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Abstract

Pharmaceutical industrial wastewater frequently contains high amounts of phenolic substances, which pose severe
threats to the ecosystem and human health. Therefore, efficient removal of these pollutants is urgently needed. In the
present work, sulfated Lapindo mud (SLM) was prepared using the sonochemical method and applied as an adsorbent
for phenol removal in aqueous media and actual wastewater samples from Code River, Yogyakarta. Modification of
Lapindo mud (LM) using sulfuric acid enables it to remove its impurities, resulting in a material containing 78.4%
silica (SiO2) and 15.3% alumina (Al203). The SLM adsorbent demonstrated sufficient adsorption performance of 49.8%
with an optimal initial phenol concentration of 120 mg/L with a contact time of 100 min at pH of 10. The maximum
adsorption capacity (qmax) obtained by the Langmuir isotherm model was 27.2 mg/g. The adsorption process follows
pseudo-second-order because it has two active sites, Bronsted acid sites (=SiOH and —SO3H) and Lewis acid sites (Si*).
Phenol in base condition undergoes a deprotonation reaction that is stabilized by the acid-active sites of the SLM
adsorbent through intermolecular forces. Considering the large adsorption capacity and quick kinetic, the SLM
adsorbent can be a promising cheap and green material to remove phenolic substances in wastewater, especially in the
river near the medical facility.
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1. Introduction with high mineral content. Chemical analyses
indicate silica (Si0g2) is the predominant mineral,
constituting 53.03%, suggesting its potential as a
silica resource in Indonesia [1]. Silica is widely
utilized as a multifunctional material due to its
unique physicochemical properties,
biocompatibility, low toxicity, and large surface
area [2]. Its surface area and pore structure are

* Corresponding Author. particularly advantageous for adsorption [3].
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The Lapindo mud (LM) disaster occurred on
May 29, 2006, in Sidoarjo, Indonesia, resulting in
extensive environmental, anthropogenic, and
material damage, submerging 1,071 hectares of
land. LM contains a variety of volcanic substances
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However, LM contains impurities that can block
pores and reduce surface area, leaving only
micropores on the material's surface. Materials
with predominantly micropores face challenges in
achieving efficient molecular diffusion [4]. Thus, a
process to remove these impurities is essential.

The modification of LM through sulfation
involves cleaning its surface and mitigating
diffusion limitations. This process has been shown
to enhance mass transfer while maintaining a
large surface area during adsorption [5]. Such
modifications have been successfully tested for the
adsorption of COz gas [6], drugs [7], dye waste [8],
and spent metals [9]. Silica's structure, consisting
of silicon bonded to four oxygen atoms, forms
hydroxyl groups on its surface. It creates polarity,
facilitating strong interactions with polar organic
molecules via hydrogen bonds and dipole-dipole
interactions.

In this study, sulfated Lapindo mud (SLM)
was applied as an adsorbent to remove phenolic
pollutants from pharmaceutical industrial
wastewater. Phenols and their derivatives are
moderately water-soluble pollutants commonly
found in wastewater from various industries.
These compounds are key raw materials for
producing dyes, polymers, pharmaceuticals, and
pesticides [10]. Specifically, phenolic compounds
are used in the pharmaceutical industry as active
ingredients in antipruritic, anti-inflammatory,
analgesic, and  blemish-removal products.
However, their widespread use has led to
significant environmental contamination,
particularly in municipal and industrial
wastewater treatment systems [11]. Phenol's well-
documented toxicity and ability to bioaccumulate
raise significant environmental and health
concerns. Phenol toxicity manifests in both acute
and chronic forms. Acute exposure in humans can
cause symptoms such as dryness in the throat and
mouth, darkened wurine (a result of lipid
peroxidation), and systemic poisoning. Chronic
exposure can lead to anorexia, muscle pain,
headaches, gastrointestinal discomfort, and,
ultimately, cancer. Phenol can also irritate the
skin; prolonged dermal contact may cause severe
damage. Oral ingestion of phenol, even in small
amounts (as little as 1 gram), can result in severe
liver and kidney damage or fatality [12].

Previous studies have explored phenol
adsorption using various adsorbents, including
coal [13], silica-based aerogels [14], high-silica
zeolites [15], activated carbon [11], and biochar-
modified layered double hydroxides [16]. In this
study, we examined the potential of SLM as an
adsorbent for phenol removal in aqueous media,
including a case study using genuine wastewater
samples from the Code River in Yogyakarta.
According to Saraswati et al. [17], the midstream
section of the Code River is polluted due to the
presence of pharmaceutical, laundry, automotive,
and livestock industries. The findings of this study

aim to highlight the potential of Lapindo mud as
a sustainable adsorbent through a simple
modification process, offering a promising solution
for phenol removal and large-scale application in
polluted water sources.

