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Abstract

With increasing global concerns about industrial wastewater treatment and the need for sus-
tainable practices, this study explores the potential of softwood sawdust as an eco-friendly,
cost-effective adsorbent for removing heavy metal ions, specifically zinc (Zn2+) and lead
(Pb2+), from synthetic model solutions. Factors affecting adsorption include adsorbent
particle size, pH, adsorbent dosage, and contact time. A remarkable removal efficiency
of 98.2% for Zn2+ and 98.1% for Pb2+ under optimal adsorption conditions of −106 µm
average particle size at 8 pH and 0.3 g of adsorbent dosage using 50 (mg/L) initial concen-
trations for 60 min at ambient temperature. Characterization of the adsorbent used by XRD,
FTIR, SEM, and BET analysis confirmed the structural integrity and surface properties
of wood sawdust. It is clear that there is a gradual decline in adsorption capacity over
multiple reuse cycles due to the depletion of active functional groups. The results confirm
wood sawdust’s effectiveness as a locally available, low-cost, and biodegradable option
for treating wastewater, eliminating metal ions, supporting environmental conservation,
and aligning with sustainability goals.

Keywords: wood sawdust; synthetic model solutions; wastewater treatment; sustainability;
heavy metal ions; adsorption; mechanism

1. Introduction
Egypt, a semi-arid country, faces water scarcity. The disparity between water avail-

ability and demand is widening rapidly amid rapid population growth. Egyptian Vision
2030 aims for sustainable socio-economic growth by expanding industrial and agricultural
initiatives. Achieving these initiatives depends on increasing water resource availability
and effectively managing industrial waste to reduce environmental impacts [1]. The ca-
pacity to augment supplies from the River Nile diminished due to Ethiopia’s El-Nahda
Dam. Consequently, a viable option to address this gap is the reclamation and treatment of
wastewater from various sources [2,3]. Statistical examinations of 37 Egyptian companies
suggest that 50% release 1.3 billion cubic meters (BCM) of effluent into the public sewage
system annually. This contravenes environmental legislation in Egypt, with only a small
portion being treated [4]. Hazardous substances in industrial wastewater damage sewage
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infrastructure. This results in higher treatment costs and greater environmental risks as-
sociated with sludge disposal [5]. Industrial wastewater is one of the biggest worldwide
environmental challenges. The most toxic elements are lead (Pb), cadmium (Cd), chromium
(Cr), and nickel (Ni) [6]. While these metals are essential in trace amounts, high levels
harm the liver, central nervous system, lungs, kidneys. Removing heavy metal ions from
industrial wastewater before discharge is therefore an urgent priority [7]. Heavy metal
ion removal from wastewater can be achieved using several methods: adsorption, carbon
adsorption, coagulation, membrane filtration, and chemical precipitation [8–13]. Adsorp-
tion stands out for being cheap, effective, selective, and chemically insensitive, making it a
straightforward and realistic option. Thus, there is a pressing need to develop an adsorbent
that is both efficient in removing harmful metal ions from wastewater and is economical
and readily available [14].

Economic expansion and industrialization are driving the rise in global industrial
waste. Recent worldwide evaluations show that wastewater production exceeds 380 billion
m3 per year, with projections of increases of around 24% by 2030 and 51% by 2050. Almost
80% of global wastewater is released into the environment without sufficient treatment.
Industrial sectors contribute significantly by discharging heavy metals, dyes, petroleum
hydrocarbons, medicines, and other harmful chemicals into aquatic habitats. As a result,
interest is growing in the academic and industry sectors in sustainable wastewater treatment
and resource recovery. Water pollution has become a major environmental issue that
requires ongoing attention and creative cleanup strategies [15–17].

Numerous strategies have been devised to remediate organic pollutants generated
from various activities, including electrochemical methods, photocatalysis, and advanced
oxidation processes [18]. In addition to the aforementioned destructive methods, organic
contaminants may also be removed using coagulation and coagulation combined with
filtration [19]. Inorganic water contaminants often include metal ions and non-metal or
metalloid anions. Metals and metalloids, including copper (Cu), cobalt (Co), selenium (Se),
iron (Fe), manganese (Mn), vanadium (V), strontium (Sr), and zinc (Zn), are tolerated by
living creatures at minimal concentrations; nevertheless, they become poisonous when
their levels exceed acceptable thresholds [20].

Recycling solid industrial waste into eco-friendly products is a key priority for sus-
tainable growth, but this goal is hindered by the presence of highly toxic metals. These
metals not only threaten environmental quality but also pose health risks to organisms,
prompting governments to set strict standards for waterborne metal concentrations. For
example, the US EPA mandates drinking water limits for hazardous metals: 1.3 mg/L for
Cu, 0.015 mg/L for Pb, 0.01 mg/L for As, 0.005 mg/L for Cd, and 0.1 mg/L for Cr [21].

After primary and secondary treatment, adsorption is used. Primary treatment physi-
cally eliminates solid and floating particulates, whereas subsequent treatment biologically
destroys most biodegradable organic debris. The treated wastewater may include heavy
metals, refractory organic compounds, colors, and trace pollutants [22,23]. Adsorption
polishes these pollutants to discharge or reuse requirements. This work proposes wood
sawdust as a cost-effective adsorbent for tertiary treatment of industrial wastewater con-
taining Zn2+ and Pb2+ ions, improving treatment efficiency and sustainability [24–27]. The
use of biomass-derived adsorbents has emerged as an eco-friendly method for extracting
heavy metals from industrial effluents. Recent comparative studies indicate that steam-
activated spruce sawdust adsorbents achieve an optimum Fe2+ ion adsorption capacity of
329 mg/g, while steam-activated waste from the wine industry exhibits a maximum Pb2+

ion adsorption capacity of 399 mg·g−1 [28].
KOH-impregnated Hevea brasiliensis sawdust-derived activated carbon (CMHBS)

was examined to remove Pb, Cd, and Ni from synthetic wastewater. The adsorbent’s

https://doi.org/10.3390/environments13070385

https://doi.org/10.3390/environments13070385


Environments 2026, 13, 385 3 of 29

large specific surface area (511.51 m2 g−1) and microporosity enabled effective heavy-
metal adsorption. Multi-metal systems exhibited an antagonistic effect, with adsorption
preference in the order Pb2+ > Cd2+ > Ni2+. Adsorption was best represented by the
Langmuir model for single-metal systems and the Freundlich model for multi-metals,
whereas kinetics followed the pseudo-second-order model. Adsorption was spontaneous
and exothermic, according to thermodynamics. After four rounds of regeneration with
0.2 M HCl, the adsorbent maintained removal efficiency. The research showed that KOH-
modified H. brasiliensis sawdust may remove heavy metals from wastewater cheaply
and sustainably [29].

Pine sawdust-derived adsorbents removed heavy metals and phenol from simulated
industrial wastewater. Steam-activated sawdust (SAS) removed Pb and Zn as well as
commercial activated carbon due to its physicochemical features and specific surface area.
The Freundlich isotherm best explained metal ion equilibrium data, whereas the Langmuir
model described phenol adsorption. Kinetic investigations showed Cr adsorption followed
the pseudo-second-order model, supporting chemisorption. SAS might be an inexpensive
($52 per kg) and ecologically friendly industrial wastewater treatment adsorbent, since its
manufacturing cost was far lower than commercial activated carbon ($80–300 per kg) [30].

