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ABSTRACT

In this study, a new type of geopolymer was prepared via hydrothermal method using metaka-
olin as raw material. The Cu(ll) adsorption property of the obtained geopolymer composite was
investigated. At a 4/6 Al/Si ratio, the geopolymer exhibited optimal adsorption performance.
Microstructural and morphological changes were characterized via Fourier-transform infrared spec-
troscopy, scanning electron microscopy, and X-ray diffraction. The optimal adsorption capacity of
the geopolymer was 97.58 mg/g. Adsorption kinetics and isotherms were in accordance with the
pseudo-second-order and Freundlich isotherm models, respectively. The specific surface area of the
geopolymer was 32.16 m?/g, whereas that of the raw material was 10.07 m?/g. The pore size of the
obtained geopolymer composite decreased after five regeneration cycles. After specific adsorption
experiments, the geopolymer was recovered via immobilization. The adsorption rate of the recy-
cled geopolymer after five regeneration cycles was maintained above 95% with immobilization
efficiency of 99%. This study provides valuable theoretical guidance for the adsorption of metals.

Keywords: Geopolymer; Adsorption; Immobilization; Copper ion; Mesoporous

1. Introduction

In the field of environmental science, the term metals
mainly refer to metal elements in the environment that can
be enriched in the process chain, which produces a modi-
fied final product. Conventional methods to treat metal-con-
taining wastewater convert metal ions in solution to their
solid-state, which can be relatively easily separated from
the wastewater. Chemical precipitation and adsorption [1,2]
are commonly used methods to perform this procedure.
Various types of adsorption materials have been researched,
particularly: natural clay [3], fly ash [4], and red mud [5].
Due to their high adsorption capacity, high specific sur-
face area, an abundance of raw materials, and low cost,
these materials are environmentally friendly and, therefore,
widely used for the removal of metals [6].

* Corresponding author.

Geopolymers, also known as soil polymers or inorganic
polymers, belong to a type of aluminum silicate solid that
was first proposed by Davidovits et al. [7]. The formation
of the geopolymer structure requires the breakage of the
Si-O and Al-O bonds in the raw material form of the pre-
cursor [8]. The obtained material is then dehydrated and
condensed, thus forming a covalent bond structure with
the O-connected silicon tetrahedron and aluminum tetra-
hedron. Due to their notable advantages such as good sta-
bility in aqueous solution, low-cost, and complete lack of
secondary pollution, researchers have increasingly focused
on the metal adsorption properties of geopolymers [9].
After the metal adsorption, the adsorbent can be recovered
via leaching in acidic solution, thus being a regenerative
geopolymer. However, the adsorption capacity of recovered
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geopolymers after several regeneration cycles strongly
decreases, no longer meeting the requirements. In this
context, the hydrothermal reaction is an emerging method
for geopolymer regeneration, and it is a basic procedure
during geopolymer synthesis. During the regeneration pro-
cess, adsorbed metal ions are firmly immobilized and new
adsorption sites are formed on the geopolymer surface.
The regenerated geopolymer can be used for landfill, which
is considered simple and feasible [10].

The present work studies the synthesis conditions and
properties characteristics of a new type of geopolymer com-
posite derived from metakaolin, NaAlO,, and Na,SiO, as
source materials. Sodium hydroxide (NaOH) was added
as the activating agent during sample preparation. Cu(II)
adsorption by the obtained geopolymer under different syn-
thesis conditions was investigated. Furthermore, the kinetics
of Cu(Il) adsorption and feasibility of geopolymer regen-
eration were evaluated. A regeneration test was conducted
to evaluate the renewability properties.

2. Materials and methods
2.1. Materials

The metakaolin used for this study was obtained via
kaolinite dehydration at 900°C in a muffle furnace for 1 h,
and its main chemical elements are listed in Table 1. Distilled
water and analytical grade NaOH, Na,SiO,, and NaAlO,
were used for all experiments.

