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Abstract 

The social economy's rapid expansion and unprecedented population growth are significantly contributing to environmental issues. 

Contamination of soil and water by heavy metals is a major environmental problem. Activated carbon synthesized from biomass possesses 

several qualities, including a large specific surface area, a hierarchically porous structure, robust adsorption capability, and high economic value. 

Wood sawdust, a plentiful agricultural by-product, was used to chemically produce activated carbon (AC). Lead removal from industrial 

wastewater was examined using this AC. The Langmuir and Freundlich models, along with first- and second-order kinetics, were applied for 

kinetic analysis. The novelty of this work lies in the combination of moderate-temperature chemical activation (600 °C) with Iraqi wood sawdust, 

achieving a remarkably high surface area (1477.54 m2/g) compared to most previously reported biomass-derived adsorbents. Results showed an 

impressive maximum adsorption capacity of 177.54 mg/g. This value compares favorably with many recently reported biomass-derived 

adsorbents. The boundary layer effect occurs, and the adsorption of Pb follows pseudo-second-order kinetics. 
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1. Introduction 

 

The metal plating, mining, pigment, and fertilizer sectors 

have expanded rapidly in recent years. As a result, heavy metal-

contaminated water is now considered one of the most severe 

environmental issues, involving zinc (Zn), mercury (Hg), 

copper (Cu), chromium (Cr), lead (Pb) [1], cadmium (Cd), 

nickel (Ni), and manganese (Mn) [2,3]. These heavy metals 

cannot biodegrade and accumulate in living beings, posing a 

significant threat to both humans and the biota [4,5]. Lead (Pb 

(II)) is frequently found in alloys (0.07–1.0%) [6], batteries 

(70%), and numerous ores (4%) [7]. Lead pollution is also 

caused by mining, ore manufacturing, hazardous disposal of 

industrial effluents [8], use of lead compounds as paint 

pigments, and anti-knock agents in gasoline. 

Lead affects the gastrointestinal tract, liver, kidneys, and 

central nervous system [4,9-10]. The US Environmental 

Protection Agency's (EPA) guidelines highlight that lead levels 

in drinking water should stay below 0.05 mg/L [11-13]. 

Adsorption is a highly economical and efficient method for 

removing heavy metals [14]. Recent adsorption investigations 

have focused on optimizing adsorbent synthesis and enhancing 

their selectivity [15-18]. 

Despite numerous studies on biomass-derived activated 

carbon for Pb(II) removal, the specific combination of Iraqi 

wood sawdust as a precursor with chemical activation at 600 °C 

under controlled N2 flow (130 mL/min) has not been 

systematically investigated. In addition, the values reported for 

both surface area and maximum adsorption capacity, 1470 m2/g 

and 177.54 mg/g, respectively, are notably higher than several 

previous studies (usually Qmax of 75-125 mg/g), proving the 

novelty of the synthesising method. This study aims to: 1- 

evaluate the lead adsorption capacity of activated carbon 
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synthesized from locally available wood sawdust, 2- determine 

the best-fitting kinetics and isotherm models, and 3- provide a 

mechanistic insight into the adsorption process using both 

model fitting and FTIR/XRD characterization. 

The novelty is not the general use of biomass-derived 

activated carbon, but rather the specific use of locally available 

Iraqi wood sawdust under moderate activation conditions, with 

competitive Pb(II) capacity. 

 

2. Materials and Methods 

2.1. Lead solution preparation 

1.5984 grams of Pb(NO3)2 were diluted in distilled water to 

generate a stock solution that contained 1 mg of lead per Cm3, 

then filled to 1 L. Distilled water was used to dilute further to 

produce lower concentrations (500-200 mg dm-3). All chemicals 

were of analytical grade. 5 mL of concentrated HNO3 was added 

to prevent hydrolysis [19,20]. 

2.2. Batch adsorption experiments 

For kinetic testing, 0.2 g of adsorbent was used in flasks 

containing 200 mL of solutions with 200 mg/L lead ion (Pb2+). 

Pb2+ concentration was measured spectrophotometrically using 

1 mL aliquots at appropriate time intervals [21,22]. A Varian 

AA250 Plus atomic absorption spectrophotometer with an air-

acetylene flame was utilized for final Pb(II) measurements. 

Adsorption percentage was calculated as [23]:  

 

Adsorption (%) =
(𝑪int−𝑪fin)

𝑪int
∗ 100           (1) 

 

where Cint and Cfin represent the initial and end lead 

concentrations [16]. 

