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ABSTRACT

Oil contamination presents a major challenge to wastewater treatment systems due to its detrimental effects. This
research explores the effectiveness of activated carbon derived from tamarind fruit shells as an adsorbent for
removing oil from wastewater. The activated carbon was prepared using three different chemical agents:
phosphoric acid, zinc chloride, and sodium hydroxide. Characterization of the resulting carbon materials was
performed using XRD, FTIR, SEM, and BET analysis. Batch adsorption experiments were conducted to evaluate
the influence of initial oil concentration, adsorbent dosage, contact time, temperature, and pH. The BET specific
surface area, pore size and total pore volume for the optimum adsorption capacity of activated carbon using H;PO4
are obtained at 617.59 m?.g!, 37.14 cm®.g”! and 0.812 g.g"!, respectively. Optimal adsorption occurred at an oil
concentration of 5000 mg.L-!, a dosage of 1 g.L"!, a contact time of 60 minutes, a temperature of 60°C, and neutral
pH (7). Across all activating agents, the Langmuir isotherm best described the adsorption equilibrium, while
adsorption kinetics followed the pseudo-second-order model. Among the samples, activated carbon treated with
H3PO4 demonstrated the highest adsorption capacity (1070 mg.g™!), followed by ZnCl, (879 mg.g™"), and NaOH
(643 mg.g"). These results indicate that tamarind shell-derived activated carbon is a cost-effective and efficient
solution for oil removal in wastewater treatment applications.

Keywords: activated-carbon, adsorption, chemical activation, isotherm, lubricant oil, tamarind shell.

1. INTRODUCTION

Southeast Asia has become a major force in
the global automotive industry, accounting
for the largest share of the region’s overall
manufacturing output [1,2]. Indonesia is one
of the country in Southeast Asia holds the
largest market share in automotive sector,
with annual vehicle production reaching
approximately 2 million units [3]. The rapid
growth in automobile manufacturing and
ownership has led to a notable increase in the
number of automotive repair facilities. These
repair services typically involve routine

maintenance operations such as engine
repairs and oil changes. Such activities
frequently produce various types of waste,
including wused lubricants, wastewater,
hazardous solid waste, and exhaust emissions
[4]. Among these, oil and heavy metals is
common  byproducts of  automotive
maintenance pose a significant risk of
contamination to soil and water resources [5].
Automotive repair activities generate various
pollutants including spent lubricants, heavy
hydrocarbons (such as tar, grease, and
diesel), emulsified oils, suspended solids, and
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heavy metals [6] which can contaminate
water sources and contribute to the formation
of oily wastewater. The release of such
wastewater into the environment poses a
serious threat to aquatic ecosystems. When
oil forms a surface layer on water bodies, it
obstructs oxygen transfer from the
atmosphere, resulting in reduced dissolved
oxygen levels [7]. Additionally,
polyaromatic hydrocarbons (PAHs)
commonly found in oily wastewater can
inhibit plant growth and are known to have
carcinogenic properties [8]. Various methods
are available for removing oil contaminants
from oily wastewater, including biological
treatment [9], membrane separation [10],
coagulation-flocculation [11], and adsorption
[12]. Among these, biological treatment is
environmentally sustainable but requires
long retention times and is challenged by the
toxicity of hydrocarbons to microorganisms.
While membrane technologies offer high
removal efficiency, they are often cost-
prohibitive. Chemical process such as
coagulation-flocculation methods, though
effective, generate chemical sludge that can
pose environmental hazards. Adsorption
stands out as a highly efficient and widely
used technique, primarily due to the
exceptional surface area and porosity of
activated carbon, which enhances its capacity
to trap oil. To reduce costs, researchers have
explored the production of activated carbon
from agricultural biomass waste as an
alternative  to  commercial  variants.
Agricultural waste-derived adsorbents are
favored for being abundant, eco-friendly, and
locally accessible. Previous studies have
demonstrated the potential of such materials
including eggplant [13], eucalyptus bark
[14], banana peels [15], and corn stalks [16]
in effectively adsorbing oil from oily
wastewater. In this context, activated carbon
has been widely recognized as a highly
effective adsorbent for oil removal from
aqueous environments.

The effectiveness of activated carbon is
primarily attributed to its exceptionally high
surface area, extensive porosity, and strong
chemical affinity for organic compounds,
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including hydrocarbons. These properties
enable it to adsorb large quantities of oil by
providing abundant active sites for
interaction and retention. The microporous
and mesoporous structures of activated
carbon facilitate the diffusion of oil
molecules into its internal pores, thereby
enhancing adsorption capacity. Additionally,
its surface chemistry can be tailored through
physical or chemical activation processes to
improve selectivity and performance in
specific applications.

