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Abstract

Geopolymer (GP) is a class of three-dimensional aluminosilicate binder, which is supe-
rior to Portland cement materials in acid, heat and fire resistance. GP is produced by
reacting an aluminosilicate source (metakaolin, fly ash or waste) with an alkali metal
hydroxide or silicate. The aim of the present work is to review the latest developments in
three lines of research that deal with application of GP in treatment of pollutants. The
first “intra-solidification” that involves mixing real waste (containing heavy metal
pollutants) with the GP precursors to obtain a high mechanical strength material. The
second type of solidification is “inter-solidification” that involves incorporation of
heavy metals solutions (as simulation of polluted water) during geopolymerization
reaction. The third line of research “adsorption” involves agitating GP with heavy
metals solutions and studying the ability of GP to remove heavy metals from water.
These techniques will be investigated regarding efficiency and mechanism of immobili-
zation, cost and environmental impact. GPs are strong low-cost adsorbents for heavy
metals. In intra-solidification, despite the high mechanical strength of the produced GP-
containing waste, geopolymerization reduces effectively the leaching of heavy metals.
The reverse was observed in the case of inter-solidification which presents a greater
challenge than intra-solidification.

Keywords: solidification, adsorption, geopolymer, heavy metals, fly ash

1. Introduction

Geopolymers (GPs), first named by Davidovits [1], are synthetic aluminosilicates prepared by
reacting a reactive solid aluminosilicate (metakaolin, fly ash or blast furnace slag) with an
aqueous alkaline activating solution that contains alkali (Na* or K") hydroxides and silicates
[2, 3]. GPs are composed of tetrahedral silicate and aluminate units linked in a three-
dimensional structure by covalent bonds. The negative charges associated with AI(III)
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tetrahedra is usually balanced by alkali cations [4]. GPs possess many favorable properties
such as high compressive strength, low shrinkage, acid resistance, fire resistance, low thermal
conductivity, rapid hardening and durability [2, 4-6]. The main applications of GPs are low
cost construction materials and protective coatings [6]. Furthermore, GPs have been used for
solidification of toxic wastes especially those containing heavy metals. This is the first aspect
that will be reviewed in the present work. Solidification is a pre-landfill waste treatment in
which the waste is encapsulated in cementing material or any kind of organic or inorganic
polymer to immobilize toxic contaminates and reducing their leachability [7]. The final aim of
solidification is reduction of the overall environmental impact of waste disposal [8].

GPs are X-ray amorphous, however, the formation of some crystalline zeolitic phases was
detected particularly. The transformation of typically X-ray amorphous GP synthesized in
highly concentrated basic solution into zeolite structure provides a very powerful evidence
for the similarity of the zeolitization and geopolymerization reaction mechanisms [9]. Zeolites
are strong cation exchangers and were used extensively to remove heavy metal ions from
polluted water. Thus, this similarity suggested using GP in water treatment for the removal of
heavy metal ions. Adsorption of pollutants, especially heavy metals, on GP is the second
aspect that will be discussed in the present work.

Any material that is rich in Si and Al in amorphous forms can be used as a source material for
synthesis of GP. Natural resources like kaolin and metakaolin (MK, synthesized by
dehydroxylation of phase pure kaolin at 750°C) can be used for GP preparation, as well as a
considerable range of industrial waste, such as fly ash (FA) from coal, blast furnace slag (BFS)
from metallurgical industries, and municipal and medical waste incineration ashes. Since GP
production is mainly based on waste materials, their use could aid waste minimization and
reduces the pressure on current and future limited resources used in ordinary Portland cement
(OPC) and contribute significantly to the lowering of the CO, emission of the construction
industry [2, 6]. Calcination of kaolin to produce MK is carried out at 750°C, which is lower
than the temperature needed in OPC production (1400-1450°C), [4]. Coal fly ash (FA) is an
industrial waste that is produced from coal electricity plants. The bulk of the FA is made up of
silicon, aluminum and iron oxides, as well as small (type F) or significant amounts of CaO
(type C) [9]. GPs are generally considered to be much more sustainable than OPC, in terms of
reduced production energy requirement, lower CO, emissions and the inexhausting sources of
wastes [4]. FA appears to be one of the most promising precursors for the production of GP
due to its high workability, low water demand and high mechanical strength [2, 9].

Despite the typical attributes mentioned above, the properties of GP are highly dependent on
Si/Al ratio, hydroxide concentration, alkali cation used and curing conditions [6]. For example,
the compressive strength of MK-based GP was improved by using sodium or potassium
silicate solution instead of hydroxide. This improvement is attributed to the presence of
increased number of Si—O—Si bond, which possess higher bond energy compared to
Si—O—Al bond [5]. It was observed that the microstructure changed from containing large
to small pores as the Si/Al ratio was increased from 1.15 to 1.90 [9, 10]. The baseline stoichiom-
etries for GP materials participating in the reaction are typically molar Na/Al =1 and Si/Al = 2.
The amount of water (H,O/Na molar ratio ~7) is usually controlled to obtain a thick paste [11].
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The mechanism of geopolymerization is out of the scope of the present article, but some points
are discussed here. Dissolution of amorphous aluminosilicates (from MK, FA or BES) is rapid
at the high pH provided by the alkaline activator, and this quickly creates a supersaturated
solution containing a complex mixture of silicate, aluminate and aluminosilicate species. Then
the oligomers in the aqueous phase form large networks by condensation resulting in gel
formation. After gelation, the system continues to rearrange and reorganize, as the connectiv-
ity of the gel network increases, resulting in the three-dimensional aluminosilicate network of
GP. The Si(IV) and Al(III) in the framework of GP are tetrahedrally coordinated and linked by
oxygen bridges with small amount of terminal hydroxyl groups at the surface of the gel [9].
Although these terminal hydroxyl groups were thought to be insignificant in determining the
mechanical properties of GP, they were thought to be important in immobilization of heavy
metals since they can be coordinated to the heavy metal cations through chemical bonds [12].

The aim of the present work is to review the latest developments in the techniques of immobi-
lization of heavy metals and some organic pollutants in geopolymeric materials. Two tech-
niques will be investigated and compared; the first is solidification and the second is
adsorption. These will be reviewed regarding starting materials used for preparation of GP,
efficiency, mechanism, cost and environmental impact.

2. Methodology and calculations

2.1. Solidification

The first part of the present study is devoted to reviewing published works on solidification of
wastes containing heavy metals in GP matrix. This type of solidification, which will be called
intra-solidification (Figure 1), involves mixing the waste with aluminosilicate-rich precursor
such as MK, FA and BFS. Then an activator composed from sodium or potassium hydroxide
and silicate is added and the produced GP is cured at temperature usually ranges from 40 to
80°C. The prefix “intra” is used because it means “within” and thus intra-solidification means
immobilization of the heavy metals within waste by reaction with GP precursor. The second
type of solidification, which will be called inter-solidification (Figure 1), involves mixing an
aluminosilicate precursor with pure heavy metal salts or solutions added during preparation
of GP. The prefix “inter” is used because it means “between” and thus inter-solidification
means immobilization reaction between heavy metal added and the GP precursors.