2. Materials and Methods
2.1 Materials

The materials and chemicals used in this
study were Lapindo mud (LM), which was taken
from a radius of + 800 m from the center of the
mudflow in Porong, Sidoarjo, Indonesia; Folin-
Ciocalteu reagent (FC), sulfuric acid (H2SOu,
98%), gallic acid (C7HeOs5), phenol (Ce¢Hs0H),
sodium carbonate (NazCOs), sodium hydroxide
(NaOH), hydrochloric acid (HCI, 37%), and
pyridine (CsH5N, 99%) were obtained from Merck;
GF/F fiber filter paper (47 mm X 0.7 pm;
Whatman, Maidstone, UK) and deionized water
were purchased from CV Fruitanol Energy.

2.2. Preparation of Lapindo Mud

Firstly, LM was washed using deionized
water with a 1:3 (w/v) ratio and stirred at room
temperature for 24 h at 500 rpm. After 24 h, the
mixture was left overnight until the mud
sediment was settled and the deionized water was
replaced with the fresh one. This procedure was
repeated until the pH of the wash water became
neutral. The clean LM was filtered using filter
paper to separate LM from the wash water, and
then LM was dried overnight in the oven at 120
°C. The LM sample was calcined in a muffle
furnace at 500 °C for 3 h. Then, the LM sample
was sieved with a 100-mesh sieve.

2.3. Sulfation of Lapindo Mud

LM that has been washed was mixed with
H2S04 2 M at a ratio of 1:10 (w/v) and sonicated
with an ultrasonic bath for 2 h at room
temperature. The result of this process is called
sulfated Lapindo mud (SLM). The SLM sample
was washed using deionized water until pH
became neutral and then dried in the oven at 120
°C overnight. Lastly, the SLM sample was
calcined in a muffle furnace at 500 °C for 3 h and
was sieved with a 100-mesh sieve.

2.4 Acidity Test of the Adsorbents

The acidity test of LM and SLM was
conducted using the pyridine gravimetric method
in a vacuum vessel. The process began
with preparing a clean and empty porcelain
crucible, which was then placed in an oven at 120
°C for 1 h and labeled as Wi. Subsequently, 0.1 g
of the sample was put into a porcelain crucible,
heated in the oven at 120 °C for 1 h, and labeled
as Wsa. The porcelain crucible containing the
sample was then placed into the vacuum
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vessel, closed tightly, and pyridine vapor was
allowed to flow through. After 24 h, the vessel was
opened, and the sample was immediately
transferred to a desiccator. The crucible
containing the sample was then labeled as Ws. The
acidity of the material (mmol.g1
pyridine) was determined using the following
Equation (1).

(W3-wz)
(W2=W1)MW pyridine

Acidity = x 1000 mmol/g )

2.5. Adsorbents Characterizations

X-ray Fluorescence Spectrometer (XRF,
Bruker, 50 kV, 50 mA, USA) determined the
mineral content in LM and SLM samples. The
functional group identification was carried
outusing a Fourier Transform Infrared
Spectrometer  (FTIR, Shimadzu 82010C,
wavenumber = 400-4000 cm, resolution = 4
cml, 32 scans, Japan). The mineral content and
crystallinity change analysis of the material was
also analyzed by X-ray Diffractometer (XRD,
PANanalytical Empyrean, 40 kV, 40 mA, Cu-Ka =
1.54 A, 26 = 10-80° USA). The Surface Area
Analyzer (SAA, Micromeritics Gemini VII Version
5.03) instrument studied each adsorbent’s surface
area and pore characteristics with a degassing
temperature of 300 °C for 3 h. The morphological
and elemental composition study was analyzed
using a Scanning Electron Microscope coupled
with a Field Emission Scanning Electron
Microscope-Dispersive X-ray spectrometer
instrument (FESEM—-EDX Mapping, JEOL JSM-
6510LA).

