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Revised The increasing use of glyphosate containing herbicides raises environmental concerns. These

/2\8 Sep;tedr‘nltée(rDZSZbS 2025 herbicides are persistent environmental pollutants and may harm soil and aquatic ecosystems.
ceepte ctober Although previous studies have evaluated different adsorbents, the use of palm oil mill waste for

Keywords glyphosate containment has not been thoroughly researched. This study attempts to fill this gap by

adsorption isoterm, turning palm oil mill waste into eco-friendly adsorbents: biochar and humic substances. This study

glyphosate, palm oil mill

waste seeks to identify the glyphosate adsorption characteristics of diverse palm oil waste formulations in

order to determine the optimal formulation through an isothermal adsorption analysis. Two major
materials were used in the batch equilibrium experiments: biochar created from empty palm fruit
= bunches (B-OPEFB) and humic substances derived from wet decanter solids (HS-WDS). Each of these
adsorbents were used on their own, and in different combinations to test how well they retained
glyphosate. The results revealed that the adsorption capacity of biochar is largely due to its carbon-
porous matrix, while humic substances contribute to the adsorption via chemical interactions that
are facilitated by active functional groups. Out of all the combinations, the one containing 25%
biochar and 75% humic substances achieved the best adsorption efficiencies. The adsorption
behavior of this combination was best described by the Langmuir isotherm, with a strong correlation
(R%>0.97). This clearly demonstrates the effectiveness of waste palm oil mills as a soil amendment
to reduce glyphosate contamination. In addition, this waste transformation to active materials for
environmental protection supports the practice of sustainable agriculture.

Introduction

Glyphosate [N-(phosphonomethyl) glycine] is one of the most widely applied herbicides in global agriculture
due to its effectiveness in controlling a broad spectrum of weeds. However, its extensive and repetitive use
has led to increasing environmental concerns, particularly related to its persistence in soil and water systems,
potential toxicity to non-target organisms [1], and disruption of microbial communities [2]. Glyphosate is
known to have a high affinity for soil components; however, under certain conditions, it can become mobile
and leach into groundwater, contributing to broader ecological risks. Several adsorbents have been tested
for their ability to retain glyphosate, including activated carbon, clay minerals, ion-exchange resins, zeolites,
biochar produced from different feedstocks, and more recently, metal-organic frameworks (MOFs).
Activated carbon [3] is well known for its very large surface area and microporous structure, which provides
strong sorption sites; nevertheless, its relatively high production cost and tendency for pore blockage during
repeated use limit its practical application.

Clay minerals [4] such as kaolinite and montmorillonite, also show affinity for glyphosate through their
negatively charged surfaces; however, their capacity is highly dependent on soil pH and the presence of
competing cations, which makes their performance less predictable under field conditions. lon-exchange
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resins [5] can be engineered for specific binding, although they are not biodegradable and are associated
with a larger environmental footprint. Zeolites [6] with their crystalline microporous lattices and cation-
exchange properties have also been explored, but their efficiency in retaining glyphosate from aqueous
solutions is often modest because of steric and polarity mismatches. MOFs [7], on the other hand, provide
highly tunable pore systems and functional groups; however, their high cost of synthesis and poor stability in
humid environments restrict their application at scale.

One promising approach is the utilization of agricultural and industrial residues such as palm oil mill waste,
which is abundantly available in oil palm-producing countries. Indonesia is the world’s largest producer of
palm oil, recording a production of 43.5 million tons in 2020, far exceeding Malaysia’s output of 19.9 million
tons [8]. According to the Directorate General of Plantations, Ministry of Agriculture of Indonesia, the
cultivated area of oil palm expanded from 14.66 million hectares in 2021 to 15.38 million hectares in 2022,
and is projected to reach around 16.83 million hectares by 2023 [9]. The rapid expansion of palm oil
plantations consequently leads to a substantial increase in palm oil mill residues, particularly oil palm empty
fruit bunch (OPEFB) and wet decanter solid (WDS). If not managed properly, these waste materials pose
significant environmental concerns. Elements present in WDS include calcium (Ca), phosphorus (P), nitrogen
(N), potassium (K), and magnesium (Mg).

The disposal of WDS has been a serious concern for palm oil mills, as it is mostly dumped openly around
factory sites and nearby landfills, causing pollution hazards and water contamination [10]. Similarly, OPEFB
represents the most significant fraction of solid waste generated during fresh fruit bunch (FFB) processing
and is emerging as a major production challenge in the palm oil industry [11]. Conventional uses of OPEFB
include secondary products such as ash, biochar, and compost [12], and it is also commonly applied directly
as mulch and organic fertilizer in soil [13]. Beyond their agronomic value, it is particularly interesting to
evaluate their capacity to immobilize agrochemical pollutants, such as glyphosate, thereby linking waste
valorization with environmental remediation. This dual function highlights the potential role of palm oil mill
derivatives not only in supporting soil health, but also in mitigating herbicide contamination. Through
thermochemical [14] and biochemical [15] conversion processes, such residues can be valorised into
functional adsorbents, including biochar and humic substances. These materials exhibit large surface areas
and abundant functional groups [16], providing considerable potential for the adsorption and immobilization
of organic contaminants in soil and water systems.

