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Abstract

Industrial wastewater often contains excess nutrients that can trigger
eutrophication if discharged untreated. Zeolite, with its distinct
physical and chemical properties, is widely used in wastewater
treatment. This work focused on investigating the morphological
alterations on the zeolite surface, optimising adsorption operational
parameters, and evaluating the adsorption behaviour of ammonium,
nitrate, and phosphorus through isotherm and kinetic models. Zeolite
was characterised by Scanning Electron Microscopy (SEM), and batch-
mode adsorption experiments were operated with varying wastewater
percentages (10 - 100% v/v), zeolite dosages (0.4 g- 1.2 g), pH (4 - 9),
and contact times (5 - 120 minutes). SEM analysis showed that the
initially porous, rough zeolite surface became smoother and less
porous after adsorption, confirming nutrient attachment to the zeolite
surface. Optimal nutrient removal was achieved at 10% (v/v)
wastewater, 1.2 g of zeolite, pH 7, and a 120-minute contact time with
agitation at 80 rpm, achieving efficiencies of 32% for ammonium, 67%
for nitrate, and 59% for phosphorus. Isotherm analysis showed that
ammonium adsorption was better represented by the Freundlich
model, nitrate aligned strongly with the Langmuir model, and
phosphorus exhibited weak agreement with both models. Also,
ammonium and nitrate followed the pseudo-second-order Kkinetic
model, whereas phosphorus was better described by the pseudo-first-
order model. The adsorption capabilities of zeolite for nutrient removal
were successfully explored, demonstrating its potential as a sustainable
treatment option.

This is an open access article under the CC BY-NC-SA 4.0 license.
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1. Introduction

Wastewater generation has been steadily increasing due to rapid industrialisation and urban development.
Wastewater from domestic, agricultural, and some industrial sectors, such as food, dairy, and paper and pulp,
contains significant amounts of nutrients [1], [2]. Numerous nutrients, including phosphorus, nitrogen, potassium,
ammonium, and sulphur, are present in industrial wastewater [3], [4]. The continuous discharge of nutrient-rich
effluents into receiving water bodies leads to excessive enrichment, particularly in nitrogen and phosphorus. Such
inputs stimulate excessive algal blooms and aquatic plant proliferation, a phenomenon commonly referred to as
eutrophication [5]. This process severely disrupts aquatic ecosystems by depleting dissolved oxygen, altering pH
and other water chemistry parameters, reducing light penetration into deeper layers, and, in some cases,
promoting the release of harmful cyanotoxins [6]. Prolonged eutrophication not only threatens aquatic
biodiversity and disrupts microbial balance but also diminishes overall water quality. Beyond ecological
degradation, these conditions pose direct risks to public health and undermine economic activities that rely on
clean, safe water resources, including fisheries, recreational uses, tourism, and the production of potable water
[51, [7].

Wastewater treatment is very important for removing excess nutrients before wastewater is released into
water bodies. Various treatments have been applied to remove nutrients from industrial wastewater. These
treatments include anaerobic treatment, adsorption, rotating biological contactors, coagulation, flocculation,
sedimentation, filtration, phytoremediation and biological nutrient removal [8], [9]. The best method for removing
nutrients from industrial wastewater is selected based on key factors, including cost, nutrient concentration, and
removal efficiency. The most popular treatment is adsorption because of its cost-effectiveness, process flexibility
and design flexibility. The microporous structure of the adsorbent materials plays a major role in the adsorption
process. These materials can be natural, synthetic, or modified to enhance their adsorption capacities. Some
examples of adsorbents for nutrient removal include zeolite, clay minerals, alumina, chitosan, activated carbon,
and shells [10]-[14]. Among these adsorbents, zeolites have advantages over others due to their permeability,
adsorption, and catalytic properties [15]. Zeolites have a porous structure and can adsorb a variety of sorbates,
including insecticides, polar and nonpolar inorganic and organic compounds [16].