2.6. Phenol Adsorption Study

The adsorption experiments were conducted
in a batch container with a stirrer. The
experimental setup is shown in Figure 1. Phenolic
substances were determined using gallic acid as
the standard solution and indicator consisting of
FC reagent that is diluted 10 times and sodium
carbonate  solution  (Na2COs, 7.5%). A
spectrophotometric  method measured the
phenolic compound using an ultraviolet-visible
spectrometer (UV-Vis, Orion Aquamate 8100, A =
760 nm). Wavelength was obtained from the UV-
Vis spectrum at various gallic acid standard
solution concentrations. Several parameters
significantly influence the phenol adsorption
process using the SLM adsorbent. In this
research, the parameters tested are an acid-base
condition of phenol solution, adsorption time
(kinetics), temperature adsorption, and
concentration of phenolic substances to determine
adsorption isotherm models. The adsorption
capacities (qt, mg/g) and percent adsorption (R, %)
of the phenolic compound at equilibrium are
calculated with Equations (2) and (3):

Co—Cp)V
g = 0L @)
R= C"C;C x 100% (3)

where, q¢ (mg/g) is the phenolic compound's
adsorption capacity at time ¢ (min), C, and C.
(mg/L) are the phenolic compound's initial and
equilibrium concentrations, respectively, V (L) is
the solution's total volume, and m (g) is the SLM's
mass.

2.6.1 Optimization of the phenol adsorption
conditions

Firstly, 150 mg SLM was added 25 mL of 150
ppm phenol solution under acid, neutral, and base
conditions. A 25 mL of 0.5 M HCI solution was
used to create an acid condition; for neutral
conditions, 25 mL of deionized water was used,
and 25 mL of 0.5 M NaOH solution was used for
base conditions. The mixture of SLM and phenol
solution was then separated using vacuum
filtration. The filtrated product was added with
FC reagent and tested using a UV-Vis instrument.
The optimal conditions are then re-evaluated by
expanding the pH range under those conditions.

2.6.2 Adsorption kinetics and thermodynamic
study

Adsorption kinetics studies were conducted at
contact times of 10, 15, 30, 45, 60, 100, and 120
min. The adsorption process was performed at
room temperature and optimum conditions. The
adsorption kinetics were studied using two kinetic
models: pseudo-first-order kinetics (Lagergren)
and pseudo-second-order Kkinetics (Ho and
McKay). Meanwhile, for thermodynamic
calculation, we use a variation of temperature.
The adsorption process was conducted with the
temperature variation (30, 40, and 50 °C) in
phenol solution.

2.6.3 Adsorption isotherm models

Adsorption isotherm models were determined
at various phenolic compound concentrations of

(1) Heating mantle

(2) Stirrer

(3) Thermometer

(4) Adsorbent and phenol solution
(5) Batch container

Figure 1. Experimental set-up for phenol
adsorption process.
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20, 40, 60, 80, 100, and 120 ppm. The adsorption
process was performed at room temperature and
optimum  conditions. Adsorption isotherm
phenolic compounds were determined using
Freundlich, Langmuir, and Temkin models.

2.6.4 Application of the SLM adsorbent in Code
River’s water samples

Based on the natural environmental
conditions and the overall layout of the sub-urban
planning, we use the grab sampling method to
collect water samples around the Code River. A
total of 5 sampling sites along the midstream Code
River were selected for this sample collection. The
sample distribution is shown in Figure 2. We
choose only the midstream because of the limited
distance from the medical facility to the river. All
samples were collected on February 10 and 11,
2024. Global positioning system (GPS) was used
to locate the sampling stations during the
sampling process. Water samples were taken 50
cm below the surface level in each sampling site
with 4 L pre-cleaned polyethylene bottles. All
water samples were transported to the laboratory
directly after sampling and kept at 4 °C before
analysis. For the following steps, the samples
were filtered using filter paper in vacuum
filtration to reduce the amount of sedimentation
in the samples. The phenol in the filtrate was then

MAP OF WATER SAMPLING DISTRIBUTION ON THE CODE
RIVER AROUND THE HOSPITAL AREA, YOGYAKARTA
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Figure 2. Map of water sampling in the Code
River, Yogyakarta

analyzed using FC methods and a UV-Vis
instrument.

3. Results and Discussion
3.1. XRF Analysis

Lapindo mud (LM) and sulfated Lapindo mud
(SLM) were characterized using X-ray
fluorescence (XRF) to determine their elemental
composition in the form of oxide compounds. The
results, shown in Figure 3, reveal that silica (SiOg)
and alumina (Al203) are the primary components
of the LM and SLM samples, highlighting their
potential as adsorbent materials for wastewater
treatment. Impurities, such as hematite (Fe20s),
calcium oxide (CaO), and other minerals, were
also identified. These impurities likely originated
from the sedimentation of rocks and mud near the
Lapindo mudflow and from surrounding farmland
[18]. Treatment with sulfuric acid, through
processes such as dealumination  and
demineralization, successfully reduced these
impurities [19]. Consequently, the Si/Al ratio
increased from 2.60 in LM to 4.24 in SLM. The
removal of impurities enhances the adsorption
performance of Lapindo mud, particularly for
phenol, further underscoring the significance of
these findings.

