation of carbonate minerals during
adsorption. This observation agrees with the reduction of calcium
content obtained from EDX analysis, suggesting the release of
Ca? ions from mineral phases present in the biochar.

More pronounced spectral changes were observed in the
fingerprint region. The Si—-O-Si/C-O bands shifted from 1154.42
and 1043.51 cm™ to 1208.42 and 1074.37 cm™!, corresponding to
Av values of +54.00 and +30.86 cm™, respectively. These
substantial shifts indicate direct interactions between sulfate ions
and oxygen-containing functional groups through surface
complexation mechanisms.

Furthermore, sulfate-related bands became more prominent
after adsorption. The appearance and strengthening of absorption
bands in the regions of 1208-1074 cm™ and 600-575 cm™
correspond to the asymmetric stretching (S=0O) and bending (O—
S—0) vibrations of sulfate species. The shifts observed from
620.12 to 599.87 cm™ (Av = —20.25 cm™) and from 569.97 to
574.80 cm™ (Av = +4.83 cm™) provide direct spectroscopic
evidence of sulfate accumulation on the biochar surface.

Therefore, the quantitative FTIR analysis confirms that
sulfate adsorption involved not only physical interactions but also
chemical interactions through oxygen-containing functional
groups and mineral-associated sites. The disappearance of O-H
bands, shifts in C=O and C-O bands, and the strengthening of
sulfate vibration bands strongly support the occurrence of surface
complexation during the sulfate adsorption process.

3.4. Effect of Mass Adsorbent and Contact Time on
the Increase in pH Solution

Based on the results of pH measurements of the solution after
the addition of adsorbent at various contact times, it was found
that the pH of the solution increased with increasing adsorbent
mass and contact time. The initial pH of the solution was 6
(acidic) and increased to >7 (basic), where with the addition of 1,
1.5, 2, 2.5, and 3 grams of adsorbent mass and a contact time of
20, 40, 60, 80, and 100 minutes, the pH increase per variable was
6.95-7.68, 7.05-7.79, 7.24-7.83, 7.28-8.12, and 7.33-8.21. The
increase in solution pH was caused by the presence of carbonate
mineral compounds (CaCO3, MgCO3, MnCO3, and K2COs3) in the
biochar formed during the carbonization process. The increase in
solution pH occurs in several stages : the dissolution of carbonate
minerals into constituent ions, the reaction between carbonate
ions (COs*") and hydrogen ions (H") or water (H20), and the
formation of basic compounds due to the bonding of mineral ions
with hydroxide ions (OH"). The reaction of carbonate ions with
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water occurs due to the depletion of hydrogen ions in the solution
[27], [35]. The three phenomena that occur during the increase in
pH solution caused by the addition of adsorbent can be explained
by the following reactions.

Table 7. The Effect of Adsorbent Mass per Contact Time on the
Increases in pH Solution

Adsorbent Mass Contact Time pH Solution

(& (min)

1 20 6,95

40 7,18

60 7,32

80 7,57

100 7,68

1,5 20 7,05

40 7,28

60 7,44

80 7,69

100 7,79

2 20 7,24

40 7,35

60 7,57

80 7,77

100 7,83

2,5 20 7,28

40 7,41

60 7,62

80 7,83

100 8,12

3 20 7,33

40 7,51

60 7,73

80 7,87

100 8,21

https://doi.org/10.29165/ajarcde.v10i3.1032

In pH <7 (acidic)
X2C03 — 2X*+ COs*
XCO3 — X*" + COs*
COs* + H" — HCO»
HCO; + H" — H20 + CO2

In pH > 7 (basic)
X>C03 — 2X'+ COs*

XCO3 — X'+ COs>
COs* + H20 — HCO3 + OH-
X*+HCOs — XHCO3
X*+ OH —»XOH
X2+ 2HCO3 — X(HCO3)2

X2* + 20H —X(OH)2

3.5. Effect of Mass Adsorbent and Stirring Time on
Adsorption of Sulphate
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Fig 7. Correlation between Adsorbent Mass (gram) per Contact
Time (minutes) and Adsorption Efficiency (%)

The influence of contact time and adsorbent mass on sulfate
adsorption efficiency was further assessed using a two-way
ANOVA without replication. This statistical approach was
employed because each experimental condition was conducted
only once. The results showed that both contact time and
adsorbent mass significantly affected sulfate removal
efficiency showed that both contact time and adsorbent mass
significantly affected sulfate removal efficiency. Contact time
produced an F-value of 14.367, which exceeded the critical F-
value of 3.0069, with a p-value of 3.67 x 107°. Similarly,
adsorbent mass yielded an F-value of 10.638, which was also
higher than the critical F-value, with a p-value of 2.12 x 10™.
Since the p-values obtained for both factors were lower than 0.05,
the null hypothesis was rejected, indicating that variations in
contact time and adsorbent mass significantly influenced sulfate
adsorption efficiency.

