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This study investigates the ammonium (NH4*) adsorption capabilities of hydrochar derived from paper
waste sludge (PWSH) and its modified variant with ZnO (PWSH@ZnO).This study investigates the
ammonium (NH4"%) adsorption capabilities of hydrochar derived from paper waste sludge (PWSH) and its
modified variant with ZnO (PWSH@ZnO). The adsorption behaviors were analyzed by varying parameters
such as pH, contact time, initial NH4* concentration, and ZnO modification ratios. The results indicate
that ZnO modification significantly enhances the NH4* adsorption capacity, with PWSH@ZnO achieving
a maximum capacity of 23.08 mg g%, compared to 20.09 mg g~* for unmodified PWSH. The optimal pH
for NH4* removal was found to be 8, at which PWSH@ZnO demonstrated a superior removal efficiency
of 80%, compared to 68.03% for PWSH. Kinetic studies revealed that the adsorption process followed
a pseudo-first-order model for both materials, with PWSH@ZnO exhibiting faster adsorption rates.
Isotherm analysis further indicated that the adsorption is best represented by the Langmuir model,
suggesting monolayer adsorption on a homogeneous surface. Overall, the incorporation of ZnO
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Introduction

Ammonium (NH,") is a prevalent nutrient in industrial, agri-
cultural, and municipal wastewater streams. Eutrophication,
a significant environmental issue, is often driven by elevated
NH," concentrations in aquatic systems. This phenomenon can
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synthesized PWSH@ZnO also demonstrates commendable reusability, maintaining nearly 50% of its initial
adsorption capacity after five cycles.

disrupt ecological balance and significantly degrade water
quality.! In response to the challenge of removing NH," from
wastewater, a range of technologies has been developed,
including biological nitrification-denitrification, ion exchange,
chemical precipitation, membrane filtration, and adsorption.>*
Each of these methods has distinct advantages and limitations,
which must be carefully evaluated for effective implementation.
Although biological processes are highly effective;* they require
precise control of environmental conditions and are often time-
consuming. Ion exchange is highly efficient but often incurs
high operational costs due to the need for frequent resin
regeneration.” While chemical precipitation effectively removes
ammonium, it may introduce secondary pollutants into the
system. Membrane filtration, despite its high efficiency, often
faces challenges such as high energy consumption and
membrane fouling.® Therefore, selecting an appropriate NH,"
removal method requires a comprehensive evaluation of both
technical and economic factors to ensure sustainable waste-
water treatment.

Among the various technologies available for NH," removal,
adsorption stands out due to its cost-effectiveness, operational
simplicity, and environmental safety.” This process generates

© 2025 The Author(s). Published by the Royal Society of Chemistry
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minimal harmful by-products and is compatible with existing
wastewater treatment infrastructures, enabling seamless inte-
gration into current systems. Furthermore, a wide range of
adsorbent materials, such as zeolites,® alumina,® biochar,**
hydrochar," chitosan porous beads reinforced with epoxy resin*?
and MOF-based modified adsorbents,* allows for the custom-
ization of adsorption systems to target specific contaminants,
including NH,". Adsorption is preferred for NH," removal
due to its operational versatility across a wide range of pH
and temperature conditions, minimal sludge generation, and
the feasibility of adsorbent regeneration and reuse, which
enhance its sustainability. Additionally, the development of
cost-effective and environmentally friendly adsorbents, espe-
cially those derived from agricultural waste or natural minerals,
has further enhanced the appeal of adsorption as a green
wastewater treatment technology. Given these advantages,
adsorption is increasingly recognized as a superior method for
NH," removal from various wastewater streams, effectively
balancing performance, cost, and environmental impact. These
attributes make adsorption a promising and sustainable solu-
tion for NH," removal, outperforming many conventional
methods in terms of efficiency, cost, and environmental
compatibility.

Hydrochar, an economically viable material, is produced via
hydrothermal carbonization of biomass at relatively low
temperatures (180-350 °C) under autogenous pressure for
several hours.™ It is derived from various feedstocks, including
wood, bamboo, sludge, agricultural residues, and forestry
wastes. Hydrochar contains functional groups such as hydroxyl,
phenolic, carbonyl, and carboxylic groups, which make it
a promising adsorbent for removing contaminants, including
heavy metals and organic/inorganic substances.'® Hydrochar is
also effective in removing organic dyes. For instance, alkali-
modified hydrochar derived from persimmon peel showed
a maximum adsorption capacity of 278.41 mg g~ for methylene
blue, highlighting its strong affinity for cationic dyes.'® This
affinity results from chemisorption, which is enhanced by the
structural modifications of hydrochar. Hydrochar has signifi-
cant environmental benefits. Its production from biomass
offers a sustainable waste management solution and contrib-
utes to the circular economy by recovering valuable resources
from waste materials."” Additionally, hydrochar's ability to
remove heavy metals from aqueous solutions makes it a viable
option for water purification, addressing critical environmental
challenges."®**

Despite its potential, hydrochar is limited by poor porosity
and a small surface area. Therefore, hydrochar modifications
are required to increase its surface area and porosity, enhancing
its adsorption efficacy. Recent advancements include the
incorporation of high-surface-area nanoparticles into activated
carbon to develop efficient and cost-effective adsorbents for
wastewater treatment. Among these nanomaterials, zinc oxide
(ZnO) nanoparticles have been widely studied for their pollutant
adsorption capabilities in aqueous environments. For instance,
biochar-supported ZnO nanoparticles have been shown to
remove 91% of phenol, 94% of methylene blue, and 90% of
rhodamine B from water,> while cellulose/starch/activated
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carbon-ZnO (C/S/AC-ZnO) exhibited adsorption capacities of
142.70 mg g~ " for methylene blue and 72.63 mg g~ for methyl
orange 21. Additionally, Yu et al. (2018) found that incorpo-
rating 30% wt ZnO into biochar significantly improved chro-
mium(vi) removal, with rates exceeding 95%.>*

The paper industry generates significant amounts of paper
waste sludge (PWS), posing substantial environmental chal-
lenges. The production rate of PWS typically ranges from 100 to
500 kg per ton of paper, depending on the factory type.*
Traditional PWS disposal methods, including composting,
incineration, and landfilling, face economic, environmental,
and societal challenges.”® Recent studies have investigated the
use of recycled PWS as an adsorbent for wastewater treatment,
offering significant environmental and economic benefits. For
example, Ali et al. (2018) demonstrated that PWS effectively
removed copper(n) ions from wastewater, with a maximum
adsorption capacity of 114.42 mg g '.»* Nguyen et al. (2021)
found that FeCl;-modified hydrochar derived from PWS
exhibited a high capacity for NH," adsorption from aqueous
solutions." Despite these advancements, a notable gap remains
in the literature on the incorporation of ZnO nanoparticles into
PWS-derived hydrochar for NH," removal from aqueous solu-
tions. The integration of ZnO nanoparticles is promising due to
their high surface area and enhanced adsorption capabilities,
as demonstrated in previous studies.**** Developing such
hybrid materials could significantly enhance NH," removal
efficiency, contributing to more sustainable wastewater treat-
ment solutions.

This study introduces a novel adsorbent by modifying PWS-
derived hydrochar with ZnO nanoparticles (ZnO-NPs) for NH,"
removal from wastewater. While hydrochar and biochar have
been widely studied as adsorbents, the application of ZnO-
modified PWS-derived hydrochar for NH," removal remains
underexplored. This research addresses key environmental
challenges, such as PWS disposal and water resource contami-
nation, while offering a low-cost, efficient adsorbent with
enhanced surface area and adsorption properties. The combi-
nation of ZnO nanoparticles with hydrochar aims to enhance
surface reactivity and overcome the limitations of traditional
hydrochar, such as low porosity and limited surface area. This
innovative approach represents a pioneering effort to develop
cost-effective, eco-friendly materials for NH," removal,
contributing to environmental sustainability and resource
recovery.

The primary objective of this study is to develop and char-
acterize ZnO-modified hydrochar derived from paper waste
sludge (PWSH@2ZnO) for enhanced NH," removal from aqueous
solutions. This modification aims to enhance NH," removal
efficiency from aqueous solutions. The study evaluates the
impact of ZnO loading on hydrochar's surface area, porosity,
and functional groups, which are critical for adsorption
performance. The study investigates the adsorption behavior of
ZnO-modified hydrochar under various operational conditions,
including pH, contact time, and initial NH," concentration. The
analysis includes adsorption kinetics and isotherms to eluci-
date the underlying adsorption mechanisms. A key focus is to
compare the performance of ZnO-modified hydrochar with
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unmodified hydrochar, demonstrating the enhancements in
adsorption capacity and efficiency due to ZnO modification.
This work addresses pressing environmental challenges by
utilizing paper waste sludge, offering a sustainable solution for
NH," removal in wastewater treatment. The findings are ex-
pected to contribute to developing cost-effective and eco-
friendly materials for environmental remediation.

