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Abstract Geopolymers (GPs), also known as alkali-activated aluminosilicates or
inorganic polymers, are synthesized from an aluminosilicate source (fly ash, meta-
kaolin, or blast furnace slag) and very alkaline sodium hydroxide and/or silicate. Due
to their high compressive strength, acid and fire resistance, GPs are used as con-
struction and coating materials. However, since the structure of GP contains nega-
tively charged AI(III) tetrahedra (balanced by alkali cations), they are feasible ion
exchangers. The present chapter is aimed to encapsulate the developments in the
field of using GPs for the removal of alkali metals (Li*, K*, Cs*), alkaline earth
metals (Mg**, Ca®*, Sr**, and Ba**), ammonium ion, and heavy metals (Pb**, Cu**,
Cd>*, Zn**, Ni**, Cr**) from water. GPs are the first cementing materials that have
remarkable ion exchange capacity. GPs have higher ion exchange/adsorption
capacity, but a lower rate of adsorption than their precursors (fly ash, metakaolin,...).
Thus, geopolymerization increases the adsorption sites on one hand but imposes
kinetics limitations that render GPs slow adsorption. GPs resemble zeolites in
respect of cation exchange capacity, high surface area, and thermal stability.
However, the synthesis of GPs is easier and inexpensive with lower energy and
water demand than zeolite synthesis. The prepared GP could be directly formulated
as high compressive strength granules at a low temperature. Since GPs are more acid
resistant, they are accessible for regeneration than zeolites, but this issue requires
further work.

Abbreviations

BET Brunauer-Emmett-Teller (BET) theory

BFS Blast furnace slag from iron manufacturing

CEC Cation exchange capacity (meg/mol)

EDS Energy-dispersive X-ray spectroscopy

FA  Fly ash from electricity plant employing coal (low calcium, type F)
GP  Geopolymer
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ky Pseudo-second-order rate constant (g mg~ ' min")
Ky Langmuir affinity constant (L mg ")

MK  Metakaolin

0.,  Adsorption capacity (mg g~ ")

SEM Scanning electron micrographs

XRD X-ray diffraction

4.1 Introduction

The term geopolymer (GP) was first used by Joseph Davidovits in 1978 [1]. GPs,
which are also known as alkali-activated materials [2], are synthetic aluminosilicate
inorganic polymers which are prepared by reacting a low-calcium solid alumi-
nosilicate with highly basic sodium or potassium hydroxides and silicates at a
temperature ranges from 40 to 80 °C [3, 4]. The GPs are used as construction and
coating materials [5]. These applications arise from the GPs characteristics which
include rapid hardening, compressive strength, low thermal conductivity, stability
in acids and fireproof [3, 5-7].

The structure of GP can be represented by a three-dimensional structure of
tetrahedral Si(IV) and AI(III) atoms connected covalently by oxygen atoms
(Fig. 4.1). Alkali cations (most commonly Na* and K*) are complementary to the
GP structure to balance the negative charges of AI(III) tetrahedra [6]. Thus, the
structure of GP imposes strongly the property of ion exchange, considering that this
property depends to some extent on the porosity of GP [2].

Any aluminosilicate source is suitable, in principle for the preparation of
GP. Thus, industrial wastes like fly ash (FA) and blast furnace slag (BFS) obtained
from coal electricity plants and metallurgical industries, respectively, could be used
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Fig. 4.1 Proposed structure of geopolymer or aluminosilicate inorganic polymer
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as source material for GPs. Furthermore, natural aluminosilicates like kaolin and its
dehydroxylated product (metakaolin, MK) are suitable for this purpose as well [6].
FA may be the most favored aluminosilicate source for the synthesis of GPs due to
the high compressive strength of the GP product and the low water demand [3, §].
Regarding sustainability, GPs are superior to ordinary Portland cement (OPC) since
GPs are produced from inexhaustible sources of wastes using relatively low energy
with low CO, emissions [6]. The typical stoichiometries for materials used in GP
preparation are (in molar ratios): Na/Al = 1, Si/Al = 2, and H,O/Na ~ 7 [9].

There are two main lines of research for application of GPs in the field of
treatment of heavy metals or hazardous wastes. The first is ion exchange/adsorption
of heavy metals from an aqueous solution which is the topic of the present chapter.
The second is stabilization/solidification/immobilization or encapsulation of heavy
metal wastes in GP which involves incorporation of heavy metal waste during the
preparation of GP and before hardening of GP paste [10-14]. Stabilization/
solidification is a method for waste treatment in which the waste (including heavy
metals and water) is encapsulated (as a whole) in the GP cementing material before
being finally disposed of in a landfill. Since this immobilization process was
assumed to occur via reactions involving precipitation of heavy metals, physical
encapsulation, or chemical reactions, it will not be considered in the present chapter
except in the cases relevant to ion exchange process.

According to Davidovits, GPs particulates are like those of rock-forming min-
erals. The OH groups are absent inside the GP network, providing long-term sta-
bility and corrosion resistance [15]. GPs are mainly amorphous, even though
crystalline zeolitic phases could be embedded in the GP amorphous paste [8].

The aim of the present chapter is to shed some light on the available up-to-date
literature in the research area of using GPs in ion exchange/adsorption of alkali,
alkaline, and heavy metal ions, as well as ammonium and cationic dyes. These
relatively new emerging ion exchangers will be reviewed regarding efficiency in
removal of metal ions, kinetics, and mechanism. A comparison of GPs with tra-
ditional inorganic ion exchangers like zeolites will be established.

4.2 Methodology and Calculations

4.2.1 Terminology: Ion Exchange or Adsorption

Usually, the occurrence of an ion exchange/adsorption of metal ions on the GP is
judged depending on the reduction of the concentration of metal ion in solution.
A strict differentiation between ion exchange and adsorption is impossible. Thus, in
the present work, the terminology (ion exchange or adsorption) used by the authors
of original articles was adopted in the discussion of their works.
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4.2.2 Evidence for Ion Exchange

The works which use ion exchange terminology were distinguished in considering
not only the ions that are removed from the solutions but also those released from
the solid phase (GPs) to achieve electroneutrality. Thus, the differentiation of ion
exchange from adsorption processes is guided by the quantification of counterions
released during the ion exchange process (Na* or K* balancing the Al tetrahedra in
GPs). Furthermore, in some works, the occurrence of ion exchange was judged by
XRF and EDS analyses of the GP after ion exchange where the attachment and
release of ions can be evidenced.

4.2.3 Modeling of Adsorption of Metal Ions on Geopolymers

The adsorption experiment is usually carried out by preparing a standard solution of
metal solution (C;) and agitating specific volume (V in L) of this solution with an
amount of GP (m, in grams) for a time sufficient to reach equilibrium. The equi-
librium time is the time needed to reach a constant concentration of metal in
solution (C,). Then the amount of metal adsorbed (Q,, mg g_l) is calculated using
4.1).