Biochar, produced through the pyrolysis of biomass under limited oxygen conditions, possesses a high specific
surface area, porous structure, and abundant functional groups (e.g —OH, —COOH) that are capable of
adsorbing various organic compounds [17], including pesticides like glyphosate. Meanwhile, sludge from WDS
is rich in humic substances and dissolved organic matter, which also contributes to the immobilization of
herbicides in soil through chemical interactions and surface binding [4]. Recent studies have emphasized the
effectiveness of such materials in adsorbing agrochemicals [3—-6], but further exploration is needed to
understand their adsorption behaviour under varying environmental conditions, including concentrations. In
this framework, Isothermal modelling emerges as a key analytical method for investigating the interactions
between glyphosate molecules and the adsorbent surface. The application of models such as Henry,
Freundlich, and Langmuir isotherms [18] offers valuable insights into the adsorption mechanisms and
capacities, thereby enhancing our understanding of the performance and practical viability of these materials
in environmental applications. Although biochar and humic substances have been widely studied [15,19-22],
the combined utilization of biochar from OPEFB and humic substances from WDS as adsorbents for
glyphosate has not been extensively reported. This specific combination, derived from palm oil mill waste,
was emphasized as the novelty of this study. Accordingly, this study aims to evaluate the adsorption
characteristics of glyphosate herbicide in solution using biochar and humic substances derived from the
conversion of palm oil mill waste, and to model their adsorption behavior through Henry, Freundlich, and
Langmuir isotherms. The findings are expected to contribute not only to the management of herbicide
contamination but also to the promotion of sustainable waste utilization in plantation systems.

Materials and Methods

Conversion of palm oil mill waste

The study was carried out from September 2024 to February 2025 at the Chemistry and Soil Fertility
Laboratory of the Soil Science and Land Resources Department, Faculty of Agriculture, and the Central
Laboratory of Universitas Andalas.The primary raw material for biochar was freshly discarded oil palm empty
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fruit bunch (OPEFB) waste, and humic substances were derived from wet decanter solid (WDS) collected from
palm oil plantation in Dharmasraya, West Sumatra. The OPEFB was prepared following established
methodologies [23], involving cleaning with running water, oven drying at 70 °C for 48 hours to dry and
weighed for the production process with temperature of 200 °C for 30 minutes. To ensure consistency and
standardization, each biochar production batch was prepared from 50 g of dry OPEFB waste, replicated three
times. Pyrolysis was performed using an LMF-10D furnace, chosen for its precise temperature control and
anaerobic conditions, which are vital for quality biochar. Humic substances were prepared from palm oil mill
sludge obtained from WDS was oven-dried at 70 °C for 48 hours. The dried sludge was ground and sieved
through a 2 mm mesh. A total of 5 g of the sieved sludge was weighed and mixed with 25 mL of 1 M technical-
grade sodium hydroxide (NaOH) [24]. The mixture was shaken for 24 hours and then centrifuged at 4000 rpm
for 15 minutes to separate the solid and liquid phases. The resulting filtrate was filtered using Whatman No.
41 filter paper. The supernatant was oven-dried at 70 °C for 24 hours. Biochar and humic substance then
underwent morphological and characteristic laboratory analyses.

Following the preparation, the surface morphology of biochar (B-OPEFB) and humic substances (HS-WDS)
was observed using a Scanning Electron Microscope (SEM, Carl Zeiss EVO 10) equipped with an Energy-
Dispersive X-ray spectroscopy (EDX) detector. SEM provided high-resolution images of the surface structure,
including pore distribution and texture. EDX was employed to determine the elemental composition of the
samples, expressed as percentage by weight (%wt) of detected elements. The analysis covers the main
elements of carbon, oxygen, silicon, potassium, magnesium, and calcium. The carbon content reported in this
study was obtained directly from the EDX spectra, while the percentage of minerals was calculated
automatically by the EDX software based on the relative intensity of characteristic X-ray peaks. The functional
groups of B-OPEFB and HS-WDS were identified using Fourier Transform Infrared Spectroscopy (FTIR,
Shimadzu FTIR Tracer-100). The spectra were recorded in the range of 4000—400 cm™" with a resolution of 4
cm™. Samples were prepared in powder form and analyzed using the Attenuated Total Reflectance (ATR)
technique. The FTIR spectra were used to detect characteristic absorption bands corresponding to hydroxyl
(—OH), carboxyl (—COOH), carbonyl (C=0), C—H, and phosphate (P—O) groups, which are relevant to the
adsorption interaction with glyphosate.

Determination of glyphosate herbicide concentration

The glyphosate herbicide used in this study was a commercial formulation, Supremo 486 SL, containing 356
g L of glyphosate as the active ingredient. Its application rate was based on recommended field rates for oil
palm plantations, proportionally converted to suit the scale of this laboratory study. To prepare the standard
solutions, the herbicide was diluted with deionized water to obtain three concentrations of glyphosate
application: 2.225, 6.675, dan 20.025 mg L respectively. These concentrations were selected to simulate
low, medium, and high application rates commonly used in oil palm plantations. Standard solutions were
used in the batch equilibrium experiments to determine the adsorption behaviour of glyphosate in amended
soils.

Isothermal adsorption experiment by batch equilibrium method

The isothermal adsorption of glyphosate in amended soil was evaluated using the batch equilibrium method.
A total of 0.5 g of air-dried incubated soil (sieved to <2 mm) was weighed into a 100 mL Erlenmeyer flask.
Each sample was treated with 20 mL of glyphosate solution at one of the three concentrations: 2.225, 6.675,
and 20.025 mg L™. The soil samples were amended with five types of, including biochar from oil palm empty
fruit bunches (B-OPEFB), humic substances extracted from wet decanter solid (HS-WDS), and their mixtures
in three ratios: 75% B-OPEFB + 25% HS-WDS, 50% B-OPEFB + 50% HS-WDS, and 25% B-OPEFB + 75% HS-WDS.
The experiment was arranged in a Completely Randomized Design (CRD) with three replications for each
treatment. Each adsorbent mixture was thoroughly homogenized with the soil prior to glyphosate
application.