Hevea brasiliensis wood sawdust (HBS) was tested as a low-cost biosorbent for Cd(II),
Pb(II), and Ni(II) removal from single- and multi-metal wastewater systems [31]. The order
of adsorption performance was Pb(II) > Cd(II) > Ni(II), with best removal at pH 5.0, 7 g·L−1

adsorbent dose, and 90 min contact time. Adsorption kinetics fitted the pseudo-second-
order model, but equilibrium data fit the Langmuir isotherm. Competitive adsorption
in binary and ternary systems lowered metal absorption more than single-metal systems.
BET, FTIR, SEM, and EDS showed that electrostatic attraction and surface complexation
dominated adsorption. Real wastewater was treated by the adsorbent at a low cost of
$0.021 per liter of mixed-metal effluent, demonstrating its economic and environmental
promise for wastewater remediation.

Treated and untreated Cedrus deodara sawdust were tested as a low-cost biosorbent
for Cd(II) ion removal and pre-concentration from aqueous solutions [32]. Adsorption was
fast, removing 97% Cd(II) in 8 min, and pH-dependent, with optimal absorption between
pH 4 and 8. Metal-binding carboxylic and amine functional groups were found by poten-
tiometric titration. The Langmuir and Dubinin–Radushkevich (D–R) isotherm models well
represented the equilibrium data, and kinetic and thermodynamic investigations validated
the strength of the adsorption process. Sawdust was an effective, low-cost material for
cadmium removal, as evidenced by quantitative recovery of Cd(II) via HCl desorption.

Walnut and cherry wood-processing wastes and hydropyrolysis-derived biochars
were tested as sustainable Mn(II) adsorbents in aqueous solutions [33]. The biochars
had somewhat greater adsorption capabilities (2.4–2.5 mg·g−1) than raw wood shavings
(2.1–2.2 mg·g−1). Adsorption kinetics followed the pseudo-second-order model, showing
chemisorption on heterogeneous surfaces, whereas equilibrium data were best explained
by the Freundlich model for cherry-based adsorbents and the RALF isotherm for walnut-
based materials. The results showed that wood-industry wastes and biochars are effective,
low-cost, and ecologically sustainable manganese adsorbents, promoting circular economy
and wastewater treatment.

In a study [34], unmodified Norway Spruce Wood Residue (NSWR) was tested for its
ability to remove Pb, Cd, Zn, and Cu from a quaternary aqueous system. Batch adsorption
trials showed 60% metal absorption in 20 min and best performance at slightly acidic
conditions (pH 5–6). Maximum Langmuir adsorption capabilities were Pb2+ (10.3 mg·g−1)
followed by Cu2+ (7.9 mg·g−1), Cd2+ (6.3 mg·g−1), and Zn2+ (6.0 mg·g−1), with Pb2+

achieving up to 99% removal efficiency The Langmuir isotherm (R2 = 0.99) accurately

https://doi.org/10.3390/environments13070385

https://doi.org/10.3390/environments13070385


Environments 2026, 13, 385 4 of 29

represented equilibrium data, showing effective mono-layer adsorption. Adsorption oc-
curred via surface functional group interactions and cation-exchange processes, according
to FTIR and EDS. NSWR treated multi-metal-contaminated wastewater effectively, cheaply,
and sustainably, according to the research.

Raw Eucalyptus globulus sawdust was tested as a low-cost biosorbent for Pb(II) re-
moval from aqueous solutions [35]. A heterogeneous porous structure including functional
units such as hydroxyl, carboxyl, amine, and hydrocarbon moieties contributed to metal
binding, as shown by SEM and FTIR. Successful batch adsorption tests at pH 6 achieved
96% Pb(II) removal efficiency and 4.80 mg·g−1 adsorption capacity. Both Langmuir and Fre-
undlich isotherms accurately captured equilibrium data, but the pseudo-second-order
model better explained adsorption kinetics. Ion exchange between Pb(II) ions and biomass
functional groups was the main adsorption process. The research found that eucalyptus
sawdust adsorbs lead-contaminated wastewater economically.

According to [36], ozone-modified acacia sawdust biochar efficiently eliminated ni-
trogen from pig effluent, with an adsorption capacity of 32.38 mg·g−1. The adsorption
process conformed to pseudo-second-order, Elovich, and Freundlich models, signifying
heterogeneous chemisorption. The research further established the economic viability
and reusability of biochar, positioning it as a viable low-cost adsorbent for the treatment of
agricultural wastewater.

The petroleum industry’s profit margins and productivity are often hindered by issues
related to emulsified water [37–40]. Demulsification, the process of separating saline
water from crude oil into two distinct phases, is necessary prior to the transportation or
refining of crude oil to avoid economic losses and operational issues [41]. Demulsification
is typically achieved using a suitable demulsifier [42]. Reported techniques for crude oil
demulsification fall into three main categories: chemical, physical (including mechanical,
thermal, microwave, electrical, ultrasonic, and membrane), and biological [43]. Chemical
demulsification is the most widely used method, relying on the addition of demulsifier to
crude oil emulsions [44]. These chemical additives primarily destabilize the emulsifying
agents [45]. The generated oil must meet the pipeline’s and the corporation’s requirements;
hence, these features are crucial. It is standard practice for crude oil processing facilities to
limit the amount of salt and basic sediment and water in the finished product to no more
than 10 pounds per thousand barrels of crude oil, or 0.2% [46]. This standard, however,
differs from one firm to the next and from one pipeline to another. Finding a reliable method
for demulsifying crude oil emulsions is a key research focus in the crude oil processing
industry [47].

In this context, the industrial wastewater extracted by an appropriate demulsifier
technique is discharged into coastal zones or well drains so, it must be treated to remove
refractory organic polymers, which are very harmful to aquatic organisms, posing serious
health hazards to all inhabitants and endangering the biological ecosystem of the region
prior to being discharged into the environment [48]. While several governments have
established wastewater standards for agricultural irrigation, the US EPA and the WHO
have proposed and revised water quality criteria or standards to ensure the safe reuse of
wastewater [21,49]. The Egyptian government has enacted a number of environmental
laws and regulations. Egyptian Presidential Decree No. 631/1982 created the Egyptian
Environmental Affairs Agency [50]. Key contaminants in trade effluents include organic
materials, nutrients such as nitrogen and phosphorus, petroleum products, hydrocarbons,
and metals like lead, zinc, and mercury. These pollutants harm marine life, ecosystems,
and human health.

Therefore, this research examines the adsorption capacity of natural softwood saw-
dust to remove Zn and Pb metal ions from synthetic model solutions. The study aims
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to: (1) optimize operational parameters (pH, contact time, adsorbent dose, metal con-
centration) through statistical methods; (2) elucidate adsorption mechanisms utilizing
Langmuir/Freundlich isotherms and kinetic models; (3) assess adsorbent reusability over
multiple adsorption–desorption cycles; and (4) implement this adsorbent for reducing
heavy metal ion concentrations in an industrial wastewater sample sourced from the
Egyptian General Petroleum Corporation (EGPC).

2. Materials and Methods
2.1. Materials

The experimental work used softwood sawdust collected from a wood chipper plant.
Chemically pure reagents (NaOH, HCl) were purchased from Sigma-Aldrich. In this
work, analytical-grade chemical reagents ZnSO4·7H2O and Pb(NO3)2 were used to prepare
standard synthetic model solutions of Zn2+ and Pb2+ by dissolving these salts in double-
distilled water. These solutions were treated individually (single-component) with wood
sawdust to assess adsorption efficiency under various conditions. The wastewater sample
used in this investigation was collected from EGPC-owned land prior to disposal. A cotton
membrane was used to filter the wastewater sample, removing suspended debris and oils.

2.2. Methods
2.2.1. Preparation of Softwood Sawdust (WS) Materials

The softwood sawdust sample was ground and mixed thoroughly. Then, the ground
sample was dried in a drying oven at 110 ◦C for 6 h then the dried sample has been kept in
a desiccator before application. After, grinding, mixing, coning, and quartering technique
has been done to obtain a representative sample of about 300 g for different physiochemical
analysis. A nest of sieves, namely, 1000 µm, 500 µm, 250 µm and 106 µm sieves was used
to fractionate the sample.

