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Sawmill Residue Valorization as Adsorbent for Cd?* from
Aqueous Solution
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Raw sawmill wood adsorbent (RSWA) and sawmill wood biochar
adsorbent (SWBA) were evaluated as eco-friendly materials for removing
cadmium ions (Cd?*) from aqueous solutions. The sawmill waste was
thermally treated, and the resulting biochar was characterized using FT-
IR, SEM, and BET analyses, revealing a rough, porous structure
comprising functional groups that enhance adsorption. Batch adsorption
experiments demonstrated that SWBA exhibited a higher adsorption
capacity (85.4 mg/g at 45 °C) compared to RSWA (78.6 mg/g at 40 °C),
with equilibrium times of 180 min for SWBA and 150 min for RSWA.
Adsorption efficiency was pH-dependent, with optimal removal occurring
at pH 6 for SWBA and pH 5 for RSWA. Kinetic modeling confirmed that
adsorption followed the pseudo-second-order model, while isotherm
studies indicated a stronger correlation with the Freundlich model.
Thermodynamic analysis confirmed the process to be endothermic and
spontaneous. Desorption studies revealed a decline in adsorption
efficiency over multiple cycles, with RSWA exhibiting slightly better
desorption performance than SWBA. These findings highlight sawmill
wood biochar as a cost-effective and sustainable solution for wastewater
treatment, particularly in heavy metal removal.
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INTRODUCTION

One of the most essential resources that sustains life, supports ecosystems, and
drives economic activities is water. It plays a critical role in agriculture, industry, and
domestic use, serving as a fundamental component for food production, energy
generation, and sanitation. Clean water is vital for human health, as it prevents
waterborne diseases and ensures proper hydration and hygiene (Ofudje et al. 2022a).
Additionally, aquatic ecosystems rely on unpolluted water to maintain biodiversity, as
rivers, lakes, and oceans provide habitats for countless species. However, water
contamination has become a major environmental challenge due to the discharge of
industrial, agricultural, and domestic pollutants into water bodies (Ahmad and Hameed
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2010; Adeogun et al. 2012). The rapid industrialization and expansion of manufacturing
activities have increased the prevalence of toxic heavy metals in wastewater, posing
significant risks to environmental and human health (Ahmad and Hameed 2010;
Adeogun et al. 2012). Among these pollutants, cadmium ions (Cd?*") are widely used in
industries such as batteries, electroplating, metal coatings, pigments in plastics and
ceramics, stabilizers in PVC products, and electronic components including solar panels
and semiconductors (Crini and Badot 2008; Khan et al. 2017; Leila et al. 2022; Ngeno et
al. 2022; Surjani et al. 2023). Industrial activities, including mining, smelting,
electroplating, and battery manufacturing, release Cd** into the environment, contributing
to water contamination and the spread of toxic chemicals (Crini and Badot 2008; Khan et
al. 2017; Leila et al. 2022; Ngeno et al. 2022; Surjani et al. 2023).

Cadmium could also accumulate in soil through phosphate fertilizers and sewage
sludge. In addition, E-waste, incineration, and landfill leachate contribute to cadmium
pollution (Khan et al. 2017; Leila et al. 2022; Surjani et al. 2023). Toxicity to living
organisms could arise from its propensity to bioaccumulate in plants, animals, and
humans, causing kidney damage, bone fractures, and carcinogenic effects (Leila et al.
2022; Surjani et al. 2023). Thus, cadmium (Cd**) poses serious environmental and health
risks and effective pollution control measures, including the use of simple and advanced
remediation technologies and sustainable industrial practices, are necessary to mitigate
their harmful impacts (Henao-Toro et al. 2024).

Conventional water treatment methods, such as ion exchange, membrane
filtration, chemical precipitation are often costly and generate secondary waste, driving
the need for more sustainable and low-cost alternatives (Gupta and Suhas 2009; Ofudje et
al. 2020b). In response, researchers have turned to valorizing biomass waste, including
sawmill wood, as eco-friendly adsorbents for removing contaminants from water sources
(Bhatnagar and Sillanpdd 2010; Qiu et al. 2021, 2022). These materials are cheap, readily
available and possess rich structures with various functional groups that can be explored
for the uptake of contaminants. The increasing demand for efficient and sustainable water
treatment methods has led researchers to explore various waste materials as potential
adsorbents for dyes and heavy metals in wastewater.

Sawmill wood residues, a renewable and abundant byproduct of the wood
processing industry, has shown potential as an adsorbent because of its functional groups
and natural porosity, which allow it to capture both heavy metals and dyes from aqueous
solutions (Séiban et al. 2004, Kayode et al. 2022). Sawmill wood, especially when
carbonized or chemically modified, possesses functional groups such as hydroxyl,
carboxyl, and phenolic groups, which enhance its capacity to adsorb both organic and
inorganic contaminants (Séiban et al. 2004; Dutta et al. 2021; Kayode et al. 2022; Dutta
et al. 2023). While sawmill waste (such as sawdust, wood shavings, and wood chips) has
potential as a low-cost adsorbent for pollutants, literature reports indicate several major
challenges such as low adsorption efficiency due to limited surface area, insufficient
functional groups that enhance adsorption capacity, and poor mechanical stability causing
it to easily degraded in water and can break down into fine particles, leading to clogging
in filtration systems (Daiana et al. 2022; Akrivi et al. 2025). Also, some raw sawmill
waste can contain leachable organic compounds that may cause secondary pollution
(Daiana et al. 2022). Valorization, which refers to the process of upgrading sawmill
waste to improve its adsorption capabilities and commercial value via heat treatment,
offers some key benefits that include enhanced adsorption efficiency as a result of
increase surface area and creation of more adsorption sites for pollutants. In addition, the
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improved structural stability caused by the compaction strengthens the material, thus
preventing breakdown and clogging in water treatment systems. Instead of being burned
or discarded, sawmill waste is converted into a valuable product, thereby reducing its
environmental impact. Such materials can be used to adsorb several pollutants such as
heavy metals (Cd**, Pb*, Cr®"), dyes (malachite green, methylene blue), and organic
contaminants (Daiana et al. 2022; Akrivi et al. 2025; Fernandez-Sosa et al. 2025). The
porosity and surface chemistry of sawmill wood make it suitable for binding positively
charged ions such as Cd*" and cationic dyes including malachite green, which are
prevalent contaminants in industrial wastewater.