Unlike many previous studies that investigated adsorption using synthetic solutions or targeted only a single
nutrient, this work examines the simultaneous removal of ammonium, nitrate, and phosphorus from real
industrial wastewater using natural zeolite. The contribution of this study is the identification of optimal
operational parameters for nutrient adsorption using zeolite, providing practical evidence of its applicability in
treating nutrient-rich industrial wastewater. This research aims (i) to investigate the morphological alterations
on the zeolite surface post-treatment, (ii) to optimise adsorption operational variables including percentage of
wastewater, dosage of zeolite, solution pH and contact time, and (iii) to evaluate the adsorption behaviour of
ammonium, nitrate and phosphorus using isotherm and kinetic models.

2. Materials and Methods

2.1 Pre-Treatment of Zeolite

The zeolite used in this work was purchased from CPR Feed Sdn. Bhd. Prior to application, it was ground and
sieved to obtain particles of 150 pm. The material was then oven-dried at 60°C for 8 hours to remove residual
moisture [17].

2.2 Sampling of Industrial Wastewater

Industrial wastewater was collected from the ethanol production factory in Bukit Keteri, Perlis. About 15.0 L of
wastewater was collected using an HDPE bottle. Next, the collected wastewater was stored in a chiller at 4°C until
further use.

2.3 Characterisation of Zeolite

The morphology of the zeolite surface was examined using Scanning Electron Microscopy (SEM) before and after
the treatment. SEM utilised a focused electron beam to capture detailed images of the sample’s surface structure.
The analysis was conducted using a JEOL JSM-6010LV SEM, operating at acceleration voltages ranging from 0.5 to
20 kV.

2.4 Optimisation of Zeolite-Adsorption Operating Parameters

The study investigated nutrient adsorption using zeolite via a batch-method experiment, optimising operational
parameters such as wastewater percentage, zeolite dosage, pH, and contact time. Each experiment used 100 mL
of wastewater sample, agitated at 80 rpm on an orbital shaker [18]. The optimisation began by varying the
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wastewater percentage (10 to 100% v/v) while keeping other parameters constant. Next, zeolite dosage was
optimised within the range of 0.4 to 1.2 g. Subsequently, pH was adjusted from 4 to 9 using the optimised dosage
and wastewater percentage. Finally, contact time was varied between 5 and 120 minutes under the previously
optimised conditions. Table 1 summarises these operational conditions for zeolite adsorption in nutrient removal.
Nutrient concentrations were measured using a DR3900 spectrophotometer. The ammonium concentration was
determined using the Nessler method (HACH Method 8038), nitrate using the Cadmium Reduction method (HACH
Method 8039) and phosphorus using the PhosVer 3 (Ascorbic Acid) method (HACH Method 8048).

Table 1 Operational conditions of zeolite-adsorption for nutrient removal

Parameter Operational conditions
Percentage of Dosage pH Contact time
wastewater (g) (minute)
(% v/v)
Percentage of 10, 25, 50, 75, 1.0 7 60
wastewater 100
Dosage 10 0.4, 0.6, 0.8, 7 60
1.0,1.2
pH 10 1.2 4,6,7,8,9 60
Contact time 10 1.2 7 5, 20, 40, 60,
120
2.5 Adsorption Assessment
The efficiency of nutrient removal by zeolite was determined using Eqn. (1).
C —-C;
Percentage of removal (%) = lC x100% (1)

i

where Ci represents the nutrient concentration before treatment (mg/L), and Cr denotes the nutrient
concentration after treatment (mg/L).

2.6 Isotherm and Kinetic Analysis Methods

Langmuir and the Freundlich isotherm models, together with pseudo-first-order (PFO) and pseudo-second-order
(PSO) kinetic approaches, were applied to describe the adsorption behaviour of ammonium, nitrate, and
phosphorus onto zeolite. Table 2 presents the linear form of isotherm and kinetic models, along with their
parameters and descriptions.

