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ABSTRACT

In this study, we synthesised metakaolin-based mesoporous geopolymer adsorbent and
investigated the effect of alkaline activator modulus (molar ratios of SiO»/Na,O) on Pb**
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adsorption. The geopolymer prepared using 1.2 M alkaline activator performs excellent Pb**

removal with a maximum adsorption capacity of 172.71 mg g~'. The pseudo-second-order
model fit the adsorption kinetics satisfactorily, indicating that the adsorption process is
dominated by chemical adsorption. The adsorption data appropriately fit the Langmuir
isotherm model. The contributions of adsorption methods corresponding to the total quantity
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adsorbed declined in the following order: EDTA extraction (formation of Pb aluminium oxide
and Pb-containing amorphous materials) > residual fraction (Pb stabilisation in the tetrahedral
aluminosilicate network) > ion exchange. Overall, the alkaline activator modulus significantly
influenced the Pb?* adsorption characteristics of the geopolymer adsorbent.
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1. Introduction

Heavy metals are released into the environment due to
mining activities; fertilizer and pesticide use; battery dis-
posal and tannery activities and from metal plating and
paper industries [1]. These water and soil contaminants
can enter and accumulate in the human body through
food and water and adversely impact human health
[2]. Lead, one of the heavy metals, is a kind of industrial
pollutant widely existing in the wastewater. Lead
accumulation in the body causes cancer, anaemia,
abdominal pain, muscle and joint pain, kidney problems,
and high blood pressure [3]. Additionally, lead can
impede plant growth and significantly inhibit plant
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physiological characteristics such as
number of roots and root length.
Considerable research has been conducted on heavy
metal removal from wastewater using methods such as
electrodialysis, photocatalytic technologies [4-6], ion
exchange [7], chemical precipitation [8], electrochemical
treatment [9], and adsorption [10]. Adsorption is an
attractive removal technique; it is easy and efficient;
uses inexpensive natural materials; and produces
environment-friendly waste [11]. Heavy metal adsorp-
tion has been performed using various natural and artifi-
cial materials [12,13]. However, factors such as process
efficiency, environmental friendliness and economic
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Table 1. Composition of MK.

Composition Si0, Al,0; Fe,03 MgO

Ca0 Na,0 K,0 TiO, P,0s LoL

wt% 53.73 40.21 1.02 0.28

0.13 0 1.13 1.87 0.07 1.56

feasibility, limit the widespread use of heavy metal sor-
bents [14].

Geopolymers, with a three-dimensional structure
consisting of SiO4 and AlO, tetrahedra, are amorphous,
inorganic gel materials that can be prepared from fly
ash, clay, metakaolin (MK), raw kaolin, and slag [13].
The zeolite-like structure of geopolymers engenders
useful properties such as good mechanical strength,
rapid hardening and acid-alkali resistance that contrib-
ute to their widespread use in cements and as refractory
materials [15]. Geopolymers have attracted attention
because they are easily synthesised at room temperature
with less emission of greenhouse gases (e.g. CO,, SO,,
and NO,) and can be fabricated from abundant and
accessible raw materials [13,16].

Recent research indicates that geopolymers have
excellent properties that assist in adsorbing heavy
metals from wastewater. Al-Harahsheh synthesised fly
ash-based geopolymer powders that exhibited adsorp-
tion capacities of 152 and 134 mg g~ for Pb** and
Cu?*, respectively [17]. Al Zboon [18] discovered that
the adsorption capacity of geopolymers prepared from
natural volcanic tuff reached 14.8 mg g~'. Cheng [19]
prepared a metakaolin-based geopolymer for Pb?
Cu®*, Cr**, and Cd** removal and reported maximum
adsorption capacities of 147.06, 48.78, 19.94, and
67.57 mg g, respectively. Kara's research [16] observed
that maximum monolayer adsorption capacities of Zn**
and Ni** ions by metakaolin-based geopolymer was 1.14
x 107* and 7.24 x 1072 mol g, respectively.

The parameters employed in geopolymer preparation
affect its adsorption capacity and other properties. Shu
[20] prepared coal fly ash-based geopolymers to
remove H,50, mist and discovered that the adsorbent
activity varied based on the mass ratios of fly ash to acti-
vator to water. Ge [21] prepared an inorganic geopoly-
mer membrane using metakaolin and sodium silicate
solutions to remove Ni?* from wastewater, and observed
that the surface area decreased as the H,0O/Na,O ratio
increased. However, few reports exist on the ability of
the alkaline activator conditions involved in geopolymer
preparation that influence the material's capacity to
adsorb heavy metals. In the present study, geopolymers
were prepared under different alkaline activator con-
ditions and the resulting differences in Pb®* adsorption
ability were characterised. Pb-loaded materials were
extracted sequentially to study the contribution of the
corresponding processes on the total quantity adsorbed.