3.2. XRD Analysis

The mineral composition and crystallinity of
LM and SLM were further analyzed using X-ray
diffraction (XRD), with the resulting
diffractograms presented in Figure 4. The
primary peaks correspond to silica (S) ICDD No.
96-900-5021) in quartz minerals and alumina (A)
(ICDD No. 96-901-5977) in corundum minerals.
These findings align with the XRF data,
confirming that SiO2 and Al20s3 are the dominant
mineral components in Lapindo mud [1,20].
Additionally, peaks for impurities such as
magnetite (F) and calcium oxide (C) were observed
in the LM samples. These impurities, located on
the surface of the mud, block the active adsorption

90
s0d 734 = LM
3701 648 “ SLM
& 60 A
£ 50 -
I
'g 40 -
291 20.7
=20 - 153
6.8
10 17 l. 5427 2318
0 ||
Si02 Fe203 ARO3 Ca0 Others
Minerals

Figure 3. Element composition of the LM and SLM
samples obtained by XRF
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sites and reduce adsorption capacity. After
sulfuric acid treatment, the impurity peaks
disappeared in the SLM diffractogram, indicating
their removal. The sonochemical method
employed during this treatment effectively
produced SLM materials with significantly fewer
impurities.

Sulfuric acid treatment also increased the
degree of crystallinity of the LM samples, from
18.71% to 39.76% in the SLM samples. This
improvement is attributed directly to the
treatment, which enhances the specific surface
area and active site distribution of the adsorbent
materials, which are critical factors for effective
adsorption.

3.3. FTIR Study

The Fourier-transform infrared (FTIR)
spectra of LM and SLM are shown in Figure 5. A
broad absorption peak in the 900-1100 cm™
region indicates overlapping vibrations. The peak
at 1000—-1100 cm™ corresponds to the asymmetric

S =Si0,
A =ALO,
F =Fe,0,
C =Ca0

M ”M_j ) s
Mwnd V Mo \ o

Intensity (a.u.)

(a)=LM
(b) =SLM

20(°)

Figure 4. XRD diffractogram of the adsorbents

% Transmittance (a.u.)

L] T L] T T L] L]
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)

Figure 5. FTIR spectra of the adsorbents

stretching vibration of the Si—O-X framework
bond (X = Si or Al) [21], while the 900—1000 cm™
peak represents the symmetric stretching
vibration of bisulfate groups (HSO4") attached to
the silica surface, forming a sulfated silica
structure [22]. Peaks in the 450-800 cm™ range
are attributed to the bending vibration of the Si—
O—X framework bond [23,24]. Additionally, a peak
around 3600 cm™ corresponds to the stretching
vibration of hydroxyl (-OH) groups, originating
from water adsorbed onto the materials or silanol
and aluminol groups. The absorption around 1600
cm™ represents the bending vibration of —OH
groups.

During the sulfation process, Lapindo mud
undergoes dealumination and demineralization,
which release aluminum and other mineral
cations that cover the active sites of the mud. The
sulfate anion (SO4%) plays a critical role as a
ligand, donating free electron pairs from its
oxygen atoms to form coordination bonds with Si4*
cations [25]. This process, coupled with the
extraction of impurities, facilitates the formation
of a sulfated silica polymer on the Lapindo mud's
surface, as depicted in Figure 6. These
modifications enhance the material's properties,
including an increased Si/Al ratio, improved
porosity, and augmented specific surface area,
making SLM a more effective adsorbent [26].

3.4. Acidity Study

The acid sites on the adsorbent are
categorized into Breonsted and Lewis acid sites,
which serve as active sites for phenol adsorption
onto the adsorbent's surface. On the surface of
Lapindo mud (LM), hydroxyl groups in sulfate
(S—-OH) and silanol groups (Si—-OH) act as
Bronsted acid sites, while silica cations (Si**)
function as Lewis acid sites. A noticeable increase
in acidity is observed when comparing LM to
sulfated Lapindo mud (SLM) (see Table 1). Higher
acidity values indicate a greater number of acid
sites on the surface of the adsorbent. This increase
occurs as cationic impurities are removed,
allowing more H* ion exchanges from the sulfate

Bransted acid site

|

HO o OH
F Oxni”
= S \
0~ \ o/
Lewis acid site — Si" e \ / \

VANAN /\

Figure 6. Hypothetic structure of sulfated silica
in the SLM adsorbent
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anion bonded to silica cations. This exchange
creates additional Brensted acid sites within the
silica matrix and facilitates the formation of more
accessible pores, increasing the number of Lewis
acid sites. The sonochemical method, employing
ultrasonic baths, further enhances this process by
generating "cavitation bubbles"—small, transient
gas bubbles that form and collapse in a liquid
under sound waves [27]. This effect provides
optimal energy throughout the system, ensuring
efficient sulfation of Lapindo mud.

