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ABSTRACT: The geopolymeran inorganic polymeric material synthesized from the
reaction of aluminosilicate precursors and alkaline activating solutionshas gained wide
research attention in recent decades as a promising adsorbent for the removal of aqueous
heavy metals. However, the high variability of the material and several unanswered
questions have limited its development and general adoption in the industry. This study
evaluates the impacts of composition and microstructure on the performance of
geopolymers for aqueous lead (Pb) removal to elucidate the composition−structure−
property relationship. The Pb sorption kinetics and efficiency of four geopolymers,
prepared using different fly ash precursors and activating solutions, were investigated.
Although all the four geopolymer compositions studied displayed a high Pb removal
efficiency of over 99.5%, with a slight decrease in efficiency with increasing Ca/(Si + Al)
and Al/Si contents, the results show that the sorption kinetics decreases exponentially
with increasing Ca/(Si + Al) and Al/Si molar ratios. The performance of the
geopolymers also shows strong correlation to the microstructure, wherein the sorption
kinetics increases exponentially, while the efficiency increases slightly, with increasing mass fraction of the amorphous phase in the
geopolymer’s phase assemblage. The results of this research indicate that using appropriate precursor formulation and curing
conditions to evoke the best microstructures, geopolymer materials can be optimized for high performance in removing heavy
metals, thereby improving the chances of the material’s general acceptability in the adsorbent industry.

1. INTRODUCTION

The growing industrial and other anthropogenic activities in the
world have led to increase in the discharge of effluents
containing a high amount of heavy metals into the environment
and freshwater resources.1 Such contamination of freshwater is a
significant health concern as heavy metals cannot be broken
down to nontoxic forms and, therefore, have enduring adverse
effects on the ecosystem.2 As a result, over 1.2 billion people
worldwide do not have access to safe portable water, leading to
various health issues and the death of about 14,000 people
daily.3 Lead (Pb) is one of the most hazardous heavy metal
pollutants discharged into the environment through various
industrial processes such as petroleum refining, lead-containing
pesticides, waste batteries, and paints.4−6 The accumulation of
Pb in the body (i.e., lead poisoning) can affect virtually every
organ system in the bodyit can damage the central nervous
system organs (e.g., the brain), digestive system organs (e.g.,
kidney and liver), and the reproductive system.6−8 At high
concentration levels, Pb can cause coma, convulsions, and death
(especially in children).9,10

A significant number of methods have been studied to remove
such heavy metals from aqueous solution, for example, chemical
precipitation, ion exchange, ultrafiltration, reverse osmosis,
electrodialysis, and adsorption.1,11−13 Among these methods,
adsorption is remarkably efficient14,15 and provides opportunity

for cost reduction through the use of “suitable” inexpensive
natural and waste adsorbents.16−18 The geopolymer19−21a
material prepared from the widely and abundantly available fly
ash aluminosilicate materialis a promising eco- and cost-
efficient adsorbent for heavy metal sorption.22−28 It has been
particularly shown to perform well for the removal of cationic
metals (e.g., Pb).29 Owing to its chemical characteristics and
three-dimensional structure,20,30 the geopolymer is capable of
removing and immobilizing heavy metal ions through a
combination of physicochemical, electrostatic, and sorption
mechanisms.26,31−38 It is also known to be stable in a wide range
of pH and can be made reusable with appropriate material
design.39

Despite the unique properties and potentials of geopolymers,
the material is yet to gain general acceptance into the
mainstream of adsorbents for water and wastewater treatment.
This is due to the high degree of variability of this material which
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is derived from aluminosilicate precursors that vary widely in
composition and properties globally, for example, fly ash and
clay, and the lack of thorough studies on the impact of the
variable composition on the heavy metal sorption performance.
Most of the available research work on the effect of composition
often focuses on geopolymers for structural applications.20

Hence, this paper presents the first study to examine the
composition−structure−property relationships of geopolymers
for aqueous Pb removal. Special emphasis was placed to

correlate the Pb sorption kinetics and efficiency with the
geopolymer composition and microstructure.

