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Utilization of Natural Pumice Stone as a
Low-Cost lon Exchanger for Lead (Pb(ll)) Removal:
A Kinetics, Isotherms and Mechanisms Studies

Ahmad Sulaiman

Department of Chemistry, Faculty of Science, University of Tartous, Tartous, Syria

ABSTRACT

Pumice is one of the raw materials that is widely available, especially in the “Middle East region and Turkey”. In
this research, an ion exchanger was prepared from Syrian pumice by converting it into a low-silica ion exchanger
(Py.) for the removal of Pb?* ions from aqueous solutions, by several chemical and hydrothermal methods with NaOH.
The prepared exchanger was also characterized using a number of distinctive techniques in this paper such as (XRD,
FT-IR, BET, DTA) which demonstrated radical changes in structure after modification, the most important of which
are: The surface area increased approximately 18-fold from (5 to 93) m?/g, along with an increase in relative density
and a significant improvement in exchange-adsorption capacities. Maximum Pb?* uptake was 4.3 mmol/g (308.15 K).
Removal efficiency was 100% at low concentrations and >80% at medium/high concentrations. The adsorption kinetics
followed a pseudo-first-order model, and the equilibrium data fit well to Langmuir, Freundlich, and Redlich-Peterson
isotherms (R? > 0.99).

Keywords: Adsorption isotherm, Exchange-adsorption capacities, Ion exchanger, Pumice, Removal coefficients, Surface

area

Introduction

Syria’s geology is rich in minerals like bentonite,
zeolite, and pumice, extracted by the General Estab-
lishment for Geology and Mineral Resources. These
accoutrements are valued for their face parcels in
separation and sanctification processes.’?> Among
them, pumice stands out—a stormy mineral with
low viscosity (0.35-0.65) g/ cm® and high exter-
nal porosity.® While historically used in construction
for its separating parcels,” its high silica (65-70)%
and alumina (12-18)% content make it technically
promising. Yet, lower than 3% is presently used in
similar operations.>® The toxin of lead ions (Pb%™),
which damages kidney tissue and nerve cells, drives
this exploration. *®

Pumice stone does not naturally provide a high
surface area and cation exchange capacity,'™ so I

chemically modified it using NaOH to improve its
selectivity for Pb?*. This treatment dissolves and re-
structures silica, creating active spots (=Si-O~Na™)
that enhance adsorption and exchange.®

As a result, pumice becomes a low-cost and sustain-
able option compared to activated carbon,? avoiding
the dispersion and swelling problems that materials
like bentonite suffer from.! Its porous structure and
mechanical strength support its use in water treat-
ment. >

The aim of this study is to develop a thermo- hy-
drothermal revision protocol for low- silica Syrian
pumice, characterize its structure, and dissect su-
pereminent adsorption mechanisms through kinetic,
isothermal, and thermodynamic modeling.

+ Creation and development of an ion exchanger
from Syrian pumice modified with “NaOH”
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through colorful thermal and hydrothermal treat-
ments.

Evaluation of the performance of this exchanger in
removing lead ions from waterless results under
different conditions. The raw and modified ac-
coutrements were also characterized using several
ultramodern ways (XRD, FT- IR, BET, DTA).
Evaluating the performance of the modified ma-
terial in removing lead ions (Pb?*) from aqueous
solutions under varying conditions.

Modeling the adsorption process using Kkinetic,
isotherm, and thermodynamic models to identify
the dominant mechanism and process characteris-
tics.

Comparing the performance of the prepared ma-
terial with other reported adsorbents to confirm
its viability and efficiency.

It is anticipated that this study will demonstrate
that chemically modified Syrian pumice is not only a
low-cost and sustainable alternative but also a high-
performance material capable of competing with
conventional adsorbents in treating water contam-
inated with heavy metals, thereby contributing to
sustainable environmental solutions.

Material and methods
Material

In order to determine the percentages of oxides
that entered the pumice’s composition, an X-ray flu-
orescence spectroscopy device (XRF-1800) made by
the Japanese company (LAB-Center) was used to con-
duct a characterization study on raw pumice before
preparation, after treatment, and after drying (pre-
pared exchanger). A volumetric nitrogen adsorption
device, Gemini Micromeritics II12375 USA, was used
to measure the surface area, pore radius, and average
pore volume of raw pumice and exchanger (treated
pumice) at -196°C. Additionally, a particle size mea-
suring device type (Sampler Sight-Pharma Particles)
was used to determine the distribution of particle size
according to its dimensions.

With the aid of XRD technology and a spectroscopic
analysis instrument for measuring X-ray diffraction
manufactured by the Dutch business (Philips), Xpert-
high score, the nature of the phases generated in the
raw and sodium hydroxide-treated pumice samples
was ascertained. With a differential thermal analysis-
gravimetric device (DTA-TG), the thermal effects that
transpired in the sample were investigated at a heat-
ing rate of 10°C/min up to 850°C and in the range
of (20-850)°C. It is a STA PT-1600 device manufac-
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tured in Germany by LINSEIS. The use of a 250ul
aluminium sink and temperatures between 20 and
1000°C were used for the job. A JASCO 4100 FT-IR
spectrometer operating in the 400-4000 cm™ range
was used to analyze the FT-IR spectra of the Raw
Pumice P,y and the Product Exchanger Py, using
the disc method. The sample was made by compress-
ing the sample/KBr mixture at a pressure of 5 x
10-3 kg/cm? and a ratio of (sample/KBr = 200/1).
In addition to the raw material, raw pumice from
the Southern Region of Syria, the following chemi-
cals were used in the study: CH3COOH, CH3COONa,
NaOH, EDTA, Pb(NOs3),, and indicators (Xylenol or-
ange) made by "RIEDEL-DE HAEN," Hexamine, acid
buffer solution (Ph = 5-6), and double distilled water
(1.5-3us).