Materials and methods
Material preparation

The paper waste sludge (PWS) was collected from the primary
clarifier of the Hoang Van Thu Paper Joint Stock Company's
pulp wastewater treatment facility in Thai Nguyen City, Viet-
nam. The collected PWS was air-dried under sunlight for three
days and then oven-dried at 105 °C for 48 hours to ensure
complete moisture removal. The dried PWS was then subjected
to hydrothermal carbonization in a Teflon-lined stainless steel
autoclave to produce hydrochar. A mixture of 10.0 g dried PWS
and 40.0 mL of 0.25 M NaOH solution was prepared in a 300 mL
Teflon vessel. The vessel was heated in an electric furnace at 10 ©
C min~" to 200 °C and maintained at this temperature for 24
hours before cooling to room temperature.* After hydrothermal
treatment, the liquid phase was separated from the solid
residue using a 0.45 pum membrane filter. The solid residue was
washed three times with distilled water to remove residual
chemicals and then dried at 105 °C for two hours. The dried
hydrochar was mechanically crushed and sieved to obtain
particles with a diameter of less than 0.5 mm. The resulting
hydrochar, designated as PWSH, was stored in a sealed glass
container for further use.

ZnO nanoparticle synthesis. The ZnO-NPs were synthesized
electrochemically using zinc electrodes (>90% purity) and
a 0.5 M chloride solution as the electrolyte. The experimental
setup was immersed in a water bath maintained at 30-50 °C. A
10 V voltage was applied using a DC power supply (model TES-
6220). The system was continuously stirred at 400 rpm using
a magnetic stirrer to ensure uniform reaction conditions. After
60 minutes, the ZnO-NP suspension was collected and cooled to
room temperature (~25 °C). The cooled mixture was filtered
through a 0.2 um polyvinylidene difluoride membrane to
control particle size. The filtered suspension was dried at 80 °C
for 12 hours, yielding ZnO-NPs ready for further use.

Synthesis of PWSH®@ZnO composite. The PWSH@ZnO
composite was synthesized using the incipient wetness
impregnation technique. Measured amounts of ZnO-NPs were
added to 250 mL heat-resistant Erlenmeyer flasks containing
40 mL of ethanol. The mixture was sonicated for 30 minutes to
ensure thorough nanoparticle dispersion. After sonication,
predetermined amounts of PWSH were added to achieve ZnO-
to-PWSH weight ratios of 5%, 10%, and 15%. The flasks were
sealed and stirred at 80 °C for 2 hours using a magnetic stirrer
(VELP, SN: F20500162, Italy). After the reaction, the suspension
was filtered and rinsed with distilled water until a neutral pH
was achieved. The filtered material was dried at 105 °C for 2
hours, yielding ZnO-impregnated hydrochar.
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Batch adsorption experiment

The effects of initial solution pH and ZnO-NPs-to-PWSH mass
ratio on NH," adsorption by PWSH and PWSH®@ZnO were
investigated through batch experiments. Batch experiments
were conducted in 50 mL Erlenmeyer flasks containing 25 mL of
a 20 mg L' NH," solution and 2 g L' adsorbent. The flasks
were sealed with paraffin and shaken at 120 rpm for 60 minutes
at 25 + 2 °C using a shaker (PH-4A, China).

Subsequent investigations were conducted to explore the
influence of contact time and adsorption kinetics, based on the
initial solution pH and the mass ratio of ZnO to PWSH, which
were determined in earlier experiments. These studies were
carried out over a range of time intervals (5 to 240 minutes),
with an initial NH,* concentration of 20 mg L™ " and an adsor-
bent dosage of 2 g L', The adsorbents used were either PWSH
or PWSH®@ZnO, and the experiments were performed at the
optimal pH for NH," adsorption.

The effects of initial NH," concentrations and adsorption
isotherms were investigated by mixing either PWSH or
PWSH®ZnO at a dosage of 2 g L' with 25 mL of NH," solu-
tions, with concentrations ranging from 10 to 100 mg L ", The
mixtures were agitated at 120 rpm under optimal conditions for
solution pH, mass ratio of ZnO to PWSH, and contact time, as
determined in previous experiments.

The pH of the initial solutions was adjusted using 0.1 M
hydrochloric acid (HCI) and 0.1 M sodium hydroxide (NaOH)
solutions. After adsorption, the mixtures were filtered using
filter paper with a pore size of 0.11 pm. The concentration of
residual NH," in the supernatant was quantified using a UV/Vis
spectrophotometer (Shimadzu, model Z2000, Japan) at a wave-
length of 640 nm. Each experiment was conducted in triplicate
to ensure reproducibility and accuracy of the results.

The adsorption capacity of NH,  onto PWSH and
PWSH®@ZnO at time ¢ (g, mg g~ ') and at equilibrium (g., mg
g~ ') was determined using the following equations:

==LV )
o= G=C 2

where Cy, C; and C. (mg L") are concentrations of NH," at
beginning time, any time ¢, and equilibrium, respectively; V (L)
is the working volume of NH," solution; W (g) is the dry weight
of ZnO/hydrochar absorbent.

Adsorption isotherm and kinetic models

Two widely recognized models, namely the pseudo-first-order
and pseudo-second-order models, were employed to charac-
terize the kinetics of NH," adsorption onto PWSH and
PWSH®ZnO. The equations representing these two models are
provided below:

In(ge — q)) = Ing. — kyt (3)
t 1 1
—= 4 4
0 kgl qe @
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where q., g; (mg g~ ") are the adsorption capacity at equilibrium
and at time ¢ (min), respectively; k; (min~') and k, (g
mg~ " min~") are the rate constant of the pseudo-first-order and
pseudo-second-order models, respectively;

The Langmuir and Freundlich models were employed to
elucidate the adsorption isotherms of NH," onto PWSH and
PWSH®@ZnO. The Langmuir model posits that the adsorption
process occurs on a monolayer surface, where the energy of the
active sites remains constant. In contrast, the Freundlich model
suggests that sorption occurs on a heterogeneous surface with
varying energy levels of the active sites. The corresponding
equations for the Langmuir and Freundlich models are pre-
sented as eqn (5) and (6), respectively:

quLCe
= T 5
4 1+ KLC, 5)
e = KFCel/n (6)

where ¢e, qm (mg g ') are the equilibrium and maximum
adsorption capacity, respectively; C. (mg L") is the concentra-
tion of NH," in solution; K (L mg™") is the Langmuir constant;
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Kr (mg g ') is the Freundlich constant and 7 is the adsorption
intensity.

Results and discussion
Characteristics of PWSH and PWSH@ZnO

SEM analysis of pristine PWSH and PWSH®ZnO provides
insights into their structural and functional characteristics for
NH," adsorption in water pollution treatment. The SEM image
of pristine PWSH (Fig. 1a) shows a heterogeneous surface with
large, rough particles and poorly defined pores. This
morphology indicates that PWSH retains its original surface
characteristics after hydrothermal treatment, which is crucial
for its adsorption capabilities. The low porosity suggests
a limited surface area, potentially reducing its adsorption
capacity compared to modified materials.”® In contrast, the SEM
image of PWSH@ZnO (Fig. 1b) reveals increased surface
roughness, attributed to the distribution of ZnO nanoparticles
on the PWSH surface. This observation is supported by FESEM
images of ZnO-NPs (Fig. 1e). The morphological analysis reveals
a porous, irregular surface with a uniform distribution of

400nm

Fig. 1 SEM image of PWSH (a), PWSH@ZnO (b), PWSH after NH4* adsorption (c), PWSH@ZnO after NH4* adsorption (d) and FESEM images of

ZnO-NPs (e).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 EDX spectra PWSH (a), PWSH@ZNO (b), PWSH after NH,* adsorption (c) and PWSH@ZnO after NH4* adsorption (d).

ultrafine particles. The presence of ZnO nanoparticles is
confirmed by EDX analysis (Fig. 2b). These nanoparticles
provide additional adsorption sites, enhancing the material's
efficiency in removing pollutants, including organic
compounds and metal ions, from aqueous environments.>” The
synergistic adsorption effect in PWSH®@ZnO enhances its
contaminant removal efficiency, making it a promising candi-
date for wastewater treatment.

