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The treatment of petroleum refinery wastewater (PRW) continues to pose a serious environmental issue, particularly
due to its high content of heavy metals, especially iron (Fe). This study investigates the adsorption performance and
kinetics of iron removal from synthetic petroleum refinery wastewater using ceramic adsorbents formulated from a
mixture of clay and RCC spent catalysts. The adsorbent is prepared from a mixture of clay and RCC spent catalysts
(ratio 1:1) and evaluated through both batch adsorption systems. Adsorption efficiency was tested at different
adsorbent dosages (2.5, 5.0, and 7.5 g), contact times (5-60 minutes), and initial iron concentrations (20-100
mg/L). This study successfully demonstrated the high efficiency of ceramic-based adsorbents in removing iron
ions from petroleum refinery wastewater. The maximum removal efficiency of 99.94% was achieved under batch
conditions using 2.5 g of adsorbent at an initial iron concentration of 40 mg/L with a contact time of 60 minutes.
Adsorption equilibrium and kinetic analyses confirmed that the process well described the Langmuir isotherm
and pseudo-second order kinetic models, suggesting monolayer chemisorption on a homogeneous surface with
strong interactions between iron ions and the reactive surface site on the adsorbent. The strong linear correlation
coefficients (R2 > 0.98 and R2 > 0.99, respectively) confirmed the reliability of these models in describing the
adsorption mechanism. The use of RCC spent catalyst as a low-cost, thermally stable, and sustainable adsorbent
material contributes to both wastewater remediation and industrial waste valorization.

� 2025 University of Al-Qadisiyah. All rights reserved.

1. Introduction
The rapid expansion of the petroleum industry has raised significant envi-

ronmental concerns, particularly in waste management practices. Among the
various products generated during oil and gas production, petroleum refinery
wastewater (PRW) is one of the abundant and environmentally challenging
waste streams. Originating from subsurface reservoirs that typically contain
a mixture of crude oil, oil and grease, heavy metal, and water, PRW is conti-
nuously released to the surface as part of oil and gas extraction processes [1,2].
Due to its complex composition and high volume, PRW is recognized as one of
the most critical sources of industrial wastewater associated with hydrocarbon
production [3, 4]. In South Sumatra, for instance, an oil and gas company
operates 201 production wells and 73 injection wells, with approximately 80%
of the PRW discharged directly into the surrounding environment [5]. PRW
is a highly complex effluent comprising a wide range of organic and inorga-
nic constituents. Globally, its daily generation is estimated at approximately
250 million barrels, of which exceeding 40% is released into the surrounding
ecosystem without adequate treatment [6, 7]. PRW, which is known as pro-
duced water, cannot be discharged or reused directly due to the presence of
several contaminants such as total dissolved solids (TDS), hydrocarbons, oil
and grease, and heavy metals [8]. If improperly managed, PRW can contami-
nate surface water, groundwater, and soil. Treatment technologies including
physical, chemical, and biological methods have been extensively studied and
implemented to mitigate these impacts [9, 10]. Typically, the oil-to-PRW ra-
tio in many wells is about 1:3 [9, 11]. Among the major pollutants, heavy
metals such as iron (Fe), cadmium (Cd), lead (Pb), and mercury (Hg) pose

significant environmental and health hazards [12]. Iron is commonly found
in PRW, with reported concentrations ranging from 0.1 to 1100 mg/L [13]. It
has the potential to cause environmental degradation and operational challen-
ges, such as corrosion. The effective removal of iron from PRW is imperative
before any reuse or discharge into the environment. Several techniques have
been applied to remove iron contaminants, including chemical precipitation,
membrane-based separation, and electrocoagulation. Among these, adsorption
has attracted growing interest due to its cost-effectiveness, ease of operation,
and high removal performance [14]. In South Sumatra, a catalytic cracking
unit operated by one of the oil and gas companies produces approximately
15.98 (tons) of spent residue catalytic cracking (RCC) catalysts each year. At
present, this material is stored in hazardous waste facilities without any further
application [15]. Given its composition and availability, RCC shows conside-
rable potential as a low-cost adsorbent for PRW water treatment. Although
previous studies have explored the potential of ceramic materials for heavy
metal removal, there is still a lack of detailed understanding regarding the
adsorption kinetics of iron on these adsorbents under various conditions. In
this study, the RCC catalyst was activated before use. The activation process
for the spent RCC catalyst was carried out by calcining it at 900 C° for 2
(hours) [16]. This step aims to remove remaining organic compounds, improve
thermal stability, and open pores in the material structure, thereby increasing
the surface area and enriching active sites for adsorption. The choice of 900
C° was based on previous references showing that this temperature is effecti-
ve enough to activate aluminosilicate-based materials such as RCC without
causing significant sintering.
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Nomenclature
AAS Atomic Absorption Spectrophotometer C The equilibrium concentration of adsorbate in solution (mg/L)
BET Braeuer–Emmett–Teller Ce Iron concentration at equilibrium (mg/L)
EDX Energy-dispersive X-ray spectroscopy Co Intensity and heterogeneity of the adsorption process
EOR Enhanced oil recovery K f Freundlich constant reflecting the adsorption capacity of the adsorbent (L/mg)1/n