Regeneration is a critical factor in evaluating the effectiveness and reusability of
an adsorbent. Common regeneration techniques include chemical regeneration, thermal
regeneration, microwave-assisted regeneration, electrochemical regeneration, and
ultrasound regeneration (Lata et al. 2015; Alsawy et al. 2022). Acids such as HCI and
alkalis such as NaOH solutions have been reported to have disrupted ionic or
coordination bonds between adsorbates and adsorbents, facilitating desorption through
ion exchange or dissolution of surface precipitates.

This work explored the potential of sawmill wood biochar as sorbent for the
adsorption of Cd*" and investigating its adsorption mechanisms, efficiency under various
conditions, and economic and environmental advantages in comparison to conventional
methods. This approach not only addresses the issue of sawmill waste disposal but also
contributes to the development of a circular economy, where waste products are
repurposed for environmental applications.

MATERIALS AND METHODS

Materials

The cadmium salt (CdSOs) and other chemicals used in this study were purchased
from Aldrich Sigma, India and used without further purification. All glassware were
thoroughly washed with distilled water, and dried.

Preparation and Modification of Sawmill Wood Adsorbent

The sawmill wood waste was collected from a wood factory in Pakoto, Ogun
State, Nigeria, cleaned, and dried to remove any impurities or residual moisture. To
enhance the adsorbent’s properties, thermal treatment method was employed in which the
dried samples were fed into a furnace and heated to a temperature of 700 °C for 3 h. The
carbonized wood product was then removed from the furnace, allowed to cool to room
temperature and ground to a uniform particle size to ensure consistent adsorption
characteristics. The sawmill wood biochar adsorbent (SWBA) was kept in an airtight bag
for further characterization.

Characterization of the Sawmill Wood Adsorbent

The prepared adsorbent was examined using some techniques to understand its
physical and chemical properties, which are crucial for determining adsorption efficiency.
Fourier transform infrared (FT-IR, Shimadzu 8400S FT-IR instrument, Japan)
spectroscopy was used to identify the functional groups that facilitate contaminant
binding through the transmission mode, with KBr pellet preparation. Scanning electron
microscopy (SEM) was used to assess the surface morphology and porosity (SEM
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Phenom ProX, Thermo Fisher Scientific, USA), while Brunauer—Emmett-Teller (BET,
Quantachrome corporation, NOVA 4000e 1 BET machine, Anton Paar USA) analysis
provided insights into surface area and pore size distribution, which are important factors
for adsorption efficiency. The thermal behavior of the adsorbent was investigated using
thermographic analyzer (TGA 4000, Perkin Elmer, Netherlands). The bulk density, pore
size, pore volume, and surface area of the sawmill wood waste were measured using a
Quantachrome NOVA 2200C (USA), while the zero-point charge (pH..ZPC) of the
adsorbent was determined using a Zetasizer Nano ZS analyzer (Malvern, UK).

Adsorption Studies

Adsorption experiments (batch process) were done to assess the adsorption
capacities of sawmill wood for Cd** ions. Approximately 20 mg of the adsorbent was
added to aqueous solutions containing known concentrations of Cd*" in several conical
flasks, and the mixture was agitated at a constant speed of 150 rpm to ensure
homogeneity on orbital shaker. Key variables such as initial concentration of Cd*",
adsorbent dosage, contact time, pH, and temperature were varied to determine their effect
on adsorption capacity. The optimal pH was adjusted for each pollutant. At different time
interval, small amount of the contaminant was removed, and analyzed by atomic
absorption spectroscopy (AAS) (iCE™ 3500, Thermo Fisher Scientific, Waltham, MA,
USA). The removal amount and the percentage removal were computed using Eqgs. 1 and
2:

CO - Ce

Amount adsorbed, O, = (1)

m

y
C, -C,

Percentage Removal %0, = x100 2)

o

Co and C. are the amount of Cd*" available at the beginning and at equilibrium, ¥ is the
solution volume (L), and m is the mass of the adsorbent (mg).