The SEM image of PWSH after NH," adsorption (Fig. 1c)
shows significant changes in surface morphology, characterized
by the formation of aggregated particles and smoother regions.
These alterations are likely due to the deposition of NH," ions
on the PWSH surface, suggesting a strong interaction between
the NH," ions and the functional groups on the PWSH material.
This interaction enhances the material's adsorption capacity, as
supported by findings that highlight the role of functional
groups on adsorbents in ion adsorption processes.*® Further-
more, the adsorption mechanisms emphasize the importance
of surface characteristics in determining ion removal efficiency
from aqueous solutions.” In contrast, the SEM image of
PWSH@ZnO after NH," adsorption (Fig. 1d) reveals a distinct
surface morphology compared to PWSH. The ZnO particles
remain visible even after adsorption, indicating that the
PWSH@ZnO composite can effectively adsorb NH," while
preserving the structural integrity of the ZnO particles. This
characteristic is crucial for enhancing the material's reusability,
as ZnO nanostructures have been shown to exhibit good
regeneration and reusability without significant loss of sorption
capacity.®® The synergistic effect of adsorption and photo-
catalytic properties of ZnO further contributes to pollutant
removal from water, underscoring the dual functionality of ZnO
in both adsorption and photocatalysis.*

6638 | RSC Adv, 2025, 15, 6634-6651

The superior adsorption capacity of PWSH@ZnO compared
to pristine PWSH can be attributed to the increased surface area
provided by the ZnO nanoparticles, which introduce additional
adsorption sites. This finding aligns with previous research,
which reported that incorporating ZnO nanoparticles signifi-
cantly enhances the adsorption capacity of composite mate-
rials.** Moreover, the structural changes observed after NH,"
adsorption in both samples indicate a strong interaction
between the materials and NH,", with the interaction in
PWSH®ZnO likely being further enhanced by the presence of
ZnO. This is supported by studies highlighting the role of ZnO
in improving the adsorption characteristics of composite
materials.*?

EDX spectra provide critical insights into the elemental
composition of PWSH, PWSH®@ZnO, and their NH," adsorbed
forms. The analysis reveals significant changes in elemental
composition, correlating with adsorption processes. The EDX
spectrum of PWSH (Fig. 2a) shows a predominance of C
(44.49 wt%, 55.94 at%), highlighting its organic nature. O is
present at 38.52 wt% and 36.36 at%, indicating oxygen-
containing functional groups that enhance adsorption capa-
bilities.*® Ca (10.71 wt%, 4.04 at%) indicates inorganic
compounds from the raw paper sludge, while minor elements
like Na, Al, and Si contribute to the composition.*® This
elemental distribution aligns with studies highlighting the role
of functional groups in hydrochar adsorption.*® For
PWSH®@ZnO (Fig. 2b), the EDX spectrum shows increased O
content (49.58 wt%, 46.13 at%), attributed to ZnO-NPs, which
contribute significantly to the oxygen content.*® The presence of
Zn (2.36 wt%, 0.54 at%) confirms the successful modification of
PWSH with ZnO, enhancing adsorption properties due to its
high surface area and active sites.’” The decrease in C content to

© 2025 The Author(s). Published by the Royal Society of Chemistry
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40.19 wt% indicates a dilution effect from ZnO-NPs. Meanwhile,
Ca and other elements remain stable, indicating that the
modification primarily affects C and O content without signif-
icantly altering the hydrochar's inherent composition.*®

After NH," adsorption, the EDX spectrum of PWSH (Fig. 2c)
shows a notable reduction in carbon (C) content to 34.65% by
weight (42.23% atomic), likely due to the introduction of
nitrogen (N) at 15.19% by weight (15.87% atomic), confirming
the successful adsorption of NH," ions. The oxygen (O) content
remains stable at 41.83%, indicating that the oxygen-containing
functional groups are preserved during the adsorption process.
The decrease in calcium (Ca) to 4.79% by weight suggests
possible interactions or displacements between Ca and NH,"
ions, consistent with ion exchange behavior in adsorption
processes.* In contrast, the EDX spectrum of PWSH®@ZnO after
NH," adsorption (Fig. 2d) shows further changes, with carbon

20

—#— PWSH- Adsorption
—®— PWSH- Desorption
—&— PWSH@ZnO- Adsorption
—¥— PWSH@ZnO- Desorption

(a)

15

BET surface area
PWSH: 2.22 m?/g
PWSH@2ZnO: 4.5986 m?/g
10 +

Pore size:
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PWSH@ZnO: 26.09 nm

Quantity Adsorbed (cm®/g STP)

o - T
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—&— PWSH@ZnO

Fig. 3
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content decreasing to 32.45% by weight (43.89% atomic) and
nitrogen increasing to 6.55% by weight (7.59% atomic), indi-
cating effective NH," uptake.?® Notably, the zinc (Zn) content
rises significantly to 7.13% by weight (2.89% atomic), suggest-
ing that ZnO not only remains on the surface but may also
enhance NH," adsorption through favorable interactions with
nitrogen compounds.* The O content remains high at 39.71%,
reflecting the retention of the modified properties of the
material even after adsorption.

The analysis of PWSH and PWSH®@ZnO using BET analysis,
FTIR spectra and the point of zero charge (pHpzc) provides
valuable insights into their surface characteristics, chemical
functionalities, and adsorption behaviors, which are crucial for
their application in environmental remediation. The BET
analysis reveals significant differences in the surface areas of
PWSH and PWSH®@ZnO. The surface area of pristine PWSH is

60
—— PWSH-Before P (b)
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50 1—— pwsH-after b
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BET analysis (a), FTIR (b), pHpzc (c) and XRD patterns (d) of PWSH and PWSH@ZnO.
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measured at 2.2 m”> g™, indicating low porosity. Meanwhile, the
pore sizes of PWSH and PWSH®@ZnO are similar, measuring
23.74 nm and 26.09 nm, respectively. The isotherm curves for
PWSH exhibit typical Type IV behavior, indicative of a meso-
porous structure (Fig. 3a). In contrast, the BET surface area of
PWSH@ZnO is measured at 4.6 m*> g, which is relatively low,
especially considering the expectation that ZnO nanoparticles
would enhance the material's porosity. This observation can be
attributed to several factors. Firstly, the BET analysis shows that
pristine PWSH has a low surface area, suggesting that the
material inherently possesses low porosity. Upon modification
with ZnO, the surface area increases to 4.6 m* g~ ', indicating
a modest enhancement in porosity. This increase is consistent
with the introduction of ZnO nanoparticles, which can either
create new pores or expand existing ones, thus providing
additional active sites for adsorption. However, the relatively
small increase in surface area may be explained by several
factors. It is possible that the ZnO nanoparticles were not
uniformly distributed across the hydrochar surface, limiting
their effectiveness in enhancing porosity. Additionally, the
deposition of ZnO nanoparticles may have partially blocked or
filled some of the pores in the hydrochar, preventing a signifi-
cant increase in surface area. These factors may explain why the
surface area, although higher than that of pristine PWSH,
remains relatively low compared to other materials that typi-
cally exhibit a more pronounced enhancement of porosity
following ZnO modification.*?

The FTIR spectra analysis before and after NH," adsorption
on PWSH and PWSH®@ZnO surfaces (Fig. 3b) reveals significant
changes in the vibrational peaks, which indicate interactions
between functional groups and the adsorbate. Initially, the
PWSH®@ZnO sample exhibits a broad peak in the 3500-
3600 cm ' range, characteristic of hydroxyl (-OH) stretching,
suggesting a significant presence of hydroxyl groups on the
surface. This observation aligns with studies highlighting the
role of hydroxyl groups in enhancing adsorption properties
through the formation of hydrogen bonds with adsorbates. The
peak around 1600 cm™ ', associated with carbonyl (C=0)
groups, is more pronounced in PWSH@ZnO, suggesting
a stronger interaction between PWSH and ZnO, which may
facilitate the adsorption process.** In contrast, the PWSH
sample shows similar peaks but with reduced intensity, likely
due to the absence of ZnO, which is known to enhance the
interaction between NH," ions and surface functional groups.
The presence of ZnO not only increases the number of available
adsorption sites but also modifies the electronic environment of
the surface, thereby improving the overall adsorption capacity.

