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Abstract

Phosphate compounds, particularly bioavailable forms like PO+*", are critical contributors to eutrophication. In this
study, MgO-KOH/biochar was used as a binding agent in the Diffusive Gradient in Thin Films (DGT) technique to
enhance phosphate detection. The adsorbent was synthesized from biochar derived from palm oil waste, activated with
KOH to increase surface area, and combined with MgO for enhanced adsorption efficiency. The adsorption process
followed a pseudo-second-order kinetic model, indicating that chemical interactions dominated the adsorption
mechanism. Under different pH levels and phosphate concentrations, the material showed a good selectivity for
orthophosphate, achieving an adsorption capacity of approximately 100 mg/g. Characterization via FTIR, XRD, and
SAA confirmed the successful synthesis of MgO-KOH/biochar and its structural properties, which contributed to its
performance. Additionally, the MgO-KOH/biochar DGT device demonstrated better efficiency in adsorbing PO.*"
compared to conventional ferrihydrite-based DGT systems, positioning it as a highly effective tool for monitoring
bioavailable phosphates in aquatic environments.
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1. Introduction

Phosphate pollution is a critical
environmental issue that impairs eutrophication,
disrupting aquatic ecosystems by reducing
dissolved oxygen and leading to harmful algal
blooms. These blooms not only threaten aquatic
biodiversity but also negatively affect water
quality and ecosystem services [1]. Whilst
bioavailable phosphates, such as orthophosphate
(PO+*), are the primary culprits, other forms of
phosphates organic and polyphosphates also
persist in water bodies but are less efficiently
utilized by plants and algae [2,3]. With the
increasing concern over phosphate-induced water
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pollution, efficient and selective methods for
removing different types of phosphates from
water are urgently needed.

Among the many approaches explored,
adsorption has emerged as a promising technique
for phosphate removal, largely due to its cost-
effectiveness and high efficiency [4]. Magnesium
oxide (MgO) has shown potential as an effective
phosphate adsorbent due to its strong affinity for
phosphate 1ions. Several studies focus on
enhancing phosphate adsorption. The study by
Luo et al. [5] used MgO as a cost-effective metal
oxide (compared to ZrOz and La20s), showing a
moderate relative affinity for phosphate with a
maximum adsorption capacity of 121.950 mg/g for
MgO-KOH/biochar (MgO-KBC). However, a
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significant limitation of MgO is its tendency to
agglomerate, which reduces its available surface
area and, consequently, its adsorption efficiency.
To address this challenge, recent studies have
investigated combining MgO with biochar, a
porous carbon material derived from agricultural
waste, to enhance the overall surface area and
improve the adsorbent's efficiency [5].

Biochar (BC) is considered an
environmentally friendly new material [5], with
low toxicity, affordability, and flexibility. Despite
its high specific surface area, BC has low
phosphate adsorption affinity [5]. Indonesia is the
world's largest palm oil producer, generating
approximately 43.24 million tons of Palm Empty
Fruit Bunches annually from the palm oil
industry. The Palm Empty Fruit Bunches
contains 40-43% cellulose, 22-25% hemicellulose,
and 19-21% lignin [6]. The high cellulose, lignin,
and hemicellulose content make Palm Empty
Fruit Bunches a potential source of biochar.
Biochar can be produced through thermal and
chemical activation. Chemical activation offers
several advantages over thermal activation, such
as lower activation process temperatures, higher
yields, very high specific surface area, and better
pore structure. The main drawbacks compared to
physical activation are the corrosive nature of the
process and the need for washing steps to remove
the activating agents used during this chemical
process. Many dehydrating and oxidizing agents
have been used in various studies to produce
activated carbon/biochar, such as (KOH, K2COs,
NaOH, and Na2CO0s), alkaline earth metal salts
(AlCl3 and ZnClz), some acids (HsPO4 and H2SO4),
and other agents like B(OH)s and CaClz. Among
the oxidizing agents, the most efficient is
potassium hydroxide, which allows the production
of activated carbon/biochar with a high specific
surface area and well-developed pore structure.
KOH is known as a strong base that is toxic. Still,
its toxicity decreases when it changes and is
recovered after the chemical activation process to
carbonate (K2COs3), which is typically less toxic
than KOH [7]. When biochar is activated with
potassium hydroxide (KOH), its specific surface
area and porosity are further enhanced, making it
an ideal candidate for adsorption applications [5]
[8].

Whilst MgO-biochar  composites have
improved phosphate adsorption, most studies
have focused primarily on the removal of
orthophosphate, with limited attention to the
adsorption of other phosphate species such as
organic phosphates and polyphosphates [4].
Moreover, the Diffusive Gradient in Thin Films
(DGT) technique, a tool for passive sampling in
environmental research, has been underutilized
for addressing the selective adsorption of various
phosphate species [9]. The effectiveness of DGT
devices centres on the binding agent used in the

gel layer, which influences the device’s ability to
selectively adsorb target analytes during
immersion [10]. Whilst MgO has been previously
explored as a binding agent in DGT for phosphate
removal, it has not been fully optimized for
selective adsorption of different phosphate species
in complex aquatic environments.

This study aims to demonstrate the role of
MgO-KBC, from Oil Palm Empty Fruit Bunches
(OPEFB) as carbon source, for binding agent in
the DGT device to measure the bioavailability of
phosphates. The novelty of this research lies in
utilizing MgO-KBC in the DGT technique to not
only measure bioavailable phosphate (PO43-) but
also explore its ability to adsorb other types of
phosphates, which have received less attention in
previous studies. By testing the selectivity of the
DGT device with MgO-KBC, we aim to ensure
that it can effectively distinguish and capture
specific phosphate species, thus contributing to
aquatic biodiversity conservation. Furthermore,
this study will investigate key factors influencing
the interaction between MgO-KBC and
phosphates, such as solution pH, contact time,
and phosphate concentration.

2. Materials and Methods
2.1 Materials

The solution of potassium persulfate 50 g.L-!
was prepared by dissolving 0.5 g K2S20s (Merck,
= 99.0%) in 10 mL distilled water and stored
away from light exposure at room temperature.
Ascorbic acid (Merck) solution of 100 g.Li'l was
prepared fresh daily. The mixed reagent solution
was prepared by mixing 30 mL H2SO4 (Merck, 95
- 98%) (1:1, H20:H2S04), 10 mL of 130 g.L!
(NH4)Mo07024.4H20 (Merck, = 99.0%) solution,
and 10 mL of 3.5 g.L-'t CsH4K2012Sb2.xH20 (Merck,
= 99.0%). The solution was stored at 40C and
stable under these conditions for several months.
A phosphate stock solution of 500 mg P/L was
prepared by dissolving pre-dried potassium
dihydrogen phosphate (KH2PO4, Merck, = 99.0%)
in distilled water. Organic phosphate stock
solution of 500 mg P/L was prepared by dissolving
Phytic acid (CéH18024Ps » xNa* « yH20, Merck, =
90.0% phosphorus basis) in distilled water and
stored at 4 °C. A polyphosphate stock solution of
500 mg P/L was prepared by dissolving Sodium
Tripolyphosphate (NasP301, Merck, 85%) in
distilled water and stored at 4 °C. K2S20s (Merck,
= 99.0%) 50 mg/L used for organic phosphate and
polyphosphate digestion.

