DAMPAK: JURNAL TEKNIK LINGKUNGAN UNIVERSITAS ANDALAS - VOL. 22 N0.2 (2025) 113-122

Terbit online pada laman web jurnal :http://jurnaldampak.ft.unand.ac.id/

RERSTAS AATEg

Dampak: Jurnal Teknik Lingkungan -
Universitas Andalas '

| ISSN (Print) 1829-6084 [ISSN (Online) 2597-5129)

Artikel Penelitian

Adsorption of Low-Phosphate Concentration in Water Using Commercial
Fe-based Adsorbents

Salman Faris', Ervin Nurhayati'”, Welly Herumurti'

Department of Environmental Engineering, Institut Teknologi Sepuluh Nopember, Surabaya, Indonesia,
* Corresponding author: ervin@its.ac.id

Diterima: 5 Mei 2025 Diperbaiki: 23 Juni 2025 Disetujui: 7 Juli 2025

ABSTRACT

Phosphate contamination in aquatic environments has become a serious issue due to its role in eutrophication,
leading to excessive algal growth and degraded ecosystems. Anthropogenic activities such as agricultural runoff and
wastewater discharge significantly increase phosphate concentrations. Among treatment technologies, adsorption
using iron-based adsorbents has shown high efficiency, especially at low concentrations. However, performance is
influenced by adsorbent type, particle size, and hydrodynamic conditions.

This study evaluated the phosphate adsorption performance of Granular Ferric Hydroxide (GFH) and Bayoxide E33
with particle sizes of 74—149 pm, 37-74 pm, and <37 pum. Batch experiments were conducted with 0.3 mg P/L
phosphate solution. The isotherm study was performed over 180 minutes, and the kinetics study extended to 240
minutes. Surface morphology was characterized by SEM, and specific surface area was analyzed using BET, which
confirmed that smaller particles exhibited higher surface areas.

Results showed that GFH <37 pum achieved the highest adsorption capacity of 7.5 mg/g, while Bayoxide <37 pm
reached 6.18 mg/g. The Langmuir model best described the isotherm data, and the Pseudo Second-Order model
indicated chemisorption as the dominant mechanism. These findings underscore the importance of optimizing
particle size to enhance phosphate removal.
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1. INTRODUCTION

Phosphate is an essential nutrient commonly found in natural aquatic systems, as well as in domestic and
industrial wastewater. While it plays a vital role in supporting aquatic life, excessive phosphate concentrations can
lead to eutrophication, a condition characterized by the overgrowth of algae that disrupts aquatic ecosystems and
deteriorates water quality (Smith et al., 1999).

The consequences of eutrophication include reduced dissolved oxygen levels, mass mortality of aquatic organisms,
and the degradation of the ecological and aesthetic functions of water bodies (Chislock et al., 2013). In recent
years, increasing attention has been directed toward phosphate control due to its significant environmental impact
(Lalley et al., 2015). In Indonesia, studies have reported that rivers such as the Jagir, Musi, and Cikaniki have
experienced phosphate levels that exceed environmental quality thresholds, largely attributed to anthropogenic
activities such as agriculture, domestic discharge, and industrial effluents (Afifudin et al., 2025; Rahutami et al.,
2023; Rosilla et al., 2015).

Among various treatment approaches, adsorption has emerged as a promising method for phosphate removal due
to its operational flexibility and high efficiency (Kavand & Kazemian, 2025). Iron-based adsorbents such as
Granular Ferric Hydroxide (GFH) and Bayoxide have demonstrated effectiveness under diverse environmental
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conditions (Kunaschk et al., 2015). However, the adsorption performance is strongly influenced by parameters
such as particle size, agitation speed, and adsorbent dosage (Rapo & Tonk, 2021). Smaller particle sizes generally
enhance adsorption capacity due to their larger specific surface area, although they may present challenges in
terms of post-treatment separation (Zeng et al., 2004).

This study aims to evaluate phosphate adsorption performance at low concentrations using two commercially
available iron-based adsorbents (GFH and Bayoxide) with three different particle size ranges (74—-149 um, 37-74
pum, and <37 pm), under a fixed dose of 20 mg in 500 mL solution and a constant agitation speed of 200 rpm. The
primary focus is to assess the applicability of adsorption isotherm models (Langmuir and Freundlich) and kinetic
models (Pseudo First-Order and Pseudo Second-Order) based on the experimental data. The findings are expected
to offer practical insights for selecting suitable adsorbents and optimizing operational parameters for phosphate
mitigation in low-concentration but ecologically sensitive environments.