2.2. Sample preparation

The sample preparation process started by mixing
NaAlO, and Na,SiO, at a designed molar ratio (Al/Si), to
which 4 g of metakaolin were added. This sample was then

Table 1
Chemical composition of the studied metakaolin

Component Content (wt.%)
SiO, 49.03

ALO, 45.48

TiO, 0.67

Fe,O, 0.51

CaO 0.51

ZrO, 0.10

Loss amount 3.70

Table 2
Synthesis parameters for sample preparation

mixed with a prepared alkaline solution at a pre-designed
concentration and 0.1 solid/solution weight ratio, thus form-
ing the geopolymer precursor. This precursor was then
cast into a reactor, which was heated to a designated tem-
perature in the muffle furnace to initiate the hydrothermal
reaction. After the reaction, solid particles were filtered
and washed with distilled water until neutralization.

To examine the influence of the geopolymer composi-
tion on its adsorption properties, several parameters were
varied during the sample preparation. Excluding the always
fixed solid-liquid ratio, four series of synthesis parameters
were varied in this study: (1) the pre-designed molar ratio
of Al/Si; (2) the concentration of the alkaline solution, which
ranged from 0.2 to 1.4 mol/L; (3) the activating temperature
for the hydrothermal reaction, which ranged from 20°C to
180°C; (4) the activating time of the hydrothermal reaction,
which varied from 10 to 360 min. The details of various
synthesis parameters are summarized in Table 2.

To analyze the adsorption efficiency of the prepared
geopolymer, batch experiments were conducted. To explore
the effects of contact time, 0.05 g of adsorbent was added to
50 mL of a 100 mg/L Cu(lI) solution. The pH of the solution
was controlled at 5.5, and the bottle was sealed. Finally, the
mixture was placed in a gas bath shaker for different con-
tact times (2.5-150 min) at 25°C and 150 rpm. Each series
of experiments was performed in triplicate. After filtration,
atomic absorption spectroscopy was used to analyze the
filtrate and to measure the amount of metal extracted from
the solution. To explore the effect of initial Cu(II) concentra-
tion in a solution, 0.05 g of adsorbent was added to 50 mL
of different Cu(Il) concentration (10-100 mg/L) solutions.
The amount of metal ion adsorbed by the geopolymer was
calculated using Eq. (1):

(c,-C)v

qo=-—""71" " )
m

where C; is the initial concentration (mg/L) of the metal
solution, C, is the equilibrium adsorption concentration
(mg/L), g, is the equilibrium adsorption amount (mg/g), m is
the adsorbent mass (mg), and V is the solution volume (mL).

2.3. Geopolymer characterization

The surface morphology of the geopolymer was observed
via scanning electron microscopy (SEM; JEOL, JSM-5600LV,
Japan). Functional groups were characterized via Fourier-
transform infrared spectroscopy (FI-IR; Thermo Fisher,
Nicolet 6700, USA). The elemental composition was analyzed

Series set Varied parameter Fixed parameters
1 Molar ratio of Al/Si=9:1, 8:2, 7:3, 6:4, 5:5, 4:6, 3:7, 2:8, and 1:9 4:6

2 Alkaline concentration = 0.2-1.4 mol/L 0.8 mol/L

3 Temperature = 20°C-180°C 160°C

4 Curing time = 10-360 min 120 min
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via X-ray fluorescence spectroscopy (Shimadzu, XRF-1800,
Japan).The internal geopolymer structure was characterized
via X-ray diffraction (XRD) using a Brook D8-XRD-7000
(Germany) advance X-ray powder diffractometer. Finally, the
specific surface area and micropore structure were analyzed
by an automatic surface and porosity analyzer (Micromeritics,
ASAP2020, USA).

2.4. Regeneration tests

After the adsorption experiment, the specimens were
filtered by a membrane and dried for 1 h at 65°C to pro-
duce geopolymer residues, which were collected and used
as samples for the regeneration tests. To perform a regener-
ation cycle, the collected samples were first mixed with the
activation solution (NaOH:Na,SiO,:NaAlO, = 6:6:4) at a des-
ignated mass ratio. Subsequently, the hydrothermal process
was conducted in a muffle furnace under 160°C for 2 h to
achieve geopolymer regeneration. The obtained residue was
collected via membrane filtration, and it was washed several
times with deionized water until a pH of 7 was obtained.
When the neutralization was finished, the residue was
used in adsorption experiments, following the procedure
described in section 2.4. To ascertain the reusability of the
geopolymer, five regeneration cycles were conducted under
similar preparation methods.