Preparation of Gel Solution using the method
by Zhang et al. [11]. The polyacrylamide gel
consists of 40% acrylamide (Merck, = 99.0%) and
0.3% cross-linker N,N’ -methylenebisacrylamide
(MBA, Merck, 99%) and is used as the diffusive gel
layer. In a 10 mL beaker, mix 0.75 mL of MBA, 1,9
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mL of 40% acrylamide, and 2.35 mL of distilled
water and stirred until homogeneous by using 5
mL of the gel solution for each diffusive and
binding gel synthesis.

2.2. Synthesis MgO-BC and MgO-KBC

Five grams of finely ground empty palm fruit
bunches (passing through a 40-mesh sieve) were
added to 100 mL of KOH (Merck, = 85.0%). The
mixture was homogenized with a magnetic stirrer
for 5 hours. This mixture is referred to as KBC in
the future. An amount of 5.5 grams of KBC was
added to 1.6 grams of Mg(OH)2, which was made
using 100 mL of 2 M Mg(NOs3)2 (Merck, 99.0%),
400 mL of absolute ethanol (Merck, = 99.5%), and
300 mL of 0.4 M NaOH (Merck, = 97.0%), added
slowly. The solution was filtered, and the residue
was dried in an oven. The Mg(OH). and KBC
mixture was stirred with a magnetic stirrer for 24
hours. The solution was dried at 100 °C using an
oven. The dry powder was calcined using nitrogen
gas at 600 °C for 2 hours, and the powder (MgO-
KBC) was washed several times with distilled
water. Finally, it was dried in an oven at 80 °C.
The base-inactivated biochar was synthesized
using the same procedure without the addition of
KOH and is referred to as MgO-BC in the future.

2.3. Materials Characterizations

Scanning Electron Microscopy (SEM) coupled
with Energy Dispersive X-ray (EDX) (ZEISS, EVO
MA 10), X-ray Diffraction (XRD, Malvern
PANalytical AERIS), Brunauer-Emmett-Teller
(BET, Quadrasorb Evo) method to determine
specific surface area, and Fourier Transform
Infrared Spectroscopy (FTIR, SHIMADZU
IRPrestige-21) was used to  materials
characterization.

2.4. Adsorption Study of MgO, Biochar, and
Composites for Phosphate Removal

The study explored the adsorption capacities
of MgO, BC, KBC, MgO-BC, and MgO-KBC for
phosphate removal. In Erlenmeyer flasks, 50 mL
of phosphate solution (10 mg/L) was mixed with
0.050 grams of each adsorbent. The reactions were
initiated at room temperature with agitation at
145 rpm. The impact of pH on phosphate
adsorption and the maximum adsorption capacity
was assessed. Phosphate solutions with varying
initial concentrations and pH levels were
prepared. The maximum adsorption time was also
studied, ranging from 15 minutes to 24 hours. The
mixed solutions were filtered using 0.45 um filter
paper for subsequent analysis.

2.5. Phosphate Analysis

Three types of phosphates are used in this
study: orthophosphate, phytic acid (organic
phosphate), and sodium tripolyphosphate
(polyphosphate). Phytic acid (PA) and Sodium
tripolyphosphate (STPP) solutions require pre-
treatment before analysis. 70 pL of K2S20s 50
mg/L i1s added to 10 mL of test solution containing
PA or STPP. The solution is heated in a water
boiler at 95 °C for 3 hours. After the solution is
allowed to cool to room temperature, an analysis
is conducted similar to that of the orthophosphate
solution.

The analysis is performed by adding a drop of
Phenolphthalein to the test solution. If the
solution turns pink, add 5 N H2SO4 until the pink
color disappears. If the solution remains colorless,
add 0.5 mL of Ascorbic acid 100 mg/L and 1 mL of
Ammonium molybdate reagent prepared by
mixing 100 mL of 130 g/L. (NH4)Mo7024.4H20
solution, 100 mL of 3.5 g/LL potassium antimony
tartrate, and 300 mL of diluted H2SO4 4N. The
phosphate concentration of the samples was
analyzed using ultraviolet and  visible
spectrophotometry (SHIMADZU UV-2400PC
Series) molybdenum blue spectrophotometric
method [12].

2.6. Diffusive Gel in Thin Film (DGT)
Preparation

Preparation of Diffusive Gel using the method
by Zhang et al. [10]. A total of 35 pL of 10% (w/v)
ammonium persulfate was added to 5 mL of the
previously prepared gel solution and stirred until
homogeneous. Then, 12.5 pL of n,nnn-
tetramethyl ethylenediamine (TEMED) was
added to the solution and stirred for 10 seconds
until it became homogeneous. The solution was
immediately pipetted into glass molds washed
with 0.05 M HNOs. The solution was heated in the
molds in an oven at 42 = 2 °C for 1 hour, allowing
the gel to form. The formed gel was soaked and
hydrated for 24 hours in distilled water, with the
water being changed 3—4 times. The diffusive gel
was cut to a diameter of 22.5 cm using a DGT
cutter and stored in 0.01 M NaNOs until use. The
formed diffusive gel was characterized using FTIR
to confirm polymerization.

For the preparation of the MgO binding film,
0.5 g of adsorbent powder was mixed with 5 mL of
the gel solution in a 10 mL beaker and stirred
until homogeneous. The mixture was placed in an
ice bath with ultrasonication for 15 minutes to
ensure thorough dispersion of the adsorbent in the
gel solution. Subsequently, 35 pL of ammonium
persulfate and 12.5 pL of TEMED were added and
stirred for about 10 seconds until homogeneous.
The solution was pipetted into glass molds washed
with 0.05 M HNOs. The solution in the molds was
heated in an oven at 42 + 2 °C for 1 hour to form
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the gel. The formed gel was soaked and hydrated
for 24 hours in distilled water, with the water
changed 3—4 times. The diffusive gel was cut to a
diameter of 22.5 cm and stored in 0.01 M NaNOs
until use. FTIR was used to characterize the
formed diffusive gel for confirmation of
polymerization.

During the assembly of the DGT device, the
DGT device was washed and rinsed with distilled
water, and the filter membrane was soaked in
distilled water for 5 minutes. The binding gel was
placed first, followed by the diffusive gel and the
filter membrane. The DGT device was then closed
tightly and securely.