2. METHODOLOGY

2.1. Adsorbent Preparation

This study employed two commercially available iron-based adsorbents: Bayoxide® E33 (LANXESS
Deutschland GmbH, Germany) and Granular Ferric Hydroxide (GFH) (GEH Wasserchemie GmbH & Co. KG,
Germany). Prior to use, the adsorbents were pretreated to eliminate potential surface impurities. Each adsorbent
was thoroughly rinsed with deionized water, oven-dried for five hours, and subsequently ground manually using a
mortar and pestle to obtain uniform granules.The ground materials were then sieved using standard laboratory test
sieves with mesh sizes ranging from 100 to 400 mesh, corresponding to particle size ranges of 74—149 um, 37-74
pm, and <37 pm. These fractions were selected to assess the effect of particle size and thus surface area on
phosphate adsorption efficiency. A phosphate stock solution was prepared by dissolving analytical-grade sodium
dihydrogen phosphate (NaH:PO.) in deionized water and subsequently diluted to the required working
concentration. The complete adsorbent preparation workflow is illustrated in Figure 1.

(a) (b) (c) (d) (e)
Figures 1. Adsorbent Preparation Process: (a) Raw Adsorbent, (b) Washing with Deionized Water, (c) Manual
Grinding, (d) Particle Size Sieving, (¢) Fine Adsorbent Fractions

2.2.  Phosphate Concentration Analysis, Scanning Electron Microscopy, Brunauer—Emmett-Teller (BET)
Surface Area

Phosphate concentrations in water samples were determined using the Standard Method 4500-P E (Ascorbic Acid

Method). This colorimetric technique involves the reaction of phosphate with a reagent mixture containing 5N
sulfuric acid, potassium antimonyl tartrate, ammonium molybdate, and ascorbic acid to produce a blue-colored
complex, the intensity of which is measured spectrophotometrically.

Surface characterization of the adsorbents was conducted using a Scanning Electron Microscope (SEM) to
observe surface morphology and elemental composition. SEM imaging was performed with a Hitachi SU8000
high-resolution instrument, specific surface area of the sample was determined using the Brunauer—-Emmett—
Teller (BET) method, performed on a Micromeritics ASAP 2020 surface area and porosity analyzer (Version
4.04). Nitrogen gas (N2) was used as the adsorptive at a bath temperature of —195.81 °C (77 K). Prior to analysis,
the sample was automatically degassed to remove any physically adsorbed contaminants. A sample mass of
0.1139 g was used, and measurements were taken at 10-second equilibration intervals. The BET analysis provided
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detailed information on the specific surface area based on nitrogen adsorption isotherms at cryogenic temperature

conditions. The preparation procedure for the reagents used in the phosphate analysis is illustrated in Figure 2.
e 7

@ (b)
Figures 2. Reagent Preparation (a) Chemicals Used, (b) Prepared Reagent Solution

2.3. Adsorption Study

The adsorption experiments were conducted in two main phases. For the isotherm study, 500 mL phosphate
solutions were used with a fixed adsorbent dose of 20 mg. The initial phosphate concentrations (Co) were varied
from 0.075 to 1.5 mg P/L, and the contact time was maintained at 180 minutes. The kinetic study was conducted
using the same adsorbent dosage and volume, with a fixed phosphate concentration of 0.3 mg P/L. Samples were
collected at various time intervals ranging from 0 to 240 minutes. All adsorption experiments were performed at a
constant agitation speed of 200 rpm using a rotational shaker to ensure homogeneous mixing, The experimental
conditions are summarized in Tables 1. After the designated contact time, the solutions were filtered through 0.45
pum syringe filters prior to phosphate analysis. Phosphate concentrations were then measured using a DR3900

spectrophotometer. The experimental procedure for the adsorption study is illustrated in Figures 3.
A [y  n » . _"1 \'.- ; o\
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(a) (b) (c) (d)
Figures 3. Adsorption Experiment Procedure ; (a) Adsorption Process, (b) Collected Solution Sample, (c)
Reagent and Sample Mixing, (d) DR3900 Spectrophotometer

