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Abstract

Background: The Environmental Protection Agency (EPA) sets the maximum allowable dose
for thallium in drinking water at 0.002 mg/L, and notes that chronic exposure leads to hair
loss, kidney damage, and liver and heart disorders, depending on the severity and duration of
exposure. This paper aimed to remove thallium ions from aqueous solutions using sawdust as a
low-cost adsorbent.

Methods: White poplar wood sawdust was prepared and used as an adsorbent. The experiments
were conducted in batch adsorption unit at different pH levels, contact times, agitation speeds,
temperatures, initial concentrations, and doses of sawdust.

Results: The maximum thallium removal efficiency was 92.12% conducted at pH 6, contact
time 150 min, agitation speed 450 rpm, thallium initial concentration 90 ppm, temperature 25
°C, and sawdust dosage 6 g. Morphological tests showed that thallium ions exploited almost
all active sites of sawdust, and the surface area decreased by about 95% after adsorption. FT-
IR and SEM tests confirmed that sawdust contains various functional groups such as -OH and
-COOH responsible for the adsorption. The isothermal and kinetic results exhibited a better
agreement with Langmuir and intra-particle diffusion models, respectively. Thermodynamically,
the adsorption was of negative AS and AG values at all temperatures, while AH was =176 kJ/mol.
Conclusion: The study demonstrated that raw wood shavings can be used as an effective
adsorbent to remove toxic thallium ions from contaminated aqueous solutions.
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Introduction thallium, etc. (3). These metals enter wastewater from a

Wastewater pollution is one of the biggest environmental
challenges today, as it contains numerous hazardous
pollutants, such as complex organic matters, toxic
inorganic =~ compounds,  pathogens, drugs and
pharmaceutical residues, excess nutrients that cause
eutrophication, etc. (1). Heavy metals are among the most
important pollutants that are constantly present in
wastewater. They are considered among the most
dangerous types due to their high capacity to accumulate
within living organisms and their resistance to biological
decomposition (2). Heavy metals are elements with high
atomic numbers and densities five times the density of
water or higher. They are not specified in a specific group
of the periodic table and include iron, mercury, lead,
nickel, cadmium, chromium, copper, antimony, tin, zinc,
cobalt, silver, gold, platinum, titanium, vanadium,

variety of sources, most notably industrial waste, such as
metallurgy, electroplating, battery manufacturing, leather
tanning, papermaking, and mining, to name a few (4).
Agricultural runoff is an important source of heavy
metals, as the use of pesticides and chemical fertilizers
containing heavy metals causes pollution of surface and
groundwater sources, in addition to irrigation water
returning from agricultural lands (5). Another source is
household waste through the disposal of some household
products, medicines, or chemicals (6). This type of
pollutant poses a direct threat to human health through
bioaccumulation in the food chain, causing chronic
diseases such as cancer, kidney failure, and neurotoxicity
(7). Heavy metals also have widespread economic impacts
resulting from increased water treatment costs and the
deterioration of the agricultural and tourism sectors. they
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also affect soil quality and crops and lead to ecological
imbalance in aquatic systems (8). One of the most
important heavy metals with widespread use in human
life is thallium. It is used in the manufacture and
production of infrared sensors, many portable x-ray units
that require only continuous charging to operate, and
most devices used to detect gamma rays (9). In addition,
thallium is used in industry in the manufacture of
electronic devices, electrical switches, closures, various
optical materials, some special types of high-refractive
index glass, and in glass coloring (10). Thallium is also
used in the manufacture of watches, fireworks, some
electrical wires and conductors, photography, and the
production of moving images (11). Due to its unique
properties, it has been used in the manufacture of special
alloys, such as the mercury-thallium alloy, which is used
in thermometers and low-temperature switches (12).
However, this heavy metal, distinguished by its industrial
efficiency and important uses, it is also distinguished by
its various negative impacts on life and health (13). Soluble
thallium salts (many of which are virtually tasteless) are
highly toxic and can be easily absorbed through the skin,
digestive tract, and lungs (14). Historically, thallium was
primarily used in the manufacture of various poisons and
antidotes, as well as in the production of numerous
insecticides, such as rat and ant poison. However, the use
of these products was banned in the United States in the
1970s due to safety concerns (15). When thallium enters
the body, whether through inhalation, absorption through
the skin, or ingestion, it quickly spreads to affect many
vital systems, most notably the nervous system, liver,
kidneys, heart, and skin (12). Acute symptoms usually
appear 12 to 14 hours after exposure and include severe
abdominal pain, vomiting, diarrhea, or constipation,
followed in severe cases by neurological disturbances such
as delirium, convulsions, coma, and death (16). Thallium
also causes hair loss (alopecia areata), painful peripheral
neuropathy, vision disturbances, and a characteristic skin
rash. The severity of these effects increases with continued
exposure or accumulation of the element in the body (17).
The half lethal dose (LD50) for thallium and its water-
soluble compounds in humans is estimated to be 10 to 15
mg/kg body weight, with fatalities reported at lower doses
(approximately 0.9 to 9.4 mg/kg), while the minimum
lethal dose for adults ranges from 0.7 to 1.1 g. A study by
Gupta (2012) indicated that a single dose of 15 mg of
thallium/kg body weight is lethal in guinea pigs, dogs, and
humans. The median lethal dose (LD, ) is 15 mg/kg in rats
and 16-27 mg/kg in mice (18-20). The danger of thallium
lies in its slow elimination from the body. Its biological
half-life in humans is approximately 10 days and may
reach 30 days, allowing it to accumulate and cause chronic
poisoning, even with exposure to small amounts (12,21).
As for other organisms, studies have shown that thallium
causes growth and reproduction disorders and damage to
vital organs and negatively impacts biodiversity in polluted
environments (12,22). This has prompted several
environmental agencies, such as the US Environmental