2.2.2. Materials Characterizations

The characterization techniques employed in this study are as follows: X-ray diffrac-
tion (XRD) (Analytical X-Ray Diffraction equipment model X” Pert PRO with Monochro-
mator, Cu-Kα radiation (λ = 1.542 A) at 40 mA, 50 KV and scanning speed 0.02/s). Carbon–
Sulfur (CHNS) (Perkin Elmer: model Series II CHNS/O 2400) analyzer. Inductively coupled
plasma atomic mass spectrometry (ICP-MS, Perkin Elmer ELAN model 9000 USA) was
used to precisely ascertain the concentration of metal ions in synthetic model solutions
and industrial wastewater samples before to and during the adsorption procedure. Mi-
crostructural and elemental analyses of the sawdust were performed using a Tescan TS
5130MM scanning electron microscope (SEM) equipped with an energy dispersive X-ray
(EDX) detector (fabricated by Oxford Instruments with an active crystal area of 50 mm2),
alongside a microanalysis system and a YAG crystal as a back-scattered electron (BSE)
detector. Fourier Transform Infrared (FT-IR) spectroscopy, model Bruker ALPHA, was used
to analyze the sawdust sample and examine its chemical characteristics. The Brunauer–
Emmett–Teller (BET) technique for multilayer adsorption was used to ascertain the specific
surface area of the sawdust. The Barret Joyner and Halenda (BJH) techniques were used to
ascertain the pore volume and average pore diameter. The sample was degassed for 12 h at
300 ◦C before the test, and the nitrogen adsorption-desorption measurement was conducted
at liquid nitrogen temperature (77 K). The mean particle size of softwood sawdust was
determined using a particle size analyzer (Malvern Instruments Hydro 2000S Master Size,
Malvern, UK).
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2.2.3. Point of Zero Charge (pHZPC)

The procedure entails dissolving 10 mg of the material in 20 mL of a 0.1 M NaCl
solution. The original pH value (pHi) of the NaCl solution was adjusted from 1 to 12 by
adding 0.1 M HCl and 0.1 M NH4OH. The suspension attained equilibrium at 25 ◦C
after 24 h of stirring. The solution was then filtered, and the final pH value (pHf) was
assessed [51]. The pHZPC was derived using the graph of pHi and pHf data. The same
technique was performed in a 0.01 M NaCl solution. When the pH equals the pHZPC, the
surface is neutral. If the pHZPC exceeds the solution’s pH, the adsorbent surface has a
positive charge. When the pH exceeds the pHZPC, the surface acquires a negative charge.
The pHZPC of the samples was determined using the batch equilibration approach.

2.2.4. Adsorption Experiments

The adsorption efficiency of sawdust for Zn2+ and Pb2+ ions from prepared synthetic
model solutions samples was evaluated in batch adsorption tests. The main goal of the
research was to determine how various variables affect adsorption efficiency. These vari-
ables include pH (a measure of acidity), contact duration (time during which adsorbent
and solution interact), adsorbent dose (amount added), and initial metal ion concentration
(amount of metal ions in solution at the start). The tests were conducted in 200 mL conical
flasks. 100 mL of Zn ion solutions and 150 mL of Pb ion solutions were combined with a
sorbent dosage of 0.3 g at room temperature. The solutions had different concentrations of
50 ppm. With solutions of 0.1 M HCl and 0.1 M NaOH, the pH was changed. Subsequently,
the suspension was agitated on a rotary shaker at 200 rpm for 10–120 min, with a pH range
of 2–11, to achieve a uniform, equilibrium concentration of metal ions. Filtration was used
to remove the adsorbent from the metal-ion solutions after the specified contact time had
elapsed. The solutions were then analyzed by Inductively Coupled Plasma Atomic Mass
Spectrometry (ICP-MS) to determine the amounts of heavy metal ions. We tested wood
sawdust under these ideal adsorption conditions to determine how well it removed Zn
and Pb ions.

The equilibrium metal ion adsorption per mass of the adsorbent is reported here.
Equations (1) and (2) calculated the removal efficiency (%) and equilibrium loading (qe,
mg·g−1) of a specific metal ion.

R.E.(%) =

[
(C0 − Ct)

C0

]
× 100 (1)

qe

(
mg·g−1

)
=
(C0 − Ct)× V

ms
(2)

In this context, R.E. (%) is the removal efficiency of a particular metal ion in percentage
form, qe is the absorption capacity in (mg·g−1), C0 is the starting concentration of metal ions
in the solution in (mg·L−1), Ct is the equilibrium concentration at a given time in (mg·L−1),
V is the volume of the solution (L), and ms is the mass of the adsorbent (g).

2.2.5. Desorption

Desorption tests were conducted to evaluate the practical usefulness of the adsorbent.
In the desorption experiment, 0.3 g of metal-loaded sorbent was agitated in 100 mL of
0.1 M HCl at 25 ◦C [52]. Following 60 min of agitation at 400 rpm, the metal content in the
solution was assessed. The adsorption and desorption processes were repeated 4 times to
obtain the optimal eluent.

Conversely, the desorption process may be assessed in terms of the adsorbent’s
reusability, characterized by its regeneration capacity or efficiency. Regeneration capacity
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(R.C.) is defined as the difference between the adsorption capacity of an adsorbent material
post-desorption cycles and its initial adsorption capacity, as determined by Equation (3).

R.C.(%) =

[
qr

q0

]
× 100 (3)

where qr is the adsorption capacity of a given adsorbent after a regeneration process, and q0

is its original adsorption capacity.
All tests were conducted in duplicate, and the mean data were used in the compu-

tations. The greatest variance was determined to be ±2%. All model parameters were
assessed by linear regression utilizing Origin Pro. 9 software. This research examines
frequently used error functions, namely the correlation coefficient (R2).

3. Result and Discussion
3.1. Composition of the Softwood Sawdust

The specific surface area of solids may be calculated using solid adsorption measure-
ments using BET method. Figure 1 displays the findings of an investigation into the surface
properties of wood sawdust using the N2 adsorption–desorption technique. There is a
class H3 hysteresis loop and a type IV isotherm in the sawdust. The structure of sawdust is
characteristic of mesoporous and macropore materials, as shown by its strong adsorption
at low relative pressures (P/P0 < 0.1). The distribution of particle size for sawdust (PSD) is
shown in Figure 2 and Table 1. Based on the PSD, the wood sawdust had median particle
sizes of around 10 and 20 µm, meaning that 50% and 90% of the particles, respectively,
were within these dimensions. Particle size distribution plays a pivotal role in adsorption
processes because more surface area provides more active binding sites, thereby improving
the removal of heavy metal ions from the solution of interest [53]. The key information of
the surface characteristics of sawdust is provided in the Table 2. Table 2 lists various pa-
rameters and properties related to the characterization of the sample. These data provides
detailed information about the physical and surface properties of the sample, which can be
useful for characterizing materials and understanding their potential applications [54].

Figure 1. N2 adsorption—desorption isotherms.
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Figure 2. Pore size distribution plot of wood sawdust.

Table 1. The particle size distribution of used sawdust.

No. Size Weight (g) Percentage (%)

1 (+1000) 8 3.16
2 (−1000 + 500) 73 28.85
3 (−500 + 250) 113 44.67
4 (−250 + 106) 50 19.76
5 (−106) 9 3.56

Total 253 100

Table 2. The surface characteristics of sawdust (BET).

Vm [cm3 (STP)·g−1] 0.07181
BET [m2·g−1] 302.55

Total pore volume, [cm3·g−1] 0.0188
Average pore diameter, [nm] 12.025

Figure 2 displays the pore size distribution of the sample (sawdust). The sharp peak
in the plot indicates the presence of a predominant pore size in the sample. The shape
and width of the peak provide information about the pore size uniformity and distribution
within the material. This type of analysis is commonly used to characterize the porous
structure and surface properties of materials, which are important for different applications
such as adsorption, catalysis, and filtration [54].