Tables 1. Experimental Conditions

Condition Isotherms Kinetics
Co 0.075 mg/L - 1.5 0.3
mg/L mg/L

Dosage 20 mg 20 mg

Volume 500 mL 500 mL
pH 7,6 7,6
Temperature 21°C 21°C
Agitation 200
gpeed 200 rpm rpm

The adsorption capacity (qe) can be calculated using the following equation, as proposed by Hameed and El-
Khaiary (2008):
-

0]

The suitability of the isotherm and kinetic models was evaluated based on the coefficient of determination (R?) of
each model. An isotherm model is considered appropriate when it exhibits an R? value close to 1 (Neolaka et al.,
2020). Tables 2 and Tables 3 present the mathematical expressions of the adsorption isotherm models and kinetic
models applied in this study.
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Tables 2. Equations of Adsorption Isotherm Models

Isotherm Model Equation Graphics Plot
Log Qe vs Lo
Freundlich qe = KF Cel/m g g
Ce
1 Ce/Qe vs Ce
Langmuir —= —0 + -

Source: Freundlich, 1906 ; Langmuir, 1916

Tables 3. Equations of Adsorption Kinetics Models

Kinetics Model Equation Graphics Plot
Pseudo-First- In(ge—qt) =Inge — kit
In (qe-qt) vs't
Order (PFO)
Pseudo-Second-
=1 t/qt vs t
Order (PSO) 2 2

Source: Lagergren, 1898 ; Ho & McKay, 1999

3. RESULTS AND DISCUSSION
3.1. Scanning Electrone Microscope and Brunauer—Emmett—Teller (BET) Surface Area

Figures 4 displays the surface morphology of GFH and Bayoxide E33 adsorbents based on SEM images taken at
20,000x magnification. The surface of GFH exhibits a highly porous and irregular structure, indicating the
potential for a large active surface area suitable for adsorption processes. This rough and amorphous morphology
is consistent with the characteristics of Fe(OH)s, which is known to possess numerous active hydroxyl groups
capable of binding phosphate ions. In contrast, the surface of Bayoxide E33 appears more compact and orderly,
reflecting the crystalline nature of a-FeOOH. This structured morphology suggests fewer but more specific
adsorption sites, which may lead to selective phosphate binding.

€

suoco 12.0kV 15.7mm x20.0k :j&p_; 7 :
(a) (b)
Figures 4. Surface Morfology Of Adsorbents, (a) GFH, (b) Bayoxide E33

Using the Brunauer—-Emmett—Teller (BET) analysis method described in Chapter 2, the specific surface area
values of each adsorbent were obtained, as presented in Tables 4 and Tables 5.
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Tables 4. BET Surface Area of Bayoxide E33

Particle BET Surface Area
Size (m?/g)
74-149 um 137.4937
37-74 um 139.5261
<37 um 139.9988

Tables 5. BET Surface Area of GFH

Particle BET Surface Area
Size (m?/g)
74-149 pym 275.4427
37-74 um 276.8994
<37 um 278.9657

The BET surface area analysis revealed a slight increase in surface area with decreasing particle size for both
Bayoxide E33 and GFH adsorbents. For Bayoxide E33, the surface area ranged from 137.4937 m?/g (74—149 pum)
to 139.9988 m*g (<37 um), indicating a relatively small variation. In contrast, GFH exhibited a significantly
higher surface area overall, with values increasing from 275.4427 m%g to 278.9657 m?/g as the particle size
decreased. This trend confirms that smaller particle sizes tend to provide greater surface areas, potentially
enhancing adsorption capacity.