After adding the glyphosate solution, the mixtures were shaken at 300 rpm for 24 hours at 25°C to reach
adsorption equilibrium. Following incubation, the suspensions were centrifuged at 4000 rpm for 30 minutes
to separate the liquid and solid phases. The resulting supernatants were filtered using Whatman No. 41 filter
paper and subsequently analysed for residual glyphosate concentration using High-Performance Liquid
Chromatography (HPLC, Shimadzu LC-20A). The HPLC system was equipped with a C18 reversed-phase
column (4.6 x 250 mm, 5 um) operated at 25 °C, with an injection volume of 20 pL and a detection wavelength
of 200 nm. The mobile phase consisted of distilled water and methanol (80:20, v/v) at a flow rate of 1.0 mL
min~'. Calibration was performed using external glyphosate standards at concentrations of 2.225, 6.675, and
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20.025 mg L. This method was used to quantify the amount of glyphosate remaining in solution after
equilibrium and to evaluate the adsorption behavior of the different adsorbent formulations under controlled
laboratory conditions.

Adsorption Isotherm Model

To understand the mechanism and capacity of glyphosate adsorption onto biochar and humic substance-based
materials, the experimental data were fitted to three common isotherm models: Henry, Freundlich, and Langmuir
(Table 1). Each model provides different assumptions about the nature of adsorption surfaces and interactions,
offering insights into the adsorption behavior of the tested materials.

Table 1. Linear and nonlinear isotherm equations for glyphosate adsorption onto solid surface. The table
presents mathematical forms and plots of Henry, Freundlich, and Langmuir models, which have been used to
analyze the adsorption capacity (Q.) and equilibrium concentration (Ce). These equations were utilized in this
study to determine the best fitting isotherm model for glyphosate adsorption.

Isotherm Model Non-linear* Linear Plot References
Henry Qe = Ky.Ce Qe = Ky.Ce Qe vs Ce [25]
1
Freundlich Qe = Kg.Ce/m Log(Qe) = LogKg + HLOgce Log Qe vs Log Ce [26]
. Qm-Ky.Ce 1 1 1 1 1 1 [27]
L S — = — ys —
angmuir Q¢ =77K, Ce Qe ~ qm ' Q.K; Ce Qe " Ce

*Qe: adsorption capacity at equilibrium (mg g1), Ce: equilibrium concentration (mg L), Ku: Henry constant (L g1), Kr: Freundlich constant ((mg g)(L mg-
1)¥/n), K: Langmuir constant (L mgt).

Henry's isotherm model represents the most basic approach to understanding adsorption, asserting a linear
relationship between the surface adsorbate quantity and the partial pressure of the adsorptive gas. This
model effectively characterizes adsorbate behavior at low concentrations, assuming that each adsorbate
molecule is spatially separated from its immediate surroundings [28]. The Freundlich adsorption isotherm
model serves to describe a reversible and non-ideal adsorption phenomenon. Unlike models limited to single-
layer coverage, the Freundlich model allows for the possibility of multilayer adsorption. A crucial feature of
this isotherm is that it does not presuppose a uniform distribution of adsorption heat or affinities across a
heterogeneous surface. Instead, the mathematical expression of the Freundlich isotherm model inherently
accounts for surface heterogeneity, providing a definition for the exponential distribution of active sites and
their respective energies [29]. The Langmuir isotherm is an empirical model positing that adsorption occurs
as a single molecular layer (monolayer) on homogeneous, localized sites. Key assumptions include no steric
hindrance or lateral interactions between adsorbed molecules, even on adjacent sites. This model further
presumes that each molecule possesses uniform sorption activation energy and constant enthalpies, with all
sites exhibiting equal affinity for the adsorbate and no adsorbate movement across the surface [30].

Experimental data modelling

Experimental data obtained from batch equilibrium studies were used to evaluate the adsorption behaviour
of glyphosate onto converted palm oil mill waste materials. The amount of glyphosate adsorbed at
equilibrium (Qe) was calculated by subtracting the equilibrium concentration (Ce) from the initial
concentration (Co) using the following mass balance equation (Equations 1 and 2) [31].

00 = (55) v 2
%R = (%) x 100 2)

where Qe is the adsorption capacity (mg g™'), Co is the initial concentration (mg L™), Ce is the equilibrium
concentration (mgL™), Vis the volume of the glyphosate solution (L), and m is the amount of the of adsorbent
used (g).

The adsorption data were then fitted to three isotherm models to describe the adsorption mechanism and
to estimate the adsorption parameters. Non-linear and linear forms of each isotherm model were applied to
the data. Linear regression analysis was conducted using Microsoft Excel and JMP software to determine the
model constants and to evaluate the fit through the coefficient of determination (R2). The best-fitting model
was selected based on R2 values and the consistency of estimated parameters with experimental trends. This
modelling approach provided insights into the adsorption mechanisms and enabled comparison among
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different adsorbent formulations, thereby supporting the selection of the most effective material for
glyphosate removal.

Results

Morphological characteristics and elemental composition

The morphological characteristics and elemental composition of the palm oil mill waste-derived adsorbents
are shown in Figure 1. The morphology of the two amendments differed in terms of color. Biochar derived
from oil palm empty fruit bunch (B-OPEFB) appeared black, resembling charcoal typically produced from
biomass or organic wastes. This coloration is associated with the high carbon content that underwent
carbonization during pyrolysis, where most volatile and organic components were removed, leaving a stable
carbon matrix behind.