Furthermore, the higher F-value observed for contact time
compared with adsorbent mass suggests that contact time exerted
a stronger influence on sulfate removal under the investigated
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conditions. This result indicates that the duration of interaction
between sulfate ions and the active sites of digestate-derived
biochar plays a critical role in determining adsorption
performance. These statistical results are consistent with the
experimental observations, where sulfate adsorption efficiency
increased with increasing adsorbent mass and contact time
until optimum conditions were achieved at an adsorbent dosage
of 2 g and a contact time of 60 min. Adsorption efficiency is
influenced by the solution pH, the presence of dissolved minerals
(Ca*", Mn?*, Mg?*, and K*), functional groups at active sites, and
the presence of other anions such as HCOs~, PO+*", NOs~, and
Cl.

Table 8. Results of Anova Two Ways Without Replications

SUMMARY  Count Sum Average  Variance
20 5 430.4183 86.08365 0.892988
40 5 4342699 86.85399 1.553645
60 5 4404944 88.09888 0.166671
80 5 4345274 86.90548 0.201443
100 5 4319738 86.39475 0.185657
1 5 431.2282 86.24563 1.158369
1.5 5 4349373 86.98746 0.456532
2 5 438999  87.7998 0.436768
2.5 5 4354426 87.08851 0.905073
3 5 431.0767 86.21535  0.80789

Source of

Variation  SS df  MS F P-value  F crit

Contact

Time 11.779 4 2944 14367 3.671E-05 3.0069
Adsorbant

Mass 8.722 4 2.180 10.638 0.0002117 3.0069
Error 3.279 16 0.204

Total 23.780 24

At acidic pH, the protonation of functional groups and the release
of mineral ions can trigger the formation of precipitates both on
the adsorbent surface and within the solution due to interactions
between mineral ions and sulfates [9], [27], [35]. Protonation also
causes functional groups to lose their ability to form complexes
with anions and minerals [36]. At neutral to basic pH,
deprotonation of functional groups supports complexation and
precipitation between functional groups, minerals, and anions [9],
[37]. However, under basic conditions, the formation of OH™ and
HCO:s™ ions from the reaction of carbonate ions with water can
reduce the number of available mineral ions due to competition
among anions [27], [38], [39].

Overall, the increase in sulfate adsorption efficiency
can be attributed to the combined effects of surface precipitation,
ion exchange, and electrostatic interactions between sulfate ions
and the mineral-rich biochar surface. The presence of alkaline
mineral species such as Ca?", Mg?*, and K* in digestate-derived
biochar promotes sulfate removal through the formation of
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insoluble sulfate precipitates and ion-exchange reactions. As the
adsorbent dosage and contact time increase, more active sites and
mineral species become available, enhancing sulfate uptake.
However, further increases in adsorbent dosage may reduce
adsorption efficiency due to competition from coexisting anions,
including HCOs~, PO+*~, NOs~, and CI~, which consume available
mineral ions and occupy reactive sites. In addition, excessive
contact times may lead to adsorption equilibrium and partial
desorption of sulfate ions, resulting in a decline in overall removal
efficiency [40].

Unlike many conventional biochars that require chemical
modification to enhance anion adsorption, digestate-derived
biochar inherently contains substantial amounts of alkaline
minerals such as Ca, Mg, and K. These naturally occurring
minerals facilitate sulfate removal through precipitation and ion-
exchange mechanisms without additional chemical
treatment. Therefore, digestate-derived biochar represents a
promising low-cost adsorbent for sulfate removal while
simultaneously supporting waste valorization and circular
economy principles.