Despite its widespread use, the performance
of activated carbon can vary significantly
depending on its source material and
activation method. This study explores the
preparation and characterization of activated
carbon derived from tamarind fruit shells,
with the aim of optimizing its structure and
surface properties for efficient oil adsorption.
Tamarind is a tropical plant native to South
and Southeast Asia, widely cultivated for its
fruit, which is commonly used in food and
pharmaceutical industries. After processing
the fruit, the tamarind shells are typically
discarded as waste. However, due to their
abundance and low cost, these fruit shells
offer promising potential as adsorbents for
wastewater treatment. Prior studies have
demonstrated that chemically activated
tamarind shells are effective in adsorbing
heavy metals [17,18], dyes [19], and fluoride
[20] from aqueous solutions. Chemical
activation, using either acids or bases,
enhances the adsorption characteristics of
carbon materials. For instance, phosphoric
acid (HsPO.) improves adsorptive efficiency
[21], while sodium hydroxide (NaOH) and
zinc chloride (ZnClz) enhance surface area
and  microporosity, thereby boosting
adsorption performance [22].

Despite several studies on adsorption using
chemically activated tamarind shells, there is
anotable lack of research on their application
for oil removal from oily wastewater and the
influence of different activating agents. This
study, therefore, aims to evaluate the
effectiveness of tamarind shell-derived
activated carbon in oil adsorption and to
investigate how various chemical activation
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agents impact its performance. By
understanding the relationship between
activation parameters and adsorption
efficiency, this research contributes to the
development of sustainable and high-
performance adsorbents for oil spill
remediation and wastewater treatment.

2. RESEARCH METHODS

2.1. Adsorbent Preparation

Tamarind fruit shells were sourced from
agricultural land in North Penajam. The
shells were thoroughly washed and ground
into powder form. To remove impurities, the
powdered material was soaked in a 0.5 M
hydrochloric acid (HCl, Supelco, 37%)
solution for 3 hours. After acid treatment, the
sample was rinsed with demineralized water
and oven-dried at 110°C for 3 hours to
eliminate moisture. Carbonization was
carried out at 500°C for 4 hours in a furnace,
after which the resulting carbon was sieved to
obtain particles of 60 mesh size. The
tamarind-derived carbon was then subjected
to chemical activation using phosphoric acid
(HsPO4, Sigma-Aldrich, 99.99%), zinc
chloride (ZnCl., Supelco, 98%), and sodium
hydroxide (NaOH, Supelco, 99.99%). For
activation, 10 grams of carbon were
immersed in each activating solution ata 1:20
weight-to-volume (w/v) ratio for 24 hours.
After activation, the carbon was washed with
demineralized water until a neutral pH was
achieved, then dried again at 110°C for 3
hours to obtain the final activated adsorbent.

2.2. Adsorbent Characterization

A series of characterization techniques were
conducted to evaluate the properties of the
prepared samples. Surface morphology was
examined  using  scanning  electron
microscopy (SEM, Thermoscientific, Type
phenom pro-X) at an accelerating voltage of
15 kV. To identify chemical bonds, Fourier-
transform infrared spectroscopy (FTIR,
Perkin Elmer Spectrum BX) was performed
using KBr pellet samples, scanning in the
range of 400 to 4,000 cm™. The crystalline
structure was determined via powder X-ray
diffraction (XRD) using a PAN-analytical
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X’Pert Pro-diffractometer with Cu-Ka
radiation (40 kV, 40 mA) and a 20 scanning
range from 10° to 100° at a resolution of
0.05°. Lastly, the specific surface area (SSA)
was assessed using Brunauer—Emmett—Teller
(BET) analysis (NOVA 4200-E), based on N2
adsorption/desorption isotherms at 77 K,
after pre-drying the samples at 200 °C in a
nitrogen atmosphere for 3 hours.

2.3. Adsorption Studies

Batch  adsorption  experiments  were
performed using synthetic oily wastewater
prepared by adding used lubricant oil
collected from automotive repair stations into
demineralized water. Each experiment was
conducted in a 250 mL volume of the
synthetic oily wastewater. Key operational
variables included an initial oil concentration
ranging from 5000 to 15,000 mg.L"!, contact
times from 0 to 60 minutes, adsorbent
dosages between 0.5 and 1.5 grams,
temperatures ranging from 30°C to 70°C, and
pH levels between 4 and 7. The effect of the
initial oil concentration experiment was
investigated using a dose of 1 gram per 250
mL with a contact time of 60 minutes. A
batch experiment under different contact
times was carried out to determine the
equilibrium time of oil adsorption. During the
batch experiment, the dose of 1 gram per 250
mL, with an initial concentration of 5000 mg.
L', was kept constant. The effect of dose
studies was conducted using a 250 mL
solution with 5000 mg of an initial oil
concentration, mixed at a rate of 800 rpm for
60 minutes. The dose of 1 gram per 250 ml,
initial oil concentration of 5000 mg.L!, and
contact time of 30 minutes were used to
investigate the effect of temperature on oil
adsorption. The effect of pH experiments was
carried out in a dose of 1 gram per 250 mL,
with an initial concentration of 5000 mg.L"!,
and a contact time of 1 hour. The activated
carbon adsorbent was introduced into the
solution and agitated using a magnetic stirrer
at 800 rpm to ensure uniform mixing.
Following the adsorption process, the
mixture was centrifuged at 2500 rpm for 15
minutes to separate the solid adsorbent from
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the solution. The resulting precipitate was
then dried in an oven at 110°C for 1 hour. Oil
adsorption capacity was quantified through
gravimetric analysis. The adsorbed oil onto
adsorbents was calculated using equation (1),
and the oil adsorption capacity was
determined using equation (2).