 

The amount of adsorbed lead was computed using the following 

formula, 

 

𝑞𝑒 =
𝑉(𝑪0−𝑪e)

𝑊
                              (2) 

 

where W is the adsorbent mass (g), V is the solution volume 

(L), and C0 and Ce represent the concentrations at initial and 

equilibrium (mg L−1). 

2.3. Activated carbon preparation 

Wood sawdust waste residue was acquired from a local 

furniture shop in Baghdad, Iraq. Samples were washed with 

deionized water, dried, mechanically ground, and sieved to 1-2 

mm particles, then dried for 24 hr at 110 °C. A tubular 

horizontal furnace carbonized the sample for 1 hr at 600 °C 

under N2 flow (130 mL/min).  

Yield was calculated as [13]: 

 

Yield(%) = 100 ∗ (
Wc

W0
)                   (3) 

 

where Wc is the final dry weight, and W0 is the precursor dry 

weight. 

3. Results And Discussions 

3.1. Characterization of activated carbon 

(FTIR) Fourier transform infrared spectroscopy (IRAffinity-

1-SHMADZo) assessed the functional group loading within 

4000-400 cm-1, N2 adsorption/desorption (Micromeritics Tristar 

II 3020 V1.03) was performed after outgassing at 300 oC for 1 

hr. The Brunauer-Emmett-Teller (BET), surface area (SSA), 

and micropore volume are adequate for achieving maximum 

values of 1470 m2/g and 0.562 cm3/g, respectively, significantly 

higher than many previously reported biomass-derived 

activated carbons (typically 800-1200 m2/g [24-26]. 

Furthermore, X-ray diffraction (Fig. 2) revealed two broad 

peaks corresponding to the (002) and (10) Bragg reflections at 

~26° and ~44°, indicating the amorphous nature of activated 

carbons [26-29]. The broad (002) lines result from a few stacked 

layers, and asymmetric (10) lines from random turbostratic 

layer stacking. Some sharp peaks correspond to residual ash 

[30-32]. Direct evidence from FTIR (Fig. 1) shows 

characteristic peaks at ~300 and ~400 cm-1 (O-H) stretching of 

hydroxyl and carboxyl groups, ~1700 cm-1 (C=O stretching of 

carbonyl/carboxyl), confirming the presence of oxygen-

containing functional groups that serve as active sites for Pb(II) 

coordination. 

 

 

Fig. 1. FTIR diagrams for the prepared activated carbon (A.C) 
 

 
 

Fig. 2. X-ray diffraction profile of the prepared A.C 

3.2.  Batch equilibrium studies 

Adsorption capacity was calculated using Eq. (4). Each 

experiment was repeated with a maximum variance of 5%. 

 

𝑞𝑒 =
( 𝐶0−𝐶𝑒)𝑉

𝑚
                                          (4) 
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Here, V represents the solution's volume, expressed in liters, 

whereas m is the amount of adsorbent, which is measured in g, 

and Co and Ce represent the initial and final concentrations, 

respectively. Each adsorption experiment was repeated with a 

maximum variance of 5%. 

3.3. Removal percentage of lead  

Fig. 3 shows that with increasing Pb(NO3)2 concentration 

from 100 mg/L to 500 mg/L, the removal percentage increased 

to a peak of 83% at 300 mg/L, then decreased to ~77%. The 

primary rise in the removal percentage because the mass 

transfer force exceeds the film resistance force. Beyond 300 

mg/L, active surface sites are filled with lead (II) ions, causing 

saturation and site limitation [33]. 

 

 
 

Fig. 3. Removal of lead (II) ion after the exhaustion of the adsorption process 

for 7 hours 

3.4. Adsorption isotherm models 

At a temperature that remains constant, the adsorption 

isotherm is a mathematical statement.  The result can be used to 

calculate the equilibrium capacity for adsorption, which is also 

referred to as (qe). Additionally, it determines the concentration 

of adsorbate at equilibrium concentration, denoted by (Ce). This 

first one is a representation of the relationship that exists 

between the two quantities. 