3.5. Surface and Pore Characteristics

The nitrogen (N;) adsorption-desorption
isotherm curves of LM and SLM, shown in Figure
7(a), exhibit type IV behavior according to IUPAC
classification, indicative of mesoporous materials
with pore sizes in the range of 2 < d < 50 nm. This
confirms the successful production of mesoporous
silica from Lapindo mud using the sonochemical
method.

The SLM sample displays a more pronounced
and expanded hysteresis loop, particularly at
higher relative pressures (P/P, approaching 1.0),
compared to LM. This suggests the treatment
effectively enhanced the mesoporous structure,
with increased pore size and volume, resulting in
improved adsorption characteristics. In contrast,
the LM sample exhibits a less pronounced
hysteresis loop and a gradual adsorption curve,
indicating less-developed mesopores in the
untreated material. While both samples contain
mesopores, the larger and more open hysteresis
loop in the SLM sample confirms the

Table 1. Acidity value of the adsorbents

enhancement of the mesoporous structure
through sonochemical treatment.

Both samples exhibit minimal adsorption at
low relative pressures (P/P, < 0.01), indicating a
negligible presence of micropores. As the relative
pressure increases to P/Py, ~0.5, a plateau with
hysteresis 1s observed, suggesting multilayer
formation and capillary condensation in
mesoporous and macroporous structures [28].
Additionally, the significant increase 1in
adsorption volume at P/P, close to 1 1is
characteristic of macropores within
aluminosilicate aggregates [29]. The pore size
distribution curves, depicted in Figure 7(b),
further confirm the presence of mesopores in the
2—14 nm range.

The textural properties of LM and SLM are
summarized in Table 2. The SLM sample exhibits
higher specific surface area and pore volume than
LM, attributed to the reduction of mineral
impurities covering its pores during the sulfation
process. However, uneven distribution of sulfate
groups on the silica matrix surface during the
calcination process may result in a decrease in
pore diameter, likely caused by particle
agglomeration on the surface of the SLM
adsorbent.

3.6 Morphological and Elemental Content
Analysis

Field-emission scanning electron microscopy
(FESEM) micrographs of LM and SLM, shown in
Figure 8, illustrate the morphological changes in
the materials. LM displays a non-uniform particle

Table 2. Textural properties of the adsorbents

Sample Acidity (mmol/g pyridine)

LM 0.50
SLM 4.25

(A)

m*/g STP)
n (- -] o
= = = =
1 L L L

.
=
1

e
=
1

Quantity adsorbed (¢

0.0 0.2 0.4 0.6 0.8 1.0

Relative pressure (P/P,)

Sample Specific Total pore  Average pore
surface area volume diameter (nm)
(m2.g™) (cm?.g1)
LM 37.01 0.092 9.91
SLM 78.06 0.118 6.03
0.008 - (B)
—&—LM
—&—SLM
0.007 -
0.006 -
£
5 0.005
s
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Figure 7. (a) N2 adsorption-desorption isotherm profiles and (b) pore diameter distribution curves of the

adsorbents
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size, while the addition of sulfuric acid induces
particle aggregation and increases particle size.
The acid treatment also results in a cleaner
surface for the SLM adsorbent, enhancing its
specific surface area and adsorption capacity.
These improvements make SLM more effective for
phenol adsorption applications, as the removal of
impurities and the creation of additional active
sites significantly enhance its performance.

The results of the energy-dispersive X-ray
(EDX) analysis, used to determine the elemental
composition of the adsorbent materials, are
presented in Table 3. The LM sample contains
significant impurities, including alkaline earth
elements and various metals. These impurities
are significantly reduced following the addition of
sulfuric acid. The EDX results reveal a
dealumination phenomenon, evidenced by a
decrease in aluminum content. The Si/Al ratio of

the SLM sample increases from 2.43 to 4.17,
confirming the removal of aluminum and other
impurities. Additionally, the successful sulfation
process 1s verified by the detection of sulfur
elements in the SLM sample.