2. RESULTS AND DISCUSSION
2.1. Geopolymer Characterization. The X-ray diffraction

(XRD) patterns of the fly ash precursors and synthesized
geopolymers are shown in Figure 1, and the result of the
quantitative XRD analysis is presented in Table 1. The major
crystalline phases observed in the fly ashes include quartz,

Figure 1. XRD patterns of (a) fly ash precursors; (b) synthesized geopolymers. M1 = geopolymer prepared with FA-C and NaOH; M2 = geopolymer
prepared with FA-F and NaOH; M3 = geopolymer prepared with FA-C and Na2SiO3; M4 = geopolymer prepared with FA-F and Na2SiO3. The
corresponding Joint Committee on Powder Diffraction Standards (JCPDS) powder diffraction file numbers of the identified phases are quartz (085-
0335), hematite (073-0603), perovskite (42-0423), rutile (21-1276), corundum (074-1081), lime (078-0649), magnesia (077-2364), sodalite (015-
0734), zeolite ZK-14 (084-0699), portlandite (04-0733), calcite (086-2339), sodium calcium silicate (012-0670), and katoite (077-1713).

Table 1. Quantitative XRD of Geopolymers and Fly Ash Samples

crystalline phases (%mass)

samplea quartz portlandite sodium calcium silicate katoite sodalite zeolite, ZK-14 calcite total amorphous phases (%mass)

M1 0.9 4.5 1.5 7.1 14.0 86.0
M2 1.5 1.7 9.4 12.6 87.4
M3 2.5 0.6 1.0 4.2 95.8
M4 1.7 1.7 98.3
FA-C 23.5 76.5
FA-F 8.1 91.9

aFA-C = type C fly ash; FA-F = type F fly ash; M1 = geopolymer prepared with FA-C and NaOH; M2 = geopolymer prepared with FA-F and
NaOH; M3 = geopolymer prepared with FA-C and Na2SiO3; M4 = geopolymer prepared with FA-F and Na2SiO3.

Figure 2. SEM images of fly ash and synthesized geopolymer samples: (a) class C fly ash (FA-C), (b) class F fly ash (FA-F), (c) geopolymer prepared
with FA-C and NaOH (M1), (d) geopolymer prepared with FA-F and NaOH (M2), (e) geopolymer prepared with FA-C and Na2SiO3 (M3), and (f)
geopolymer prepared with FA-F and Na2SiO3 (M4). Bright spots are due to charging, suggesting insufficiency of the gold coating.
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hematite, perovskite (CaTiO3), and rutile, wherein the glass
content (i.e., the reactive amorphous phases) represents 76.5
and 91.9% of the type C fly ash (FA-C) and type F fly ash (FA-
F), respectively. As seen in Figure 1b, after geopolymerization,
most of the crystalline phases in the fly ash (e.g., corundum, lime,
and magnesia) and the glass contents reacted to form the
amorphous geopolymer (with newminor crystalline phases, e.g.,
sodalite, zeolite ZK, portlandite, and katoite forming in addition,
Figure 1b). Given the differences in the composition of the
precursor fly ashes and the chosen activating solutions, some of
the synthesized materials are more a “geopolymer-like” alkali-
activated material than the pure geopolymer, for example, the
high-Ca systems that are composed of a significant amount of

crystalline phases may also contain amorphous components that
would mainly correspond to a geopolymer-like calcium-
(sodium)-alumina-silicate-hydrate (C(N)-A-S-H) gel, and the
sodium silicate-activated materials may feature a low degree of
fly ash reaction, but for simplicity, all synthesized adsorbents in
this study are referred to as geopolymers.20

The scanning electron microscopy (SEM) images are
displayed in Figure 2, showing the smooth spherical fly ash
particles (Figure 2a,b) which had transformed into different
morphologies in M1 to M4 (Figure 2c−f) after the alkali
activation and hydration. Themorphological structures of fly ash
and geopolymer samples are found similar to the published
articles.40,41 The geopolymers that were prepared with NaOH

Figure 3. (a) Particle size distribution of pulverized geopolymer samples used for adsorption studies; (b) zeta potential of the geopolymer particles
dispersed in deionized water vs the Ca/(Si + Al) ratio of geopolymer composition. Broken lines are “visual guides”.