Table 2 Linear equations for isotherm and kinetic models

Model Linear equation Description References
Langmuir c, C, 1 Ce = nutrient concentration at [19]
isotherm q_ - q + bq equilibrium (mg/L), ge = amount
¢ e adsorbed on zeolite at equilibrium

(mg/g), gmax = maximum

adsorption capacity (mg/g), b =

Langmuir equilibrium constant

(L/mg)
Freundlich 1 Kr = Freundlich constant (mg/g) [20]
isotherm log g, =log K; +; log C, (L/mg)/n, n = adsorption intensity
Pseudo-first - k, gt = amount adsorbed on zeolite at [21]
order (PFO) log (q. —q.)=logq, - 2303 t time ¢ (mg/g), ge = equilibrium
Kkinetics ' adsorption capacity (mg/g), k1 =

rate constant of PFO (1/min)
Pseudo- t 1 t k2 = rate constant of PSO [22]

second-order
(PSO) kinetics

+ —
qt kzqz qe

(g/mg-min)
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3. Results and Discussions

3.1 Characterisation of Zeolite

Fig. 1 shows the morphological variations on the zeolite surface. Prior to adsorption (see Fig. 1(a)), the zeolite
surface exhibited a relatively rough, heterogeneous texture with distinct pores, fissures, and cavities. These
morphological features are consistent with the zeolite's highly porous aluminosilicate framework, which
facilitates ion exchange and provides abundant active sites for nutrient binding. The sharp edges and well-defined
voids indicate the presence of open adsorption channels that are accessible to ammonium, nitrate, and
phosphorus species in solution.

After adsorption (see Fig. 1(b)), notable changes in the surface morphology were observed. The zeolite surface
appeared more compact, with many pores and cavities either partially blocked or completely covered by adsorbed
material. Compared with the surface before adsorption, the zeolite became less porous and exhibited smoother
textures in certain areas, suggesting the deposition of nutrient ions onto the active sites. The reduction in visible
voids further suggests that the internal channels of the zeolite framework were occupied during adsorption. In
addition to nutrient attachment, these changes may also be attributed to impurities present in the wastewater and
the mechanical agitation during oscillation, which likely caused minor abrasion and damage to the edges and
corners of the zeolite particles [23].

Comparable SEM features were highlighted by Nguyen et al. [24], who reported that the zeolite surface
became less rough after the adsorption of ammonium ions. This strengthens the evidence that surface smoothing
and pore filling are reliable indicators of nutrient uptake. This study revealed clear morphological alterations that
validate the attachment of nutrients to the zeolite surface and are consistent with earlier reports. Overall, the SEM
analysis highlights the transition from a porous, open structure before adsorption to a more compact, filled
morphology after adsorption, thereby confirming nutrient attachment to the zeolite surface.
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(a) (b)
Fig. 1 SEM micrographs of zeolite (a) Prior to adsorption; (b) Post-adsorption

3.2 Optimisation of Operational Parameters for Zeolite-Based Adsorption

Operational parameters, including the percentage of wastewater, zeolite dosage, pH, and contact time, were
optimised to establish the best conditions for nutrient removal via zeolite adsorption.

3.2.1 Percentage of Wastewater

Fig. 2 illustrates the percentage removal of ammonium, nitrate, and phosphorus using zeolite at different
wastewater concentrations. The percentage removal of ammonium, nitrate, and phosphorus generally decreased
as the wastewater concentration increased from 10% to 100% (v/v). Specifically, ammonium removal decreased
from 44% to 27% as the wastewater fraction increased from 10% to 100% (v/v). Nitrate removal showed a
similar trend, declining from 80% to 60%. Phosphorus removal was also reduced, with the percentage removal
decreasing from 65% to 26% as the wastewater percentage increased from 10% to 100% (v/v). Among all tested
conditions, the 10% (v/v) wastewater concentration exhibited the highest removal efficiency for all three
nutrients, indicating that a lower wastewater concentration is more favourable for effective zeolite adsorption.
This suggests that 10% (v/v) percentage wastewater achieved the highest removal efficiency in the adsorption
process, achieving 44% for ammonium, 80% for nitrate, and 65% for phosphorus.
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Fig. 2 Percentage removal of ammonium, nitrate and phosphorus at different percentages of wastewater (1.0 g
zeolite dosage, pH 7 and 60 minutes contact time at 80 rpm)