3.6 Phenol Adsorption Study

3.6.1 Acid-base condition of phenol adsorption
process using the SLM adsorbent

The acid-base conditions of the system play a
critical role in determining the adsorption
efficiency of phenol on the SLM material. As
shown in Figures 9(a) and (b), basic conditions,
particularly at pH of 10, yield significantly higher
adsorption than acidic or neutral conditions. This
is attributed to the deprotonation of phenol’s
hydroxyl group in basic environments, forming
the phenolate ion, a conjugate base of phenol. This

Figure 8. FESEM images of (a) LM and (b) SLM at 3,000 times magnification

Table 3. Elemental composition of the adsorbents obtained by EDX (nd : not detected)

Element content (wt%)

Sample Si Al S Mg Ca Fe
LM 22.14 9.11 61.95 nd 1.10 1.75 3.95
SLM 27.25 6.53 62.94 3.28 nd nd nd

70 @ T oI5s 1
60 1 54.57 | i 80 56.96
o 49.00 | 70 - (B) -
8501 ! £ 60 52.02
£ 40 | ! . 50 1498 42.54
R : Bl 8 241 | 36.39
3 B
'3 20 I l .§ 30 -
S 1 B il
1 i 31
" 0
T
Acid Neutral Base
e

Reaction condition

Figure 9. (a) Percent adsorption of phenol with different conditions using the SLM adsorbent and (b)

extrapolate in base condition
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transformation increases the phenol's pKa from
10.00 to 10.50 [30]. The phenolate 1on is readily
adsorbed onto the acid sites of the SLM surface. It
interacts with Brensted acid sites via hydrogen
bonding with the sulfate group or with Lewis acid
sites through ionic interactions with silica cations.
In acidic and neutral conditions, phenol remains a
weak acid (pKa ~9.98-10.00), where
deprotonation occurs less frequently, reducing its
adsorption efficiency. Figure 10 illustrates the
deprotonation reaction and the phenol adsorption
process on the SLM adsorbent.

3.6.2 Adsorption kinetics and isotherms of
phenol adsorption

The adsorption kinetics were investigated
using pseudo-first-order (Equation 4) and pseudo-
second-order (Equation 5) models. Figure 11
depicts the effect of contact time on the adsorption
process. Maximum adsorption efficiency (88.52%)
was achieved within 100 min. The limiting factors
in the 10 to 100 min range include saturation of
active sites, intraparticle diffusion, and chemical
interactions. The initial rapid adsorption phase is
followed by slower diffusion of phenol molecules
into the pores, with a gradual decline in

adsorption rate as active sites are occupied. Due
to the reduced availability of unoccupied sites,
chemical interactions between phenol and active
sites on the adsorbent also slow over time.

Adsorption efficiency increased with contact
time but declined slightly at 120 min as the
adsorbent reached saturation. This decline may
result from competitive interactions among
adsorbed molecules. As saturation approaches,
weaker interactions (e.g. van der Waals forces)
may be disrupted, causing partial desorption of
phenol back into the solution. Re-equilibrium
dynamics, where adsorption and desorption
achieve a balance, could also explain the reduction
in efficiency. Additionally, prolonged exposure to
phenol solution may cause minor structural
damage to the adsorbent material.

Table 4 presents the results of the kinetics
parameters of phenolic adsorption on the SLM
adsorbent. The adsorption process of the phenol
compound on the SLM adsorbent followed a
pseudo-second-order adsorption kinetics model
(Ho and McKay) with a linear regression value of
0.99976. The pseudo-second-order kinetic model
reveals that the adsorption kinetics 1is
significantly influenced by two active sites, the

Table 4. Kinetic parameters of phenol adsorption using the SLM adsorbent

Pseudo-first-order

Pseudo-second-order

k1 (min?t) ge (mg.g't) R2 k2 (mg.gl.min?) ge (mg.g't) R2
—0.0062 1.251 0.824 0.0338 29.56 0.9998
OH O
NaOH
phenol phenolate
90
| 52
Bronsted acid site 89 88.03 88.26 88.5
Bronsted acid site 88 -

e (8]
7 %\/
0” \ P Q(,
Lewis acid site /()\ /()\ Lewis acid site
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Figure 11. Variation of contact time in phenol

Figure 10. (a) Deprotonation reaction of phenol and

(b) adsorption of phenol on the SLM material adsorption process using the SLM adsorbent
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Bronsted (—SO3H) and Lewis acid site (Si4*), as
shown in Figure 10. The rate constant value
obtained for phenolic adsorption was 0.0338 mg.g-
Lminl, and the adsorption capacity was 29.56

mg.gl.

Pseudo-first-order equation:
log(ge — q0) = log(qe) — Kyt 4)

Pseudo-second-order equation:
L= (5)

qc K203 de

where, ¢: and ge (mg.g'!) represent the phenolic
compound adsorption capacity at time ¢ (min) and
equilibrium, respectively. k1 (min) and k2 (mg.g
1L min1) are the corresponding rate constants.