The immobilization rate of Cu(Il) can be calculated by
Egs. (2) and (3), and the immobilization efficiency (mg/g) by
Eq. (4):

b= x100% @
ml

m, =V €)

c=T @)
m

where m, (mg) is the mass of Cu(ll) absorbed by the geo-
polymer, m, (mg) is the Cu(Il) mass in the reclaimed liquid,
¢ (mg/L) is the concentration of Cu(ll) in the regenerated
liquid, V (L) is the volume of the regenerated liquid, and
m (g) is the quality of the recycled geopolymer.
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3. Results and discussion
3.1. Effect of synthesis conditions on sorption behavior

The correlation between the Al/Si ratio and adsorp-
tion capacity is shown in Fig. 1a. The results show that the
adsorption capacity was enhanced when the Al/Si ratio
decreased from 9/1 to 4/6, at which the optimal result was
obtained. The adsorption capacity was also enhanced with
increased alkaline concentration and, according to Fig. 1b, the
optimal concentration of the NaOH solution was 0.8 mol/L.

The variation curves of adsorption capacity and reaction
temperature are shown in Fig. 2a. The adsorption capac-
ity of the obtained geopolymer greatly improved when the
activation temperature exceeded 100°C. The optimal Cu(II)
adsorption capacity was 96.66 mg/g, achieved at 160°C.
Geopolymers are typically formed at 100°C. Thus, they can
be considered an energy-saving adsorbent. Furthermore,
high-quality geopolymers can be obtained after activation
using metakaolin or fly ash as raw material.

The correlation between geopolymer adsorption capac-
ity and the activation time is shown in Fig. 2b. During the
initial stage of the reaction, the adsorption rate did not reach
50 mg/g within 80 min. At that stage and in the presence of
the activator, metakaolin was more likely to form a precur-
sor. As the activation time reached 80-120 min, the geopoly-
mer rapidly formed, resulting in a sharp increase in Cu(II)
adsorption, which reached 96.66 mg/g. The activation pro-
cess was completed within 120 min, and there was a slow
improvement in the adsorption capacity with increasing
reaction time.

3.2. FT-IR analysis

The FT-IR results for metakaolin and geopolymer are
shown in Fig. 3. Compared to metakaolin, the geopolymer
band shifted to a higher wavenumber, and the transmittance
decreased [11].

The analysis of the FT-IR results indicates that the
change of absorption peak appears within the 950 and
1,200 cm™ bands. The change from 950 to 1,200 cm™ can be
ascribed to the change of asymmetric stretching vibration
caused by the Si-O-Si skeleton. The 1,094 cm™ absorption
peak of Si-O-Si noticeably changed. The absorption peak
shifted to 1,166 and 1,102 cm™, while the intensity strongly
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Fig. 1. Correlation between reaction conditions and adsorption capacity (a) Al/Si ratio and (b) NaOH concentration.
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Fig. 3. FT-IR of (a) metakaolin and (b) geopolymer.

decreased, which indicates that the Si—O structure was reor-
ganized due to the activating agent, and a new Si-O-Al
structure was formed [12]. This formation occurred due to
the dissolution of silicon and aluminum components, which
formed an amorphous structure and replaced part of the Si
by Al, thus forming the Si-O-Al structure [13]. The original
absorption peak at 469 cm™ shifted to 468 cm™ due to the
bending of Si-O and the structure of Al-O [14]. Therefore,
the structure of the geopolymer was formed after the acti-
vation. In addition, Si—O antisymmetric stretching vibration
was observed at 669 cm™.

3.3. SEM analysis

SEM images of the samples are shown in Fig. 4. The
metakaolin surface is irregular and loose (Fig. 4a). After
the hydrothermal reaction, the geopolymer was formed
with many fine particles produced by the dissolution of
metakaolin into microparticles due to the effect of the acti-
vating agent. On the metakaolin surface, aluminum and
silicon tetrahedron exist in free form, where two tetrahedra
share one oxygen atom [11]. Then, the first rapid polymer-
ization of the Al-O-Si structure in oligomeric state occurred,
followed by the formation of silicate on the surface of the
slow coagulation process. The resulting structure of the

geopolymer is shown in Fig. 4b. Compared to metakaolin,
the surface of the geopolymer was regular and compact.