Oil removal efficiency (%) = %xm()% (1)

= )

my

Oil adsorption capacity (i) =

where the mr (gram) is the mass of adsorbed
oil on adsorbents, and m, (gram) is the mass
of initial oil in solution (gram). The m,
corresponds to the mass of adsorbents before
adsorption in grams.The obtained data was
modeled using Freundlich and Langmuir
isotherm based on linearization equations (3)
and (4) [23,24].

InC=-InC, +InK; 3)
C C 1

B A 4
4. 9, Krqy, )

where Ce (mg.L!) is the final concentration
at equilibrium. The adsorbent absorbs the
amount of solute at equilibrium, which is

described as q. (mg.g!'). K¢ and % are

Freundlich  parameters that represent
adsorption capacity and adsorption intensity.
The Langmuir constant of qm is adsorption
capacity, and K¢ reflects adsorption affinity
energy. The separation factor (Rp) is
calculated based on equation (5) [24]. Co
(mg.L!) is the solute initial concentration.
The isotherm parameters were determined
and calculated using slope and intercept of
isotherm plotting
1

L™ Tk, (3)
Kinetic adsorption of the pseudo-first-order
and the pseudo-second-order was determined
by equations (6) and (7), respectively [25].
In(q,-q,) =Inq,- kit (6)

(7

t t 1

9 9. kg2

where the constant of q; represents the
amount of adsorbate per adsorbent in t
(minute) time. The amount of adsorbed
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adsorbate per gram of adsorbents in
equilibrium is symbolled as q. (mg.g™!). The
parameters of ki and k» show the pseudo-
first-order and pseudo-second-order constant
rates. The pseudo-first-order graph was
plotted in time (minutes) versus In (qe-q).
The correlation between time (minutes) and

t . . .
7 Was drawn to describe adsorption in the
t

pseudo-second-order.

3. RESULTS AND DISCUSSION

3.1. Adsorbent Characteristics

Figure 1 shows the surface morphology of the
adsorbent from the tamarind fruit shell before
and after activation with chemical agents.
Adsorbent without chemical activation had a
solid structure and a small pore. Chemical
activation created the honeycomb formation,
the porous structure, and the gap between
pores becoming small.

e —
Activated- H;PO, (b) [ Activated- NaOH = (c)
i =t} '& e -

” U Activated- ZnCl,

e i

Figure 1. Morphology of adsorbents from
tamarind fruit shell with activation (a) using
H3POys; (b) using NaOH; (¢) using ZnCly; and
(d) without chemical activation.

The morphology surface of the activated
carbon, likely resulting from the chemical
activation process using H3PO4, NaOH, and
ZnCl, was shown in Figure 1 (a-c). Figure 1
(a and b) shows that H3PO4 and NaOH-
activated carbon had a larger pore size and a
thicker pore channel compared with ZnCl,-
activated carbon. The activation of carbon
using H3POs4 and NaOH promoted the
formation of a porous structure, leading to

pore development. These large pores
contributed to an increased surface area, as
previously reported. The results are
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consistent with findings from earlier studies
[26,27]. The generation of more porous
structures is caused by the diffusion of H3PO4
and NaOH into the organic material, which
leads to the basic and acid-carbon reaction
[28]. The formation of phosphate and
polyphosphate stimulates the dilation process
that develops pore structure after acid
elimination [29]. Moreover, the solid
structure was formed because the phosphate
ester layer can avoid excessive burn-off
during activation [30]. While, uneven pore
structure formation of ZnCl; activated carbon
as shown in Figure 1 (c¢) is contributed by
corrosive hydroxy dichlorozinc acid, a salt
and water reaction product [31].