Methods of preparing ion exchangers

The following procedures were used to prepare the
exchanger: raw pumice was treated with sodium hy-
droxide to achieve the appropriate shape:

> Raw pumice was ground to a particle size of
200-300 pm. 6.0 g of raw pumice and 7.2 g of
sodium hydroxide were combined in a porcelain
crucible and placed in a thermal incinerator set
to 600°C for two hours. The product was then
cooled, crushed, and heated with stirring under
reflux distillation until it boiled for 72 hours.

> To get the required ion exchanger Py,, the product
is transferred to an autoclave and heated to 140°C
for 72 hours, after which it is cleaned, filtered, and
dried at 105°C.°

Study design and characterization

This study involved a descriptive analysis of the
raw sample (Pr) and the final exchanger (Pya,),
examining physical parameters through character-
ization techniques. X-ray diffraction (XRD), X-ray
fluorescence (XRF), volumetric gas adsorption, par-
ticle size analysis, and differential thermal analysis-
thermogravimetry (DTA-TG) were used to determine
structural identity.

Relative density measurement

A precise mass (m) of the dried exchanger (105°C)
was placed in a volumetric flask, followed by the
addition of kerosene (non-miscible organic liquid) to
displace air bubbles and fill the flask. The sample
volume was derived from the liquid displacement
difference, and density was calculated using the
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standard formula by Eq. (1).1°
m

D=— 3. 1
v g/cm ¢9)]

Swelling water

The swelling water (W) was determined by measur-
ing the mass difference between the water-saturated
exchanger (m*) and the dry sample (m, dried at 105°C
to constant weight). The capacity was calculated by
Eq. (2):1!

m*—m

W = gH,0/g. (2)

Exchange-adsorption capacity

Samples of the exchanger (m = 1.0-3.0 g) were
immersed in 100 mL Pb(NOs3), solutions (Mg =
0.00625-0.15 mol/L) for 48 h at 298.15, 303.15, and
308.15 K. Initial and equilibrium concentrations were
determined by EDTA titration using appropriate in-
dicators and pH control.'? The exchange-adsorption
capacity (q.) was calculated by Eq. (3):!%!3

_ Mo =M XV ol (3)

e

Where (Mp) initial concentration (mol/L), (M)
equilibrium concentration (mol/L), (q.) exchange-
adsorption capacity (mmol/g),(V) Soaking solution
volume (100mL).

Removal coefficient

Based on the relationship (4), the removal coef-
ficient of the ion was investigated as a function of
the mass of the exchanger added to 100 (mL) of the
investigated ion solution with a fixed initial concen-
tration. '

(MO - Me)

R% = ——= x 100%. (€))
Mo

Where (R) is the removal coefficient (%).
Kinetic and isotherm studies

The Pb(II) adsorption kinetics were evaluated using
pseudo-first-order (PFO) and pseudo-second-order
(PSO) models.'> The PFO model is expressed by
Eq. (5):

d
ot k(e —q0). (5)

qd:
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where (q;) is the adsorption capacity at the speci-
fied time (mmol/g), (qe) is the equilibrium capacity
(mmol/g), and K; is the rate constant per hour (h'!).
To determine the value of Kj, a plot of log (qe — q¢)
against time (t) is drawn. After integrating Eq. (5)
between the limits, t =0tot =t and q. = 0 to q;
= Qe, We obtain by Eq. (6):

ky
2.303

log (ge — q) = log(ge) — t. (6)

The pseudo-second-order model postulated that
chemisorption, which involves ion exchange or func-
tional groups, was the primary rate-limiting phase
between the adsorbent and the adsorbate, group
chelation. '° The non-linear and the formulas for the
linear model were provided Egs. (7) and (8).

The Pseudo-second-order PSO model'” can be writ-
ten by Eq. (7):

% =Ka(qe — q)*. (7)
where K2 is the equilibrium rate constant of the
PSO model (g.mmol~!.h~1). Separating the variables
in Eq. (7) and integrating for the boundary conditions
¢:=0tog,=¢qg;and t = 0 to t =t yields an expression
that may be rearranged into the following linear form
Eq. (8):

t 1 1
= + —t. €))
@ Kaxq q,

The effect of contact time in the range of (4-
48) hours (every four hours) and Kkinetics at three
temperatures (298.15, 303.15, 308.15) K, and the
concentration is 0.10 mol/L

Equilibrium isotherms modelling

The Pb?* adsorption data were fitted to nine
isotherm models (Radlich-Peterson, Langmuir, Fre-
undlich, Halsey, Temkin, Harkins-Jura, Dubinin,
Janovic, and Henry) using Sorption Analysis.'®
Based on correlation coefficients (R2), seven mod-
els showed excellent agreement with experimental
data, with Radlich-Peterson, Langmuir, Freundlich,
Halsey, Temkin, Harkins-Jura, and Dubinin isotherms
demonstrating the best fit (R? closest to 1).