Two criteria are usually used to test the efficiency of solidification, the first is mechanical
strength of the GP and the second is the leaching of heavy metals from the GP. Toxicity
characteristic leaching procedure (TCLP) formulated by the US Environmental Protection
Agency (EPA) involves stirring granular solid GP material (containing heavy metal) <9 mm
with acetic acid solution at pH 3-5 (liquid:solid ratio 20 mL:1.0 g) followed by filtering and
determining the amount of heavy metals [8, 13]. The European Norm EN-12457 test, which is
less aggressive than TCLP test, involves immersing 4.0 g of GP in 40 mL deionized water [8, 13, 14].
Furthermore, other leaching solutions of different pH and ionic strength were applied by other
authors: H,SO, solutions (pH 1), 5% (w/w) MgSO,, 5% Na,COj3 solutions [15], 0.1 M HC],
0.1 M NaCl, 1.0 M NaCl and 0.1 M NaOH [12]. The time of leaching test is highly variable and
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Figure 1. Intra-solidification, inter-solidification and adsorption processes for immobilization of heavy metals.

ranges from 1 to 90 days. The efficiency of solidification can be deduced from the concentration
of metal in the leaching solution when compared with the allowed limit formulated by envi-
ronmental organizations. If the concentration of heavy metal in the leaching solution is below
the allowed limit, then it can be concluded that the solidification process is effective.

Another way for evaluating the efficiency of solidification depends on calculating the percent-
age of leaching of heavy metal from GP containing the heavy metal using Eq. (1) [12]:

% leaching of heavy metal = CCéPM x 100 (1)
t

where Cgpy is the concentration of heavy metal leached out of the GP-containing heavy metal
(mg/L). C; is the calculated concentration (mg/L) of heavy metal (Egs. (2) or (3)) expected to
leach out of specific mass (1, in mg) of GP into specific volume (V in liters) of leaching solution
assuming 100% leaching:

mass of heavy metal (g) mass of waste (g) m

mass of waste (kg) mass of GP (g) v @

Intra — solidification: C; =
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mass of metal salt used in mix design (g)
mass of mix desigh of GP (g)

m
Inter — solidification: C; = X v

)

atomic mass of heavy metal

molar mass of heavy metal salt

It is worth to mention that the amount of heavy metal reported in the waste material used in
Eq. (2) (in g/kg, Table 1) is problematic because semi-quantitative X-ray fluorescence (XRF)
gives the amount of metal that exist in different forms. Some of these forms may be inert. For
example, as shown in Table 1, the environmentally significant amount of Pb in lead smelting
slag determined by digesting in 2 M HNO; (14.7 g/kg) was much lower than the amount
indicated by X-ray fluorescence (319.3 g/kg) [14]. Furthermore, many authors reported the %
metal in GP total mix design incorrectly and did not differentiate between % metal and %
metal salt. For example, 0.50% Cu(NOj3),-3H,0 is equivalent to 0.13.% Cu.

2.2. Adsorption

GP was used as an adsorbent for the removal of heavy metals from polluted water (Figure 1).
Adsorption involves agitating specific amount of GP (m, in g) with specific volume (V in L) of
standard aqueous solution (C;) of heavy metal (simulating polluted waste water) for different
contact times. The concentration of heavy metal in solution decreases until it reaches steady
value (C,) at a time called equilibration time. The mount of heavy metal adsorbed at equilib-
rium (Q,, mg/g) is determined from Eq. (4):

Cl_Cg

Q ==——xV @

Langmuir model (Eq. (5)) is the most widely used in the studies reviewed in the present article.
This model is used to fit the equilibrium adsorption data that results from determining C, and
Q. at different C; values at constant temperature (adsorption isotherm).

_QmXKLXCe

Qe_l-{-(KLXCe)

)

where Q,, is the maximum adsorption capacity (mg/g) and K| is the Langmuir affinity constant
related to the energy of binding sites on the surface of GP (L/mg) [16].

For analysis of kinetics adsorption data, pseudo-second order model (Eq. (6)) was the most
frequently used in the works reviewed in the present article:

dQ
7 =k(Q.-Q)’ (6)
where k; is the second-order reaction constant (g mg ™' min~'), Q, and Q; are the amount of
metal ions adsorbed per unit mass of GP at equilibrium and time ¢, respectively. The model is
usually used to determine the rate constant k, [17].



Waste [Ref.] Zn Cd Cr Pb Cu Ni As Mo Co Ba Sn Hg Sb Se V Sr
Carbon steel electric arc dust [8, 49] 3429 029 2.108 2.29
260 0.8 9.5 13.0 2.0 2.9
Lead smelting slag [14] 1.690° <0.04 0470 3193 0760 0410 2580 0.180 <0.037 1970 4.25 11.0 0420 0.070 <0.04
0.770" 0.013 0.0035 14.7 0437 0.034 0362 0.005 0.059 0.039 0.171  0.008 0.010 0.012
Waste solution after plating of printed circuit ~ 0.0061 0.0026 12.619 0.3475 0.0002 2.371
board [27]
Municipal solid waste incineration fly ash [28] 0.105 0.196 0.502 0.473 0.038
Municipal solid waste incineration fly ash [29]  3.692 0.103 1.785 0.826 2.817 0.078
Municipal solid waste incineration fly ash [13] 159  0.006 0.790 0.398 0.156 0.090 0.060 0.046 0.094 1270 1.79 0.060 5.11  0.080 0.040
Municipal solid waste incineration fly ash [30]  3.269  0.0367 0.157 1515 0.563 0.071 0.0358

"Semiqualitative XRF.

**Environmentally significant available after 2 M HNO; digestion.

Table 1. Heavy metal content of different wastes (g/kg).
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2.3. Cost calculations

The cost of GP used in solidification and adsorption of wastes was calculated depending on the
cost values of the constituents of GP given by McLellan et al. [18]. The approximate cost of MK,
FA, sodium hydroxide, sodium silicate solution, kaolin, zeolite and BFS used in calculation
was 200, 50, 400, 200, 100, 100 and 50 US $/t, respectively. Water and industrial waste solidified
were assumed to have negligible cost if solidification is to be applied in the site of production
of waste.

