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1. INTRODUCTION

ABSTRACT

Nickel contamination in aquatic systems presents serious environmental and geochemical concerns
due to its mobility, persistence, and toxicity. This study proposes a geochemically driven approach to
develop a nitrogen enriched humic acid based adsorbent modified with urea formaldehyde (HA-UF) to
enhance the removal of Ni(ll) from aqueous solutions. Humic acid was extracted using an alkaline
method and subsequently crosslinked with urea-formaldehyde through a one-step reflux process. The
novelty of this study lies in the use of urea-formaldehyde (UF) as a stabilizing agent and in evaluating
the effect of ionic strength on Ni(ll) adsorption. The characteristic peaks of HA-UF confirmed the
formation of C-O-C and C-N functional groups at 1035, 1136, and 1248 cm™ (ATR-IR), semi-
crystalline features at 26 = 22° and 25° (XRD), and a substantial increase in nitrogen content from
6.85% to 23.46% (EDX). The HA-UF demonstrated enhanced stability (up to pH 12) and exhibited
active functional groups (-COOH, —OH, -NH) that are conducive to binding Ni(ll), while maintaining
improved structural integrity and reduced total acidity. The adsorption process followed the Langmuir
isotherm model, with the adsorption capacity increasing from 1.899 x 10~* mol/g for HA to 3.682 x
10~* mol/g for HA-UF, indicating a greater availability of active sites after modification. Kinetic analysis
showed that the process followed a pseudo second order model, with a rate constant of 2.328 x 1072
g/mol-min, suggesting that chemisorption occurred through surface complexation and ion-exchange
mechanisms. The calculated adsorption energies (~20-22 kJ mol™) indicate intermediate-strength
interactions dominated by coordination bonding rather than simple physisorption. Increasing ionic
strength (NaCl) reduced both the adsorption capacity and rate, likely due to cation competition and
compression of the electrical double layer. Overall, HA-UF exhibits reactivity comparable to natural
organic matter while providing enhanced structural stability and adsorption performance, highlighting
its potential application in wastewater treatment systems under variable pH and ionic strength
conditions.

© 2026 UMK Publisher. All rights reserved.

(Basuki et al. 2021a; Charazinska, Lochynski, and Burszta-
Adamiak 2021; Isakov 2021). HA extracted from peat has

Nickel (Ni) contamination in aquatic environments is
primarily caused by discharges from electroplating operations,
mining effluents, and agro-industrial wastewaters, such as
palm oil mill effluent (POME). Chronic exposure to Ni?* has
been linked to allergic reactions, renal and cardiovascular
toxicity, and carcinogenic effects. Accordingly, the World
Health Organization recommends a maximum Ni
concentration of 0.07 mg/L in drinking water (Charaziriska,
Burszta-Adamiak, and Lochynski 2022; Genchi et al. 2020).

Humic acid (HA), a fraction of natural organic matter
that is abundant in peat soils (Stevenson 1994), contains a
diverse range of functional groups (-COOH, -OH, and
phenolic groups) that confer a strong affinity for metal cations

demonstrated the ability to adsorb Ni(ll), Cd(ll), and Pb(ll)
efficiently (Basuki, Santosa, and Rusdiarso 2017; Rusdiarso
and Basuki 2020), with adsorption kinetics often fitting a
pseudo-second-order model and equilibrium behavior
described by the Langmuir isotherm. The macromolecular
structure of HA provides both ion-exchange sites and
coordination interactions, making it a promising green
adsorbent for heavy metal removal (Spark, Wells, and
Johnson 1997; Xue et al. 2024).

To enhance the structural stability and metal binding
capacity of HA, chemical crosslinking with urea formaldehyde
(UF) has been explored (Ohalete and Popoola 2019; Sari,
Basuki, and Rusdiarso 2021). Another study used
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glutaraldehye (GA) as a chemical crosslinker. This GA
modification significantly enhances HA's stability across a
wider pH range, maintaining its structural integrity from pH 2
to 12. It also introduces additional binding sites (—~C=N-),
resulting in substantially improved Ni(ll) adsorption capacities
compared to unmodified HA (Santoso et al. 2010).

Understanding Ni(ll) uptake mechanisms and the
influence of solution chemistry relies on conventional
adsorption isotherms and kinetic modeling (Charazirska et al.
2022; Liang et al. 2021; Sari and Rusdiarso 2022). In this
study, the equilibrium data were fitted to the Langmuir and
Freundlich isotherm models, while the adsorption kinetics
were analyzed using pseudo-first-order and pseudo second
order models under varying ionic strength and pH conditions.
By comparing the model parameters in the presence and
absence of competing ions, we aim to determine how ionic
competition affects active site availability and overall
adsorption performance. This insight will be invaluable for
guiding the practical application of HA-UF adsorbents in real-
world wastewater treatment.