Regeneration Evaluation

Regeneration experiments were done so as to assess the reusability of sawmill
wood as an adsorbent. After each adsorption cycle, the sawmill wood was desorbed using
different eluents (water, ethanol, HCI, acetic acid, and NaOH), to remove the adsorbed
Cd*. The adsorbent was then washed and reused in subsequent adsorption cycles to
determine its long-term stability and cost-effectiveness. The mixture was separated, and
the contents left was analyzed by AAS method (iICE™ 3500, Thermo Fisher Scientific,
Waltham, MA, USA). This procedure was repeated for five cycles, following the same
experimental protocol, and the percentage desorption (PD) was calculated using Eq. 3
below,

AD
PD(%)=—- X100 3
(%) y 3)
where 4D is the desorbed amount of Cd*" amount (mg), and Cd** amount (mg) adsorbed

is denoted as A4. Each experiment was done in triplicate, and the average values were
recorded.
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RESULTS AND DISCUSSION

Characterizations

The FT-IR spectra provide evidence of the chemical functional groups present in
sawmill wood biochar before (a) and after (b) adsorption (Fig. 1). The peak around 3200
to 3500 cm™ is associated with hydroxyl (-OH) groups from cellulose, lignin, or adsorbed
water (Kayode et al. 2022; Abewaa et al. 2023). An increase in intensity after adsorption
suggests the interaction between the hydroxyl groups and the adsorbed contaminants. The
peaks around 1685 to 1705 cm™ corresponds to C=0 or C=C stretchings (Kayode et al.
2022; Abewaa et al. 2023). The changes in intensity or shifts in this region suggest
complexation between pollutant and carbonyl functional groups. The presence of the SO3
group was confirmed with a peak at 1165 cm™', where the appearance of peaks at 1033
and 1015 cm™! suggest the presence of O-S—O or C-O stretchings (Wang et al. 2011;
Hasan et al. 2012). The presence of increased peak intensity at 550 cm™ indicates the
formation of metal-ligand bonds, confirming the adsorption of Cd**. The significant
differences between the two spectra indicate that adsorption of contaminants has altered
the functional groups on the biochar surface.
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Fig. 1. FTIR of sawmill wood biochar adsorbent (a) before, and (b) after pollutant uptake

The SEM images illustrate the morphological changes in sawmill wood biochar
before (a) and after (b) adsorption of Cd** ions, as shown in Fig. 2. These microstructural
variations provide insight into the adsorption efficiency and surface interactions between
the adsorbent and the heavy metal ions. The surface morphology before adsorption (Fig.
2a), the surface of the valorized wood mill waste appears rough, porous, and uneven, with
a significant number of cavities and irregular structures. The observed porosity suggests a
high surface area, which is essential for effective adsorption. A high surface area also
would be consistent with the presence of numerous functional groups that may facilitate
metal ion binding through mechanisms such as ion exchange, electrostatic attraction, or
complexation. The surface morphology after adsorption (Fig. 2b), in contract reveals a
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smoother, denser, and more compact surface, with a reduction in visible pores and
cavities. The reduction in roughness and porosity further indicates that the adsorption
process may have resulted in pore blockage and structural compaction, which are
common after successful metal ion adsorption.

Fig. 2. SEM of biochar adsorbent (a) before, and (b) after pollutant uptake

The physicochemical characteristics of an adsorbent play a crucial role in
determining its adsorption capacity, efficiency, and suitability for pollutant removal. The
comparison of raw sawmill wood adsorbent (RSWA) and sawmill wood biochar
adsorbent (SWBA) highlights the impact of biochar treatment on key adsorption
properties, including surface area, pore volume, pore size, and bulk density, as presented
in Table 1. The surface area increased from 102.0 m?*/g for RSWA to 195.1 m?/g for
SWBA, representing a 91.2% enhancement. This significant increase can be attributed to
the pyrolysis process, which promotes the development of additional micropores and
enhances the adsorbent’s porous structure, thereby improving its overall adsorption
capacity. This expanded surface area creates additional active sites for adsorption,
enhancing the adsorbent’s efficiency in capturing contaminants (Henao-Toro ef al. 2024).
Similarly, the pore volume of SWBA (0.29 cm?/g) was slightly higher than that of RSWA
(0.26 cm?/g), suggesting an improved porosity that further enhances the adsorptive
potential. The average pore size of SWBA (2.47 nm) was slightly larger than that of
RSWA (2.32 nm), indicating that biochar treatment contributed to minor structural
modifications that allow for better accessibility of adsorbate molecules. Since both
adsorbents have pore sizes within the range 2 to 50 nm, which is in the range of
mesopores, they are well-suited for adsorbing organic pollutants and heavy metal ions
from wastewater. The bulk density of SWBA (0.235 g/cm?) is slightly higher than that of
RSWA (0.218 g/cm?), implying that biochar treatment increases the material’s
compactness. This increase may enhance handling and packing efficiency in practical
adsorption applications, such as column-based filtration systems.

El-Rayyes et al. (2025). “Sawmill waste valorization,” BioResources 20(3), 7048-7074. 7053



PEER-REVIEWED ARTICLE bioresources.cnr.ncsu.edu

Table 1. Physicochemical Features of the Sawmill Wood Waste

Parameters RSWA SWBA
Surface area (m?/g) 102.04 195.14
Pore volume (cm?/g) 0.26 0.29

Average pore Size (nm) 2.32 247
Bulk density (g/cm?) 0.218 0.235
pHzrc 4.25 4.51

The thermogravimetric analysis plot represents the thermal degradation behavior
of sawmill wood waste under increasing temperature conditions, as shown in Fig. 3. A
slight drop in weight at around 30 to 130 °C is likely due to the evaporation of moisture
and volatile compounds (Guida et al. 2019; Khan ef al. 2021). A significant weight loss
occurred in the range of 250 to 500 °C, indicating the breakdown of major wood
components as hemicellulose degradation (220 to 330 °C), decomposition of cellulose
(320 to 403 °C), and lignin degradation (300 to 500 °C, broader range) (Guida et al.
2019; Khan et al. 2021). This is the primary pyrolysis phase. Beyond 500 °C, weight loss
slowed significantly, and this suggests the formation of char and carbonaceous residue,
which slowly degrades at higher temperatures (Guida ef al. 2019; Khan ef al. 2021). The
sharp weight loss confirms the presence of cellulose and hemicellulose, typical for
biomass materials. The residual weight (less than 10%) suggests the presence of
inorganic ash content from minerals or impurities in the wood waste. The decomposition
pattern aligns with typical thermal behavior of lignocellulosic biomass.
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Fig. 3. TGA of sawmill wood adsorbent.
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Influence of Operational Parameters
Time and initial pollutants concentrations effects