Harkins-Jura isotherm

The Harkins-Jura isotherm, originally developed
for gas-phase adsorption,'® has been successfully
adapted to liquid-solid systems.?° This model ac-
counts for multilayer adsorption on heterogeneous
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surfaces with non-uniform pore distribution, as de-
scribed by Eq. (9).%°

1 B 1
2= [A} A log (Ce) . 9
where (C.) is the equilibrium concentration of the
sorbate in the liquid phase (mmol.l™!), (q.) is the
equilibrium adsorption capacity (mmol.g~!), (A) and
(B) are constants of Harkins-Jura, obtained from the
plot of 1/q§ against log (C.).

Freundlich isotherm

The Freundlich isotherm describes multilayer ad-
sorption on heterogeneous surfaces and is widely
applied for ion removal from aqueous solutions.?!
This empirical model indicates that adsorption capac-
ity increases with surface site energy heterogeneity,
favoring high-energy active sites.?? The Freundlich
equation is expressed by Eq. (10):
ge = Kr x (C)". 10)

This equation is also given in logarithmic form by
the following relation by Eq. (11):22

log(ge) = log (Kr) + - log (C.). an
where (C.) is the equilibrium concentration of the
sorbate in the liquid phase (mmol.l™1), (qe) is the
equilibrium adsorption capacity (mmol.g™!), (Kg) is
the Freundlich constant (I.g~!), and (n) is a constant
at a given temperature and it is dependent on the
nature of the adsorbate and the adsorbent.

Langmuir isotherm

When the adsorption centers have equal strengths,
the Langmuir model describes the adsorbent’s mono-
layer adsorption. There are specific equal areas on the
surface of adsorbents that are conducive to adsorp-
tion, according to the isothermal equation theory.
The materials’ adhesion surfaces have the same kind
of energy for this process, according to the Langmuir
equation. ?*> The following relation provides the Lang-
muir equation by Eq. (12).%

_ Qmax x Ky xGC,

= 12
qe 1+K xC, (12)

where (qe) is the equilibrium adsorption capacity
(mmol.g1), (Qmayx) is the maximum adsorption capac-
ity (mmol.g 1), is the equilibrium adsorption capacity
(mmol.g™1), (Cc) is the equilibrium concentration of
the sorbate in the liquid phase (mmol.l71), (Ky) is
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the Langmuir constant (I.mmol™!), (qmax) and (Kp)
are Langmuir constants related to adsorption capac-
ity and rate of adsorption. The linearized Langmuir
model is represented by Eq. (13) :

% = 1 + 1 Ce. (13)
qe Qmax X K1

quX

By plotting C./q. against C., it was possible to
obtain the value of qu.x from the slope, which was
1/Qmax, and the value of K from the intercept, which
was 1/(qmax-K1). The Langmuir plots for Pb%* ion
isothermal adsorption data were drawn. It shows
that the Langmuir adsorptive isothermal equation
matches the experimental results closely. The corre-
lation coefficients were found to be greater than 0.99.

Temkin isotherm

The Temkin model expresses the linear decrease in
the heat of adsorption with a uniform distribution of
specific energy.? This isotropic model calculates the
value of the heat of absorption (B) by drawing the re-
lationship by plotting (InC.) against (qe) in Eq. (14). 2

ge = B InAt + BInC,. 14

Where (B) = RT/br; (R) is the universal gas con-
stant (8.314 J. mol-'.K™1), and T is the absolute
temperature (K). The constants of the equation can be
determined as mentioned previously by drawing the
relationship by drawing the relationship by plotting
(InC.) against (qe) in Equation. From the slope, we
calculate the value of the constant (B) and find the
value of the constant by, and from the intercept, we
can calculate the constant Ar.

Dubinin—-Radushkevich isotherm (D-R)

Another semi-empirical model that is derived
from the micropore filling theory is the Dubinin-
Radushkevich model, which is frequently used to
show that the adsorption process is on a non-
homogeneous surface with a Gaussian energy dis-
tribution.?* Traditionally, this method has been
employed to differentiate between chemical and
physical dye adsorption. The following relation pro-
vides the Dubinin-Radushkevich by Eq. (15).!2
qe = qorexp™". (15)

This equation is also given in logarithmic form by
the following relation Eq. (16).

lnqe = lanR — KDRSZ. (16)
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Where(qpr) is the maximum adsorption capacity
(mmol.g™ 1), (qe) is the equilibrium adsorption capac-
ity (mmol.g™'), (Kpr) is the Dubinin-Radushkevich
constant and related to sorption energy(mol? kJ~2),
(&) is the polanyi potential (kJ.mol~!), which is equal
to Eq. (17). We calculate the value of the constant
(Kpr) from the slope, and we find the value of the
constant (qpr), from the intercept by Eq. (17).