Figure 4. Pb uptake as a function of time for the different sorption setups with initial Pb concentrations and geopolymer dosages of (a) 100 ppm and 2
g/L, (b) 200 ppm and 2 g/L, and (c) 200 ppm and 1 g/L, respectively, and (d) uptake as a function of initial Pb concentration per adsorbent dosage.
The lines are “visual guides”.
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(i.e., M1 and M2) show more crystalline morphologies
compared to the geopolymers prepared with Na2SiO3 (M3
and M4) which feature more amorphous phases, in agreement
with the XRD patterns in Figure 1. The effects of the observed
microstructural differences of the geopolymers on the Pb
sorption kinetics and efficiency are examined in subsequent
sections.
Figure 3 shows the particle size distribution and zeta potential

of the geopolymer samples. The average particle size of
pulverized geopolymer samples M1, M2, M3, and M4 were
0.733 μm, 2.267 μm, 1.813 μm, and 0.923 μm, respectively
(corresponding to estimated specific surface areas SSAs of
1244.63, 854.16, 1390.43, and 2463.64 cm2/g, respectively,
calculated using the measured material densities and assuming
that the particles are spherical). The measured zeta potential
ranges from −28 to −34 mV (Figure 3b), in agreement with

previous studies.42,43 The considerable negative surface charge
of the geopolymers is expected to encourage Pb sorption via an
enhanced electrostatic interaction of the adsorbent surfaces and
the positively charged aqueous Pb ion (i.e., Pb2+).44−47 The
effect of particle surface and charge properties are examined in a
later section (Section 2.4).

2.2. Effects of Composition and Microstructure on the
Pb Sorption Kinetics. The kinetics of Pb sorption on the four
different geopolymers (M1, M2, M3, and M4) were studied.
Figure 4 shows the uptake of Pb as a function of contact time for
the three different sorption setups. The results show that
although the maximum Pb uptake per gram of the geopolymer is
directly proportional to the initial concentration (Figure 4d), the
kinetics of the sorption process is more complex and clearly
dependent on the geopolymer composition (Figure 4a−c). The
sorption kinetics lagged with M1, while in most cases of M3 and

Figure 5. Pseudo-second-order kinetic model fitting of the sorption data for the three batch-sorption setups (a−c), with various initial Pb
concentrations and geopolymer dosages.

Figure 6. Evolution of the Pb sorption rate constant as a function of (a) Ca/(Si + Al), (b) Al/Si, (c) the percent amorphous phase of geopolymers, and
(d) the percent amorphous phase as a function of Ca/(Si + Al). Dotted lines are “visual guides”.
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M4, about 99.45% of Pb in solution had been removed within
the first 5 min of sorption. However, the uptake of Pb in M1
gradually catches up with time, wherein the optimum removal
efficiencies of all four geopolymers studied, M1 to M4, were
99.5% and above, which in comparison with previous studies is
excellent.25,48,49 For example, Al-Zboon et al.29 obtained a
90.66% maximum Pb removal efficiency with the geopolymer
prepared with Class F fly ash and 14 M NaOH activating
solution, a comparable geopolymer formulation to theM2 of the
present study. Also, Liu et al.16 employed a mixture of NaOH
and a sodium silicate activator with Class F fly ash and obtained a
maximum Pb removal efficiency of 98.4% (at a sorption capacity
of 24.6 mg/g) using 100 mg/L initial Pb concentration and a
geopolymer dosage of 0.1 g/25mL.More extensive review of the
metal sorption performance of geopolymers prepared with
different precursors and various formulation protocols have
been presented elsewhere.25,50

In order to estimate the sorption rate, the sorption data were
fitted with Lagergren’s pseudo-first-order and pseudo-second-
order kinetic models using eqs 1 and 2, respectively.28,51,52

q q q k tFirst order: ln( ) lnte e 1− = − (1)

t
q k q q

tSecond order:
1 1

t 2 e
2

e

= +
(2)

where uptake qt is the amount of Pb uptake by the geopolymer at
a time t and qe is the uptake at equilibrium. The sorption data
fitted nicely to the pseudo-second-order model, with the
correlation coefficients, R2 ≥ 0.999, in all the cases in this
study (Figure 5) but did not fit very well with the pseudo-first-
order model. As the sorption processes follow the second-order
kinetics accurately, the rate-limiting step is thought to be

chemisorption,53−55 but the mechanism of the sorption process
is discussed in more detail in Section 2.5.
To understand the effect of geopolymer composition and