Indonesia’s peatlands store vast carbon stocks but
have been extensively degraded by drainage, agricultural
conversion, and recurrent fires. Valorizing degraded peat
through the extraction of HA for HA-UF production aligns with
national restoration policies and contributes to the Sustainable
Development Goals (SDGs), particularly SDG 6 (Clean Water
and Sanitation), SDG 12 (Responsible Consumption and
Production), and SDG 13 (Climate Action). This approach
integrates wastewater treatment with circular economy
principles while promoting carbon sequestration co-benefits.
Collectively, this geochemical approach to synthesizing and
modeling HA-UF adsorbents from peat-derived HA offers a
scalable, eco-friendly solution for Ni(ll) remediation, bridging
fundamental mechanistic insights with regional environmental
and socioeconomic strategies.

2. MATERIALS AND METHODS

21, Materials

The humic acid used in this study was extracted from
degraded peat soil collected in Bayas Jaya, Indragiri Hilir,
Riau. All chemicals were of analytical grade and purchased
from E. Merck (Germany), including NaOH, HCI, HF, and urea.
A 37% (v/v) formaldehyde solution was used for crosslinking,
Ni(CH3CO0),:2H,0 served as the Ni(ll) source, and NaCl
was used to adjust the ionic strength.

2.2. Synthesis and characterization of HA-UF

Humic acid was extracted from air-dried peat soil
using a modified Stevenson (1994) method. The soil was
mixed with 0.1 M NaOH (1:10 w/v) and stirred for 24 hours,

then filtered and acidified to pH 1 with HCI to precipitate humic
acid. The crude humic acid was collected and dried at 60 °C.
Purification was carried out by soaking the crude product in a
1:1 mixture of 0.1 M HCl and 0.3 M HF for 24 hours, followed
by centrifugation, washing, drying, and grinding to obtain
purified humic acid (HA).

HA-UF was synthesized using a one-step reflux
method at 75-80 °C. Urea (5 g) was mixed with 14 mL of 37%
formaldehyde, then combined with 5 g of purified HA in 0.1 M
NaOH. The mixture was refluxed for 4 hours and then
neutralized with 2 M HCI, resulting in the formation of a
precipitate. The HA-UF product was subsequently collected
by centrifugation at 4000 rpm for 10 minutes and dried at 60
°C.

The HA-UF was then characterized using UV-Vis
spectrophotometry (Shimadzu UV-1800, Japan), ATR-IR
spectroscopy (Perkin Elmer, US), XRD (Bruker, Germany),
and SEM-EDX analyses (JEOL JSM-6510LA, US), all
conducted in Indonesia. HA-UF stability was tested by stirring
0.1g of material in demineralized water at pH 1-14 for
24 hours.

23. Ni(ll) adsorption by HA-UF

2.3.1  Effectof pH

Ni(ll) solutions (50 mg/L; 50 mL) were adjusted to pH 2.2—-
10.3 using HCI or NaOH and then mixed with 50 mg of HA-
UF. After 3 hours of stirring, the suspensions were filtered, and
the residual Ni(ll) concentration in the filtrate was determined
using atomic absorption spectroscopy (AAS) (Perkin Elmer
3110, US).

2.3.2  Effect of ionic strength

Ni(ll) solutions (50 mg/L, at the optimum pH) were mixed
with 50 mg of HA-UF and NaCl (100-500 mg). After 3 hours
of stirring, the suspensions were filtered, and the residual Ni(ll)
concentration in the filtrate was determined using atomic
absorption spectroscopy (AAS) (Perkin Elmer 3110, US).

2.3.3  Adsorption capacity and ionic strength

Fifty milligrams of HA-UF were added to 50 mL of Ni(ll)
solutions (5-200 mg/L, at the optimum pH). After 3 hours of
stirring, the suspensions were filtered, and the residual Ni(ll)
concentration in the filtrate was determined using atomic
absorption spectroscopy (AAS) (Perkin Elmer 3110, US).
Adsorption isotherms were determined using Langmuir and
the Freundlich models. For ionic strength effects, NaCl (100-
300 mg) was added, and results were compared with non-
NaCl conditions.
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2.3.4  Adsorption rate and ionic strength

Fifty milligrams of HA-UF was mixed with 50 mL of
Ni(ll) solution (120 mg/L) and agitated for varying contact
times (10-180 minutes). After the designated contact time, the
suspensions were filtered, and the residual Ni(ll)
concentration in the filtrate was determined using atomic
absorption spectroscopy (AAS) (Perkin Elmer 3110, US).
Adsorption kinetics were evaluated using pseudo first order
and pseudo-second-order models. The same experimental
procedure was followed, with the addition of NaCl (100-300
mg) to investigate the effect of ionic strength on sorption
kinetics. Results were compared with those without NaCl to
assess the impact of ionic strength.

24 Adsorption isotherm models

The Langmuir isotherm model describes adsorption
on a homogeneous adsorbent surface with a finite number of
identical active sites, no interactions between adsorbed
species, and uniform adsorption until saturation. The
Langmuir equation is expressed as:

K.bC,

Qe = T1bC, €Y)

Where g.(mol g7') is the amount of adsorbate
adsorbed at equilibrium, b(mol g™") represents the maximum
monolayer adsorption capacity, C,(mol L™") is the equilibrium
concentration of the adsorbate in solution, and K; (L mol™) Is
the Langmuir adsorption constant related to the affinity
between the adsorbate and the adsorbent (Langmuir 1918).