Figure 3 shows the zeta potential, the electrical potential that exists at the shear plane—
the boundary between the stationary layer of fluid attached to the particle’s surface and the
mobile part of the surrounding liquid. This potential difference is an important indicator of
the degree of repulsion or attraction between particles in a dispersion.

The point of zero charge (pHzpc) of the wood sawdust was determined using the pH
drift technique. Figure 3 shows that the plot of (pHf–pHi) against starting pH intersects
the zero line at around pH 7.0, indicating no net charge at this pHzpc. Below the pHzpc,
the wood sawdust surface is predominantly positively charged due to protonation of
surface functional groups; conversely, above the pHzpc, deprotonation yields a negatively
charged surface. Consequently, adsorption behavior is significantly affected by solution
pH, with increased adsorption of cationic species anticipated at pH levels above the pHzpc

due to advantageous electrostatic interactions. In these circumstances, cationic pollutants
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are enhanced by electrostatic attraction, whereas anionic species may be obstructed by
electrostatic repulsion [55].

Figure 3. Determination of (pHZPC) of wood sawdust.

The SEM study indicates that the raw biomass exhibits a coarse, fibrous, and heteroge-
neous surface morphology characterized by numerous grooves, fissures, and inter-fiber
spaces (Figure 4). These attributes facilitate chemical activation and are anticipated to aug-
ment the development of adsorption sites, elevate surface area, and promote the diffusion
of pollutants into the adsorbent matrix. Consequently, biomass has considerable promise
as a precursor for the fabrication of high-performance adsorbents aimed at environmental
remediation, namely, for the extraction of heavy metals and nutrient contaminants from
industrial wastewater [25].

The spectrum shows the different X-ray peaks corresponding to the chemical elements
present in the sample. The peak for Oxygen (O) is located around the 0.5 keV mark on
the x-axis and reaches approximately 2000 counts on the y-axis, indicating its prominent
presence in the sample. The Carbon (C) peak appears near the 0.2 keV region, with a peak
intensity of roughly 4500 counts, making it the highest peak in the spectrum. Additionally,
the analysis reveals trace amounts of other elements, including aluminum (Al) at 1.5 keV,
magnesium (Mg) at 1.2 keV, silicon (Si) at 1.8 keV, sulfur (S) at 2.3 keV, and sodium (Na) at
1 keV, as shown in Figure 5. Table 3 presents the composition percentages for the elements
found in the sample: Carbon (C) ranges from 43.1% to 55.7%, while Oxygen (O) varies from
54.3% to 55.7%. Sodium (Na) is present at 0.3% to 0.4%, and Magnesium (Mg) is found
at 0.2% to 0.4%. Aluminum (Al) ranges from 0.5% to 0.6%, Silicon (Si) is between 0.9%
and 1.0%, and Sulfur (S) shows a concentration of 0.1% to 0.6%. Additionally, Calcium
(Ca) varies from 0.3% to 0.7%, and Iron (Fe) is present at 0.4% to 1.0%. Titanium (Ti)
and Potassium (K) were not detected in the sample.

The Fourier Transform Infrared Spectroscopy of sawdust (FTIR) analysis method uses
infrared light to scan sawdust sample and observe chemical properties. Figure 6 shows
a plot that is commonly used in infrared (IR) spectroscopy to analyze the absorption or
transmittance characteristics of a sample across different infrared wavelengths.

The x-axis covers a wide range of wavenumbers, from around 4000 cm−1 to 500 cm−1,
which represents the mid-infrared region of the electromagnetic spectrum. The transmit-
tance values are plotted on the y-axis, ranging from around 65% to 125%. The spectrum
exhibits multiple absorption bands or dips in the transmittance, which indicate the presence
of specific functional groups or molecular vibrations in the sample. The most prominent
absorption band appears around 3350 cm−1, which is typically associated with O-H stretch-
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ing vibrations, indicating the presence of hydroxyl groups or water in the sample. The peak
observed at 2906 cm−1 indicates the stretching of the CH3 group. Additionally, a significant
absorption band is noted around 1900 cm−1, which may be associated with C=O stretching
vibrations [34]. The peak at 1253 cm−1 provides insight into the C-O stretching vibration of
hemicellulose. Furthermore, the presence of halogen groups (C-O-C) is confirmed by peaks
at 1022 cm−1 and 514 cm−1 [56].

Figure 4. SEM image at various locations on the surface structure of wood sawdust sample.

Figure 5. EDS elemental analysis on the whole surface structure of wood sawdust.
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Table 3. Elemental composition at various points on the wood sawdust surface with stander devia-
tion (S.D).

Locations C O Na Mg Al Si S Cl K Ti Fe

location 1 43.1 54.3 0.3 0.4 0.6 1.0 0.3 - - - -
location 2 42.8 53.7 0.3 - 0.4 0.5 0.4 - - 0.7 1.0
location 3 43.9 55.6 - - 0.2 0.3 - - - - -
location 4 40.8 55.7 0.4 0.2 0.5 0.9 0.6 0.1 0.3 - 0.4

S.D. 42.65 54.825 0.25 0.15 0.425 0.675 0.325 0.025 0.075 0.175 0.35

Figure 6. FTIR of wood sawdust sample.

X-ray diffraction analysis (XRD) of the used wood sawdust sample is illustrated in
Figure 7. The sharp, well-defined peak around 2-theta = 22.5 degrees is a characteristic
peak for the crystalline cellulose structure in the sawdust. The broad, less intense peaks in
the 2-theta range of 10–30 degrees also indicate the presence of the amorphous components,
such as hemicellulose and lignin, in the sawdust. The overall XRD pattern suggests that
the sawdust sample has a partially crystalline structure of heavy metal ions, underscoring
the need for more detailed analysis of trace mineral phases [34,57,58].

Figure 7. (a) XRD Patterns of wood sawdust sample and (b) structure of cellulose.
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Table 4 presents a detailed analysis of the composition of wood sawdust (WS), high-
lighting the various components that contribute to its overall makeup. The predominant
element in wood sawdust is Carbon (C), which accounts for a significant percentage, re-
flecting the organic nature of the material. Following closely is Oxygen (O), essential for
the biochemical processes that characterize wood.

Table 4. The chemical composition of different types of wood sawdust (WS) and major content.

Sawdust
Elemental Compositions (%)

References
C H O N

Pine sawdust 46.41 6.27 47.23 0.06 [59]
Meranti sawdust 42.38 5.27 42.41 0.14 [60]
Chinese fir sawdust 48.95 6.54 53.74 0.11 [61]
Rubber-wood sawdust 44.0 8.04 47.5 0.45 [62]
Sawdust (Canada) 45.2 6.7 48.0 0.1 [63]
Wood sawdust 48.12 5.93 45.49 0.46 Current Study

Major Chemical Constituents
of Wood Sawdust in the Present
Study (%)

Content (%)

Cellulose (alpha) 40.38
Hemicellulose 29.51
Lignin 26.26
Extractives 3.08
Ash 0.64

The chemical composition of the analyzed biomass presented in Table 4 indicates that
it is predominantly lignocellulosic, comprising cellulose (40.38%), hemicellulose (29.51%),
and lignin (26.26%), with negligible quantities of extractives (3.08%) and ash (0.64%).
The significant quantity of structural carbohydrates (cellulose and hemicellulose, totaling
69.89%) suggests a prevalence of hydroxyl (OH−) groups, which may serve as active sites
for metal ion binding via hydrogen bonding, ion exchange, and surface complexation.
Lignin has a network structure mostly of methoxy and free hydroxyl groups. Accordingly,
these features make the material a suitable precursor for the manufacture of biosorbents
and possess the ability to adsorb diverse heavy metal ions [32,64].