The morphology, size, and shape of submicron particles can be characterized using SEM [32]. Based on SEM-
EDX analysis of each amendment at 4000x magnification (scale 4 um), B-OPEFB exhibited a porous structure
with numerous elongated cavities and open channels, indicating the presence of well-developed pores and a
heterogeneous surface. The surface appeared irregular and rough, consistent with the carbonized nature of
biochar, significantly affect the resulting biochar morphology. The carbon content of B-OPEFB (83.17%) was
the highest among the two tested amendments (B-OPEFB > HA-WDS, 25.99%), reflecting its nature as a
carbon-rich material. Pyrolysis selectively retains carbon in the form of biochar while removing most volatile
and non-carbon elements from biomass [21]. This process decomposes the majority of organic constituents
such as hydrogen, oxygen, and nitrogen, while stabilizing carbon within the biochar matrix. Consequently,
biochar exhibits a high carbon content and strong chemical stability, making it resistant to degradation [33].
In this study, oxygen in B-OPEFB accounted for 15.78%, whereas K, Mg, and Ca were present at 0.66%, 0.21%,
and 0.19%, respectively.

EHT = 800 KV Signal A = SET Date: 3 Fab 2025
Mag= 2000KX WD=T11.94mm pPhoio No. =404 Time: 11:05:18

— —

EHT = 800KV Signal A = SET Date: 3 Feb 2025

Mag = 20.00 KX WD =11.80mm Phota No. = 400 Time: 10:03:30 m

Ca; 0,28 Mg; 0,59 _ Si; 8,20 _Br; 0,41

(a) (b)
Figure 1. SEM-EDX images and elemental compositions of biochar produced from (a) oil-palm empty-fruit
bunch and (b) humic substances derived from wet decanter solids.

The micrographs revealed differences in surface textures: the B-OPEFB was porous and disordered, while HS-
WDS was denser and appeared smooth. The EDX pie charts confirmed that carbon and oxygen predominated
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with the potential for carbon enrichment in the biochar and oxygen-rich functional groups of the humic
substances. The humic substances extracted from wet decanter solids (HS-WDS) exhibited a compact and
layered morphology with relatively smooth textures, as observed in the SEM images. The surface appeared
dense with fewer open pores than that of B-OPEFB, indicating a more consolidated structure. The EDX
analysis confirmed that oxygen (45.71%) was the dominant element, followed by carbon (25.99%), silicon
(8.20%), potassium (0.97%), magnesium (0.59%), calcium (0.28%), and trace bromine (0.41%). The relatively
high oxygen content reflects the abundance of oxygen-containing functional groups (OH, —COOH), which are
typically enriched during alkaline extraction. NaOH activation has been reported to enhance the solubility of
organic fractions by breaking down high molecular weight structures, releasing aromatic fragments, and
increasing the oxygen content while reducing carbon [34]. In addition, Na incorporation during alkaline
treatment promoted the formation of new hydroxyl and carboxyl groups on the material surface [35]. These
structural and compositional changes explain the compact morphology of HS-WDS and its potential for strong
chemical interactions, making it particularly effective for adsorption processes involving polar organic
molecules, such as glyphosate.

Adsorption characteristics

The adsorption characteristics of glyphosate on the prepared adsorbents were evaluated to determine its
effectiveness and interaction mechanisms, as summarized in Table 2. The glyphosate concentration
influences the adsorption process because it is related to the ratio between the number of active sites of the
amendment formulations and the glyphosate molecules available for interaction. In general, increasing the
glyphosate concentration can enhance the adsorption capacity (Qe) and the adsorption coefficient (Ka).
However, the removal efficiency (R) tended to decrease, which may be attributed to the progressive
saturation of adsorption sites at higher solute concentrations. In addition, a slight increase in solution pH was
observed after adsorption (from an initial pH of 4.4—4.6 to 4.6-5.2), suggesting that proton exchange and the
interaction of glyphosate functional groups with the adsorbent surface contributed to the overall adsorption
process. The adsorption capacity (Qe) represents the specific amount of adsorbate retained on the surface
of the adsorbent [36].

Table 2. Equilibrium adsorption characteristics of glyphosate using biomaterials produced from palm oil mill
waste. Overview of the adsorption mechanism of various formulations containing different amounts of
biochar and humic substances. The adsorption capacity and removal efficiency were highest in the 25 %
biochar + 75 % humic-substance formulation, which also promoted a slight increase in pH.

Bioconversion of pH of H After
Palm Qil Mill Co* Ce*  Glyphosate Qe* R* Ka* P .
. Adsorption
Waste Solution
mg L™’ Unit mgg™ % Lg™ Unit
2.225 234 44 8891  99.89 38.00 46
B-OPEFB* 6.675 6.51 45 26674  99.90 40.95 4.7
20.025 7.23 46 80071 99.96  110.76 48
2225 1,195.56 44 4118 46.27 0.03 47
HS-WDS* 6.675  1,405.30 45 21079  78.95 0.15 48
20.025  1,462.66 46 74249  92.70 0.51 4.9
2225  140.98 44 8336  93.66 0.59 48
o/ R.
75% B-OPEFB + 6.675  160.11 45  260.60 97.60 1.63 4.9
25% HS-WDS
20025  162.32 46 79451  99.19 4.89 5.0
2225  177.82 44 81.89  92.01 0.46 49
0, -
50% B-OPEFB + 6.675  429.14 45 24983 9357 0.58 5.0
50% HS-WDS
20025  552.76 46 77889  97.24 1.41 5.1
2225  928.70 44 5185 5826 0.06 5.0
0, -
25% B-OPEFB + 6.675 1,208.16 45 21867  81.90 0.18 5.1
75% HS-WDS
20.025 1,261.86 46 75053  93.7 0.59 5.2

*B-OPEFB: biochar-oil palm empty fruit bunch, HS-WDS: humic substance-wet decanter solid; Co: the initial concentration of the adsorbate, Ce: equilibrium
concentration, Qe: adsorption capacity, R: removal efficiency, Kq: Coefficient adsorption.
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Table 2 presents the data on the equilibrium adsorption characteristics of glyphosate herbicide using
converted palm oil mill waste in solution. Five types of adsorbents are compared: B-OPEFB, HS-WDS, and
three mixtures of these in varying ratios (75:25, 50:50, 25:75). Among all treatments, B-OPEFB exhibited the
highest adsorption capacity (Q.) and adsorption coefficient (K,), particularly at the highest initial
concentration (Co = 20,025 mg L™). At this level, B-OPEFB achieved Q. = 800.71 mg g™, K, = 110.76 Lg™", and
a nearly complete removal efficiency (R) of 99.96%. The adsorption coefficient (Kq) reflects the ability of a
molecule to be retained on the adsorbent surface [18]. This superior performance is consistent with the
highly porous and carbon-rich structure of biochar, which provides abundant active sites for physical
adsorption. Adsorbents with porous structures can increase the surface area available for adsorption. This
structure creates more contact points between the adsorbent and the energy to be absorbed [21].