Protection Agency (EPA) and the World Health
Organization (WHO), to classify it as an element highly
hazardous to public health and the environment and to
recommend minimizing exposure to it (23,24). The
Occupational Safety and Health Administration (OSHA)
and the National Institute for Occupational Safety and
Health (NIOSH) have set the legal limit for workplace
exposure to the toxic metal thallium at 0.1 milligrams per
square meter of skin over an eight-hour exposure period
(equivalent to a full workday) (25). Thallium exhibits high
toxicity not only to humans but also to plant and animal
organisms, negatively affecting their basic biological
processes (22). In plants, thallium is similar to potassium,
a vital element for growth and photosynthesis. This allows
thallium to penetrate plant cells and replace potassium in
metabolic processes (26). This disrupts enzyme function,
reduces energy production, and damages plant tissues,
resulting in slowed growth, reduced resistance to disease,
and, in some cases, cell death (27). In animals, thallium
causes severe neurological disorders, liver and kidney
damage, and heart and blood disorders. It also affects
reproduction and survival (14). It is considered toxic to
aquatic organisms such as fish and invertebrates, as it
leads to reduced survival and reproduction rates, thus
affecting the ecological balance in aquatic systems (28).
Environmental studies have shown that the accumulation
of thallium in soil and water leads to food chain toxicity,
threatening biodiversity and increasing the risk of toxins
being transmitted to humans through food (29). Of
course, these values vary depending on the form of
thallium. Due to their high toxicity, thallium-containing
compounds must be released into the environment within
globally or locally mandated limits. Therefore, treating the
pollution caused by this heavy element is an important
priority for every industry it is used in (30). Currently,
there are many methods and techniques used to treat
water pollution with heavy metals, including reverse
osmosis, nanofiltration, ion exchange, physical
precipitation, chemical precipitation, electrodeposition,
redox reactions, coagulation and flocculation,
phytoremediation, bioremediation, biofiltration, thermal
stabilization, incineration, electrochemical treatment,
electrocoagulation, permeable reactive barriers (PRB),
photocatalysis, evaporation, chelation, etc. (31). Although
all the above methods have a reasonable efficiency in
treating heavy elements, they have limitations and
drawbacks that affect their use as a treatment method,
including high cost, high energy consumption (32), the
need for large spaces, pre-treatment requirements, the
need for special equipment, or inefficacy in treating
pollutants with extreme concentrations (33). However, the
advantages of the adsorption method have rendered it a
strong competitor against these methods. It is a simple
technology that does not require preliminary preparations,
and it can deal with all pollutants at extreme concentrations
(34). It does not require large spaces, special equipment,
or high costs; in addition, it has moderate energy
consumption, which has attracted the interest of
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researchers as a promising method in water treatment
(35). The adsorption method has proven its efficiency in
treating various types of pollutants such as dyes (36),
organic materials (37), acids (38), inorganic toxins (39),
pharmaceutical industry waste (40), pesticides (41), drugs
(42), sulfurization component (43), water hardness (44),
eutrophication elements (45), and various heavy metals
(29), not only from polluted water, but also from
contaminated soil (8) and crude oil (46). Despite these
advantages and high treatment efficiency, expensive
adsorption media have been a real obstacle to this method.
Activated carbon (47), zeolite (48), alumina (49) and other
well-known adsorption media require great effort and
high cost to produce. This has prompted specialists to
search for inexpensive and efficient alternatives, and they
have found what they were looking for in agricultural and
industrial waste, which provides a sustainable and
inexpensive source of adsorption materials or raw
materials for preparing other adsorption media (50). Rice
husks (51), watermelon rinds (52), orange peels (53),
banana peels (54), mandarin peels (55), eggshells (56),
almond peels (57), lemon peels (58), sunflower husks (5),
aluminum foil (59), pomegranate peels (60), algae (61),
water hyacinth (62), tree leaves (63), spent tea leaves (64),
and residual sludge (65) have been proven to be highly
efficient in treating contaminated media at low cost
compared to other adsorption media. Due to the quantities
produced, they are considered available and non-valuable
resources. On the other hand, this method is considered
one of the economic methods for disposing of this waste
(66). Although the accumulation of these wastes, which
are often loaded with toxic substances, is a significant
problem, the concept of zero residue level has opened up
wide horizons for benefiting from these residues. They
can be used as raw materials in the preparation of useful
chemicals such as acetone (67) and promoted bioethanol
(68), as catalysts (69), as additives to reinforce concrete
mixtures (70), or as pesticides for rodents (71). They can
also be converted into nanomaterials (72). From a review
of the literature, it is noted that research papers dealing
with the treatment of heavy metals constitute a large
proportion of research specializing in environmental
issues. Many researchers have studied the removal of
thallium by adsorption using different media. Using
titanate nanotubes and fabricated amorphous titanium
dioxide, Liu et al., 2014, (73), and Zhang et al., 2022, (74)
investigated the adsorption of TI(I) and TI(III),
respectively, while Kam et al., 2022, (75) examined the
ability of alumina nanoparticles to treat aqueous solutions
contaminated by thallium under different operating
conditions. Voegelin et al, 2022, (76) studied the
adsorption of TI(I) using mica and (micaceous) clay
minerals. The purified illite clay collected near Le Puy-en-
Velay, France was employed as an adsorbent medium to
remove thallium by Wick et al., 2018 (77). Gadooa et al.,
2025, (13) used tangerine peels to recover thallium ions
from aqueous solutions. Despite its toxic effect, research
on treating thallium-contaminated water by adsorption is

still limited. To address this apparent deficiency, the
present study aimed to use sawdust as a low-cost adsorbent
to recover thallium ions from contaminated aqueous
solutions, to determine the optimum conditions that
achieve the best removal efficiency, to study the isothermal,
kinetic, and thermodynamic adsorption behavior, and to
determine the morphological changes in sawdust as a
result of treatment with solutions contaminated with
thallium. Finally, we investigated the disposal of toxic
residues in a useful, simple, and environmentally

friendly way.

Materials and Methods

Adsorbent Medium (Sawdust)

The sawdust used in the present study was of the Russian
origin (white poplar wood), and was collected from the
remains of carpentry workshops in Baghdad as a by-
product, as shown in Figure S1. A sieve analysis was
performed on a sample of the collected sawdust with a
mass of 250 g, as shown in Table 1 according to the method
described in (Raja et al., 2023) (30). Sawdust passing
through a 30-mesh sieve was used as an adsorbent, as it
represented the largest proportion by weight of passed
material. The sawdust was washed with an excess of tap
water, and then rinsed with distilled water. The sawdust
was then dried at a temperature of 58 °C until the weight
was stable. Finally, the dried sawdust was stored in a
suitable place, away from moisture.

Chemicals

Several essential chemicals were used in the present
study. Hydrochloric acid (HCI) of 35-38% concentration
was supplied by Thomas Baker Chemicals, India, and
potassium hydroxide (KOH) (Assay:>85.00%) was
obtained from HiMedia Laboratories, India. Thallium
nitrate trihydrate (TI(NO,),.3H,0) of 95% purity was
purchased from Alfa Aesar, USA, and the double-distilled
water used in all the experiments was obtained from
a distillation apparatus (GFL-2014, German). All the
laboratory glassware used was supplied by Borosil Glass
Works Ltd., India.