3.2. Optimization of Metal Ion Adsorption on Wood Sawdust
3.2.1. Effect of Sawdust Particle Size

The effect of sawdust particle size in the adsorption of heavy metal ions from standard
synthetic model solutions has been investigated by using different size fractions +1000 µm,
−1000 + 500 µm, −500 + 250 µm, −250 + 106 µm and −106 µm and carried out at fixed
operating conditions of 7 pH, 30 min contact time, 0.2 g dosage of adsorbent and at 25 ◦C.
It is clear that as the particle size of sawdust decreases from coarser to finer fractions
(from sample 1 to sample 5), while the removal efficiency for both Pb and Zn increases, as
presented in Figure 8.

This trend leads to a reduction in the concentrations of these metal ions in synthetic
model solutions as the particle size becomes finer. Notably, the finest particle size fraction
(−106 µm) exhibits the highest removal efficiencies, achieving 41.6% for Zn and 47.6% for Pb.
This pattern suggests that the adsorption capacity of sawdust is inversely related to particle
size; smaller particles provide a greater surface area for adsorption, thus enhancing the
removal of heavy metal ions from synthetic model solutions. The obtained results indicate
that optimizing the particle size distribution of sawdust as an adsorbent could significantly
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improve the effectiveness of heavy metal ions removal from contaminated water [65–67].
The particle size of −106 µm demonstrated the greatest efficiency in extracting heavy metals;
hence, this size was selected as the optimum particle size and was used for subsequent
optimization of the other parameters.

Figure 8. Effects of sawdust particle size on the adsorption efficiency of Zn+2 and Pb+2 metal ions.

3.2.2. Effect of pH

The surface charges of the adsorbent and the extent to which the adsorbate is ionized
and speciated are affected by the pH value of the aqueous solution, which is a major
determinant in the adsorption process. Figure 9 shows how the adsorption of Zn2+ and Pb2+

metal ions are affected by pH levels ranging from 2.0 to 11.0.

Figure 9. Impact of pH values on the adsorption efficiency of Zn+2 and Pb+2 ions.

It was shown that the adsorption effectiveness of metal ions increases with increasing
pH. Increasing the solution pH from 2 to 8 resulted in 7% and 15% increases in Zn2+

and Pb2+ removal efficiency, respectively. Based on these findings, a pH of 8 or higher is
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recommended for maximum elimination of Zn2+ and Pb2+ [68]. The process of metal ion
exchange with hydrogen ions is described by the following Equations (4)–(9).

X − OH + H3O+ → X − OH+
2 + H2O (X = C, O, etc. ) (4)

X –OH+
2 + M2+ → X – O – M (M = Zn, Pb) (5)

X − OH + OH−→ X − O− + H2O (6)

2(X − O−) + M2+ → X − O − M − O − X (7)

M2+ + H2O → M(OH)+ + H+ (8)

X − OH + M(OH)+ ⇄ XM(OH)2 (9)

There is a correlation between the pH and the zeta potential (ZPC) for a particu-
lar sawdust sample, as shown in Figure 3. The surface of sawdust hydrates in a very
acidic environment, becoming positively charged from an abundance of hydrogen ions
(Equation (4)) and partly replaced by metal ions (M2+) (Equation (5)). Partial destruction of
the sawdust structure reduced metal-ion adsorption. The adsorption capacity was further
reduced when cationic ions and H+ ions competed for active sites [6]. On the other hand,
pH was observed to affect the adsorbent’s adsorption capacity. This is because a rise in
pH causes the dissociation of hydroxyl groups on the surface of the adsorbent, leading to
an increase in the negative charge (Equation (6)). Equation (7) indicates that electrostatic
attraction increases between metal ions and sites on solid surfaces [69]. After adsorption,
cationic ions react with OH− to form hydrated heavy-metal cations, M(OH)+. This process
increases the concentration of H+ ions and raises the pH, as shown in Equation (8). Fol-
lowing this, the hydroxyl group reacts with the hydrated M(OH)+ to produce precipitation
chemicals on the adsorbate surface (Equation (9)) [13].

As the pH of standard synthetic model solutions rises from 2 to 11, the removal
efficiency for both Pb and Zn improves markedly as illustrated in Figure 9. At the lowest
pH value of 2, the Pb and Zn removal efficiencies are quite low, at 7% and 15% respectively.
The removal efficiencies for both metals improve drastically as the pH increases, reaching
43.36.6% for Zn and 54.2% for Pb at the highest pH value of 8. These results indicate that
the adsorption of Pb and Zn onto the adsorbent material is highly pH dependent. The
enhanced removal at higher pH values is likely due to the changes in the surface charge
and speciation of the metal ions, which enhances their interaction and adsorption onto the
adsorbent [68].

3.2.3. Effect of Adsorbent Dosage

The data shown in Figure 10 illustrates the relationships between adsorbent dose,
removal efficiency, and adsorption capacity of heavy metal ions by sawdust. Volumes of
100 mL of zinc metal solution and one hundred milliliters of lead metal solution were mixed
with adsorbent dosages ranging from 0.05 g·L−1 to 0.4 g·L−1 in order to study the effect
of adsorbent dosage. The removal efficiency for both Zn and Pb increases substantially
when the adsorbent dose is doubled from 0.05 to 0.4 g·L−1. Specifically, the Zn removal
efficiency rises from 3% at the lowest dosage to 82.86% at the highest dosage. Similarly, the
Pb removal efficiency improves from 4% to 91.4% with increasing the adsorbent dosage, as
illustrated in Figure 10A. As shown in Figure 10B, the maximum adsorption capacities for
Zn2+ and Pb2+ were determined to be 13.78 and 22.85 mg·g−1, respectively, at an adsorbent
dosage of 0.3 g·L−1. The findings show that the effectiveness of the sawdust adsorbent
in removing Pb and Zn from synthetic model solutions increases with increasing dose.
This is most likely because adsorption sites and surface area become more abundant with
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increasing adsorbent amounts, enabling the effective absorption of heavy metal ions [69,70].
The maximum removal rates for both Zn and Pb were therefore obtained with a sawdust
content of 0.3 g·L−1, which also produced the best removal efficiency for heavy metal ions.
The remaining parameters were then optimized using this dose.

Figure 10. Effect of adsorbent dosage on heavy metal removal efficiency (A) and wood sawdust
adsorption capacity (B).

3.2.4. Effect of Contact Time

Importantly, for a given starting concentration of the adsorbate, the adsorption kinetics
of the adsorbent are reflected in the contact time. As illustrated in Figure 11A, the adsorption
capacities for Zn2+ and Pb2+ metal ions rise significantly during the initial 60 min. of contact
time. There are many empty binding sites and a lot of surface area in sawdust; therefore,
when the metal ion adsorption capacity increases, it is due to these two factors. Zn and Pb
removal efficiencies (R.E.) increase exponentially with increasing contact time from 10 to
60 min. At 10 min, the removal effectiveness for Zn is 46.8%; at 60 min, it improves to
97.92%; and at 10 min, it increases to 98.08% for Pb. With longer contact times, Pb and Zn
concentrations in the treated synthetic model solutions eventually drop. These findings
suggest that adsorbent-water contact duration is a key variable in Pb and Zn removal
efficiency. This is most likely because there are more surface sites available for heavy
metal ions adsorbed onto the adsorbent, allowing more ions to permeate into the porous
structure [13]. After 60 min of contact time, heavy metals from synthetic model solutions
were most effectively separated.