As the glyphosate concentration in the solution increased, more molecules became available for interaction,
thereby occupying a greater number of adsorption sites on the amendment surface. This process, in turn,
enhances the adsorption coefficient because of the combined physical and chemical interactions between
glyphosate and the adsorbent surface. In contrast, HS-WDS showed the less adsorption performance, with
Q. values ranging from 41.18 to 742.49 mg g™ and K, values not exceeding 0.51 L g™. The removal efficiency
was also lower (46.27-92.70%), which can be attributed to its compact morphology and relatively fewer
physical adsorption sites. However, its high oxygen content may contribute to chemical interactions,
particularly through hydrogen bonding and electrostatic attraction, although it is less efficient than biochar.

The combination treatment exhibited synergistic effects. The 75% B-OPEFB + 25% HS-WDS formulation
recorded a high adsorption capacity (Q. = 794.51 mg g™") and removal efficiency (R = 99.19%) at Co = 20,025
mg L™, with a K, value of 4.89 L g7'. Similarly, the 50:50 mixture reached Q. = 778.89 mg g™', R = 97.24%, and
K. =1.41 L g7 under the same conditions. The %R value is used to evaluate the effectiveness of an adsorbent
in removing or reducing an adsorbate from a solution or medium [37]. Although lower than pure biochar in
terms of Qe and K,, these mixtures still performed significantly better than the HS-WDS alone, highlighting
the complementary roles of biochar and humic substances. Biochar contributes to physical sorption via its
porous carbon matrix, whereas HS-WDS enhances the chemical interactions through oxygen-containing
functional groups. The 25% B-OPEFB + 75% HS-WDS mixture, while containing a higher proportion of humic
material, also achieved relatively high adsorption performance (Qe = 750.53 mg g™, R=93.70%). This confirms
that humic substances can play a supporting role, especially in enhancing surface reactivity, whereas biochar
remains the dominant contributor to glyphosate immobilization.

The mixture treatments demonstrated synergistic effects, where the combination of B-OPEFB and HS-WDS
resulted in a higher adsorption performance compared to HS-WDS alone. This improvement can be explained
by the complementary mechanisms of the two materials. B-OPEFB has a porous carbon-rich structure with a
large surface area, favoring physical adsorption through pore entrapment and hydrophobic interactions [21].
Meanwhile, HS-WDS provides abundant oxygen-containing functional groups (—OH, —COOH), which facilitate
chemical interactions such as hydrogen bonding, ligand exchange, and electrostatic attraction [34]. The
integration of these mechanisms enhances glyphosate immobilization by combining the high surface area of
biochar with the chemical reactivity of humic substances. Similar synergistic effects of biochar—humic
mixtures have been reported in previous studies. Combining kaolinite with humic acid increases glyphosate
adsorption due to improved surface heterogeneity and functional group diversity [4]. Similarly, biochar has
been shown to improve the sorption of pesticides and heavy metals in soils by providing multiple binding
sites and stabilizing the adsorbed molecules [19]. These findings support the observation in this study that
biochar and humic mixtures, particularly at 75:25 and 50:50 ratios, provide a favourable balance between
physical sorption capacity and chemical reactivity, leading to enhanced removal efficiency.

Surface characteristic

FTIR analysis provides information about the functional groups in different adsorbents, which might facilitate
the sorption process. FTIR lies in the interaction between infrared radiation and the chemical bonds within
molecules. Distinctive absorption bands were attributed to various functional groups (e.g., C-H, O-H, C=0, C-
C) possesses by its own characteristic vibrational frequencies. Specifically, O=C=0 stretching modes were
observed at 2348 and 1030 cm [38]. Concurrently, C-O stretching vibrations were identified within the
wavenumber range of 1022 to 1123 cm™ [39]. O-H wavenumbers ranging from 3400 to 3600 cm™ [40]. The
FTIR spectrum in Figure 2 shows changes in the characteristics of the functional groups on the surface of the
material before and after glyphosate adsorption. In B-OPEFB, the hydroxyl group (—OH) which originally
appeared at 3464.15 cm™ shifted to 3402.49 cm™ after adsorption, indicating the formation of hydrogen
bonds between glyphosate and the biochar surface. The absorption band at 1608.63 cm™ (N—H and C=C
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bending) shifted to 1615.41 cm™, the band at 1263.37 cm™ associated with the C—O group changed slightly
after adsorption, indicating phosphonate interactions.
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Figure 2. FITR spectra using biochar and humic substances obtained from palm oil mill waste (a) before
glyphosate adsorption and (b) after glyphosate adsorption.