This finding suggests that lower wastewater concentrations provide more favourable conditions for nutrient
adsorption using zeolite. At lower concentrations, the competition between nutrient ions for available adsorption
sites on the zeolite surface is reduced, allowing for more effective interaction between the adsorbent and
adsorbate [25]. Additionally, lower concentrations likely prevent rapid saturation of active sites and promote a
higher mass-transfer rate by increasing the concentration gradient. The diluted wastewater also reduces the
presence of interfering substances that may block adsorption sites, enhancing the overall effectiveness of the
adsorption process. This trend supports the principle that adsorption efficiency generally decreases as
contaminant loading increases when the adsorbent dosage remains constant.

However, when the wastewater percentage increased from 75% to 100% (v/v), a higher initial concentration
increased the driving force for mass transfer, thereby accelerating the migration of nutrient ions from the bulk
solution to the zeolite surface [26]. This supports the observation that when the wastewater concentration
increased up to 100% (v/v), the percentage removal of most nutrients showed a slight increase after previously
declining. This unexpected rise may be attributed to changes in adsorption dynamics at higher contaminant
loading, such as increased ion mobility or delayed equilibrium, which could enhance interactions between
nutrients and the zeolite surface. The percentage removal of nutrients was also directly affected by the
characteristics of the industrial wastewater, which likely contained high nutrient concentrations from
manufacturing discharges. The 10% (v/v) wastewater concentration achieved the greatest nutrient removal,
suggesting that this concentration provided the best adsorption conditions. Therefore, the optimal wastewater
concentration was 10% (v/v), which was selected as the next parameter for the adsorption operation. Similar to
Safie & Zahrim [25] and Abdulredha et al. [27], this study found that lower wastewater concentrations led to
higher adsorption efficiency, as fewer competing ions enabled more effective interactions between nutrients and
zeolite.

3.2.2 Dosage of Zeolite

The percentages of removal of ammonium, nitrate and phosphorus were significantly influenced by the dosage of
zeolite, as shown in Fig. 3. Overall, nutrient removal efficiencies increased with higher zeolite dosages, although
some fluctuations were observed. For ammonium, the percentage removal started at 24% (0.4 g), dropped to 13%
(0.6 g), and then increased gradually to 37% at 1.2 g. However, the percentage removal of nitrate was high at 0.4
g (75%), decreased to 33% at 0.6 g, and then increased steadily, reaching 80% at 1.2 g. Meanwhile, phosphorus
shows that the percentage removal increased from 14% (0.4 g) to 55% (0.8 g), decreased to 15% at 1.0 g, and then
increased sharply to 73% at 1.2 g. The optimum dosage was identified as 1.2 g, yielding the highest removal
percentages for all three nutrients: ammonium (37%), nitrate (80%), and phosphorus (73%).

This study reveals that increasing the zeolite dosage from 0.4 g to 1.2 g significantly enhances the removal of
ammonium, nitrate, and phosphorus from industrial wastewater. The results show that nutrient removal
efficiency generally improved with increasing zeolite dosage. The highest percentage removal for all three
nutrients was recorded at 1.2 g, indicating that a higher dosage provides more active sites and a larger surface
area available on the zeolite’s surface for adsorption [27]. At lower dosages, the limited surface area and active
sites may have restricted the interaction between the adsorbent and nutrient ions, resulting in lower removal
percentages. As the dosage increased, the enhanced adsorbent-to-adsorbate ratio facilitated greater contact and
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improved adsorption. However, some fluctuations in removal were observed at intermediate dosages, which may
be attributed to temporary site saturation or competition among ions. Overall, the findings suggest that 1.2 g of
zeolite was the most effective dosage under the tested conditions. Therefore, 1.2 g of zeolite was chosen for the
next adsorption operation parameter optimisation using zeolite for nutrient removal. The trend of increasing
nutrient removal with higher adsorbent dosage is consistent with Nur Afikah [28] and Ram et al. [29], who
demonstrated that higher zeolite dosage increases surface area and the availability of adsorption sites.