microstructure on the Pb sorption kinetics, the second-order
rate constant, k2, calculated from the model fitting, was
examined as a function of the geopolymers’ composition and
microstructure (in terms of the percent amorphous phase
distribution in the geopolymers’ reaction product phase
assemblage). Figure 6 shows that the rate constant decays
exponentially with increasing Ca/(Si + Al) and Al/Si atomic
ratios in the geopolymer composition and increases exponen-
tially with increasing percent content of amorphous phases in
the geopolymers’ microstructure. The trend is consistent with
the suggestion that high silica content (e.g., inM4) promotes the
formation of the high-surface-area amorphous geopolymer
(Figures 1 and 2 and Tables 1 and 3) which enhances the
sorption kinetics through the increased number of accessible
sorption sites. As seen in Figure 6d, the percentage of the
amorphous phase content in the geopolymers decreases linearly
with increasing Ca/(Si + Al) (also with increasing Ca/Si: not
shown). This suggests that for low silica fly ash (e.g., high Ca fly
ash precursors), the performance can be improved using silicate
activators, as seen in the case of M3 which involved the same
precursor used for M1 but activated with a sodium silicate
solution.

2.3. Effect of Geopolymer Composition and Micro-
structure on the Pb Sorption Efficiency. Both the
composition andmicrostructure of geopolymers have significant
impacts on the physicochemical properties of the materials,56

including the heavy metal sorption kinetics (as seen in the
preceding section) and the sorption efficiency. In this section,
the Pb removal efficiency was examined as a function of the

Figure 7. Evolution of Pb sorption efficiency as a function of (a) Ca/(Si + Al), (b) Al/Si, (c) Na/Si, and (d) the percent amorphous phase of the
geopolymers.
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composition and microstructural parameters of the synthesized
geopolymers. The average of the Pb removal efficiency,
calculated using eq 5, for the different batch sorption
experiments was investigated. Figure 7 shows the evolution of
efficiency with respect to geopolymer compositions and
microstructures. As seen in Figure 7a−d, the efficiency decreases
slightly with increasing Ca/(Si + Al) and Al/Si but increases
with increasing Na/Si and the mass percent of the amorphous
content of the geopolymers’ phase assemblage. These trends,
similar but less strong compared to the impacts on the kinetics,
again show that siliceous compositionwhich enhances the
formation of high-surface-area three-dimensional geopolymer
gelis vital for enhanced Pb sorption performance.57,58 Also,
high Na content is expected to enhance the formation of the
three-dimensional geopolymer gel,59 and on the account of the
high exchangeability of Na, thought to also improve the ion-
exchange properties of the resulting geopolymer sorbent.
Although the geopolymers with high Ca−Al contents display

lower kinetics (Figure 6), they do eventually catch up with the
equilibrium Pb uptake amount that is comparable to the uptake
obtained with the high Si counterparts (Figure 7). Thus, the
impact of composition and microstructure is much more
significant on the kinetics than the equilibrium uptake
performance of the geopolymers. These findings are very crucial
for informing the design of geopolymer sorbents for specific
water treatment purposes. For example, in wastewater treatment
where the resident time could be in the upward of an hour, either
a high Ca−Al or a high Si geopolymer would be suitable, but for
water filter applications where the resident time is often in the
range of seconds to minutes, the use of the high Si geopolymer
sorbent would be the most appropriate.

2.4. Effect of Particle Size and Surface Charge. The
effect of particle size (or specific surface area, SSA) on the
performance of adsorbents is well established in the literature,
wherein smaller particle size provides higher specific surface area
and active site density available for interaction with the
absorbate, leading to enhanced sorption performance.60,61

Expectedly, the Pb sorption kinetics and efficiency in the
current study increases with increasing specific surface area of
the geopolymer (Figure 8a,b), but at a lesser extent compared to
the effects of composition and microstructure. The slope of the
graph of efficiency versus SSA is 0.000079 (Figure 8b), a less
significant number compared to the slopes of efficiency versus
composition [i.e., Ca/(Si + Al): −0.2043, Al/Si: −0.9836, and
Na/Si: 0.1374 (Figure 7a−c)] and efficiency versus micro-
structure [i.e., % amorphous phase: 0.0113 (Figure 7d)].
Similarly, to decouple the effects of composition and micro-
structure from possible effects of the small differences observed
in zeta potential of the geopolymers (Figure 8c), the impacts of
the zeta potential difference were examined. Sorption is
expected to increase with increasing negative zeta potential44