Q:Q_QV (4.1)

m

Langmuir model (4.2) was used to evaluate the adsorption isotherms published
in the articles reviewed:

QmKLCe
Q=11 K (4.2)
where Q,, (mg g~') represents the efficiency of the GP in removing metal ions from
solution, and Ky (L mg™") is the equilibrium constant used to estimate the affinity of
metal toward the surface of GP [16].

Pseudo-second-order rate adsorption constant (k,, g mg_' min~') was used to
evaluate and compare the kinetics data of articles being reviewed. The
pseudo-second-order model is given in (4.3):

do, 2

where O, and Q, are the quantities of metal adsorbed at time t and equilibrium time,
respectively [17].
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4.2.4 Geopolymer Preparation

The preparation conditions of GPs were included in the description of works
reviewed. The aluminosilicate source material used in preparation of GP (FA, BFS
and MK, kaolin or zeolite) was indicated to give the reader some insight about the
effect of variation of source material on the ion exchange behavior of GP. The alkali
activator (sodium hydroxide or silicate, potassium hydroxide or silicate), as well as
the molar ratios of Si/Al, Na or K/Al, and H,O/Na, was also given because these are
important in estimating the amount of negatively charged Al tetrahedra and the
amount of Na™ or K* balancing these negative charges in the GP framework.

4.2.5 Washing of the Geopolymeric Adsorbent

Unless otherwise specified, washing of the prepared GP with distilled or deionized
water was carried out before using GP as an ion exchanger/adsorbent. This washing
was necessary to avoid overestimation of adsorption capacity that resulted from
precipitation of heavy metal ions by reaction of heavy metal ions with unreacted
alkali in the GP matrix. Precipitation could not occur in the case of ion exchange or
adsorption of alkali metals and ammonium ion on GPs, but washing was also
conducted to remove unreacted alkali from the GP. Bortnovsky et al. suggested
equilibration of the GPs with NH4" to remove unreacted alkali that is usually hosted
in the pores of GP before conduction ion exchange by metal ions [18].

However, Skorina pointed out the fact that over-washing, by analogy with
zeolites, must be avoided in order not to replace the easily exchangeable ions like
Na™ or K" in the GP with strongly attached H;O" [19]. This replacement may
underestimate the ion exchange capacity of GPs. This effect was not taken into
consideration in most of the works reviewed below where the GPs adsorbents were
washed extensively with distilled water to reach a pH value of 7.

It is worth to mention that the pH increase of synthetic aqueous solutions of
heavy metals after contact with GP is pronounced due to the lack of pH buffering
capacity in these solutions. However, in the case of well-buffered real wastewater
effluents, as well as with acidic industrial wastes, the pH increase is less significant.
So there is no need to wash the GP adsorbents before being applied to real
wastewater [20].

4.2.6 Comparison Between Geopolymers and Zeolites

In order to understand the feasibility of GPs as ion exchangers, the GPs were
compared with traditional inorganic ion exchangers like zeolites regarding the
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following properties: synthesis conditions, crystallinity, surface area, porosity,
cation exchange capacity, selectivity for metal ions, stability in acidic solutions,
thermal stability, mechanical strength, and possibility of regeneration.

4.2.7 Geopolymers as lon Exchangers

4.2.77.1 Geopolymers as Ion Exchangers for Alkali Metal Ions

Cesium ion (Cs™) is often found in nuclear waste streams. If the radioisotopes of
cesium (137Cs and 134Cs) spread over a wide area, these will continue to radiate for
a long time [21]. The immobilization of Cs™ is challenging due to its high solubility
in both alkaline and acidic media [22]. Thus, Cs* received special attention in the
works devoted to using GPs as ion exchangers for alkali metal ions.

As mentioned in the above introduction, GPs contain negatively charged Al
tetrahedra which are balanced by Na®. The ion exchange of Na™ ions in the
metakaolin (MK)-based GP by Cs* was first studied by Bortnovsky et al. to test the
accessibility of Na* ions in the GP pores. The GP was prepared from MK precursor
(43.5% Al,O5 and 53.7% SiO,) and sodium hydroxide and silicate activators with
initial molar ratios of Si/Al and Na/Al equal to 1.6 and 1.1, respectively. The
prepared GP was first equilibrated with NH,* to remove unreacted alkalis before
ion exchange with Cs*. The EDS analysis indicated that the Na/Al molar ratio
changed from 1.1 in the case of Na-GP to 0 upon ion exchange with Cs* (1.0 g GP
per 100 mL of 0.05 M CsNO3), and the resultant Cs/Al molar ratio was 0.56 [18].

Skorina studied ion exchange of Cs* on MK-based GP that was prepared using
potassium hydroxide as an alkali activator with initial molar ratios of Si/Al = 2.8,
K/Al = 3, and H,O/Al = 10. The GP was repeatedly washed with deionized water
to reach pH 7 (usually 5-7 cycles) before being used in ion exchange.
Proton-induced X-ray emission (PIXE) analysis indicated that the K/Al molar ratio
changed from 1.02 in the case of K*-GP to 0 upon exchange with Na* and Cs*, and
the resultant Na/Al and Cs/Al molar ratios were 0.77 and 0.61, respectively [19].
The potential use of GPs as ion exchangers for Cs* was further confirmed by the
study of Lopez et al. which indicated that MK-based GP has higher adsorption
selectivity for Cs* than heavy metal ions like, Cu®*, Ni**, Cd**, Zn**, and Pb*".
The adsorption capacity (Q,,) of Cs* on the GP (initial Si/Al = 2, Na/Al = 0.7) was
43 mg/g and was independent on the increase of ionic strength, indicating that the
adsorption occurs via nonelectrostatic mechanism [23].

Lee et al. studied the adsorption of Cs* on FA/BFS-based GP. The GP, which
was prepared from FA and BFS (4:1 mass ratio) and sodium silicate and sodium
hydroxide, was found to contain zeolites (Na-P1, sodalite, faujasite, chabazite) as
indicated by XRD pattern. The results indicated that the adsorption capacity of Cs*
on the GP was small (15.2 mg/g) and the adsorption process was slow as the
equilibration time was 24 h. This reflects that large size Cs* ion has strong
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limitations to diffuse through the pores of the GP [24]. Nevertheless, this equili-
bration time could be reduced to 30 min by using pulverized samples of the GP.