Table 1 depicts the oil adsorption capacity of
activated carbon synthesized using three
different chemical activating agents:
phosphoric acid (AC-HsPO.), sodium
hydroxide (AC-NaOH), and zinc chloride
(AC-ZnCl). For each sample, the adsorption
process was observed at intervals of 10, 20,
30, 40, 50, and 60 minutes. The clarity of the
oil-contaminated water gradually increases
over time for all activators, indicating
progressive oil removal. Among the three,
AC-Hs;PO4 shows rapid adsorption with a
clear solution achieved by 30 to 40 minutes,
suggesting high adsorption efficiency. AC-
NaOH exhibits slower oil removal, with
significant turbidity still observed up to 30
minutes, although clarity is achieved by 60
minutes. AC-ZnCl: shows intermediate
performance with oil visibly reduced by 30
minutes and nearly complete removal by 50
to 60 minutes. This visual evidence supports
the comparative effectiveness of activation
agents in producing porous activated carbon
suitable for oil adsorption, with phosphoric
acid-treated carbon performing most
efficiently under the tested conditions.
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Table 1. Photographic comparison of oil
adsorption performance using activated
carbon (AC) prepared with different
chemical activating agents (HsPO., NaOH,
ZnCl.) over varying contact times (10 to 60
minutes).

Activator agent Photograph 'of oil adsorption using
activated carbon
AC-H;PO,
AC-NaOH
AC-ZnCl,

Initially, oily wastewater had a distinctly
black colour due to the presence of the used
lubricant. Even after treatment, the treated
oily wastewater using NaOH-activated
carbon still retained a black colour, indicating
that the significant oil content remained in the
solution. Nevertheless, wastewater after
treatment using H3PO4 and ZnClz-activated
carbon exhibits a much clearer solution than
treatment using NaOH, even only after 10
minutes of treatment. The clearness level
between the solution after treatment using
H3PO4 and ZnClr-activated carbon was not
easily distinguishable. However, the oil
removal efficiency data show that the treated
solution with H3POs achieved the highest
removal efficiency.
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presence of a hysteresis loop, which results
from  capillary  condensation  within
mesopores and leads to limited adsorption at
higher relative pressures. The pore size
distribution, ranging from 2 to 20 nm as
shown in Figure 2 (a—c), confirms the
mesoporous structure of the material. BET
analysis data such as pore size, specific
surface area, and pore volume are presented
in Table 2. From BET results confirmed that
the SEM analysis image, and that the
tamarind shell H3POs-activated carbon had a
larger pore size and higher specific surface
area. Using H3POs, NaOH and ZnCl,
activated carbons had pore sizes of 37.14;
31.43; and 29.27 nm, respectively. The
increase in pore size led to an increase in the
specific surface area (SSA) of adsorbents.
SEM analysis confirms the development of
carbon pores following activation with three
different agents (i.e., HsPOs4, NaOH, and
ZnClz). The N> adsorption at low relative
pressures  suggests the presence of
predominantly microporous structures. The
spesific surface area of activated carbon
using H3PO4, NaOH and ZnCl> determined
by the BET method is 617.59 m’.g! and
42241 m’.g!', 576.33 m’g!, respectively.
The results showed that the activated carbon
with H3POys activator has the specific surface

area larger than other activation agent both
NaOH and ZnClL.

Table 2. BET analysis data of activated
carbon using H3PO4, NaOH and ZnCl; as
activator agents.

(=]
- @oeg

Ol.-l 0l.6 0‘.8 1
Relative pressure (p/p,)

Figure 2. N, sorption isotherm of activated

carbon (AC) prepared using different

activation agent: (a) H3POs, (b) NaOH and

(¢) ZnClo.

02

Figure 2 (a—c) illustrates that the adsorption—
desorption isotherms of the activated carbon
align with a Type IV isotherm, as classified
by the International Union of Pure and
Applied Chemistry (IUPAC). A key
characteristic of Type IV isotherms is the
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Activator H;PO, NaOH ZnCl,

Average 37.14
pore
diameter
(nm)
Specific
surface area
(m? gram™)
Pore
volume (ml
gram™)

31.43 29.27

617.59 42241 576.33

0.812 0.755 0.716
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3.2. Effect of Activating Agents on Surface
Functional Groups of Activated
Carbon: FTIR Analysis

The FTIR spectra of the activated carbon

samples synthesized using HsPOs, NaOH,

and ZnCl. as activating agents are presented
in Figure 3. These spectra provide insight
into the types and intensities of surface
functional groups present, which directly
influence adsorption performance,
particularly for polar or complex molecules
such as oil lubricants. The spectrum of
HsPOus-activated carbon exhibits prominent
absorption peaks around ~3400 cm’,
corresponding to the O-H stretching
vibrations of hydroxyl groups, indicating the
presence of abundant surface —OH groups,
which enhance hydrophilicity and potential

hydrogen bonding interactions [32]. A

notable peak near ~1700 cm™ is attributed to

C=0 stretching of carboxylic or lactonic

groups. Additionally, broad bands in the

region 1000-1250 cm™ correspond to P=0O
and P—O—C stretching vibrations, confirming
the incorporation of phosphate functionalities
derived from HsPOa. These oxygenated and
phosphorus-containing groups can improve
the adsorption capacity for polar compounds
through electrostatic  interactions and
hydrogen bonding. In contrast, the NaOH-
activated carbon spectrum shows less intense
O-H stretching bands, and relatively more
defined peaks in the ~1570 to 1600 cm™
region, which are typically assigned to C=C
skeletal vibrations of aromatic rings. This
suggests a more graphitized carbon structure
with fewer oxygenated groups, consistent
with the strong basicity of NaOH promoting
the removal of surface oxygen functionalities
during activation [33]. However, the
presence of residual —-OH and C=0O groups
still supports a moderate degree of polarity.