3.6. Adsorption Kinetic
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Fig 8. Pseudo First Order (PFO) Kinetic for Sulfate Adsorption
from Distillery Spent Wash
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Fig 9. Pseudo Second Order (PSO) kinetic for Sulfate
Adsorption from Distillery Spent Wash

Table 9. The Value of R?, Slope and Intercept of Each Kinetics
Pseudo First Order (PFO) Pseudo Second Order (PSO)

R? Slope Inter cept R? Slope Inter cept

0,515 -0,006 2,875 1 0,006 0,002
0,832 -0,063 1.642 0,999 0,002 0,0006
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Based on the kinetic calculations and graphical
representations, the slope, intercept, and coefficient of
determination (R?) values were obtained for both the pseudo-first-
order (PFO) and pseudo-second-order (PSO) kinetic models. The
slope and intercept values were derived from the linear equation,
y = mx + b, while the R? values were obtained through linear
regression analysis. The PFO model is represented by the
equation In(Qe — Qt) =In(Qe) — kit, whereas the PSO model is
represented by t/qt = 1/(k=Qe?) + t/Qe. For the PFO model, the
calculated ki values were 0.0064 and 0.0063 min™', while the
corresponding Qe values were 17.7307 and 5.1639 mgg™. In
contrast, the PSO model yielded k- values of 0.0187 and 0.0060
g mg' min™', with Qe values of 172.4140 and 526.3160 mg g™,
respectively. The ki and k. values represent the adsorption rate
constants of the PFO and PSO models[41].

Based on the kinetic parameters obtained, the PSO model
provided Qe values that were closer to the experimental
adsorption capacity than those predicted by the PFO model. In
addition, the PSO model exhibited a higher coefficient of
determination (R?), indicating a better fit to the experimental data.
These findings suggest that sulfate adsorption onto biogas
digestate-derived ~ biochar  is predominantly  governed by
chemisorption mechanisms involving electron sharing or
exchange between sulfate ions and active sites on the biochar
surface [9]. Furthermore, the adsorption process may involve
interactions occurring both on the external surface and within the
pore structure of the adsorbent [42].

3.7.  Adsorption Isotherm
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Table 10. Slope, Intercept, and R? Values from the Langmuir
and Freundlich Adsorption Isotherms for Sulfate Adsorption

Adsorption Slope Intercept R?
Isotherm

Langmuir 0,0043 -0,3747 1
Freundlich -0,1368 6,4757 0,9995

Based on the calculation results and graphical representation
of the adsorption isotherms, the slope, intercept, and R? values
were obtained for the Langmuir and Freundlich isotherm models.
The slope and intercept values were obtained from the linear
equation y = mx + b, while the R? value indicates the level of
linearity of the data. The Langmuir isotherm model is represented
by the equation Ce/Qe = 1/b.Qm + Ce/Qm while the Freundlich
isotherm model uses the equation In Qe =In K + 1/n In Ce.

However, both isotherm models yielded physically
unrealistic parameters, including a negative Langmuir constant
and a negative Freundlich adsorption intensity parameter. This
outcome may be attributed to the limited equilibrium dataset,
which was obtained wusing only a single initial sulfate
concentration and varying adsorbent dosages. Consequently, the
assumptions required for reliable isotherm modeling may not
have been fully satisfied. Therefore, the evaluation of isotherm
suitability was limited to the coefficient of determination (R?),
while error-based statistical analyses were not necessarily
performed. The Langmuir and Freundlich models produced R?
values of 0.7669 and 0.7492, respectively. Although the
Langmuir model exhibited a slightly higher R? value,
the relatively low coefficients of determination and the
unrealistic model parameters indicate that neither model
adequately described the equilibrium adsorption behavior.
Nevertheless, the slightly better fit of the Langmuir model
suggests a tendency toward monolayer adsorption on
energetically similar adsorption sites [42].

4. CONCLUSION

The adsorption efficiency of sulfate generally increased with
increasing adsorbent mass and contact time, but decreased after
reaching the optimum condition due to adsorption equilibrium.
The best adsorption performance was achieved using 2 g of
adsorbent with a contact time of 60 minutes. Isotherm analysis
showed that the adsorption process was better represented by the
Langmuir model, with a lower error percentage (0.2237—
0.2952%) compared to the Freundlich model (14.0421—
16.4118%). BET characterization of the biochar revealed a
surface area of 140 m?/g, pore volume of 0.155 cc/g, and pore
diameter of 4.43 nm. The findings demonstrate that digestate-
derived biochar is not only an effective adsorbent for sulfate
removal but also a promising waste-to-resource material that
supports circular economy implementation through the
valorization of biogas digestate.

In addition to its adsorption capability, the utilization of
digestate-derived biochar contributes to sustainable waste
management by converting biogas residues into value-added
adsorbent materials. This approach supports circular economy
principles by simultaneously addressing waste valorization and
industrial wastewater treatment challenges.
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