3. Immobilization of pollutants in geopolymeric materials

3.1. Intra-solidification of waste in geopolymer

Heavy metals exist in many types of wastes: coal fly ash, carbon steel electric arc furnace dust,
lead smelting slag, chromite ore-processing residue, aluminum production waste, municipal
solid waste incineration fly ash and medical waste incineration fly ash. The heavy metal
content in some of these wastes was given in Table 1. Because of their toxic heavy metals
content, regulations prohibit disposal of these wastes in landfill [19]. For solidification of these
wastes in GP matrix, these wastes are usually mixed with MK, FA or BFS and then with alkali
activator to get solid GP after curing.

3.1.1. Coal fly ash waste

Bankowski et al. investigated solidification of brown coal type C fly ash {30.6, 2.4, 1.2} in MK
{0.1, 49.3, 35.0}-based GP using sodium hydroxide and sodium silicate as activators. The TCLP
test (Table 2, I-1) indicated that geopolymerization reduces the leaching of some metals such
as As, Ba, Se and Sr (0.002, 0.07, 0.130 and 5.500 mg/L) relative to the unreacted fly ash (0.012,
0.270, 0.740 and 31.200 mg/L). Other metals which exist in trace amounts (like Zn, Mn, Ni and
Mo) in fly ash did not respond to solidification due to error in measurements of low concen-
trations of these metals. It is worth to mention that best immobilization efficiency was obtained
when <40% (w/w) of the fly ash was incorporated in the mix design of GP [19]. Similarly, Arioz
et al. studied solidification of FA (F-type, low calcium) in GP without addition of any other
source of aluminosilicate and using sodium hydroxide and silicate activators. TCLP leaching
results indicated that heavy metals like As and Hg were immobilized effectively in GP while
Zn, Pb and Cd were not (Table 2, I-2). The compressive strength of the produced GP ranged
from 20 to 50 MPa [20]. The results in Table 2 (I-1 and I-2) indicated that leaching of both
unreacted FA and solidified FA-GP gives low concentrations of heavy metals.

3.1.2. Metal industry waste

Solidification of 20% (w/w) carbon steel arc furnace dust {8.60, 6.21, 2.0} in OPC and type-F FA
{3.94, 63.91, 21.51}-based GP was studied using variable activators (sodium and potassium
hydroxides and silicates). The compressive strength of the produced GP ranged from 10 to
40 MPa compared to 2.5 MPa in the case of OPC. TCLP leaching test (acetic acid buffer at pH 3)
indicated that the leached amounts of Zn, Pb, Cr and Cd from OPC system were less than 1%



Waste [Ref.]  Host As Ba Cr Cu Mn Mo Ni Se Sr A% Zn Cd Pb Co Sn  Hg Sb
matrix
Brown coal Unreacted”  0.012 0.270 0.004 0.018 0.010 0.011 0.026 0.740 31.20 0.038
fly ash
(yr:csi itatop)  SOlidified 0,001 0.07- 0.140- 0.012- 0.09- 0.06- 11— 0.010- 0.030—
[I1)9] I—Il) in MK-GP*  0.002 0.12 0.28 0.017 0.16 0.13 11.5 0.130 0.070
Fly ash (F- Unreacted”  0.40 0.058 <0.002 <0.002 <0.01 0.394
t 20] I-2
ype) [20] Solidified ~ <0.0004 0.0082— 0.0015- 0.002- 0.008-0.011 <0.003
in FA-GP” 0.023 0.035 0.009
Carbon steel ~ Solidified 0.005- 508—- 1.2- 5.5-31.7
arc furnace in FA-GP” 0.09 1296 4.52
dust [8] I-3
ust [8] Solidified 2.7 0.1 0.03 0.6
in OPC”
Carbon steel ~ FA-GP” <0.05 500- 145 7-32
arc furnace 1300
dust [21] I-4 .
ust [21] OPC 2.7 0.1 0.03 06
Lead smelting Unreacted” 0.10-  1.49- 0.05- 0.21-  16.6-
slag [14] I-5 0.13 1.77  0.09 0.28 37.0
Solidified 0.01- 1.75—- <0.0006 0.01- 4.8-
in FA/BFS-  0.06 2.84 0.03 23.5
GP'
Chromite Unreacted” 67.89
processing o
. Solidified 0.027—-
e idue (261 Brs.Gp' 155
Waste Solidified 0.046— 0.08- 0.045-0.160 0.05—
solution after in MK/BA- 0.083 1.0 0.20
plating of GP’
printed circuit
boards [27] I-7
Municipal Unreacted™ 2.31 2.63 0.00 3.22 3.94
lid t
fgcing:;f; Solidified 0.64 007 0.00 0.00  0.03(0.7)
in MK-GP™ (100) (1.8

fly ash [28] I-8

uonesyIpIos 8



Waste [Ref.]  Host As Ba Cr Cu Mn Mo Ni Se Sr A\ Zn Cd Pb Co Sn  Hg Sb
matrix
Municipal Solidified 9.8- 12.1- 1.2-2.2
solid waste  in FA-GP™" 14.3 183 (0.7-
incineration (11-16) (9- 1.2)
fly ash [29] I-9 13)
Municipal Solidified  <0.03 0.12- 0.51-  <0.01 02-  0.04- <0.01 0.13- 0.70- <0.01 <0.03 0.055- <0.02 <0.03 0.02-
solid waste in FA/MK- 0.61 0.73 0.4 0.18 026 98 0.13 0.43
incineration ~ GP' 02- (1-2) (10- (7-13) (0.9-
fly ash [13] 1) 17) 1.2)
I-1
0 Solidified  <0.03 0.24- 021- <0.01 0.18- <0.01 <0.01 0.02- <0.01 <0.01 <0.03 <0.01 <0.02 <0.03 0.18-
in OPC’ 0.58 0.52 0.43 0.1 1.4
0.2- (0.5~ (8-19) (1-5)
04) 1.3)
Municipal Solidified 0.16 0.04 0.02 <0.05 < (0.06)
solid waste in FA-GP” (2.04) (0.19) (0.01)
incineration
fly ash [30]
I-11
Medical waste BA 2.5 0.34 0.15 0.01
incineration unreacted”
fl h [7] 1-12
y ash[7] FA 18 019 118 6.0
unreacted”
Solidified 0.25- 0.025- 0.012—
in MK-GP” 099 0.73 2.15
USEPA TCLP 5 100 5 1 300 1 5 0.2
allowed limit
(mg/L)

*Leaching tests were according to USEPA TCLP procedure.

**Leaching test was according to European EN 12457 procedure.

M*Leaching test was done using HNOj solution, pH 4, liquid to solid ratio 20 mL/g.

MK: metakaolin, FA: fly ash, BA: bottom ash, BFS: blast furnace slag.