Table 1. Sieve analysis of sawdust used in the present study

# Sle(\::“s)l ze I\ges‘h We;iil(t)::tP(z;s)sed Percentage (%)
1 6730 3 43 1.72
2 4760 4 7.6 3.04
3 4000 5 6.55 2.62
4 2000 10 14.425 5.77
5 1000 18 31.45 12.58
6 595 30 45.625 18.25
7 354 45 87.9 35.16
8 250 60 29.275 11.71
9 125 120 15.775 6.31
10 74 200 7.1 2.84
> - - 250 100%
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Stock Solution

To prepare the stock solution of thallium ijons at a
concentration of 1000 ppm, 2.175 g of thallium nitrate
(TI(NO,),-3H,0) was used. This quantity was dissolved in
a suitable quantity of double-distilled water in a one-liter
glass beaker using a magnetic stirrer at room temperature
for half an hour. After ensuring complete dissolution,
more distilled water was added until the final volume of
the solution reached 1 liter (13).

Adsorption Unit

The ability of sawdust to remove thallium(III) ions from
contaminated aqueous solutions was investigated by
conducting adsorption experiments using a batch-type
unit and at various operating pH conditions, agitation
speeds, initial thallium ion concentrations, adsorbent
dosages, contact times, and temperatures, which were 1-8,
100-500 rpm, 1-100 ppm, 0.5-6 g, 10-180 min, and 25-50
°C, respectively. The adsorption unit is a water bath shaker
of type (SHKA7000-1CE 4304, Thermo Fisher Scientific).
Using dilution, contaminated thallium solutions were
prepared from the previously prepared stock solution at
a concentration of 1000 ppm. The pH of the solution was
adjusted using 0.1 N HCl and KOH solutions to adjust the
acidity and base effect, respectively. After adjusting the
shaking speed and temperature, the glass flasks containing
100 ml of aqueous solutions contaminated with a known
concentration of thallium(III) and the specified mass
of sawdust were placed in the adsorption unit and the
experiment was started. At the end of the specified time
period, the solution was carefully extracted and filtered
first using filter paper (Whatman™ No.1 of 110 mm
diameter) and then using filtration equipment (Filtering
Kit 250 mL, vacuum pump with gauge, KT3003-3 Science
Lab Supplies, UK). The clear solution was examined
using AAS at 258 nm wavelength (78), to determine the
concentration of thallium remaining after adsorption,
from which the adsorption capacity and efficiency were
determined via equations (1) and (2), respectively (79).

C-C,
%R:IOOX( °C ’] (1)

A @)

where %R is the removal efficiency of thallium metal,
C. is the initial concentration of thallium (ppm), C, is the
final concentration of thallium (ppm), q is the adsorption
capacity of sawdust, expressed in (mg/g), V is the volume
of the solution (L), and m is the mass of sawdust used in
each experiment (g).

Results

Morphological Studies of Sawdust Used for Thallium
Adsorption

BET surface area: The surface area of the sawdust was
measured using the BET technique. The surface area
was 22.3 m?/g before thallium ion adsorption, as shown

in Figure S2, which reflects the nature of sawdust as a
porous structure with an active outer and inner surface.
After the adsorption process, the surface area decreased
significantly to 1.17 m?/g, reflecting the effect of the
interaction between thallium ions and the surface of
the sawdust.

FT-IR Analysis

The sawdust used in the experiment showed a distinct
FTIR spectrum before and after adsorption of thallium
ions, illustrating the changes that occurred as a result of
the adsorption process, as seen in Figure S3. The blue
spectrum represents the FTIR test of the sawdust before
adsorption, while the spectrum represented by red color
represents the FTIR test of sawdust after the adsorption
of thallium. It is clear from Figure S3 that there are
various differences between two spectra, indicating the
interference of thallium ions with the different bonds
and the reduction of vibrational energy as a result of the
formation of new bonds due to the effect of adsorption.

SEM Test

Before thallium adsorption, the surface of the sawdust
shows a distinct porous structure with relatively regular
cavities and voids. These pores and voids represent the
active sites on the surface, which serve as the places for
adsorption as can be seen from Figure S4a, while Figure S4b
shows the SEM test of sawdust after thallium adsorption,
showing noticeable changes in the surface structure of
the sawdust. The changes between the two Figures, S4a
and S4b, indicate the success of the adsorption process, as
the thallium ions have interacted with the active sites on
the surface of the sawdust, which has led to a reduction
in porosity and the covering of the surface with deposits.

Point of Zero Charge

The results of point of zero charge (pH , ) experiments of
sawdust, shown in Figure S5, demonstrate a characteristic
behavior that reflects the chemical and surface properties
of this material. At low initial pH values (1-3), the ApH
values exhibit a strongly negative charge, indicating
significant proton adsorption by the surface. When the
pH value increases beyond 4, the functional groups on
the adsorbent media begin to lose protons through a
deprotonation process. At very high initial pH levels (13-
14), the surface charge becomes increasingly negative,
reaching its maximum levels, which suggests a highly
deprotonated and reactive surface

Effect of Acidity Change on Thallium Adsorption

According to the results obtained from the above zero
charge point experiments, the effect of pH on the removal
of thallium from aqueous solutions was studied within a
pH range of 3-10. It is noted that the thallium removal
efficiency increases slowly from 9.6 to 35.5 with the
increase in pH from 3 to 6, respectively, after which, the
adsorption efficiency increases sharply until it reaches
100% (Figure 1). These results demonstrate that the effect
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of pH on the removal of thallium(III) ions using sawdust
as an adsorbent reflects a complex interaction pattern
between chemisorption and precipitation mechanisms.

Effect of agitation speed change on thallium adsorption
The results of the effect of agitation speed on the removal
efficiency of thallium(IIT) ions using sawdust, which are
represented in Figure 2, reflect a direct effect of dynamic
factors on the adsorption process. At low speeds (100-300
rpm), the data show a significant increase in the removal
ratio (%R), rising from 3.62% at 100 rpm to 41.23% at
300 rpm. With the increase in the agitation speed from
300 to 450 rpm, the removal efficiency continues to
increase gradually, reaching 51.14% at 450 rpm, after
which, no further increase is observed with increase in
agitation speed.

Effect of Initial Concentration Change on Thallium
Adsorption

The effect of initial concentration on the recovery efficiency
of thallium from contaminated aqueous solutions using
sawdust as an adsorbent was studied at room temperature
with pH, agitation speed, adsorbent dose, and contact time
held constant at 1, 450 rpm, 1 g, and 180 min, respectively.
The results shown in Figure 3 reveal a complex interaction
between the physical and chemical properties of the
adsorbent concentration and the adsorption behavior.
At low initial concentrations (1-20 ppm), the removal
ratio was relatively high, reaching 51.14% at 1 ppm, and
gradually decreased with increasing concentration. As
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Figure 2. Shaking effect on thallium adsorption

the initial thallium concentration increased from 30 to
100 ppm, the removal ratio decreased significantly from
35.31% to 16.40%. At initial concentrations of 90 ppm
and above, the amount of adsorbed thallium (C _-C_ ) is
observed to stabilize at about 16.40 ppm.