FT IR Fourier Transform Infrared Spectroscopy k1 The kinetic constant of pseudo-first-order adsorption (1/min)
PRW petroleum refinery wastewater k2 The kinetic constant of pseudo-second-order adsorption (g/mg.min)
PFO Pseudo-first-order KL Langmuir constant that indicates the binding strength between adsorbent and adsorbate (L/mg)
PSO pseudo-second-order n Freundlich exponent that represents the initial concentration of adsorbate (mg/g)
RCC Residue Catalytic cracking Qe Maximum adsorption capacity corresponding to monolayer coverage on the surface (mg/g)
RMSE Root Mean Square Error qe Adsorption capacity at equilibrium (mg/g)
SEM scanning electron microscopy qt Amount of adsorbate adsorbed at time t (mg/g)
T DS total dissolved solids qmax The maximum adsorption capacities
R2 Correlation coefficient t Duration of contact between the adsorbent and the solution (min.)
v Volume of the solution (L)

The calcination process was carried out in a furnace with gradual temperature
control to prevent cracking or damage to the physical structure of the adsor-
bent. A study demonstrated that synthesized γ −Al2O3 effectively reduced
iron levels in PRW to 0.0014 ppm, achieving a removal efficiency of 99.9%
[17]. A more recent study reported that modified silica showed even higher
efficiency in eliminating iron from PRW . Specifically, at a contact time of 60
minutes and pH 7, maximum removal efficiencies of 99.99% and 99.98% were
achieved using modified silica doses of 0.4 mg/L and 0.2 mg/L, respectively
[18]. The present research focuses on investigating the adsorption behavior of
iron ions from petroleum refinery wastewater using ceramic-based adsorbents
synthesized from a combination of natural clay and RCC spent catalysts. Both
isotherm models and adsorption kinetics were evaluated to better understand
the iron removal mechanism. The initial characterization of real produced
water (PRW) collected from an oil and gas facility in South Sumatra revealed
an iron concentration of 0.51 mg/L, which exceeds the maximum permissible
limit of 0.3 mg/L for wastewater discharge, as stipulated by the Indonesian
Ministry of Environment (Regulation No. 5/2013). This emphasizes the critical
need for effective treatment before discharge or potential reuse.

Figure 1. Recent global statistics on PRW [7].

2. Materials and methods
2.1 Preparation of ceramic adsorbents
In this study, RCC was first activated. The activation process for RCC was
carried out by calcination at 900 C°for 2 (h) [16]. Activation aims to remo-
ve remaining organic compounds, improve thermal stability, and open pores
in the material structure, thereby increasing the surface area and enriching
active sites for adsorption. The choice of a temperature of 800-900 C°was
based on previous references showing that this temperature is quite effective
for activating aluminosilicate-based materials such as RCC without causing
significant sintering. The calcination process was carried out in a furnace with
gradual temperature control to prevent cracking or damage to the physical
structure of the adsorbent. Figure 1 shows the raw materials used in this study,
comprising natural clay sourced from a local brick manufacturer in Palembang
and RCC waste from a petroleum refinery in South Sumatra, Indonesia. Both
materials were sieved to 100 (Mesh) and mixed at a 1:1 weight ratio. Demi-
neralized water was added to achieve a uniform consistency, and the mixture
was molded into cylindrical tablets (10 mm diameter, 10 mm thickness). The
specimens were sun-dried and calcined at 900 C°for 24 (h). The morpholo-
gical and elemental characteristics of the ceramic adsorbents were analyzed
through scanning electron microscopy coupled with energy-dispersive X-ray
spectroscopy (SEM-EDX).

(a) RCC spent catalyst (b) Clay

Figure 2. Materials for ceramic adsorbent.

Figure 2 presents the initial morphology of the ceramic adsorbent, showing a
heterogeneous mixture of cylindrical and rounded pellets with beige to light
brown color. The relatively smooth and homogeneous surface suggests a high
availability of active sites [19]. Variations in color and texture indicate the
natural heterogeneity of raw materials and imply a porous structure favorable
for adsorption, as supported by the uniform pellet shape and granularity. Based
on the mineral composition of the ceramic adsorbent and the observed changes
in elemental content after adsorption, it is plausible that ion exchange played a
role in the removal of iron ions. The exchange of iron with native cations from
the clay and RCC matrix is consistent with known cation exchange mechanisms
in aluminosilicate-based materials. Clay contains negatively charged sites that
can exchange previously adsorbed ions (such as Na+, Ca2+) with Fe2+ ions
from solution.