1
=RTIn(1+=).
& n( +Ce>

Where (R) is the gas constant (kJ.mol'K~!) and
(T) is the absolute temperature (Kelvin), (C.) is the
equilibrium concentration of the sorbate in the liquid
phase (mmol.I"!), The Dubinin-Radushkevich (D-R)
equation can be used to calculate the energy of ad-
sorption (E,qs) from the value of (Kpr) from the
following Eq. (18).%°

17)

1
V2KpR

Halsey isotherm

(18)

Eads =

The Halsey adsorption isotherm is suitable for mul-
tilayer adsorption, and its equation is given by the
following relation by Eq. (19).%°
Ing, = 1an — 1lnCe. (19)

n n

Where (C.) is the equilibrium concentration of the
sorbate in the liquid phase (mmol.I™!), (q.) is the
equilibrium adsorption capacity (mmol.g~!), (n and k)
are Halsey adsorption isotherm constants determined
by plotting (In q.) against (In C.), and from the slope
we can calculate the value of the constant (n), and

we can calculate the value of the constant (k) from
the intercept.

Janovich isotherm

Based on the Janovich model, the Langmuir model
is assumed to be suitable for the adsorption process.
However, it is considered that there are important
interactions between the adsorbent and the sorbent,
which are not taken into account by the Lang-
muir equation. The Janovich equation is shown in
Eq. (20).%

ge = gm (1 — €9%).

The logarithmic form of the previous relationship
is given by Eq. (21)

(20)

Ing. = Ingm — k;Ce. (21
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Where (qn) is the theoretical adsorption capacity
(mmol.g™1), (qe) is the equilibrium adsorption capac-
ity (mmol.g™1), (Cc) is the equilibrium concentration
of the sorbate in the liquid phase (mmol.I™!), (K;) is
Janovich’s constant, which is determined from the
slope, by plotting In (qe) against (C.), and (qy) may
be determined from the intercept. >

Redlich-Peterson isotherm

The Redlich-Peterson isotherm is the result of com-
bining the Freundlich and Langmuir isotherms. The
adsorption mechanism assumes that adsorption takes
place in many levels, even though it is a mixture. This
isotherm equation is given by Eq. (22).1%28

ln% = BInC, — InA.

Qe

(22)

Where (C.) is the equilibrium concentration of the
sorbate in the liquid phase (mmol.l™1), (qe) is the
equilibrium adsorption capacity (mmol.g~!) (8 and A)
are Redlich-Peterson constants, which are determined
by plotting (In Ce/qe) against (In C.), and from the
slope, we can calculate the value of the constant (8),
and we can calculate the value of the constant (A)
from the intercept. %’

Henry’s isotherm

This is known as the simplest adsorption isotherm.
At almost every concentration, this isotherm is true.
It increases the adsorbate’s adsorption capacity by
increasing its surface area. Henry’s isotherm formula
is provided in Eq. (23).?%2

ge = KuC. (23)

Where (qe) is the equilibrium adsorption capacity
(mmol.g™1), (Ce) is the equilibrium concentration of
the sorbate in the liquid phase (mmol.l1), (Ky) are
Henry’s constant, which is determined by plotting
(qe) against (C.), and from the slope, we can calculate
the value of the constant (Kg).2°

Thermodynamics studies

The effect of temperature on adsorption was stud-
ied. The experiment was carried out at three different
temperatures (298, 303, 308) K and at different
concentrations and doses. In order to calculate
the thermodynamic constants, the Gibbs-free energy
change (AG®), entropy change (AS®), and enthalpy
change (AH’) were determined at the above tempera-
tures and for a fixed weight of 1g and a concentration
of (0.1 mol/1), and could be determined according to
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Table 1. Shows the chemical composition of Raw Pumice and sodium hydroxide treated pumice by XRF.

Sample Chemical Composition
Pumice SiOy Al,O3 Fe; O3 CaO MgO SO3 K20 NaO LOI Sum
Praw 42.74 14.95 19.00 9.11 5.97 0.00 1.71 3.42 1.48 98.38
Pna 33.40 13.41 17.68 8.32 5.43 0.00 0.76 9.26 10.18 98.44
the following Eq. (24).%° » Development of a mesoporous structure optimal
for large-molecule adsorption. ®”
AG®° = —RTInK.. 24)

Where (T) is the temperature (K), K¢ (qe/Ce) is the
equilibrium constant, (R) is the universal gas constant
(8.314 J/mol K), and (AG®) is the Gibbs-free en-
ergy change. The entropy change (AS) and enthalpy
change (AH"), parameters were estimated from the
following by Egs. (25) and (26).'?

AS°  AH°
InK; = — 25
C R RT (25)
AG° = AH® — TAS® (26)

The values of (AH®) and (AS°) can be obtained from
the slope and intercept of a plot of (In K.) against
1/7).