The spectra show significant changes in the peaks around —OH, C=0, and P-O functional groups, indicating
their contribution to glyphosate binding on the adsorbent surface. For HS-WDS, the O—H absorption band at
3626.17 cm™ shifted to 3442.03 cm™ after adsorption. The 0=C=0 band, which was originally seen at 2358.94
cm™ [41] disappeared, indicating its involvement in adsorption. In addition, the C—H bending bands at
1477.47 cm™ and 1342.46 cm™ shifted or decreased to 1633.74 and 1403.24 cm™, as well as the C—O/P-0O
band from 1062.78 cm™ to 1008.79 cm™, indicating the presence of a bond formed with the phosphonate
group of glyphosates. The emergence of a new band at 2924 cm™ after adsorption on HS-WDS indicates the
presence of asymmetric C—H stretching vibrations [42], which are likely to originate from the aliphatic group
in the glyphosate structure. This band was not detected before adsorption, indicating that glyphosate
molecules successfully interacted with the adsorbent surface and caused changes in the vibrational spectrum.
The FTIR spectra of the mixture of 25% B-OPEFB and 75% HS—WDS before and after glyphosate adsorption
also showed a shift in the main absorption bands. This shift indicated that the functional groups present on
the surface of the adsorbent played a role in the interaction and adsorption of glyphosate molecules.

Analysis of the data demonstrated clear evidence of interaction and adsorption. This is supported by the fact
that some functional groups vanished entirely after the adsorption process, whereas others showed changes
in their characteristic adsorption frequencies. The emergence of new functional groups further confirms that
the process involves the active participation of these functional groups, consistent with findings from other
sources [43]. These results indicate that the various oxygen-containing functional groups on the surface of
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both humic substances and biochar are crucial for their interaction with glyphosate. Specifically, the
hydrophilicity of hydroxyl (-OH) groups and the strong acidity of carboxyl (-COOH) groups can directly or
indirectly influence their binding performance with agueous contaminants, such as glyphosate, and the
stability of the resulting adsorbed complexes [44]. Certain functional groups, such as -OH, -C=0, and -C-OH,
are vital for providing active adsorption sites and electroactive sites. These sites, which can act as electron
donors (e.g., hydroxyl groups) and acceptors (e.g. ketones or quinones), are generally beneficial for
facilitating the efficient binding and removal of glyphosate [16]. The emergence of various functional groups
on the surface of biochar and humic substances plays a pivotal role in adsorption mechanisms. This surface
functionality can directly or indirectly influence the ability of both materials to bind glyphosate, thereby
enhancing the adsorption efficiency and capacity of herbicides.

Isotherm of adsorption

Adsorption isotherm models can be used to describe the distribution of adsorbate molecules on an adsorbent
when the adsorption process reaches equilibrium. The Freundlich and Langmuir isothermal models were
applied to evaluate the adsorption of glyphosate and determine the most appropriate and optimal adsorption
process, considering the high R? values [45]. The adsorption of glyphosate using the ameliorant formulations
showed that the linear R? values of both the models differed. However, they exhibited a similar trend with
respect to the combination and percentage composition of ameliorant formulations.

Isotherm modeling results demonstrate varying glyphosate adsorption mechanisms depending on the
adsorbent type. B-OPEFB (biochar) best fit the Henry model (R? = 0.9962), indicating linear interactions at
low concentrations, consistent with its highly porous carbon structure that provides abundant physical
sorption sites [40]. Conversely, the pure HS-WDS (humic substances) showed a very strong correlation with
the Langmuir model (R? = 0.9808), suggesting dominant monolayer adsorption on homogeneous sites,
although it also presented a moderate fit with the Freundlich model (R? = 0.7423), implying surface
heterogeneity. Notably, the Langmuir model generally provided the best overall fit for most biochar and
humic substance combinations, particularly for the 25% B-OPEFB + 75% HS-WDS (R? = 0.9785) and 50% B-
OPEFB + 50% HS-WDS (R? = 0.9689) mixtures. This indicates that the predominant adsorption mechanism in
these mixtures is monolayer formation on a relatively homogeneous surface, likely due to the synergistic
effect of the porous biochar structure, which enhances the surface area and humic substances supplying
reactive functional groups.

The results of glyphosate adsorption isotherm modelling on B-OPEFB, HS-WDS, and their combinations (Table
3) provided in-depth insight into the interaction mechanism between glyphosate and the tested adsorbents.
The selection of the best isotherm model was based on the coefficient of determination (R?) value closest to
1, indicating agreement between the experimental data and the model assumptions. The glyphosate
adsorption on pure B-OPEFB showed a very good fit with the Henry model (R?= 0.9962), indicating a strong
linear interaction at low glyphosate concentrations. This is consistent with the assumption of the Henry
model that adsorption sites are abundant and not yet saturated, which is typical of the early stage of
adsorption. Nevertheless, B-OPEFB also showed a good fit with the Langmuir model (R? = 0.9169, Figure 3c),
with a maximum monolayer adsorption capacity (Qm) of 333.33 mgg™ and a separation factor (R.) of 0.0002,
indicating highly favourable and nearly irreversible adsorption. However, the Freundlich model did not fit B-
OPEFB (R? = 0.4283), implying that the biochar surface was relatively homogeneous and did not show
significant heterogeneity in the distribution of adsorption sites. Functional groups such as -OH and C=C on B-
OPEFB (FTIR Figure 2a) likely played a role in providing these homogeneous adsorption sites.

HS-WDS showed interesting adsorption behaviour. Despite having n=0.22 in the Freundlich model, which
theoretically [46] indicates a highly heterogeneous surface and moderate fit (R?= 0.7423, Figure 3b), HS-WDS
showed a much better fit with the Langmuir model (R? = 0.9808, Figure 3c). The very low R L value (0.0002)
confirmed that glyphosate adsorption on HS-WDS had a significantly stronger fit. The Qm capacity of HS-WDS
was 50.25 mg g, which was lower than that of B-OPEFB, indicating that the monolayer adsorption sites on
HS-WDS operated efficiently. The dominance of the Langmuir fit (R> = 0.9808) indicated that, despite the
possible heterogeneity, glyphosate tended to adsorb as a monolayer on specific and homogeneous sites on
the HS-WDS surface. The abundance of functional groups such as carboxyl (-COOH) and hydroxyl (-OH) in HS-
WDS (FTIR Figure 2a), which are known to have a high affinity for glyphosate through hydrogen bonding and
electrostatic interactions, may explain this efficient monolayer adsorption capacity.
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Figure 3. Experimental glyphosate adsorption isotherm models using (a) Henry, (b) Freundlich, and (c) Langmuir
models, utilizing conversion from palm oil mill effluent.