3.4. XRD analysis

The XRD patterns of the metakaolin and geopolymer
are shown in Fig. 5. The main crystal phases of metakaolin
are mullite, sillimanite, iron cordierite, and calcium alumi-
nate. After the hydrothermal reaction, the silicon and alu-
minum components in the raw materials formed a sodium
aluminosilicate polymer (Na-PS) [15].

3.5. Pore size distribution

The pore size distribution is presented in Fig. 6. The
majority of pore sizes remained below 2 nm. The largest
pore size was 4.85 nm, and it accounted for the smallest
proportion of distribution. Due to their small pore size, the
adsorption resistance inside the pores was larger for meta-
kaolin, which was not conducive to adsorption. In con-
trast, the pore size of the geopolymer was mostly around
15.98 nm. This larger pore size distribution indicates that
the geopolymer possesses a higher surface area, which
resulted in improved adsorption efficiency [16,17]. This result
indicates that geopolymer is a mesoporous material.

3.6. Adsorption kinetics

To determine the optimal contact time between Cu(II)
and the geopolymer, the Cu(Il) adsorption capacities were
measured as a function of contact time. First, 0.05 g of
geopolymer was added to each flask containing 250 ml of
Cu(II) solution at a concentration of 100 mg/L and a pH of
5.5. Then, the flasks were subject to constant shaking for
150 min. Fig. 7a shows that the amount of adsorbed Cu(II)
increased with increasing contact time, and Cu(II) equilibrium
was reached after 90 min. Therefore, 120 min was selected
as the optimal contact time for all the following studies.

Pseudo-first- and pseudo-second-order kinetic models
are commonly used to determine the factors that control
adsorption rates and to observe the mechanism of metal
adsorption onto geopolymers. Pseudo-second-order kinet-
ics can be divided into three stages: (1) external liquid film
adsorption, (2) surface adsorption, and (3) intraparticle
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Fig. 4. SEM images of (a) metakaolin and (b) geopolymer.
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Fig. 5. XRD analyses of (a) metakaolin and (b) geopolymer.
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Fig. 6. The pore size distribution of (a) metakaolin and (b) geopolymer.

diffusion, which is commonly used to describe the adsorp-
tion of Cu(Il) by the geopolymer. Pseudo-first-order kinetics
as described by Lagergren is expressed in Eq. (5), and pseu-
do-second-order kinetics [18] in Eq. (6).
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where g, (mg/g) and g, (mg/g) represent the number of metal
ions adsorbed on the geopolymer at equilibrium and at
time ¢ (min), respectively; and k, (min™) and k, [g/(mg min)]
are rate constants.
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(c) pseudo-second-order equations.

Linear fitting of the experimental data is shown in
Figs. 7b and ¢, and the parameters calculated via Eqs. (5)
and (6) are listed in Table 3. The theoretical g, calculated
from the pseudo-second-order model and the experimen-
tal g, strongly overlapped. In addition, the determined
coefficients (R? obtained from the pseudo-second-order
kinetic model far exceeded those obtained from the pseudo-
first-order model. Therefore, the experimental kinetic
data agreed better with the pseudo-second-order kinetic
model.

The Cu(ll) adsorption capacity of different geopoly-
mers and other types of adsorbents on the basis of previous
articles are shown in Tables 4 and 5, respectively. Compared
to other types of adsorbents, the geopolymer obtained in
this study presented a large advantage, achieving a high
adsorption capacity of 97.67 mg/g.