Results and discussion

Table 1 shows that the pumice contains43.00 wt%
SiO; (low compared to global samples, where SiO,
typically exceeds70.00 wt%), along with15.00 wt%
Al;03, 19 wt% Fe;03, 9.11 wt% CaO0, 5.97 wt% MgO,
3.12 wt% Na,0, 1.21 wt% K50, and no sulfur.>' After
thermal/hydrothermal treatment with NaOH, SiO,
drops to 33.40 wt%, while Al;03, Fe;O3, CaO, MgO,
and KO slightly decrease. The burning loss increases
from 1.48 wt% (raw) t010.18 wt%, and Na,O rises to
9.26 wt%.31-33

Nitrogen physisorption (—196 °C) revealed a dra-
matic 18-fold increase in Spgr (from 5 m?/g for
raw pumice, Py, to 93 mz/g after NaOH treat-
ment, Py,), indicating mesopore formation (2-50
nm). 343> This textural enhancement correlated with
improved adsorption: Py, showed significant capacity
vs. negligible uptake for Py, due to silica framework
dissolution via the reaction. *°

SiO, + 2NaOH — Na,SiO3 + H,O

This process generates water-soluble sodium sili-
cate, increasing porosity through:

* Restructuring of the aluminosilicate network at
80-120 °C;3”
- Formation of active exchange sites (=Si-O~Na™);

Modified pumice exhibited 90% higher adsorp-
tion capacity for Cd?* and Pb?* versus raw ma-
terial,®® demonstrating NaOH treatment’s efficacy
for producing high-performance adsorbents. Nitro-
gen physisorption (-196°C) revealed Py, surface area
(Sper) increased dramatically from 5 m?/g (Praw) to
93 m?/g, with pore expansion into the mesoporous
range.>® This textural enhancement correlated with
significantly improved ion-exchange capacity (negli-
gible in Py vs. high in Py,),%° and Table 2. shows
the most important surface data for both P, and
Pna.

Table 2. Shows the specific surface areas, average
pore radius, and pore volume of the raw Pumice
(Praw), and prepared ion exchanger (Pya)-

Sample Pumice

SBET Praw PNa
Sper(m?/g) 5.1 93.0
Tq(nm) 1.47 3.08
Vr(ml/g) 0.0076 0.1437

(Sger): surface area, (r; ) :average pore radius, (V)
total pore volume.

XRD analysis of Py and Py, Figs. 1 and 2
revealed crystalline phases through Bragg’s
law (ni =2dsin6).*° P, contained primarily
dachiardite, with Analcime, Feldspar, and Chabazite
(zeolitic mineral), evidenced by peaks at 20 =20-60°
and a distinct quartz peak at 26.60° Fig. 3.

In addition, Dachardite: (Ca,Nay)y-Al4SisgO4s-
13H,0, Analcim:(Na;0-Al,05-4Si05-2H,0) d = 5.61,
3.43, 2.43, 2.67, 2.50, 1.90, 1.87, 1.74, Philipsite:
(Ca,K,Na)l_z(A13Si5016)~4H20 d = 719, 506, 413,
3.26, 3.18, 3.14, 2.70, 1.59. The samples contain
similar proportions of calcite corresponding to the
following absorption peaks,*'*** d = 3.10, 2.27, 2.08,
In addition Alumina, Hematite and Silica are present
for treated pumice.

Under ambient pressure, SiO, undergoes sequential
phase transformations: a-quartz (hexagonal g-quartz
at 573°C) — B-tridymite (870°C) — B-cristobalite
(cubic,1470°C) — molten silica (1705°C). Pure quartz
bypasses tridymite, converting directly to cubic B-
cristobalite at 1050°C. *2
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D D:(Ca, Na2)2-AlSi20048-13H20
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Fig. 1. Shows the XRD spectrum of raw Pumice (Praw)-

P\'a * Sodium alumium silicate hydrate
e Cancrinite

¢ Calcite

+ Zeolite

¥ Quartz

+ e ‘V
* N

-0+ &
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L4
*
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Fig. 2. Shows the XRD spectrum of the lon exchanger (Pna).
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Peak List
01-075-2318
ﬂ | 7| Loy Lll |” S PN 1 T OTNNY CY N
00-015-0734
1 A b 1
01-084-06593
01-083-2473
I 1 I ] ] I ] ] ]
10 20 30 40 50 60 70 80 a0
Pozition[2Theata]
Ref. Code Compound Name Chemical Formula
01-075-2318 Sodium aluminum silicate hydrate ( Nax0)1.31 Al203 (Si02)2.01 (H20)1.65
00-015-0734 Cancrinite, syn Nay (Al Si O4)3 (OH)
00-017-0763 calcite-II1 CaCO;
01-084-0698 Zeolite ZK—14, syn Na3,6g Al},s Si8,4 024 (HzO)
01-083-2473  Quartz, syn SiO,

Fig. 3. Shows the detailed XRD spectra corresponding to the formed crystalline phases.
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Fig. 4. Differential thermal analysis (DTA) curve of Raw Pumice
(Praw)-

Thermal analysis of raw and ion-exchanged Pumice

The differential thermal analysis (DTA) curve of
raw pumice (Praw) Fig. 4 and Table 3 exhibits an
endothermic peak at 54.2°C, corresponding to the
loss of adsorbed surface moisture (~1.00 wt%). A
minor endothermic effect appears at 406.7°C (370-
420°C range), attributed to the dehydration of surface
OH groups, accompanied by a marginal weight loss
(~0.50 wt%). A pronounced endothermic peak at
667.8°C (640-670°C range) reflects carbonate decom-
position (~0.55 wt% loss), coinciding with the «- to
B-quartz transition, and unique alumina structures,
such as y-Al203, are created. *>** Total weight loss
at 850°C reached ~2.30 wt%, consistent with pumice
sintering, while melting occurs at 1200°C. #344
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Fig. 5. Differential thermal analysis (DTA) curve of the prepared lon
Exchanger (Pna)-

For the ion-exchanged pumice (Py,), the DTA curve
Fig. 5 and Table 3 shows a distinct endothermic
peak at 92.0°C (50-250°C range) due to adsorbed
water loss (~4.00 wt%). A secondary peak at 285.3°C
(250-310°C range) signifies the removal of chem-
ically bound water (~1.27 wt%), followed by OH
group dehydration at 510°C (470-550°C range, ~3.00
wt% loss). The o- to B-quartz transition was again
observed.*>* An exothermic peak at 800°C indi-
cates recrystallization, with total weight loss at 850°C
amounting to ~11.32 wt%.