Despite the ion exchange of Cs* on GP, stabilization/solidification was sug-
gested as an alternative strategy for immobilization of Cs* in the GP matrix. This
was achieved by synthesis of Cs* bearing zeolites inside the amorphous GP matrix.
Haddad et al. studied the immobilization of Cs*™ in GP prepared from MK, sodium
hydroxide, and CsOH keeping (Na + Cs)/Al,O5; molar ratio equal to 1 and SiO,/
Al,0O; < 2. The type of zeolite found in the GP was dependent on the % Cs in the
GP: zeolites A and X in the case of 1% Cs and zeolite F (CsAlSiO4-H,0) in the
case of 50% Cs. Leaching tests indicated strong binding of Na* to zeolites X and A
and strong binding of Cs* to zeolite F [22]. Similarly, Yuan et al. prepared a
ceramic product that contains stabilized Cs* in the form of pollucite (CsAlSi,Og) by
reacting MK with a mixture of sodium and cesium hydroxide, with initial molar
ratios of SiO,/Al,0; = 4 and (Na + Cs)/Al,O5; = 1, at 1300 °C [21].

Few studies were reported regarding ion exchange of K* and Li* on Na*-
GP. Complete exchange of Na* in MK-based GP (initial molar ratios SiO,/
Al,O3 = 2.89, Na,O/Al,O3 = 0.83) by K* was achieved by agitating the GP (after
grinding and without washing) with 0.1 M solution of K* as revealed by EDS anal-
ysis. A lower exchange capacity was obtained in the case of Li* (82%). The XRD
patterns of the K* and Li* exchanged GP products, which were heated to 1100 °C,
showed crystalline phases of leucite (KAISi,0¢) and spodumene (LiAlSi,0Og), com-
pared to nepheline (NaAlSiO,) in the case of original Na*™-GP. This gave strong
evidence for the ability of K* and Li* to replace the Na* in the GP matrix [25].

4.2.7.2 Geopolymers as Ion Exchangers for Ammonium Ion

Ammonium removal from municipal wastewater is a great challenge. The com-
monly used biological nitrification—denitrification process is frequently ineffective
and difficult to be controlled, especially at low temperature [20]. The main
advantage of using GP for the removal of NH," is the insignificant dependence on
temperature [26]. Complete exchange of the Na® in MK-based GP (SiO»/
Al,O3 = 2.89 and Na,0/Al,05 = 0.84) by NH,* was achieved by agitating the GP
(without any treatment other than grinding) with 0.1 M NH,"* solution as indicated
by EDS analysis [25].

Belchinskaya et al. studied the effect of treatment of an aluminosilicate adsorbent
(montmorillonite/zeolite 56.56% SiO, and 14.32% Al,05) with NaOH on its ion
exchange capacity for NH,". The ion exchange capacity of the alkali (NaOH)-
treated aluminosilicate was 74.7 mg NH,*/g which is higher than that of untreated
and acid (HCl)-activated product. The total number of displaced ions (Na*, K¥,
Ca’*, Mg?") released from the GP was almost equal to the amount of adsorbed
NH,*, confirming the ion exchange mechanism [27].

Luukkonen et al. studied the adsorption of NH4" on a granulated GP prepared
from MK, sodium hydroxide, and silicate. The granulated GP has a good
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compressive strength where the force needed to break the granules was 63.85 N.
The GP was found to be effective for removing 90% of NH," from municipal
wastewater when the initial NH,* concentration was 32-40 mg/L at 4 g/L. dose of
GP and 60 min contact time. Furthermore, the results of a field study demonstrated
that a limit of 4 mg/L. NH,* could be readily reached after treatment of influent
municipal wastewater (initial concentration 15-20 mg/L NH,*, 0.2 L/min flow rate,
and 2 kg GP granules) [20]. Consequently, the same group of research tried to
optimize GP preparation conditions for maximized NH,* adsorption capacity
(19.8 mg NH,*/g). This optimization was obtained using molar ratios of SiO»/
Al,O3 = 2.87, Na,0O/Al,03 = 0.78, H,O/Na,O = 22.42. Interestingly, GPs pre-
pared from sodium alkali activators were found to have 27-48% higher NH,*
adsorption capacity than those prepared from potassium activators [26].

4.2.7.3 Geopolymers as Ion Exchangers for Alkaline Earth Metals

The first important study on this issue was reported by Uehara et al. in 2009. The
authors claimed that a cementitious material exhibited ion exchange. The GP was
prepared by mixing fly ash (FA), NaOH or KOH, silica powder, and water (initial
Si/Al molar ratio of 1.7). The maximum ions’ exchange capacity of Ba®* and Sr**
on Na* and K*-GP was found to increase from 2.5 to 3.0 mmol/g (up to 260 mg
Sr**/L and 410 mg Ba**/L) with the increase of Na/Al or K/Al molar ratio from 0.4
to 0.8. The amount of Sr** and Ba** bound to the surface of GP was approximately
equal to the released quantity of Na* and K* [28]. Furthermore, the Na® in
MK-based GP (SiO,/Al,05 = 2.89, Na,0O/Al,03 = 0.84) can be exchanged with
Mg** by agitating the GP (without any treatment other than grinding) with 0.1 M
solution of Mg?* as revealed by EDS analysis. The % of Na* exchange by Mg**
was 57%, which was lower than that of Pb**, Cd**, NH,*, K*, Li* [25].

4.2.7.4 Geopolymers as Ion Exchangers for Heavy Metals
Metakaolin-Based Geopolymers

By employing a variety of spectroscopic techniques (UV-Vis—NIR diffuse reflec-
tance and >’ Al-NMR spectroscopy), Bortnovsky et al. provided strong evidence for
the exchange of Na* in MK-based GP by paramagnetic Co(Il). Furthermore, EDS
analysis indicated that the Na/Al molar ratio changed from 1.1 in the case of Na*-GP
to 0 upon ion exchange with Co(II) and the resultant Co/Al molar ratio was 0.59
[18]. Similarly, O’Connor et al. examined ion exchange of Na* in MK-based GP
(SiO4/Al,05 = 2.89, Na,0/Al,05 = 0.84) by Pb(l), Cd (II), and Ag(I). The EDS
analysis revealed that the % exchange was 100% in the case of Ag* and Pb** and
78% in the case of Cd>* [25].

Some results for the adsorption of heavy metals on MK-based GP are shown in
Table 4.1. Cheng et al. investigated the adsorption of Pb(II), Cd(II), Cu(Il), and Cr
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(IIT), on MK-based GP. Depending on the obtained values of Q,,, in mg metal/g GP,
the following selectivity sequence was determined by the authors:

Pb(I) (147.06) > Cd(l) (67.57) > Cu(l) (48.78) > Cr(Ill) (19.94). This
sequence reflects that ions with a large hydrated ionic radius like Cr(IIl) have a
strong tendency to remain in solution and thus adsorbed weakly on the surface of
GP [29]. It is worth to mention that the correct sequence for Q,, values should be in
mmol metal/g GP:

Cu(II) (0.768) > Pb(1l) (0.710) > Cd{I) (0.6011) > Cr(II) (0.383).