The mechanism of Pb®* adsorption was investigated
using SEM-EDX, FTIR, XRD and XPS.

2. Materials and methods
2.1. Materials

Metakaolin (MK) was sourced from Zhengzhou in Henan
Province, China. The composition of MK is presented in
Table 1. The initial modulus of sodium silicate was
adjusted to 3.3 using NaOH. The alkaline activator sol-
ution (AAS) was prepared by mixing sodium silicate
and sodium hydroxide at molar ratios of SiO,/Na,O =
0.8, 1.2, 1.6, and 2.0 and sonicated for 20 min.

2.2. Adsorbent preparation

The Metakaolin, alkaline activator solution (AAS) and dis-
tilled water were mixed (1000 rpm, 25 min) at a mass
ratio of 100:80:60 (MK: AAS: distilled water) to prepare
a geopolymer slurry. The product was cured for 16
days under alternating conditions of room temperature
and 80 °C [22]. The resulting geopolymer block was
crushed, passed through a 0.5 mm sieve, and washed
with distilled water to remove excess NaOH. The terms
MG-0.8, MG-1.2, MG-1.6, and MG-2.0 represent the geo-
polymers prepared under alkaline activator molar ratios
of 0.8, 1.2, 1.6, and 2.0, respectively.

2.3. Batch-wise adsorption

The prepared adsorbent (0.100 g) was added to 25 mL
aqueous Pb(NOs), solution. The mixture was stirred at
200 rpm and 25 °C to investigate the adsorption of Pb?
* by various materials. The pH of each 300 mg L™' Pb?
* solution was adjusted to a value between 1.0 and
6.0, with either 0.01 M HNO3 or NaOH. Kinetic exper-
iments were performed for 0-600 min using 300 mg
L™" metal ion solutions at pH 3.0. Adsorption isotherms
were determined by stirring solutions at pH 3.0 for
400 min with initial Pb®" concentrations varying
between 0 and 1000 mg L™".

2.4. Reusability study

The reusability of the synthesised geopolymers was
investigated by consecutive adsorption-desorption
experiments. A desorbent, Na,EDTA was selected for



the following experiments. In each cycle, 0.5 g adsorbent
was added to 100 mL of a 100 mg L' Pb** solution with
a reaction time of 400 min. The collected adsorbent was
transferred to 100 mL of 0.01 M EDTA-2Na and shaken at
200 rpm for 2 h. The regeneration tests were conducted
five times under similar conditions to evaluate the
reusability.

2.5. Pb desorption tests

Pb-loaded samples were prepared by adding 200 mg
adsorbent to 30 mL Pb?* solution (800 mg L™"). Adsorp-
tion equilibrium was achieved by shaking the samples at
200 rpm for 10 h at 25 °C. The sequential extraction
steps of heavy metals adsorbed by different methods
are shown in Table 2 [22].

2.6. Material characterisation and analysis

Sample morphology was analysed using SEM (Phenom
ProX, Thermo Fisher Scientific). Elemental composition
was estimated by EDX. FTIR spectra were recorded by
KBr disks at 400-4000 cm™' using a Tensor 27 spec-
trometer (Bruker, Germany). XRD patterns of the
samples were determined with a D8 Advance diffract-
ometer (Bruker AXS, Germany) using Ni-filtered Cu K,
radiation at 20 =5-70°. XPS measurements were per-
formed using an AXIS Supra spectrometer (Kratos
Analytical) with Mg-K, radiation emitted from a double
anode at 50 W.

3. Results and discussion
3.1. Characterisation

Figure 1 shows electron micrographs of MK, MG-1.2, and
the geopolymer with the adsorbed Pb (MG-1.2-Pb). The
SEM image of MK reveals a sheet structure with particle
sizes < 30 uym. Many studies have reported that

Table 2. Continuous extraction of heavy metal.