100 -
90 A
80 A
70
60 -
50 -
40 A
30 -
20 A
10 A
0 . . . . . .
0 0.2 0.4 0.6 0.8 1 1.2
Dosage (g)

—&— Ammonium Nitrate —— Phosphorus

Percentage Removal (%)

Fig. 3 Percentage removal of ammonium, nitrate and phosphorus at different dosages of zeolite (10% v/v of the
percentage of wastewater, pH 7 and 60 minutes contact time at 80 rpm)

3.2.3 pH

The percentage removal of all three nutrients using zeolite was influenced by changes in pH, as shown in Fig. 4.
For ammonium, the percentage removal increased steadily from 14% at pH 4 to a maximum of 53% at pH 7.
However, beyond this point, efficiency dropped sharply to 10% at pH 8, then increased slightly to 17% at pH 9.
Similarly, nitrate removal showed an overall increasing trend up to pH 7, starting at 27% at pH 4, rising to 40% at
pH 7, then declining to 26% at pH 8, and increasing again to 36% at pH 9. For phosphorus, the removal efficiency
was initially 40% at pH 4, decreased slightly to 35% at pH 6, and peaked at 44% at pH 7. After reaching its
optimum, the removal dropped to 19% at pH 9. Based on the results, pH 7 was identified as the optimum condition
for nutrient removal using zeolite. At this pH, the highest removal efficiencies were observed for ammonium
(53%) and phosphorus (44%), while nitrate showed a relatively high removal of 40%. These values indicate that
a neutral pH provides the most favourable environment for effective adsorption of all three nutrients.

70 1 —&— Ammonium Nitrate —— Phosphorus
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0 T T T 1
2 4 6 8 10
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Fig. 4 Percentage removal of ammonium, nitrate and phosphorus at different pH (10% v/v of percentage of
wastewater, 1.2 g zeolite dosage and 60 minutes contact time at 80 rpm)

‘. M Penerbit




183 Int. Journal of Integrated Engineering Vol. 18 No. 5 (2026) p. 177-189

The adsorption performance of zeolite is strongly influenced by the pH of the solution, as it controls the
surface charge of the adsorbent as well as the ionic speciation of nutrients. Under acidic conditions, the zeolite
surface tends to become positively charged, thereby limiting cation uptake due to electrostatic repulsion and
competition with excess hydrogen ions [30]. Conversely, at higher pH levels, the zeolite surface tends to become
negatively charged, which may enhance the adsorption of cationic species but may also increase competition from
hydroxide ions [31]. Neutral pH conditions generally provide a more balanced environment where both the
adsorbent surface and the nutrient ions are in a favourable state for interaction. This has been reported in
previous studies, where zeolite exhibited improved adsorption performance at neutral pH due to optimal
electrostatic attraction and minimal interference from competing ions. Moreover, the efficiency of nutrient
removal at different pH levels may also be influenced by the solubility and ionic forms of the nutrients involved.
For instance, phosphorus and ammonium exist in multiple species depending on pH, and these forms interact
differently with the zeolite surface [25].

The most common pH values for zeolite-based adsorption in nutrient removal were slightly acidic or near
neutral, at pH 6 and 7. Comparable outcomes have been documented by Ram et al. [29] and Nasir et al. [31]. The
sorption capacity decreased at very low pH levels due to competition with hydrogen ions, making it challenging
to adsorb ammonium in wastewater [32]. Also, the adsorption capability decreased at higher pH values,
specifically at pH 8 and 9 [33]. Therefore, a pH of 7 was chosen to optimise the adsorption operating parameters
for the next experiment.