FTIR spectral analysis

Table 4 and Fig. 6 show the characteristic absorp-
tion bands of all samples. FTIR analysis revealed

Table 3. Shows the percentage of loss by burning for the pumice sample (Praw) and the

prepared ion exchanger (Pna).

Calculate the percentage of loss due to burning of Pumice

PNay Praw
Temperature Loss percentage% Loss percentage%
100°C 4.000% 1.000%
200°C 4.270% 1.091%
400°C 6.906% 1.701%
600°C 9.210% 2.251%
800°C 11.329% 2.300%
1000°C 11.320% 2.300%

Table 4. Infrared Spectral Peaks FT-IR of raw Pumice and prepared ion exchanger (PNa).

Wavenumber (cm™1) Assignment References
~3450 O-H stretching (H20) 45-47
~1630 H-O-H bending (H20) 47-49
1770-1850 Overtones/combinations (raw pumice only) 46,50
1430-1460 CO32~ bending (treated pumice only)? 46,50
~1030 Si-O-Si asymmetric stretchingb 45-47,51
666 — 624-684 Si-O-Al / quartz vibrations® 52-54
~450-460 Si-O bending 45,46,51,52

8 Appearance of this band indicates surface carbonation from atmospheric COz or calcite impurities.
b persistence of this band confirms preservation of the silicate backbone.
¢ Shift and broadening of this band suggests structural framework rearrangement.

Note: O-H bands (~3450, ~1630 cm~!) indicate adsorbed water, typical for porous materials.
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Fig. 6. Shows the FT-IR spectra of Raw Pumice (Praw), and the prepared exchanger (Pna)-

Table 5. Relative density of Raw Pumice (Praw), and the prepared lon Exchanger (Pya)-

Processed Form

Exchange Code

Relative density(g/cm?)

Untreated Pumice (raw) Praw
Basically treated Pumice Pna

1.45
2.38

Table 6. Represents the values of swelling water (W) gH,O/g, for Raw Pumice (Praw), (Pna)-

Processed Form

Exchange Code

swelling water (gH20/g)

Untreated Pumice (raw) Praw 0.18
Basically treated Pumice Pna 1.28
characteristic abe)I"ptIOIl bands that indicate the T e R
molecular composition of the samples. T MRAM el
4
33 &
Density and surface properties of raw and - N . .
naoh-treated Pumice o e P
20

Based on Table 5, the density of raw pumice is 1.45
g/cm3, and the Py, exchanger is 2.38 g/cm?®. It is
inferred from Table 2 that the raw pumice has low
porosity due to its low surface area. After the revision
process, the density increased significantly due to its
accession of a conspicuous pervious structure. This
significant change is due to the dissolution of silica
and a structural rearrangement of the structure, >>>*
in addition to the increase in the quantum of swelling
water after the revision process to reach (1.28 gH20/
g) Table 6, while before the treatment it was (0.18
gH20/ g), which in turn confirms the penetration of
sodium ions into the structural frame

Exchange-adsorption capacity studies

The exchange-adsorption capacity (q.) was totally
delved as a function of temperature (298.15-308.15
K), original Pb?* attention (0.0125-0.15 mol/ L), and
exchanger mass (1.0-3.0 g), while maintaining a con-
stant result volume of 100 mL Figs. 7 to 9. From the

q, (mmo/g)

0.5 1.0 15 20 25 30 335

Fig. 7. The exchange-adsorption capacity of the lon Exchanger
prepared from Pumice (Pya), at 298.15 K.

above, it was found that the exchange- adsorption
capacities are directly proportional to the initial con-
centration of Pb?* ions and their equilibrium concen-
tration. This leads to the release of a certain amount
of sodium ions (Na*) into the solution, which in turn
increases the competitive effect against Pb%* ions.
The same applies when increasing temperature (up to
a certain limit, of course), as it facilitates ion move-
ment and reduces viscosity. In addition to the surface
properties and ionic radius, all of the above factors
contribute to increasing the adsorption capacities. >®
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Fig. 8. The exchange-adsorption capacity of the lon Exchanger

prepared from Pumice (Pyg), at 303.15 K.
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Fig. 9. The exchange-adsorption capacity of the lon Exchanger
prepared from Pumice (Pyg), at 308.15 K.