A good fit to the Langmuir model indicates
predominantly monolayer adsorption on a relatively uniform
surface. For humic acid based adsorbents, this suggests that
metal ions bind to specific functional groups (e.g., carboxylate,
phenolic, or nitrogen-containing sites) until saturation is
reached (Langmuir 1918; Sari et al. 2021).

The Freundlich isotherm is an empirical model
describing adsorption on heterogeneous surfaces with non-
uniform energies and possible multilayer formation, without
assuming a finite adsorption capacity. The Freundlich
equation is given as:

ge =BCY™ (2

where B (mol g™") is the Freundlich constant related
to adsorption capacity, and n It is the heterogeneity factor that
reflects the favorability and intensity of adsorption. A value of
n > 1 indicates favorable adsorption conditions (Freundlich
1907).

For both natural and modified humic substances, the
Freundlich model accounts for surface heterogeneity,
indicating adsorption on energetically diverse sites with

varying affinities for metal ions (Freundlich 1907; Sari et al.
2021).

2.5 Adsorption kinetic models

The pseudo first order kinetic model assumes that
the rate of adsorption is proportional to the number of
unoccupied adsorption sites (Lagergren 1898; Wang and Guo
2020b). This model is generally applicable to physisorption-
dominated processes and is expressed in its linear form as:

In(qe —q0) =Inge — kst (3)

where q,(mol g7") is the amount of adsorbate
adsorbed at time t, g.(mol g™") is the adsorption capacity at
equilibrium, and k,;(min™") is the pseudo-first-order rate
constant. Although widely applied, this model often fails to
accurately describe adsorption behavior over the entire
contact time, particularly when chemisorption or surface
complexation mechanisms dominate.

The pseudo-second-order kinetic model assumes
that the adsorption rate is controlled by chemisorption
involving valence forces such as electron sharing or exchange
between the adsorbent and adsorbate. (Ho and McKay. G
1995; Wang and Guo 2020b). This model is expressed as:

t 1 t 4
@ @ e @

where k, (g mol™ min™) is the pseudo-second-order
rate constant. This model is particularly suitable for systems
in which adsorption is governed by chemical interactions, such
as ion exchange, surface complexation, or coordination
bonding. Strong agreement with the pseudo second order
model indicates chemisorption-controlled kinetics; in humic
acid based and nitrogen enriched adsorbents, this behavior is
associated with metal binding through oxygen and nitrogen
containing functional groups.

3. RESULT AND DISCUSSION
31 Characterization of HA-UF

The modification of humic acid (HA) with urea
formaldehyde (UF) was confirmed using a combination of
characterization techniques, including ATR-IR, XRD, SEM-
EDX, total acidity analysis, and pH stability measurements.

In particular, comparison of the ATR-IR spectra of
unmodified HA and UF-modified HA reveals several
consistent changes attributable to UF incorporation (Figure 1).
The broad band at 3300-3600 cm™ becomes wider and more
intense, indicating overlap between the original O-H
hydrogen-bonding signal and additional N-H stretching
vibrations from urea-derived groups. The aliphatic C-H bands
at 2917 and 2845 cm™ also increase in intensity, consistent
with the introduction of methylene bridges from the UF resin.
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In the carbonyl region near 1703 cm™, an enhanced shoulder
and slight shift (or additional absorption) are observed, which
can be associated with carbonyl or amide-like C=0/C-N
contributions from UF oligomers. The band at ~1599 cm™ is
retained but shows a modest change in shape and intensity; it
is therefore primarily assigned to aromatic skeletal vibrations
(aromatic C=C), with a possible minor contribution from
conjugated quinone-like C=0 groups. Finally, the feature at
1224 cm™ increases in intensity compared with unmodified
HA. This band is best interpreted as an overlap of
contributions, including phenolic C-O and in-plane O-H

—HA —HA-UF

—~

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm?)

Figure 1: ATR-IR Spectrum of HA and HA-UF
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bending, as well as C-N or C-O stretching associated with
UF. Accordingly, its assignment should be made with caution
(Sari et al. 2021; Sari and Rusdiarso 2022).

Taken together and supported by changes observed
in XRD, SEM-EDX (elemental N increase), and altered
acidity/pH-stability, these spectral modifications provide
consistent evidence that UF has been incorporated into the
HA matrix (Basuki et al. 2021b; Sari et al. 2021; Silverstein et
al. 2014).

—HA —HA-UF
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Figure 2: Diffractogram of HA and HA-UF
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Figure 3: Solid stability of HA and HA-UF in response to pH variation

The interpretation of the ATR-IR spectra of UF
modified HA must take into account the substantial band
overlap characteristic of humic substances. Direct comparison
with the unmodified HA spectrum reveals several changes;
however, many of these features occur in regions where
multiple functional groups absorb and therefore cannot be
considered uniquely diagnostic of UF incorporation.