The ZnClz-activated carbon displays strong

and broad peaks at ~3400 cm ™, indicating the

presence of O—H groups, similar to H3POa-
treated carbon. Peaks at ~1620 cm™
correspond to aromatic C=C and C=0

stretching, while absorption in the 1000—

1200 cm™ region suggests the presence of C—

O bonds, often associated with phenolic or
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ether groups. ZnCl: acts as a dehydrating
agent during activation, promoting the
formation of porous carbon and retaining
oxygen functionalities [34]. Overall, the
FTIR spectra confirm that HsPOa activation
introduces the most diverse and intense polar
functional groups, which can enhance oil
adsorption via chemical interactions, while
NaOH yields a more hydrophobic surface,
and ZnCl: provides a balance between
porosity and functional group retention.

384 cm-!
C-H

strefching

Activated
1 |carbon-H;PO,

3052cm’!
CH
bending

3678 cm!
O

2385cm’
C-H )
stretching Activated

;. |carbon-NaOH

3055 cm™’
C-H

3679cm’
| bending

OH

Transmittance (%)

2382 cm!
C-H
stretching

Activated
3054 cm™! . |carbon-ZnCl,
C-H
bending

3681 cm-!
O+H

1612 pm'1232cm!
c=c

4.000 3.600 3.200 2.800 2.400 2.000 1.600 1.200 800 400
Wavelength (cm)

Figure 3. FTIR spectra of tamarind fruit shell
activated carbon with activation using
NaOH, ZnCl,, and H3POs.

The X-ray diffraction (XRD) patterns shown
in Figure 4 reveal differences in the
crystallinity characteristics of adsorbents
derived from tamarind shell activated with
NaOH, ZnCl,, and H3POs4. The broad
diffraction peak centered at approximately 20
~ 22-24°, commonly indexed to the (002)
plane of graphite-like carbon, indicates the
presence of amorphous carbon domains with
short-range order. This broad peak indicates
the amorphous or partially ordered nature of
the carbon structure, which is common in
chemically activated carbons [32]. The low
intensity of peak and broad width confirm a
lack of long-range crystalline order. Unlike
ZnCl. or NaOH-activated carbons, H3POs
activation tends not to introduce significant
crystalline inorganic residues, provided
proper post-washing is performed. However,
in some cases, minor and broad features in
the 20 = 26°-34° range may appear, which
could be attributed to phosphate residues or
metal phosphate complexes (e.g., C—O—P or
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C—P=0 bonds), especially if the washing was
insufficient  [35]. These  phosphate-
containing groups can play a beneficial role
in enhancing surface polarity and functional
group density. The absence of sharp,
crystalline peaks in HsPOs-activated carbon
as opposed to ZnCl:-activated samples
confirms that this activation method
primarily contributes to pore development
and functional group incorporation without
significantly crystallizing the carbon or
forming residual mineral phases [33]. For the
NaOH-activated carbon, a sharp but low-
intensity peak is observed near 20 =~ 43.8°,
corresponding to the (100) plane, further
confirming partial graphitization of the
carbon matrix. However, compared to ZnCl.-
activated carbon, this sample presents a
broader and more diffuse pattern, signifying
a higher degree of amorphous character due
to aggressive alkali activation, which etches
the carbon framework and introduces
porosity [33]. Unlike the others, the ZnCl.-
activated carbon exhibits several distinct
sharp diffraction peaks overlaid on the broad
(002) carbon peak. These sharper peaks are
indicative of residual inorganic crystalline
phases (e.g., ZnO or Zn species), often
retained even after washing, especially at
high ZnCl> concentrations or incomplete
post-treatment. The presence of these
crystalline impurities contributes to the
intensity and sharpness of the diffractogram
at 20 = 31.7°, 34.4°, and 36.2°, which can be
indexed to ZnO reflections (JCPDS card no.
36-1451) [34].
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Activated
carbon-H,PO,

Activated
carbon-NaOH

Intensity (a.u)

Activated
carbon-ZnCl,

40 50 60
20 (degree)

10 20 30 70 80

Figure 4. X-ray diffraction patten of
activated carbon from tamarind shell with
activation using H3PO4, NaOH, and ZnCl,.