3.2.4 Contact Time

Fig. 5 presents the effect of contact times on the percentage removal of ammonium, nitrate and phosphorus using
zeolite. The removal percentages of ammonium, nitrate, and phosphorus by zeolite increased with contact time
over 5-120 minutes. For ammonium, the removal percentage increased steadily from 20% at 5 minutes to 32% at
120 minutes. Phosphorus showed a similar progressive pattern, rising from 30% to 59% over the same contact
period. Nitrate, however, displayed a different trend. Its removal percentage decreased from 42% at 5 minutes to
22% at 60 minutes, then increased sharply to 67% at 120 minutes.

The gradual increase in ammonium and phosphorus removal suggests that zeolite has a consistent affinity for
both ions, with adsorption progressing toward equilibrium. The slower rate of increase at longer contact times
indicates a gradual saturation of active sites on the zeolite surface. This behaviour is consistent with the general
adsorption mechanism, which typically involves two stages: (i) a rapid initial uptake due to abundant available
surface sites, and (ii) a slower phase dominated by intraparticle diffusion as equilibrium is approached [34], [35].
The unusual behaviour of nitrate, showing an initial decline followed by a sharp increase, can be explained by ion
competition and adsorption dynamics. During the early stage, nitrate ions may have competed with other ions in
the wastewater for adsorption sites or undergone partial desorption. With extended contact, however, nitrate
molecules had sufficient time to diffuse into the zeolite's internal pores, resulting in improved uptake at later
stages.

80 1 —&— Ammonium Nitrate —— Phosphorus
70 -
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Contact time (minute)

Fig. 5 Percentage removal of ammonium, nitrate and phosphorus at different contact times (10% v/v of percentage
of wastewater, 1.2 g zeolite dosage and pH 7 at 80 rpm)

The optimal contact time for the zeolite-based adsorption process was determined to be 120 minutes for
effective nutrient removal. This finding aligns with Abdulredha et al. [27], Abdelhay et al. [36] and Widiastuti et
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al. [37], who observed that nutrient removal increases with longer contact time until equilibrium is reached,
supporting the 120 minutes identified in this study.

3.3 Adsorption-Isotherm Evaluation

The equilibrium data for the adsorption of ammonium, nitrate, and phosphorus were interpreted using the
Langmuir and the Freundlich equations to evaluate the interactions between nutrients and zeolite. Langmuir
theory is based on monolayer adsorption at homogeneous sites, whereas the Freundlich theory describes
multilayer adsorption on a heterogeneous surface [37].

The linearised Langmuir plots of Ce/qe versus Ce for ammonium, nitrate and phosphorus adsorption on zeolite
are shown in Fig. 6. Table 3 summarises the Langmuir isotherm parameters for adsorption on zeolite. For the
Langmuir model, nitrate adsorption showed the best fit (coefficient of determination, R? = 0.9323), confirming a
monolayer adsorption mechanism with a maximum adsorption capacity (gmax) of 3.53 mg/g and a Langmuir
constant (b) of 0.148 L/mg. In contrast, ammonium (R* = 0.0809) and phosphorus (R* = 0.2579) displayed weak
correlations, indicating that their adsorption was not adequately explained by homogeneous monolayer
behaviour. Ammonium adsorption was most likely controlled by ion-exchange interactions, whereas phosphorus
uptake could occur through mechanisms such as surface complexation or precipitation.