The adsorption data in Figs. 4 and 5 show how time and initial cadmium ion
concentration impacted the adsorption capacity of the sawmill wood adsorbents. For
RSWA (Fig. 4), rapid adsorption occurred within the first 90 to 150 min, followed by a
slower increase as equilibrium was approached. Higher initial concentrations (30 to 180
mg/L) enhanced adsorption due to a stronger driving force for mass transfer (Akinhanmi
et al. 2020; Ofudje et al. 2020b). For SWBA (Fig. 5), adsorption increased within 120 to
150 min, reaching equilibrium at 180 min with no further significant uptake. Higher
cadmium concentrations also increased adsorption, peaking at 67.3 mg/g at 180 mg/L,
though the rate of increase slowed as saturation approached (Ofudje et al. 2020b). The
differences in adsorption efficiency between RSWA and SWBA may be due to variations
in surface area, with valorized samples exhibiting larger surface areas.

The longer equilibrium time observed for sawmill wood biochar adsorbent
(SWBA), despite its higher adsorption capacity compared to raw sawmill wood adsorbent
(RSWA), can be attributed to differences in pore structure, surface area distribution, and
surface chemistry. RSWA, being a raw lignocellulosic material, retains a more complex,
less uniform surface structure and a higher proportion of macropores and mesopores,
which may impede rapid diffusion of adsorbate molecules. Additionally, the absence of
thermal modification means that surface functional groups are less organized and
potentially more heterogeneous, contributing to slower kinetics due to variable binding
site energies and accessibility. In contrast, SWBA undergoes pyrolysis, which enhances
pore development (particularly micropores) and increases surface uniformity, thereby
facilitating faster intraparticle diffusion and external mass transfer rates.
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Fig. 4. Time and initial Cd?* concentrations on the sorption potency of RSWA
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Fig. 5. Time and initial Cd2* concentrations on the sorption potency of SWBA

Effect of pH on the adsorption of Cd*" ions

For RSWA, adsorption increased from 52.5% at pH 2 to a maximum of 78.6% at
pH 5, whereas for SWBA, adsorption increased from 59.8% at pH 2 to 84.1% at pH 6, as
depicted in Fig. 6. This suggests that at lower pH levels, competition between H* ions and
the pollutants for adsorption sites was strong, reducing the efficiency of pollutant uptake
(Akinhanmi et al. 2020; Ofudje et al. 2020a). As pH increased, the availability of
functional groups (-COO~, C=C, C=0 and C-O) on the adsorbent surface increased,
thereby enhancing pollutant binding. The pHpzc of SWBA (4.51) was slightly higher than
that of RSWA (4.25), indicating a slight shift in surface charge behavior due to biochar
activation. Since the point of zero charge (pHpzc) represents the pH at which the
adsorbent’s surface has a neutral charge, this difference suggests that SWBA might
exhibit a stronger adsorption affinity for cationic pollutants at pH levels above 4.51,
whereas RSWA may be more effective at slightly lower pH conditions. At pH 8, Cd** ion
adsorption decreased to 46.8%. This decline may be due to electrostatic repulsion,
reducing binding efficiency for RSWA and in the case of Cd** ions, at high pH, may start
precipitating as Cd(OH): rather than adsorbing onto the surface, lowering the observed
adsorption capacity (Bharathi and Ramesh 2013; Akinhanmi et al. 2020).
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Fig. 6. Influence of pH on the adsorption capacity of Cd2* by RSWA and SWBA

The adsorbent (valorized wood meal) contained various functional groups such as
-OH, -COOH, and -NH., which can gain or lose protons (H*) depending on the pH of the
solution. At low pH (acidic conditions, pH 2 to 3), more H' ions were present in the
solution, leading to protonation (gain of H*), making the adsorbent surface positively
charged. However, at high pH (pH 6 to 8), the presence of fewer H' ions resulted in
deprotonation (loss of H*), giving rise to a negatively charged surface (EL-Shimaa et al.
2021; Ofudje et al. 2023). At Low pH (pH 2 to 3), the adsorbent surface being positively
charged, and since Cd** ions are also positively charged, electrostatic repulsion occurred,
limiting adsorption which further explains the relatively lower Cd*" adsorption at pH 2
(59.8 mg/g) and pH 3 (67.5 mg/g) (EL-Shimaa ef al. 2021; Uzosike et al. 2022; Ofudje et
al. 2023). However, at optimal pH (pH 5 and 6), the adsorbent undergoes partial
deprotonation, elevating the density of the negative charge, and this enhances
electrostatic attraction and ion exchange between Cd*" and negatively charged surface
sites, leading to higher value (84.1% at pH 6). But at high pH (pH 8), the surface
remained deprotonated, which should still favor Cd*" adsorption; however, at pH above
6.5, Cd*" ions start to precipitate as Cd(OH)., reducing the amount available for
adsorption, this results in a significant drop in Cd** adsorption at pH 8 (46.8%).