The broad absorption near ~3400 cm™ becomes
slightly more intense after modification, but this region is
dominated by O-H stretching from phenolic and carboxylic
groups and can broaden further due to hydrogen bonding or
adsorbed water. Thus, attributing this feature to N-H
stretching from UF is not definitive. The carbonyl band near
~1710 cm™ also exhibits a slight shift and/or increase in
intensity. Although this may indicate changes in the local

carbonyl environment such as esterification, hydrogen-bond
rearrangement, or acid base interactions its assignment solely
to amide C=0 formation should be made with caution.
Definitive evidence of covalent UF HA linkage would require
the clear appearance of amide | (~1650 cm™) and amide I
(~1540 cm™) bands; however, these features are not distinctly
resolved in the spectrum of the modified HA. Several weaker
bands (1620, 1441, 1390, and 1248 c¢cm™) exhibit minor
changes in intensity, but these regions overlap extensively
with intrinsic HA vibrations (aromatic C=C, CH bending,
phenolic C-0). Although these features may indicate altered
microstructures or additional C-N/C-O environments, they
are not uniquely diagnostic of UF modification (Silverstein et
al. 2014).

The XRD pattern of HA (Figure 2) exhibits broad and
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low intensity peaks, reflecting its predominantly amorphous
nature. In contrast, HA-UF displays relatively sharper
diffraction peaks at 26 = 21°, 23°, and 25°, suggesting that
molecular interactions introduced by UF modification
increased the local structural order (Figure 2). Cross-reaction
with formaldehyde forms C-N and C-O-C bonds between HA
and UF, thus increasing the crystalline phase in HA.
Enhancing the crystallinity of the adsorbent material may
improve its physical stability, targeted adsorption capacity,
and overall performance.

The solubility evaluation across various pH levels
(Figure 3) shows that HA-UF exhibits greater stability than
unmodified HA, particularly under alkaline conditions, and
remains stable up to pH 12. This enhanced stability correlates
with the reduced total acidity and modified elemental
composition of HA-UF (Table 1). The material shows a total
acidity of 349.3 cmol/kg, which is lower than the unmodified
material due to the UF modification. Elemental analysis further
supports this transformation (Table 1), with the nitrogen
content increasing substantially from 6.85% in HA to 23.46%

in HA-UF. This significant increase suggests the incorporation
of nitrogen containing functional groups and the formation of
additional polymeric structures following UF modification.

The morphology of the samples is presented in the
SEM images shown in Figures 4a and 4b. In these
micrographs, the UF phase can be distinguished by its
brightness and contrast variations. Figure 4b clearly shows
brighter regions corresponding to UF-rich areas, illustrating
that the UF phase is evenly distributed within the HA matrix.
Compared to Figure 4a, which shows the rough and irregular
surface characteristic of untreated HA, the HA-UF sample in
Figure 4b exhibits a more compact and cohesive morphology.
Several smoother, plate-like fragments are visible on the
surface, suggesting the development of new polymeric
domains following UF modification. In addition, the reduced
presence of fine granules and the more consolidated texture
observed in Figure 4b indicate that UF may act as a binding
agent, partially filling pores and decreasing surface
heterogeneity. Overall, these morphological differences are
consistent with the incorporation of UF into the HA framework.

Figure 4: The morphology of (a) HA and (b) HA-UF

Table 1. Characteristic parameters of HA and HA-UF (Total acidity and
elemental analysis)

Total Acidity Elemental Analysis

Material (%owiw)
(cmol/kg) c 0 N
HA 549.2 5760 3555 6.85
HA-UF 349.3 46.13 3023  23.46

Conversely, the carbon and oxygen contents in HA-UF
decrease, possibly due to interactions between carboxyl
groups in HA and the -NH groups of UF. As a result, the
reduction in total acidity and the associated changes in
chemical structure likely contribute to the enhanced stability of
HA-UF under high pH conditions.

3.2 Adsorption Ni(ll) by HA-UF

The adsorption performance of Ni(ll) by HA-UF is
significantly influenced by pH, ionic strength, and surface
modification. The Figure 5, which illustrates the effect of pH
on Ni(ll) adsorption, shows a distinct trend: at low pH values
(pH 2-3), the adsorption of Ni(ll) is minimal due to the high
concentration of H* ions that protonate the active functional
groups (-COOH, -OH, -NH) on the HA-UF surface,
preventing Ni(ll) from binding. As the pH increases toward
near-neutral conditions (around pH 5-6), the functional groups
become progressively deprotonated, leading to an increase in
negative surface charge and enhanced electrostatic attraction
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toward Ni** ions (Z. Liu et al. 2025). This leads to a significant
improvement in adsorption efficiency (Wang and Guo 2020a).
Beyond pH 6, the adsorption capacity slightly decreases or
stabilizes, which may be attributed to the formation of Ni(OH).,
precipitates that reduce the availability of free Ni(ll) ions in
solution (Guo et al. 2025; Shiver and Atkins 2009; Wei et al.
2022). This behavior aligns with natural geochemical
processes, in which pH is a key factor controlling the solubility
and mobility of metals in soil and water systems.