The ionic strength effect on the adsorption of heavy metals on MK-based GP
was also studied [23, 30]. Lopez et al. observed that changing the ionic strength
does not affect the adsorption of Pb(Il) on MK-based GP, which suggests a non-
electrostatic mechanism [23]. On the contrary, Kara et al. observed that the removal
efficiency of MK-GP decreased from 90.69 to 61.68% for Zn(Il) and from 87.65 to
73.90% for Ni(Il) as the ionic strength changed from 0.02 to 0.2 M. This behavior
was ascribed to the increased competition between electrolyte cations and the heavy
metal ions by the increase of ionic strength. This reduction in adsorption removal
efficiency of Zn(Il) and Ni(Il) by increasing ionic strength indicates that the
adsorption of these ions on the GP involves electrostatic or outer-sphere surface
reactions [30]. Furthermore, for the removal of heavy metal ions from water by
MK-based GP, the ion exchange mechanism (outer sphere) seems to be more
plausible than specific chemical adsorption (inner sphere) because the adsorption of
heavy metals onto MK-based GP was also found to be endothermic [29].

Attempts to increase the adsorption performance (reducing the equilibrium time
and increasing the Q,, value) of GPs by increasing the porosity of GP were without
success. The porous MK-based GPs were prepared by employing sodium dodecyl
sulfate or H,O, foaming agents in the GP mixing design (Si/Al and Na/Al molar
ratios equal to 1.6 and 1, respectively). Despite the significant increase in the
porosity of GP by this technique, slow adsorption was observed by Tang et al. since
the equilibrium time for adsorption of Cu(Il) on the porous GP was about 50 h [31].
A similar observation was made by Ge et al. where equilibrium time for the
adsorption of Cu(Il) on the porous GP was 36 h [32]. The Q,, values of porous GP
in the case of Pb(Il) and Cu(Il) (45.1 and 34.5 mg/g, respectively) were less than
that classical MK-based GP (63.4 and 59.2 mg/g, respectively) [31].

As(IlT) and Sb (IIT) are found in aqueous solutions in the forms of oxyanionic
arsenite/arsenate and antimonite/antimonate, respectively. The study of adsorption
of these anions onto MK-based GP was carried out by Luukkonen et al. The
obtained Q,, values (0.078 and 0.058 mg/g, respectively) were much lower than
those obtained for metal cations (Table 4.1). This confirms that these anions are not
amenable for being exchange with the Na* or K* in the GP [33]. Similarly, Medpeli
et al. reported a very low adsorption capacity of 0.950 mg/g for adsorption of
HAsO42_ on MK-based GPs [34].
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Fly Ash-Based Geopolymers

Some of the parameters (Q,,, K. and k,) obtained for adsorption of heavy metals on
fly ash (FA)-based GPs [35-39] are summarized in Table 4.2. It is clear that
FA-based GPs are good adsorbents for the removal of heavy metals ions. The
adsorption capacity (Q,,) of Cu(Il) on GP was much higher than that on the FA
precursor, which indicates that geopolymerization process creates new adsorption
sites [35]. As calculated from values in Table 4.2, the average adsorption capacity
of Cu(l) and the affinity constant K} are 93 £ 8 and 0.08 = 0.03 L mg_l,
respectively, which indicate that the diversity in FA origin and variability in
adsorption experiments hardly affect the values of Q,, and Kj. On the other hand,
the kinetics parameters reflect different behavior. The adsorption rate constants (k,
gmg ' min~') were of much variability as shown in Table 4.2 [37-39].
Furthermore, the reported equilibrium times for adsorption of heavy metals on
FA-based GPs vary from 15 min to 30 h [35-37], which indicate the dependence of
the kinetics behavior on the degree of compactness of GPs.

An important study for ion exchange of Pb** on FA-based GP was reported by
Uehara et al. The GP was prepared from FA with Si/Al molar ratio of 1.7. The

Table 4.2 Langmuir adsorption capacity (Q,,, mg/g), the affinity constant (Ky, L/mg), and
pseudo-second-order rate constant (k», g mg ' min~") parameters for adsorption of heavy metal on
FA-based GP

Adsorbent | Adsorption conditions Parameter | Cu(II) Pb(II) References
FA-GP Ci: 100-250 mg/L, pH 7, On 99 [35]
Solid/liquid = 0.15 g/L K. 0.13
ky 2.8 x 107
FA-GP Ci: 10-140 mg/L, pH 5-6, | Q,, 96.84 134.95 [36]
Solid/liquid = 1.4-2.0 g/L Ky 0.061 0.0607
k> 0.018
FA-GP Ci: 100-1000 mg/L, pH 3, | Q,, 111.1 [41]
Solid/liquid = 4.0 g/L K. 0.6429
k 27 %1073
FA/iron Ci: 100-200 mg/L, pH 6, On 113.41 [42]
ore Solid/liquid = 3.0 g/L K. 0.073
tailing- -
GP Ci: 100-200 mg/L, pH 5, On 100.81
Solid/liquid = 3.0 g/L K. 0.069
Ci: 100-200 mg/L, pH 4, On 79.31
Solid/liquid = 3.0 g/L K. 0.064
FA-GP Ci: 376 mg/L, Solid/ k> 0.028 [38]
liquid = 5.0 g/L
FA-GP Ci: 246-2501 mg/L, Solid/ | Q,, 68.9 [40]
liquid = 5.0 g/L

MK—Metakaolin, FA—Fly ash, BA—Bottom ash, BFS—Blast furnace slag
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maximum ion exchange capacities of Na* and K*-GP by Pb** ranged from 2.5 to
3.0 mmol/g (517.5-621.0 mg/g). The release of Na and K from the GP was less
than the adsorption of Pb**, suggesting that ion exchange is not the only operating
mechanism [28].

Muzek et al. investigated removal of Cu(Il) and Co(II) using a GP prepared from
fly ash (FA), sodium hydroxide, and silicate (initial SiO,/Al,O5 = 4.61, Na,O/
Al,O5 = 0.69, and H,O/Na,O = 11.19). The Langmuir parameters Q,, and K; were
found to be 68.9 mg/g and 7.2 L/mg for Cu(Il), and 50.3 mg/g and 0.7 L/mg for Co
(II). By the end of the adsorption process, significant amounts of Na, lesser amounts
of Si, and nondetectable amounts of Al were found in the remaining solution,
supporting ion exchange mechanism and high stability of GP [40].