as a result of an increase in buoyancy and electrostatic
interaction of the negatively charged geopolymer surface with
the positively charged aqueous Pb(II) ions.42−47 However, as
shown in Figure 8c, the rate constant increased and then
decreased with increasing negative zeta potential, contrary to the
expected trend. Also, the Pb removal efficiency varies less
significantly with zeta potentials of the four geopolymers (Figure
8d). This is partly due to the close values of the zeta potentials of
M1 toM4, which are within−31± 3mV. Thus, geopolymerM1
features the highest zeta potential value, yet displays the lowest
sorption kinetics (Figure 8) compared to geopolymers M3 and
M4, which further supports the dominating effect of

Figure 8. (a,b) Sorption rate constant and Pb removal efficiency as a function of specific surface area; (c,d) sorption rate constant and Pb removal
efficiency as a function of zeta potential of the geopolymer particles. Dotted lines are “visual guides”.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://dx.doi.org/10.1021/acsomega.0c02591
ACS Omega XXXX, XXX, XXX−XXX

F

https://pubs.acs.org/doi/10.1021/acsomega.0c02591?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c02591?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c02591?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c02591?fig=fig8&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://dx.doi.org/10.1021/acsomega.0c02591?ref=pdf


composition and microstructure in controlling the sorption
properties of the geopolymers in this study.
2.5. Sorption Mechanism. As seen in Figure 5, the Pb

sorption processes fit excellently to the pseudo-second-order
rate model, suggesting a chemisorption-controlled sorption.62

To investigate the sorption process further, the data were tested
with the intraparticle diffusion (IPD)model shown in eq 3.63−66

From the transport phenomenon perspective, the Pb sorption
process can be controlled by one or a combination of (i) the bulk
solution transport, where the Pb diffuses from solution to the
boundary layer of solution surrounding the geopolymer
particles, (ii) film diffusion, where Pb diffuses through the
liquid film surrounding the geopolymer particles; and(iii) pore
diffusion and adsorption, where Pb is transported to the pores of
the geopolymers to the available adsorption sites.67

q k tIntra particle diffusion (IPD): t id
1/2 θ‐ = · + (3)

where kid is the IPD rate constant (mg/(g min1/2)) and θ (mg/
g) is a constant related to the thickness of the boundary layer;
the larger the value of θ, the higher would be the boundary layer
effect.65,68 The sorption is diffusion-controlled if the graph of qt
versus t1/2 is linear, indicating a sorption rate that is dependent
on the rate at which the Pb and the geopolymer particles diffuse
toward each other. Figure 9a shows that the data fit fairly to the
IPDmodel which suggests that diffusion plays an important role,
but in some cases, there is an obvious multilinear feature (e.g.,
M1), indicating that sorption is rather influenced by multiple
processes.65

The sorption data were also examined with simplified
Elovich’s equation which has been extensively applied to
describe chemisorption processes69−76 (eq 4).

q
b

ab
b

tElovich’s equation:
1

ln( )
1

ln( )t = +
(4)

where a is the initial adsorption rate (mg/(g min)) and the
parameter b (g/mg) is often referred to as the desorption
constant and has been thought to be related to the extent of
surface coverage and activation energy of chemisorption;72 if
this equation applies, the graph of qt versus ln(t) would yield a
straight line. As shown in Figure 9b, the data produced a
moderate fit to Elovich’s equation, where a low coefficient of
determination is obtained in some cases (e.g., M4) and a
multilinear feature is observed in others (e.g., M1). Although the
physical meaning of the b constant of the Elovich equation is not
well understood, it can be assumed to be related to the number
of available sorption sites.77 As seen in Figure 9c, the pseudo-