Table 2. Leaching of heavy metals (mg/L) from geopolymer matrix containing solidified waste—intra solidification (values in brackets give calculated % leaching).
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of the amount leached from GP. Furthermore, the amounts of metals leached from GP were
higher than USEPA limit (Table 2, I-3, I-4). This was explained by the high alkalinity of OPC
leachate (pH 11.2-11.8) compared to neutral pH of GP leachate (pH 5.2-6.7). However, less
aggressive EN leaching test (deionized water) showed much lower leaching concentration for
GP samples and much higher leaching concentrations for OPC [8, 21]. This reflects the effect of
leaching solution on efficiency of immobilization.

Ogundiran et al. studied solidification of lead smelting slag in (2, 1 w,w) FA (6.03, 48.9, 27.8}-
and BFS {42.0, 37.2, 11.8}-based GP using potassium silicate as activator. The compressive
strength was remarkably high 80-100 MPa. TCLP leaching test indicated that Pb, Zn, Cr and
Ba leaching concentrations were below the recommended limit (Table 2, I-5). Many mecha-
nisms were suggested for solidification of Pb in GP. The first, Pb is a network forming element
replacing Si, the second, Pb(II) ions balance the negatively charge Al tetrahedra and the third,
insoluble Pb(OH), be encapsulated in the GP structure [14].

Perna and Hazlicek solidified semi-liquid red waste {24.76, 13.45, 13.88} and gray slag {1.17,
0.01, 54.55} from aluminum production in GP matrix. The geopolymerization of the low
silicate waste was carried out with addition of silicon-rich fired clay dust {0.14, 50.28, 4.99}
and potassium silicate activator to obtain SiO,/Al,O5; and K,O/Al,O5; molar ratio of 2.96 and
0.73, respectively. The mechanical strength of the produced GP was 30-40 MPa. Foamed GP
products with thermal conductivity 0.169 Wm ™" K™' were prepared. The high porosity of the
foamed GP could be used in insulation and passive house construction and it has fire and
elevated temperature resistance advantage over polystyrene [22].

Salihoglu et al. investigated solidification of 25% (w/w) antimony waste slag in FA {4.65, 51.84,
24.68}-based GP with OPC, clay, BFS and gypsum additives and using sodium hydroxide and
silicate activators. The EN leaching concentration ranged from 0.83 to 3.29 mg/L in the case of
Arsenic (As) and from 3.91 to 8.10 mg/L in the case of antimony (Sb). These concentrations were
higher than the regulatory limit 2.5 and 0.5 mg/L in the case of As and Sb, respectively [23].

Rao and Liu reviewed literature (dated to 2015) on the potential of using geopolymerization
reactions in solidification of mine and oil sands tailings which contain aluminosilicate mate-
rials. The review showed conflicting conclusions in the geopolymerization processes regarding
for instance the suitable Na/Al and Si/Al ratios, the function of metal cations such as sodium
and potassium, and the effect of calcination (for removal of organic content) [24].

Chromite ore-processing residue (COPR) was a target for solidification in several studies. Sun
et al. solidified 12% (w/w) COPR {34.27, 6.46, 8.15} in MK {0.05, 46.58, 37.02}-based GP in the
presence of Na,S (reducing agent) and using sodium hydroxide and silicate activators. The
mechanical strength of the produced GP was 40-60 MPa. The TCLP leaching test indicated that
the concentration of leached Cr from GP was below the allowed limit (5 mg/L) when the S*~/
Cr molar ratio > 6 compared to 45 mg/L when Na,S was not used. The effect of geopoly-
merization on the efficiency of solidification was remarkable because the leaching of total Cr
from of unreacted COPR was 279.84 mg/L. The suggested mechanism of solidification was that
S*~ anion reduces anionic Cr(VI) in COPR to cationic Cr(Ill) which balances the negatively
charged Al tetrahedra in the GP [25]. Huang et al. studied solidification of COPR {0.69, 6.19,
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11.4} in BFS {40.43, 10.77, 30.18}-based GP using sodium hydroxide and silicate activators. The
mechanical strength was found to decrease from 50.4 to 13.4 MPa and the TLCP leaching
concentration increases only from 0.027 to 1.553 mg/L (Table 2, I-6) when the % (w/w) COPR
in GP increased from 10 to 60%. This indicated that 60% (w/w) COPR could be effectively
solidified with leaching concentration of Cr below the recommended limit (5 mg/L) [26].

Antunes Boca Santa et al. solidified the waste solution of plating printed circuit boards in MK
{0.06, 47.4, 37.9} and bottom ash {1.71, 57.3, 23.7} GP, and using sodium hydroxide and silicate
activators. The mechanical strength of the produced GP ranged from 5 to 25 MPa. The concen-
trations of metals in the TCLP leachate were below the recommended limit for Pb, Cu, Cr, Sn,
Fe, Ni and Zn (Table 2, I-7). The results indicated that increasing the concentration of NaOH
activator from 8 to 12 M causes increase in the concentration of heavy metals in the leachate
and thus reduces the efficiency of solidification [27].

3.1.3. Municipal solid waste incineration fly ash

Lancellotti et al. studied solidification of 20% (w/w) of municipal solid waste incineration fly
ash {10.46, 5.63, 2.10} in MK-based GP using sodium hydroxide and sodium silicate activators
(Si/Al and Na/Al molar ratios of 2 and 1, respectively). EN leaching test revealed that the
release of heavy metals from GP is low compared to unreacted waste, consequently, indicating
efficient solidification (Table 2, I-8). The % leaching for Cu, Pb and Cd was 1.8, 0.7 and 0%,
respectively. The effective immobilization of these heavy metals was ascribed to formation of
metal hydroxides in the high alkalinity medium of GP preparation. On the other hand, the
failure in Cr immobilization was ascribed to the effect of high CI content of fly ash (26.40%)
which promotes dissolution of Cr [28].

Zheng et al. investigated the effect alkaline dose of sodium hydroxide and silicate (Na/fly ash
and Si/Al molar ratios) on geopolymerization of municipal solid waste incineration fly ash
{28.8, 15.4, 7.2} without addition of extra aluminosilicate source. Using HNOj leaching solu-
tion (pH 4 with liquid/solid ratio 20), the % leaching of Cr, Zn, Cu was low: 11-16, 0.7-1.2 and
9-13, respectively (Table 2, I-9). However, the concentrations of metals in the leaching solution
were higher than the TCLP allowed limits. The high Si/Al molar ratio (2.5) was found to reduce
leaching of Cr and Cu because this ratio decreases depolymerization during leaching since Si-
O-5Si bond has higher strength than Si-O-Al bond. An intermediate alkaline dosage (2.4 mol
Na/kg FA) favored immobilization of Cr, Cu and Zn [29].

Luna Galiano et al. studied solidification of municipal solid waste incineration fly ash {44.7,
26.8, 12.0} in GP prepared using FA (type F) mixed with kaolin or MK, BFS and different
sodium and potassium hydroxides and silicates activators. The leachate pH (TCLP test) was
inferred to be the most important variable on immobilization of metals. The results indicated
that Zn, Co, Ni, Cu and Sn were the best immobilized, while elements forming oxyanions like
Sb, Mo, V and Cr were the least immobilized in GP (Table 2, I-10) [13].