Influence of RSWA and SWBA Dosages

The effect of the dosage amounts of the biochar samples on the adsorption
capacity of Cd*" is depicted in Fig. 7. It was deduced that for RSWA, adsorption
increased from 51.7% (at 10 mg dosage) to a peak of 77.3% (at 30 mg dosage), while for
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SWBA, adsorption increased from 59.0% (at 10 mg dosage) to a peak of 85.1% (at 25 mg
dosage), as shown in Fig. 7. The increase occurred because of more active sites for
adsorption, improving pollutant removal efficiency, and beyond this point, further
increasing the adsorbent dosage did not improve adsorption significantly, suggesting that
most available adsorption sites were already occupied (Bharathi and Ramesh 2013). At
higher dosages (35 to 40 mg/L), adsorption capacity declined to 69.1% at 35 mg and
60.1% at 40 mg for RSWA, while that of SWBA dropped to 81.1% at 35 mg and 73.9%
at 40 mg. This decline is likely due to adsorbent agglomeration caused by excess
adsorbent particles which may clump together, reducing the available surface area for
adsorption (Bharathi and Ramesh, 2013). Also, with excessive adsorbent, the amount of
pollutant per unit adsorbent decreased, leading to lower adsorption efficiency per gram of
adsorbent (Akinhanmi et al. 2020; Ofudje et al. 2023).
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Fig. 7. Influence of RSWA and SWBA dosages on the sorption of Cd?* ions

Kinetics Studies
Pseudo-first-order kinetics

This model can be expressed as (Lagergren, 1898; Bharathi and Ramesh, 2013;
Chauhan, et al. 2023),

log(Q. ~0) =log0, "4 1 1t W
where (O denotes adsorption amount at time ¢ (mg/g), k1 is the pseudo-first-order rate
constant (min"'), and ¢ is time (min). Plots of log(Qe-Oy) against ¢, as shown in Fig. 8,
were used to estimate the parameters listed in Tables 2 and 3. For both RSWA and
SWBA, the experimental adsorption capacity Qe(exp) rose with an increase in initial
concentration, meaning that higher pollutant concentrations led to greater adsorption onto
sawmill adsorbent. However, the calculated adsorption capacities (Qe(cal)) showed
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deviations from Qe(exp), suggesting that the first-order model did not accurately predict
adsorption. The coefficients of determination (R?) for Cd** ranged from 0.897 to 0.954,
while for RSWA they ranged from 0.975 to 0.994, indicating a good fit for describing the
adsorption process especially in the case of RSWA.
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Fig. 8. Plots of pseudo-first-order kinetics for the adsorption of Cd?* by RSWA and SWBA

Pseudo-second-order kinetics
This model can be expressed as (Ho and McKay 1999; Bharathi and Ramesh,
2013; Chauhan et al. 2023),

/Qz B %2 o+ /Qg (5)

where Orand Q. are as previously defined, and k> stands for the pseudo-second-order rate
constant (g/mg-min). Plots of #/Q; against ¢, as shown in Fig. 9, were used to estimate the
parameters listed in Tables 2 and 3. The Qe(cal) values for both adsorbents were much
closer to the Qc(exp) values compared to the first-order model, indicating that adsorption
followed this model (Ho and McKay 1999). The validation of best fit was achieved using
root mean square errors (RMSE).

N
Z (Q(exp) - Q(cal) )2
RMSE = |-

N (6)

In Eq. 6, N denotes the number of data points, and other parameters are as previously
defined. The R? values for SWBA adsorption ranged from 0.992 to 0.998, while for
RSWA it ranged from 0.988 to 0.997, confirming a much better fit and this was
supported from the lower values obtained for %SSE.
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Fig. 9. Plots of pseudo-second-order kinetics for the adsorption of Cd?* by RSWA and SWBA
Intraparticle Diffusion Model
The intraparticle diffusion model is commonly used to describe the adsorption

process when diffusion within the pores of the adsorbent plays a significant role in
controlling the rate of adsorption.
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Fig. 10. Plots of intraparticle diffusion kinetics for the adsorption of Cd2* by RSWA and SWBA
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and Ramesh 2013; Oyelude et al. 2018; Chen et al. 2019),

This model helps determine whether the sorption process is explained by
intraparticle diffusion, film diffusion, or both. The model can be represented as (Bharathi

O =kt'?+C

(7

where k, stands for the intra-particle diffusion rate constant (mg/g/min'?), and G
represents boundary layer thickness. The plots of #/Q; against ¢'? as shown in Fig.10 were
used to estimate the parameters listed in Tables 2 and 3.