The effect of phenol concentration on
adsorption capacity is utilized to optimize the
adsorption process, which aims to determine the
optimum adsorbate concentration. The initial
phenol concentration was varied to 20, 40, 60, 80,
100, and 120 ppm. The adsorption process was
best performed in base condition, 100 min of
contact time, and different initial phenol
concentrations. The effect of the initial adsorbate
concentration on the adsorption of phenol using
the SLM adsorbent is shown in Figure 12.

Figure 12 demonstrates that the initial
concentration of phenol directly influences the
adsorption capacity of the SLM adsorbent.
Adsorption capacity increases with higher initial
concentrations, reaching a maximum at 120 ppm.
At 100 ppm, both adsorption efficiency and
capacity are optimal, with 49.8% of phenol (at an
initial concentration of 120 mg/L) removed within

8

o
(=3

._.
th
Adsorption capacity (mg/g)

-
o

T

T T T T T T 0
0 20 40 60 80 100 120 140
Initial concentration (ppm)

Figure 12. Adsorption efficiency and capacity of
phenol adsorption process using the SLM
adsorbent

100 min. The increasing adsorption capacity
suggests that the phenol adsorption process
adheres to the Langmuir isotherm model
(Equations 6 and 7) rather than the Freundlich
(Equation 8) or Temkin (Equation 9) models. The
Langmuir model indicates a plateau or saturation
in adsorption capacity, consistent with the
observed data [30]. The parameters of the
adsorption isotherm models for phenol adsorption
on SLM are summarized in Table 5. The findings
support the Langmuir model as the most suitable
representation of the adsorption process,
indicating  monolayer  adsorption on a
homogeneous surface with finite active sites.

Langmuir isotherm model:

= (o xe)+ 6)

de N K1.qmax dmax
(7)

R, =
L™ 1+KkLco

Freundlich isotherm model:
logq. = log K; +%10g Ce ()]

Temkin isotherm model:

qe = (%) InAr + (%) InC, 9)
where, the K. (L.mg!) is the Langmuir constant,
RvL is separation factor, Kt (L.g'?) is the Freundlich
constant, Ar (L.g!) is the Temkin isotherm
constant, br is Temkin energy constant (J.molt),
R 1s a 1deal gas constant (8.314 J.K-1.mol1), T is
temperature in Kelvin, and gmax is maximum
adsorption capacity (mg.g1).

The phenol adsorption isotherm follows the
Langmuir model, assuming that the active group
on the surface of SLM is homogenous and forms a
monolayer with the type of chemical bonding
(chemisorption). From Table 5, the large gmax and
K1, values were obtained at 27.17 mg.g-! and 0.05
L.mg1. A higher indicates a higher capacity for
SLM when adsorbing phenol compound. The RL
values indicate the adsorption as unfavorable
when Ry > 1, linear when RL = 1, favorable when
0 < RL <1, and irreversible when R1, = 0. The data
indicates that the value for phenol adsorption on
the SLM surface is 0.20, which suggests that the
adsorption process is favorable.

After identifying the optimal conditions for
phenol adsorption (pH = 10, initial phenol
concentration of 100 ppm, and contact time of 100
min), a performance comparison between LM and
SLM adsorbents was conducted. The adsorption

Table 5. Adsorption isotherm model and parameters of phenol adsorption using the SLM

Freundlich Langmuir Temkin
Kr K G max Kr
R2 R2 br (J.mol'l) R2
Legy " (L.mg)  (mgg?) (Lgn Crd-mel)
1.52 1.96 0.9455 0.05 27.17 0.20 0.9906 5.658 0.53 0.9883
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efficiencies are summarized in Table 6. The
results demonstrate that surface modification
with sulfate groups significantly enhances phenol
adsorption efficiency. This improvement 1is
attributed to the introduction of Brensted acid
sites provided by sulfate groups, whereas the
unmodified LM adsorbent relies solely on Lewis
acid sites represented by silica cations.

3.6.3 Thermodynamics of phenol adsorption
process

The mechanism of the adsorption process can
be determined from the thermodynamic
parameters: free energy (AG°), enthalpy (AH°),
and entropy (AS°). The graphic plot of In (ke/T)
versus 1/T'1s linear, indicated by the R2 value close
to 1 in Figure 13. The values of AH° and AS° are
obtained from the slope and intercept of the
Eyring-Polanyi equation (see Equation 10 and 11)
and Gibbs-Duhem equation (see Equation 12),
where AG®° at various temperatures is shown in
Table 7. The AG® values negative indicates that
the process is spontaneous. Negative values for
AH° and positive values for AS° indicate that the
phenol adsorption process on the SLM material
takes place exothermically with increased
irregularities on the surface.