3.3. Effect of Initial Concentration

The influence of initial oil concentration on
adsorption performance 1is presented in
Figure 5. Figure 5 (a) shows that the oil
removal efficiency decreased from 50-90%
to around 30-40% as the initial concentration
increased from 5,000 to 15,000 mg.L™!'. The
increase in initial oil concentration resulted in
a decrease in the oil removal efficiency but
increased the oil adsorption capacity, as
presented in Figure 5 (b). The adsorption
capacity experienced a significant increase
by approximately 0.4 mg.g in initial oil
concentrations between 5,000 and 15,000
mg.L!. The previous study presented a
similar result, in which initial concentration
increases adsorption oil capacity and
decreases the remaining active site [36]. This
finding demonstrates that the initial
concentration is the primary driving force for
overcoming mass transfer restriction between
the adsorbate and adsorbent [37,38]. The
adsorbent with phosphorus acid activator had
the highest removal efficiency among
different activated carbons because of the
larger surface area and pore sizes.
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Figure 5. Effect of initial oil concentration
on oil (a) removal efficiency, and (b)
adsorption capacity.

T
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3.4. Effect of Contact Time

Contact time affects not only the interaction
between the surface and the contaminant but
also the adsorption rate. Figure 6 presents a
correlation between adsorption contact time
and oil removal efficiency. The graph shows
that the oil removal efficiency increased with
contact time. The high curve slope at the
beginning demonstrated that oil uptake rates
were rapid until reaching a contact time of 10
minutes, with removal efficiencies around 40
to 70%. Many vacant active sites and a
weakening  attractive  force  between
adsorbate and adsorbent support the initial
faster adsorption rate [39].
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Figure 6. Effect of contact time on oil
removal efficiency.

The adsorption rate was slowed down after
equilibrium. It was proven that increasing
contact time did not increase oil adsorption
significantly. After saturation, the empty site
cannot be occupied because of the repulsive
force between the solute particle, solid, and
bulk phase [40]. The adsorbent with H3PO4
activator had twice the oil removal efficiency
of the NaOH activator. The H3POg-activated
carbon reached above 80% removal
efficiency at 60 minutes of contact time.
However, the adsorption with ZnCl> and
NaOH activation shows that the prolonged
contact time until 60 minutes had less than
70% o1l removal efficiencies. H3POs-
activated carbon had the highest performance
because of its higher surface area, pore
diameter, and high pore volume than ZnCl.-
activated carbon, as previously explained.

3.5. Effect of Adsorbent Dose

Figure 7 presents the impact of the adsorbent
dose on oil adsorption. The increase in
adsorbent dose resulted in higher oil removal
efficiency. The doses of activated carbon
(AC) using H3PO4 and ZnCl> ranged from
0.5 to 1.5 grams, leading to a significant rise
in oil removal from above 20% to 80%.
However, the adsorbent with alkali activation
showed the lowest removal efficiency among
three different adsorbents. For adsorbents
with NaOH activators, oil removal efficiency
increased from below 20% to just around
70% with the same dose range.
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Figure 7. Effect of dose on oil removal
efficiency.

H3POgs-activated carbon had a high oil uptake
rate at the dose of 0.5 to 1.0 gram, but the
increased dose of 1.5 gram only increased oil
removal efficiency slightly until reaching
equilibrium. Increasing adsorbent doses
provide a higher active binding site. Thus, it
increases the pollutant update rate on the
surface of the adsorbent. More available
active sites caused a higher chance of solute-
adsorbent interaction [41,42].

3.6. Effect of Temperature

Figure 8 illustrates the effect of varying
temperatures of 30 to 70°C on oil removal
efficiency. The result revealed that the
removal efficiency increased gradually
between temperatures 30 to 60°C. After a
temperature of 60°C, the removal efficiency
for all types of activated carbon decreased
slightly by around 2%. This finding indicated
that oil adsorption on tamarind adsorbent is
an endothermic process [43]. The low
viscosity of the solution at low temperatures
has led to crowded pore conditions that lower
adsorbate uptake [44]. In contrast, the
decreased viscosity at high temperatures
causes pores to be easily penetrated, leading
to increased adsorption [45,46]. Furthermore,
the high oil uptake at higher temperatures is
correlated with weak hydrogen bonds and
van der walls force, which create a high
strength of physical interaction between the
oil molecule and the surface of the adsorbent
[39].
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Figure 8. Effect of temperature on oil
removal efficiency.

3.7. Effect of pH

The initial pH of oil wastewater affected oil
adsorption because pH influences the surface
charge of activated carbon and ionization of
the solution [47]. The pH of the solution
determines alterations in surface
characteristics, binding sites, and oil
emulsion breakdown [48]. The study of pH
influence on oil adsorption is presented in
Figure 9. Increasing the initial pH from 4 to
7 increased oil removal efficiency. The
removal efficiency decreased gradually at an
initial pH above 7. With a phosphorus acid
activator, the adsorbent has an oil removal
efficiency of 68.96% at a pH of 4, which
increased gradually and reached a peak of
85.6% at a pH of 7. Increasing the initial pH
decreased the oil removal efficiency
considerably to 66.08 % at a pH of 10. The
competition between hydroxide ions and oil
molecules in the solution in strongly acidic
conditions decreases oil removal efficiency
[49,50]. The adsorbent surface had a negative
charge at alkali pH because of the abundance
of hydroxyl functional groups in the solution.
The negative charge of the solution affected
electrostatic repulsion, which decreased the
degree of oil de-emulsification [51,52].
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Figure 9. Effect of pH on oil removal
efficiency.