After NH," adsorption, both samples show significant
changes in their FTIR spectra. The hydroxyl peak shifts to lower
wavenumbers (~3400 cm™'), suggesting hydrogen bond
formation between NH," ions and hydroxyl groups. This shift is
more pronounced in PWSH®@ZnO, indicating stronger interac-
tions due to ZnO, which enhances NH," binding affinity.* The
carbonyl peak may also shift or change in intensity, indicating
NH," interaction with carbonyl groups, possibly through
complex formation or direct adsorption. Peaks associated with
C-O and C-H stretching (1100-1200 cm ') may decrease in
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intensity after NH, " adsorption, reflecting structural changes in
these functional groups. The shifts and intensity changes in
hydroxyl, carbonyl, and C-O peaks provide strong evidence of
the role of surface functional groups in adsorption. The
enhanced interactions in PWSH®@ZnO highlight ZnO's critical
role in facilitating adsorption, confirming the NH," adsorption
mechanism. FTIR analysis elucidates the interactions between
NH," ions and functional groups on PWSH and PWSH@ZnO
surfaces. The pronounced spectral changes in hydroxyl and
carbonyl regions affirm the significant role of these functional
groups in adsorption, with ZnO enhancing these interactions.

The point of zero charge (pHpyc) analysis is crucial for
understanding the surface charge behavior of the materials
under varying pH conditions. PWSH has a pHpyc of approxi-
mately 7.8 (Fig. 3c), indicating that it exhibits a net positive
charge below this pH and a net negative charge above it. This
property suggests that PWSH is more effective at adsorbing
anions in acidic conditions and cations in basic conditions. In
contrast, PWSH@ZnO has a slightly higher pHpyc of 8.3
(Fig. 3c), indicating that its surface becomes positively charged
at a higher pH than PWSH. This increase in pHpzc can be
attributed to the presence of ZnO nanoparticles, which likely
introduce additional hydroxyl groups, altering the surface
chemistry and enhancing the material's ability to interact with
different ions depending on the solution pH.** This shift in
PHpzc indicates that ZnO modification enhances the versatility
and efficiency of PWSH®@ZnO as an adsorbent under various
environmental conditions, making it particularly suitable for
applications in wastewater treatment.

The X-ray diffraction (XRD) patterns of PWSH and
PWSH@®@?ZnO, both before and after NH," adsorption, provide
valuable insights into the crystallinity and stability of the ZnO
nanoparticles integrated within the hydrochar matrix (Fig. 3d).
Prior to NH," adsorption, the XRD pattern of PWSH exhibits
several characteristic peaks indicative of its predominantly
amorphous structure. Notably, a broad peak at 26 = 22° is
typical of amorphous carbon, a common feature of hydrochar
materials.”* Additionally, a peak at 26 = 28.4° corresponds to
the (101) plane of disordered carbon within PWSH. Other peaks
at 26 values of 29.7°, 36.2°, 39.7°, 43.6°, 47.7°, and 27.2° further
confirm the presence of disordered or low-crystallinity carbon,
as well as potentially some oxygenated functional groups, such
as hydroxyl or carboxyl groups, which are commonly found in
hydrochars.*® These broad, diffuse peaks support the idea that
PWSH is primarily composed of an amorphous carbon matrix,
with minor impurities or residual minerals.

Following NH," adsorption, significant alterations are
observed in the XRD pattern of PWSH. Notably, the peak at 20 =
20.9°, which was present prior to adsorption, disappears after
the adsorption process. This suggests that the interaction with
NH," ions induces modifications in the local carbon structure,
potentially altering the disorder or functional groups within the
material. Despite this change, several other peaks, including
those at 26 = 22°, 28.4°, 29.7°, 36.2°, 39.7°, 43.6°, 47.7°, and
27.2°, remain intact, indicating that the overall amorphous
structure of PWSH is largely preserved after NH," adsorption,
with only minor changes occurring due to the adsorption
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process. The disappearance of the 26 = 20.9° peak suggests
a localized alteration, yet the material retains its overall amor-
phous characteristics.

The presence of ZnO particles is distinctly evidenced by eight
prominent diffraction peaks observed at 31.7°, 34.4°, 36.2°,
56.6°, 62.8°, 66.3°, 67.9° and 69.0° in the XRD pattern of ZnO
nanoparticles (Fig. 3d).” Notably, the XRD pattern of
PWSH®@ZnO prior to NH," adsorption displays sharp, well-
defined peaks characteristic of crystalline ZnO. These peaks,
located at 26 values of 31.7°, 34.4°, 36.2°, 47.5°, 56.5°, 62.8°,
66.3° and 68.0°, correspond to the hexagonal wurtzite structure
of ZnO (JCPDS no. 36-1451),* confirming the well-crystallized
nature of the ZnO nanoparticles. The sharpness of these
diffraction peaks underscores the high crystallinity of the ZnO
phase within the composite, further supporting the successful
incorporation of ZnO into the hydrochar matrix and demon-
strating the effective integration of ZnO within the PWSH
composite.

After NH," adsorption, the XRD pattern of PWSH@ZnO
remains largely unchanged. The characteristic ZnO peaks
persist, with no significant shifts in 26 values or peak intensi-
ties, indicating that the ZnO nanoparticles retain their crystal-
line structure even after interacting with NH," ions. This
stability suggests that NH," adsorption does not induce any
major alterations in the ZnO lattice or cause its degradation.
Such stability is crucial for the sustained performance of
PWSH@®@ZnO in practical applications, as it ensures that the
material maintains its structural integrity during the adsorption
of ammonium ions.*

Effect of ZnO nanoparticles modification ratio

The investigation into the impact of ZnO nanoparticle (ZnO-
NPs) modification on the synthesis of PWSH@ZnO for NH,"
adsorption capacity reveals significant findings. The adsorption
experiments were conducted under controlled conditions, with
an initial NH," concentration of 20 mg L™, solution pH of 6.28
and an adsorbent dosage of 2 g L™*, with a contact time of 60
minutes. The study systematically examined the modification of
hydrochar with varying ZnO-NP ratios (5%, 10%, and 15% w/w)
to assess their effects on NH," removal efficiency and adsorp-
tion capacity.

The results revealed a clear trend where both the adsorption
capacity (g) and removal efficiency (H) increased with higher
ZnO-NP ratios (Fig. 4). Specifically, the removal efficiency for
PWSH alone was recorded at 64.21%, with an adsorption
capacity of 6.42 mg g . Upon introducing 5% ZnO-NPs, the
removal efficiency increased to 70.82%, and the adsorption
capacity rose to 7.08 mg g~ *. The most significant enhancement
was observed at 10% ZnO-NPs, where the removal efficiency
reached 82.87%, corresponding to an adsorption capacity of
8.29 mg g '. However, at 15% ZnO-NPs, the performance
improvements were marginal, with a removal efficiency of
83.18% and an adsorption capacity of 8.32 mg g™ . This pattern
indicates a positive correlation between ZnO-NP ratios and both
adsorption capacity and removal efficiency, particularly up to
the 10% modification threshold.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 The effect of the ratio of ZnO nanoparticle modification to
hydrothermal paper sludge biochar (PWSH@ZNnO) on NH,4* adsorption
efficiency; experimental conditions: initial NH4* concentration 20
mg L~% adsorbent dosage 2 g L™ and pH 8, contact time of 60 min.

The enhanced adsorption performance can be attributed to
the increased surface area and reactivity of the hydrochar due to
the incorporation of ZnO-NPs, which provide additional active
sites for NH,'. The mechanisms of ion exchange and surface
complexation, facilitated by ZnO-NPs, further enhance the
material's affinity for NH,", thereby improving overall removal
efficiency.>»*® However, the diminishing returns observed
beyond the 10% modification level suggest that the saturation
of active sites on the adsorbent surface limits further
improvements in adsorption capacity and efficiency. This
finding is consistent with previous studies, which have indi-
cated optimal nanoparticle loading levels for modified adsor-
bents, where excessive amounts may not provide proportional
benefits.’>**

The data suggest that a 10% ZnO-NPs modification is
optimal for maximizing NH," removal, achieving high removal
efficiency without the diminishing returns observed at higher
concentrations. The optimal ZnO loading of 10% in
PWSH@ZnO for NH," adsorption can be attributed to several
interrelated factors. At this concentration, ZnO nanoparticles
are effectively dispersed across the surface of the hydrochar,
leading to an increased number of active sites available for NH,"
adsorption. This enhanced dispersion results in a significant
improvement in both the adsorption capacity and removal
efficiency of NH," ions from the solution. However, when the
ZnO concentration exceeds 10%, a saturation effect is likely to
occur. For example, at a 15% ZnO loading, the available active
sites for NH," adsorption may become limited as ZnO nano-
particles begin to agglomerate or form larger clusters. This
clustering phenomenon reduces the overall surface area avail-
able for adsorption and may block some active sites, thereby
diminishing both adsorption capacity and removal efficiency.
Additionally, at higher ZnO concentrations, steric hindrance
may arise, where the nanoparticles' surfaces partially cover the
active adsorption sites on the hydrochar surface, hindering
interactions between NH,' ions and the hydrochar material.
These steric effects further contribute to the observed reduction
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in adsorption efficiency at elevated ZnO loadings. This optimal
ratio balances material efficiency with performance, indicating
that the composite material of paper sludge-derived hydrochar
and ZnO-NPs presents a sustainable and cost-effective solution
for NH," adsorption. The results highlight the potential appli-
cation of this composite in large-scale wastewater treatment,
capitalizing on its high performance and low-cost raw
materials.