Guo et al. solidified 10% (w/w) municipal solid waste incineration fly ash {30.7, 17.7, 4.59} in
type C fly ash {13.6, 40.2, 17.0}-based GP using sodium hydroxide and silicate as activators to
obtain Na,O/SiO, molar ratio of 0.7. The compressive strength of the produced GP was 50 MPa
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and the leaching concentrations of Zn, Pb, Cu and Cr were much less than the recommended
limits (Table 2, I-11) [30].

Tzanakos et al. investigated solidification of bottom ash {27.77, 39.74, 5.16} and fly ah {89.20,
6.00, 0.00} generated from incinerated medical waste in MK-based GP using sodium hydroxide
and silicate activators. The TCLP leaching test indicated that the concentrations of Cr, Ni, Zn,
Cd, Ba and Pb in the leachate were lower than the permitted limits and lower than the amounts
leached out of unreacted bottom and fly ash (Table 2, I-12). The mixing of bottom, fly ash and
MK with CaCO3; was shown to improve the mechanical strength of the produced GP without
affecting the leachability of heavy metals [7]. Thus, both the works of Guo et al. [30] and
Tzanakos [7] reflects the positive effect Ca on immobilization of heavy metals in GP matrix.

3.1.4. Exhausted adsorbents

Xu et al. reported an interesting study on solidification of zeolite A {0.54, 54.6, 27.8} loaded
with ?°Sr radionuclide in MK {0.13, 45.25, 43.92}-based GP using sodium silicate as activator.
The performance of solidification in GP was compared with that in OPC. The mechanical
strength of the produced GP was about 40 MPa compared with 11 MPa in the case of OPC.
Furthermore, the GP was found to have better leaching resistance than OPC in different
leaching solutions: deionized water, H,SO, solution at pH 1, 4% (w/w) MgSO, solution and
acetic acid solution at pH 3.6. This study proved that solidification in GP is complementary to
adsorption process where the exhausted adsorbents containing pollutants could be solidified

in a form with high mechanical strength and low leachability for construction purpose or
landfill [31].

3.1.5. Nuclear waste

The solidification of nuclear waste by GP was reviewed by Vance and Perera and will not be
discussed here. It was concluded that GP can have significant advantage over other cements:
fire resistance, good immobilization and lake of freeze-thaw problem. There has been actual
disposal of low level nuclear waste in GP on an industrial scale in the Slovak Republic [11].

3.2. Inter-solidification of pollutants in geopolymer

The present section reviews literature on immobilization of highly soluble metal salts
(Cu(NO3),, Pb(NO3),, CA(NOs3),, etc.) in aluminosilicate-rich sources like FA (type F), MK and
BFS, etc. The heavy metal nitrates are usually introduced during the synthesis of GP and can
be added either to the aqueous activator (sodium hydroxide and sodium silicate solution)
or added to solid aluminosilicate precursor (Figure 1). This technique can be applied for
solidification of waste water contaminated with heavy metals. As will be discussed in the
forthcoming paragraphs, the effect of incorporation of heavy metal nitrates on the mechanical
strength of the produced GP and the % leaching of heavy metals from the GP matrix are the
two major criteria for evaluating the efficiency of solidification. Other microstructural proper-
ties of GP (revealed by XRD, SEM and FTIR) are not usually affected by incorporation of heavy
metals.
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3.2.1. Alkali and alkaline earth metals

Lee et al. investigated the effect of incorporation of inorganic salts (0.18 mol/kg FA) KCl, CaCl,,
MgCl,, K,CO; CaCOs; MgCO;, Ca(OH), and Mg(OH), on the mechanical strength of GP
prepared from type F FA {3.5, 50.0, 28.0} and kaolin {0.2, 54.5, 29.4}. Two systems of alkali
activators were employed: the first contained 15 M NaOH and the second contained 20 M
NaOH in addition to sodium silicate. The first system was found to have higher mechanical
strength. Ca(OH), and Mg(OH), did not exert any negative effect on the mechanical strength,
KCl, CaCl,, MgCl, decreased the mechanical strength and K,CO;, CaCO;, MgCOj3 increased
the mechanical strength of GP. The conclusion was that chloride contamination and excessive
alkalinity in the activating solution should be avoided in GP synthesis [32].

Li et al. demonstrated that FA {63.86, 21.87, 4.33}-based GP are more effective hosts for '**Cs(I)
than ordinary Portland cement (OPC). '**Cs(I) was incorporated (2% w/w) into GP and OPC,
separately. The concentration of Cs(I) leached out of the GP was found to be 5.4 and 9% of the
leaching concentration of OPC when deionized water and MgSO, solutions were used as
leaching reagents, respectively. This was ascribed to the fact that GP has much lower porosity
than OPC. On the other hand, when H,SO, was used as leaching reagent, Cs(I) leaching from
GP was comparable to leaching from OPC. The high extent of leaching in H,SO, leaching
reagent (30 times that of deionized water) was ascribed to dissolution of Ca(OH), from GP and
OPC. The GP-containing Cs(I) was superior to OPC in many properties like higher mechanical
strength, thermal stability and acid resistance. The mechanical strength of GP was 57.15 MPa
compared with 33.73 in the case of OPC. The GP block can retain a compressive strength of
30 MPa after 2 h calcination at 1000°C. The mass loss of GP after 60 days in acetic acid/acetate
buffer (pH 3.6) was 7.1% that of OPC [33].

3.2.2. Pb(11), Cu(1l), Cd(Il), Cr(1II)

Van Jaarsveld et al. studied solidification of Cu(ll) and Pb(Il) nitrates (0.1% w/w) in GP
prepared from FA {8.2, 50.1, 28.3} and either MK or kaolin additives and using sodium
hydroxide activator. The concentrations of Cu and Pb in the TCLP leaching solutions were
higher than the allowed limit (Table 3, I-1). Furthermore, the % leaching was relatively high
(23-65%) [34]. The compressive strength of Pb-containing GP samples (33.7 MPa) was found to
be slightly higher than Cu-containing GP samples (28.1 MPa). Two basic mechanisms for
immobilization of heavy metals in GP matrix were proposed. The first is physical: positively
charged metal Pb(II) or Cu(Il) ions balance the negatively charged Al tetrahedra of GP. The
second is chemical: metal ions are bonded to the silicate chain through oxide and/or hydroxide
links [35].