The graphs show the various adsorption behaviors observed, with the Langmuir model being the best fit,
indicating that monolayer adsorption occurs on a relatively uniform surface. Overall, the Langmuir model
provided the best fit for almost all adsorbent combinations (Figure 3c), confirming that the dominant
adsorption mechanism was a monolayer on a relatively homogeneous surface for this mixture system. The
most prominent fit was observed for the mixtures of 25% B-OPEFB + 75% HS-WDS (R?= 0.9785) and 50% B-
OPEFB + 50% HS-WDS (R?= 0.9689). The mixture of 25% B-OPEFB and 75% HS-WDS showed an exceptionally
high maximum monolayer adsorption capacity (Qm) of 5000 mg g™*. This capacity far exceeds the adsorption
capacity of each pure component, even exceeding 75% B-OPEFB + 25% HS-WDS (Qm = 454.55 mg g). This
indicated a strong synergistic effect between biochar and humic substances at a certain proportion. The
complementary interactions between the functional groups of B-OPEFB and HS-WDS, such as hydroxyl,
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carboxyl, and aromatic groups (FTIR Figure 2a), most likely create more available adsorption sites or increase
the affinity of existing sites, thus facilitating the formation of a denser and more stable glyphosate monolayer.

Table 3. Isothermal adsorption parameters obtained from the Freundlich and Langmuir models using biochar
and humic substances produced from palm oil mill waste. The table displays adsorption constants and
correlation coefficients (R?) with linearized equations for the goodness of fit of each model. The higher the
Langmuir correlation values, the more dominant is the monolayer adsorption mechanism.

Isothermal
Adsorbents Freundlich
n Ke(mgg?). (Lmg?h)" 1/n Linear Equations
y =-1.0219x + 4.2936;
B-OPEFB 0.98 19,669.75 1.02 R? = 0.4283
K 16 y =-4.5992x + 16.078;
HS-WDS 0.22 1.19x10 4.55 R2=0.7423
o/ R 0 ~ y =-1.4029x + 5.7012;
75% B-OPEFB + 25% HS-WDS 0.71 502,573.98 141 R = 0.7179
o R o e y = -1.5395x + 6.5665;
50% B-OPEFB + 50% HS-WDS 0.65 3,685,530.42 1.54 R = 0.3868
o R o e y = -0.9563x + 4.9729;
25% B-OPEFB + 75% HS-WDS 1.04 93,950.69 0.96 R? = 0.4961
Langmuir
Adsorbents Qm Ku . .
: } R Linear Equations
(mgg?)  (Lmg?) ) q
y =1.0952x - 0.003;
B-OPEFB 333.33 0.0027 0.0002 R = 0.9169
y =26.69x - 0.0199;
HS-WD 2 . 7 . 2
S S 50.25 0.000 0.000 RZ = 0.9808
o R o e y = 1.5824x - 0.0022;
75% B-OPEFB + 25% HS-WDS 454.55 0.0014 0.0002 R = 0.6334
o/ R_ o R y = 5.8594x - 0.0053;
50% B-OPEFB + 50% HS-WDS 188.68 0.0009 0.0002 R2 = 0.9689
25% B-OPEFB + 75% HS-WDS 5000  0.0001 00002 ' _2(')491715’5‘ +0.0002;

B-OPEFB: biochar-oil palm empty fruit bunch, HS-WDS: humic substance-wet decanter solid, Freundlich [n = 1/b; K¢ = 102], Langmuir [Qm = 1/a; K. = a/b], Ru
= 1/[1+(K *Co)].

Discussion

The adsorption of glyphosate herbicide utilising biochar and humic substances sourced from palm oil mill
waste presents considerable promise for environmental remediation efforts. This study demonstrates that
the combined application of these materials, particularly the formulation comprising 25% B-OPEFB and 75%
HS-WDS, exhibits an outstanding adsorption capacity (5,000 mg g~") and efficiency, as reflected by the strong
conformity to the Langmuir isotherm model (R? = 0.9785). This finding suggests that the adsorption
mechanism is predominantly governed by monolayer formation at the homogeneous binding sites on the
adsorbent surface. Such a high adsorption performance is consistent with earlier research [19], which showed
that both biochar and humic substances are rich in functional groups that facilitate interactions with organic
pollutants via hydrogen bonding, electrostatic interactions, and surface complexation. However, differences
in feedstock properties can explain the variations in adsorption performance. Coconut residues generally
contain lower ash and mineral fractions, whereas oil palm empty fruit bunches (OPEFB) are richer in
lignocellulosic components and produce higher ash content with abundant minerals such as K, Ca, and Mg,
which enhance electrostatic interactions. In addition, OPEFB is generated in far greater quantities in palm oil-
producing countries, making it a more sustainable and cost-effective raw material than coconut waste. These
inherent characteristics contributed to the superior adsorption capacity observed for OPEFB-derived biochar
and its combination with HS-WDS in the present study. Various factors, including pH, adsorbent dosage, initial
glyphosate concentration, and contact time, influence glyphosate adsorption [47]. In addition, the
morphological characteristics of the material observed by SEM-EDX in this study played a significant role.
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The adsorption process can be described by different isotherm models, such as the Langmuir and Freundlich
models, which provide insights into adsorption capacity and mechanisms. The Langmuir model is particularly
useful for understanding monolayer adsorption, whereas the Freundlich model describes multilayer
adsorption [30]. In this study, the dominance of the Langmuir model suggests that glyphosate adsorption
occurs primarily on specific, homogeneous sites, a phenomenon also observed in studies involving kaolinite-
humic acid composites [4]. The exceptionally high Qm value (5000 mg g~') obtained for the 25% B-OPEFB +
75% HS-WDS mixture may reflect either synergistic effects or model overestimation at high concentrations.
Differences in adsorption sites and porosity can be directly correlated with the Qm values, as larger surface
areas and pore volumes typically yield higher maximum adsorption capacities [48]. For comparison, the
effective surface area of sub-bituminous coal can reach =100 m?2 g™' [49], whereas biochar exhibits a wide
range of surface areas (5.4-328.6 m? g7'), depending on feedstock and pyrolysis conditions [50]. Therefore,
while the observed Qm trend indicates a strong synergistic adsorption potential, the absolute value should
be interpreted cautiously considering that isotherm extrapolation at high concentrations may artificially
inflate the estimated maximum capacity.