Importantly, the speciation of nickel in aqueous
solution is strongly pH-dependent. Under acidic conditions
(pH 1-3), Ni** predominantly exists as free hydrated ions,
such as [Ni(H,0)¢]**. As the pH increases, hydrolysis begins,
leading to the formation of species such as NiOH* and
Ni(OH)»(aq), and eventually to the precipitation of Ni(OH),(s)
at pH values above approximately 8. The shift from free ions
to hydroxide complexes reduces the concentration of
adsorbable Ni** in solution, which explains the slight decrease
in adsorption efficiency at alkaline pH (Guo et al. 2025; Shiver
and Atkins 2009; Wang and Guo 2020a).

The adsorption isotherm data for Ni(ll) on both HA
and HA-UF demonstrate a marked improvement in

Table 2. Ni(ll) Adsorption Isotherm Parameters on HA and HA-UF

performance following urea-formaldehyde modification (Table
2). According to the Langmuir model, the maximum adsorption
capacity (b) increased from 1.899 x 10™* mol/g (~11.145
mg/g) for HA to 3.682 x 10~* mol/g (~21.612 mg/g) for HA-
UF. This increase suggests enhanced active site availability
on HA-UF, likely due to the incorporation of nitrogen-rich
functional groups during UF modification. The high R? values
confirm that the adsorption process follows a monolayer
adsorption mechanism on a homogenous surface, typical of
the Langmuir model (Wang and Guo 2020a).

The Freundlich model, which describes
heterogeneous and potentially multilayer adsorption, also
indicates an increase in adsorption capacity, with B values
rising from 2.182 x 1072 mol/g for HA to 8.886 x 1072 mol/g for
HA-UF. However, the corresponding R? values are lower than
those obtained for the Langmuir model, suggesting that the
Langmuir isotherm provides a better fit to the experimental
data (Wang and Guo 2020a). Both materials exhibit n values
of approximately 2, indicating favorable adsorption. These
results further support the conclusion that HA-UF offers a
more effective surface environment for Ni(ll) uptake compared
to unmodified HA.

Langmuir Model

Freundlich Model

Materials 04 mollg) _ Ke (Limol) E (kJimol) R B (x102 mollg) n R
HA 1,899 47401 22,35 0,9955 2182 2,000 07714
HA-UF 3,682 20.242 20.24 0.9991 8.836 2.003 0.8552

The adsorption energy was calculated using the
following equation, where E (kJ/mol) represents the
monolayer adsorption energy:

E=-RTInK, (5)

Here, R is the universal gas constant and T is the
absolute temperature. The Langmuir adsorption constant (K;)
reflects the affinity between the adsorbent surface and the
adsorbate; a higher K; value indicates stronger binding and a
greater tendency for adsorption at low solute concentrations
(Basuki et al. 2021b; Jery et al. 2024; Sari et al. 2021).

Based on Table 2, the K; value for Ni(ll) adsorption
onto HA (47.401 L/mol) is significantly higher than that for HA-
UF (20.242 L/moal). This indicates that pristine humic acid (HA)
exhibits a stronger affinity toward Ni(ll) ions compared to the
ultrafiltered humic acid (HA-UF). The higher K; value of HA
suggests that Ni(ll) ions interact more favorably with the
available functional groups on HA, such as carboxylate and
phenolic moieties, which are well known to form stable surface
complexes with divalent metal ions (Basuki et al. 2021a;
Hutama et al. 2025).

In contrast, the lower K, value observed for HA-UF
implies a reduced adsorption affinity, which may be attributed
to changes in surface chemistry or molecular structure
induced by the ultrafiltration process, such as partial loss or
redistribution of high-affinity functional sites (Langmuir 1916,
1918; Sari et al. 2021). This trend is consistent with the
calculated adsorption energies, which indicate that HA
exhibits a higher adsorption energy than HA-UF, suggesting
stronger Ni(ll) surface interactions on HA. Overall, the higher
value for HA implies that Ni(ll) binding is energetically stronger
on unmodified HA than on HA-UF, consistent with the
Langmuir assumption of monolayer adsorption on specific
active sites.

The calculated adsorption energies (E) of 22.35
kd/mol for HA and 20.24 kJ/mol for HA-UF fall within the
intermediate adsorption energy range, typically reported to
span approximately 20-80 kJ/mol. According to (Basuki,
Yusnaidar, and Rusdiarso 2018; Bjgrklund et al. 2020; Foo
and Hameed 2010; Tran et al. 2017). Adsorption energies
within this range generally indicate interactions stronger than
simple van der Waals forces and may involve ion-exchange
processes, outer sphere or partially inner-sphere
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complexation, as well as other mixed mechanisms (Stevenson
1994). However, although these values suggest interactions
stronger than weak physisorption, they do not constitute

—e—Adsorbed Ni(ll) Residual Ni(ll) —e—Initial Concentration

v
o

= N w S
o o o o

Metal Concentration (mg/L)

o
=
N

3 4 5 6 7 8 9 10 11
pH
Figure 5: Effect of pH on Ni(ll) sorption
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definitive evidence of true chemisorption. Therefore, the
interpretation should be made with appropriate caution.