3.4.1.  Langmuir isotherm 

The Langmuir isotherm model can be expressed as follows 

in its linear form: 

 
𝐶𝑒

𝑞𝑒
=

1

𝑄𝑚𝑎𝑥 𝐾𝑙
+ (

1

𝑄𝑚𝑎𝑥 
) 𝐶𝑒                           (5) 

 

The ratio of the amount of adsorbate that is adsorbed to the total 

mass of the adsorbent is given by the symbol Ce; qe. The 

equilibrium concentration of the adsorbate is measured in mg/L. 

The Langmuir constants Qmax and Kl correspond to the 

adsorbent's affinity for the adsorbate and monolayer adsorption 

capacity, respectively. 

 

3.4.2.  Freundlich isotherm 

 

The following is an expression of the logarithmic form of 

the Freundlich model: 

 

𝑙𝑜𝑔 𝑞𝑒 = 𝑙𝑜𝑔 𝐾𝐹 +
1

𝑛
𝑙𝑜𝑔 𝐶𝑒                      (6) 

 

The equilibrium adsorption capacity (mg/g) is denoted by 

qe; Ce is the equilibrium concentration of the adsorbent, while 

KF and n are the Freundlich constants. 

Monolayer adsorption of Pb²⁺ ions onto a homogeneous 

distribution of active sites on the activated carbon surface. The 

maximum monolayer adsorption capacity (Qmax) obtained 

from the linearized Langmuir plot was 177.54 mg/g, which 

reflects the highest theoretical amount of Pb²⁺ that can be 

adsorbed per unit mass of the prepared activated carbon under 

the studied conditions. 

 

3.4.3.  Langmuir maximum adsorption capacity (Qmax) 

 

The Langmuir isotherm model provided the best fit for the 

equilibrium adsorption data, confirming monolayer adsorption 

of Pb²⁺ ions onto a homogeneous distribution of active sites on 

the activated carbon surface. According to the Langmuir model 

assumes that adsorption occurs uniformly on energetically 

identical binding sites, where no interaction occurs between 

adsorbed molecules.  

This high Qmax value demonstrates the strong affinity 

between Pb²⁺ ions and the functional groups present on the 

activated carbon, particularly hydroxyl, carbonyl, and 

carboxylic groups introduced during chemical activation. 

Similar findings were reported by Wu, Tseng, and Juang [34], 

who highlighted the major role of oxygenated surface groups in 

enhancing heavy-metal chemisorption. The large BET surface 

area, well-developed microporous structure, and uniform pore 

distribution further contribute to the enhanced adsorption 

capacity by increasing the number of active sites and facilitating 

rapid ion diffusion within the pores, which is consistent with the 

observations of Saleh[35] regarding the relationship between 

pore structure and adsorption performance. 

Table 1. Several studies of lead (II) ion adsorption using biomass-derived 

activated carbon as an adsorbent 

Precursor Biomass of (AC) 
Activation 

Method 

Qmax 

(mg/g) 
Reference 

Coconut shell 
H₃PO₄ 

activation 

33.40–

175.63 
[38] 

Rice husk 
Thermal 

activation 
75.5 [39] 

Date pits 
ZCPs 

activation 
247.75 [40] 

Pine sawdust 
H₂SO₄ 

activation 
26.50 [19] 

Mixed agricultural AC 
Chemical 
activation 

97–140 [6] 

Biomass-derived activated 

carbons 

Various 

activation 
methods 

Variable 

adsorption 
capacities 

reported 

for Pb(II) 
removal 

[41] 

Clinoptilolite/Biochar/Ca(OH)₂ 
composite 

Composite 
modification 

>99% 

Pb(II) 
removal 

efficiency 

[33] 

Commercial AC (coal-based) 
Steam 

activation 
80-100 

Various 
sources 

Wood sawdust (Iraq) 

Chemical 

activation + 
600°C 

177.54 
Present 

work 
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Compared with previously reported biomass-derived 

activated carbons, the Qmax value obtained in this study is 

significantly higher, where typical Qmax values range between 

75 and 125 mg/g for adsorbents such as rice husk, coconut shell, 

and pine sawdust carbons [36,37]. The superior adsorption 

performance observed here highlights the effectiveness of the 

activation method and confirms the strong potential of wood-

sawdust-derived activated carbon as a highly efficient and low-

cost adsorbent for heavy-metal removal from aqueous 

environments, as shown in Table 1. 

The Langmuir isotherm model described the adsorption 

process accurately (R2=0.998, Table 2), demonstrating a 

monolayer of Pb²⁺ ions adheres onto a homogeneous 

distribution of active sites on the A.C. reaching (Qmax) of 

177.54 mg/g. 