The synergistic interaction between the components of the 25% B-OPEFB and 75% HS-WDS mixture is
responsible for the improved performance. Physical adsorption is enhanced by the very large surface area
and very fine pore structure of biochar. Humic compounds, on the other hand, add oxygen-containing
functional groups to the mixture, such as hydroxyl (—OH) and carboxyl (—COOH), which increase the chemical
affinity for glyphosate and facilitate more efficient binding and retention [51]. Biochar with higher carbon
content generally has a darker color. The final color is also influenced by the pyrolysis temperature; higher
temperatures generally produce darker biochar due to better carbon stabilization. In addition, the type of
biomass used can affect both color and structural stability [52]. Humic compounds extracted from wet
decanted solids (HS-WDS) using NaOH, on the other hand, have a deeper dark brown to almost black color
compared to conventional humic extracts. The breakdown and dissolution of organic components during
alkaline extraction, which alters the chemical structure of organic materials, is likely the cause of this change.

The final dark color and chemical characteristics can be further influenced by additional variables including
extraction temperature, time, and reagent concentration [53]. The darker color of HS-WDS indicates the
presence of concentrated organic residues and oxygen-rich functional groups (—OH, —COOH), which
corresponds to the high oxygen content found through EDX analysis. The physical characteristics of biochar,
such as its color, porosity, and functional group distribution, are significantly influenced by variables other
than temperature and biomass type, such as pyrolysis residence time, applied pressure, and oxygen
availability [54]. The theory of cooperation is supported by FTIR analysis (Figure 2). Following adsorption, the
peaks of important molecules such —OH and C=0 shift, suggesting that they aid in glyphosate retention. These
discoveries have important environmental implications. It prevents glyphosate pollution and assist in waste
management by recycling palm oil mill waste. In palm oil plantations, where glyphosate is frequently used, a
combination of 25% B-OPEFB and 75% HS-WDS absorbs glyphosate very well and can assist enhance soil
quality. Furthermore, following adsorption, the pH of the solution slightly increased (from 4.6 to 5.2), which
is great for agriculture since it prevents the soil from being overly acidic. Because it maintains the soil's ideal
pH for microorganisms and nutrients, this pH range is perfect for plants [55].

Standardizing application techniques and comprehending long-term effects are still difficulties, despite the
chemical interaction between biochar and humic substances showing promise for enhancing soil and
environmental health. The effects of biochar and other materials on various soil types and environmental
circumstances require more investigation. This use can lower hazards to aquatic habitats by lowering
glyphosate runoff into nearby rivers on a landscape scale. By enhancing soil health and water quality at the
watershed level, this amendment's implementation in oil palm plantation management is consistent with an
integrated natural resource management approach. It is crucial to recognize a number of the study's
limitations to guarantee the accuracy of these environmental advantages. The experiments were conducted
under controlled laboratory and incubation conditions with a single soil type and herbicide, without kinetic
or thermodynamic analyses, which restricts the generalization of the results. Moreover, the study focused
on glyphosate residues after entering the soil, meaning that the implications for weed control effectiveness
were not directly assessed. Future field validation across multiple soil types, other commonly used pesticides,
and additional kinetic or thermodynamic studies are needed to provide a more comprehensive
understanding of the adsorption behavior and its long-term implications in agricultural systems.

This journal is © Athiyya et al. 2025 JPSL, 15(6) | 958



Conclusions

This study demonstrated that biochar produced from oil palm empty fruit bunches (B-OPEFB) and humic
substances extracted from wet decanter solids (HS-WDS) effectively adsorbed glyphosate herbicides from
aqueous solution. The adsorption process was best described by the Langmuir isotherm, particularly for the
25% B-OPEFB and 75% HS-WDS mixture, which showed an exceptionally high monolayer adsorption capacity
(5,000 mg g~") with strong model fit (R? = 0.9785). FTIR analysis confirmed that hydroxyl (—OH), carboxyl! (—
COOH), and aromatic functional groups were actively involved in glyphosate binding through hydrogen
bonding and electrostatic interactions. Beyond these laboratory findings, the broader significance of this
study lies in demonstrating how agricultural residues can be transformed into effective remediation
materials. Utilizing palm oil mill by-products as soil amendments provides a dual benefit: mitigating
glyphosate contamination while promoting sustainable waste valorisation in oil palm landscapes. At the
management level, incorporating such amendments into plantation practices can enhance soil health, reduce
the leaching of agrochemicals into waterways, and support integrated watershed and natural resource
management strategies. These outcomes are particularly relevant for policy frameworks aiming to reconcile
intensive agricultural production with environmental sustainability.
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