M Initial Concentration M Adsorbed Ni(ll) Residual Ni(ll)
50 50 50 50 50 50
50
3
40 43,02
£ 4,17 -
5 3654
3 34,69 -
£30 31,92
C
: |
C
S 20 158,08
5 10,68 i -
@ )
=10 6,98 8,83
0
0 100 200 300 400 500

Mass of NaCl (mg)
Figure 6: Effect of ionic strength on Ni(ll) sorption
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Figure 7: Effect of ionic strength on sorption capacities of HA-UF

The adsorption energy of HA (22.35 kJ/mol) is slightly
higher than that of HA-UF (20.24 kJ/mol). If adsorption energy
is taken as a proxy for interaction strength, this indicates that
HA alone exhibits marginally stronger binding to Ni(ll). The
small difference of approximately 2 kJ/mol may fall within the
typical uncertainty associated with isotherm model fitting (e.g.,
Dubinin Radushkevich or Temkin models) and therefore
cannot be used to support strong claims of improved bonding
strength following UF modification. In this context, the
enhanced adsorption performance of HA-UF is more plausibly
attributed to an increase in the number or accessibility of
active sites reflected in the higher adsorption capacity rather
than to a substantial change in the intrinsic binding energy per
site (Hutama et al. 2025).

Assignments involving —COOH, —OH, and nitrogen-
containing groups as Ni(ll) binding sites should also be
supported with direct evidence. This includes correlating ATR
peak shifts (e.g., vC=0, vO-H, amide I/ll if UF contributes

amide linkages), stability of pH, or elemental analysis. In the
absence of supporting evidence, mechanistic claims
regarding the involvement of specific functional groups should
be considered tentative. Accordingly, although UF
modification may enhance the overall adsorption capacity, the
calculated energy values suggest that the intrinsic chemical
affinity toward Ni(ll) does not increase substantial

Figure 6 demonstrates the effect of ionic strength, as
represented by increasing concentrations of NaCl. Here, a
clear inverse relationship is observed between the NaCl dose
and Ni(ll) adsorption. As the NaCl mass increases, the
adsorbed Ni(ll) concentration decreases significantly, while
the residual concentration increases. This suggests that Na*
ions compete with Ni?* for the same adsorption sites on the
HA-UF surface. In addition, increased ionic strength
compresses the electrical double layer (Sari et al., 2021; Wei
et al., 2022), thereby reducing the electrostatic attraction
between HA-UF and Ni(ll).
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Figure 7 illustrates the sorption capacity of Ni(ll) by
HA-UF in the presence of increasing concentrations of NaCl.
The control sample (HA-UF) without added NaCl exhibits the
highest sorption capacity at 21.61 mg/g. As the NaCl
increases, a progressive decline in sorption capacity is
observed, down to 21.03 mg/g at the highest concentration.

This trend can be explained by the effect of ionic
strength. As the NaCl concentration increases, Na* ions
compete with Ni?* for the same active adsorption sites on the
HA-UF surface, particularly negatively charged functional
groups such as COO and O. In addition, higher ionic strength
compresses the electrical double layer, thereby weakening
electrostatic interactions between the adsorbent and the
target metal ions. Together, these effects result in reduced
adsorption efficiency (Drahansky et al., 2023; Li et al., 2024;
Wang et al., 2025). Therefore, the observed decrease in Ni(ll)
sorption capacity with increasing NaCl concentration further

confirms the roles of electrostatic and
mechanisms in the HA-UF adsorption process.

3 Kinetic Sorption Ni(ll) by HA-UF

ion-exchange

In the pseudo-first-order model (Table 3), the rate
constant k, increased from 0.018 min~" for HA to 0.027 min™
for HA-UF, while the equilibrium adsorption capacity (qe)
showed a slight increase from 3.736 x 10™* mol/g to 3.806 x
10~* mol/g. The R? value for HA (0.9948) was higher than that
for HA-UF (0.9686), suggesting that the model describes the
adsorption kinetics of HA more accurately than those of HA-
UF. Nevertheless, the R? values remain relatively high for both
materials, indicating a reasonably good overall fit.

This trend is consistent with the calculated
adsorption energies, which show that HA has a higher
adsorption energy than HA-UF, further supporting stronger
Ni(ll}-surface interactions on HA.