2.2 Adsorption study
To study the batch adsorption of iron, analytical-grade ferrous sulfate heptahy-
drate (FeSO47H2O, Merck) was used without further purification. Synthetic
PRW containing iron ions was prepared by dissolving FeSO47H2O in distilled
water to obtain solutions with varying initial concentrations ranging from 20 to
100 mg/L. In this study, we simulated the composition of refinery wastewater
by preparing a solution containing iron derived from FeSO47H2O to investi-
gate the adsorbent’s capacity in removing a single target ion. Batch adsorption
experiments were performed to assess the performance of the ceramic-based
adsorbents under different parameters. The influence of adsorbent dosage (2.5,
5.0, and 7.5 g), contact time (5, 15, 30, 45, and 60 minutes), and initial iron
concentration (20–100 mg/L) on adsorption efficiency was systematically in-
vestigated. Iron concentrations were determined using an Atomic Absorption
Spectrophotometer (Shimadzu AA-7000). The use of higher Fe concentrations
(20–100 mg/L) in the synthetic system to the selected concentration range
reflects elevated contamination levels that may occur during operational upsets
or in PRW from other fields or enhanced oil recovery (EOR) sites, where Fe
concentrations have been reported to be significantly higher (0.1-1100 mg/L)
[13]. Higher concentrations are essential to observe clear adsorption behavior
and generate meaningful data for kinetic and isotherm modeling, ensuring
accurate parameter estimation and understanding of the adsorbent’s capacity
under stress conditions.

2.3 Adsorption and kinetic analysis
Batch adsorption experiments were conducted to evaluate the removal effi-
ciency of iron ions using ceramic adsorbents derived from RCC waste and
natural clay. All experiments were carried out at room temperature (±27 C°)
under controlled conditions. A series of 250 mL Erlenmeyer flasks was filled
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with 100 mL of synthetic iron solution, prepared by dissolving FeSO47H2O
in deionized water to obtain initial concentrations ranging from 20 to 100
mg/L. The solution pH was adjusted to pH 11 for each experiment. A specific
mass of ceramic adsorbent (2.5g, 5.0g, or 7.5g) was added into each flask. The
flasks were placed in a mechanical orbital shaker and agitated at 100 rpm for
varying contact times (5, 15, 30, 45, and 60 minutes). After the designated
time, the mixture was filtered using Whatman filter paper, and the residual
iron concentration in the filtrate was determined using Atomic Absorption
Spectrophotometry (AAS). The adsorption capacity of ceramic adsorbent (qe)
was calculated using the following Eq. 1, [20]:

qe = (Co −Ce)×
v
m

(1)

Where: qe denotes the adsorption capacity at equilibrium (mg/g), Co repres-
ents the initial concentration of iron in the solution (mg/L), Ce is the iron
concentration at equilibrium (mg/L), v indicates the volume of the solution
(L), and m refers to the mass of the adsorbent used (g). The percentage of iron
removed was determined using the following formula, Eq. 2:

Removal(%) =
(Cin −Cout)

Cin
×100 (2)

WhereCin is the initial iron concentration (mg/L) and Cout is the final iron
concentration (mg/L).

Table 1. Isotherm and kinetic equations.

Model Linear Equation Equation Ref.
Langmuir Ce

qe
= 1

QeK1
+ Ce

Qe
(3) [21, 22]

Freundlich logq3 = logK f +
1
n logCe (4) [23, 24]

Pseudo 1st order ln(qe −qt) = lnqe − K1
2303 t (5) [25, 26]

Pseudo 2nd order t
qt

= 1
K2q2

e
+ 1

qe
t (6) [27, 28]

3. Results and discussion
3.1 SEM and EDX analysis
Scanning electron microscopy (SEM) observations revealed significant diffe-
rences in the surface morphology of the ceramic adsorbent before and after
adsorption, can be seen in Fig. 3.

(a) Before adsorption (b) After adsorption

Figure 3. Ceramic adsorbents steps.

Before adsorption, the adsorbent surface appeared relatively smooth with
densely packed particles and limited porosity. Figure 4 show the surface was
homogeneous with few cracks or open voids, which indicated that most ac-
tive sites were still unutilized or not fully exposed as seen in Fig. 4a. After
adsorption, Fig. 4b, the morphology changed significantly, characterized by
increased surface roughness, the appearance of fissures, and more pronounced
porous structures. The surface appeared to undergo restructuring, likely due
to interactions between Fe ions and the reactive sites present on the adsor-
bent surface. The particle agglomeration became denser, and the texture more
complex, indicating intensified physical and chemical interactions during the
adsorption process.

(a) Before adsorption (b) After adsorption

Figure 4. Scanning Electron microscope ceramic adsorbent (a) before adsorp-
tion (b) after adsorption.

Energy dispersive X-ray spectroscopy (EDX) analysis also indicated changes
in elemental composition before and after iron adsorption. Before adsorption,
dominant elements detected included carbon (C), oxygen (O), silicon (Si),
aluminum (Al), titanium (Ti), and iron (Fe). After adsorption, several changes
were observed, including an increase of O, Si, Al, and Fe content, as well as a
reduction in the content of C and the loss of Ti element. These changes suggest
an involvement of surface functional groups in interactions with Fe ions and
possible modifications to the adsorbent surface structure. The variations in
elemental composition and surface morphology indicate that the iron ion ad-
sorption process involves not only surface-level interactions but also triggers
both textural and chemical modifications to the adsorbent.

(a) Before adsorption

(b) After adsorption

Figure 5. Spectrum EDX ceramic adsorbent (a) before adsorption (b) after
adsorption.