Effect of solution pH on NH," adsorption

The effect of pH on the NH," adsorption efficiency and capacity
of PWSH and PWSH®@ZnO is illustrated in Fig. 5. Adsorption
experiments were conducted under controlled conditions, with
an initial NH," concentration of 20 mg L' and an adsorbent
dose of 2 g L ™" over a contact time of 60 minutes. The pH of the
solution was varied from 4 to 11 to investigate the influence of
PH on the adsorption performance.

The adsorption capacity and removal efficiency of PWSH
were significantly influenced by the pH of the solution (Fig. 5a).
At pH 4, both removal efficiency and adsorption capacity were
relatively low, recorded at 46.66% and 4.67 mg g~ ', respectively.
As the pH increased, both parameters gradually improved,
peaking at pH 8 with a removal efficiency of 68.03% and an
adsorption capacity of 6.80 mg g~ *. However, beyond this point,
both the removal efficiency and adsorption capacity experi-
enced a slight decline, with values of 66.62% and 6.66 mg g~ " at
pH 10. This trend can be attributed to the ionization state of
NH," and the surface charge characteristics of the adsorbent. At
lower pH values, the higher concentration of H' ions may lead
to competition between H" and NH," ions for adsorption sites
on the hydrochar surface. As the pH increases, the concentra-
tion of NH," ions becomes more stable, enhancing their inter-
action with the adsorbent surface and leading to improved
adsorption. However, at pH levels above 8, the formation of NH;
(ammonia gas) becomes more pronounced, which may reduce
overall adsorption efficiency, as NH; is less likely to adsorb onto
the surface.*"*
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PWSH®@ZnO exhibited superior adsorption performance
across the entire pH range studied (Fig. 5b). PWSH@ZnO
showed significantly higher removal efficiency and adsorption
capacity than unmodified PWSH. At pH 4, the removal efficiency
was relatively low but higher than that of unmodified PWSH,
indicating that ZnO-NPs enhance adsorption even under acidic
conditions. At pH 4, the adsorption capacity was 4.67 mg g %,
with a removal efficiency of 46.66%. As pH increased, adsorp-
tion capacity and removal efficiency improved significantly. At
pH 8, the removal efficiency reached 68.03%, with an adsorp-
tion capacity of 6.80 mg g, indicating optimal performance.
This trend suggests that at pH 8, NH,-PWSH@ZnO interac-
tions are maximized, likely due to electrostatic attraction
between the negatively charged PWSH@ZnO surface and NH,"
ions. At pH 9 and 10, PWSH®@ZnO maintained high adsorption
performance. At pH 9, the removal efficiency increased slightly
to 68.33%, with an adsorption capacity of 6.83 mg g~ '. At pH 10,
the removal efficiency remained high at 66.62%, with an
adsorption capacity of 6.66 mg g~ '. This stability at higher pH
levels indicates that PWSH@ZnO is less affected by NH, -to-
NH; conversion compared to unmodified PWSH, which shows
a more significant performance decline under similar
conditions.***¢

The superior performance of PWSH@ZnO can be attributed
to several key factors. First, the incorporation of ZnO nano-
particles increases the surface area of the hydrochar, providing
additional active sites that enhance the interaction between
NH," ions and the adsorbent. Second, ZnO is known for its
catalytic properties, which may accelerate adsorption kinetics,
particularly under higher pH conditions. At elevated pH, the
surface of ZnO becomes negatively charged, which favors the
adsorption of positively charged NH,," ions through electrostatic
attraction. PWSH, characterized by a negative zeta potential of
—7.3 mV (Fig. 5a), benefits from this negative charge, facili-
tating NH,  adsorption via electrostatic forces. In contrast,
PWSH@ZnO, with the addition of zinc oxide, exhibits a positive
zeta potential of +6.5 mV (Fig. 5b). This positive charge
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Fig. 5 The effect of pH solution on NH4* adsorption efficiency using PWSH (a) and PWSH@ZnO (b); experimental conditions: initial NH,*
concentration 20 mg L™%; adsorbent dosage 2 g L™, contact time of 60 min.
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enhances the electrostatic attraction toward NH," ions, signif-
icantly improving its adsorption capacity compared to PWSH
alone. This mechanism is less effective in PWSH due to the
absence of ZnO nanoparticles.*”*® The experimental results
indicate that pH 8 is optimal for NH," adsorption in both PWSH
and PWSH®@ZnO. At this pH, PWSH achieved a maximum
removal efficiency of 68.03% and an adsorption uptake of
6.80 mg ¢ '. Similarly, PWSH@ZnO exhibited its best perfor-
mance at pH 8, with a significantly higher removal efficiency of
80.00% and an adsorption uptake of 10.00 mg g '. These
findings highlight that while both materials perform optimally
at pH 8, the ZnO nanoparticle modification substantially
enhances both the adsorption capacity and removal efficiency
of the composite, making it a more effective adsorbent
compared to unmodified PWSH.

These results indicate that modifying PWSH with ZnO
nanoparticles significantly improves its adsorption properties,
leading to a higher adsorption capacity and enhanced stability
across a wider pH range. The incorporation of ZnO-NPs
increases the number of available active sites and surface
area, which contributes to more efficient adsorption of NH,"
ions. Moreover, ZnO facilitates stronger electrostatic interac-
tions with NH,", particularly in alkaline conditions, where
PWSH alone experiences reduced efficiency. Consequently,
PWSH@®@ZnO proves to be a more versatile and effective adsor-
bent for NH, " removal across different pH environments.

Effect of adsorption time and adsorption kinetics

The effect of adsorption time on NH," removal by PWSH and
PWSH®@ZnO was evaluated under controlled experimental
conditions. The initial NH," concentration was set at 20 mg L’l,
with pH 8 optimized for NH," adsorption. The adsorbent
dosage was 2 g L', and contact times ranged from 5 to 240
minutes to analyze adsorption kinetics.

The adsorption behavior of both PWSH and PWSH@ZnO
under varying contact times was thoroughly investigated. As
contact time increased, both adsorption capacity and removal
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efficiency improved, eventually plateauing after a certain
period. This is typical of adsorption processes, where the system
approaches equilibrium as the available adsorption sites
become saturated with NH," ions. Equilibrium for both PWSH
and PWSH®@ZnO was reached around 120 to 150 minutes
(Fig. 6). After this point, the increase in adsorption capacity and
removal efficiency was minimal, indicating that the majority of
active sites had been occupied. For PWSH, the equilibrium
adsorption capacity stabilized at approximately 7.52 mg g ',
with a removal efficiency of around 75% (Fig. 6a). In contrast,
PWSH®ZnO achieved a higher equilibrium adsorption capacity
of 9.31 mg g™, with a removal efficiency of 93.19% (Fig. 6b),
demonstrating its superior performance.

The accelerated approach to equilibrium in PWSH®@ZnO
suggests that the incorporation of ZnO-NPs enhances adsorp-
tion by increasing surface area and providing additional active
sites for NH," ions. Notably, PWSH@ZnO exhibits a rapid
adsorption rate, achieving over 80% removal efficiency within
the first 60 minutes, which demonstrates its potential for
applications requiring a quick response, such as in wastewater
treatment systems.”**® The adsorption equilibrium for both
materials is reached when their active sites become saturated.
PWSH, with a limited number of active sites, shows a slower
uptake and lower overall adsorption capacity. In contrast,
PWSH®ZnO, benefiting from increased surface area and
enhanced active sites from ZnO nanoparticles, reaches equi-
librium more quickly and demonstrates a higher NH," uptake,
making it a more efficient adsorbent.®**

The improved performance of PWSH®@ZnO is primarily due
to the unique properties of ZnO nanoparticles, which enhance
surface area and facilitate stronger electrostatic interactions
with NH,", especially at the optimal pH of 8. This pH range is
critical for stabilizing NH," while minimizing NH; formation,
which is less readily adsorbed.””*> These results highlight the
potential of PWSH®@ZnO as a highly effective and versatile
adsorbent for NH," removal under various conditions, partic-
ularly in wastewater treatment applications where rapid
adsorption is crucial.®***
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Fig. 6 Effect of contact time on the NH4* adsorption efficiency using PWSH (a) and PWSH@ZnO (b) materials; experimental conditions: initial

NH4" concentration 20 mg L™%; adsorbent dosage 2 g L2, pH 8.
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adsorbent dosage 2 g L™ and pH 8.