Effect of adsorbent dosage change on thallium adsorption
Figure 4 shows the results obtained from changing the
amount of sawdust used as adsorption dose versus the
removal efficiency of thallium ions (%R). Initially, when
using a low amount of sawdust (0.5 g), the removal
ratio (%R) was very low (9.21%). With the increase in
the added dose of sawdust, a significant increase in the
removal ratio was observed, reaching 92.12% with 6.5
g of the adsorbent. The results also show that there is a
linear increase in thallium removal with increasing dosage
up to 6 g of sawdust. After this point, it can be seen that
the percentage of thallium removal reaches the highest
level (92.12%) and does not change when the dose is
increased to 6.5 g.

Effect of contact time change on thallium adsorption

The effect of contact time on the thallium recovery
efficiency was investigated within the range of 10-
180 min using sawdust as a low-cost adsorbent. The
experiments were conducted at the optimum values of
pH 6, agitation speed of 450 rpm, adsorption dose of
6 g of sawdust, and initial concentration of 90 ppm, at
room temperature. The results obtained from the contact
time variation experiments are represented in Figure 5,
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which indicates that the removal efficiency of thallium
ions by sawdust as an adsorbent gradually improves with
increasing contact time, until it reaches the highest level
of removal after 150 minutes of treatment. After 150
min, the removal ratio did not change, having reached
its maximum value (92.12%).

Effect of temperature change on thallium adsorption
With the remaining operational parameters at optimum
values, temperature experiments were conducted to
determine the effect of temperature on the adsorption
of thallium on the surface of sawdust as an adsorbent.
Figure 6 shows the results obtained from the experiments
on the effect of temperature on the removal of thallium
ions using sawdust, which show a significant decrease in
the removal rate with increasing temperature. The highest
removal rate (92.12%) was recorded At 25 °C; this rate
decreased to 4.04% at 50 °C. This change reflects the effect
of temperature on the ability of the adsorbent (sawdust) to
remove thallium.

Adsorption thermodynamic study

Thermodynamic studies in adsorption experiments are
considered one of the basic studies to understand the
nature of the adsorption process and determine whether
the process is sustainable under certain conditions or not
(80). These studies aim to analyze the energy changes that
occur during the interaction of ions or molecules with the
surface of the adsorbent, which contributes to determining
whether the adsorption process proceeds spontaneously
or requires the addition of external energy. In adsorption
experiments, several thermodynamic variables are
analyzed, including entropy change (AS), enthalpy change
(AH), and free energy change (AG). These variables help in
understanding the viability and stability of the adsorption
process. Based on these results, the factors that affect the
ability of the adsorbent to remove ions or molecules from
solutions can be determined. The above variables are
related to one another by a relationship called the Van't Hoff
equation, which is represented by equation (3), from which
the spontaneity of the reaction can be determined after
calculating the equilibrium constant for the adsorption
process at each temperature through equation (4):

105

90 e
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45

% Removal of thallium ions

30 Vat

/

0 25 50 75 100 125 150 175 200

Contact Time, (min)

Figure 5. Contact time effect on thallium adsorption

AG =AH —-TAS 3)
Ink, = _AH1 L AS (4)
RT R

where K is the adsorption equilibrium coefficient (-),
[J is the universal gas constant (8.3144 J/mol-K), T is the
absolute temperature (K), AH is the enthalpy change (k]J/
mol), AS is the entropy change (J/mol-K), and AG is the
Gibbs free energy (kJ/mol).

The relationship between the equilibrium constant (k,)
and the free energy (AG) allows to determine whether the
adsorption processis exothermic or endothermicin nature.
By applying these equations in adsorption experiments,
the thermodynamic efficiency of the adsorbent in
removing target ions or molecules can be evaluated. The
changes in enthalpy and entropy also help to determine
the type of process (exothermic or endothermic) and
the possible interaction between the adsorbent and the
adsorbed molecules. The thermodynamic results obtained
from the study, as shown in Table 2, indicate that the
adsorption process using sawdust to remove thallium ions
is an exothermic process, as evidenced by the negative
enthalpy value (AH=-176.4163 kJ/mol) at 25 °C. On the
other hand, the negative entropy (AS=-522.05 J/mol-K)
reflects the reduction of randomness in the system during
the adsorption process. This result is consistent with what
was observed in the agitation speed experiments, where it
was shown that increasing the speed improves the removal
efficiency up to a certain point, leaving the system more

Table 2. Values of thermodynamic properties of thallium (l1l) adsorption

Temperature, (K) AH (kJ/mol) AS (J/mol-K) AG (K)/mol)
25 -20.7675
27.5 -19.4624
30 —-18.1573
325 -16.8522
35 -176.4163 —522.0485 —15.547
37.5 -14.2419
40 -12.9368
42.5 -11.6317
45 -10.3265
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Figure 6. Temperature effect on thallium adsorption
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ordered at better adsorption.

Adsorption isothermal study

The adsorption isothermal study is a study that aims to
understand how the concentration of pollutants affects the
adsorbent surface at a constant temperature, i.e., it studies
the relationship between the amount of adsorbent and the
concentration of the pollutant in the solution at adsorption
equilibrium. These studies are essential in adsorption
experiments because they provide valuable information
about the efficiency of the adsorbent, its adsorption
capacity, and the way the pollutant interacts with the
adsorbent surface. The importance of these studies lies in
their ability to provide data on the dynamic behavior of the
adsorbent and to determine the best operating conditions
for the adsorption process. Through the results of these
studies, the ability of the material to remove pollutants
from aqueous solutions under specific conditions can be
evaluated, which helps in improving industrial processes
for treating polluted water or air. There are several
isothermal models that are used to understand these
relationships (49). The most prominent is the Langmuir
model, which assumes that adsorption occurs on identical
sites and that each site interacts with one mole of ions
or molecules, with the assumption that adsorption only
occurs when the adsorbent sites are completely saturated.
The Freundlich model is based on the assumption that
the adsorbent sites are not equal and that the degree of
adsorption depends on the concentration of the pollutant,
reflecting unequal interactions between molecules on
the surface of the adsorbent. The adsorption enablement
model assumes that adsorption follows a nonlinear pattern
and depends on unpredictable changes in concentration.
In this model, the pollutant interacts with the adsorbent
surface in a complex manner that changes based on
concentration gradients and other environmental factors.
These models assume that the adsorbent contains fixed
or variable sites that can participate in the reactions and

Table 3. Details of isothermal models used in this study

that adsorption occurs at a certain equilibrium between
the pollutant ions or molecules and the adsorbent (80).
Table 3 shows the general and linear formulas for the
isothermal models used to represent the adsorption of
thallium (III) to sawdust.