Figure 5a shows that the main elements detected are oxygen, indicating the
presence of metal oxides or silicates, the main component of clay and RCC.
Carbon can come from residual organic materials or the synthesis process. Sili-
con and aluminum indicate basic materials such as kaolin or aluminosilicates,
which are common in ceramics and RCC, while iron may come from the initial
composition of RCC or minor contaminants. Figure 5b shows that the EDX
spectrum after the adsorption process using ceramic adsorbents shows several
elements that are still detected: O, C, Si, Al, and Fe are still dominant, indica-
ting that the ceramic structure has not changed significantly. This indicates the
possibility of interaction with the adsorbent surface.

Table 2. EDX elemental composition before and after adsorption.

Element C O Al Si Ti Fe As Pm
Wt.% (before) 03.50 37.20 11.90 16.20 12.20 06.70 00.50 11.80
Wt.% (after) 01.60 46.40 18.00 25.10 — 08.40 00.50 —
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Table 2 presents a comparative analysis of the elemental composition of the
ceramic adsorbents before and after the adsorption process, as determined by
EDX spectroscopy. Table 2 displays a comparative analysis of the elemental
composition on the surface of the ceramic adsorbent before and after iron ion
adsorption, expressed in weight percent (wt.%). The observed variations in
several elemental concentrations highlight the presence of both physical and
chemical interactions between iron ions and the functional groups present on
the adsorbent surface. Notably, the carbon content decreased from 3.5% to
1.6% following adsorption, which is likely attributed to the removal or desorp-
tion of weakly bound organic carbon compounds during stirring and rinsing
procedures. Such a reduction is particularly plausible under aqueous conditi-
ons, where loosely attached or soluble organic matter can be easily eliminated
from the surface. This decline in carbon levels implies that the adsorption
process is primarily governed by inorganic surface functionalities, potential-
ly involving silicate, aluminate, or metal oxide groups, rather than organic
moieties. Moreover, elemental profiling before and after adsorption revealed
marked alterations in the levels of aluminum (Al) and silicon (Si), indicating
their active participation in the adsorption mechanism. The disappearance
of the titanium peak in the post-adsorption EDX spectrum suggests that Ti
on the adsorbent surface was either masked by newly adsorbed Fe species,
diluted due to surface compositional changes, or displaced during the batch
contact process. This observation highlights the dynamic nature of surface che-
mistry in ceramic adsorbents derived from RCC catalysts. The increase in iron
from 6.7% to 8.4% confirmed that Fe2+ adsorption on the adsorbent surface
was successful. This is in line with the expected performance of high-affinity
ceramic adsorbents, such as aluminosilicates or RCC components. Overall,
the observed increase in element concentrations supports the conclusion that
surface complexation and ion exchange mechanisms play a dominant role in
the capture of iron ions, further demonstrating the high affinity and surface
reactivity of the adsorbent toward heavy metals.

3.2 Fourier Transform Infrared Spectroscopy (FTIR)
The FTIR spectrum of ceramic-based adsorbent before and after iron adsorpti-
on is presented in Fig. 6.

(a) Before adsorption

(b) After adsorption

Figure 6. FTIR ceramic adsorbent (a) before adsorption (b) after adsorption)

The FTIR spectra of the ceramic adsorbents before and after adsorption are
shown in Fig. 6. Before adsorption, prominent absorption bands were observed
at 1040 cm−1 and 794 cm−1, corresponding to Si–O–Si asymmetric and

symmetric stretching vibrations, typical of aluminosilicates. A broad band
around 3450 cm−1 is attributed to –OH stretching of surface hydroxyl groups
and adsorbed water, while the band at 1630 cm−1 represents bending vibration
of H–O–H from physically adsorbed moisture. Following iron adsorption, no-
table shifts in peak positions and intensity were recorded. The –OH stretching
band diminished in intensity, indicating the involvement of hydroxyl groups
in bonding with Fe2+. Additionally, the Si–O bands shifted slightly to lower
wavenumbers, suggesting structural distortion or formation of inner-sphere
complexes between Fe2+ and surface silanol groups. These observations are
consistent with chemisorption pathways involving ligand exchange and com-
plexation [3]. The appearance of a weak band near 580 cm−1 may also indicate
Fe–O bond formation, reinforcing the hypothesis of chemical bonding rather
than mere physical adherence.

3.3 Brunauer–Emmett–Teller (BET)
The specific surface area, pore volume, and pore size distribution of the ceramic-
based adsorbent were determined using the Brunauer–Emmett–Teller (BET)
method. The BET analysis was conducted to evaluate the surface characteri-
stics of the ceramic-based adsorbent before and after iron adsorption. Table 3
summarizes the specific surface area, average pore diameter, and total pore
volume as obtained from nitrogen adsorption–desorption isotherms. Before
adsorption, the ceramic adsorbent exhibited a high specific surface area of
62.947(m2/g), indicating a highly porous structure with abundant active sites
available for interaction with iron ions. The average pore diameter was approxi-
mately 1.693 nm and the total pore volume was 0.134 (cm3/g), confirming the
presence of well-developed porosity conducive to effective adsorption. After
the adsorption process, all parameters decreased drastically. The surface area
dropped to 13.263 (m2/g), the pore volume reduced to 0.032 (cm3/g), and the
average pore diameter slightly decreased to 19.3 nm. This significant reduction
indicates that iron ions successfully occupied the internal pore spaces and
surface-active sites of the adsorbent. These changes confirm the efficiency of
the ceramic adsorbent in capturing Iron ions from solution and suggest that the
adsorption process involves both surface binding and pore-filling mechanisms.