3. Results and Discussion
3.1. MgO-KBC and MgO-BC Synthesis

The synthesis method of MgO-KBC refers to
the research by Luo et al. [5], which uses the sol-
gel method to synthesize MgO. This method is
preferred due to its simplicity, high yield, low
reaction temperature, and ability to produce
nanoparticles with a small size distribution and
large surface area. Ethanol is used to reduce the
particle size to the nanoscale and act as a solvent
to trigger the nucleation of nanocrystalline
particles [13]. This method allows the creation of
highly homogeneous composites with high purity
(99.99%).

In the sol-gel synthesis, magnesium nitrate
precursor Mg(NOs)2 is dissolved in ethanol to form
a homogeneous solution. This solution undergoes
hydrolysis with water, forming metal hydroxide,
which then condenses to form a gel. The gel is
dried to achieve nano-size porosity, providing a
large specific surface area. This process results in
MgO particles with small size distribution and
large surface area, enhancing reactivity [14].
Ethanol facilitates the reaction between Mg(NOs)2
and NaOH, producing Mg(OH)s2. According to
Liang et al. [15], using Mg(NOs)2 as a precursor
significantly impacts MgO-biochar's active sites
due to its effect on porosity, structure, and
performance as an adsorbent.

The production and activation of biochar
occurs in two stages: biochar is mixed with an
activating agent and calcined at 600 °C for 2 hours
[16]. The calcination process includes four stages:
releasing volatile species like CO2, NOy, and H20
due to Mg(OH)2 and biomass decomposition [15];
etching and combustion between Mg(OH)z and
biomass, creating pores [17]; condensation
reactions leading to mass loss; and decomposing
Mg(OH)z into C-Mg-O at 380 °C, resulting in MgO
as the dominant crystalline phase [5]. The yield of
the MgO-BC synthesis is 57% of the initial
product, which is higher than that of the MgO-
KBC synthesis at 43%. This value is similar to the
result obtained by Luo et al. [5] in their synthesis
of MgO/KBC, which was 41%. The difference in

yields between MgO-BC and MgO-KBC can occur
because the KOH-activated biochar undergoes
faster oxidation at high temperatures. This
condition causes the carbon atoms on the surface
to oxidize and form pores. This is consistent with
the findings of Mestre et al. [8], where biomass
tends to decompose into powder when activated
with alkali hydroxides due to pore formation
resulting from the gasification reaction. In other
words, the amount of biochar produced is smaller
but has a high surface area and porosity.

3.2. Material Characterisations

The morphology and structural
characteristics of adsorbents play a crucial role in
phosphate adsorption efficiency. Techniques such
as Scanning Electron Microscopy (SEM), X-ray
Diffraction (XRD), the Brunauer-Emmett-Teller
(BET) method, and Fourier Transform Infrared
Spectroscopy (FTIR) were employed to analyze
and compare the properties of MgO-BC and MgO-
KBC. As shown in the Figure 1, the structural
differences between these two materials, enlarged
at different scales, explain that KOH activation
significantly modifies the material's structure.
Both the MgO-BC and MgO-KBC samples show
irregular, porous structures. The presence of these
pores is critical as they increase the surface area
available for adsorption. The rough, uneven
surface of these biochars provides more sites for
interaction, enhancing adsorption capacities. In
particular, the MgO-KBC shows a more intricate
network, which could imply better performance in
trapping smaller contaminants like phosphates.

As shown in Figure 1, the higher magnesium
(Mg) content in MgO-KBC compared to MgO-BC
can be attributed to the modification process
involving potassium (K). In MgO-KBC, potassium
plays a significant role in facilitating the
deposition and dispersion of MgO onto the biochar
surface. This process leads to a more efficient
retention of MgQO, as potassium promotes better
distribution and interaction of MgO with the
biochar surface. Potassium's mobility enhances
the attaching of MgO, resulting a higher
magnesium content in MgO-KBC compared to
MgO-BC [18]. It indicates that potassium in
biochar modification, increases the reactivity of
the surface [19].

Furthermore, MgO-KBC shows fewer
impurities, such as silicon (Si), aluminum (Al),
and iron (Fe), than MgO-BC. The lower presence
of these elements can be linked to the potassium
modification process, which likely helps remove
inorganic minerals that may otherwise remain on
the biochar surface [18]. Studies suggest that
potassium can react with impurities like silicates,
reducing their presence on the surface and
resulting in a cleaner surface with more available
MgO-active sites for adsorption [19]. These
impurities, particularly silicates and
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aluminosilicates, do not contribute to adsorption
and may block active sites on MgO-BC, reducing
its adsorption efficiency.

MgO-KBC offers more reactive sites for
adsorbing phosphorus, which binds effectively
with MgO to form magnesium-phosphate
complexes [18]. The presence of potassium also
contributes to MgO-KBC's performance, as it
enhances ion-exchange properties and increases
the availability of oxygen-containing functional
groups on the biochar surface [18]. These
functional groups, along with the finer pore
structure observed in MgO-KBC, result in
improved adsorption capacity, especially for ionic
contaminants like ammonium (NH4*) and
phosphate (PO43-) [19].

The FTIR (Fourier Transform Infrared
Spectroscopy) spectrum (Figure 2) shows various
transmittance peaks for several samples: MgO-
KBC, MgO-BC, MgO, Mg(OH)z, KBC, and BC. In
the BC (Biochar) spectrum, the peak at 883 cm™
indicates the presence of C-H bonds, likely from
residual organic matter in the biochar. The KBC

T

" (apMBO-KBE3000Xs.

&

(e) MgO-BC 20000X

(KOH-activated Biochar) spectrum peaks at 582
cm™?, indicating an interaction between Mg and O,
specifically MgO. In the Mg(OH)2 spectrum, peaks
at 3698 cm™ and 3284 cm™ indicate the vibrations
of Mg-OH bonds and hydroxyl groups (-OH),
signifying the presence of Mg(OH)z [5].

MgO shows different peaks from Mg(OH)-,
particularly in the -OH and Mg-OH regions, which
are prominent in Mg(OH)2 but not in MgO,
indicating that MgO is purer without hydroxyl
groups. In the MgO-BC (Biochar with MgO)
spectrum, peaks at 3689 cm™ and 3284 cm™
indicate interactions between Mg-OH and -OH,
and a peak at 1479 cm™ indicates C=C bonds
within the carbon structure. The MgO-KBC
(MgO-KOH activated biochar) spectrum shows a
peak at 1662 cm™ indicating carbonyl groups
(C=0) and a peak at 1479 cm™ indicating carbon-
carbon double bonds (C=C) [20].

The FTIR spectra of MgO, MgO-BC, MgO-
KBC, Mg(OH)2, KBC, and BC provide information
about the structural and chemical changes that
occur during the activation and modification

ZmpOoQRO

Figure 1. SEM images of MgO-KBC and MgO-KBC in (a)(b) 3000x, (c)(d) 20000x, and (e)(f) EDX
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processes. In the MgO-BC spectrum, the peak at
3689 cm! indicates the presence of Mg-OH
groups, and the peak at 3284 cm™ indicates -OH
groups, while the peak at 1479 cm™ indicates C=C
bonds [21]. The Mg-O peak in MgO (1025 ecm™)
experiences a slight shift or change in intensity
when interacting with biochar, indicating changes
in the chemical environment of MgO when
integrated with biochar. The MgO-KBC spectrum
peaks at 1662 cm™ (C=0) and 1479 cm™ (C=C),
indicating modifications in the KOH-activated
biochar structure. Shifts in the dominant Mg-O
peak in MgO to different peaks in MgO-KBC
indicate changes in vibration frequencies caused
by changes in the bond strength between Mg and
O when MgO is distributed within the activated
biochar structure.