3.8. Isotherm Studies

Adsorption isotherm describes the interaction
of solute on the surface of the adsorbent in
equilibrium conditions. The adsorption
experiment data was mathematically
modelled using the Freundlich and Langmuir
isotherm. Isotherm studies were conducted in
250 mL of 5000 mg.L' synthesis oil
wastewater that was mixed with 800 rpm for
10 to 60 minutes. Figure 10 showed the
plotting of Freundlich and Langmuir
isotherm.The isotherm parameter obtained
from the intercept and slope of plotting data
is shown in Table 3. For activated carbon
using H3POs and ZnCly, the Langmuir
isotherm had a higher coefficient correlation
(R%> 0.9950) than the Freundlich isotherms.
Adsorption using tamarind carbon activated
using NaOH also has an approximate
coefficient correlation (R*> 0.9945) to 1.
Thus, the adsorption was best fitted with
Langmuir isotherm. Past research findings
also demonstrate that oil adsorption using
biomass followed the Langmuir isotherm
[53-55].
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Figure 10. Plotting of (a) Freundlich and (b)
Langmuir Isotherm.

The Langmuir isotherm indicates that
adsorbate is adsorbed on the monolayer
surface in adsorbate [56]. The adsorbent has
a uniform energy binding site, so it forms the
one adsorption layer. The single binding site
only adsorbed one solute and can no longer
occupy adsorbate, so there is no competition
between adsorbate and adsorbent [13,24].
Based on isotherm calculation, the adsorbent
carbon that was activated by phosphorus acid
had the highest adsorption capacity of
714.286 mg.h™!. The Langmuir isotherm has
Rr values of 0.2939 and 0.0600 for H3PO4
and ZnCl, activation agents. The Rp value
between 0 and less than 1 indicates that the
adsorbate is favourable for adsorbents [44].
Parameter (n) of Freundlich supports
favourable characteristics between adsorbent
and adsorbate. The Freundlich isotherm had
n values of 1 <n <4 for both activated carbon
using H3PO4 and ZnCl,. The Freundlich
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constant of 0 <n < 10 exhibits a good affinity
between the adsorbate and adsorbents [57].

Table 3. Coefficient of Freundlich and
Langmuir adsorption isotherm.

A‘:lg‘::]ttor H;PO;, NaOH  ZnCl
Freundlich Isotherm
n 3.4892  0.8092 1.6559
In K¢ 8.8759 11.201 16.108
R? 0.9826  0.9953 0.9921
Langmuir Isotherm
qm(mgg?l) 71429 34292 476.19
K (103) 0.48 31.32 25.41
RL 0.2939  0.0078  0.0601
R? 0.9969 0.9945  0.9957
3.9. Kinetics Studies

Adsorption kinetic describes the solute
transfer rate on the surface of adsorbents and
the mechanism of adsorption. The kinetics
study was conducted in contact time of 10 to
60 minutes, with an oil initial concentration
of 5,000 mg.L! with an adsorbent dosage of
1 gram, then mixed using a rate of 800 rpm.
Figure 11 shows the graph from plotting
experimental data using pseudo-first-order
and pseudo-second-order kinetics.
Coefficient correlation (R?) shows the
linearity between the axis and ordinal. The
plot of pseudo-second-order kinetics has a
high coefficient correlation of 0.99 for all
chemical agents activated carbon. However,
the plot of the pseudo-second-order has a
lower coefficient correlation (R*<0.97). The
higher R? shows that the adsorption of oil
using activated carbon from tamarind fruit
shells follows the pseudo-second-order. The
result of the pseudo-second-order kinetics
was also reported in the previous studies
[58,59]. The pseudo-second-order assumes
that the adsorption mechanism is
chemisorption [25,60]. The square number of
the vacant active site in the adsorbent surface
is equal to the binding rate in pseudo-second-
order kinetics.
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Figure 11. Plotting of (a) Pseudo-First-Order
(PFO), and (b) Pseudo-Second-Order (PSO).

The slope and intercept of the kinetic plot
were used to determine the kinetics
coefficients. The rate constants of ki and ko
were calculated based on the slope and
intercept values. Table 4 shows the pseudo-
first-order and pseudo-second-order
coefficients. The adsorption capacity of
pseudo-second-order had a close value with
experimental adsorption capacity, so the
pseudo-second-order kinetics was more
appropriate to describe oil adsorption on
tamarind activated carbon.
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Table 4. Kinetics coefficient of pseudo-first-
order and pseudo-second-order.