Table 3. BET Adsorbent Ceramic, before and after adsorption.

Characterization Before After
Specific surface area (m2/g) 62.947 13.263
Pore size (nm) 1.693 19.316
Pore volume (cm3/g) 0.134 0.032

3.4 Iron removal by ceramic adsorbents
The adsorption processes are generally classified into physical (physisorp-
tion) and chemical (chemisorption). An effective adsorbent should exhibit
high affinity and surface area to ensure efficient and cost-effective removal of
contaminants [29, 30]. Figure 7 presents the removal of iron at varying adsor-
bent dosages. A high removal (99.57%) was achieved using 2.5 g of ceramic
adsorbent at 60 minutes and 100 mg/L initial concentration. Increasing the ad-
sorbent dosage did not always correlate with higher efficiency, possibly due to
aggregation of particles or saturation of available active sites at higher dosages.
These results align closely with those reported by [17,18], who successfully
removed over 99% of the iron in their studies. The heatmaps presented in
Fig. 7 show the interactive effects of duration and initial iron concentration on
the adsorption efficiency using varying adsorbent masses of 2.5 g, 5 g, and
7.5 g. Overall, the color gradients and annotated values demonstrate a consis-
tent trend of increasing iron removal efficiency with longer contact time and
greater adsorbent dosage, while the response to initial concentration is more
nuanced. At low contact times (5–15 min), the efficiency was relatively low
across all concentrations, indicating limited surface interaction time. However,
a significant increase was observed after 30 min, with maximum efficiency
(100%) achieved at 60 min for concentrations of 60–100 (mg/L).

3.4.1 Effect of contact time
At the maximum contact time of 60 minutes, iron adsorption efficiency reached
nearly complete removal across all concentrations and adsorbent dosages. For
2.5 g, the efficiency ranged from 98% at 20 (mg/L) to 100% at 80–100 (mg/L).
Similarly, 5.0 g and 7.5 g dosages achieved 98–100% efficiency across all
concentrations, indicating that 60 minutes is sufficient to reach adsorption
equilibrium, regardless of initial concentration or adsorbent dose. This finding
supports previous studies reporting that prolonged contact time improves active
site saturation and overall adsorption capacity [27, 31].
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(a) Heatmap of Iron adsorption efficiency at 2.5 g Ceramic adsorbent.

(b) Heatmap of Iron adsorption efficiency at 5.0 g Ceramic adsorbent.

(c) Heatmap of Iron adsorption efficiency at 7.5 g Ceramic adsorbent.

Figure 7. Heatmap of iron adsorption using Ceramic adsorbent dosages at
three levels.

3.4.2 Effect of initial iron concentration
The influence of initial iron concentration on adsorption efficiency was analy-
zed at three different adsorbent dosages: 2.5 g, 5 g, and 7.5 g, respectively. The
experimental results indicate a strong interdependence between adsorbate con-
centration and adsorbent capacity, which varies significantly with adsorbent
mass. This section discusses the observed trends and underlying mechanisms
for each dosage. At the lowest adsorbent dose of 2.5 g, the system exhibited

limited adsorption capacity, particularly at higher initial iron concentrations.
While removal efficiency at 20 (mg/L) reached 98% within 60 minutes, a
significant decline in efficiency was observed as the concentration increased.
At 100 (mg/L), the adsorption efficiency plateaued at only 70%, even after
60 minutes of contact time. This decline is attributed to the rapid saturation
of available active sites, which are insufficient to accommodate the elevated
ion load. Furthermore, the lower adsorbent surface area-to-contaminant ratio
limits the diffusion and binding of Fe2+ ions, resulting in reduced removal
efficiency under higher loading conditions [32]. With an increased adsorbent
dosage of 5 g, adsorption performance improved considerably across all con-
centration ranges. At 20–60 (mg/L), efficiencies of 98–100% were achieved
within 45 minutes, while at 80 (mg/L), similar results were attained by 60
minutes. Even at the highest concentration of 100 (mg/L), the system reached
100% removal, demonstrating that doubling the adsorbent mass effectively
mitigates site saturation and maintains sufficient surface availability. The im-
proved performance reflects not only the greater number of active binding sites
but also the enhanced dispersion and accessibility of ions across the adsorbent
surface. At the highest dosage of 7.5 g, adsorption efficiency reached 100%
across all initial concentrations and time intervals tested, with near-complete
removal observed as early as 30–45 minutes.

(a) Adsorbent dosages of 2.5 g.

(b) Adsorbent dosages of 5.0 g.