3.2.  Adsorption Capacity

Figures 5 illustrates the phosphate adsorption capacities of the tested adsorbents. Among the two iron-based
adsorbents evaluated, GFH exhibited the highest phosphate adsorption capacity, with a maximum qe value of 7.5
mg/g achieved at a particle size of <37 um, under agitation at 200 rpm and an initial phosphate concentration of
0.3 mg P/L.

qt (mg/g)

—— GFH 100-200 mesh

§ ——- GFH 200-400 mesh
1r —-- GFH <400 mesh

- Bayoxide 100-200 mesh
--—-- Bayoxide 200-400 mesh
or —— Bayoxide <400 mesh

0 50 100 150 200 250
t (min)

Figures 5. Adsorption Capacity Of Each Adsorbents

Although this value is considered moderate compared to those reported in the literature, it remains consistent with
the characteristics of a low-concentration experimental system. For comparison, a previous study reported a
maximum qe of up to 17.3 mg/g using micron-sized GFH particles (0.1-2 um) in phosphate solutions with initial
concentrations (Co ) of 3 and 40 mg/L, highlighting the significant influence of smaller particle sizes and higher
initial concentrations on adsorption performance (Marti et al., 2021). Furthermore, phospate adsorption by GFH
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has been reported to reach up to 24 mg/g under optimal conditions, particularly at pH 6 and an equilibrium
phosphate concentration of 2 mg/L. That study also emphasized the enhancing effect of calcium ions, which
promote phosphate removal through co-adsorption mechanisms. This suggests that higher adsorption capacities
may be achievable in real water matrices such as wastewater or drinking water compared to synthetic laboratory
media, due to the presence of ionic interactions that are not fully represented in simplified systems.

Meanwhile, Bayoxide E33 exhibited slightly lower adsorption performance compared to GFH, with a maximum
adsorption capacity (qe) of 5.18 mg/g for the <37 pm particle size under identical experimental conditions (Co=
0.3 mg P/L; 200 rpm; 240 minutes). This value remains consistent with previous findings under low-concentration
experimental settings. For instance, earlier studies have reported gqe values of 26.8 mg/g for unmodified Bayoxide
E33 and 28.0 mg/g for silver-modified E33 (E33/Agll), although these results were obtained at significantly
higher phosphate concentrations (Co = 80 mg/L). The improved performance in such cases has been attributed to
surface modifications that increase the number of active sites for phosphate binding (Lalley et al., 2015). Overall,
although the adsorption capacities obtained in this study are lower than the optimal values reported in the
literature, the results still demonstrate the potential of GFH and Bayoxide E33 as effective phosphate adsorbents,
particularly in low-concentration water treatment scenarios. Adsorption efficiency is strongly influenced by
operational factors such as particle size, contact time, and the characteristics of the solution matrix (Panjaitan et
al., 2025).

The superior phosphate adsorption capacity of GFH, compared to Bayoxide E33 and Ferrolox, is primarily
attributed to its mixed composition of f-FeOOH and amorphous Fe(OH)s. The amorphous phase provides a high
density of surface hydroxyl groups (EFe—OH), which enhances the availability of active binding sites and
facilitates phosphate complexation. In contrast, Bayoxide E33 is composed of crystalline a-FeOOH (goethite).
Although Bayoxide possesses a relatively high surface area (approximately 400 m?/g), the ordered lattice structure
of'its crystalline phase results in a lower number of reactive sites (Chitrakar et al., 2006).

In this study, a consistent trend was observed in which smaller particle sizes yielded higher phosphate adsorption
capacities (qe) across all adsorbents. This enhancement is commonly attributed to the increased specific surface
area and shorter diffusion paths, which directly offer more accessible active sites for phosphate binding. These
findings suggest that particle size reduction can increase the external surface area while minimizing internal mass
transfer resistance—both of which contribute to faster and more efficient adsorption processes. This observation is
consistent with the findings of Xiao et al. (2013), and further supported by the BET surface area results in Tables
4 and Tables 5, which confirm that smaller particle sizes exhibited higher specific surface areas

3.3. Adsorption Isotherms and Kinetics

Based on the equations provided in Table 1, the corresponding isotherm model plots are presented in Figures 5
and Figures 6.