second-order rate constant is directly proportional to the b
constant of the Elovich equation, suggesting that the sorption
rate increases with increasing amount of available sorption sites
in the geopolymer. In summary, all the abovementioned
considerations suggest that Pb sorption by the geopolymers is
controlled by a combination of chemisorption and particle
diffusion. However, owing to the heterogeneous nature of the
geopolymers, the overall physicochemical interaction appears to
involve concurrent processes including surface adsorption,
precipitation, ion exchange, chemisorption, and IPD. More
specifically, (i) the high pH of the geopolymer systems
encourages precipitation of Pb as insoluble Pb silicates in the
pores of the geopolymer particles, leading to Pb removal from
the aqueous solution,36,78,79 (ii) Pb is also removed from the
aqueous solution through ion exchange of Na+ by Pb2+ in the
charge balancing sites of the geopolymer framework,80,81 and
(iii) isovalent cationic substitution of Pb for other cations in
relevant cementitious phases, for example, minor zeolites and
C−S−H phases, and the formation of complexation products
may occur in the system.82 Thus, a combination of these
multiple processes leads to the high Pb removal efficiency of the
geopolymers.
The data were also applied to the Langmuir adsorption

isotherm model,83−88 which assumes the surface of the
adsorbent as homogeneous and the energy of adsorption as
equal for all sites,87,89 and to the Freundlich adsorption isotherm
model,83,84,90,91 which assumes a heterogeneous adsorption
surface with variation in the heat of adsorption.29,92,93 These
models did not produce a good fit for the sorption data in this
study, which is thought to be because of the limited data points.
However, this aspect is well studied in the literature where it had
been suggested that Pb sorption follows these models, with
better fitting reported for the Langmuir model than the
Freundlich model in describing the adsorption of Pb on fly
ash-based geopolymers.16,29

3. CONCLUSIONS

Fly ash-based geopolymers are a potential sustainable solution
for the increasing demand for eco- and cost-efficient adsorbents
for aqueous heavy metal removal. Geopolymers of different
compositions and microstructures were prepared and studied
for Pb removal. All the geopolymer materials studied displayed a
Pb removal efficiency of 99.5% and above, an outstanding
performance in the adsorption industry. However, it was shown
that composition and microstructure greatly affect the sorption
kinetics, with Pb sorption kinetics decreasing exponentially with

Figure 9. (a) IPD model fitting, (b) Elovich model fitting, and (c) the relationship between the Elovich constant b and the pseudo-second-order rate
constant k2.
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increasing Ca/(Si + Al) and Al/Si of the geopolymer
composition but increases with increasing percentage of the
amorphous phase in the microstructure of the geopolymers. The
sorption efficiency was also found to show dependency on the
composition andmicrostructure, but to a lesser extent compared
to the dependency of sorption kinetics, wherein the Pb removal
efficiency decreases slightly with increasing Ca/(Si + Al) and Al/
Si of the geopolymer composition but increases with percent
amorphous phases in the microstructure. In summary, high silica
content, which enhances the formation of amorphous geo-
polymer phases, is found to be beneficial for high performance of
the material in removing Pb from solution, while high Ca and Al
favor the formation of more crystalline phases which greatly
retard the sorption process. The 10 M NaOH-activated
materials which, comparatively, are “more activated” featuring
a high degree of fly ash reaction evidenced by the high crystalline
morphology, compared to the sodium silicate-activated
materials, appeared not to be the best solution. Conversely,
the results indicate that the less-activated precursor (i.e., the
Na2SiO3-activated) fly ashes produced better Pb adsorbents.
Thus, the outcome of this research indicates that using
appropriate precursor formulation and curing conditions to
evoke the best microstructures, geopolymer materials can be
optimized for high performance in removing heavy metals from
wastewater.
Narrow temperature and pH conditions previously reported

in the optimal range were used in this research. Further studies
are therefore required to fully investigate the effects of variations
of these parameters and others, including metal concentration
per geopolymer dosage, multiple ion effects, selectivity, and the
sorption reversibility. The waste geopolymers after Pb
adsorption can be landfilled with a proper stabilization/
solidification approach. However, the reusability of the material,
in particular, is a subject of the subsequent project.

4. EXPERIMENTAL PROGRAM

4.1. Geopolymer Preparation. Two different fly ash
precursorsASTM-C618 type C fly ash (FA-C) and type F fly
ash (FA-F) received from LafargeHolcim USAwere used to
synthesize the geopolymers in this study. The composition of
the fly ash precursors analyzed by X-ray fluorescence (XRF)
spectroscopy is shown in Table 2. The fly ash precursors were
reacted with both 10 M NaOH solution and 1 M Na2SiO3
solution (silica modulus: SiO2/Na2O = 1) prepared from
reagent-grade chemicals to produce four geopolymers with
different bulk compositions and microstructures. It is noted that
a variety of alkaline activating solutions can be used to prepare
geopolymers, but only sodium-based alkaline solutions are used