Accurately evaluating the sorption process requires the kinetic data that are col-
lected. Equations (10)–(12), which are pseudo-first-order [71], pseudo-second-order [72],
and intra-particle diffusion models [73], respectively, were used to assess the adsorption
kinetics and determine the rate-controlling processes in the current investigation. These
models formed the basis for the analysis of the experimental data, which led to the
following conclusions:

Pseudo-first-order model:

ln (qe – qt) = ln qe– k1t (10)
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Pseudo-second-order model:

t
qt

=
1

k2q2
e
+

t
qe

(11)

Intra-particle diffusion model:

qt= KDM t0.5 + C (12)

Figure 11. Effect of contact time on Zn2+ and Pb2+ adsorption capacity: (A) pseudo-first-order,
(B) pseudo-second-order (C), and intra-particle diffusion (D).

In this study, the variables qe and qt (mg·g−1) represent the amounts of heavy metal
ions adsorbed at equilibrium and at a specific reaction time (in minutes), respectively. The
parameters k1 (min−1), k2 (g·mg−1·min−1), and KDM (mg·g−1·min1/2) denote the rate con-
stants for various kinetic models, while C signifies the boundary layer thickness. The slope
and interception from the linear plot of ln (qe–qt) vs. time (t) were utilized to determine
k1 and qecal for the pseudo-first-order model, as presented in Figure 11B. Similarly, the
equilibrium adsorption amount qecal and the pseudo-second-order rate constant (k2) were
calculated from the slope and intercept of the plot of t/qt against time (t), as presented in
Figure 11C. The intra-particle diffusion rate constant kmd and the correlation coefficient
R2 were derived from the straight-line plots of qtvs.t0.5, as presented in Figure 11D. The
parameters for the several kinetic models considered are listed in Table 5. With an R2

value of 0.98 or higher, the pseudo-second-order model provides the best fit to the sorp-
tion kinetics, according to the data. Moreover, the equilibrium adsorption capacities qecal

computed using the pseudo-second-order model showed better agreement with the experi-
mental values qeexp. In terms of metal ion adsorption onto wood sawdust, this suggests a
pseudo-second-order adsorption mechanism. It suggests that valence forces, which allow
the adsorbate and adsorbent to share electrons, mostly affect chemisorption, the regulating
phase in the adsorption method [35,74,75].
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Table 5. Comparison of kinetic rate constants from pseudo-first-order, pseudo-second-order, and
intraparticle diffusion models using experimental data; R2 values imply effective kinetic model fit.

Metal Ions

Experimental Data Pseudo-First-Order Pseudo-Second-Order Intra-Particle Diffusion

qe,exp/
(mg·g−1)

qe,cal/
(mg·g−1)

K1/
(min−1) R2 qe,cal/(mg·g−1)

K2/
(g·mg−1

min−1)
R2 KDM/

(mg·g−1·min1/2) C R2

Zn2+ 16.32 12.2 0.06 0.92 16.7 0.01 0.993 1.05 6.92 0.72

Pb2+ 24.52 14.15 0.06 0.891 27.7 0.0032 0.984 0.727 9.11 0.648

3.2.5. Effect of Initial Concentration

Figure 12A shows how the adsorption effectiveness of wood sawdust changes with
various starting amounts of heavy metal ions. A consistent adsorbent dose of 0.3 g·L−1 was
used throughout the experiment, with concentrations ranging from 10 to 80 ppm (mg·L−1).

Figure 12. Effect of initial concentration on adsorption of Zn2+ and Pb2+ onto wood sawdust (A),
Langmuir model (B), Freundlich model (C) and adsorption thermodynamic model (D).

The efficiency of metal ion removal decreases dramatically with increasing starting
concentration. Figure 12A shows that the removal efficiencies for Pb and Zn are 98.39%
and 98.61%, respectively, at the lowest initial concentration of 10 ppm, but these efficiencies
tend to decline as the initial concentration increases at an adsorption temperature of 25 ◦C.
Because the adsorbent surface has a limited number of adsorption sites, it remained stable
with minimal change at concentrations above 50 mg·L−1 [74].

The findings show that the sawdust adsorbent has limited adsorption capacity and that
removal effectiveness decreases with increasing initial heavy metal concentrations. This is
probably because, as metal loadings increase, the adsorbent surface’s accessible adsorption
sites become saturated [74]. To remove Zn2+ and Pb2+ via adsorption, our results confirm
that the accessibility of sites on wood sawdust is crucial. A removal efficiency of 98.08%
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for Zn and 97.92% for Pb was achieved at a concentration of 50 ppm, the optimal level for
heavy metal separation from prepared synthetic model solutions.

The Freundlich, Langmuir, and Temkin models, described by Equations (13)–(15), are
among the models proposed to describe the adsorption isotherms of Zn2+ and Pb2+ onto
wood sawdust.

Langmuir isotherm equation;

Ce

qe
=

1
qmax kL

+
Ce

qe
(13)

Freundlich isotherm equation

logqe = logKF +
1
n

logCe (14)

Temkin isotherm equation

qe = BT ln kT + BT lnCe (15)

where Ce (mg·L−1) denotes the equilibrium concentration of metal ions adsorbed, qe

(mg·g−1), and qmax (mg·g−1) is the maximum amount of adsorption for a monolayer
of the adsorbent. The Langmuir equilibrium adsorption constant kL (L·mg−1) is derived
from the linear plots of Ce/qe vs. Ce , as illustrated in Figure 12B. Figure 12C shows the
linear plots of logqe vs. lgqCe, which are used to calculate the Freundlich adsorption
isotherm constants, kF (mg·g−1) and 1/n, respectively, which represent the adsorbent’s
adsorption capacity and the adsorption process’s heterogeneity. Finally, the binding energy
at equilibrium BT (KJ·mol−1) and the heat of adsorption KT (L·g−1) are associated with
each other.

Equilibrium data calculated from many linked equations are shown in Table 6. In
comparison to alternative adsorption isotherm models, the data show that the Langmuir
isotherm has the greatest correlation coefficients (R2) for Zn2+ and Pb2+, at 0.999 and 0.998,
respectively. According to these numbers, the Langmuir model fits the experimental data
best, indicating that its assumptions better describe the adsorption of the two metal ions
onto the adsorbent. One way to find out whether the adsorption system is good is to use
the dimensionless separation factor (RL). It can be calculated using Equation (16) [47].

RL =
1

1 + KLC0
(16)

where C0 denotes the initial concentration of metal ions (mg·L−1), whereas kL signifies the
Langmuir constant. Zn2+ ions have an RL value of 0.00469, and Pb2+ ions have an RL value
of 0.00766, both of which are in the range 0 < RL < 1. These results show that, under all tested
circumstances, the metal ion adsorption process onto the adsorbents is beneficial [76,77].
Key to understanding the binding energy between the solute and adsorbent, the Langmuir
constant kL reflects the spontaneity of the adsorption process. A more stable product with a
larger adsorption capacity result from a more spontaneous adsorption process, as indicated
by a higher kL value. It seems that Zn2+ and Pb2+ may be readily adsorbed due to the
relatively unstable adsorption of the two metal ions onto the adsorbent, as shown by the
low kL value observed in this work [69]. Thus, according to these results, the adsorption of
lead ions (Pb2+) and zinc ions (Zn2+) occurs on the material’s surface via heterogeneous
chemical adsorption at comparable adsorption energies. As a result, the adsorption process
is best described by the Langmuir isotherm model.
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Table 6. Modeling of adsorption isotherms for the uptake of metal ions by wood sawdust; R2 values
indicate a well-fitted isotherm model.

Metal Ions

Langmuir Freundlich Temkin

qe,cal/
(mg·g−1) KL /

(L·mg−1) RL R2 KF /
(mg·g−1)/(mg·L−1)1/n

1
n R2 BT

J·mol−1
KT

(L·m−1) R2

Zn2+ 16.39 2.65 0.0046 0.999 8.912 4 0.67 2.31 88.66 0.71

Pb2+ 25.64 1.62 0.0076 0.998 13.18 3.78 0.63 3.67 60.57 0.67

Table 7 compares the findings of this investigation with those of earlier studies on
the adsorption capacity of wood sawdust adsorbents for heavy metal ions. It was shown
that the sawdust derived from softwood had a comparable adsorption capacity to other
adsorbents and demonstrated a strong ability to remove various metals from prepared
synthetic model solutions.