Shifts in FTIR spectrum peaks indicate
changes in the chemical environment of specific
molecules or ions. In this case, shifts or changes in
the intensity of the Mg-O peak when MgO is
Iintegrated into biochar suggest changes in bond
strength and local structure. Changes in bond
strength can occur due to several factors, such as
new interactions between MgO and functional
groups on  biochar, biochar structure
modifications, or changes in the oxidation state of
Mg. The shift of the Mg-O peak to new peaks in

Y ! MgO-KBC i
__/( - \ / : an
N c=0 \\ N \.\
J\, 1662Cm’ |/ PO
PN
cC it
’-\ MgO-BC 1479 Cny’
! ! o \ o
o " . \ ﬁ'l/ \‘\ E
Y \L N
- 1 \

Transimittance

4000 3500 3000 2500 2000 1500 1000 500

Wave number (cm™)

Figure 2 FT-IR spectra of BC, KBC, Mg(OH)s,
MgO, MgO-BC, and MgO-KBC materials.

Intensity (a.u)

MgO-KBC and MgO-BC indicates that the Mg-O
bond becomes stronger or weaker depending on
the interactions.

Molecular vibration frequencies are sensitive
to changes in chemical bonds and their
surrounding environment. Therefore, changes in
vibration frequencies in the FTIR spectrum are an
important indicator of the chemical and physical
modifications that occur during the activation
process and the integration of MgO into biochar.
The FTIR spectrum shows that activation and
modification of biochar with MgO and KOH result
in significant changes in the chemical structure of
biochar. The shift of the Mg-O peak in the FTIR
spectrum indicates changes in the bond strength
between Mg and O caused by new interactions
with the carbon structure of biochar. Activation
with KOH and integrating MgO create more
efficient active sites for adsorption applications,
as shown by changes in vibration frequencies in
the FTIR spectrum.

The XRD spectra (Figure 3) shows the
diffraction patterns of two samples: MgO-KBC
and MgO-BC. The crystal structures of Mgo.o6-O3
(ICSD01-086-2335), MgO (ICSD00-001-1235), and
Mg(OH)2 (ICSD01-076-0667) are formed in both
MgO-KBC and MgO-BC, with labels (a), (b), and
(¢) respectively indicating the presence of
Mg(OH)., MgO, and K2COs. For the MgO-KBC
sample (red line), there is a peak at around 18°
indicating the presence of Mg(OH). (001),
dominant peaks at around 37.87°, 42.89°, and
62.06° indicating the presence of MgO (111), (200),
and (220), and small peaks around 29° indicating
the presence of K;COs (label c). For the MgO-BC
sample (black line), the main peaks are at around
37.87°, 42.89°, and 62.06° indicating the presence
of MgO (label b), and small peaks at around 18°
indicating the presence of Mg(OH): (label a) [5].

At a 20 diffraction angle of around 29.44°,

(b)
(a) Mg(OH),

(b) MgO
(c) K;CO4

MgO-KBC

Struktur grafit
T T T T T T T T T

10 20 30 40 50 60 70 80 90

Degree (20)

Figure 3 XRD spectra of MgO-BC and MgO-KBC
materials.
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there is an overlapping structure between the
graphite (100) and MgO (200) structures.
However, this region has no significant peak,
indicating no strong evidence of graphite in the
displayed samples. The MgO-KBC sample shows
more peaks identified as Mg(OH): and K2CO3
compared to MgO-BC, indicating that MgO-KBC
may contain more phases or diverse components.
The MgO peaks are more dominant in both
samples, indicating that MgO 1is the main
component.

This interpretation is based on the position
and intensity of the diffraction peaks compared to
the standard database for Mg(OH)z, MgO, and
K,COs. The diffraction pattern provides
information about the interplanar spacing and
crystal symmetry, allowing for identifying
components within the sample. Overall, the XRD
spectrum indicates that both samples contain
MgO as the main component, with a minor
presence of Mg(OH)z2 and K2COs, especially in the
MgO-KBC sample.

Using KOH as an activation agent results in
an extensive surface area and pore structure,
particularly in the micropore region. The
isotherms determined for the material with KOH
content show the most effective surface and
micropore volume development. This observation
1s confirmed by the structural parameter values in
Table 1. Table 1 presents the structural
parameter data of MgO-KBC and MgO-BC
materials measured using a Surface Area
Analyzer. The analysis results show that MgO-

KBC has a significantly larger specific surface
area (SBer), 272.2153 m?/g, compared to 61.70213
m?/g for MgO-BC. This indicates that MgO-KBC
has a more porous structure with more accessible
active sites. The external surface area (Sext) for
MgO-BC 1is recorded at 52.53033 m?/g, much
larger than just 0.005414 m?/g for MgO-KBC. This
suggests that most of the surface area of MgO-
KBC comes from internal pores.

The micropore surface area (Smicro) for MgO-
KBC is very large, 272.2099 m?/g, compared to
only 9.1718 m?/g for MgO-BC. This confirms that
most of the surface area of MgO-KBC comes from
microscopic pores. The total pore volume (Vtotal)
is also larger in MgO-KBC, at 0.31215 cm?3/g,
compared to 0.115549 cm3/g for MgO-BC,
indicating more pore space in its structure. The
mesopore volume (Vmeso) of MgO-KBC is
0.311981 cm?/g, larger than 0.108591 cm3/g for
MgO-BC, indicating the presence of more or larger
mesopores in MgO-KBC.

The micropore volume (Vmicro) in MgO-BC is
larger, 0.006958 cm3/g, compared to 0.000169
cm3/g for MgO-KBC, despite having a larger
micropore surface area. This difference may be
due to different pore size distributions between
the two materials. The pore diameter values are
obtained from the pore size distribution graph in
Figure 4(a). The much larger pore diameter of
MgO-BC, 85.292 nm, indicates that this material
has larger mesopores or macropores. Conversely,
MgO-KBC has a smaller pore diameter, 2.15 nm,
indicating the presence of finer and more uniform

Table 1. Structural parameter data of MgO-KBC and MgO-BC materials obtained by Surface Area

Analvzer.
Pores
Materials SBET Sext Smmro Vtotal Vmeso lecro diameter
(m?/g) (m?/g) (m?/g) (cm®/g) (cm®/g) (cm¥g) (nm)
MgO-BC 61.70213 52.53033 9.1718 0.115549 0.108591 0.006958 85.292
MgO-KBC 272.2153 0.005414 272.2099 0.31215 0.311981 0.000169 2.15
—e—MgO-KBC *— 9% (MgO-BC) .
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Figure 4 Results of the (a) pore size distribution and (b) adsorption-desorption isotherms measured
using a Surface Area Analyzer for MgO-KBC and MgO-BC materials.
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micropores. The smaller pore diameter of MgO-
KBC corresponds to its very high micropore
surface area, resulting from the synthesis process
that produces finer and more uniform pore
structures.