Phair et al. incorporated 0.5% w/w Pb(Il) and Cu(II) nitrates in FA-based GP. The FA {6.1, 48.5,
29.6} was either used alone or mixed with kaolin {0.1, 52.4, 28.6}, MK or K-feldespar {0.21, 67.1,
17.6} additives using sodium hydroxide and/or silicate activators. The efficiency of immobili-
zation of Pb(Il) followed the order: FA-GP > FA/kaolin-GP > FA/feldspar-GP > FA/MK-GP as
indicated by TCLP leaching tests (Table 3, I-2). The concentrations of heavy metals were higher
than the TCPL limit and the % leaching were relatively high. There was no correlation between
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GP matrix Code Leaching test Mass %  Cu(Il) Pb(1I) Cr(V) Cddn Cr Ni Ref.
of metal aom  dn
solidified

FA/MK I-1 TCLP, pH 3, 0.1 22 (55) 23 (58) [34]

24 h

FA/kaolin 26.1 (65) 9.1 (23)

FA/kaolin I-2 TCLP, 28 days 0.5 85.7 (43) 8.5 (43) [36]

FA/MK 101 (51) 17.5 (9)

FA/feldspar 116 (58) 11 (6)

FA 113 (57) 7.5 (4)

MK/FA I-3 TCLP, pH 3, 0.1 17 (125) 17 (68) [37]

24h
HCl solution, 8 (59) 3(12)
pH3

Kaolin/FA TCLP, pH 3, 9 (67) 7 (28)

24h
HCI solution, 17 (125) 10 (40)
pH3

FA/MK I-4 TCLP 0.1 0.0075 0.0025 0.020 0.001 [38]

BFS/MK(1:1) 17 TCLP, 24 h 0.1 0.176 (0.44) 0.292 (0.73) [42]
0.2 0.384 (0.48) 0.864 (0.72)

0.3 0.396 (0.33) 0.192 (0.16)
FA I-5 H,SO4 pH 1, 0.5 (0.4) (88) (37) [15]

90 days

5% MgSOy,, (0.0) (75) (0.02)

90 days

5% Na,COs3, (0.1) (78)

90 days

Water, 90 days (0.004) (80) (0.04)

MK, sodium I-8 Deionized 0.1 22.1(28.4) 10.3 (4.10) 20.5 (14.82) [12]

silicate water, L/S

activator ratio 6

0.1 M HCl 15.0 (21.04) 7.5 (2.71) 10.7 (7.28)
0.1 M NaCl 11.3 (15.51) 4.7 (1.81) 7.7 (4.89)
1.0 M NaCl 7.4 (0.82) 18.1 (7.71) 10.0 (6.16)
0.1 M NaOH 143 (21.22) 7.1 (2.52) 7.7 (5.01)

Ferronickel 19  TCLP,pH324h 05 25.5 (4) 7.9 (0.5) 03 347 [44]

slag nitrates
0.5 sulfate 46.6 (7) 9.0 (0.5) 01 473

FA I-6 EN-12457-2 0 1.0 [40]

deionized 05 40(08
water, 28 days ’ 0(08)
1.0 7.0 (1.4)
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GP matrix Code Leaching test Mass %  Cu(l) Pb(II) Cr(VD) Cddn Cr Ni Ref.
of metal I  dan
solidified

Mechanically 0 0.5

activated FA
0.5 0.9 (0.2)

1.0 1.0 (0.2)

FA 1-10 0.5 126 (25) [46]
1.0 338 (34)

2.0 735 (37)

Mechanically 0.5 44 (9)

activated FA
1.0 219 (22)

2.0 530 (27)

USEPA TCLP 5 5 1 5

allowed limit

(mg/L)

MK: metakaolin; FA: fly ash; BES: blast furnace slag. L/S ratio: liquid leaching solution (mL) to solid geopolymer (g).

Table 3. Leaching of heavy metals (mg/L) from geopolymer matrix containing solidified heavy metal nitrates—
intersolidification (values in brackets give calculated % leaching).

the efficiency of immobilization and the compressive strength where the order of mechanical
strength was FA/kaolin-GP > FA/MK-GP > FA/feldspar-GP > FA-GP

FA-GP FA/kaolin-GP FA/feldspar-GP FA/MK-GP
% leaching of Pb 7.5 8.5 11 17.5
Mechanical strength (MPa) 7.7 327 13.9 26.8

The efficiency of immobilization of Cu was lower than that of Pb. An interesting conclusion
withdrawn from this study was that Cu and Pb are less labile to leaching from bulky poly-
silicates of GP than from their mono-silicates and hydroxides [36]. In a similar study, van
Jaarsveld et al. compared the effect of addition of 15% (w/w) kaolin or MK to FA-based GP on
solidification of 0.1% (w/w) Pb(NO3), and Cu(NO3),. The FA used was of type F {8.2, 50.1,
28.3), sodium hydroxide was used as activator and the Si/Al molar ratio was 1.5. The results
are given in Table 3, I-3. MK was shown to be preferred over kaolin as additive to FA when
high resistance to HCl leaching solution (pH 3.3) is required [37].

Xu et al. solidified Pb(II), Cd(II), Cu(Il), and Cr(IIl) nitrates in GP prepared from FA {1.88,
47.42, 30.90} and MK {0.13, 53.3, 41.8} additive using potassium hydroxide and silicate activa-
tors. TCLP leaching tests (Table 3, I-4) indicated negligible leaching concentrations of heavy
metals <0.02 mg/L (% leaching <1%) which are much lower than the TCLP limits. Except for Cr
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(III), It has been found that heavy metals improve the compressive strength of GP. Further-
more, immobilization of Pb(Il) and Cr(III) were better than Cu(II) and Cd(II). Increasing the %
sodium hydroxide from 2 to 6% in GP mix design was found to result in decreasing of the
concentration of Cu(Il) and Cd(II) in the leaching solution [38]. The high efficiency of immobi-
lization of heavy metals compared the work of Van Jaarsveld [34, 35, 37] may be due to the use
of two sodium silicate in addition to sodium hydroxide.

Zhang et al. investigated solidification of 0.5% (w/w) Pb(II) and Cd(II) nitrates in FA {5.1, 46.4,
28.3}-based GP prepared using sodium hydroxide and silicate activators. H,SO4 (pH 1), 5%
(w/w) MgS0O, and 5% Na,COj; leaching solutions were used. H,SO, leaching solution showed
the highest % leaching. Pb(II) resist leaching using all these leaching solution and Cd(II) also
showed similar behavior except in the case of H,SO, leaching solution (Table 3, I-5). The
mechanism of immobilization suggested was that heavy metal ions undergo chemical bonding
either with the GP gel or with the low solubility silicate or aluminate phases. Another possible
mechanism was that the soluble salts of heavy metals may undergo some chemical conversion
in the highly alkaline conditions of GP synthesis and then trapped in the GP matrix [15].