Table 7. A comparative analysis of several low cost-effective adsorbents for the adsorption of heavy
metal ions.

Adsorbent Adsorption Capacity qmax (mg·g−1) Temp./◦C Ref.

Teakwood sawdust 11 (Cu2+), 4.9 (Zn2+) 20 [78]
Picea smithiana sawdust 6.35 (Pb2+), 2.87 (Cd2+) 25 [79]

Populus alba sawdust 10.125 (Pb2+), 8.48 (Zn2+), 8.87 (Cd2+) 25 [80]
Hornbeam sawdust 3.96 (Cu2+), 4.4 (Zn2+)

30 [81]Cherry sawdust 2.16 (Cu2+), 1.46 (Zn2+)
Poplar sawdust 3.88 (Cu2+), 2.88 (Zn2+)

Spruce sawdust (raw) 2.48 (Cu2+), 2.01 (Zn2+)
Meranti sawdust 32.1 (Cu2+), 37.87 (Cr2+), 35.9 (Ni2+),34.24 (Pb2+) 30 [82]

Modified sawdust
(Pinus sylvestris) 9.78 (Pb2+), 9.29 (Cd2+) 25 [83]

Poplar sawdust (raw) 0.74 (Zn2+), 0.86 (Cu2+) 20 [84]
Softwood sawdust 16.32 (Zn2+), 24.52 (Pb2+) 25 This work

3.3. Adsorption Thermodynamics

The thermodynamic variables related to the effect of temperature on the adsorption
mechanism of heavy metal ions were determined using Equations (17)–(20) to calculate
entropy (∆S◦), enthalpy (∆H◦), and free energy change (∆G◦).

∆G◦ = −RT lnKc (17)

Kd =
qe

Ce
(18)

∆G◦ = ∆H◦ − T∆S◦ (19)

lnKL =
∆S◦

R
− ∆H◦

RT
(20)

where KL is the Langmuir equilibrium constant, R is the universal gas constant
(8.314 J·mol−1K−1), and T is the reaction temperature in Kelvin. It is possible to determine
the values of ∆H◦ and ∆S◦ by analyzing the slope and intercept of a linear plot of ln k vs.
1/T, as shown in Figure 12D. The results obtained, along with the relevant thermodynamic
data, are summarized in Table 8. These findings indicate that the adsorption process is
exothermic, as the ∆H◦ values ranging from 298 to 338 K are negative. Moreover, it may be
inferred that the adsorption process becomes less favorable as the temperature increases,
based on the observed drop in KL and the little change in the absolute value of |∆G◦|.
At lower temperatures, the spontaneous and effective adsorption of Zn2+ and Pb2+ ions
onto the sawdust adsorbent is more favorable, as indicated by the negative values of (∆G◦)
and the standard entropy change (∆S◦). Also, there is less randomness at the solid–liquid
interfaces when the adsorption process is underway [77].
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Table 8. Values of thermodynamic parameters for Zn2+ and Pb2+, adsorption upon wood sawdust,
R2 values suggest a well-fitted thermodynamic model.

Metal Ions
∆H0 ∆S0 ∆G0(KJ.mol−1)

R2
(KJ·mol−1) (J·mol−1K−1) 298 ◦K 308 ◦K 318 ◦K 328 ◦K 338 ◦K

Zn2+ −0.017 −33.75 −6.8211 −6.3079 −6.1267 −5.7425 −5.42036 0.99

Pb2+ −0.092 −75.66 −6.0281 −6.2888 −5.1358 −4.31079 −3.28640 0.97

3.4. Mechanism of Adsorption Process

The surface morphology of sawdust was examined using SEM-EDX to determine
its ability to adsorb heavy metal ions. Figure 13 shows that the porosity of wood cells is
uneven. Pores and cracks in the cellular structure are clearly visible in certain areas. The
main components of sawdust are carbon, oxygen, and hydrogen, with trace quantities
of additional elements. It was observed that the surface of the sawdust becomes rough
following the sorption of Zn2+ and Pb2+ ions, although the crystalline structure stays almost
the same after the absorption process.

Figure 13. SEM analysis of the surface morphology and EDS after adsorption of Zn2+ and Pb2+.

There is a prominent peak in the spectrum that can be seen at around 2.3 keV. This
peak corresponds to the typical X-ray emission energy of lead. The presence of zinc in the
sample is indicated by the existence of multiple minor peaks at around 8.6 keV and 1.0 keV,
both of which are present. The entire intensity or quantity of the elemental composition
identified in the sample is represented by the total full-scale count for the spectrum, which
is 94.4 keV. A measurement of the entire signal strength over the entire spectrum may be
obtained by calculating the total integral counts, which sum to 3878 keV. The presence
of large peaks for lead and zinc in this EDX spectrum provides evidence that the sample
under investigation contains a significant amount of both elements. There is information
about the relative concentrations of these elements in the sample that may be gleaned from
the respective strengths of these peaks.

The analysis of wood sawdust as a biosorbent for heavy metal ions such as Zn2+

and Pb2+ is crucial for understanding its efficiency and mechanisms in environmental
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remediation. SEM-EDS offers insights into the morphology and elemental composition
of the adsorbent before and after metal ion exposure as detailed in Figure 14. The SEM
images may reveal changes in the surface structure of wood sawdust post-adsorption.
These changes could indicate the binding sites that the metal ions have engaged, such as
the formation of new surface features or a change in particle aggregation. EDS spectra
should show an increase in the atomic percentages of Zn and Pb in the adsorbent after
treatment. Species locations could help identify specific binding sites on the wood fibers or
other structures where these ions were captured.

Figure 14. SEM-EDS analysis of wood sawdust post-adsorption of Zn2+ and Pb2+ at different locations.

By analyzing different locations on the sawdust sample (Table 9), variations in metal
distribution can suggest the heterogeneity of adsorption. Areas with higher concentrations
of adsorbed metals might correlate with particular structural features of wood sawdust.
The interaction of heavy metals with wood sawdust involves functional groups on cell
wall components such as cellulose, hemicellulose, and lignin. Post-adsorption analysis
might indicate the involvement of these groups in binding Zn2+ and Pb2+. The adsorption
mechanism can also involve ion exchange, where metal ions replace other cations present
in the wood sawdust, or complexation with free hydroxyl groups available on the wood
surface. It is important to differentiate between physical adsorption (e.g., van der Waals
forces) and chemical adsorption (e.g., covalent bonds). The EDS data may provide hints
about which process predominates, depending on how firmly metals are held.

Table 9. Composition analysis of loaded wood samples from five different locations and stander
deviation (S.D).

Locations C O Na Cl Ca Zn Pb

location 1 23.9 36.4 2.8 12.5 15.8 2.2 6.6
location 2 28.5 29.5 2.1 15.3 15.9 2.6 6.1
location 3 14.7 26.7 2.0 11.4 28.7 3.6 12.9
location 4 15.2 32.4 2.2 10.3 24.5 4.0 11.4
location 5 15.5 26.1 2.6 11.3 29.5 3.7 11.2

S.D. 19.56 30.22 2.34 12.16 22.88 3.22 9.64

The sample is primarily composed of carbon (C), oxygen (O), calcium (Ca), sodium
(Na), chlorine (Cl), lead (Pb), and zinc (Zn), as detailed in Table 8. The carbon content
varies between 14.7% and 28.5%, while oxygen levels range from 20.1% to 36.4%. Calcium
is present at 11.3% to 29.5%, sodium comprises 2.0% to 2.8%, and chlorine accounts for
10.3% to 15.8%. Additionally, lead concentrations range from 6.1% to 12.9%, and zinc levels
fall between 2.2% and 3.7%.