Figure 4(b) shows the adsorption-desorption
isotherms of MgO-KBC and MgO-BC materials,
depicting the adsorption capacities of both
materials for gases or vapors at various relative
pressures. The adsorption isotherm illustrates the
relationship between the amount of adsorbate
adsorbed on the adsorbent surface and the
pressure or concentration of the adsorbate at a
constant temperature. In this graph, the X-axis
represents the relative pressure (P/Po), while the
Y-axis shows the volume of gas adsorbed under
standard conditions (cm?®/g). The adsorption curve
for MgO-KBC (red) shows a sharp increase in
adsorption volume at low relative pressures. It
increases significantly to a relative pressure of 1,
indicating very high adsorption capacity. In
contrast, the curve for MgO-BC (black) shows a
slower and lower increase in adsorption volume
than MgO-KBC. These results indicate that MgO-
KBC has more active sites and a larger pore
volume, making it more effective in adsorption.

The type of isotherm shown in this figure is
most likely a type IV isotherm according to [UPAC
classification [22], indicating the presence of
mesopores in the adsorbent material. This is
evident from the hysteresis loops between the
adsorption and desorption paths, indicating the
filling and emptying of mesopores that are not
entirely reversible. The hysteresis between both
materials' adsorption and desorption paths
indicates complex physical and chemical
interactions between the adsorbent and
adsorbate. Thus, MgO-KBC shows good
adsorption performance and is more suitable for
applications requiring high adsorption capacity
than MgO-BC. The presence of more mesopores
and larger pore size in MgO-KBC significantly
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contributes to the increased adsorption capacity
and effectiveness as an adsorbent material.

3.3. The Effect of Adsorption on Material
Characteristics

FTIR is used to analyze the functional groups
of materials (MgO-BC and MgO-KBC) that have
adsorbed phosphate. As shown in Figure 5, the -
OH vibrational group appears at peaks with
wavenumbers over 3000 cm™. When comparing
the spectra of the initial material and the one that
has adsorbed phosphate, there is an increase in
intensity at the peaks, indicating the presence of -
OH groups. This is due to the protonation of MgO
(MgO + H20 — MgOH™). Strong peaks at around
1650 and 573 cm- in the material that has
adsorbed phosphate represent MgHPO4 and
Mgs(PO4)2 bonds, indicating surface complexation
between phosphate and biochar. The positive
charge of Mg-OH attracts phosphate ions* through
electrostatic attraction.

Additionally, complexation occurs, forming
monodentate and bidentate Mg-P surface
complexes [15]. Monodentate and bidentate Mg-P
refer to the bonding modes between magnesium
(Mg) and phosphate (P) on the material surface.
One phosphorus atom from the phosphate
molecule bonds to one magnesium atom on the
surface in monodentate bonding. In bidentate
bonding, two oxygen atoms from the phosphate
molecule bond to one magnesium atom on the
surface.

The FTIR spectrum shown in the graph also
compares the material after phosphate adsorption
(MgO-KBC/P) and before phosphate adsorption
MgO-KBC). In the MgO-KBC spectrum,
significant peaks are observed at 3696 cm™
(indicating -OH groups), 3467 cm™* (also
indicating -OH vibrations), 1641 cm™ (indicating
C=0 bond vibrations), 1430 cm™, and 1006 cm™
(indicating C=C and C-O-C bonds). However, after
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Figure 5. FT-IR spectra of the materials (a) MgO-KBC and (b) MgO-BC, before and after phosphate

adsorption.
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phosphate adsorption, significant changes occur
in this spectrum. The peak at 3467 cm™! shifts to
a wavenumber of 3350 cm™, indicating that the
-OH groups have interacted with phosphate ions.
This shift shows that the chemical environment of
the -OH groups has changed, causing changes in
vibrational energy and frequency (wavenumber).
This interaction may involve the formation of
hydrogen or covalent bonds between the -OH
groups and phosphate ions, making the O-H bonds
weaker and longer, thus lowering the vibrational
frequency. Therefore, changes in the FTIR
spectrum indicate that the -OH groups on the
MgO-KBC surface play a key role in phosphate
adsorption, involving structural and chemical
modifications on the MgO-KBC surface, making it
an effective adsorbent for phosphate.

The FTIR spectra of MgO-KBC and MgO-BC
show significant peaks around 573 cm™,
representing Mg-O vibrations. After phosphate
adsorption, the spectra of MgO-KBC/P and MgO-
BC/P show changes in intensity or peak position
shifts. These shifts indicate interactions between
phosphate ions and Mg-O sites on the adsorbent
surface. Phosphate adsorption causes phosphate
ions to bond with magnesium atoms on the MgO-
KBC surface, leading to changes in the vibrational
energy of the Mg-O bonds. This indicates that the
Mg-O active sites on the MgO-KBC surface are
highly involved in phosphate adsorption. This
interaction may involve the formation of new
bonds between phosphate ions and magnesium
atoms, altering the Mg-O vibrational frequency
and causing changes in the FTIR spectrum. The
changes in Mg-O vibrational frequency after
phosphate adsorption show that MgO-KBC
provides not only physical adsorption sites but
also chemical ones. This explains the high
efficiency of MgO-KBC in adsorbing phosphate
ions from solutions, considering the strong
chemical interactions between phosphate ions and
magnesium atoms on the adsorbent surface.

According to research by Luo et al. [5], the
types of bonds between MgO-KBC and phosphate
are coordination and hydrogen bonds. The study
mentions that the main phosphate adsorption
mechanism occurs through the forming of inner-
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Figure 6. Adsorption kinetics model of pseudo first
order for MgO-KBC and MgO-BC.

titq

sphere  complexes (coordination) between
phosphate and active sites on the MgO-KBC
surface, such as Mg-OH and Mg-O. Additionally,
hydrogen bonds play a significant role in
enhancing phosphate adsorption capacity.

3.4. Adsorption Mechanism

Phosphate adsorption by MgO-BC increases
over time, reaching equilibrium at 720 minutes
with a residual phosphate concentration of 0.08
g/L, meaning 99% of the phosphate was adsorbed.
MgO-KBC also increased over time, reaching
equilibrium earlier at 240 minutes. The
adsorption capacity of MgO-BC did not change
significantly after 88% of the phosphate was
adsorbed, indicating high adsorption capacity.