Guo et al. studied solidification of 0.025% (w/w) Pb(NO3), in FA {20.0, 38.0, 19.0}-based GP
using sodium hydroxide and silicate activators (mass ratio, 5 NaOH:35 sodium silicate:60 FA).
Incorporation of Pb induced slight reduction in compressive strength. The leaching concentra-
tion of Pb was 0.003 mg/L and the % leaching was 0.024%. The shift of FTIR OH stretching to
lower frequency in the case of GP-containing heavy metal compared with GP-blank [39]
suggests binding of nonbridging Si—OH and Al—OH to heavy metal.

Nikolic et al. studied the effect of mechanical activation of FA {5.67, 62.13, 17.20} on the efficiency
of immobilization of Pb(II) nitrate in FA-based GP. Mechanical activation involves milling FA
before reacting with sodium hydroxide and silicate activators. EN leaching test indicated that Pb
(I) was more effectively immobilized in mechanically activated FA-based GP (the leaching
concentration is less than the allowed limit) than untreated FA-based GP (Table 3, 1-6). This
was ascribed to the fact that mechanical activation of FA reduces the porosity, increase the
compactness (as reflected by SEM) and increase the mechanical strength of the GP [40].

Guo et al. investigated solidification of up to 8% (w/w) of three Pb compounds (PbO, PbSO,
and PbS) in FA {7.6, 52.1, 23.5}-based GP using sodium hydroxide and silicate activators (Si/Al
molar ratio 2.3). The three compounds have variable solubility: PbO is soluble in acetic acid
and NaOH, PbSQ; is insoluble in acetic acid and soluble in NaOH, and PbS is insoluble in both
solutions. Incorporation of PbO was found to increase the mechanical strength of GP while
PbSO, and PbS have the reverse effect. The % leaching was very low (<1%), but the leached Pb
concentration (6—27 mg/L) was higher than the TCLP limit [41].

MK and BFS-based GP received less attention than FA-based GP as hosts for highly soluble
heavy metal salts. However, some studies will be discussed here. Yunsheng et al. investigated
solidification of Pb(Il) and Cu(ll) in GP prepared from (1:1, w:w) MK {0.6, 62.97, 26.91) and
BFS {41.7, 34.20, 14.20} using sodium hydroxide and silicate activators. TCLP tests (Table 3, I-7)
indicated that MK/BFS-based GP can very effectively immobilize Cu (II) and Pb(II) with %
leaching less than 1% and concentrations of heavy metals in leaching solution less than the
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TCLP limit. Kinetics of leaching revealed that the heavy metals rapidly leached out the GP and
reach steady concentration after 4 h. The mechanical strength of the produced GP was high
and slight reduction in mechanical strength (from 72.68 to 70.28 MPa) was observed when the
heavy metal dosage increases from 0.1 to 0.3% [42]. Perera et al. showed that heating of MK-
based GP containing 1% (w/w) Pb(NOj3), from 200 to 800°C, resulted in an increase of the
leached Pb concentration from 2.8 to 14.8 mg/L [43]. El-Eswed et al. studied immobilization of
Pb(Il), Cd(Il) and Cu(Il) in MK {0.4, 50.62, 46.21}-based GP using sodium silicate activator
either alone (Na/Al molar ratio 1) or mixed with sodium hydroxide (Na/Al molar ratio 2). The
Si/Al molar ratio used was 2 for both cases. In most cases, one and two activators have similar
immobilization performance which suggests that the high alkalinity is not the limiting factor
for immobilization of heavy metals. The % leaching and the concentrations in the leaching
solutions are given in Table 3, I-8. The concentrations of Pb and Cd were higher than the
allowed limit. When water was used as leaching solution, the efficiency of immobilization was
Pb(Il) > Cd(II) > Cu(Il) which is consistent with the order of decreasing ionic radius. An
interesting observation was that the efficiency of immobilization of total ions (revealed by
conductivity measurements) increases with increase in efficiency of immobilization of heavy
metals, which excluded the mechanism those heavy metals cations were exchanged with the
alkali metals in the Al tetrahedra. Evidences for the presence of nonbridging Si—OH and
Al—OH in the GP were obtained from infrared study which may be the active sites for
complexation with heavy metal ions [12].

Komnitsas et al. investigated solidification of (0.5% w/w) Pb(Il), Cu(ll) Cr(Ill) and Ni(II)
nitrates and sulfates in ferronickel slag {3.73, 32.74, 8.32} using potassium hydroxide and
sodium silicate activators (mass ratio, 82 slag:6H,O:3KOH:9 sodium silicate). The results
(Table 3, I-9) reflected that the efficiency of immobilization was very high >90%. The GP
undergo 70% reduction in mechanical strength when 3% PbSO, was incorporated. Except in
the case of Cr(IlI), the metal concentration leached in the case heavy metal sulfates were more
than nitrates [44]. El-Eswed et al. studied solidification of 200-1000 ppm solutions of Pb(II), Cu
(I), Cd(II) and Cr(III) nitrates solutions by mixing with zeolite, kaolin and NaOH (1:7:7:1 mass
ratio) followed by pressing under 15 MPa. The mechanical strength of the obtained GP was
about 18 MPa. The % leaching of Pb ranged from 25 to 50 depending on the leaching solutions
used; deionized water, 0.1 M NaCl, 1.0 M NaCl, 0.1 M HCl and 0.1 M NaOH leaching
solutions. The worst immobilized heavy metals were Pb(I) and Cu(II) and the most effectively
immobilized were Cd(II) and Cr(III) [45].

3.2.3. Cr(VI) anions

Zhang et al. investigated solidification of 0.5% Cr(VI) (Na,CrO,) in FA {5.1, 46.4, 28.3}-based
GP prepared using sodium hydroxide and silicate activators. Cr(VI) was not effectively
immobilized where the % leaching ranged from 75 to 88% [15]. Guo et al. studied solidification
of 0.025% (w/w) Cr(VI) (CrO3) in FA {20.0, 38.0, 19.0}-based GP using sodium hydroxide and
silicate activators (5 NaOH:35 sodium silicate:60 FA). The leaching concentration of Cr was
0.015 mg/L and the % leaching was 12% [39]. To improve efficiency of immobilization, solidi-
fication of Cr(VI) (KyCrO,) in mechanically activated FA was investigated. Although
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mechanical activation of fly ash improved immobilization of Cr, the leaching concentration
was much more than the allowed limit (Table 3, I-10). Thus Cr(VI) is not easy to be
immobilized effectively in FA-based GP. GP has a limited capacity for heavy metals and the
% leaching of Cr increases from 8.84 to 26.5% by increasing dosage of Cr from 0.5 to 2.0%
(w/w) [46]. The addition of Cr to the GP matrix did not affect the mechanical strength of GP [46].