The kinetic modeling data for NH," adsorption onto PWSH
and PWSH®@ZnO are presented in Fig. 7 and summarized in
Table 1. This study utilizes three well-established kinetic
models: the pseudo-first-order, pseudo-second-order, and Elo-
vich models. The primary objective is to identify the most
appropriate kinetic model that best characterizes the adsorp-
tion process and to conduct a comprehensive analysis of the
adsorption behavior of the materials.

The pseudo-first-order model posits that the adsorption rate is
directly proportional to the number of available unoccupied sites
on the adsorbent. For PWSH, the calculated adsorption capacity
(ge) is 7.21 mg g™, with a rate constant (k) of 0.046 min~" and an
R? value of 0.9747, indicating a strong fit of the model to the
experimental data.*® In contrast, PWSH®@ZnO exhibits a higher
adsorption capacity of 8.93 mg g ' and a rate constant of
0.087 min~", but a lower R* value of 0.9480, suggesting that while
the pseudo-first-order model is applicable, it does not fully
describe the adsorption kinetics for PWSH@ZnO.*¢

The pseudo-second-order model, which assumes that the
adsorption rate is proportional to the square of the number of

unoccupied sites, is typically more applicable to systems
dominated by chemisorption. For PWSH, this model predicts
an adsorption capacity of 7.93 mg g~ * and a rate constant of
0.0089 ¢ mg~ " min~ ', with an R” value of 0.9541 - slightly lower
than that obtained with the pseudo-first-order model. For
PWSH®@ZnO, the pseudo-second-order model indicates
a higher adsorption capacity of 9.38 mg ¢~ " and a rate constant
of 0.018 g mg™ " min~", but the R” value of 0.9024 remains lower
than that of the first-order model. This suggests that, although
the pseudo-second-order model is applicable, it is less suitable
for accurately describing the adsorption kinetics of
PWSH®@ZnO.%

The Elovich model is commonly used for systems with
heterogeneous surfaces, particularly those involving chemi-
sorption processes. For PWSH, the model parameters indicate
an initial adsorption rate («) of 2.245 mg g ' min ' and
a desorption constant (8) of 0.766 mg g ', with a strong fit
suggested by an R* value of 0.9556. In contrast, for PWSH@ZnO,
the Elovich model predicts a significantly higher initial
adsorption rate (@ = 279.3 mg g ' min~') and a desorption

Table 1 Parameters of the kinetic models for NH4* adsorption using PWSH and PWSH@ZnO

Pseudo- first-order model

Pseudo-second-order model

ge (mgg™) ks R Gm,cal (Mg g1 ky R Geexp (M gY)
PWSH

7.21 £ 0.16 0.046 £ 0.002 0.9747 7.93 £ 0.01 0.0089 + 0.0001 0.9541 9.21
PWSH®@ZnO

8.93 £+ 0.19 0.087 £ 0.008 0.9480 9.38 £+ 0.01 0.018 £ 0.0003 0.9024

Elovich model

PWSH PWSH®@ZnO

« B R? « 8 R?
2.245 + 0.013 0.766 £ 0.01 0.9556 279.3 £+ 65.33 1.199 + 0.02 0.620
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constant (8 = 1.199 mg g '), but the R* value of 0.620 is
considerably lower, indicating that the Elovich model is less
suitable for describing the adsorption kinetics of
PWSH@ZnO.**

The comparative analysis of the kinetic models reveals that
for PWSH, the pseudo-first-order model provides the best fit,
indicating that the NH," adsorption process is primarily gov-
erned by physisorption, where the availability of adsorption
sites plays a central role in determining the adsorption rate.*
For PWSH@ZnO, although the pseudo-first-order model also
yields a relatively good fit, the slightly weaker correlation
suggests that the introduction of ZnO nanoparticles may
introduce additional complexities, such as chemisorption or
surface heterogeneity, which this model does not fully account
for.” The enhanced adsorption capacity and rate constants
observed for PWSH®@ZnO reflect the improved surface proper-
ties and the additional active sites provided by the ZnO nano-
particles.”* While the Elovich model applies to PWSH,
indicating surface heterogeneity and some chemisorption, its
poor fit for PWSH®@ZnO points to a more complex adsorption
mechanism, likely involving a combination of physisorption
and chemisorption that is not adequately described by the
Elovich model.”

In summary, the adsorption kinetics of NH," on both PWSH
and PWSH®@ZnO are primarily governed by the pseudo-first-
order model, particularly for PWSH, suggesting that phys-
isorption is the dominant adsorption mechanism. However, the
introduction of ZnO nanoparticles significantly enhances the
material's adsorption efficiency. This improvement points to
the involvement of more complex interactions, such as chemi-
sorption or surface heterogeneity, which are not fully accounted
for by traditional kinetic models.

Effect of ammonium concentration and adsorption isotherms

Fig. 8 illustrates the impact of initial NH," concentration on the
adsorption capacity and removal efficiency of PWSH and
PWSH®@ZnO materials. The results show a consistent increase
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in adsorption capacity for both materials with rising NH,"
concentrations. For PWSH, the adsorption capacity rises from
3.86mgg 'at10mgL "to18.38 mgg 'at 100 mg L~ (Fig. 8a).
In contrast, PWSH®@ZnO demonstrates a higher adsorption
capacity, starting at 4.96 mg g ' and reaching a peak of
21.40 mg g ' at 80 mg L', before slightly decreasing to
21.20 mg g~ ' at 100 mg L~ * (Fig. 8b). This superior performance
of PWSH®@ZnO can be attributed to the enhanced surface area
and additional adsorption sites provided by the incorporation
of ZnO-NPs, which are known to significantly improve the
adsorption characteristics of materials.

Despite the increase in adsorption capacity with rising NH,"
concentrations, both materials exhibit a notable decrease in
removal efficiency. For PWSH, the removal efficiency drops
from 77.25% at 10 mg L™" to 36.76% at 100 mg L™, while
PWSH®@ZnO retains a higher removal efficiency, decreasing
from 99.37% to 42.41% within the same concentration range.
This inverse relationship between NH,' concentration and
removal efficiency is a typical phenomenon in adsorption
processes, where increasing concentration leads to the satura-
tion of available adsorption sites, thus limiting the amount of
NH," that can be effectively removed.””> Notably, despite the
decline in efficiency, PWSH@ZnO consistently
outperforms PWSH, highlighting its superior adsorption
capacity and potential.

As NH," concentrations increase, both materials reach
saturation, where adsorption capacity plateaus. Saturation
occurs when all adsorption sites are occupied, preventing
further adsorption despite increased NH," concentration.
PWSH reaches saturation at ~18.38 mg g~ ' (100 mg L™ ), while
PWSH®@2ZnO achieves a higher capacity of 21.40 mg g~ * (80-
100 mg L~ "). The higher capacity of PWSH@ZnO suggests that
ZnO nanoparticles enhance surface area and active sites, facil-
itating greater NH," adsorption before saturation.®’® Once
saturation is reached, additional NH," does not increase
adsorption capacity, as all adsorption sites are occupied. This
behavior highlights the adsorbent's efficiency limitations at
high concentrations and underscores PWSH@ZnO's superior
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Fig. 8 Effect of NH,* concentration on adsorption capacity and efficiency using PWSH (a) and PWSH@ZnO (b) materials, experimental

conditions: contact time of 120 min; adsorbent dosage 2 g L™, pH 8.
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performance in maintaining higher adsorption potential under
elevated NH," concentrations. The findings show that both
materials exhibit increasing adsorption capacity with rising
NH," concentrations, eventually reaching saturation. The
superior adsorption capacity and efficiency of PWSH@ZnO
make it a promising candidate for wastewater treatment, where
variable NH," concentrations require high-capacity, efficient
adsorbents.””7®

Fig. 9 and Table 2 present the isotherm models for NH,"
adsorption onto PWSH and PWSH®@ZnO, employing three
commonly used models: Langmuir, Freundlich and Sips. These
isotherms provide valuable insights into the interactions
between NH," ions and the adsorbent materials, helping to
characterize the nature of the adsorption process and assess the
adsorption capacity of both materials.