Table 3. Adsorption kinetic parameters of Ni(ll) on HA and HA-UF

Pseudo-first-order

Pseudo-second-order

Materials R2 k1 (min-1) qe (mol/g) R? k2 (g/mol-min) qge (mol/g)
HA 0.9948 0.018 3.736x10 0.9477 2.537x102 5.028x10+4
HA-UF 0.9686 0.027 3.806x10 0.9964 2.328x102 5.374x10+4

In contrast, the pseudo-second-order (Table 3)
model produced even higher R? values 0.9477 for HA and
0.9964 for HA-UF which suggests that this model describes
the adsorption behavior more accurately, particularly for HA-
UF. The pseudo second order rate constant (k;) slightly
decreased from 2.537 x 1072 g/mol-min for HA t0 2.328 x 1072
g/mol-min for HA-UF. However, the equilibrium adsorption
capacity (qe) increased from 5.028 x 10~* mol/g to 5.374 x
10~* mol/g, indicating improved adsorption capacity for HA-
UF. The better fit of the pseudo second order model,
particularly for HA-UF, suggests that Ni(ll) adsorption may
involve chemisorption related mechanisms, such as electron
sharing or exchange between Ni(ll) and functional groups on
the adsorbent surface  (Hutama et al. 2025). This
interpretation is consistent with the chemical characteristics of
HA and HA-UF, which contain abundant oxygen- and
nitrogen-containing functional groups capable of interacting
strongly with metal ions.

Table 4. Effect of ionic strength on Ni(ll) kinetic rate sorption

Pseudo-second-order

NaCl (mg) k2 (g/mol-min) ge (molig) R?
0 2.328x102 5.374x104 0.9964
100 1.523%102 4.804x10+ 0.9928
200 2.419x102 4.694x10+ 0.9897
300 1.132x102 4.391x10+ 0.9959

Table 4 shows the effect of increasing ionic strength,
represented by NaCl concentrations (0-300 mg), on the
sorption behavior of Ni(ll) ions onto HA-UF, analyzed using
the pseudo-second-order kinetic model. The data show a
clear decreasing trend in both the adsorption rate constant
(kz) and the equilibrium adsorption capacity (ge) with
increasing NaCl dosage. However, the R? values remain high
(= 0.98), indicating that the pseudo second order model
continues to provide a good fit under varying ionic strength
conditions.

At 0 mg NaCl, the adsorption rate constant (k,) is
highest at 2.328 x 1072 g/mol-min, with an equilibrium capacity
(ge) of 5.374 x 10~* mol/g. As NaCl concentration increases
both k, and ge decrease consistently, reaching the lowest
values at 300 mg: k, = 1.132 x 1072 g/mol-min and ge = 4.391
x 10~* mol/g. This suggests that Na* ions compete with Ni?*
for active binding sites on the HA-UF surface, thereby
reducing the effective adsorption of Ni(ll). In addition,
increased ionic strength compresses the electrical double
layer surrounding the adsorbent, which weakens electrostatic
interactions between Ni(ll) and the negatively charged
functional groups of HA-UF (Sari and Rusdiarso 2022).

These observations are consistent with established
adsorption theory, which explains that high ionic strength
suppresses ion adsorption by shielding the adsorbent surface
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and introducing competitive cations in solution. The presence
of background electrolytes like NaCl can significantly impact
ion sorption processes, particularly in systems governed by
electrostatic and ion-exchange mechanisms.

Based on the calculated adsorption capacity, kinetic
behavior, and the proposed molecular interaction scheme
shown in the figure, the interaction of Ni(ll) ions with the HA-
UF surface is likely dominated by specific surface
complexation rather than simple physical adsorption. Ni(ll)
ions are present in solution mainly as hydrated species (e.g.,
[Ni(H,0)¢]?") (Shiver and Atkins 2009), which approach
the HA-UF surface and interact with oxygen- and nitrogen-
containing functional groups such as carboxylate, phenolic
hydroxyl, and amide/amine groups, as illustrated in the
proposed structure (Figure 8 and Figure 9).

The good agreement with the pseudo-second-order
kinetic model suggests that the adsorption rate may be
influenced by chemical interactions, indicating the possible
formation of relatively strong Ni(ll)-surface bonds (Hutama et
al. 2025; Rusdiarso and Basuki 2020). As illustrated in the
figure, Ni(ll) may form inner-sphere complexes, in which
partial dehydration occurs and coordination bonds are
established between Ni(ll) and donor atoms (O or N) on HA-
UF. In parallel, outer-sphere complexation may also take
place, in which hydrated Ni(ll) ions are retained through
electrostatic attraction and hydrogen bonding between
coordinated water molecules and HA-UF functional groups
(Bhati, Rao, and Kumar 2025; Z. Liu et al. 2025; Zhang et al.
2019). This statement was illustrated by Figure 8 and 9.

In addition, Figure 9 illustrates the role of ionic
competition and ion-exchange mechanisms, in which Ni(ll)
ions replace exchangeable cations (e.g., Na* or H*) initially
associated with negatively charged sites on HA-UF (Basuki et
al. 2021b; B. Liu et al. 2025; Z. Liu et al. 2025; Sari et al. 2021).
This exchange is facilitated by the higher charge density and
stronger complexation tendency of Ni(ll), which contributes to
the observed adsorption capacity.
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Overall, the combined interpretation of adsorption
capacity, kinetic results, and the proposed molecular
interaction model confirms that Ni(ll) adsorption onto HA-UF
is governed by chemisorption involving coordination bonding
and ion exchange, supported by electrostatic interactions and
hydrogen bonding, leading to stable Ni(ll)-HA-UF surface
complexes.