By studying the surface chemistry of the wood sawdust adsorbent and its interactions
with metal ions using X-ray photoelectron spectroscopy (XPS) (Axis Ultra DLD-600W,
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Kratos, UK), we gained a better understanding of the adsorption process. Both the pre-
and post-adsorption spectra of the sawdust surface are shown in Figure 15A. Figure 15B
demonstrates that the adsorption of Zn2+ is validated by the appearance of new peaks at
roughly 1021.8 eV and 1045.3 eV in the high-resolution spectra, corresponding to Zn2p3/2
and Zn2p1/2, respectively. The Na1s peak at around 1073.2 eV decreased significantly,
indicating effective Zn2+ adsorption on the adsorbent’s surface via ion exchange [85]. In
addition, a peak at 124.35 eV indicates that there may be specific sites where Zn2+ may react
with OH- groups to generate precipitation chemical compounds (Zn(OH)2) on the sawdust’s
surface. Two separate peaks in the 138.9–143.8 eV region were seen after Pb2+ adsorption,
as shown in Figure 15C. The peak at roughly 138.9 eV belongs to Pb4f7/2, and the peak at
143.8 eV is ascribed to Pb4f5/2. The findings suggest that Pb2+ binding to the adsorbent
surface is governed by surface precipitation or by adsorption complexation [13,86].

Figure 15. X-ray Photoelectron spectroscopy (XPS) wide scans of wood sawdust before and after
Zn and Pb adsorption are shown full spectrum (A), high-resolution Zn2p spectrum (B), and high-
resolution Pb4f spectrum (C).

Figure 16 depicts the hypothesized absorption process based on EDX and XPS findings.
It suggests that electrostatic attraction, physical adsorption, and surface complexation are
the three main phenomena involved in the adsorption of Zn2+ and Pb2+ on sawdust [69,87].
Complexation is the primary process by which Zn2+ is absorbed from aqueous solutions.
The following Equation (21) describes the process:
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(Wood sawdust based adsorbent) 2(X-OH) + Me2+ → (Wood sawdust based adsorbent)Me2+ (21)

Figure 16. Proposed mechanism for the adsorption of heavy metal-ions onto the used sawdust, where
I Electrostatic attraction, II physical adsorption III complexation ((Me(OH)+).

3.5. Reusability and Desorption of Wood Sawdust (WS)

Figure 17 shows the process of reusing a heavy metal ion adsorbent made of saw-
dust by going through many adsorption–desorption cycles under ideal circumstances.
In experimental settings, residual values remain below detection limits. Despite a slight
decrease in performance over four cycles, the data show that wood sawdust retains good
removal efficiencies for Zn and Pb ions. Thus, to establish a closed recycling process, the
adsorbent must be cleaned once contaminants reach a certain enrichment level. The first
cycle achieved a removal efficiency of about 98% for Pb and 96% for Zn. By the fourth
cycle, the efficiencies for Zn were about 86%, and for Pb, 90.5%. It seems that wood saw-
dust retains its adsorption capacity even after repeated use, making it a good choice for
long-term prepared synthetic model solutions treatment applications, as this minor loss in
performance suggests [88].

Figure 17. The adsorption efficiency of sawdust in relation to the number of cycles under opti-
mal conditions.

The steady loss of active functional groups, particularly hydroxyl (OH−) groups, on
the surface of the wood sawdust adsorbent is primarily responsible for the significant
decrease in adsorption effectiveness observed across multiple cycles. The chemisorption
and physisorption processes, which are crucial for heavy metal removal from prepared
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synthetic model solutions, rely on these functional groups. The accessible binding sites
for metal ions likely became saturated or degraded as the number of adsorption cycles
increased. The regeneration procedure, which included desorption with 0.1 M HCl, may
also have worn down the adsorbent surface to some extent, which would explain why
its adsorption capacity gradually decreased. Past studies [52,78,89] have shown that
adsorbents may undergo structural changes and lose active sites after prolonged exposure
to acidic environments, findings that are consistent with our current findings.

3.6. Treatment of the Industrial Effluent Sample from EGPC

Table 10 shows the pre-and post-adsorption concentrations of heavy metal ions that
were targeted using softwood sawdust. Recommendations for wastewater drainage from
the World Health Organization (WHO) are used to compare the concentrations [50]. The ef-
fluent sample obtained from the Egyptian General Petroleum Corporation (EGPC) contains
zinc and lead, which are the most important elements under drainage water laws. Except
for Mn (0.64 mg·L−1) and Fe (3.1 mg·L−1) in the first cycle, all residual values within the
experimental setup are consistently below the detection limits. Nevertheless, after the
fourth adsorption cycle, the remaining amounts of heavy metal ions comply with the World
Health Organization’s standards for the effective disposal of wastewater in marine environ-
ments [49]. Heavy metal ions in wastewater rise with 4th-cycle circulations. Adsorption is
inhibited by co-contaminants competing for active sites, blocking pores, altering surface
charge, or generating soluble metal–organic complexes [52]. Once impurities are enriched,
the adsorbent must be cleaned for closed recycling. Sawdust may safeguard industrial
wastewater drainage as a last stage.

Table 10. Utilization of sawdust for the extraction of heavy metal ions from EGPC industrial
effluent samples.

Metals Cd Cr Cu Mn Pb Fe Ni Zn

C0 (mg·L−1) 0.001 0.001 0.1 0.64 17.6 0.04 0.002 12.5

MLD WHO 0.01 0.01 1 0.1 0.01 1.5 0.1 1

N
um

be
r

of
C

yc
le

s

1 U.D. U.D. U.D. U.D. U.D. U.D. U.D. U.D.

2 U.D. U.D. U.D. U.D. U.D. U.D. U.D. U.D.

3 U.D. U.D. U.D. U.D. 5.7 U.D. U.D. 4

4 0.41 0.28 0.3 0.4 5.9 1.2 0.054 8

C0(mg·L−1): Concentration of heavy metal ions in wastewater from EGPC; U.D.: Under detection limit; MLD
WHO: Maximum WHO wastewater disposal limits.

4. Conclusions
This study investigates the potential of wood sawdust as an eco-friendly, cost-effective

adsorbent for the treatment of prepared synthetic model solutions, specifically focusing
on the removal of heavy metal ions, including zinc (Zn2+) and lead (Pb2+). The results
indicate that wood sawdust exhibits remarkable adsorption capacities, achieving removal
efficiencies of 98.2% for Zn and 98.1% for Pb under optimal conditions. Key factors
influencing adsorption, including particle size, pH, adsorbent dosage, and contact time,
were thoroughly evaluated and optimized, resulting in significant improvements in metal
ion removal. Also tested was wood sawdust’s regenerative capacity, with results showing a
steady decrease in adsorption effectiveness across multiple cycles. The primary reason for
this reduction is the absence of metal-ion-binding active functional groups on the adsorbent
surface. Reusing sawdust showed promise; however, the efficiency decreased with each
cycle owing to possible deterioration during regeneration. The findings underscore the
viability of wood sawdust as a sustainable alternative for removing heavy metals from
wastewater, contributing to environmental conservation and resource recycling. However,
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to enhance the long-term usability of wood sawdust as an adsorbent, future research should
explore methods to improve its stability and adsorption performance, including surface
modifications and the implementation of various regeneration strategies. Overall, this
study highlights the importance of using natural and renewable materials for industrial
wastewater treatment, aligning with global sustainability goals. Detailed investigation
on regeneration techniques and surface modifications is recommended to improve the
long-term performance of this natural adsorbent in wastewater applications.
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