Removal efficiency optimization in ion exchange
systems

High initial concentrations of Pb?* ions and large
masses result in a high removal yield (R%), leading
to a greater number of replaceable sites. At low ini-
tial concentrations, where equilibrium concentrations
are lower, the opposite occurs.*>° Furthermore, in-
creasing temperature (within the studied range) also
contributes to improved removal yield (R%). This
behavior is consistent with Arrhenius-type behavior.

The inverse correlation between initial concentra-
tion and removal efficiency, as illustrated in Figs. 10
to 12, can be mechanistically interpreted in terms of
geometric constraints imposed by the finite number
of exchange sites per unit mass of the adsorbent, and
transport barriers that become dominant at higher
concentrations, where accessibility to deeper sites
limits the overall exchange process. 3>°°

Applying the kinetic equations for the apparent
pseudo-first-order (PFO) Eq. (6), Figs. 13 to 15, and
pseudo-second-order (PSO) Eq. (8), Figs. 16 to 18
to the adsorption kinetics of the Pb (II) ion solution
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Fig. 10. The Removal Coefficient of the lon Exchanger prepared
from Pumice (Png), at 298.15 K.
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Fig. 11. The Removal Coefficient of the lon Exchanger prepared
from Pumice (Png), at 303.15 K.
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Fig. 12. The exchange-adsorption capacity of the lon Exchanger
prepared from Pumice (Pyg), at 308.15 K.

made it evident that the reaction’s kinetics fol-
lowed the apparent pseudo-first-order (PFO), which
the correlation coefficient R? verified using Table 7
and Figs. 13 to 15.

If we look at Fig. 19, we notice the increase in
exchange-adsorption capacity with the passage of
time, which in turn leads to an increase in the removal
efficiency R%, which is consistent with the previous
Figs. 7 to 12.%7
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Table 7. Adsorption kinetics on ion exchange Pyj;.
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Temperature Pseudo-First Order Pseudo-Second Order
Ion Exchanger Metal Ion  K(Calvin) qe(mmol/g)  Kj(hour!) R? Qe (mmol/g) K» (g/mg.hour) R?
Pna Pb2+ 298.15 4.540 0.059 0.95 -13.227 34 x 10 0.17
305.15 5.098 0.066 0.93 14.164 49 x 10 0.44
308.15 5.553 0.064 0.98 15.128 43 x 10 0.51
038 - 250
5. 2001 o o
af *
Ic . 2 1501 .
= = L)
é 02 %o R?=0.9505 % LR R
= i < 100
}'00‘"‘:"'w"';;"'w'T'meKh) =
= 00 10.0 200 30.0¢ 400 500 =
.02 50 1 2= 01771
£ - \
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Fig. 13. Adsorption Kinetics on lon Exchange Py, Pseudo-First

Order at 298.15 K.
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Fig. 14. Adsorption Kinetics on lon Exchange Py, Pseudo-First

Order at 303.15 K.
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Fig. 15. Adsorption Kinetics on lon Exchange Py, Pseudo-First

Order at 308.15 K.

Fig. 16. Adsorption Kinetics on lon Exchange Py, Pseudo-Second
Order at 298.15 K.
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Fig. 17. Adsorption Kinetics on lon Exchange Py, Pseudo-Second
Order at 303.15 K.
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Fig. 18. Adsorption Kinetics on lon Exchange Py, Pseudo-Second
Order at 308.15 K.
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Table 8. Parameters calculated by Redlich-Peterson, Langmuir, Freundlich, Halsey, Temkin,
Harkins-Jura, Dubinin—Radushkevich, Janovich, and Henry’s isotherms from the previous equa-
tions, at temperatures T = (298.15, 303.15, 308.15) K, at a weight of (1) gr of the ion exchanger
(Pna) and the concentrations studied previously.

Temperature (K) Redlich-Peterson Model
Ion Exchanger Metallon T (K) B A R2
Pna Pb2+ 298.15 0.831 4.870 1.00
305.15 0.884 4.651 0.99
308.15 0.844 6.116 0.99
Langmuir Model
T (K) Qmax(mmol/g) K (L/mmol) R2
Pna Pb2* 298.15 0.29 4310.34 0.99
305.15 3.66 390.32 0.99
308.15 4.26 391.23 0.99
Freundlich Model
T (K) n Kr R?
Pna Pb2* 298.15 5.934 4.870 0.99
305.15 8.658 4.651 0.99
308.15 6.410 6.116 0.99
Halsey Model
T (K) n K R2
Pna Pb2* 298.15 -5.934 8.306 x 10°  0.99
305.15 -5.934 8.306 x 10> 0.99
308.15 -6.410 9.084 x 10  0.99
Temkin Model
T (K) B(L/g) br(J/mol) Ar(L/g) R2
PNa Pb2+* 298.15 0.438 5650.37 17345.87 0.99
305.15 0.333 7548.33 403911.06 0.96
308.15 0.490 5224.22 49723.51 0.99
Harkins-Jura Model
T (K) A B R?
PNa Pb2+ 298.15 8.196 -0.307 0.98
305.15 14.970 -0.374 0.99
308.15 12.6103 -0.421 0.96
Dubinin—-Radushkevich (D-R) Model
T (K) qpr (mmol/g) Kpr (mol?.kJ—2) E (kJ .mol™1) R2
Pna Pb2+ 298.15 34.274 9.00 x 10° 7453.786 0.95
305.15 3.745 2.00 x 10° 15812.776 0.94
308.15 4.570 3.00 x 10° 12910.055 0.99
Janovich Model
T () gm (mmol/g) Kj R2
Pna Pb2* 298.15 1.791 -6.871 0.66
305.15 1.987 -6.921 0.56
308.15 2.108 -8.453 0.56
Henry’s Model
T (K) The resulting equation RZ2
PNa Pb2+ 298.15 Y =19.979 X + 1.5229 0.71
305.15 Y =21.899X + 1.7157 0.65

308.15 Y =28.583 X + 1.8491 0.66
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Fig. 19. Influence of contact time on adsorption of lead by ion exchanger Py.