34 Geochemical interpretation of Ni(ll) adsorption
mechanisms

A geochemical perspective provides deeper insight
into the adsorption mechanisms governing Ni(ll) interactions
with HA and HA-UF and helps clarify how solution chemistry
and surface functionality control metal-binding efficiency (Ali
et al. 2025; Drozhzhin et al. 2025; Zakirova et al. 2025). The
pH-dependent adsorption behavior observed in this study
reflects fundamental geochemical controls on metal
speciation and ligand reactivity. Under acidic conditions, Ni(ll)
predominantly exists as hydrated cations, such as
[Ni(H,0)¢J** (Shiver and Atkins 2009), while the HA-UF
surface remains highly protonated, thereby limiting complex
formation (Sari and Rusdiarso 2022; Shiver and Atkins 2009).

This pattern is consistent with natural organic matter
reactivity in peat and sediment systems, where proton
competition suppresses metal ligand binding at low pH
(Hayes, Mylotte, and Swift 2017; Stevenson 1994; Xue et al.
2024). As the pH approaches neutrality, deprotonation of
carboxylate, phenolic, and amine groups increases the
negative surface charge, thereby promoting the formation of
inner sphere complexes through ligand exchange reactions.
Geochemical modeling studies indicate that this pH range
coincides with the stability field of dissolved Ni** prior to
significant hydrolysis and precipitation, which explains the
observed maximum adsorption around pH 5-6 (Drozhzhin et
al. 2025; Sari and Rusdiarso 2022).

The modification of HA with urea-formaldehyde
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introduces additional amide and amine groups, enriching the
adsorbent with nitrogen-containing coordination sites that
mimic  natural humification  processes, where N-
functionalization increases metal affinity (Isakov 2021). The
increase in nitrogen content from 6.85% to 23.46% in HA-UF
suggests the incorporation of nitrogen containing functional
groups that may participate in chelate like interactions with
Ni(ll). Such interactions are consistent with a chemisorption
related mechanism, as inferred from the adsorption energy
values (>20 kJ/mol), although these values alone do not
provide definitive proof of true chemisorption (Foo and
Hameed 2010). Similar enhancements in metal-binding
capacity have been reported for nitrogen-enriched humic
substances and crosslinked biopolymers (Basuki et al. 2021a;
Ngatijo et al. 2021). The semi crystalline features observed in
HA-UF by XRD suggest the development of relatively more
ordered microdomains, which may facilitate metal ligand
coordination and contribute to improved sorption performance
and structural stability.

lonic strength plays a crucial geochemical role by
influencing the competition between Ni** and background
electrolytes and modulating electrostatic  interactions
(Drozhzhin et al. 2025; Sari and Rusdiarso 2022). Increasing
NaCl concentration resulted in reduced adsorption capacity
and slower adsorption rates, indicating that Na* ions compete
with Ni?* for negatively charged sites on the HA-UF surface.
This observation is consistent with findings in soil and aquatic
geochemistry, where high ionic strength conditions reduce the
affinity of heavy metals for humic substances due to cation
competition and compression of the electrical double layer.
Such effects are particularly relevant in natural systems and
in real wastewater matrices that contain elevated electrolyte
concentrations (Santosa, Siswanta, and Sudiono 2017; Wang
etal. 2023; Yang et al. 2019; Zakirova et al. 2025).

Importantly, the persistence of pseudo-second-order
kinetics across different ionic strengths suggests that the
underlying adsorption mechanism is still dominated by
chemisorption, although competitive interactions influence
mass transfer and accessibility to binding sites (Santosa et al.
2017; Wang and Guo 2020b). This finding aligns with
geochemical studies indicating that, although ionic strength
influences the rate and extent of adsorption, it does not
fundamentally alter the nature of metal ligand bonding unless
processes such as precipitation or mineral surface
interactions become dominant (Liang et al. 2021; B. Liu et al.
2025).

Overall, the adsorption behavior of Ni(ll) on HA-UF is
consistent with geochemical principles governing metal
mobility and retention in natural peat, soil, and sediment

systems. The interplay of pH-controlled ligand reactivity, ionic
competition, and the enhanced functional complexity of HA-
UF suggests that this material effectively mimics natural
organic matter while offering improved structural stability and
metal-binding capacity (Liang et al. 2021). Understanding
these geochemical mechanisms strengthens the relevance of
HA-UF for practical applications in wastewater treatment,
particularly in environments with fluctuating pH and complex
ionic backgrounds that closely resemble natural geochemical
conditions.

4, CONCLUSION

The application of a geochemical approach to modify
humic acid derived from Riau peat with urea-formaldehyde
(HA-UF) proved effective in enhancing Ni(ll) adsorption
through structural and functional transformations. The
adsorption performance of HA-UF, governed by pH, ionic
strength, and reaction kinetics, reflects geochemical
interaction patterns commonly observed in natural systems.
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