The study examined the effect of initial
orthophosphate concentration (0-10 mg/L) on
adsorption at room temperature with a 24-hour
contact time at pH 5. Adsorption Kkinetics,
essential for understanding the adsorption
mechanism of MgO-KBC and MgO-BC, were
analyzed using Pseudo first-order and Pseudo
second-order models [23]. The pseudo-first-order
model assumes that the adsorption rate is
proportional to the number of unoccupied active
sites on the adsorbent. The linearized form of the
pseudo-first-order kinetic equation is expressed
as:

k
log(qe — q;) =logqe —— -t

1

2.303 (1)
where, ge 1s the amount of phosphate adsorbed at
equilibrium (mg/g), q: is the amount adsorbed at
time ¢ (mg/g), k1 is the rate constant (1/min), and ¢
is the contact time (min). A plot of log (ge—qt)
versus time should yield a straight line if the
system follows pseudo-first-order kinetics. The
slope of this line is proportional to the rate
constant k1.

Figures 6 and 7 showed that the Pseudo-
second-order model showed a better result,
suggesting that the adsorption process was
dominated by chemisorption rather than
physisorption [24]. This was evident from the
higher correlation coefficients (R?) for the pseudo-
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Figure 7. Adsorption kinetics model of pseudo
second order for MgO-KBC and MgO-BC.
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second-order model and the closer agreement
between the experimental and calculated qe
values (Table S1, Supporting Information).
Therefore, it can be concluded that the adsorption
mechanism involves chemical interactions
between the phosphate ions and the active sites on
the MgO-modified biochar. The pseudo-second-
order model is given by:

TE=— @

qt k2qe2 de

where, k2 is the rate constant of the pseudo-
second-order reaction (g/mg.min).

Adsorption isotherms describe the
relationship between the amount of a substance
adsorbed per unit mass of adsorbent and the
concentration of the substance in the liquid phase
at equilibrium at a constant temperature. The
significance of isotherms in adsorption studies lies
in their ability to model and predict adsorption
behavior under various conditions. Isotherms help
determine maximum  adsorption capacity,
understand adsorption mechanisms, and optimize
adsorption system design for contaminant
removal from solutions [25].

Isotherm models are used to see which best
fits experimental data. However, not all models
must be used if one or a few models sufficiently
describe the adsorption process. Choosing the
suitable model aids in understanding the
adsorption mechanism, optimizing the process,
and designing effective adsorption systems. The
Langmuir and Freundlich models are used to
examine the characteristics of the adsorbent
surface. These isotherms are often employed in
adsorption studies because of their ability to
describe adsorption phenomena with various
characteristics [26].

Figure 8(a) shows the Langmuir isotherm
plot, where Ci/ge is plotted against C:. The
resulting linear equation is y = 0.0348x + 0.0092
with an R? value of 0.9896, indicating that the
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data fit well with the Langmuir model. The
Langmuir model assumes adsorption occurs on a
homogeneous surface with monolayer coverage
and no interaction between adsorbed molecules.
The R? value close to 1 suggests that MgO-KBC
adsorption follows the Langmuir model,
indicating  monolayer  adsorption on a
homogeneous surface.

Figure 8(b) shows the Freundlich isotherm
plot, where log g. is plotted against log C:. The
resulting linear equation is y = 0.4447x + 3.1742
with an R? value of 0.9238, also showing a good fit
with the Freundlich model, though not as well as
the Langmuir model. The Freundlich model
assumes adsorption occurs on a heterogeneous
surface with varying adsorption energy, allowing
multilayer adsorption. The high R? value indicates
that the Freundlich model can also explain the
adsorption process on MgO-KBC, suggesting a
heterogeneous surface and possible multilayer
adsorption.

Theoretically, from these two isotherms, it
can be concluded that MgO-KBC has surface
characteristics that allow for both monolayer and
multilayer adsorption, depending on the
concentration of the adsorbed substance. The
better fit with the Langmuir model suggests the
dominance of monolayer adsorption on a
homogeneous surface.

3.5. The Effect of pH to Materials Adsorption

pH is a crucial factor affecting the surface
charge properties of adsorbents and the form of
phosphate in solution [27]. Phosphate adsorption
depends on the initial pH of the solution, as shown
in Figure 9. Adsorbents with different treatments
exhibit different ranges of adsorption capacity.
The adsorption capacity of MgO-BC increases
from 9.94 at pH = 3 to 9.95 at pH = 7, then
decreases at pH of 9 and 12. In contrast, MgO-
KBC shows a stable adsorption capacity of around
9.9 from pH of 3 to 7. Both materials show a
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Figure 8. (a) Isoterm Langmuir and (b) Freundlich
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decrease in adsorption capacity beyond pH = 7,
likely due to competition between phosphate and
OH- ions in basic conditions and possible
significant deprotonation of the adsorbent
surfaces, reducing their affinity for phosphate
ions.

The similar adsorption capacities of both
materials could be due to their comparable surface
areas and site densities, resulting in no significant
difference in phosphate affinity [28]. The graph
shows that phosphate adsorbed on MgO-BC is
higher than MgO-KBC despite the larger surface
area of MgO-KBC. This could happen if the
phosphate concentration in the solution has yet to
reach equilibrium, meaning both adsorbents
might not have shown their maximum adsorption
capacities. Further research on the effect of pH on
phosphate mass adsorption at equilibrium
phosphate concentration is needed. Experiments
with pH variations aim to examine the effect of
initial pH on the adsorption mechanism and the
pH of the subsequent solution rather than process
optimization. Achieving a pH for maximum
adsorption capacity requires pH adjustments,
which can increase economic costs [29].

The effect of pH can be explained by the point
zero charge (pHyz), surface functional groups of
biochar, and phosphate ion species as a function
of pH. The pHpz is the pH where the surface
charge density of the adsorbent is zero. When the
solution pH is lower than the pHp.c, the adsorbent
surface is predominantly positively charged.
Conversely, when the solution pH is higher than
the pHpze, the surface is predominantly negatively
charged. The Figure S2 (Supporting Information)
suggests that the pHpzc for both materials is
around 9. Comparing this with phosphate
adsorption results, the highest adsorption
capacities are observed at pH of 3-7, indicating a
positively charged adsorbent surface [30]. This is
supported by the statement in the sub-section 3.3
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Figure 9. The relationship between pH variation
and the adsorption capacity of MgO-KBC for
orthophosphate, phytic acid, and sodium
tripolyphosphate

which explains that phosphate ions are attracted
to the positive charge of MgOH* through
electrostatic attraction on the adsorbent surface.

3.6. Effects of Concentration, pH, and Contact
Time on Adsorption of Different Phosphate
Species by MgO-KBC

Figure 10 shows the relationship between
phosphate species concentration (PA, OP, and
STPP) and MgO-KBC adsorption capacity. It
reveals that adsorption capacity increases with
rising phosphate concentrations. At low
concentrations (~2 mg/L), the adsorption capacity
for all three phosphates is about 2 mg/g. As the
concentration rises to 10 mg/L, the capacity
increases, with orthophosphate (OP) reaching
nearly 9 mg/g, followed by  sodium
tripolyphosphate (STPP) and phytic acid (PA).