The adsorption results of thallium ions on the sawdust
surface were analyzed using different isothermal
models: Langmuir, Freundlich, and Temkin, as shown in
Table 4. The results of the Langmuir model showed that
the correlation coefficient R*=0.993 showed excellent
agreement with the experimental data. In the Freundlich
model, the correlation coefficient R*=0.9177 showed good
agreement. For the Temkin model, the results showed a
good fit with R?=0.9295, indicating a moderate effect of
energy on the adsorption process.

where g, is the adsorption capacity at equilibrium state
(mg-g"), C, is the equilibrium adsorbed concentration
(mg-g"), g, is the maximum adsorption capacity of the
Langmuir model (mg-g"), K, is the constant of Langmuir
adsorption isotherm model expressed binding sites (I-mg"
'), R, is the separation factor in the Langmuir model
(dimensionless), K, is the constant of the Freundlich
adsorption isotherm model (mg-g!)-(Ilmg")", n is
the intensity of adsorption in the Freundlich model
(dimensionless), K. is the Temkin isotherm equilibrium
binding constant (I'mg"), R is the universal gas constant
(8.3144 J-mol'-K'), b is the constant in the Temkin
isotherm model (dimensionless), and T is absolute
temperature (K)

Adsorption kinetics study

In adsorption experiments, kinetic studies are a
fundamental method for understandinghow contaminants
interact with adsorbent surfaces over time. These studies
reveal the mechanisms of contaminant removal from
solutions, and help determine the factors affecting the
speed and efficiency of adsorption, such as adsorbent
properties, contaminant concentration, and temperature.

B .
Isotherm Form of the model’s equation

Slop term Intercept term Augmented parameter
model General Linear
K C 1
Langmuir q, :M i: 1 L+ 1 - R, - 1
1+K,C, 4 9K, C G K, D 1+K,C
1
Freundlich n I 1 1 1 1 nK
q,=K,.C, ng, = nKF+; nC, - nk,
femkin RT ) RT Ak + e RT RT ok
qe:TanT+TmCe 9. b Tty o b b r

Table 4. Constants of isothermal models used in the current study

Langmuir isotherm model

Freundlich isotherm model

Temkin isotherm model

G K, R R K,

L F

n R? K b R?

T

1.6717 0.6667 0.0164 0.993 1.2555

15.3846 0.9177 0.6375 249378 0.9295
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In fact, kinetic studies help in selecting the best adsorbents
and reaction methods that enhance the pollutant removal
efficiency in environmental and industrial applications
(48). One of the most important kinetic models used in the
study of adsorption is the pseudo-first order model. This
model is based on the assumption that the adsorption rate
is proportional to the concentration of the contaminant
remaining in the solution. In other words, the rate of
adsorption of the contaminant increases with the increase
in the concentration of the contaminant in the solution and
then gradually decreases with the decrease in the residual
concentration. This model assumes that all sites on the
surface of the adsorbent are equally capable of interacting
with the contaminant, and there are no complications or
changes in the properties of these sites (81). The pseudo-
second order model assumes that adsorption depends on
the concentration of the contaminant in the solution, but
this relationship is more complex. In this model, the rate
of adsorption is assumed to be proportional to the square
of the residual contaminant concentration, indicating that
most adsorption occurs very quickly at first and then slows
down over time. This model is more accurate in explaining
processes that rely on the adsorption of contaminants that
interact intricately with adsorbent surface sites. Another
popular model is the Elovich Model, which assumes that
adsorption occurs on an adsorbent surface that contains
sitesof unequal energy, i.e., some siteshave a higher capacity
to adsorb than others (82). The adsorption rate is assumed
to decrease with time, meaning that the adsorbent begins
to adsorb rapidly and then the adsorption rate decreases
as the high-energy sites become filled. The model reflects
the dynamic nature of adsorption, whereby sites with
higher reactivity become occupied more quickly. The
intra-particle diffusion model is based on the assumption
that the kinetic process of adsorption is not only related
to the interaction of the contaminant with the adsorbent,
but also depends on how the contaminants move within
the pores or molecules. This model envisions adsorption
as occurring in two stages: the first is the surface transport
of the contaminant to the surface of the adsorbent, and
the second is the intra-pore transport where the molecules
move through the pores available for adsorption. This
model reflects the significant influence of the spatial
distribution of the pores on the adsorption process (49).
Based on these models, the different stages a contaminant
goes through during its interaction with the adsorbent can
be identified, helping to improve the experimental design
and determine the best operating conditions for effective
contaminant removal. Table S1 shows the details of the
kinetic models used in the present study to describe the
adsorption of thallium (III) using sawdust.

Table S2 shows the behavior of kinetic models used
to describe thallium adsorption by sawdust, in addition
to the values of the constants of these models. When
analyzing the results obtained from applying the different
kinetic models (pseudo-first-order, pseudo-second-order,
Elovich model, and intra-particle diffusion model), it is
noted that the pseudo-first-order model gave a relatively

low correlation coefficient (R?) of 0.6706, which indicates
that this model is not the most suitable for describing the
kinetics in this experiment. The results obtained in this
study showed that the pseudo-second-order model did
not provide a good fit with the experimental data, as the
correlation coefficient (R?) was 0.5986, which is the lowest
value compared to the other models, indicating that
the adsorption results do not match well with the basic
assumptions of this model. The Elovich model provided
reasonable values with a high correlation coefficient of
0.9846, which reflects the ability of the Elovich model
to explain the obtained data in an acceptable way. In the
intra-particle diffusion model yielded a velocity constant
of (k,) 0.093 with I=-0.2124 and the highest correlation
coefficient compared to the other models with R*=0.9975.