Abbreviation Full name Operation
HMphy Physical fraction Shake 200 mg sample with 25 mL
distilled
water at 200 rpm for 3 h at 25°C
HMexc Exchangeable Shake the residual sample with
fraction 25 mL 1 M MgCl,
solution (pH =7) at 200 rpm for
2 hat25°C
HMepra EDTA-extractable Shake the residual sample with
fraction 25mL 0.05 M
EDTA-2Na solution at 200 rpm for
2 hat25°C
HMes Residual fraction Calculated by equation:

HMes = HMiora — HMphy — HMeyc
- HMEDTA

HMora: total amount of adsorbed Pb**.
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geopolymerisation forms nanoparticles [23,24], but
these structures were not observed in the present
study. The geopolymers contain a large number of
pores, which are formed due to binding of particles of
< 10 um diameters (Figure 1c and 1d). The pore size of
the agglomerated structures reduced, while the rough-
ness of the particle surfaces increased after Pb?* adsorp-
tion (Figure 1e and 1f).

Table 3[22] shows the specific surface area and pore
volume of the adsorbent. The Sggr of MG-0.8 and MG-
1.2 are 8.16 and 16.15 m? g™, respectively, which are
higher than the corresponding Sger value of MK
Additionally, the pore volume of geopolymers is five
times higher than that of the raw materials. The increase
in pore volume of MK-based geopolymer is mainly due
to the increase in mesopores and macropores.

The mineral phases present in the MK sample as
identified by XRD patterns (Figure 2a) are aluminium sili-
cate, mullite, and quartz [22]. The characteristic SiO,
diffraction peak observed at 26° in all samples indicates
that the geopolymer contains unreacted quartz residues.
However, disappearance of the peaks at 35-55° indicates
that MK dissolves under the alkaline conditions of geo-
polymer preparation. The environment of aluminium
atom varies relatively to that of silicon during the con-
version of structural MK to geopolymer, resulting in a
greater degree of polymerisation [25].

Figure 2b shows the FTIR absorption spectra of the
samples. The peak at 1076 cm™' shifts to a lower fre-
quency at ~1026 cm™' after geopolymerisation of MK,
indicating the formation of an alkaline aluminosilicate
gel [26]. During polycondensation, the Si—O-T bond
stretches and the bond angle decreases, which
reduces the vibrational force constant [27]. Moreover,
the shift may be attributed to an increase in the fraction
of silicon sites bound to non-bridging oxygen atoms
[28]. The typical AI** absorption band at 798 cm™' in
the MK sample is absent in the synthetic geopolymer
[29]. However, the significant peak at 696 cm™' in the
geopolymer spectrum can be attributed to tetrahedral
SiO4 or AlO4 units in the polymeric structure [30]. This
result indicates a disintegration of the original octa-
hedral structure of the raw materials during the for-
mation of the geopolymer.

3.2. Adsorption studies

The amount of Pb adsorbed increases with increasing pH
as shown in Figure 3a and 3b. The adsorption capacity at
low pH is limited by the competition between H;O* and
Pb%*. However, the amount of adsorbed metal ions
increases as the pH increases and the concentration of
H;0" decreases [31]. The equilibrium pH values do not
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Figure 1. SEM micrographs of (a, b) MK, (c, d) MG-1.2, and (e, f) MG-1.2-Pb at the indicated magnifications.

increase significantly when the initial pH is > 3. This may
be due to the surface precipitation of Pb?* and OH™ as
the pH increases above 6 [32]. Therefore, pH 3.0 is
optimal for the subsequent adsorption experiments.

As shown in Figure 3c and 3d, Pb%* adsorption on the
geopolymer increases with increasing contact time,
peaks after 300 min, and remains constant thereafter.
Significant removal of Pb®* (86.9%) occurs within the
first 40 min for MK, with only slight variations observed
after 120 min. Thus, a 300 min mixing time is sufficient
to achieve the adsorption equilibrium. The contact
time in subsequent experiments was set to 400 min to
shorten the processing time, ensuring that sufficient
time was provided to attain adsorption equilibrium.
Adsorption kinetics were analysed by pseudo-first-
order and pseudo-second-order models to investigate
the adsorption mechanism of Pb>* on the geopolymers
and MK [33,34].

In(ge — g¢) = Inge — kot (1)

t 1 t

=t 2
a kg2 qe

where g, and g. are the quantities of Pb?* adsorbed (mg
g~") at equilibrium and at contact time t (min), respect-
ively, and k; (min™') and k, (g (mg min™")™") are rate
constants.

The resulting fitted values are shown in Table 4. The
pseudo-second-order model showed a better fit to the

experimental data. Hence, the process may involve
chemical adsorption accompanied by electron exchange
or sharing [35,36].