Table 2. Kinetics Studies of RSWA as Adsorbent for the Uptake of Cd?*

Co (mg/L) 30mg/L | 60 mg/L 90 mg/L 120 mg/L 150 mg/L 180 mg/L
Qe(exp) (Mglg) 15.101 28.200 35.600 41.400 59.400 67.300
§ Qe(cat) (mg/g) 10.561 23.120 39.031 47.811 53.005 62.769
; k1 (mins™) 0.026 0.035 0.053 0.065 0.077 0.082
i.|=. R? 0.897 0.915 0.946 0.925 0.941 0.954
% SSE 0.134 0.142 0.047 0.063 0.032 0.117
o Qs(cal) (Mg/g) 13.074 | 29.873 36.017 41.573 59.471 69.543
§ 8| k2 (g/mg/min) 0.041 0.062 0.073 0.088 0.104 0.121
®» ° R? 0.996 0.998 0.995 0.994 0.992 0.998
% SSE 0.015 0.016 0.015 0.002 0.002 0.014
£|__a(mg/g/mins) 1.215 1.813 2.281 2.619 3.401 5.217
3 B(g/mg) 0.132 0.162 0.032 0.836 0.237 0.185
u R? 0.985 0.966 0.945 0.996 0.976 0.986
Kp
© ﬁ .g (mg/g/mins'?) 1.113 3.707 6.172 7.301 9.074 12.007
ELT 2 Ci (mg/g) -0.228 -0.052 1.142 1.133 2.051 2.984
S E
° R? 0.994 0.989 0.979 0.986 0.995 0.994
Table 3. Kinetics Studies of SWBA as Adsorbent for the Uptake of Cd?*
Co (mg/L) 30 mg/L 60mg/L 90 mg/L 120 mg/L 150 mg/L 180 mg/L
Qe(exp) (mg/g) 13.200 | 17.500 | 20.330 24.300 30.200 46.300
- 5 Qe(cal) (mg/g) 9.303 12.326 17.024 21.245 36.205 41.321
2 ° k1 (mins™) 0.013 0.018 0.024 0.045 0.621 0.810
-0 R? 0.975 0.994 0.981 0.990 0.980 0.978
% SSE 0.113 0.115 0.013 0.018 0.022 0.013
o Qe(cal) 12.393 18.202 21.053 23.304 29.006 45.509
T3 k2 (g/mg/min) 0.431 0.464 0.633 0.833 1.062 1.521
N5 R? 0.996 0.989 0.997 0.989 0.988 0.995
% SSE 0.012 0.006 0.011 0.005 0.011 0.008
= a (mg/g/mins) 0.460 0.654 0.840 1.007 1.129 1.324
g B (g9/mg) 0.016 0.065 0.081 0.107 0.253 0.409
[¢]
w R? 0.946 0.934 0.985 0.989 0.967 0.984
c K, mg/g/mins'?) 1.006 1.242 2.809 3.722 5.143 6.318
© % i) C (mg/g) 0.212 0.458 1.049 2.023 4.371 5.272
- .= N
€EE3
° R? 0.992 0.989 0.984 0.984 0.984 0.936
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It was observed that the k&, values, which indicate the rate of diffusion inside the
pores of the adsorbent, increased with increasing initial pollutant concentration, meaning
that diffusion plays a significant role at higher concentrations. The C values suggest that
external surface adsorption is also involved, especially at lower concentrations, while the
R? values were consistently high (above 0.98 for Cd*" and MG), indicating that diffusion
is an important step in the adsorption mechanism.

The kinetic data for Cd*" adsorption by SWBA and RSWA fit well with both the
pseudo-first-order and pseudo-second-order models, and the intraparticle diffusion model
also showed good agreement. This combination of findings suggests that the overall rate
of the adsorption process was diffusion-limited, occurring primarily within a network of
small pores (Hubbe et al. 2019).

Analysis of Isotherms
Langmuir isotherm analysis

The Langmuir isotherm can be represented thus (Bharathi and Ramesh 2013;
Shanmugarajah et al. 2018),

%t 6

Qe qu Qm (8)
with the maximum adsorption capacity given as Omax (mg/g), b (L/mg) denotes the
constant of Langmuir, and the equilibrium concentration given as C. (mg/L), and Qe

(mg/g) is as previously defined. The graphical representation of this model is shown in
Fig. 11, and the values obtained are as presented in Table 4.
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Fig. 11. Langmuir isotherm for the adsorption Cd2*

El-Rayyes et al. (2025). “Sawmill waste valorization,” BioResources 20(3), 7048-7074. 7062



PEER-REVIEWED ARTICLE bioresources.cnr.ncsu.edu

The higher Omax for SWBA (52.236 mg/g) compared to RSWA (41.242 mg/g)
suggests that the valorized sawmill waste had more available adsorption sites for Cd>".
The expression for the separation factor (Rr) which can be used to predict the favorability
of adsorption is given as:

R, =1
%l+bCo) 9)

The lower Rr value for SWBA (0.058) compared to RSWA (0.107) confirms that Cd**
adsorption was more favorable. Higher b value for SWBA (0.836) suggests stronger
adsorption energy, making Cd*" more tightly bound to the SWBA and the R? values
suggests that the adsorption of Cd*>" by SWBA followed the Langmuir model more
closely than RSWA.

Freundlich isotherm analysis
The Freundlich model is more applicable when the adsorption sites have different
energy levels. It can be expressed as (Bharathi and Ramesh 2013; Ofudje et al. 2023):

- 1

mQ, =K, + V', 10)

The Freundlich constant is given as Kr (mg/g) which defines adsorption capacity,
and 1/n is the adsorption intensity parameter, when 0 < 1/n < 1, the adsorption being
favorable. The graphical representation of this model is shown in Fig. 12, from where the
values listed in Table 4 were obtained. The higher Kr for SWBA (41.1 mg/g) suggests
that the adsorption was more efficient compared to RSWA (34.2 mg/g). The lower 1/n for
SWBA (0.013) suggests stronger interactions and less tendency for desorption. Judging
from R? values, the adsorption of Cd** by both adsorbents fit Freundlich isotherms.
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Fig. 12. Freundlich isotherms for the adsorption of Cd?*
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Dubinin—Radushkevich (D-R) isotherm analysis

The D-R isotherm explains the porosity and energy of adsorption, distinguishing
between physisorption and chemisorption. The model, the Polanyi potential, and mean
adsorption energy can be expressed as (Duan et al. 2020; Uzosike et al. 2022):