As Table 1 shows, the current sawdust-derived activated 

carbon has a competitive capability to adsorb Pb(II) in contrast 

with other reported bio-based A.C and previously published 

adsorbents.  

3.5. Adsorption kinetic  

3.5.1. Pseudo-first-order kinetic model 

 

𝑙𝑜𝑔( 𝑞𝑒 − 𝑞𝑡) = 𝑙𝑜𝑔 𝑞𝑒 −
𝐾1

2.303
 𝑡                    (7) 

 

In this equation, qe and qt refer to the quantity of copper 

adsorbed (mg/g) at equilibrium and time t. Furthermore, the rate 

constant of the adsorption is denoted by k1. The value of k1 was 

determined by plotting log (qe - qt) and t for different 

concentrations of Pb. 

 

3.5.2. Pseudo-second-order kinetic model 

 
𝟏

 𝒒𝒕
=

𝟏

𝒌𝟐𝒒𝒆
𝟐 +

𝟏

𝒒𝟐
 𝑡                (8) 

 

In this equation, qe and qt refer to the quantity of copper 

adsorbed (mg/g) at equilibrium and time t. Furthermore, the rate 

constant of the adsorption is denoted by k2. 

 

3.6.  Adsorption isotherms 
 

Adsorption is an extensively used separation method 

because of its low cost and excellent effectiveness, particularly 

in environmental remediation. Adsorption isotherm models can 

provide mechanistic knowledge about the adsorption process, 

which is essential for developing adsorption systems. 

According to the Temkin isotherm model, adsorbate-adsorbate 

interactions cause the heat of adsorption of molecules in a layer 

to drop linearly with coverage. This model works well at modest 

coverage levels and considers the indirect interactions between 

adsorbed molecules. The Temkin isotherm (R2=0.9872) and the 

Dubinin-Radushkevich isotherm (R2=0.865) were also 

evaluated (Fig. 4, Table 2). 

 

3.7. Adsorption kinetics results 
 

The study of how fast an adsorbent takes up molecules of an 

adsorbate is known as adsorption kinetics. Knowledge of 

adsorption kinetics is essential when developing and refining 

adsorption procedures for uses such as water purification 

[42,43]. An important part of adsorption kinetics is the 

adsorption rate, or the rate at which adsorption occurs. 

Considerations such as adsorbate concentration, surface area, 

and temperature play a significant role. The adsorption kinetics 

are affected by several factors, such as the adsorbate's 

composition, the adsorbent's surface characteristics, 

temperature, pH, and competing ions or molecules. Kinetic 

parameters are summarized in Fig. 5 and Table 3. It shows that 

the pseudo-second-order model (R2 >0.97) matches the reaction 

much better than the pseudo-first-order model (R2 lower) 

consistently across all concentrations. 

 

 

 
 

Fig. 4. Isotherms of Pb adsorption on AC at a temperature of 30 oC measured 

by Langmuir (a) and Freundlich (b) 
 

Table 2. Isotherm model parameters for Pb adsorption on synthesized AC 

 

Isotherm model Parameter Value R2 

Langmuir 
Qmax (mg/g) 177.54 0.998 

Kl (L/mg) 0.556 

Freundlich 
KF(mg/g(L/mg)1/n 97.65 0.775 

n 0.122 

Temkin 
KT (L/g) 0.0776 0.9872 

BT (J/mol) 78.213 

Dubinin–Radushkevich 
qs (mg/g) 12.23 0.865 

−B 0.398 

 

3.8. Adsorption mechanism 
 

While the pseudo-second-order kinetic model (R² > 0.99) is 

often associated with chemisorption, kinetic fitting alone is 

insufficient to definitively prove a specific adsorption 

mechanism. This study demonstrates that, in addition to the 

significant contribution of chemisorption to Pb(II) adsorption, 

the surface complexation, pore diffusion, and electrostatic 

interactions formed the overall removal mechanism, as proved 

by the results of both FTIR and isotherm analysis. The sequence 

(a) 

(b) 
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of mass-transfer and surface-interaction processes is 

responsible for Pb²⁺ adsorption: 

-Film diffusion Pb²⁺ ions diffuse from the bulk solution toward 

the external surface. 

-Intraparticle diffusion-Ions migrate into micro-and mesopores. 

-Surface complexation-Ions interact with oxygen-containing 

functional groups.  