The Freundlich model provided additional insights, as shown in Fig. 7 and Table 4. Nitrate again exhibited a
reasonably good fit (R? = 0.7784, n = 2.91), suggesting favourable adsorption (where 1/n < 1) and a heterogeneous
distribution of active sites [38]. Ammonium (R? = 0.6008, n = 1.55) was more accurately represented by the
Freundlich isotherm than the Langmuir, implying uptake on irregular surface sites with moderate binding
strength. Phosphorus, however, showed poor correlation (R? = 0.1938, n = 3.66), reflecting complex interactions
that cannot be fully explained by either model alone. The relatively low Kr values for ammonium (0.115) and
phosphorus (0.239), compared with nitrate (0.886), further demonstrate that nitrate has a higher affinity for the
zeolite surface.

Overall, the isotherm results suggest that nitrate removal was better described by the Langmuir than by the
Freundlich model, highlighting the dominance of monolayer adsorption on homogeneous sites. Ammonium
removal is better explained by the Freundlich model, consistent with ion exchange and heterogeneous adsorption
processes, whereas phosphorus adsorption is only weakly represented by both models, suggesting that other
mechanisms, such as surface complexation or precipitation, may dominate. This outcome aligns with earlier
reports, in which ammonium removal by zeolite is governed by ion exchange [37], [39], whereas phosphorus
adsorption often deviates from ideal isotherm models due to surface precipitation and multi-mechanistic
pathways.
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Fig. 6 Linearised Langmuir isotherm plots for ammonium, nitrate, and phosphorus adsorption onto zeolite

Table 3 Langmuir isotherm parameters for ammonium, nitrate, and phosphorus adsorption onto zeolite

Parameter Linear equation R2 qmax (Mg/g) b (L/mg)
Ammonium y=0.1552x + 25.963 0.0809 6.44 0.006
Nitrate y=0.2835x + 1.9181 0.9323 3.53 0.148
Phosphorus y=0.7265x + 16.325 0.2579 1.38 0.045
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Fig. 7 Linearised Freundlich isotherm plots for ammonium, nitrate, and phosphorus adsorption onto zeolite

Table 4 Freundlich isotherm parameters for the adsorption of ammonium, nitrate and phosphorus on zeolite

Nutrient Linear equation R? Kr (mg/g) (L/mg)/n n Adsorption nature
Ammonium  y=0.647x - 0.9404 0.6008 0.115 1.55 Favourable
Nitrate y =0.3434x - 0.0527 0.7784 0.886 291 Favourable
Phosphorus y=0.2736x-0.6214  0.1938 0.239 3.66 Favourable, but poorly

fitted

3.4 Adsorption-Kinetic Evaluation

The kinetic behaviour of ammonium, nitrate and phosphorus adsorption onto zeolite was evaluated using pseudo-
first-order (PFO) and pseudo-second-order (PSO) models. Fig. 8 and Fig. 9 present the respective linear plots,
while Table 5 lists the kinetic modelling results for ammonium, nitrate, and phosphorus using the PFO and PSO

equations.
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Fig. 8 Linearised PFO kinetic plots for ammonium, nitrate, and phosphorus adsorption onto zeolite
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Fig. 9 Linearised PSO kinetic plots for ammonium, nitrate, and phosphorus adsorption onto zeolite

Table 5 Kinetic modelling results for ammonium, nitrate and phosphorus using PFO and PSO equations

Nutrient Model R2 e, exp (ME/E) e, cal (mg/g) k1 (1/min) k2 (g/mg. min)
Ammonium PFO 0.5773 0.283 0.111 0.0104 -

PSO 0.9628 0.283 0.299 - 0.2713
Nitrate PFO 0.5345 0.833 0.788 0.0134 -

PSO 0.7323 0.833 0.859 - 0.0448
Phosphorus PFO 0.9338 0.267 0.199 0.0150 -

PSO 0.9065 0.267 0.315 - 0.1024

For ammonium, the PFO model yielded a moderate fit (R* = 0.5773) but underestimated the calculated uptake
capacity (ge, ca= 0.111 mg/g) relative to the experimental equilibrium uptake capacity (ge, exp = 0.283 mg/g). In
contrast, the PSO model yielded a very good correlation (R? = 0.9628), with ge, cai= 0.299 mg/g, closely matching
the experimental value. The high agreement between calculated and experimental capacities indicates that
ammonium adsorption on zeolite is best described by the PSO model, suggesting that the rate-limiting step
involves chemisorption via valence forces or ion exchange at active sites.