(c) Adsorbent dosages of 7.5 g.

Figure 8. Langmuir isotherm equilibrium adsorption of iron ions with various
adsorbent dosages: (a) 2.5 g. (b) 5 g. and (c) 7.5 g.

This superior performance highlights the pivotal role of adsorbent dose in
overcoming limitations associated with high adsorbate concentrations. The
increased mass provides an excess of active sites and promotes faster diffusion
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Table 4. Calculation of adsorption capacity (qe) .

Time (min.) Dosage (g) Volume (L) Co Ce qe 1/Ce 1/qe Iron Adsorption efficiency (%)

60 2.5 0.1

20 0.01 0.80 74.07 1.25 99.93
40 0.02 1.60 41.49 0.63 99.94
60 0.11 2.40 8.73 0.42 99.81
80 0.31 3.19 3.26 0.31 99.62
100 0.43 3.98 2.33 0.25 99.57

60 5 0.1

20 0.03 0.40 30.77 2.50 99.84
40 0.13 0.80 7.92 1.25 99.68
60 0.19 1.20 5.21 0.84 99.68
80 0.24 1.60 4.14 0.63 99.70
100 0.56 1.99 1.80 0.50 99.44

60 7.5 0.1

20 0.71 0.26 1.40 3.89 96.43
40 2.21 0.50 0.45 1.98 94.46
60 2.31 0.77 0.43 1.30 96.14
80 3.01 1.03 0.33 0.97 96.24
100 4.03 1.28 0.25 0.78 95.97

kinetics due to greater particle-particle spacing and reduced agglomeration
[33]. The data indicate that, under high contaminant load conditions, sufficient
adsorbent mass ensures not only enhanced removal but also shorter equilibrium
times, which is critical for practical applications such as batch or continuous
treatment systems.

3.4.3 Langmuir isotherm
The adsorption process conformed well to the Langmuir isotherm model,
indicating monolayer adsorption onto a homogeneous surface (Langmuir mo-
del, Fig. 8). High correlation coefficients (R2>0.94) confirmed the model’s
suitability for this system. The maximum adsorption capacities (qmax) were
determined as 4.107 mg/g (2.5 g), 2.117 mg/g (5.0 g), and 3.449 mg/g (7.5
g), respectively.

3.4.4 Adsorption isotherm analysis
To further assess the applicability of the Langmuir isotherm model in descri-
bing +iron adsorption onto ceramic-based adsorbents, a linear plot of lnqe
versus lnCe was constructed, as illustrated in Fig. 8. The data points used for the
plot were collected at adsorption equilibrium (60 minutes) for three adsorbent
dosages: 2.5 g, 5.0 g, and 7.5 g. The resulting linear regression lines indicate
a strong fit with the Langmuir model, reinforcing the hypothesis that Fe2+

ions are adsorbed in a single-layer formation on a uniform adsorbent surface.
The observed linearity also implies that the adsorption sites possess uniform
energy levels and that interactions between adsorbed ions are minimal. The
equilibrium adsorption capacity (qe) values were determined using Eq. 1, with
the corresponding results summarized in Table 4. Furthermore, Fig. 8 shows
the plot of lnqe versus lnCe based on experimental data at a contact time of 60
minutes using 2.5 g of ceramic adsorbent for Fe2+ removal, displays a linear
trend consistent with the Langmuir isotherm model. This linearity enables the
determination of the Langmuir model constants as presented in Table 5. The
Langmuir adsorption isotherm for Fe2+ ion removal yields a linear relationship
is illustrates in Table 5. Suggesting that the linearized model aligns well with
the experimental data. The Langmuir constants derived from the regression
analysis are summarized in Table 4. The highest achievable adsorption capaci-
ties (qmax) were found to be 4.107 mg/g for 2.5 g adsorbent. 2.117 mg/g for
5.0 g. and 3.449 mg/g for 7.5 g. The Langmuir affinity constants (b) followed a
decreasing trend with increasing adsorbent mass. With values of 19.33 (L/mg).
7.01 (L/mg). and 0.11 (L/mg), respectively. This pattern may be attributed
to changes in surface accessibility and diffusion resistance at higher dosages,
which can reduce the effective adsorption strength per unit mass. Furthermore,
the correlation coefficients (R2) for the linear regression equations ranged from
0.9463 to 0.9670, indicating an excellent fit between the experimental data
and the Langmuir model. This strong correlation reinforces the validity of the
model and confirms that monolayer adsorption is the dominant mechanism in
Fe2+ uptake by ceramic-based adsorbents under the tested conditions.

Table 5. Langmuir isotherm constants for adsorption.

Adsorbent
dosage (g) Linear Equation qmax b R2

2.5 y = 0.0126x+0.2435 4.107 19.33 0.9532
5.0 y = 0.0674x+0.4723 2.117 7.01 0.9670
7.5 y = 2.6098x+0.2899 3.449 0.11 0.9463

(a) Ceramic adsorbent dosage of 2.5 g.

(b) Ceramic adsorbent dosage of 5 g.

(c) Ceramic adsorbent dosage of 7.5 g.