 
(a) 

 

(b) 

Fig. 5. The adsorption of Pb on AC at 30 °C is modelled using Pseudo-first-

order (a), Pseudo-second-order, and kinetic techniques (b). 

Table 3. Kinetic parameters for lead adsorption on A.C 

Model Parameter 
Initial Concentration of Lead (mg/L) 

100 200 300 400 500 

Pseudo-
first-

order 

qe, exp 

(mg/g) 
32.54 50.75 43.98 32.67 45.84 

qe, cal 

(mg/g) 
30.11 50 42.32 32.01 45.22 

K1 (1/h) 0.451 0.438 0.547 0.49 0.543 

R2 0.978 0.909 0.968 0.96 0.98 

SSE (%) 42.98 45.18 47.67 48.23 50.78 

Pseudo-

second-

order 

qe, exp 

(mg/g) 
22.532 25.344 22.391 24.768 25.331 

qe, cal 

(mg/g) 
22.1 24.91 22.132 25.01 25.888 

K2 (g/mg 

h) 
0.046 0.047 0.06 0.058 0.048 

R2 0.975 0.989 0.986 0.979 0.996 

SSE (%) 5.01 7.43 9.54 11.09 12.45 

 
FTIR analysis (Fig. 1) demonstrates direct proof for the 

involvement of specific functional groups. The broadband at 
~3400 cm-1 (O–H) stretching and peaks at ~1700 cm-1 (C=O), 
and ~1100 cm-1 (C–O) showed shifts after Pb²⁺ adsorption, 
indicating coordination band formation. FTIR analysis provides 
evidence that chemisorption may participate in the adsorption 
process, consistent with the pseudo-second-order kinetic fit. 
However, physical adsorption through electrostatic attraction 
and van der Waals interactions may also contribute, particularly 
at lower concentrations. 

The high BET surface area (1470 m2/g) and well-developed 
microporous volume (0.562 cm3/g) increase available 
adsorption sites. The excellent agreement with the Langmuir 
isotherm (R2=0.998) suggests a monolayer formation on 
energetically similar sites. The mean free energy (E) calculated 
from the D-R isotherm was approximately 8-16 kJ/mol 
(B=0.398, E=1/√(−2𝐵) ~11.2 KJ/mol), which falls within the 
range for ion-exchange and chemisorption processes (8-16 
KJ/mol), further supporting the proposed mechanism. Fig. 6 
representing of Pb+2 adsorption onto activated carbon [36]. The 
process includes film diffusion, intraparticle diffusion through 
micro-and mesopores, and surface complexation with 
functional groups. 

 

Fig. 6. The adsorption of Pb²⁺ ions onto activated wood sawdust 
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The study showed excellent Pb(II) adsorption performance; 

the mechanism was primarily determined using kinetic, 

isotherm, FTIR, and XRD investigations. Future research 

should incorporate post-adsorption FTIR, XPS, and 

regeneration investigations to further evaluate the adsorption 

process and long-term application of the adsorbent. 

4. Conclusions 

This study successfully demonstrated the efficient removal 

of Pb(II) from synthetic wastewater using activated carbon 

synthesized from Iraqi wood sawdust. The key findings are: The 

produced activated carbon exhibits a high surface area of 1470 

m2/g and a maximum adsorption capacity of 177.54 mg/g, 

which surpasses most previously reported biomass-derived 

adsorbents and several commercial activated carbons. The 

Langmuir isotherm model provided the best correlation (R² = 

0.998), confirming a monolayer adsorption on homogeneous 

active sites. The pseudo-second-order kinetic model showed 

superior correlation (R² > 0.98) with significantly lower SSE 

values than the pseudo-first-order model, suggesting that 

surface interaction processes may play an important role. 

However, kinetic fitting alone cannot conclusively identify the 

adsorption mechanism. This interpretation is supported by FTIR 

evidence and D–R isotherm analysis (E ≈ 11.2 kJ/mol). The 

combination of (i) high surface area, (ii) well-developed micro- 

and mesoporous network, and (iii) abundant oxygen-containing 

functional groups (hydroxyl, carbonyl, carboxylic) contributes 

to the superior adsorption performance. The novelty of this 

work lies in the specific activation conditions (600 °C, 130 

mL/min N2 flow) applied to locally available Iraqi wood 

sawdust, achieving performance metrics comparable to or better 

than more energy-intensive preparation methods. 
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