in this study to keep the activator parameters simple, while
investigating the impacts of composition and microstructure on
the performance. Also, although the 10 M NaOH solution
chosen in this study is known to sufficiently activate fly ash to
produce the geopolymer,40 the Na2SiO3 solution used singly is
uncommon in the literature, but it yielded a beneficial high
amorphous adsorbent, as discussed in Section 2. The molar ratio
of major elements in each of the geopolymers is represented in
Table 3. The fly ashes were mixed with the activating alkaline
solutions at a solution/solid mass ratio of 0.7, under stirring at
850 rpm under ambient conditions for 20 min. The resulting
pastes were cured in an oven at 90 °C for 24 h, followed by aging
for 7 days at room temperature, in sealed plastic cubes. After
aging, the synthesized geopolymers (M1, M2, M3, and M4;
Table 1 and 3) were pulverized with a mortar and pestle and
characterized by X-ray powder diffraction and SEM. The
crystalline phases were identified utilizing the International
Centre for Diffraction Data (ICDD) powder diffraction file
database.

4.2. Sorption Tests. Batch sorption tests were conducted
using 100 ppm and 200 ppm Pb solutions prepared from reagent
grade lead(II) nitrate (Pb(NO3)2, Alfa Aesar) and deionized
water (18.2 MΩ cm). For the 100 ppm system, a geopolymer
dosage of 2 g/L was used, while for the 200 ppm solution,
geopolymer dosages of 1 and 2 g/L were studied. For the three
experimental setups, the sorption of Pb by the different
geopolymers was monitored as a function of contact time
from 5 to 240 min and by analysis of the filtered aliquot sample
taken from the batch experiment at regular intervals. The
sorption tests were conducted at 40 ± 0.5 °C28 and at pH 7 ± 1
(adjusted with drops of NaOH solution), which lie within the
conditions reported as optimal,28,29,94 while the system was
stirred continually at 300 rpm. The aliquot samples collected at
time intervals were filtered with a 0.2 μm PTFE syringe filter,
prior to dilution, acidification with 3% nitric acid, and elemental
analysis by inductively coupled plasma optical emission
spectrometry (ICP-OES). The Pb removal efficiency (%) was
calculated using eq 529,94

C C

C
removal efficiency (%) 1000 eq

0
=

−
×

(5)

where C0 is the initial concentration of Pb (ppm) and Ceq is the
equilibrium concentration (ppm) of Pb in sorption solution.
The Pb uptake by geopolymers was calculated according to the
expression in eq 644,52,94−96

q
C C V

W

( )
t

0 eq=
− ×

(6)

Table 2. Chemical Composition of Precursor Fly Ashes Used (%mass)

species Na2O MgO Al2O3 SiO2 P2O5 SO3 Cl K2O CaO TiO2 Cr2O3 Mn2O3 Fe2O3 ZnO SrO

FA-Ca 0.95 5.28 16.82 32.67 1.47 1.76 0.05 0.54 32.48 1.41 0.01 0.034 6.13 0.02 0.38
FA-Fa 0.64 1.53 19.04 57.00 0.74 1.22 0.08 2.47 6.10 0.76 0.04 0.049 10.21 0.08 0.03

aFA-C = class C fly ash; FA-F = class F fly ash.

Table 3. Composition Parameters of the Geopolymer Formulations (Elemental Ratios)

geopolymer fly ash type activator type Ca/Si Al/Si Na/Si Ca/(Si + Al) (Na + Ca)/(Si + Al)

M1 FA-C NaOH 1.065 0.303 1.315 0.817 1.826
M2 FA-F NaOH 0.114 0.196 0.748 0.095 0.721
M3 FA-C Na2SiO3 0.944 0.269 0.251 0.743 0.942
M4 FA-F Na2SiO3 0.106 0.183 0.146 0.090 0.214
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where uptake qt (mg Pb/g of the geopolymer) is the amount of
Pb uptake by the geopolymer at a time t, V is the volume of
sorption solution (L), andW is the weight of the adsorbent (g).
4.3. Analytical Methods. For material characterization,