The Weber-Morris equation can be used to describe
whether the mass transfer process occurred on the surface
or internally [27]. As shown in Fig. 8, the plots fitting the
results comprise four linear portions. Therefore, the adsorp-
tion of Cu(ll) by the geopolymer comprised four stages,

Table 3

Kinetic parameters for the adsorption of Cu(II) using geopolymers

according to the Weber-Morris model. The fitting results
are summarized in Table 6. During the first 0.5 min, Cu(Il)
was rapidly adsorbed. However, the slope of the fitting
curve at 0.5-3 min was negative, indicating that there was a
release of Cu(Il) at that time. The adsorption gradually sat-
urated after 30 min. Except for the initial 0-0.5 min portion
of the fitting curve, other intercepts did not cross the origin,
indicating that a certain boundary layer thickness existed
in the adsorption process.

3.7. Adsorption isotherms

At 120 min contact time and 5.5 pH, the initial con-
centration of the solutions containing Cu(Il) were set to
10-100 mg/L. Fig. 9a shows that the initial concentration of
Cu(II) ions was higher, and the equilibrium adsorption value
was larger. These results might be attributed to the adsorp-
tion sites, which do not get saturated at low concentrations.
With increasing metal concentration, the adsorption sites
gradually become saturated. The maximum Cu(II) adsorp-
tion achieved by the geopolymer was 81.6 mg/g.

Teexp (mg/g) Pseudo-first-order kinetics Pseudo-second-order kinetics
q, (mg/g) k, (min™) R? q, (mg/g) k, (g/mg min) R?
97.67 65.64 0.0180 0.870 95.24 0.0156 0.999
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Table 4
Cu(II) adsorption capacity of different geopolymers
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Source of literature Initial concentration Adsorption Adsorption
of Cu(Il) (mg/L) temperature (°C) capacity (mg/g)

Onutai et al. [19] 20 25 24
Andrejkovicov et al. [20] 50 - 44.73
Singhal et al. [9] - - 40
Al-Harahsheh et al. [21] 160 25 57.9
This research 100 25 97.67

Table 5

Cu(II) adsorption capacity of different adsorbents

Adsorbents name

Maximum adsorption Source of literature

capacity (mg/g)
Poly(vinyl alcohol)/sodium alginate/KMnO, modified biochar 87.07 Xiao et al. [22]
Sewage sludge-derived biochar 74.51 Tang et al. [23]
Modified chitosan gel incorporated with magnetic nanoparticle 90.99 Anush and Vishalakshi [24]
Superadsorbent hydrogel based on lignin and montmorillonite 74.88 Sun et al. [25]
Ligand based facial conjugate materials 174.76 Awual et al. [26]
Geopolymer 97.67 This research
- Table 6
100 3-30min 30-150min Fitting of experimental data on Cu(Il) for different dynamic

40

20

0

0 2 4 6 8 10 12 14
fO'S/miIIU'S

Fig. 8. Fitting of experimental data to the Weber—Morris
equation.

To further investigate the geopolymer metal-adsorp-
tion behavior, additional experiments were performed at a
constant temperature (25°C) and different concentrations
of Cu(Il). The expressions of the Langmuir Eq. (7) and
Freundlich Eq. (8) models are given as:

gzi_,_g 7)
9. b 9

Ing =InK, +11 C 8)
ng, =In f+;n .

models

Simulation Fitting model  Fitting equation R?
time period

0.5-150 min ~ Lagergren y=-0.0078x+1.109  0.870
0.5-150 min  Ho y=0.0105x +0.00706  0.999
0-0.5 min Weber-Morris  y=117.76x 1
0.5-3 min Weber-Morris v =-4.996x + 88.18 0.889
3-30 min Weber-Morris  y=3.164 +75.63 0.899
30-150 min Weber-Morris = 0.4639x + 89.64 0.973

where C, is the equilibrium concentration of Cu(ll)
(mg/L), and g, is the amount of adsorbed Cu(Il) at equi-
librium (mg/g). q, (mg/g) and b (L/mg) are both Langmuir
constants that are associated with adsorption capacity
and intensity, respectively. K, and n are both Freundlich
constants, which are related to adsorption capacity and
intensity, respectively [28].