For nitrate, the PFO model also showed a moderate fit (R? = 0.5345), whereas the PSO model provided a better
fit (R* = 0.7323), though the correlation was lower than for ammonium. The calculated equilibrium capacity (ge,
cal= 0.859 mg/g) was close to the experimental value (ge exp = 0.833 mg/g), indicating that the PSO model is more
appropriate for nitrate adsorption. The lower R? compared to ammonium suggests that nitrate adsorption may be
influenced by additional mechanisms, such as diffusion into internal pores or weaker electrostatic interactions.

For phosphorus, both PFO and PSO models provided very good agreement with experimental data. The PFO
model achieved a high correlation (R? = 0.9338), with ge, cai = 0.199 mg/g compared to ge,exp = 0.267 mg/g, while
the PSO model also produced a strong correlation (R* = 0.9065) and a calculated equilibrium capacity (ge, cal =
0.315 mg/g) close to the experimental value. This indicates that phosphorus adsorption onto zeolite can be
adequately described by either model, although PFO shows a slightly better fit.

Overall, these findings indicate that ammonium and nitrate adsorption on zeolite follow the PSO model more
closely, implying a chemisorption mechanism with stronger interactions between the adsorbate and the
adsorbent. The finding is consistent with earlier studies [24], [31], [40], which reported that ammonium and
nitrate adsorption onto zeolite is better described by the PSO model than by the PFO model. In contrast,
phosphorus adsorption conformed more closely to the pseudo-first-order model, indicating that physisorption
processes may dominate its removal.

4. Conclusion

The ability of zeolite to remove ammonium, nitrate and phosphorus from real industrial wastewater was
successfully demonstrated through batch adsorption experiments. The SEM analysis demonstrated significant
changes in the surface morphology of zeolite before and after adsorption treatment. The findings showed that the
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zeolite’s initially porous and rough surface became smoother and less porous after adsorption, indicating
successful attachment of nutrients onto the zeolite surface. These morphological changes confirm the effective
adsorption of ammonium, nitrate and phosphorus during the treatment process. Next, the findings on
optimisation and adsorption performance revealed that the removal efficiency was significantly influenced by
several parameters, including the percentage of wastewater, zeolite dosage, pH, and contact time. Optimal
conditions for nutrient removal were identified at 10% (v/v) wastewater with 1.2 g of zeolite, at pH 7 and a contact
time of 120 minutes. Under these conditions, zeolite achieved high removal efficiencies of 32% for ammonium,
67% for nitrate, and 59% for phosphorus, confirming its potential as an effective adsorbent. The adsorption
behaviour of nutrients on zeolite demonstrated distinct mechanisms. Ammonium adsorption was more consistent
with the Freundlich model, suggesting heterogeneous surface interactions, while nitrate was best described by
the Langmuir model, indicating monolayer adsorption on uniform active sites. Phosphorus showed poor
conformity to both isotherm models, implying that additional processes beyond simple surface adsorption may
be involved. Kinetic studies revealed that ammonium adsorption followed the pseudo-second-order model,
indicating that chemisorption is the dominant mechanism. Nitrate exhibited a lower correlation but was still
better fit by the pseudo-second-order model than by the pseudo-first-order model. In contrast, phosphorus
adsorption conformed more closely to the pseudo-first-order model, indicating that physisorption processes may
dominate its removal. Future research may focus on practical applications, such as fixed-bed column experiments
or continuous-flow systems, to better simulate industrial operations. Studies on regeneration and reusability
would also be useful to assess the long-term applicability of zeolite, while hybrid systems combining zeolite with
other natural or biological adsorbents could further improve nutrient removal efficiency.
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