Figure 9. Freundlich isotherm equilibrium adsorption of iron with varying
ceramic adsorbent dosage (a) 2.5 g, (b) 5 g, and (c) 7.5 g.

3.4.5 Freundlich isotherm
To complement the Langmuir model, the equilibrium data were also evaluated
using the Freundlich isotherm, which assumes a heterogeneous adsorption
surface and multilayer adsorption behavior. This model is particularly sui-
table for systems where adsorption occurs on surfaces with a non-uniform
distribution of energy and affinity. The linear form of the Freundlich Eq. 4,
expressed as lnqe versus lnCe, was applied to estimate the isotherm constants
K f (adsorption capacity) and (1/n) (adsorption intensity). The Freundlich
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isotherm exhibited R2 values between 0.92 and 0.96, indicating a moderate
correlation as shown in Fig. 9. However, the lower goodness-of-fit compared
to other isotherm models implies that the adsorption process may not be fully
governed by multilayer adsorption on heterogeneous surfaces. Table 6 pres-
ents the Freundlich isotherm constants derived from Fe2+ adsorption data.
The experimental data with both Langmuir and the Freundlich models sug-
gest that the iron adsorption mechanism involves monolayer accumulation on
heterogeneous surfaces.

Table 6. Langmuir isotherm constants for adsorption.

Adsorbent
dosage (g) Linear Equation K f 1/n R2

2.5 y = 0.4002x+1.7108 2.513 1.7108 0.9289
5.0 y = 0.5971x+1.1314 3.961 1.1314 0.9636
7.5 y = 0.9293x−1.1112 8.498 -1.1112 0.9232

(a) Kinetics for iron ion of 2.5 g.

(b) Kinetics for iron ion of 5.0 g.

(c) Kinetics for iron ion of 7.5 g.

Figure 10. PFO adsorption kinetics for iron ion (a) 2.5 g, (b) 5 g, and (c) 7.5 g.

3.4.6 Pseudo-first-order and pseudo-second-order kinetic models
The mechanism of Fe2+ sorption by ceramic adsorbents is applied through two
different kinetic approaches, specifically, the PFO and PSO models according

to Eqs. 5 and 6. The adsorption process at a concentration of 100 (mg/L) and
the mass of ceramic adsorbent are varied by 2.5 g. 5.0 g. and 7.5 g with contact
times of 5 min. 15 min. 30 min. 45 min, and 60 min.

(a) Kinetics for iron ion of 2.5 g.

(b) Kinetics for iron ion of 5.0 g.

(c) Kinetics for iron ion of 7.5 g.

Figure 11. PSO adsorption kinetics for iron ion (a) 2.5 g, (b) 5 g, and c) 7.5 g.

Table 7. Parameter of kinetic model for Fe2+ adsorption and coefficient of
determination (R2)

Adsorbent
dosage (g)

PFO kinetics model
Line equation RMSE SE qe R2 k1

2.5 y = 0.0229x+0.578 2.09 2.71 1.05 0.96 -1.331
5.0 y = 0.020x+0.2993 0.64 0.83 1.04 0.96 -0.689
7.5 y = 0.0021x+0.4481 0.25 0.33 1.00 0.88 -1.032

Adsorbent
dosage (g)

PSO kinetics model
Line equation RMSE SE qe R2 k1

2.5 y = 0.2134x+2.6302 2.726 3.519 0.380 0.989 32.418
5.0 y = 0.4349x+4.5688 1.374 1.774 0.219 0.995 47.997
7.5 y = 0.6913x+5.9225 0.884 1.141 0.230 0.991 51.214

The data obtained was carried out with a log plot against the PFO kinetic
equation, and a plot against the PSO kinetic equation can be seen in Fig. 10
and Fig. 11. The equilibrium adsorption capacity of ceramic adsorbents in-
creases with increasing contact time. Figure 10 shows that with increasing
contact time, the boundary layer resistance decreases and the mobility of metal
ions in the PRW increases. Figure 11 shows that the adsorption equilibrium



NETTY HERAWATI ET AL. / AL-QADISIYAH JOURNALFOR ENGINEERING SCIENCES 18 (2025) 368 – 377 375

Table 8. Comparison of ceramic adsorbents with various other adsorbents in terms of efficiency, cost, and environmental footprint.

Ceramic (RCC + clay)
[15, 34] Activated carbon [35, 36] Natural zeolite [37–39]

Fe2+ Adsorption Capacity 18–45 mg/g 8–30 mg/g 10–35 mg/g
Iron Removal Efficiency (%) Up to 99.94% 80–95% 75–92%

Advantages Resistant to extreme
temperature and pH, stable

High surface area, widely
available

Selective toward metal
cations, low cost

Disadvantages Limited commercial
application

Non-selective to metals,
prone to fouling

Lower capacity than
synthetic adsorbents

Production Cost Low Medium–high Low–medium
Raw Materials RCC waste, local clay Coconut shell, coal Natural or synthetic
Production Emission Low High Medium
Reusability Reusable, inert Difficult to regenerate Regenerable