The maximum quantities of Pb%* adsorbed by MK,
MG-0.8, MG-1.2, MG-1.6, and MG-2.0 were 16.53,
134.34, 172.71, 162.76, and 79.19 mg g, respectively
(Figure 2c and 2d). The conversion of MK to a geopoly-
mer increased the amount of Pb®* adsorbed by factors
of 4.8-8.1. Previous research indicated that MG-0.8
exhibited the maximum capacity for Cd** adsorption
[22]. However, the geopolymer prepared using 1.2 M
alkali activator modulus has the maximum capacity for
Pb** removal from the solution. This observation
suggests that differences exist in the mechanisms of
Pb?* and Cd** adsorption by geopolymers. According
to GB 5749-2006 [37] and GB 8978-1996[38], the concen-
tration limits of Pb®* in drinking water and wastewater
are 0.01 mg L™ and 1.0 mg L', respectively. When the
initial concentration of the solution is low, the absorbent
used in this study can ensure that the Pb content is
within the wastewater discharge standard.

Table 3. BET specific surface area and pore volume of samples
[22].

Pore volume (ml g™")

SgeT Pore volume
Sample (m%*g7") (mLg™") <2nm 2-50nm > 50 nm
MK 2.54 0.004 0 0.0028 0.0012
MG-0.8 8.16 0.021 0 0.0151 0.0059
MG-1.2 16.05 0.034 0 0.0208 0.0132




a
\ l-aluminum silicate  2-mulite 3-quartz
4-Pb aluminum oxide S-muscovite

-‘rﬂ_-: i‘%‘ 3 e-MG-1.2 Pb

MG-1.2 Pb
3 4

Intensity (a.u.)

20 (°)

ENVIRONMENTAL TECHNOLOGY

e-MG-1.2 Pb
1637

MG-1.2 Pb
474
545

A
6

M ¥ 1028 |
MG-1.2 \”T;s\/fsem\/
1639 472

876

1026 f

3450

N/

3446

3446
1076

I T | S ) I I 350 | T Ir I | N E j J v ! v ! Y 1 i I ! !
5 10 15 20 25 30 35 40 45 50 55 60 65 70 4000 3500 3000 2500 2000 1500 1000  S00

Wavenumber (em™)

Figure 2. (a) XRD patterns and (b) FTIR spectra of MK, MG-1.2, MG-1.2-Pb, and e-MG-1.2-Pb (EDTA-extractable MG-1.2-Pb).

The Langmuir Equation (4) and Freundlich Equation
(5) models are commonly used to describe the inter-
action between the adsorbents and the metal ions:

KLque

_ 3
9 =TYKC, )

Je = KFCQ 4)

where g. (mg g~") and g, are the adsorption capacity at
equilibrium and the maximum adsorption capacity,
respectively; C. (mg L™ is the equilibrium concen-
tration of Pb?*; K_ (L mg™") is the Langmuir constant
that relates to the free energy and adsorption affinity;
and Kr and n are Freundlich constants related to the
adsorption  capacity and adsorption intensity,
respectively.

The R? value of the Langmuir isotherm model for MG-
0.8, MG-1.2, and MK was greater than the corresponding
R? values of the Freundlich isotherm (Table 4). However,
the R? value of the Langmuir isotherm for MG-1.6 and
MG-2.0 was less compared to the R? value of the Freun-
dlich isotherm. The fitting results indicated that mono-
layer adsorption prevails in the adsorption of Pb** by
MG-0.8, MG-1.2, and MK. However, Pb?* adsorption by
MG-1.6 and MG-2.0 adsorbents most likely proceeds as
multilayer adsorption [31,32]. The Freundlich isotherm
R? value for MG-0.8, MG-1.2, and MK was close to 1,
and the value of 1/n (0.22-0.67) was less than 1, indicat-
ing strong adsorption with heterogeneous character-
istics [39].

3.3. Adsorption mechanism

3.3.1. Chemical speciation of adsorbed Pb
Figure 4 shows the distribution of the adsorbed forms
in the Pb-loaded samples. The contributions of

physically adsorbed, ion-exchangeable, EDTA-extracta-
ble and residual fractions in Pb-loaded MK were 0.20,
221, 1.28, and 9.79 mg g~ ', respectively. For geopoly-
mers, the amount of physically adsorbed Pb?* was neg-
ligible, which was less than 0.15% of the total
adsorption capacity. The contribution of ion-exchange-
able Pb** in MG-0.8, MG-1.2, and MG-1.6 did not
exceed 1.3%, whereas it was 10.09% in MG-2.0. The
EDTA-extractable Pb®* in the geopolymer samples
ranged between 32.69-83.48 mg g~', which consider-
ably surpassed the quantity in MK. The residual Pb
content in MG-0.8, MG-1.2, and MG-1.6 ranged
between 35.27-45.10mg g~' and accounted for
30.67 —37.49% of the total adsorbed content. The
residual Pb content in MG-2.0 was 13.05mg g,
which was slightly greater than that in MK. The
above results indicate that, after MK-to-geopolymer
conversion, a significant increase in Pb®* adsorption
occurs in the EDTA-extractable form, followed by the
residual fraction.