The similarity between zeolites and FA-based GPs was claimed by some
authors. Muzek et al. [39] noticed the similarity of the adsorption behavior of
FA-based GP and zeolite Na-X toward Co(II). The following values reveal also that
the adsorption parameters of Pb(I) on FA-based GP are close to those on faujasite
[41]:

FA-GP Faujasite
0., (mg/g) 111.11 142.86
Ky, (L/mg) 0.6429 0.2966
k (g mg™! min~") 26.73 x 107 135 x 1074

The adsorption of heavy metals was found to increase with increasing pH due to
a decrease of competition between heavy metal ions and H;O" [36, 41, 42]. The Q,,
of Cu(Il) increases from 79.31 to 113.41 mg/g with pH increase from 4 to 6 [42].

In many studies, the adsorption of heavy metals on FA-based GPs was found to
be endothermic and thus entropy driven (positive values of AH® and positive values
of AS°). The entropy increase in adsorption process may be due to desolvation of
metal ions because of their adsorption on the surface of GP [36, 37, 40, 41].

Zeolite-Based Geopolymers

Zeolites were incorporated into GP preparations for many purposes. The first was to
increase the adsorption capacity of GP [43—46]. The second was that GP works as a
binder for zeolites powder and consequently enables shaping of zeolites as high
mechanical strength spheres, granules, or extrudates which can be used as com-
mercial adsorbents for purification of water [44, 47]. The third was to combine the
microporosity of zeolites with the mesoporosity of GPs [47]. However, many of
these studies evidenced partial or complete dissolutions of crystalline zeolite in the
amorphous GP matrix [43, 45, 46, 48] which indicate the participation of zeolite in
the geopolymerization process as an aluminosilicate source.

Some of the parameters for adsorption heavy metals on zeolite-based GP are
listed in Table 4.3 [43—45]. El-Eswed et al. studied the adsorption of Pb(Il), Zn(Il),
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Cd(I), and Cu(Il) on a GP synthesized from natural zeolite (phillipsite) and natural
kaolinite using alkali sodium hydroxide. The adsorption rate constants (k,) for
adsorption of heavy metals on the GP samples were less than those obtained in the
case of natural kaolinite (Table 4.3), which indicate that GP pores are less acces-
sible for heavy metals than kaolinite sheets [45]. On the other hand, the Q,, values
for adsorption of heavy metals on the zeolite/kaolinite-based GP [61.31 mg/g for
Pb(II)] were higher than those obtained in the case of raw natural zeolite (40.19 mg/
2) and natural kaolinite (9.61 mg/g) [44]. The following trend was obtained for the
adsorption of heavy metals on zeolite/kaolinite-based GP [45]:

Pb(II) Zn(Il) cddn Cu(Il)
0,, (mg/g) 61.31 33.47 30.53 24.18
0,, (mmol/g) 0.296 0.512 0.272 0.381

Andrejkovicova et al. studied adsorption of Pb(II), Cd(II), Cu(I), Zn(Il), and Cr
(IIT) onto MK/zeolite-based GP which synthesized by alkali activation (sodium
hydroxide and silicate) of a solid mixture of MK, zeolite (clinoptilolite). Depending
on the obtained Q,, in mg/g values, the following sequence was obtained [49]:

Pb(I) (202.72) > Cd(D) (53.99) > Cudl) (35.71) > Zn(1l) (30.79) > Cr(III)
(18.02)

However, the sequences for Q,, in mmol/L are:

Pb(I) (0.978) > Cu(Il) (0.561) > Cd(II) (0.480) ~ Zn(I) (0.471) > Cr(III)
(0.348)

Al-Zboon et al. used natural zeolitic tuff as a sole precursor for preparation of GP
adsorbent. The GP was prepared from zeolitic tuff (phillipsite and chabazite) and
14 M NaOH solution (1:1.25 mass ratio). The maximum adsorption capacity (Q,,)
of GP toward Zn(II) was 14.8 mg/g, and the K; was 0.7 L/mg. The adsorption
capacity was pH independent in the range from 5 to 7. The equilibration time was
30 min, and the adsorption process was, as usual, endothermic and entropy driven
[46].

4.2.7.5 Geopolymers as Ion Exchangers/Adsorbents for Cationic
Organic Dyes

The adsorption of dyes’ pollutants on the GP received little attention in the liter-
ature. Li et al. investigated adsorption of cationic dyes (methylene blue and crystal
violet) on FA-based GP. The adsorption capacity of the GP (31.99 mg MB/g and
40.80 mg CV/g) was much higher than that of the unreacted FA precursor
(1.60 mg MB/g and 1.63 mg CV/g), and the rate constant of absorption on the GP
(6.25 x 107> and 2.28 x 107> mg g~ ' min~', respectively) was much lower than
that on unreacted FA (1.01 x 107% and 2.25 x 10> mg g~ ' min~', respectively).
Thus, geopolymerization process generates more sites for adsorption/ion exchange
of cationic dyes but decreases the rate of adsorption by restricting the accessibility
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of these sites for large molecular size dyes [50]. The adsorption of methylene blue
on zeolite/kaolinite-based GP was similar (26 mg/g) [43]. It is worth to mention
that the reactions of methylene blue and crystal violet in highly basic conditions of
GP predation conditions need further research since these dyes may undergo
hydrolysis reactions [51].

Barbosa et al. studied the adsorption of cationic methyl violet 10B dye on a
mesoporous GP which was prepared from MK, rice husk ash (96.68% SiO,),
potassium hydroxide, water, and soybean oil (initial Si0,/Al,03 molar ratio = 4,
K,0/Al,05 = 2, H;O/K,0 = 10.4). The BET surface area of the produced GP, pore
volume, and pore diameter were 62 m2/g, 0.36 cmS/g, and 14.3 nm, respectively,
which were higher than those for ordinary GP prepared without oil (27 m%g,
0.13 cm’/g, and 9.1 nm, respectively). Furthermore, the adsorption parameters of
the mesoporous GP (Q,,, K, and k, values were 40.25 mg/g, 0.0171 L/mg, and
0.0122 g mg™" min™", respectively) were higher than those of the ordinary GP for
adsorption of methyl violet 10B (Q,, = 13.4 mg/g and k» = 0.021 g mg ' min™",
respectively) [52]. Noteworthy, as in the work Li et al. [50], the work of Barbosa
et al. indicated that the rate constant k, of methyl violet 10B found in the case of
unreacted MK (0.01342 g mg™' min~") was higher than that obtained in the case of
MK-based GP (0.01217 g mg~' min™ ).

4.2.8 Comparison of Geopolymers with Zeolites

4.2.8.1 Synthesis Conditions

Hydrothermal crystallization of aluminosilicate gel has been used in zeolite syn-
thesis processes for a long time [53]. Zeolites are usually synthesized from aqueous
sodium silicate and sodium aluminate in a closed hydrothermal system at a specific
temperature, autogenous pressure, and varying time (ranges from few hours to
several days) [54]. The time needed to start crystallization of mordenite was
reported to increase with a decrease in temperature of crystallization; 4 weeks at
100 °C and 1 h at 350 °C [55]. To be fabricated as pellets or extrudates, the zeolite
powder must be mixed with clay and water followed by calcination at 300—-600 °C
[54]. Thus, synthesis of zeolite requires relatively high energy.