Many active sites on the MgO-KBC surface
are available at low concentrations, allowing
efficient adsorption. When phosphate
concentrations  increase, more phosphate
molecules interact with the active sites,
enhancing adsorption capacity. Differences in
adsorption capacity arise from the distinct
adsorption mechanisms of each phosphate. These
findings indicate that phosphate adsorption
capacity depends significantly on the molecular
structure of the phosphates [31]. Further analysis
of molecular structure and interaction
mechanisms helps explain these differences.

Orthophosphate has a simple structure with
one phosphorus atom bonded to four oxygen
atoms, allowing easier interaction with MgO-
KBC's active sites. Hence, it has a higher
adsorption capacity than more complex
phosphates. Phytic acid's complex structure, with
six phosphate groups attached to an inositol ring,
creates more steric hindrance, reducing effective
interaction with MgO-KBC. Thus, its adsorption
capacity is lower. Sodium tripolyphosphate's
linear structure with three phosphate groups also
experiences steric hindrance, leading to a lower
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Figure 10. The relationship between phosphate
species concentration and the adsorption capacity
of MgO-KBC.

Copyright © 2024, ISSN 1978-2993



Bulletin of Chemical Reaction Engineering & Catalysis, 19 (3), 2024, 532

adsorption capacity than orthophosphate but
potentially higher than phytic acid due to its less
complex linear structure.

The adsorption mechanism varies for each
phosphate type due to different functional group
interactions with MgO-KBC. Orthophosphate
likely interacts through direct ionic bonds with
MgO active sites, while phytic acid and STPP
require specific molecular orientations for
effective interaction, hindered by steric and
structural complexities.

The effect of pH on the adsorption of various
phosphorus (P) types is shown in Figure 11. The
adsorption capacity of all three phosphorus types
on MgO-KBC is significantly influenced by pH,
with the highest adsorption capacity occurring at
pH = 5. However, this capacity decreases as pH
increases. This decline is due to phosphate's
structure or functional groups [32]. According to
Yang et al. [33], phosphorus is mainly adsorbed
through ligand exchange between P and OH-. As
pH rises, OH- ions increase, occupying more
active sites on the MgO-KBC surface and
competing with P. Additionally, forming a new
counterion layer by OH- ions inhibits P adsorption
[34].

The pH at the point of zero charge (pHy.c also
plays a crucial role in adsorption [35]. The pHpzc
of MgO-KBC is around 9 (Figure S2, Supporting
Information), meaning the surface charge of MgO-
KBC is positive below this pH. Consequently, at
low pH, P adsorption is facilitated by electrostatic
and chemical attraction to the positively charged
surface. However, when pH rises above the pHpzc,
the MgO-KBC surface becomes predominantly
negatively charged, reducing P adsorption [4]. A
study by Luo et al. [5] confirmed the effectiveness
of MgO-KBC as a phosphate adsorbent, showing
that its unique crystal structure and surface
properties enhance its affinity for phosphate
through coordination and hydrogen bonding
mechanisms. This makes MgO-KBC more

11

& 10
[=14]
E =]
= 9
=
2]
S 8
(@)
=
2
27 ——OP
o
4
< g e P A

5

2 4 6 8 10 12

pH

Figure 11. The relationship between ph variation
and the adsorption capacity of MgO-KBC for
orthophosphate, phytic acid, and sodium
tripolyphosphate.

efficient than other adsorbents, especially in lower
pH ranges and typical environmental conditions.

The ability of MgO-KBC to adsorb various
forms of phosphate such as organic phosphate and
polyphosphate over a wide pH range can affect the
interaction between the adsorbent and
orthophosphate in the environment. At lower pH,
MgO-KBC has good ability to adsorb
orthophosphate and other forms of phosphate, but
at higher pH, competition with OH- ions can
reduce its effectiveness [36]. In the context of
Diffusive Gradient in Thin Films (DGT)
applications, the main desired interaction 1is
between the adsorbent and bioavailable
phosphate, namely orthophosphate. Significant
adsorption of  organic phosphate and
polyphosphate at certain pH levels can interfere
with the selectivity towards orthophosphate,
which should be prioritized. Therefore, the ability
of MgO-KBC to adsorb forms of phosphate other
than orthophosphate needs to be considered,
especially in its application in DGT devices. The
more non-orthophosphate phosphate is adsorbed,
can reduce the effectiveness of detecting
bioavailable phosphate, which is the main goal in
environmental monitoring using DGT technique.

Figure 12 shows the relationship between
contact time and the adsorption capacity of MgO-
KBC for three types of phosphates:
orthophosphate (OP), phytic acid (PA), and
sodium tripolyphosphate (STPP). The adsorption
capacity of MgO-KBC for orthophosphate
increases sharply in the first 200 minutes and
then stabilizes, reaching a maximum capacity of
around 10 mg/g. In contrast, the adsorption
capacities for phytic acid and sodium
tripolyphosphate remain relatively stable over
time, ranging between 8 and 9 mg/g. This
indicates that MgO-KBC has a higher affinity for
orthophosphate compared to phytic acid and
sodium tripolyphosphate.

Theoretically, this aligns with adsorption
kinetics principles where, initially, many active
sites are available on the adsorbent surface,
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allowing rapid adsorption. Once most active sites
are occupied, the adsorption rate slows and
reaches equilibrium. Orthophosphate, with its
simpler molecular structure, can interact more
quickly and extensively with the active sites on
the MgO-KBC surface. In contrast, the more
complex structures of phytic acid and sodium
tripolyphosphate have limited access to active
sites, resulting in lower and stable adsorption
capacities. This demonstrates that the chemaical
and physical properties of the adsorbent and the
molecular structure of the adsorbate significantly
affect the adsorption rate and capacity.

3.7. Performance of MgO-KBC and Ferrihydrite
Binding Gels in DGT Applications for Phosphate
Adsorption

The DGT equipment using MgO-
KOH/biochar offers several advantages over
ferrihydrite-based systems for phosphate
detection. MgO-KOH/biochar, synthesized from
palm oil empty fruit bunches (EFBs), not only
helps reduce agricultural waste but also enhances
phosphate adsorption due to its larger surface
area and numerous active adsorption sites. This
improved adsorption capacity is reflected in the
experimental results, where the concentration of
KH2PO. used ranged from 2 to 10 mg P per L. As
a result, the amount of PO43> accumulated by
DGT-MgO-KBC and DGT-ferrihydrite (as a
commercial product of DGT) increased linearly
with the PO43- concentration in the solution
(Figure 13). This trend aligns with the
theoretically predicted response, and additionally,
the CDGT values for MgO-KBC showed a
significant increase compared to ferrihydrite. For
MgO-KBC gel, the larger surface area and
numerous adsorption sites make it more effective
as a long-term sampling device.