Activator

H3PO4 ZnClz NaOH

Agent
Q. exp (mg.g!) 1070 879 643
Pseudo First
Order
Q. (mg.g™h) 360.14 380.62 331.92
K; (10°min™) 47.7 55.8 57.0
R? 0.9801 0.9800 0.9709
Pseudo Second
Order
Q. (mg g™ 1119.11 909.091 714.28
K> (10°min!)  23.61 24.20 22.50
R? 0.9986 0.9989 0.9981
3.10. Interaction Mechanism Between

Lubricating Oil and Activated Carbon

Activated with ZnClL, NaOH, and

H5PO4
The adsorption of lubricating oil onto
activated carbon (AC) derived from various
chemical activating agents (ZnCl., NaOH,
and HsPO4) was found to follow pseudo-
second-order kinetics, suggesting that the
rate-limiting step involves chemisorption,
where adsorbate molecules form chemical
bonds with surface functional groups on the
adsorbent [32]. This kinetic behavior
indicates that the interaction is not governed
purely by surface area or physical attraction
but is significantly influenced by chemical
affinity and surface functionality introduced
during activation. ZnCl. activation promotes
extensive dehydration, aromatization, and
crosslinking of the biomass precursor,
leading to high porosity and a large surface
area. FTIR and XRD results also suggest the
presence of phenolic —OH, ether (C-O-C),
and residual Zn-containing species on the
surface [35]. Chemical interactions: The
surface —OH and ether groups can interact
with polar components or additive molecules
in the lubricating oil via hydrogen bonding
and Lewis acid-base interactions. Residual
Zn*" species may also act as coordination
centers, attracting polar ester or hydroxyl
compounds within the oil matrix. These
interactions enhance the chemical affinity
between the carbon surface and polar oil
components, supporting the pseudo-second-
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order kinetic behavior. In the case of NaOH
activation leads to a highly microporous
structure and partial removal of surface
oxygen groups, producing a more aromatic or
graphitized surface with fewer acidic sites
[33]. While the hydrophobic surface is suited
for van der Waals interactions with non-polar
hydrocarbons in the oil, the presence of some
residual —OH or carbonyl groups allows for
n—7 interactions and dipole-induced dipole
forces. The pseudo-second-order fit implies
that although the surface is less polar, the
functional groups that remain (e.g.,
carboxylic and phenolic) still engage in
chemical interactions, likely with polar
additives or degradation products in the oil.
Meanwhile, Phosphoric acid (H3POs)
activation introduces a high density of
oxygenated (-OH, —COOH, C=0) and
phosphorus-containing functional groups (P—
O-C, P=0) [34]. This produces a strongly
polar and acidic surface. These functional
groups facilitate chemisorption via hydrogen
bonding, electrostatic attraction, and even
esterification ~ reactions with  polar
compounds in the lubricating oil
Particularly, the P-O-H and C=0O groups act
as active binding sites for adsorption of
oxygenated oil components or degradation
products (e.g., oxidized hydrocarbons, esters)
[59]. This rich chemistry contributes to the
highest affinity for oil adsorption, often
reflected in higher adsorption capacity and
faster kinetics for both well explained by the
pseudo-second-order model.

4. CONCLUSIONS

The research investigation found that
tamarind fruit shell-derived activated carbon
was a potential adsorbent to remove oil
concentrations in wastewater. Chemical
activation successfully enhances the pore
morphology formation, pore sizes, and
specific surface area in adsorbents, as proven
by SEM and BET analysis. The specific
surface area (BET) of activated carbon
prepared using different chemical activators
(HsPO4, NaOH, and ZnCl:) shows a clear
variation depending on the activating agent
used: HsPOus-activated carbon exhibits the
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highest specific surface area of 617.59 m?.g
!, indicating superior porosity development
and effective activation. ZnCl:-activated
carbon follows with a specific surface area of
576.33 m2.g!, which is also relatively high,
suggesting good textural properties. NaOH-
activated carbon has the lowest specific
surface area at 422.41 m2g!, implying
comparatively lower pore development. The
results indicate that HsPO. is the most
effective activating agent among the three,
producing activated carbon with the highest
BET surface area. This suggests that H;PO4
promotes more extensive pore formation and
a greater accessible surface area, which is
beneficial for adsorption applications. ZnCl:
also performs well, while NaOH, although
effective, results in a significantly lower
surface area. These differences can be
attributed to the distinct chemical activation
mechanisms and interactions between each
activating agent and the carbon precursor
during the activation process. The
equilibrium data was modelled using the
isotherm and kinetics equation. The results
show that the equilibrium data fitted best with
Langmuir isotherm and pseudo-second-order
kinetics. The oil adsorption onto tamarind
fruit  shell-derived  activated  carbon
mechanism is chemisorption. The activated
carbon using H3PO4 as activation agent has
the highest oil adsorption capacity due to the
largest pore size, specific area, pore volume
and more porous structures.
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