However, the synthesis of zeolite from coal fly ash (FA type F, low calcium) was
attempted under mild conditions. Low-silica zeolitic materials (NaP1, A, X, KM,
chabazite, and faujasite) were obtained using different conditions of the open or
closed system, different NaOH or KOH solutions/fly ash ratios, atmospheric or
water vapor pressures, and crystallization time ranged from 3 to 48 h at 80-200 °C
[56]. Franus et al. synthesized three types of zeolites from FA by varying the
reaction conditions: Na-X (20 g FA per 0.5 L of 3 M NaOH at 75 °C), Na-P1 (20 g
FA per 0.5 L of 0.5 M NaOH at 95 °C), and sodalite (20 g FA per 0.8 L of 5 M
NaOH and 0.4 L of 3 M NaCl at 95 °C) [57]. Thus, the type of synthetic zeolite
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obtained from FA is a function of pH, the concentration of reagents, and temper-
ature [58].

GPs are the amorphous analogues of zeolites because synthesis of both materials
can be conducted under hydrothermal conditions. In GP synthesis, the temperature
and the amount of water are generally kept lower than those in zeolite synthesis.
The temperatures employed in GP synthesis range from 40 to 80 °C, and the water
content can be expressed as H,O/M,0 molar ratios of around 10-20 (M = Na™* or
K*) [53]. Some of the reported water/FA mass ratios for the preparation of
FA-based GP and zeolite were about 0.4 [59, 60] and 30 [57], respectively. Thus,
from the economic, energy, and water saving point of views, GPs have been
synthesized under better conditions than zeolites.

4.2.8.2 Crystallinity

On the contrary to crystalline zeolites which have definite peaks in their XRD
patterns, the GPs are often found to be X-ray amorphous. A “hump” centered at
approximately 27-29° 20 is usually the major characteristic of the XRD pattern of
GPs [8]. However, high-resolution microscopy (Fig. 4.2) showed that the GP
contains nano-crystalline aluminosilicate particles [53]. In general, longer reaction
times in GP synthesis generated more crystalline products embedded in the
amorphous GP [53]. Furthermore, GPs prepared using CsOH (as an alkaline acti-
vator) were found to contain significant amounts of crystalline zeolites A, X, and F
[21, 22].

It is worth to emphasize that activation of MK with alkaline sodium silicate,
rather than sodium hydroxide solution, causes rapid nucleation of solid products
surrounding the dissolving MK particles and consequently gives geopolymeric
rather than highly crystalline zeolitic products [53].

4.2.8.3 Surface Area and Porosity

Franus et al. synthesized three kinds of zeolitic materials from FA: sodalite, Na-P1,
and Na-X, with BET specific surface area of 33, 71, and 166 mz/g, respectively.
The textural analysis indicates that sodalite and Na-P1 are mesoporous—microp-
orous, and the Na-X is microporous [57]. The small pore size of sodalite (2.3 A )
renders it low potential application in ion exchange. On the other hand, the larger
pore size of Na-X (7.3 A) makes this zeolite a promising ion exchanger [56].

It is well established that geopolymerization process increases the specific sur-
face area of aluminosilicate source (MK, FA, BFA). Wang et al. reported that
geopolymerization resulted in an increase of BET surface area from 8.4 m?/g in the
case of FA to 31.8 m%*/g in the corresponding GP [29]. A similar trend was
observed by Li et al. where the surface area increases from 16.45 m?/g in unreacted
FA to 20.48 m2/g in the FA-based GP [41]. Furthermore, Luukkonen et al.
observed that the BET surface area increases from 2.79 and 11.5 m?/g in case of
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Fig. 4.2 TEM micrograph of a section of MK-based GP [53]. Reprinted with permission from
(Provis J. L., Lukey G. C., van Deventer J. S. J. Do Geopolymers Actually Contain
Nanocrystalline Zeolites? A Reexamination of Existing Results. Chem. Mater. 2005, 17, 3075-
3085). Copyright (2005) American Chemical Society

Table 4.4 Specific surface areas, and volumes of the geopolymers and their raw materials [33]

BFA BFS-GP MK MK-GP
Specific surface area (mzlg) 2.79 64.5 11.5 22.4
Marco-mesopore volume (cm?/g) 0.008 0.070 0.047 0.165
Micropore volume (cm®/g) 0.001 0.025 0.005 0.008

unreacted BFS and MK, respectively, to 64.5 and 22.4 m2/g in case of their cor-
responding GPs (Table 4.4) [33]. The average BET surface area of 34 samples of
MK-based GPs prepared using different initial Si/Al and Na or K/Al molar ratios
were 50 £ 27 m2/g, and the average pore size was 22 + 6 nm (mesoporous) [26].

GPs are macroporous/mesoporous in comparison with microporous zeolites. As
evident from Table 4.4, the % macro-mesoporosity values of BFS-GP and MK-GP
(74 and 95.4%, respectively) are higher than the % microporosity values (26 and
4.6%, respectively). [33]. For 34 samples of MK-based GPs prepared under dif-
ferent experimental conditions, the % macroporosity, mesoporosity, and microp-
orosity were 31 £+ 19, 69 + 19, and 0.52 &£ 0.13, respectively [26].
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Table 4.5 Comparison between geopolymers and synthetic zeolites

Aspect of Geopolymers Synthetic zeolites
comparison
Temperature of 40-80 °C 100-600 °C

synthesis

Amount of water
used in the synthesis

Low water/FA mass

ratio = 0.4
Low H,0/Na,O molar
ratio = 10-20

High water/FA mass ratio = 20—40
High H,O/Na,O molar ratio = 30

Mechanical strength

Low temperature 40-80 °C is
enough to obtain a
high-strength product

Fragile powder, high temperature
500-600 °C is required to obtain
granules or extrudates

Stability in aqueous Stable Unstable except in the case of high

solutions and Si/Al molar

thermal stability

Crystallinity Amorphous Crystalline

Porosity Mesoporous, high pore size Microporous, low pore size
distribution distribution

Specific surface area | 20-70 30-170

(m’/g)

CEC (meq/g) 0.1-4 0.5-5

According to several studies, GPs have a wider pore distribution than zeolites
[19, 41]. The pore size distribution curve of FA-GP was found to be centered at
around 14 nm with a wider distribution than faujasite which was sharp and centered
at 4 nm [41]. Furthermore, Skorina observed that the average pore size ranged from
5.7 to 20.7 nm [19].