The graph showing the relationship between
the mass of PO43- accumulated by DGT-MgO-KBC
and DGT-ferrihydrite over 24 hours is presented
in Figure 14. There is a gradual increase in the
accumulated mass of PO43 over time. According to
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Figure 13. Relationship between PQO43
concentration and CDGT in DGT devices
using Dbinding agents MgO-KBC and
ferrihydrite.

Figure 14, the CDGT values for MgO-KBC are
higher than those for ferrihydrite from 1 to 12
hours, peaking at 24 hours for both. This indicates
that both DGT devices, with MgO-KBC and
ferrihydrite binding gels, require 24 hours for PO4
accumulation. The recovery rates are 92% for
MgO-KBC and over 100% for ferrihydrite.
Therefore, a 24-hours immersion time was used
for subsequent experiments with DGT on
ferrihydrite and MgO-KBC.

pH is an important parameter in aquatic
environments, and its influence on DGT devices
must be considered to understand its effect on
measurement processes. Figure 15 shows the
relationship between CDGT and pH. Both
materials show a similar pattern at pH of 3, 5, and
7, there are no significant changes, and the trend
remains flat. However, changes occur at basic pH
levels of 9 and 12. Whilst pH does not significantly
affect PO43 accumulation in ferrihydrite, it does
in MgO-KBC, especially at basic pH levels. This is
consistent with the performance of MgO-KBC,
where its pHp. value around 9 affects the
adsorption process [4].
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Based on data presented above, DGT with
MgO-KBC achieves equilibrium faster than
ferrihydrite, providing quicker and more efficient
phosphate accumulation. Additionally, MgO-KBC
remains stable across a wider pH range, where
ferrihydrite’s performance typically declines,
making it more versatile in varied aquatic
environments. The stronger affinity of MgO-KBC
for phosphate ions further enhances its
sensitivity, making it a more effective material for
environmental monitoring while also promoting
sustainable waste management by utilizing
agricultural by-products.

Figure 16 shows the relationship between
phosphate species (orthophosphate - OP, phytic
acid - PA, and sodium tripolyphosphate - STPP)
and their concentrations measured using the DGT
(Diffusive Gradients in Thin films) technique.
DGT is an analytical method used to measure
bioavailable species concentrations in solution,
often for environmental monitoring. DGT
precisely measures bioavailable phosphate,
involving diffusion through a gel layer and
accumulation on a binding gel. Other anions like
phytic acid and sodium tripolyphosphate
influence the availability of orthophosphate in the
environment. Thus, these anions were added at
different initial concentrations (2-10 mg P/L) for
the reaction over 24 hours.

The results show that all anions affect
phosphate adsorption efficiency by DGT-MgO-
KBC. The graph indicates that DGT can detect
different phosphate species concentrations at
various levels. OP shows the highest CDGT
concentration at several points, suggesting that
DGT is more sensitive to OP than PA and STPP.
This is due to MgO's higher affinity for phosphate
ions than the other anions mentioned.
Additionally, H2PO43-, the dominant phosphate
ion form in this study, is more readily adsorbed
than monovalent anions.

Orthophosphate is the most bioavailable
phosphate form in natural and anthropogenic
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Figure 16. Relationship between phosphate species

and CDGT.

biogeochemical processes. PA and STPP are also
present in the environment but are less
bioavailable than orthophosphate. Ideally, DGT
should primarily detect orthophosphate, but the
results show PA and STPP can also diffuse into
the DGT device, though less than OP. This
undesired diffusion may be due to the physical
instability of the DGT and binding gels,
environmental  conditions (like pH and
temperature), and detection limits for deficient
phosphate concentrations. These factors can
reduce DGT's selectivity in  phosphate
measurement. Further examination of gel pore
size is needed to make the device more selective
for phosphate species other than orthophosphate.

The selectivity of DGT instruments for
different phosphate forms is influenced by several
factors. The composition of the binding agent
plays a critical role, with materials like
ferrihydrite and MgO-KOH/biochar exhibiting
different affinities for phosphate species. MgO-
KOH/biochar is more selective for orthophosphate
due to specific interaction mechanisms, such as
inner-sphere complexation [37,38], whereas
ferrihydrite can adsorb a broader range of
phosphate forms [37]. pH and ionic strength
further impact the adsorption process, as the
charge of both the binding agent and the
phosphate species changes with pH, affecting the
efficiency of adsorption. MgO-KOH/biochar
remains stable across a wider pH range,
enhancing its effectiveness in varying conditions
[39]. Additionally, phosphate concentration and
molecular structure influence adsorption, with
simpler molecules like orthophosphate being more
easily adsorbed compared to more complex species
like phytic acid, which faces steric hindrance
[38,39].

Although the selectivity of MgO-KBC DGT
devices requires improvements, their usefulness
in adsorbing bioavailable phosphate remains
appropriate. In their environmental application,
these devices are designed to selectively adsorb
and measure phosphates, helping monitor
phosphate levels that contribute to environmental
concerns such as eutrophication. Moreover, MgO-
KOH/biochar offers stability across a wide pH
range, making it useful for different aquatic
environments. This research suggests that these
DGT devices are not only effective for detecting
bioavailable phosphates but also provide a
sustainable solution by utilizing agricultural
byproducts like palm oil waste for biochar
production.

In phosphate adsorption studies using
adsorbent, the focus is often on key variables like
contact time, pH, and concentration because they
are easier to control and provide clear insights
into the adsorption process. Other factors, such as
particle size, temperature, competing ions, and
functional groups, also play significant roles but
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are often not the primary focus. These variables,
however, offer valuable opportunities for further
research. For instance, exploring how smaller
particle sizes increase surface area or how
competing lons in natural water sources reduce
adsorption  efficiency could deepen the
understanding of the process. Investigating these
aspects may lead to enhanced materials or
methods that improve phosphate adsorption
performance in more complex.

3.8. Conclusions

This study successfully demonstrates the
enhanced selective phosphate adsorption using a
DGT device incorporated with MgO-KOH/biochar
(MgO-KBC) synthesized from palm oil empty fruit
bunches (EFBs). The research addressed the
primary objective by evaluating the performance
of the MgO-KBC binding agent in selectively
adsorbing bioavailable phosphate species (PO.*)
In comparison to other phosphates. MgO-KBC
showed superior selectivity for orthophosphate,
achieving better adsorption capacity compared to
other phosphate species and outperformed
traditional ferrihydrite-based DGT devices.

The study advances the current
understanding of selective phosphate adsorption
by offering a novel solution that enhances
adsorption capacity through the increased surface
area and porosity of MgO-KBC. This work
contributes to the field by introducing a more
efficient method for monitoring and mitigating
phosphate pollution in aquatic environments,
especially for targeted removal of bioavailable
phosphates. The findings provide a strong
foundation for further application of MgO-KBC in
environmental monitoring devices, with the
potential to improve water quality management
and remediation efforts.
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