Eyring-Polanyi equation:

AH
k=" e(=r) (10)
kY _ _ (22 kp) 4 AS
ln(;)— (RT)+ln(h)+R a1
Gibbs-Duhem equation:
AG = AH — TAS (12)

3.6.4 Application of the SLM adsorbent in Code
River’s water samples

The SLM adsorbent was further applied to
wastewater samples collected from the Code
River, Yogyakarta. Sampling was conducted at
five different points near healthcare facilities and
residential areas, strategically chosen for their
potential contributions to phenolic compound
contamination. Table 8 presents the effectiveness
of the SLM adsorbent in reducing phenol levels
from these sampling points. The adsorption
process was conducted under optimal conditions
(100 min at pH of 10) using 150 mg of SLM. Prior
to adsorption, the pH of the river samples was
adjusted from 8.5 to 10 using a weak Dbase
solution. Among the sampling points, Point E
exhibited the highest reduction in phenol levels.
The results indicate that phenolic compound

Table 8. Phenols adsorption in Code River’s water samples using the SLM adsorbent

Coordinate

Initial

Sample (South Latitude, East Dls;gncleffrqlrp concentration édsorptlon
Longitude) medical facility (m) (ppm) (%)

A (-7.769483, 110.370281) 20 8.07 38.51

B (=7.772562, 110.369156) 370 7.30 46.67

C (=7.774661, 110.369435) 630 6.07 60.16

D (=7.776439, 110.370776) 870 5.84 79.39

E (=7.777965, 110.370947) 1120 5.27 82.20

Table 6. Performance comparison of LM and SLM

adsorbent it
Adsorbent Adsorption efficiency + SD
LM 40.71+0.64 82
SLM 76.34 = 0.29 I
g *=0.9993
Table 7. Thermodynamic parameters of phenol =
adsorption process using the SLM adsorbent E 44
1/T (K1) 0.0033 0.00319 0.00309 a3
In (ko/T) 5.957 7.399 8.632
ge (mg/g) 29.56 65.75 84.60 -
R? 0.9993 6.00305 0.0031 000315 00032 000325 00033 0.00335
T (K) 303.15 313.15 323.15 1T (K
AG?® (kd/mol) -173.16 -175.28 —177.40
AH® (kJ/mol) —108.99 Figure 13. The graphic plot of Eyring-Polanyi
AS° (J/K.mol) 0.2117 equation
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concentrations decrease with increasing distance
from the contamination source, enhancing
adsorption efficiency. These findings highlight the
potential of SLM as a promising solution for
mitigating phenolic contamination in water
bodies.

Thermal regeneration was employed as an
effective method to restore the sulfated Lapindo
Mud (SLM) adsorbent after phenolic compound
adsorption. This process involves heating the
spent SLM to temperatures between 300 and 500
°C, enabling the desorption or decomposition of
captured phenolic compounds. The thermal
treatment regenerates the SLM, restoring its
adsorption capacity for reuse. This method offers
significant advantages, including controlled
removal of phenolic compounds and reduced
environmental impact when performed in a
controlled environment, such as a furnace or
reactor. Adherence to environmental regulations
during thermal treatment is crucial to prevent the
release of harmful gases. The regenerated SLM
can be reused in subsequent adsorption cycles,
enhancing process sustainability by minimizing
waste and reducing the demand for new adsorbent
materials.

3.6.5 Comparison of the adsorbent’s
effectiveness with results from previous studies

The findings of this study were compared
with previous research on adsorbent materials,
process conditions, and adsorption capacities, as
summarized in Table 9. The comparison
demonstrates that this study offers a more
selective and effective process for phenol
adsorption. Consequently, the results of this
research present a viable approach for reducing
phenol pollutants in water bodies, contributing to
environmental conservation efforts.

4. Conclusion

In summary, the modification of Lapindo mud
using sulfuric acid as an adsorbent demonstrated
sufficient adsorption performance for phenols,
realizing monolayer maximum adsorption
capacities of 27.2 mg/g, according to the Langmuir
isotherm model. With its swift adsorption of
phenols, high silica content (78.40%), and the
sulfate group layers, the SLM adsorbent is a
promising candidate for wastewater treatment.
The adsorption behaviors and capacities of phenol
under different conditions, especially in pH, were
highly related to their species in the solution
(phenolate ion). Altogether, the results of this
study revealed that the SLM is a highly suitable
adsorbent material for removing phenol from
wastewater, offering a potential solution to
preserve the aquatic environment.
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