3.3.2. EDX analysis

The EDX (Figure 5) results indicate that O, Si, Al, and Na
were the major components of the geopolymer struc-
ture. The sodium distribution on the sample surface is
remarkably similar to those of the aluminium and
silicon distributions. Free and exchangeable Na* ions
present on the geopolymer surface before adsorption
are replaced by Pb®* after adsorption. The Na observed
after adsorption is therefore fixed in the aluminosilicate
lattice [40]. The brightness and outline of the Pb
responses strongly correspond to the positions of O,
Al, Si, and Na reflecting a high degree of spatial corre-
lation between the adsorbed Pb and the underlying
elements.
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Figure 3. Adsorption characteristics of MK and geopolymers: (a, b) effect of initial pH on Pb** adsorption, (c) pseudo-first-order kinetic
model of adsorption (effect of contact time), (d) pseudo-second-order kinetic model of adsorption (effect of contact time), and (e, f)

effect of initial Pb>* concentration on adsorption isotherms.

3.3.3. Total survey of XPS spectra

The complete and high-resolution XPS spectra of MG-
1.2, MG-1.2-Pb, and e-MG-1.2-Pb (EDTA-extractable
MG-1.2-Pb) are shown in Figure 6. The principal Al
2p, Si 2p, O 1s, Na 1s, and C 1s peaks are observed
in MG-1.2, MG-1.2-Pb, and e-MG-1.2-Pb. The MG-1.2-
Pb sample shows distinct peaks at binding energies
of ~139 and 144 eV, indicating that Pb2" is adsorbed
by the geopolymer. The Na 1s peak does not change

despite Pb®* adsorption, which indicates that the
principal form of adsorbed material in the geopolymer
is not exchangeable, but rather fixed in the alumino-
silicate network. This result is consistent with the
SEM-EDX result (Figure 5). The extraction of Pb-
loaded geopolymer with EDTA, significantly decreases
the intensities of the Pb XPS peaks at 139 and 144 eV.
This indicates that a substantial amount of adsorbed
Pb is soluble in EDTA, which is consistent with the
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Table 4. Kinetic parameters, adsorption isotherm constants for Pb** adsorption on geopolymers and MK.

Materials

Categories parameter Units MK MG-0.8 MG-1.2 MG-1.6 MG-2.0

Pesudo-first- Je mg g™’ 6.15 64.92 69.25 69.4 45.26
order model ke 107> min™" 0.069 0.178 0.406 0352 0398
R? 0.989 0.874 0.990 0.985 0.969

Pesudo-first- Je mg g~ 6.43 73.36 71.05 71.19 48.26

order model k, 107* g mg™" min~’ 17.82 1.22 7.64 9.87 419
R 0.997 0.990 0.994 0.994 0.998

Langmuir isotherm Omax mg g~ 34.14 138.57 187.01 162.61 79.29
constants K Lmgg™’ 0.001 0.055 0.036 0.070 0.015
R2 0.970 0.944 0.954 0.808 0.851

Freundlich isotherm K¢ 0.18 35.99 33.15 40.42 17.10

constants 1/n 0.67 0.22 0.29 0.24 0.22
R 0.959 0.939 0.943 0.844 0.974

sequential desorption results (Figure 4). The Na 1s XPS
peak is enhanced in the process, indicating that the
adsorption site occupied by EDTA-extractable Pb** is
replaced by Na* from the EDTA solution. The charac-
teristic Pb 4f peak still observed in e-MG-1.2-Pb, indi-
cating that the adsorbed Pb cannot be completely
extracted by EDTA. This material is the residual Pb
fraction described in the sequential desorption study
(Figure 4).

3.3.4. XRD Analysis

The adsorption mechanism was investigated using the
XRD patterns of MG-1.2-Pb and e-MG-1.2-Pb. Pb alu-
minium oxide diffraction peaks appear in the geopoly-
mer after Pb%* adsorption (Figure 2a). Additionally, the
aluminium silicate peak disappears, and the quartz
peak decreases significantly. Presumably, aluminium sili-
cate and quartz react with Pb>* to form an amorphous
material. The diffraction peak of lead oxide disappears
after the Pb-loaded geopolymer is extracted with
EDTA, suggesting the removal of Pb aluminium oxide
fraction during this process.