InQ, = InQ, — InK*. (11)

_ 1
P RTIn(1+/Ce) 02

E=1/\2K,, (13)

The amount of pollutant adsorbed per unit weight of the adsorbent at equilibrium
(Qe) i1s expressed in mol/g, while On represents the maximum adsorption capacity for
monolayer coverage (mol/g). The mean sorption energy, associated with the activity
coefficient (Kpr), is measured in mol?/kJ>. The Polanyi potential constant is denoted as &,
R (8.3145 J-mol!) is the ideal gas constant, and T represents the absolute temperature in
Kelvin.
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Fig. 13. Dubinin—Radushkevich isotherm plots

The model is represented graphically in Fig. 13, while the obtained values are
provided in Table 4. The higher Q for SWBA (45.0 mg/g) than RSWA (37.5 mg/g)
further confirms higher adsorption efficiency for the raw sample, while higher ¢ for
thermally treated sample (0.631) suggests that the raw sample adsorption is more energy-
dependent, possibly due to stronger ion-dipole interactions with functional groups on the
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sawmill waste. The low E values (both < 8 kJ/mol) indicate physisorption dominates,
meaning that the adsorption is mostly due to weak Van der Waals forces rather than
strong chemical bonding. Since R? values for both adsorbents (RSWA = 0.988) and
(SWBA = 0.978) is high enough, it confirms a good fit to the D-R model.

Table 4. Isotherms Constants of Sawmill Waste Valorization as Adsorbent for
Cadmium lons Adsorption

Parameters RSWA SWBA
Langmuir Qmax (Mg/g) 41.242 52 236
R 0.107 0.058
b (mg/L) 0.642 0.836
RZ
0.867 0.927
Freundlich Kr (mg/g)(mg/L)"2
34.236 41.132
1/n 0.374 0.013
R2
0.934 0.998
Dubinin—-Radushkevich Q (mg/g) 37.481 45.023
£ (molJ )2 0.442 0.631
-1
£ (kdmol) 0.966 0.537
RZ
0.988 0.978

Table 5 provides a literature review comparing the performance of various

adsorbent materials in the removal of malachite green and Cd*‘ions from aqueous
solutions.

Table 5. Various Adsorbents and their Adsorption Capacities towards Cd?* lons

Adsorbents Qmax (Myg/g) References
Orange peel 27.9 Akinhami et al. 2020
Modified cassava tuber bark waste (MCTBW) 334 Ofudje et al. [9]
Raw cassava tuber bark waste (RCTBW) 73.2 Ofudje et al. 2020a
Sawdust 47.9 Okpara et al. 2023
Tagaran natural clay 18.8 Bakhtyar et al. 2019
Poplar sawdust biochar 49.3 Cheng et al. 2021
Activated Carbon from Bombax Ceiba Fruit Shell 44 Rumpa et al. 2020
Barley biochar 33.6 Simon et al. 2024
Sawdust biochar 25.8 Simon et al. 2024
Natural Montmorillonite-Based Magsorbent 36.60 Sibel et al. 2020
RSWA 78.6 This study
SWBA 85.4 This study
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The studied adsorbent demonstrated great adsorption capacity, reaching 85.4
mg/g for SWBA and 78.6 mg/g for RSWA, surpassing many alternative materials. This
comparison highlights the valorized sawmill wood waste’s potential as an effective, cost-
efficient, eco-friendly, and sustainable solution for treating malachite green and Cd*ions
pollutants in wastewater.

Effect of Temperature and Thermodynamic Evaluations

The adsorption capacity for both adsorbents increased as temperature rose from
25 to 40 °C for RSWA and 45 °C for SWBA, as shown in Fig. 14. This implies that the
adsorption process is endothermic, meaning higher temperatures enhance the interaction
between the adsorbate and the adsorbent (Uzosike et al. 2022; Ofudje et al. 2023). It was
observed that RSWA reached its maximum adsorption at 40 °C (78.46 %), while SWBA
peaked slightly later at 45 °C (85.4%). This indicates that at moderate temperatures, the
adsorbent surface was more active, leading to greater pollutant uptake. However, after 45
°C, the adsorption started to decline for both adsorbents, and at 55 °C, RSWA adsorption
dropped to 67.4%, while SWBA adsorption decreased significantly to 61.4%. The decline
suggests that desorption or weakening of interactions occurs at higher temperatures,
increased solubility of Cd*', leading to decreased retention, and or possible structural
changes in the adsorbent, reducing its ability to bind pollutants (Guruprasad et al. 2024).
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Fig. 14. Plot of temperature effects on the adsorption capacity

Thermodynamic studies provide insights into the feasibility, spontaneity, and
energy changes associated with adsorption and the key thermodynamic parameters
analyzed are Gibbs free energy change (AG, kJ/mol), enthalpy change (AH, kJ/mol), and
entropy change (AS, J/mol-K) were investigated using the following Eqgs. 14 to 16
(Sarada et al. 2017; Ofudje et al. 2023):

K :qe
VAR (14)
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presented in Table 6.

InkK, =AS%—M%T

AG® = RTInK,

(15)
(16)

The plots of InK1. against 1/7, as shown in Fig. 15, were used to deduce the values

The results reveal that the Gibbs free energy change AG values for both

adsorbents are negative at all temperatures, confirming that adsorption was spontaneous
(Adeogun et al. 2018; Ofudje ef al. 2023).