Many attempts have been made to increase the porosity of GP by employing
H,0O, and sodium dodecyl sulfate as foaming agents. A porous MK-based GP was
found to have a bulk density of 0.79 g/cm® and total porosity of 60.3%. The pores of
the GP were found to center at about 15 nm, which reflected the presence of plenty
of mesopores [31]. As the amount of H,O, increases from 0.30 to 1.2% (w/w), the
density of MK/FA-based GP decreases from 0.98 to 0.44 g/cm® and the porosity
increases from 52.0 to 78.4% [61]. The total porosity of FA/iron ore tailing-based
GP ranges from 56.9 to 74.6%. The fraction of pores with diameters larger than
50 nm (macropores) for porous GP was higher than that for reference GP. The pore
diameter of the porous GP shifts to higher values with the addition of more H,O,
[42]. A general comparison of GPs with synthetic zeolites is presented in Table 4.5.

4.2.8.4 Cation Exchange Capacity
In zeolites, the exchangeable metal cations balance the negative charge on the

surface of zeolite pores. This negative charge results from the partial replacement of
Si by Al tetrahedra [58]. Thus, synthetic zeolites with low Si/Al molar ratio like
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faujasite, chabazite, herschelite, NaP1, and 4A have high cation exchange capacity
(CECQ). For example, the CEC values of zeolite X and NaP1 are 5.0 and 2.7 meq/g,
respectively (ammonium method). These values are higher than those obtained for
natural clinoptilolite (1.5-2.0 meq/g) [56]. Franus et al. synthesized zeolites from
coal FA, namely, Na-X, Na-P1, and sodalite with CEC 1.8, 0.72, and 0.56 meq/g,
respectively (Ba®" method) [57].

The CEC values of GPs are comparable to those of zeolites. Some of the
reported CEC values of different GPs are: 0.13 [62], 4.15 [27], 1.1 [26], 2.02 meq/g
[24] using NH4* method, and 0.2-0.3 meq/g using Ba?* method [28]. Thus,
although GPs are cementitious materials which are characterized by compact
structure, they are, like zeolites, good ion exchangers.

4.2.8.5 Selectivity for Metal Ions

In general, the selectivity of cationic exchangers typically increases with increase of
charge and ionic size of the exchanging ion: Th**> La’*> Ce®*> Ba®*>
Sr**> Ca®* > Co®*> Ni**> Cu?*> Mg”*> Be*? > Ag™> Rb*> Cs™> K*> Na*> H*>
Li* [63]. Similarly, the zeolite ion exchange capacity increases with increasing ionic
size. The selectivity sequence of clinoptilolite toward metal ions follows the
sequence: Cs™> K*> Rb*™> Na*> Li* and Ba®*> Sr**> Ca®*> Mg®* [64]. The
selectivity of clinoptilolite for heavy metals varies somewhat in the literature: Pb
I > Cd{I) > Cudl) ~ Zn(Il) [65], Pb(I) > Cd(Il) > Cu(ll) > Zn(I) [64], and
Pb(I) > Cu(Il) > Cd(Il) ~ Zn(I) [66, 67].

From a collection of trends discussed in Sect. 3.1, the following sequence can be
deduced in the case of ion exchange/adsorption of metal ions on GPs:

Cs*> Cu®™ ~ Pb**> Ba®*> Sr**> K*> NH,™> Li*> Cd**> Mg**> Na* [23, 25,
26, 28, 29]. Thus, the selectivity sequence of GPs toward metal ions is similar but not
identical to those of zeolites. It is worth to mention that the selectivity order changes
with the concentration of metal ions in solution and depends on whether it is based on
values in mg/g (incorrect) or mmol/g.

4.2.8.6 Stability in Acidic Solutions

The disintegration of zeolites in acidic medium is related to the number of Al atoms,
which appear to be the sites of acid attack. Zeolites with high Si/Al molar ratio are
stable in acidic medium. Zhuou and Zhu investigated the stability of synthetic
zeolites in HCI solution at pH 1 for 3 h by studying their XRD patterns. NaZSM-5
(Si/Al = 12.5-26), NaZSM-11 (Si/Al = 25), HB (Si/Al = 14.5), and dealuminated
Na-Y (Si/Al = 7) were stable while Na-Y (Si/Al = 2.66) and Na-A (Si/Al = 1)
were not and dissolved completely in acidic solutions [68].

Although these have usually Si/Al ratio of about 2, GPs have high acid resis-
tance, and this may be one of the reasons for devoting attention to these materials
[69]. Li et al. reported that after 60 days of soaking GP blocks in acetic acid buffer
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(pH 3.6), the mass loss of GP was 2.5% [70]. Furthermore, the stability of the GP
paste was inferred from the fact that the chemical composition (XRF), especially the
% Si and Al, of GP, was not affected by ion exchange process (0.5 g GP/250 ml of
0.1 M BaCl, and SrCl,) [28].

4.2.8.7 Thermal Stability

Synthetic zeolites like Na-P1, A, X, Y, and P, prepared from FA, have high thermal
stability because of their high Si/Al molar ratio. Na-P1, Na-X, and sodalite maintain
their crystalline structure at temperatures below 300, 700, and 900 °C, respectively
[58]. Similarly, GPs are known to be of excellent thermal stability and already used
in fire-resistant coatings, thermal insulation, and furnace linings [71]. After 2 h
calcination at 1000 °C, the FA-based GPs can keep a compressive strength of
30 MPa [70].

4.2.8.8 Mechanical Strength

Synthetic zeolites are fragile and often obtained as a powder. These can be fabri-
cated as pellets or extrudates by mixing with a binder like clays followed by
calcination at 300-600 °C to get extrudates or granules of sufficient mechanical
strength for the purpose of industrial ion exchange processes [54]. On the other
hand, GPs as ion exchangers can be formulated as pellets or granules directly
during synthesis at 40-80 °C. The compressive strengths of GPs, prepared from FA
of different origins, ranged from 30 to 80 MPa [71].

4.2.8.9 Regeneration

Regeneration of the ion exchanger saturated with metal ions results in re-use of the
ion exchanger and recovery of metal ions. Thus, the possibility of regeneration has
a positive impact on the environment in eliminating the possibility of creating new
toxic waste. The adsorption of heavy metals on zeolites was found to be reversible,
and thus, the regeneration of zeolite is possible [64]. However, the decrease in
adsorption/desorption capacity of clinoptilolite with increasing regeneration cycles
was remarkable in the case of removal of Pb(Il) and Zn(II) from the water.
Successive regeneration cycles using 3 M KCl resulted in more than 50% reduction
of adsorption efficiency after 9 and 4 cycles for Pb(IT) and Zn(II), respectively [65].
This decrease may be due to the decomposition of -clinoptilolite during
regeneration.