Discussion

Investigation of BET surface area

The result of surface area before adsorption of thallium
(I1I) indicates that the adsorbent has pores and active sites
that contribute to its ability to adsorb pollutants, making it
an effective material for adsorption processes. The nature
of sawdust, which has hydroxyl and carboxyl functional
groups on its surface, enhances its ability to interact with
pollutants by forming strong chemical bonds. In addition,
the micropores on its surface increase the interaction
by providing additional sites for the adsorption process.
After the adsorption process, the active pores were
filled with thallium ions. As the pores are closed, the
available surface area was significantly reduced. The
accumulation of thallium ions on the outer surface of the
sawdust contributed to the formation of layers covering
the pores. Moreover, the significant decrease in surface
area indicated that the adsorption was not limited to the
outer surface only, but also extended into the interior of
the micropores, resulting in the complete saturation of
the porous structure. On the other hand, the decrease in
surface area may also be due to the deposition of complexes
between thallium and functional groups on the surface,
which promotes the formation of non-porous layers that
reduce the future interaction of active sites. This change
clearly indicates that the surface structure of the sawdust
underwent a major physical and chemical transformation
as a result of adsorption, with the structure becoming
denser and less porous, reflecting the consumption of
most of the available active sites on the surface during
the process (83).

Investigation of FT-IR analysis: Studying the FTIR
spectrum before adsorption of thallium ions using
sawdust adsorbent, a clear broad peak appears at 3291
cm™' representing the stretching vibrations of the O-H
bond in the hydroxyl groups attached to cellulose and
hemicellulose. After the adsorption, the peak splits into
two peaks at 3230 cm™' and 3165 cm’!, indicating the
interference of thallium ions with these hydroxyl bonds
and the reduction of vibrational energy as a result of the
formation of new bonds with thallium. The 3008 cm™ peak
indicates the C—H bonds were also affected, reflecting
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possible interactions of the target ion with the methyl or
methine groups, while the 2877 cm™ peak indicates the
C-H bonds in the methyl groups. In addition, the 1758
cm™' peak before adsorption, which is due to the C=0
bond in the carboxylic or ester groups, shows obvious
changes after adsorption with new peaks at 1738 cm™!
and 1685 cm’, indicating that thallium was attached to
the carboxylic groups in the sawdust structure, affecting
the vibration nature of these bonds (84). The peaks at
1541 cm™ and 1697 cm™, which represent the aromatic
rings in lignin, were also affected, giving rise to new peaks
at 1531 cm™ and 1486 cm™ after adsorption, indicating
the interaction of thallium ions with the aromatic rings
and changes in the chemical environment of these sites.
In the range of 1387-1211 cm™* before adsorption, which
represents the vibrations associated with C—O and C-O-C
bonds in cellulose and hemicellulose, noticeable changes
appeared after adsorption with new peaks appearing at
1213 cm™ and 1132 cm™. These changes confirm that
thallium ions had interacted with the ether and hydroxyl
bonds, modifying the vibrational energy of these bonds.
The peaks at 834 cm™ and 720 cm™, which represent the
out-of-plane vibrations of the aromatic rings, showed
additional changes indicating structural interactions
between thallium and the aromatic compounds in lignin.
Opverall, the analysis showed that thallium ions interacted
with functional groups, such as hydroxyl and carboxylic
groups, in sawdust aromatic rings and ether bonds.
These interactions resulted in obvious changes in the
FTIR spectrum, highlighting the role of sawdust as an
effective medium for thallium adsorption via forming
new bonds or modifying the chemical environment of
functional groups (34).

Investigation of SEM test

Before thallium adsorption, the surface texture of the
sawdust has a rough, multi-dimensional texture, reflecting
the natural structure of cellulose, hemicellulose, and
lignin. There were no deposits or coatings on the surface,
indicating that the surface was free of any foreign matter
or previous adsorption. After adsorption, the pores and
voids were clearly less visible, with some pores appearing
to be partially or completely filled with sediment. These
changes indicate that thallium ions had accumulated on
the surface and inside the pores, partially or completely
covering the active sites. The observed precipitates
were due to the precipitation of thallium in the form of
complexes with functional groups present on the surface
of the sawdust (such as hydroxyl and carboxyl groups). In
addition, changes in surface roughness can be observed.
After adsorption, the surface appears smoother or less
regular, indicating that the chemical interaction between
thallium ions and functional groups on the sawdust surface
had modified the surface structure. This modification
may result from the formation of chemical bonds between
thallium and active groups or the accumulation of thallium
in multiple layers (85).

Investigation of point of zero charge

The results show a strong adsorption of H*ions due to
their interaction with surface functional groups, such as
carboxyl (-COOH) and hydroxyl (-OH), which become
positively charged by protonation. As pH increases
towards the pHpZC value (between 3 and 4), the surface
reaches a charge equilibrium, where the positive and
negative charges are equal, resulting in a ApH close
to zero. When the value of pH increases, the carboxyl
groups are converted to negative carboxylates (—-COO-),
and hydroxyl groups are converted to oxide ions (-O-),
causing an increase in the negative charge on the surface
and a gradual increase in positive ApH values. At very
high initial pH, the negative surface charge increases to a
maximum due to the abundance of OH~ ions that promote
the deprotonation of the surface. These results reflect the
ability of sawdust to interact with ions due to its chemical
composition rich in diverse functional groups, such as
cellulose, hemicellulose, and lignin, as well as its porous
structure, which increases the interaction area, making it
an effective material for adsorption processes. These results
indicate that pH__plays a crucial role in determining the
adsorption mechanism. At pH higher than pH_, the
surface becomes negatively charged, which enhances the
electrostatic attraction of positively charged thallium ions
and increases the adsorption efficiency. At pH lower than
pH ., the electrostatic repulsion between the positive
surface and thallium ions limits the adsorption efficiency.
These properties demonstrate that sawdust, with its
chemical composition rich in diverse functional groups
and large porous structure, is an effective material for
removing thallium ions from aqueous solutions, especially
when the pH is optimally controlled (63). Therefore, the
solution was studied at pH in the range of 3-10.

Investigation of acidity impact

At low pH values, between 3 and 6, the removal ratio (%R)
ranges from 9.6% to 35.5%. At this stage, the concentration
of H*ions is high, which leads to intense competition
between these ions and thallium (III) ions for the active
adsorption sites. In addition, the results of the point of zero
charge (pH,,.) of sawdust, which is about 5.2, show that
the surface is positively charged at these low pH values,
which causes electrostatic repulsion of positive thallium
ions and weakens the adsorption efficiency. As the pH
increases, the surface gradually loses protons, becoming
negatively charged. This transformation is consistent
with the results of pH,, ., where the surface becomes
more attractive to positive thallium ions. At this point,
the electrostatic interaction between the thallium ions
and the sawdust surface is enhanced, leading to increased
removal efficiency. At high pH values, the removal ratio
increases sharply to 93-100 at pH 7-10, respectively, due
to the shift of the dominant mechanism from adsorption
to chemical precipitation. At these values, thallium (III)
ions react with OH" ions to form the insoluble thallium
hydroxide complex (TI(OH),?), which leads to complete
precipitation of thallium as a white layer at the bottom of
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the adsorption flask. This relation between the pH and
zero charge point results shows that the large ApH values
at high pH values are a clear indication of the precipitation
of heavy metal hydroxides as the main mechanism for
thallium removal, explaining the dramatic shift in removal
efficiency in these conditions (13).