Table 9. Thermodynamic parameters of AG, AH and AS for the adsorption of Lead
ion exchanger Py,, at temperatures of 298.15, 303.15, and 308.15 K (25, 30 and

35°C, respectively).

Temperature (k) AG (J.moll) AH (KJ.mol 1) AS (KJ.mol 1.k
298.15 -9432.033 -26.9132 0.1218

303.15 -9935.061

308.15 -10652.262

Adsorption isotherms

Of the adsorption isotherms in Table 8, the best
match was Radlich-Peterson, Dubinin-Radushkevich
and Langmuir, which confirms that the adsorp-
tion is monolayer and the presence of high values
(R?>0.987) confirms the presence of an interaction
between the adsorbent and the adsorbate.

It is noteworthy that the Radlich-Peterson equa-
tion achieved near-perfect agreement (R2~1) with
experimental results.®® This agreement is not merely
numerical; it demonstrates that the adsorption mech-
anism does not follow a single pattern, but rather
combines the behavior of the Langmuir model at low
concentrations with the Freundlich characteristics at
higher concentrations. This hybrid behavior reflects
the complexity of the interaction occurring at the
material’s surface. The Timken, Halsey, and Harkins-
Jura equations provided a comprehensive account of
the phenomenon. °%-¢°

Adsorption kinetics

The thermodynamic parameters of (AG), (AH) and
(AS) are reported in Table 9. The (AG), values ob-
tained by Egs. (24) to (26).

The adsorption process exhibited favorable ther-
modynamics with AG < 0 at all temperatures,
confirming spontaneity and strong Pb(II) affinity for
Pna. The negative AH (-26.91 kJ mol~!)°"-6? demon-
strates exothermic adsorption, while the positive
AS (0.1218 kJ mol~! K~1)56:61.63 reflects increased
interfacial disorder during Pb(II) uptake. These pa-
rameters collectively indicate:

+ Energetically favorable binding
+ Surface restructuring during adsorption
+ Entropy-driven stabilization

The development of effective sorbents requires
careful comparisons. The maximum adsorption ca-
pacity (qmax) is the basic criterion, and is measured

Table 10. Comparison of maximum adsorption capacity (qmax) of various adsorbents for Pb%* removal.

Adsorbent

Pnq (This study)

Montmorillonite Clay

Zeolite (Clinoptilolite)

Using ZnO-Biochar Nanocomposite
Fe304 Nanoparticles

Turkish Pumice

Graphene Oxide (GO)

Modification/Treatment Gmax(mmol/g) Reference
Na OH-modified Syrian pumice 4.300 -
Cr-pillared clays 1.072 64
Natural 0.801 65
Biochar modification 0.383 66
Modification 0.720 67
NaOH-modified (Turkish) 0.036 68
Chemical Treatment 5.400 69
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in mmol/g to determine the density of active sites.
Table 10 shows the difference in the performance of
materials absorbing lead ions (Pb21) from water.”

As shown in Table 10, the prepared exchanger (Pya)
has a maximum adsorption-exchange capacity of 4.3
mmol/g and is superior to many engineering and
applied materials by more than four to five times, and
many materials as shown in Table 10, for example (it
is superior to Montmorillnite Clay by four times, five
times to Clinoptiolite, etc. ...)%°

The capacity of the prepared ion exchanger (Pya)
was also superior to the Turkish pumice modified
with (“NaOH” 0.036mmol/g),°® which is due to the
large difference in the physicochemical properties of
the raw material from the different source.

We noticed that this material (Py,) has the ability
to compete with graphene oxide®® (a very advanced
nanomaterial) in terms of efficiency. This indicates
the success of the modification methodology used to
compete with high-performance nanomaterials.

Conclusion

The outstanding performance of the prepared ion
exchanger Py, makes it one of the most promising
economic solutions because it possesses a high capac-
ity in the process of adsorption and exchange of Pb?*
ions, as the removal yield increased with the increase
of both the mass and the initial concentrations of the
process, in addition to its increase with the increase
in temperature within the studied range to reach
100% at low concentrations and 80% at medium
concentrations, and the adsorption kinetics followed
the pseudo-first-order, while the adsorption curves
were in agreement somewhat with Peterson, Lang-
muir, and Freundlich than others, while the energy
values ranged between 7.5 kJ/mol and 15.8 kJ/mol.

With this treatment, we have provided a material
of high quality and efficiency through a simple and
low-cost modification to obtain a surface area and an
excellent maximum exchange-adsorption capacity in
removing the ion Pb?*. In the end, we recommend
carrying out broad future practical applications on
competing ions and organic materials.
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