GPs have been shown to be regenerable in several studies, but a limited number
of cycles were investigated. Granules of MK-based GP, which were suitable for
continuous column mode for adsorption of ammonium ion, are amenable for
multiple regenerations with NaCl/NaOH, although two regeneration cycles
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decreased the NH,* removal significantly [20]. However, some studies reported that
the adsorption of heavy metals on GP was not reversible. Cheng et al. found that the
% desorption of Pb(Il), Cd(II), Cr(Ill), and Cu(Il) from GP loaded with maximum
amounts of these heavy metals was 5.9, 2.1, 14.7, and 1.9%, respectively [29].
Thus, the possibility of regeneration of GPs, as well as zeolites, is still open to
further research.

4.2.9 Stabilization/Solidification/Encapsulation of Ion
Exchangers in Geopolymers

An integrated process consists of adsorption followed by solidification/stabilization
has been suggested in the literature as a method for encapsulation of exhausted ion
exchangers (like fly ash and red mud). For example, heavy metal-loaded fly ash and
red mud have been successfully solidified by adding Portland cement producing
durable concrete blocks with a compressive strength of 30 MPa [72].

Since alkali-activated aluminosilicates or GPs are alternatives for Portland
cement, GPs have been used to encapsulate exhausted ion exchangers. Ipatti
investigated encapsulation of exhausted granular boric acid-based ion exchange
resins in alkali-activated blast furnace slag (37.7% CaO, 34.4% SiO,, and 8.4%
Al,O3). The alkali activation using Ca(OH), and NaOH effectively produced GPs
containing ion exchanger with compressive strengths varied between 9 and 19 MPa
[73].

Kuenzel investigated encapsulation of Cs*- and Sr**-loaded clinoptilolite in
MK-based GP (initial Si/Al molar ratio of 2, Na/Al = 0.7-1.3, H,O/Al = 9). The
leached Cs* and Sr** concentrations were below the detection limit (5 ppm). Ion
exchange of Cs* with the charge balancing ions (Na*) in GP may be the main factor
responsible for the immobilization of Cs* in the GP matrix. The uptake of Sr** and
Cs"* of GP per 1 mol of Al was estimated to be 0.4 and 0.2 mol, respectively. The
SEM/EDS studies revealed that the high alkalinity of activating solution (sodium
hydroxide and silicate) causes dissolution of clinoptilolite containing Cs* and Sr**
(in addition to the MK precursor) followed by the bound of these ions to the
MK-based GP aluminosilicate phase (see Fig. 4.3) [74].

The reported high compatibility observed between the organic resins and inor-
ganic GP phases [75] is a promising property that makes GPs potential hosts for
encapsulation of exhausted organic ion exchangers which may be a subject for
future research.
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Fig. 4.3 SEM image of MK-based GP used for encapsulation of clinoptilolite containing Cs* (A:
clinoptilolite, C: MK-based GP, and B: interfacial zone) [74]. Reprinted with permission from
(Kuenzel C., Cisneros J.F., Neville T.P., Vandeperre L.J., Simons S.J.R., Bensted J.,
Cheeseman C.R. Encapsulation of Cs/Sr contaminated clinoptilolite in geopolymers produced
from metakaolin. Journal of Nuclear Materials. 2015, 466, 94-99). Copyright (2015) Elsevier B.V

4.3 Concluding Remarks

1. GPs could be used in the treatment of wastewater. The increase in pH of
wastewater due to contact with unreacted alkali in GP is expected to be limited
due to the buffering capacity of real wastewater and the acidity of industrial
wastewater.

2. Despite the high solubility of Cs* in water, it could be removed from aqueous
solutions using GPs with highly variable adsorption capacity (15-40 mg/g).

3. Complete ion exchange of Na* in GP by NH," was achieved, so GP was
applied as an effective ion exchanger for removal of NH," from real wastew-
ater. The adsorption capacity ranged from 20 to 75 mg/g.

4. Less ion exchange efficiency was obtained in the case of Mg** and Ca®*.

5. GPs have high ion exchange capacity for Sr** and Ba?*, as adsorption
capacities up to about 250 and 400 mg/g, respectively, were achieved.

6. The adsorption capacities of Pb(II) were 110-130, 50-150, and 60-200 mg/g
in the case FA-GP, MK-GP, and zeolite-GP, respectively. On the other hand,
the adsorption capacities of Cu(Il) were 70-110, 30-50, and 12-36 mg/g,
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respectively. These values reflected the strong ability of GPs prepared from
various sources for the removal of heavy metals from water.

The geopolymerization process results in a remarkable increase in the BET
surface area, the adsorption capacity (Q,,), and affinity constant (K} ) relative to
starting aluminosilicate precursors (MK and FA). However, the adsorption rate
constant (k,) decreases upon geopolymerization which reflects the slow
adsorption rate of heavy metals by GPs due to diffusion limitations in the GP.
Increasing the porosity of GPs does not necessarily increase the adsorption
capacity and rate constant.

The adsorption of ingoing metal ions is associated with the release of outgoing
ions. Some interesting features include efficient regeneration of GP adsorbents
by NaCl solution, increasing ionic strength and decreasing pH result in a
decrease of adsorption, poor adsorption of oxyanions forming metal ions like
As(IIT) and Sb(III) on GPs, and the positive entropy and positive enthalpy of
adsorption process (endothermic). Actually, there were no sufficient evidence
that support specific chemical bonding of metal ions to the surface of GPs.
Exhausted ion exchangers and zeolites (loaded with pollutants) could be
encapsulated in GP matrix to give high compressive strength products (with
minimum leachability of pollutants). Synthesis of Cs bearing zeolite embedded
in the GP matrix is a promising technique for immobilization of Cs™.

GPs have many features that are close to those of zeolites like high cation
exchange capacity, high surface area, and thermal stability.

The synthesis of GPs is easier because of lower energy and water demand
compared to the synthesis of zeolite. The prepared GP could be fabricated
directly as high compressive strength granules at low temperature (40-80 °C).
Since GPs are more acid resistant than zeolites, GPs are expected to be more
stable in the regeneration cycle, but this issue needs further investigations.
Zeolites embedded in GPs may be promising materials since they have the
advantages of microporous zeolites and meso-/macroporous GPs.

GPs are cementing materials as well as ion exchangers which make them
multifunctional materials that can serve as a construction material for the
removal of pollutants from the environment.

The regeneration of exhausted GPs (used in wastewater treatment) and the
encapsulation of exhausted zeolites in GP matrix using solidification/
stabilization technique are two interesting future research areas.

The superiority of GPs to synthetic zeolites in respect of mechanical strength,
stability, and cost may be the driving force for using GPs as ionic exchangers in
the future.
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