The linear fitting of two isotherm models is presented in
Figs. 9b and c. The relevant isotherm parameters are sum-
marized in Table 7. The obtained results indicate that the
adsorption of Cu(Il) on the geopolymer can be well described
via the Freundlich model. According to the fitting results
of the adsorption isotherm models, the Langmuir model is
not adequate because the predicted adsorption capacity is
significantly smaller than the actual adsorption capacity in
the case of higher initial copper concentration (more than
70 mg/L). Compared to the Langmuir model, the Freundlich
model achieves better correlation with the experimental data,
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of Cu(Il) onto the geopolymer.

Table 7
Parameters of Langmuir and Freundlich isotherms on Cu(IlI) ad-
sorption

Langmuir Freundlich
q, (mg/g) b R? K, (ng/g) n R?
60.16 0.107 0.965 115 3.76 0.998

presenting an R? of 0.9959. From the fitting results, the value
of n ranges between 1 and 10, indicating that the adsorption
process can be well explained by the Freundlich isotherm
[29]. Similar to the graphene-modified chitosan, the Cu(Il)
adsorption behavior of the obtained geopolymer is con-
formed to the multimolecular layer adsorption model [30].

3.8. Regeneration tests
3.8.1. Efficiency of regenerated geopolymer

Following the adsorption experiment, the reproducibility
of the adsorbent was investigated based on the collected
geopolymer. As the regeneration cycles were conducted,
the adsorbed Cu(Il) was immobilized in the newly emerged
geopolymer under hydrothermal conditions. The adsorp-
tion curves of the regenerated composite are shown in
Fig. 10. In contrast to general adsorbents [31], the geopoly-
mer achieved good adsorption capacity towards Cu(ll)
after multiple regenerations. The Cu(Il) removal efficiency
and the immobilization of the regenerated geopolymer were
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Fig. 10. Multiple adsorption curves of geopolymers.

investigated. Fig. 11a shows that the geopolymer maintained
high adsorption performance after five regeneration cycles,
achieving a removal efficiency of 95%. The corresponding
immobilization efficiency was 99% (Fig. 11b). However, the
weight of the geopolymer composite increased, resulting
in a gradual decrease of immobilization efficiency.

3.8.2. Structure of the regenerated geopolymer

After five regeneration cycles, the crystalline state of
the geopolymer did not strongly change, and the Na-PS
crystal was the main type (Fig. 12). However, during the
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Fig. 13. Pore size distribution of geopolymer (a) first regeneration and (b) fifth regeneration.

regeneration process, the amount of silicon and alumi-
num gradually reduced, and albite was found in the sam-
ples. Moreover, the unreacted aluminosilicate components
gradually transformed into geopolymers due to the acti-
vating agent. Albite formed due to the existence of sodium-
containing activating agents (Na,SiO, and NaOH).

The pore size distribution is presented in Fig. 13. In con-
trast to the geopolymer, recycled geopolymer was mainly
mesoporous after the first regeneration, and the maximum
and minimum pore sizes were 3.82 and 2.13 nm, respec-
tively. Thus, the pore size of the recycled geopolymer was

significantly smaller. After the fifth regeneration, the pore
size of the geopolymer further decreased. Moreover, Table
8 shows that after the first regeneration, the specific surface
area of the geopolymer was reduced by half. However, there
was no further change in the specific surface area of the geo-
polymer after repeated regenerations.

4. Conclusion

This study investigated the adsorption capacity of a
metakaolin-derived geopolymer. The geopolymer was
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Table 8
Pore size and specific surface area

Sample Pore diameter Pore volume Sper (M%/g)
range (nm) (cm’/g) (BET - Brunauer-Emmett-Teller)
Metakaolin 1.69-4.85 0.016 10.07
Geopolymer 2.47-15.98 0.078 32.16
First regeneration 2.13-3.82 0.058 16.28
Fifth regeneration 1.89-3.87 0.063 16.87

synthesized at an intermediate Al/Si ratio, and it exhib-
ited high adsorption capacity under high alkalinity. The
pore size distribution increased compared to those of raw
materials. Batch tests indicated that the obtained geopoly-
mer exhibited better Cu(II) removal efficiency compared to
other geopolymer adsorbents. The adsorption process fitted
well both the second-order model and Freundlich adsorp-
tion isotherm model. Furthermore, after five regenerations
cycles, pore size decreased, but a high removal efficiency
was maintained.
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