Fig. 15. Thermodynamic plots for the adsorption of Cd2+
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Table 6. Thermodynamics Parameters of Sawmill Waste Valorization as
Adsorbent for Cd?* Adsorption

RSWA SWBA
T(K) | AG (kJ/mol) | AH (kJ/mol) | AS (JimolK) | AG (kJimol) | AH AS
(kJ/mol) | (J/mol-K)
298 -1.02 -0.68
303 1.31 1.07
308 -1.62 -1.46
313 2.36 22.35 14.04 -1.86 14.56 7.05
318 257 2.45
323 3.28 2157
328 6.85 374
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It was noticed that as temperature increased (from 298 to 328 K), AG became
more negative, indicating that higher temperatures favored adsorption, making it more
thermodynamically feasible (Akinhanmi ez al. 2020; Ofudje et al. 2023). For RSWA, AG
changed from -1.02 kJ/mol (298 K) to -6.85 kJ/mol (328 K), while for SWBA, it changed
from -0.68 kJ/mol (298 K) to -3.74 kJ/mol (328 K). In the case of enthalpy change (AH),
the values obtained for RSWA and SWBA were 22.35 and 14.56 kJ/mol, respectively,
suggesting endothermic adsorption (Adeogun et al. 2018; Akinhanmi et al. 2020).
Endothermic behavior suggests that heat is absorbed during adsorption, and the higher
AH for RSWA (22.35 kJ/mol) than for SWBA (14.56 kJ/mol) implies that RSWA
adsorption requires more energy, possibly due to weaker initial interactions that need heat
to improve adsorption. For entropy change (AS), the positive AS values (14.04 J/mol-K
for RSWA and 7.05 J/mol-K for SWBA) indicate that adsorption increases randomness at
the adsorbent-solution interface (Uzosike et al. 2022).

Desorption Study

The desorption graph illustrates the percentage desorption (PD%) of Cd*" ions
from the surface of the adsorbent over multiple regeneration cycles using valorized wood
residues from a sawmill, as shown in Fig. 16.
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Fig. 16. Desorption study for Cd?* using raw and valorized wood waste

Among the regeneration agents used, HCl was found to be the most effective,
yielding the highest desorption efficiency across repeated cycles and was therefore
selected for subsequent experiments. It was observed that both RWSA and SWBA
exhibited a gradual decrease in desorption efficiency as the number of regeneration
cycles increased. The desorption percentage started relatively high (75% for RWSA and
72% for SWBA in Cycle 1), but it declined steadily with each cycle, reaching around
50% or lower by Cycle 6. Throughout all cycles, RWSA maintained a slightly higher
desorption percentage than SWBA. The data suggests that valorized wood waste sawmill
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material is reusable for Cd*"ions adsorption but with a declining efficiency after multiple
cycles.

While this does suggest a limited number of effective regeneration cycles, the
adsorbent still retained a substantial proportion of its capacity after several cycles, which
supports short- to medium-term reusability. On a large scale, this trend could increase
operational costs due to the need for periodic replenishment or reactivation of the
adsorbent. However, considering the low-cost and abundant nature of the raw material
(sawmill waste), this drawback may be economically manageable compared to synthetic
adsorbents.

Adsorption Mechanism

The adsorption mechanism may be controlled by electrostatics, ion exchange, and
complexation with functional groups on the adsorbent’s surface (Gupta and Suhas 2009;
Akinhanmi et al. 2020). Based on kinetics evaluation, the adsorption mechanism of Cd**
onto SWBA and RSWA involves a diffusion-limited process, in which the metal ions
diffused into a microporous matrix and adsorption occurs at internal active sites. This is
confirmed by the strong fit of the intraparticle diffusion model, with the kinetics
governed by a combination of pseudo-first- and pseudo-second-order models. Also, from
thermodynamic investigation, the AH values further help elucidate the adsorption
mechanism. According to typical adsorption energy ranges, enthalpy changes between 2
and 40 kJ/mol suggest physical adsorption via hydrogen bonding and dipole interactions;
values around 40 kJ/mol point to coordination exchange, while those exceeding 60 kJ/mol
indicate chemical bonding (Zhao et al., 2014). In this study, the enthalpy values for
RSWA (22.4kJ/mol) and SWBA (14.6 kJ/mol) fall within the range for physisorption,
confirming that physical interactions dominate the adsorption mechanism.

The pH also plays a critical role in this process; at higher pH values, increased
ionization of the wood’s surface functional groups enhances Cd** adsorption capacity.
Sawmill wood adsorbents can effectively adsorb cadmium ions through electrostatic
interactions between the metal positive charged surface and lignocellulosic functional
groups in the wood which are negatively charged (Gupta and Suhas 2009).

CONCLUSIONS

From the results obtained, the following deduction were made:

1. Sawmill wood waste was utilized as a sustainable material for removing Cd*" ions
from wastewater.

2. The biochar adsorbent (SWBA) gave superior adsorption capacity in comparison
to raw sawmill waste adsorbent (RSWA), influencing both adsorption capacity
and kinetics.

3. Equilibrium time was reached faster for RSWA (150 min) than for SWBA (180
min), while the sorption process was found to be pH-dependent, with optimal
removal attained at pH of 5 to 6.

4. Scanning electron microscopy (SEM) analysis confirmed a rough, porous
structure that aids contaminant binding but undergoes morphological changes
post-adsorption.
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5. Thus, sawmill wood residue and its biochar product can be regarded as viable
adsorbents for wastewater treatment, supporting heavy metal removal and
sustainability.
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