several techniques were used. The oxide composition of fly ash
was determined by XRF spectroscopy (Oxford X-Supreme
8000). The mineral phase assemblage in powdered fly ash
precursors and synthesized geopolymers were examined by
XRD using a PANalytical X’Pert Pro multipurpose diffrac-
tometer with a 2θ configuration using CuKα (λ = 1.540 Å)
radiation and a fixed divergence and anti-scatter slit sizes of 0.5°
and 0.25°, respectively. The X-ray generator was operated at a
voltage of 45 kV and current of 40 mA. The pulverized samples
were placed on the sample holder, surface-textured to minimize
the preferred orientation, and scanned from 5 to 90° 2θ in a
continuous manner at an integrated step size of 0.026° 2θ. For
quantitative XRD analyses of geopolymers, the X’Pert High-
Score Plus Rietveld method was used with corundum (Al2O3
anhydrous, 10%mass) as the internal standard. The morphology
of the fly ash and geopolymer samples was visualized using a
scanning electron microscope (Hitachi S4700). A voltage of 20
kV was applied across the tungsten filament electron gun. A thin
layer of finely ground selected samples was collected on a
carbon-taped brass sample holder and gold-coated to prevent
charging or overheating during the SEM analysis. The particle
size analysis was accomplished utilizing a dynamic light
scattering method with a Litesizer 500 by Anton Paar.
Isopropanol was used as the dispersion media in this
measurement, considering it will not react with the fly ash and
geopolymer samples.97,98 The solute to solvent ratio was
maintained at 0.0006 g/mL. The specific surface areas of the
geopolymer and fly ash samples were estimated using the density
values measured with an Ultrapyc 1200e pycnometer. To know
the surface charge values of the samples, zeta potential of the
geopolymer particles dispersed in deionized water was also
measured using the Litesizer 500.
For aqueous Pb concentration measurement, ICP-OES

(AVIO 200 by PerkinElmer) was performed. Argon of ultrahigh
purity (99.999%) was used to purge the optics and for plasma
generation. The setup parameters used are as follows: 1500 W
radio frequency power, 10 L min−1 plasma flow rate, 0.2 L min−1

auxiliary gas flow rate, 0.7 Lmin−1 nebulization gas flow rate, and
a viewing distance of 15mm. The solutions were introduced into
the plasma using a concentric glass nebulizer (Meinhard,
Golden CO, USA) with the aid of a peristaltic pump and an S10
autosampler (PerkinElmer) at a sample flow rate of 2.0 mL
min−1. The spectral line (wavelength) of the elemental Pb,
220.353 nm, was measured. The mean of triplicate measure-
ments of the aqueous elemental speciation was used in the
quantification of Pb remaining in the solution after each contact
time of the sorption experiment. The detection limit for this
ICP-OES is 0.1−100 ppm.
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1907, 57, 385−470.
(91) Freundlich, H. Kapillarchemie, eine Darstellung der Chemie der
Kolloide und verwandter Gebiete; Akademische Verlagsgesellschaft,
1922.
(92) Manohar, D. M.; Noeline, B. F.; Anirudhan, T. S. Adsorption
performance of Al-pillared bentonite clay for the removal of cobalt (II)
from aqueous phase. Appl. Clay Sci. 2006, 31, 194−206.
(93) Adamson, A. W.; Gast, A. P. Physical Chemistry of Surfaces;
Interscience publishers: New York, 1967; Vol. 150.
(94) He, K.; Chen, Y.; Tang, Z.; Hu, Y. Removal of heavy metal ions
from aqueous solution by zeolite synthesized from fly ash. Environ. Sci.
Pollut. Res. Int. 2016, 23, 2778−2788.
(95) Xu, D.; Tan, X.; Chen, C.; Wang, X. Adsorption of Pb (II) from
aqueous solution to MX-80 bentonite: effect of pH, ionic strength,
foreign ions and temperature. Appl. Clay Sci. 2008, 41, 37−46.
(96) Ge, Y.; Cui, X.; Kong, Y.; Li, Z.; He, Y.; Zhou, Q. Porous
geopolymeric spheres for removal of Cu(II) from aqueous solution:
synthesis and evaluation. J. Hazard. Mater. 2015, 283, 244−251.
(97) Zhang, J.; Scherer, G. W. Comparison of methods for arresting
hydration of cement. Cem. Concr. Res. 2011, 41, 1024−1036.
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