Investigation of agitation speed impact

The behavior of the agitation speed can be explained by
improved solution mixing, which promotes homogeneous
distribution of thallium ions and increases the probability
of collision between ions and active adsorption sites on
the sawdust surface. With an increase in the agitation
speed from 300 to 450 rpm, the mobility of molecules is
further improved, reducing the thickness of the boundary
layer surrounding the sawdust particles, facilitating mass
transfer and increasing the adsorption rate. At an agitation
speed of 450 rpm, the stability indicates that the process
has reached a dynamic equilibrium state. In this case,
the active adsorption sites on the sawdust surface have
been fully utilized, and increasing the agitation speed
does not lead to further improvement in mass transfer or
adsorption. Overall, these results show that agitation speed
is a major factor affecting the adsorption efficiency until
a critical speed (450 rpm) is reached. After that, a surface
saturation state and a balance between fluid dynamics and
adsorbent surface properties is reached, limiting the effect
of agitation (81).

Investigation of initial concentration impact

The behavior of initial concentration on the recovery
efficiency of thallium from contaminated aqueous
solutions is due to the presence of a large number of active
sites on the surface of the sawdust at the beginning of the
experiment, where the surface area of 22.3 m?*/g s sufficient
to interact with all the thallium ions in the solution. At this
stage, there is a balance between the number of available
sites and the number of ions, resulting in a high adsorption
efficiency. The decrease of the removal efficiency
between 30 and 100 ppm can be explained by the gradual
saturation of the active sites. At these concentrations,
the limited surface area of the sawdust becomes a
limiting factor, as it cannot accommodate the increasing
numbers of jons available in the solution. Furthermore,
competition between thallium ions for the remaining
active sites reduces the adsorption efficiency (86). At
initial concentrations of 90 ppm and above, the stability
indicates that the adsorbent has reached adsorption
saturation. At this point, all active sites have been fully
utilized, and the adsorbent can no longer hold more
ions, regardless of the increase in initial concentration.
In addition, the low surface area after adsorption (1.17
m?/g) explains the stability of the amount of adsorbed
thallium. This shift shows how the effective surface area
gradually decreases as the active sites become filled,
leading to reduced adsorption opportunities at higher
concentrations. Thus, the results show that the removal
efficiency directly depends on the ratio of thallium ions

to the number of active sites and the effective surface area
of the sawdust. While the material shows high thallium
removal efficiency at low concentrations, surface area
limitations lead to saturation of the sites and decreased
efficiency at high concentrations (54).

Investigation of adsorbent dosage impact

The gradual increase indicates that increasing the amount
of sawdust provides more surface area and more active sites
on the surface of the material, which enhances the ability
of sawdust to adsorb thallium ions from the solution. After
the percentage removal of thallium reaches the highest
value, the adsorbent has reached the saturation state,
where no additional thallium ions are adsorbed despite
increasing the adsorbent dose (at the present conditions),
and thus there is no further improvement in the removal
ratio after this dose. The interpretation of these results
is closely related to the surface area available on the
sawdust and the number of active sites. As the amount of
sawdust added increases, more sites are provided for the
ions to interact with the adsorbent surface, increasing
the adsorption capacity. But after a certain point, when
all active sites become saturated, adsorption saturation
occurs and the adsorption does not increase further. Based
on these results, it can be concluded that the optimum
dosage of sawdust to achieve the best removal of thallium
ions is 6 g, where the efficiency reaches the highest level,
and the removal process is carried out with maximum
efficiency (85).

Investigation of contact time impact

Initially, at 10 min contact, the %R removal ratio was low
(7.22%), indicating that the adsorption process had not
started as efficiently as required in this short time period.
With increasing contact time, a steady increase in the
removal percentage was observed, reaching 53.08% at 60
min and 92.12% at 150 min. This remarkable improvement
is due to the increased interaction time between the
thallium ions and the sawdust, allowing sufficient time
for the ions to reach their active sites on the surface of
the adsorbent. Initially, the ions were rapidly adsorbed
on the outer surface of the sawdust, but as time went on,
deeper adsorption occured within the micropores of the
adsorbent. After 150 min, the sawdust had reached the
saturation state. At this point, all available active sites on
the sawdust surface had adsorbed ions, and there were
no sites to receive any additional thallium, resulting in
a stable removal percentage. This behavior indicates
that the interaction between the ions and the adsorbent
undergoes rapid initial stages of adsorption followed by
a gradual stabilization stage until saturation is reached.
Based on these results, it can be concluded that the
optimum contact time for thallium removal using sawdust
is around 150 min, where the highest removal efficiency is
achieved (82).

Investigation of temperature impact
At low temperatures such as 25 °C, the adsorption process
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was more efficient, as the rate of movement of molecules
and ions in the solution is relatively slow, allowing the ions
to interact better with the surface of the sawdust. In these
conditions, the available surface area of the adsorbent
probably had a greater opportunity to interact with the ions,
enhancing the removal process. A decrease in adsorption
efficiency was observed with increasing temperature. This
is probably because as the temperature increases, the ions
in the solution begin to move more quickly, reducing
the chance of interaction with the sawdust surface. This
may reduce the ability of the adsorbent to absorb ions,
especially if the high temperature changes the properties
of the adsorbent surface. Furthermore, the increase in
temperature may contribute to the induction of some
chemical reactions that may cause the ions to interact
less effectively with the sawdust surface, resulting in a
lower removal rate. Another possible reason is that higher
temperatures may reduce the ability of sawdust to retain
ions due to changes in structure, porosity, or even specific
surface interactions between thallium and the adsorbent.
Based on these results, it can be concluded that sawdust
is more effective in removing thallium ions at lower
temperatures, as it provides a more favorable environment
for the ions to interact with the adsorbent (59).