14T — 100-200 mesh (R* = 0.8248) e ==- 100-200 mesh (R? = 0.8328) #2
=== 200-400 mesh (R” = 0.8486) _,-" —-.= 200-400 mesh (R? = 0.9290) ,”

1.3} —- =400 mesh (R” = 0.8759) - =
: - - 0.04 | — =400 mesh (R2 = 0.9283) -7 5

—2.00 -1.75 -1.50 -1.25 -1.00 -0.75 -0.50 —0.25 0.1 0.2 03 0.4 0.5 06 0.7
log Ce Ce (mg/L)

(a) (b)
Figures 6. Adsorption Isotherm Model for Bayoxide E33 E33, (a) Freundlich, (b) Langmuir
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Figures 7. Adsorption Isotherm Model for GFH, (a) Freundlich, (b) Langmuir

The isotherm study results, summarized in Figures 6 and 7, reveal clear trends in phosphate adsorption behavior
for each adsorbent across different particle size ranges. For GFH, the Langmuir maximum adsorption capacity (g
max) increased with decreasing particle size, reaching up to 28.76 mg/g for particles <37 um. This was
accompanied by high coefficients of determination (r?) indicating a strong fit with the monolayer adsorption
model. A similar pattern was observed for Bayoxide E33, with a q max of 23.80 mg/g at the <37 um size fraction,
also supported by a high r? value in the Langmuir model. Overall, the Langmuir model provided a better fit than
the Freundlich model, as consistently indicated by higher r? values. This suggests that the adsorption mechanism
is predominantly governed by monolayer formation on a homogeneous adsorbent surface. In contrast, the
Freundlich model generally yielded lower 1 values, further supporting the notion that the surface characteristics
of the adsorbents in this system align more closely with the assumptions of the Langmuir model.

The Langmuir isotherm model is based on several fundamental assumptions: adsorption occurs on a surface with
uniformly distributed energy and identical binding sites, where each site can accommodate only one molecule of
adsorbate, forming a monolayer. The model further assumes that there are no lateral interactions between
adsorbed molecules, and that the adsorption desorption process is dynamic and reversible. Once all active sites are
occupied, no further adsorption takes place, and the interaction energy remains constant throughout the process.
These conditions are characteristic of systems governed by chemisorption mechanisms (Langmuir, 1918), as
frequently reported in phosphate adsorption studies involving iron-based.

100-200 h (R? = 0.6461) o ;00—200 mesh (R:70.9785)
R ——- 200-400 :Z; (R? = 0.8045) L ii?)}??noelels:‘(f oiqgéga’)m
~ —:= =400 mesh (R? = 0.6300) Q28 )
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—_ 0.26
T 20
g
= —4r 0.24
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0.22
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L 0.20
9 _ 0 50 100 150 200 250
t (min) t (min)
(a) (b)
Figures 8. Adsorption Kinetics Model for Bayoxide E33, (a) PFO, (b) PSO
st —— 100-200 mesh (R?=0.6978)
——- 200-400 mesh (R?=0.8668) 030
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Figures 9. Adsorption Kinetics Model for GFH, (a) PFO, (b) PSO
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Figures 8 and Figures 9 illustrate that the adsorption kinetics are best described by the Pseudo Second-Order
(PSO) model for both types of adsorbents used in this study, GFH and Bayoxide E33. The coefficient of
determination (R?) values obtained from the PSO model fitting show a consistently high trend, with values
approaching unity. This indicates that the PSO model accurately captures the phosphate adsorption rate across all
particle size variations, particularly for GFH, which exhibited near-perfect conformity.

The PSO model assumes that the adsorption rate is proportional to the square of the number of unoccupied active
sites and proceeds via a chemisorption mechanism, involving chemical interactions between phosphate ions and
the functional groups on the adsorbent surface. This process is typically irreversible and occurs gradually until
equilibrium is reached. Unlike physical diffusion-based models, the PSO model accounts for adsorption through
covalent bond formation or electron transfer. As the particle size decreases, the external surface area increases and
internal diffusion resistance decreases, thereby enhancing adsorption efficiency, reflected in the improved R?
values (Ho & McKay, 1999). These findings reinforce that chemisorption is the dominant mechanism governing
phosphate removal by iron-based adsorbents, especially GFH and Bayoxide E33, under low-concentration
conditions as investigated in this study.