The Langmuir model assumes monolayer adsorption on
a homogeneous surface with a finite number of identical
adsorption sites. For PWSH, the Langmuir model predicts
a maximum adsorption capacity (Qmax) of 20.09 mg g~', with
a Langmuir constant (Ky) of 0.2001 L mg ', indicating
a moderate affinity between NH," ions and the adsorbent. The
R* value of 0.9060 suggests that the Langmuir model provides
a reasonable fit for the adsorption process on PWSH. In
comparison, for PWSH®@ZnO, the Langmuir model predicts
a higher adsorption capacity of 23.08 mg g~ * and a K, of 0.241 L
mg ', implying a stronger interaction between NH," ions and
the modified surface. The R” value of 0.8834 indicates that while
the model fits the data well, it is slightly less accurate compared
to the fit for PWSH.*

The Freundlich model, which assumes heterogeneous
adsorption on a non-uniform surface with varying adsorption
site energies, provides distinct results for both materials. For
PWSH, the Freundlich constant (Kg) is 7.072 (mg g~ ")/(mg L"),
and the heterogeneity factor (ng) is 3.918, indicating favorable
adsorption with a strong affinity for NH," at low concentrations.
The higher R® value of 0.9175 suggests that the Freundlich
model better fits the PWSH adsorption data compared to the
Langmuir model. In the case of PWSH®@ZnO, the Freundlich
model yields a higher Ky value of 9.008 and an ny of 4.0,
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Table 2 Parameters and correlation coefficients of the NH4*
adsorption isotherm models using PWSH and PWSH@ZnO

Langmuir model

Qmax KL RZ
Unit mgg ! Lmg*
PWSH 20.09 £ 1.05 0.2001 + 0.05 0.9060
PWSH®@ZnO 23.08 £ 1.57 0.241 £ 0.08 0.8834
Freundlich model
Ke ng R?
Unit (mg g ")/(mg L")
PWSH 7.072 £ 0.09 3.918 £+ 0.07 0.9175
PWSH®@ZnO 9.008 £+ 0.12 4.0 + 0.06 0.7959
Sips model
Omax b n RZ
Unit mgg !
PWSH 20.62 £ 0.28 0.343 £ 0.01 1.0 + 0.03 0.6789
PWSH®@ZnO 24.5 £ 0.31 0.336 £ 0.01 1.0 £ 0.04 0.6731

signifying a stronger adsorption affinity, especially at lower
concentrations. However, the lower R* value of 0.7959 indicates
that the Freundlich model does not fully capture the adsorption
process for PWSH@ZnO, suggesting that it may not entirely
reflect the complexity of the adsorption behavior on the ZnO-
modified material.®*

The Sips model, which combines aspects of the Langmuir
and Freundlich models, is used to describe adsorption on
heterogeneous surfaces. It accounts for both monolayer
adsorption at low concentrations and multilayer adsorption at
higher concentrations. For PWSH, the Sips model predicts Qmax
of 20.62 mg g~ ', with a constant (b) of 0.343 and an n value of
1.0, reflecting balanced adsorption behavior. However, the low
R? value of 0.6789 indicates that the Sips model is not the
optimal fit for PWSH. In the case of PWSH®@ZnO, the Sips
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Fig. 9 Ammonium adsorption isotherm model using PWSH (a) and PWSH@ZnO (b).
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model predicts a higher maximum adsorption capacity of
24.5 mg g ', with a b value of 0.336 and n = 1.0, suggesting
similar adsorption characteristics to PWSH. However, the rela-
tively low R* value of 0.6731 indicates that the Sips model does
not fully capture the complexity of the adsorption process on
the ZnO-modified material.**

In comparing the adsorption models, it is evident that both
the Langmuir and Freundlich models provide a better fit for the
experimental data than the Sips model, suggesting that the
adsorption process is primarily dominated by monolayer
adsorption on either homogeneous or heterogeneous surfaces.
The higher Quax values for PWSH@ZnO across all models
reflect the enhanced adsorption capacity of the ZnO-modified
material, likely due to its increased surface area and the addi-
tional active sites provided by the ZnO nanoparticles.*® The
Freundlich model's slightly better fit for PWSH suggests that
adsorption on this material occurs on a more heterogeneous
surface with varying adsorption site energies. In contrast, the
Langmuir model offers a more accurate representation for
PWSH@®@ZnO, indicating that the ZnO modification renders the
surface more homogeneous, characterized by a finite number of
high-energy adsorption sites.*

In summary, the Langmuir model provides the best fit for
the adsorption isotherms of NH,  on both PWSH and
PWSH@ZnO, particularly for the latter, suggesting monolayer
adsorption on a relatively homogeneous surface. The higher
adsorption capacity of PWSH®@ZnO indicates that the incor-
poration of ZnO nanoparticles significantly enhances the
material's ability to adsorb NH,", making it a more effective
adsorbent for practical applications in NH," removal. The

Physical adsorption

Fig. 10 Ammonium adsorption onto PWSH and PWSH@ZnO.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Freundlich model fits the adsorption data for PWSH, indicating
heterogeneous adsorption, while the Sips model provides a less
accurate description for both materials.

Ammonium adsorption mechanism and PWSH@ZnO
recyclability

The adsorption mechanisms of NH," onto PWSH and
PWSH®ZnO are governed by a combination of physical and
chemical processes. PWSH®@ZnO exhibits significantly
enhanced performance due to the synergistic effects of the ZnO
nanoparticles. The primary mechanisms responsible for this
enhanced adsorption include electrostatic attraction, cation
exchange, surface complexation, physical adsorption, and
cation-7 interactions. These mechanisms collectively optimize
the capture of NH," ions from aqueous solutions (Fig. 10). They
contribute to the materials' overall adsorption capacity and
efficiency, especially at an optimal pH of 8, where surface charge
interactions and chemical affinity are most favorable.®>*
Electrostatic attraction plays a pivotal role in the adsorption
of NH," ions, particularly when considering the solution's pH,
the point of zero charge (pHpzc) and the zeta potential of the
adsorbent. The zeta potential of PWSH is measured at —7.3 mV,
indicating a negative surface charge. This negative charge leads
to electrostatic repulsion between the surface of PWSH and
negatively charged ions, while simultaneously attracting posi-
tively charged NH," ions. In contrast, the zeta potential of
PWSH®ZnO is +6.5 mV, signifying a positive surface charge
that favors electrostatic attraction between the PWSH®@ZnO
surface and NH," ions, thus enhancing adsorption efficiency.
This favorable electrostatic interaction, particularly at pH 8,
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combined with the stability of NH," in solution, results in
improved adsorption capacity. Furthermore, the pHpyc of
PWSH is approximately 7.8, suggesting that at pH levels above
this threshold, the material's surface acquires a negative
charge. This negative charge enhances electrostatic attraction
with the positively charged NH," ions. At pH 8, which is slightly
above the pHpyc, the surface charge of PWSH is predominantly
negative, creating a favorable environment for NH," adsorption.
However, since the pH is close to the pHpyc, the electrostatic
attraction may not be as pronounced as it would be at higher pH
levels. This could lead to a moderate decrease in adsorption
efficiency compared to conditions where the pH is significantly
above the pHpzc. Despite this, PWSH still demonstrates
considerable adsorption capacity, primarily due to its inherent
surface chemistry and structural characteristics. The presence
of functional groups on the surface of PWSH enables alternative
adsorption mechanisms, such as cation exchange and physical
adsorption, which further contribute to the removal of NH,"
ions, even when electrostatic forces are less dominant.?”