Environmental Impact Environmentally friendly,
utilizes waste

Potential waste if not
regenerated

Minimal impact, easy to
regenerate

increases with time. This shows that the pores of ceramic adsorbents are ac-
tive enough to adsorb Fe2+ ions. The decrease occurred in the mass of 7.5
gr . The corresponding linear equations for the Fe2+ ion adsorption kinetics
and their respective R2 values are also detailed in Table 7. Table 7 presents
the adsorption kinetics of Fe2+ ions, which are best described by the PSO
model, as indicated by correlation coefficient (R2) values approaching unity,
specifically, 0.989 for 2.5 g, 0.995 for 5.0 g, and 0.991 for 7.5 g of adsorbent.
An increase in adsorbent dosage was associated with a rise in the rate con-
stant (k), while the calculated equilibrium adsorption capacity (qe) showed
a decreasing trend. These results suggest that the contact time between the
adsorbent and the solution strongly governs the rate of adsorption, consistent
with a chemisorption mechanism. Furthermore, Table 7 summarizes the kinetic
parameters along with the root mean square error (RMSE) and standard error
(SE) for both PFO and PSO models. While the PSO model exhibited superior
correlation at all adsorbent dosages, it is noteworthy that at 2.5 g the PFO
model provided a lower prediction error (RMSE = 2.09, SE = 2.71), indicating
a marginally better empirical fit. However, at higher adsorbent dosages (5.0
and 7.5 g), the PSO model outperformed the PFO model in both statistical
correlation and predictive accuracy, thereby confirming that chemisorption
becomes the dominant mechanism as the availability of active adsorption
sites increases. The results confirm that the pseudo-second-order model is
more accurate in explaining the adsorption kinetics of iron+ ions in ceramic
adsorbents, mainly due to their higher correlation and theoretical suitabili-
ty with the mechanism of chemosorption. Nevertheless, error-based metrics
such as RMSE and SE still provide important insights into evaluating model
performance. Therefore, the selection of kinetic models should consider the
balance between correlation strength and prediction accuracy, especially in
practical applications involving variations in adsorbent doses. Table 8 shows a
comparison of ceramic adsorbents with various other adsorbents in terms of
efficiency, cost, and environmental footprint. Clay-RCC-based adsorbents have
shown very promising performance in removing Fe2+ ions from wastewater,
with efficiencies reaching 99.9%. The main advantages of this adsorbent lie
in its very low cost (around 0.2–0.5 (USD/kg)) and minimal carbon foot-
print, as it utilizes industrial waste as the primary raw material. Furthermore,
the adsorbent manufacturing process does not require high energy, making it
an environmentally friendly and sustainable solution. Therefore, Clay-RCC
adsorbents are ideal for large-scale applications in resource-limited regions,
particularly in developing countries. Activated carbon is also a widely used
adsorbent in wastewater treatment. The Fe2+ adsorption efficiency of acti-
vated carbon is in the range of 80–95%, slightly below the performance of
other adsorbents. Its cost is moderate (1–2 (USD/kg)) and depends heavily
on the source of the raw material. If produced from local biomass such as
coconut shells, the carbon footprint can be significantly reduced. However, if
derived from fossil fuels, the environmental impact tends to be greater. Activa-
ted carbon is a good choice for treatment systems that require flexibility and
an ecological approach. Finally, natural zeolite is an adsorbent with an Fe2+

adsorption efficiency of between 75–92%. Its main advantages are its low cost
(<0.5 (USD/kg)) and its low carbon footprint, as it is naturally available and
does not require complex synthesis processes. Although its efficiency is lower
than other adsorbents, natural zeolite is suitable for use as an initial step in
water treatment systems or as a pretreatment before further adsorption. Overall,
Clay-RCC offers the best balance between efficiency, cost, and sustainability,
making it a superior alternative for industrial wastewater treatment applications.
Activated carbon and natural zeolite are suitable for more general applications
with limited costs. Considering these factors, Clay-RCC can be a strategic and
sustainable solution for the management of heavy metals from wastewater.

4. Conclusions
This study successfully demonstrated the high efficiency of ceramic-based
adsorbents synthesized from clay and RCC spent catalyst in removing iron ions
from PRW. The highest removal rate, reaching 99.94%, was obtained under
batch experimental conditions with 2.5 g of adsorbent, an initial iron concen-
tration of 40 mg/L, and a contact time of 60 minutes. Adsorption equilibrium
and kinetic analyses indicated that the process is consistent with the Lang-
muir isotherm and pseudo-second-order kinetic models, suggesting monolayer
chemisorption on a homogeneous surface with strong interactions between
iron ions and the functional groups on the adsorbent. The high correlation
coefficients (R2 > 0.98 and R2 > 0.99, respectively) confirmed the reliability
of these models in describing the adsorption mechanism. The use of RCC
spent catalyst as a low-cost adsorbent material contributes to both wastewater
and industrial water remediation. Future research should explore the regene-
ration and reuse potential of the adsorbents, as well as their performance in
dynamic flow systems and real-field applications involving multi-metal or
organic–inorganic pollutant mixtures. The scalability of the process can also
be assessed through pilot-scale continuous column studies.
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