The adsorption performance of GFH and Bayoxide E33 was evaluated across three particle size ranges based on
isotherm and kinetic model parameters. For GFH, the Freundlich constant Kf  decreased with decreasing
particle size, from 39.81 (mg/g)(L/mg) at 74-149 pm mesh to 11.12 at <37 um, while the adsorption intensity »
increased from 2.50 to 4.33, indicating increasingly favorable adsorption onto finer particles. Consistent with this,
the Langmuir maximum adsorption capacity q max also increased, reaching up to 28.76 mg/g for particles <37 pm.
Kinetic modeling showed that the pseudo second order rate constant k2  increased slightly from 0.00021 to
0.00038 g/mg-min as particle size decreased, suggesting improved chemisorption dynamics due to enhanced
surface accessibility.

Bayoxide E33 followed a similar trend, with Kf  ranging from 24.71 to 14.96 and n values consistently around
2.67-2.80. Its Langmuir capacity qmax also rose with decreasing particle size, reaching 23.80 mg/g at <37 pm.
The k2 values for Bayoxide varied between 0.00029 and 0.00039 g/mg-min, while pseudo first order constants
k1 remained constant at 0.00667 min™" across all particle sizes for both adsorbents. These results confirm that
finer particles enhance adsorption kinetics and capacity, with both GFH and Bayoxide demonstrating favorable
phosphate adsorption governed predominantly by chemisorption mechanisms.

The adsorption capacity and kinetic performance observed in this study were compared to those reported in the
literature using similar iron-based adsorbents. A study by Lalley et al. (2015) investigated phosphate removal
using modified iron oxide media and reported a Langmuir maximum adsorption capacity q max of 25.71 mg/g and
a pseudo second-order rate constant (k2) of 0.0641 g/mg-min under comparable conditions. In the present study,
the highest q max value obtained was 28.76 mg/g for the smallest particle size fraction, which slightly exceeds the
literature value. This improvement is likely due to the use of finer adsorbent particles (<37 pm), which provide
increased surface area which proved by BET surface area analyze and reduced diffusion resistance, enhancing
phosphate uptake. In contrast, the k. values observed in this study ranged from 0.00021 to 0.00039 g/mg-min,
significantly lower than those reported by Lalley et al (2015). This discrepancy may stem from differences in
surface modification, pore structure, or chemical functionality, as Lalley et al. used a specially treated media
designed to enhance phosphate affinity. Furthermore, variations in pH, ionic strength, or adsorbent dosage
between the two studies could have contributed to the observed differences. Despite this, the overall trend
confirms that decreasing particle size leads to increased adsorption capacity and improved kinetics, consistent
with chemisorption dominated mechanisms (Rapo & Tonk, 2021).

The suitability of the Langmuir model and PSO model in this study is consistent with previous research, which
reported that phosphate adsorption onto micron-sized GFH follows the Langmuir isotherm model. This behavior
has been attributed to homogeneous surface interactions and the saturation of active binding sites (Marti et al.,
2021). Prior studies have also demonstrated that Bayoxide E33 follows Langmuir type adsorption, supported by
the formation of inner-sphere complexes on the relatively uniform goethite based surface. Overall, these findings
reinforce the relevance of the Langmuir model in describing the phosphate adsorption mechanism on iron based
media such as GFH and Bayoxide E33 (Lalley et al., 2015).
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4. CONCLUSION

This study evaluated the phosphate adsorption performance at low concentrations using two commercially
available iron-based adsorbents, namely GFH and Bayoxide E33, across three particle size ranges (74-149 pm,
37-74 pum, and <37 pm). The results demonstrated that smaller particle sizes consistently yielded higher
adsorption capacities for both adsorbents. GFH with a particle size of <37 um exhibited the highest experimental
adsorption capacity (qe) of 7.5 mg/g, along with a Langmuir maximum capacity (q max) of 28.76 mg/g. In
comparison, Bayoxide E33 with the same particle size achieved a qe of 5.18 mg/g and a q max of 23.80 mg/g.

The Langmuir isotherm model provided the best fit to the experimental data, suggesting that phosphate adsorption
occurred via monolayer formation on a homogeneous surface. Meanwhile, the Pseudo Second-Order (PSO)
kinetic model most accurately described the adsorption rates for all particle sizes and adsorbent types, indicating
that chemisorption is the dominant mechanism.

Overall, this study confirms that optimizing particle size and utilizing iron-based media such as GFH and
Bayoxide E33 are effective strategies for phosphate removal in low-concentration water environments. These
findings provide a solid scientific foundation for further development toward practical-scale applications.
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