Investigation the adsorption thermodynamic behavior

The negative value of enthalpy indicates that the process
is more effective at lower temperatures, where adsorption
releases heat due to a strong interaction between the
thallium ions and the sawdust surface. This result is
in line with our earlier results on effect of temperature
on removal efficiency, where a decrease in the removal
efficiency was observed with increasing temperature. In
this study, the removal percentage decreased significantly
from 92.12% at 25 °C to 4.04% at 50 °C, which illustrates
the significant effect of temperature on the reaction.
Therefore, it can be concluded that the reaction is not
just a simple mechanical reaction, but involves strong
interactions at the molecular level between thallium
ions and the sawdust substrate, which is consistent with
the negative enthalpy. The negative entropy indicates
that the transition from the liquid to the surface of the
adsorbent reduces randomness, which enhances the
stability of the system and contributes to the organization
of molecules on the surface of the adsorbent (66). As
for the free energy (AG), the negative values obtained
at different temperatures confirm that the adsorption
process is a spontaneous process (AG<0), reflecting
the ability of the system to effectively remove thallium
ions without the need for external energy intervention.
However, the values shown by the study indicate that
the process becomes less spontaneous with increasing
temperature, which is consistent with data obtained
from the temperature effect experiments. These results
were also correlated with the Fourier transform infrared
(FT-IR) and scanning electron microscopy (SEM)
results, which showed that the active surfaces of sawdust
become more adsorbable at low temperatures, which

enhances the environmental effects of the adsorption
process. Based on these results, it can be concluded that
sawdust adsorption is an effective process for removing
thallium ions in cold environmental conditions, where
low temperature provides an ideal environment for
increasing the removal efficiency (60).

Investigation the adsorption isothermal behavior

The test results were in agreement with the Langmuir
model, indicating that the adsorption follows a single-site
mechanism with the surface approaching saturation at
certain thallium concentrations. The constant K, =0.6667
indicates the moderate ability of sawdust to adsorb
thallium, while the separation coefficient R =0.0164
indicates an effective adsorption process. The results
of the Freundlich model indicated that the adsorption
occurred on a heterogeneous surface. However, the
value of n=15.3846 was unexpected, as the high value
indicates that the adsorption process may involve very
strong interactions between the ions and the sawdust
surface, which could be explained by the presence of
heterogeneous adsorption sites or unusual active energy
on the surface of the adsorbent. For the Temkin model,
the constant K =0.6375 showed moderate interaction
between the sawdust surface and thallium ions, while
the constant b=24.9378 reflected a balanced effect of
energy. When these results are combined with the results
of the Fourier transform infrared (FT-IR) analysis, the
spectrum shows changes in the functional groups on
the sawdust surface after interaction with thallium ions,
such as changes in the chemical bonds of the hydroxyl
and carboxylic groups. These changes support the
hypothesis that the sawdust surface actively participates
in the interaction with thallium, which reinforces the
results of the different adsorption models. The results
of scanning electron microscopy (SEM) analysis also
showed obvious changes in the surface morphology
after adsorption, including an increase in porosity and a
change in the shape of the adsorbent sites, indicating the
deep interaction of thallium with the surface of sawdust.
Based on these results, it can be concluded that the
adsorption of thallium on the surface of sawdust occurs
through a complex and heterogeneous mechanism. The
agreement of the Langmuir model with the experimental
data supports the hypothesis of limited adsorption
sites on the surface, while the Freundlich model results
indicate strong and deep interactions. The Temkin
model results suggest a moderate energy effect on the
interaction (58). All these results are supported by FT-
IR and SEM data that show the chemical and physical
changes that occur on the surface of the adsorbent,
highlighting the effectiveness of sawdust as an adsorbent
for heavy ions such as thallium.

Investigation the adsorption kinetics behavior

For the pseudo-first-order model, the value of the
reaction constant k , indicates a relatively slow rate for the
adsorption process, which is consistent with the results
indicating that the adsorption did not reach equilibrium
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quickly. This model is usually expected to provide a
higher correlation coefficient if the adsorption process
is dominated by chemical or physical interactions on the
surface of the adsorbent material in a way that mainly
depends on the interaction between ions and the surface
of the material. The result of the Elovich model indicate
that the adsorption in this case may be heterogeneous on
the surface of the adsorbent and may occur on sites with
unequal energies. The value of &« =0.0308 indicates the
beginning of the adsorption process, while the value of
B =3.6523 shows the decline in the adsorption capacity
with time. With these values, the model describes a
heterogeneous reaction with a gradual slowdown in
the adsorption process as the high-energy sites are
filled. This supports the hypothesis of the occurrence of
complex reactions that may include chemical or physical
reactions on the surface of the adsorbent. The high
correlation coefficient indicates that intra-pore diffusion
is the main factor determining the adsorption rate. This
means that the process depends on the transport of
thallium ions through the pores within the adsorbent,
which is a more complex process involving the spatial
distribution of contaminants within the particles (61).
The negative value of I indicates that the intra-particle
diffusion phase may not be the only factor affecting it,
but the influence of other factors may be limited. There
are several hypotheses to explain this, including that
diffusion does not occur only in the pores, i.e. there may
be additional factors affecting the adsorption process,
such as chemical interactions between the adsorbent and
the adsorbed ions, or effects resulting from attraction
or electrostatic effects. There is also the possibility that
the transition phase may not be linear, meaning that
the diffusion transition may be more complex than
expected, since the transition inside the pores passes
through stages with unsteady dynamics. As the ions
interact with the surface of the adsorbent in a way that
leads to the accumulation or precipitation of some ions
faster or slower than normal expectations, it is also
possible that there is precipitation of contaminants. This
has been confirmed, as the material began to precipitate
at a pH exceeding 6 (80). The adsorption process is not
limited to simple diffusion within the pores, but is also
affected by other factors such as chemical interactions
between the adsorbed ions and the surface of the
adsorbent, which hinder or accelerate the transport of
ions. This may also reflect the effects of precipitation or
other chemical interactions occurring in the solution.
Hence, we conclude that the intramolecular diffusion
model is the closest to describing the adsorption kinetics
of thallium on the surface of sawdust (57).

Conclusion

The results of the present study showed that sawdust has
high efficiency in removing thallium ions under different
operating conditions. The dose of 6 g sawdust achieved the
best removal (approximately 92%) at room temperature
for 90 ppm of thallium, at pH =6, agitation speed of 450

rpm, and contact time of 150 min. The removal efficiency
was directly proportional to pH, agitation speed, contact
time, and adsorption dose and inversely proportional to
other variables. The obtained results indicated that the
surface area decreased from 22.3 for virgin sawdust to
1.17 m*/g at the end of the adsorption process, and the
Fourier transform infrared (FT-IR) test confirmed that
the adsorbent material contains many functional groups
that can play a role in achieving high efficiency in the
adsorption process. The SEM test showed that sawdust
went through several noticeable changes as a result of
thallium treatment due to its porous structure. The results
showed that the Langmuir model was the closest to
representing the adsorption isotherm and that the intra-
particle diffusion model was the best in describing the
adsorption kinetics. The thermodynamic study confirmed
that the adsorption is spontaneous, exothermic, and has
decreasing entropy at low temperatures.
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