- Physical
- Exchangeable

B EDTA cxtractable

B Residual

MG-0.8 MG-1.2 MG-1.6 MG-2.0

MK

1 1 Ll T T
0 20 40 (1 80 100 120
Amount of Pb sorbed (mg g™)

Figure 4. Loaded forms of Pb®* in geopolymers and MK.

3.3.5. FTIR analysis

Figure 2b shows that after the Pb-loaded geopolymer is
extracted by EDTA, the peak at 1026 cm™' shifts to
1032 cm™', indicating a small variation in the Si— O—T
structure. This result is consistent with the appearance
of the muscovite crystals detected in the XRD studies.
The FTIR band at 694 cm™' is displaced to 716 cm™
after the geopolymer adsorbs Pb?*, indicating the invol-
vement of tetrahedral Si or Al in the adsorption reaction.
This peak does not shift after the Pb-loaded geopolymer
is extracted with EDTA, suggesting the stabilisation of
the tetrahedral Si or Al structure by Pb fixation. The
FTIR peaks at ~476 and 545 cm™' correspond to Si— O
—Si bending and Si— O-Al stretching, respectively
[41]. The Si — O—Al stretching peak shifts during geopo-
lymerisation, Pb®* adsorption, and EDTA desorption,
indicating that the Pb®* adsorbed by the Si— O-Al
bond is in an EDTA-extractable state. This fraction may
correspond to Pb aluminium oxide (Figure 2a).

3.3.6. Conceptual model of adsorption

mechanisms

The conceptual model of the Pb adsorption mechan-
isms by geopolymers is divided into three parts: (1)

Figure 5. (a) SEM image and (b, ¢, d, e, f) EDS elemental dot
maps of Pb-loaded MG-1.2.
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Figure 6. High-resolution XPS spectra of MG-1.2, MG-1.2-Pb,
and e-MG-1.2-Pb.

cation exchange, where Pb®* is exchanged with metal
cations that contributes only slightly to the total
adsorbed content, (2) EDTA extraction, where Pb alu-
minium oxide and Pb-containing amorphous materials
involving Pb and Si — O—Al bonds are formed, and (3) a
residual fraction, where Pb is stabilised within the tet-
rahedral aluminosilicate network. The Cd**-binding
pathway of HMgpra involves only surface complexation
via hydroxyl functional groups [42]. However, the Pb%*
binding modes of HMgpra are more diverse, which
confirms the differences between the adsorption
mechanisms of Pb®* and Cd** by metakaolin-based
geopolymers. The optimal molar ratio of the alkaline
activator solution varies for Pb and Cd adsorption.
This is mainly related to the difference in the mor-
phology of HMgpra.

0 4

80+

Removal efficiency (%)

Resuse eyele

Figure 7. Pb?* adsorption capacity of MG-1.2 during five con-
secutive adsorption—desorption cycles.

3.4. Reusability

Figure 7 presents the removal effect of Pb** by MG-1.2
adsorbent, after utilising it successively for five times.
Despite the uninterrupted usage of the adsorbent five
times, the removal efficiency of heavy metals remained
above 79%. Therefore, geopolymer adsorbents can be
effectively recycled to remove Pb.

4. Conclusions

This study observed that changes in the alkaline activa-
tor modulus (molar ratios of SiO,/Na,O) of geopolymer
adsorbents affect their ability to adsorb Pb**. Geopoly-
mers prepared using an alkaline activator with a
modulus of 1.2 M exhibit maximum adsorption for
Pb** (172.71mg g7"). Isothermal adsorption model
and adsorption kinetic experiments indicate that (1)
Pb?* adsorption by geopolymers is dominated by
chemical adsorption, (2) monolayer adsorption predomi-
nates the adsorption of Pb?* by MG-0.8, MG-1.2, and MK,
and (3) Pb?* adsorption by MG-1.6 and MG-2.0 probably
proceeds by multilayer adsorption. The contributions to
Pb?* adsorption in Pb-loaded geopolymers decrease in
the following order: EDTA extraction > residual fraction
> cation exchange. Overall, MK-based geopolymers are
effective materials for wastewater purification, featuring
inexpensive preparation, low energy consumption, and
highly efficient Pb** adsorption.
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