In contrast, PWSH modified with ZnO (PWSH®ZnO)
exhibits enhanced adsorption performance due to the syner-
gistic effects of the ZnO nanoparticles. The pHpyc of
PWSH@ZnO is approximately 8.3, indicating that at pH 8, the
surface remains negatively charged, thereby maintaining
a favorable electrostatic environment for NH," adsorption. The
ZnO-NPs increase the surface area and introduce additional
reactive sites that can participate in cation exchange and
surface complexation processes. These mechanisms can effec-
tively compensate for any reduction in electrostatic attraction,
allowing PWSH@ZnO to achieve higher NH," adsorption effi-
ciency than PWSH alone. The diminished role of electrostatic
attraction in both materials at pH 8 can be attributed to their
proximity to their respective pHpzc values, where the surface
charge is minimal. Nonetheless, the enhanced surface proper-
ties of PWSH@ZnO enable it to outperform PWSH in NH,"
adsorption due to the combined effects of electrostatic attrac-
tion, cation exchange, and surface complexation.®®*

Cation exchange is a critical mechanism for the adsorption
of NH," in both PWSH and PWSH®@ZnO. This process involves
the exchange of NH," ions in solution with cations (e.g., H, Na*
or Ca*") from the surface of the adsorbent. Both materials
possess oxygenated functional groups, such as hydroxyl (-OH)
and carboxyl (-COOH), which facilitate this exchange process.
In PWSH@ZnO, the incorporation of ZnO nanoparticles
increases the number of reactive sites on the surface, thereby
enhancing the overall cation exchange capacity of the material.
The general reaction for cation exchange in both materials can
be expressed as (7):

R-OH + NH," < R-NH," + H* 7)

In this reaction, R-OH represents the hydroxyl groups present
on the surface of the adsorbent, which exchange with NH," ions
from the solution. This cation exchange mechanism is partic-
ularly effective at pH 8, where NH," is the predominant species
in the solution. The incorporation of ZnO nanoparticles in
PWSH@ZnO significantly enhances the material's surface area
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and porosity, thereby facilitating a more efficient exchange
process and resulting in a higher adsorption capacity compared
to unmodified PWSH. Although cation exchange also occurs in
PWSH, its effectiveness is limited due to the lower surface area
and fewer functional groups available for exchange.*>**

Surface complexation is another critical mechanism that
enhances NH," adsorption, particularly in PWSH®@ZnO. This
process involves the formation of chemical bonds between
NH," ions and functional groups on the adsorbent's surface.
The incorporation of ZnO nanoparticles into the hydrochar
increases the number of available surface sites for complexa-
tion, thereby improving the material's overall adsorption
capacity. The surface complexation reaction can be expressed
as (8):

R-C=0 + NH* & R-C=0 — NH,* (8)

In this process, R-COOH represents the carboxyl groups on the
adsorbent's surface, which form stable complexes with NH,"
ions. This mechanism plays a pivotal role in PWSH@ZnO,
where the incorporation of ZnO nanoparticles significantly
enhances surface reactivity, facilitating stronger chemical
bonds between NH," and the adsorbent. These bonds are more
stable than those formed via physical adsorption, thereby
contributing to a higher overall adsorption capacity. In contrast,
PWSH also undergoes surface complexation, though it is less
efficient due to the absence of ZnO-NPs, leading to a greater
reliance on weaker adsorption mechanisms, such as physical
adsorption and cation exchange.?>%

Physical adsorption, primarily through pore filling, is
another critical mechanism for NH," removal in both PWSH
and PWSH@ZnO. The incorporation of ZnO nanoparticles
significantly enhances the surface area and porosity, thereby
improving the material's NH," adsorption efficiency. This type
of adsorption is governed by van der Waals forces, which,
although weaker than chemical bonding, still play a notable
role in the overall adsorption capacity of the material. BET
surface area analysis shows that PWSH®@ZnO exhibits a signifi-
cantly higher surface area than unmodified PWSH, contributing
to its enhanced porosity. This increase in surface area provides
additional sites for physical adsorption, facilitating greater
NH," uptake. The pore-filling mechanism is confirmed by
a reduction in pore volume and surface area after NH,"
adsorption, suggesting that the NH," ions occupy the available
pores on the adsorbent surface. In contrast, PWSH, with its
lower surface area and fewer pores, relies more on chemical
interactions, such as cation exchange and surface complexa-
tion, rather than physical adsorption. This limitation in surface
area restricts the material's overall adsorption capacity, making
PWSH@ZnO more efficient for NH," removal.®*

A more subtle but important mechanism in the adsorption
process for PWSH is the cation-7 interaction. The carbon-rich
structure of hydrochar, derived from paper waste sludge,
contains aromatic rings with delocalized m-electrons. These -
electrons can interact with the positively charged NH," ions,
forming cation-m interactions that contribute to the overall
adsorption process. This interaction is particularly significant

© 2025 The Author(s). Published by the Royal Society of Chemistry
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in PWSH, as the absence of ZnO nanoparticles limits the
material's reliance on other adsorption mechanisms. In
contrast, cation-m interactions are less prominent in
PWSH@ZnO, where mechanisms such as surface complexation
and cation exchange dominate. However, in PWSH, this
mechanism plays a more crucial role in compensating for the
lower surface area and fewer functional groups available for
chemical adsorption.>”*®

Therefore, NH," adsorption onto PWSH and PWSH@ZnO
involves a combination of electrostatic attraction, cation
exchange, surface complexation, physical adsorption, and
cation-r interactions. PWSH®@ZnO exhibits superior adsorp-
tion performance due to the presence of ZnO nanoparticles,
which increase the surface area, introduce additional functional
groups, and strengthen electrostatic interactions and surface
complexation. These synergistic effects make PWSH®@ZnO
a highly effective adsorbent for NH," removal, particularly in
wastewater treatment applications. In contrast, while PWSH
remains effective, it relies more heavily on weaker adsorption
mechanisms, resulting in a lower adsorption capacity compared
to its ZnO-modified counterpart.

The recyclability of PWSH@ZnO for NH,' adsorption was
evaluated over five cycles, as shown in Fig. 11. The initial
adsorption capacity (g) was 21.33 mg g™ " in the first cycle. In the
second cycle, the adsorption capacity decreased slightly to
20.42 mg g~ '. With each subsequent cycle, the adsorption capacity
continued to decline. By the fifth cycle, the adsorption capacity
decreased to 12.68 mg g™, indicating a significant reduction in
efficiency. This trend suggests that PWSH@ZnO's performance
declines with repeated use, likely due to the partial loss of active
sites during desorption and reuse. While effective in the initial
cycles, the adsorbent's efficiency gradually decreases. This reduc-
tion may result from exhausted adsorption sites, structural
changes, or blocked active sites due to residual contaminants. The
significant drop in adsorption capacity by the fifth cycle suggests
limited durability for long-term reuse without regeneration or
modification to improve stability and capacity retention. There-
fore, strategies like periodic regeneration or structural modifica-
tions may be needed to enhance PWSH@ZnO's longevity and
performance for practical applications.
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Fig. 11 The recyclability of the PWSH@ZnO for NH,* adsorption.
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Conclusion

The research demonstrated that the modification of paper
waste sludge hydrochar (PWSH) with ZnO nanoparticles (ZnO-
NPs) significantly enhances its capacity and efficiency for
NH," adsorption. The ZnO-NP-modified hydrochar
(PWSH®@ZnO) exhibited a superior adsorption capacity of
23.08 mg g~ ', compared to 20.09 mg g ' for the unmodified
PWSH. The solution pH played a crucial role in the adsorption
process, with optimal performance occurring at pH 8, where
PWSH@ZnO achieved a remarkable removal efficiency of 80%.
Kinetic analysis indicated that both materials adhered to the
pseudo-first-order model, with PWSH®@ZnO exhibiting faster
adsorption rates, which suggests that the ZnO modification
enhanced the material's reactivity and surface characteristics.
Isotherm modelling, primarily using the Langmuir model,
further supported the conclusion that NH," adsorption on
PWSH®@ZnO follows a monolayer adsorption process on
a homogeneous surface. These findings highlight the potential
of PWSH®@ZnO as a cost-effective and environmentally
sustainable adsorbent for NH," removal from wastewater,
indicating its applicability in large-scale treatment systems.
Moreover, the PWSH@ZnO composites demonstrated efficient
ammonium adsorption performance and commendable recy-
clability, maintaining a significant portion of their adsorption
capacity over five consecutive adsorption-desorption cycles.

Although the results obtained from the application of
PWSH®@ZnO are promising, several practical challenges need to
be addressed to enable its real-world implementation. Key issues
include improving the regeneration of the adsorbent for sustained
long-term performance, ensuring the stability of zinc oxide
nanoparticles (ZnO-NPs) under varying environmental condi-
tions, and evaluating the cost-effectiveness of large-scale produc-
tion and application. Future research should prioritize optimizing
regeneration processes, developing cost-efficient synthesis
methods, and assessing the adsorbent's performance in real
wastewater systems, which are often characterized by complex
matrices. Furthermore, advanced characterization techniques
could provide valuable insights into the mechanisms underlying
NH," adsorption. Additionally, investigating the environmental
implications of disposing of spent adsorbents and exploring their
potential for reuse, such as in soil amendment, could significantly
enhance the sustainability of this approach. Addressing these
challenges and pursuing these research directions will contribute
to advancing PWSH®@ZnO as a scalable and sustainable solution
for ammonium removal in wastewater treatment processes.
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