Chen et al. [47, 48] effectively solidified highly soluble K,Cr,O; in MK-based GP using sodium
hydroxide and silicate activators by addition of Fe** reducing agent. The mass ratio of MK,
sodium silicate solution and NaOH were set to be 6:5:1. The compressive strength of GP
containing 0.1% (w/w) Cr(VI) was 60 MPa which decreased to 31 MPa when the amount of
Cr(VI) increased to 0.8% (w/w) (keeping the Fe?"/Cr(VI) molar ratio 4). The concentration of Cr
leached using TCLP test decreased from 20.05 to 0.42 mg/L. when the amount of FeCl,-4H,O
increased from 0.5 to 3% (w/w) keeping the 0.1% Cr (w/w) constant. On the other hand, the
concentration of Cr leached increased only from 0.0135 to 0.42 mg/L when the % Cr (VI)
increased from 0.1 to 0.8% (w/w) keeping Fe**/Cr(VI) molar ratio = 4. The mechanism of
immobilization suggested was that Fe** reduced Cr(VI) to Cr(Ill) which could attached to the
negatively charged Al tetrahedra of the GP framework [47]. Chen et al. showed that the
concentration of Cr leached out of GP containing 0.1% (w/w) Cr(VI) dropped from 47 to
0.69 mg/L. when Fe** was added to GP during reaction of the MK with the alkali activator.
However, the drop was more (0.0942 mg/L) if Fe** was added to Cr(VI) in water first [48].

3.2.4. As(IV) anions

Fernandez et al. studied solidification of 1% (w/w) NaAsO, in MK {0.0, 49.85, 36.34} and FA
{4.39, 51.51, 27.47}-based GP, separately, using sodium hydroxide and silicate activators in the
former and sodium hydroxide activator in the latter. The mechanical strength of MK-GP
(4 MPa) was less than that of FA-GP (7.6 MPa). The % leaching of As from MK-GP and FA-
GP was high (67.6 and 49.2%, respectively) and and the concentrations of As leached were
higher than the TCLP limit. Interestingly, the low level of Si and Al leached (about 1%) showed
that the GP matrix is stable in the aggressive leaching solution of acetic acid buffer at pH 3
(TCLP test) [49].

3.2.5. Solidification of organic pollutants

Few works were reported on solidification of organic pollutants in GP. Gokhale reported a
technique for removal of phenols from aqueous solution using natural zeolite (clinoptilolite)
followed by encapsulation in FA {1.7, 55.0, 28.4}-based GP. The mass ratio of precursors was 10
FA:1 kaolin:1.2 potassium hydroxide:2.2 sodium silicate:1.6 water. The mechanical strength of
GP containing 1% (w/w) phenol and chlorophenol was 35 and 40 MPa, respectively. The TCLP
leaching concentration of phenols was less than 2 mg/L and the corresponding % leaching
about 40% [50]. Shvarzman studied solidification of 0.3% (w/w) phenol in FA {0.0, 47.04, 29.37}
and MK {0.0, 52.18, 43.36}-based GPs, separately, with Si/Al molar ratio of about 3 and using
sodium hydroxide and silicates activators. The compressive strength of FA-GP and MK-GP
was 90 and 50 MPa, respectively, which was not influenced by addition of phenols. The
concentration of phenol leached out of the FA-GP and MK-GP (using distilled water as
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leaching reagent, liquid/solid ratio 40 mL/g) was 12 and and 2.9 mg/L, respectively. The
corresponding % leaching was 16 and 4%, respectively [51].

Cantarel et al. solidified liquid oil (simulating radioactive oil waste from nuclear industry) in
MK {0.3, 54.4, 38.4}-based GP using sodium hydroxide and silicate activators with Si/Al and
Na/Al molar ratios 3.8 and 1.0, respectively. The compressive strength of GP containing oil
ranged from 22 to 31 MPa depending on the oil fraction (from 7 to 20% (v/v)). The % leaching
was less than 0.19% using water leaching solution (the increased alkalinity during leaching
was neutralized with HNOj). The mechanism suggested for immobilization of oil was that the
alkali from the aqueous activator reacts with alkanoic acids in the o0il producing surfactants
which reduces the interfacial tension between the oil and the aqueous phase [52].

3.3. Adsorption of pollutants onto geopolymer

The chemical structure of GP is composed of a negatively charged aluminosilicate framework
balanced by alkali metals (such as Na" and K"). The latter can be exchanged with heavy metals
cations in aqueous solution and thus GP could be used for the removal of heavy metal cations
from water. It is worth to mention that in all the reviewed studies below, the prepared GP
adsorbent was extensively washed with distilled water (until neutral pH 7 is achieved) to
remove excess alkali used in preparation of GP. This was an essential step to avoid precipita-
tion of heavy metal hydroxides which result in overestimation of the calculated adsorption
capacity of GP.

3.3.1. Fly ash-based geopolymeric adsorbents

Many studies indicated that FA-based GP is a potential adsorbent for heavy metals ions. Some
results of these studies are summarized in Table 4. Some of the values of adsorption capacity
(Qny mg/g)) were 99 (Cu(Il)) [53], 134.95 Pb(II) [54] and 98.84 Cu(II) [55], 69.85 (Cu(lIl) [56] and
50.03 (Co(II)) [57]. The affinity constants (K;, L/mg) were 0.0607 (Pb(I)) [54] and 0.061 (Cu(II))
[55]. Interestingly, the adsorption capacity of Cu(Il) on the different FA-based GPs reviewed in
this section (Table 4) is 98 4= 12 and the affinity constant K} is 0.08 + 0.03 which reveals that the
values of adsorption parameters is somewhat independent on the FA source, GP preparation
conditions and adsorption conditions. The adsorption rate constants (k,, mg/g min) were of the
same order; 1.8x10 2 (Cu(Il)) [55], 2.8x10 >~1.5x10 > (Cu(Il)) [56], 5.4x10 *-4.2x10 % (Co
(I)) [57]. However, the adsorption process was reported sometimes to be slow (30 h equilibra-
tion time) [53] and sometimes fast (30 min [54] and 15 min) [55]. The adsorption capacity Q,,
obtained for GP was much higher than the fly ash itself (0.1 mg/g), which revealed the
efficiency of geopolymerization in creating new sites for adsorption. Furthermore,
geopolymerization increases the surface area from 8.4 m?/g in FA to 56.0 m*/g in GP [53].

The work of Muzek was distinguished from others in studying the amounts of Na, K, Ca, Mg,
Al and Si leached out of the GP as a result of adsorption of Cu(II) and Co(II). The total amount
of ingoing heavy metals was found to be higher than the amount of Na" outgoing, indicating
that the adsorption of Cu(Il) and Co(Il) is not only ion exchange with Na* (balancing the
negatively charged Al tetrahedra). The amounts of Si and Al leached (<3%) were small because
of the stability of GP [58].
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Adsorbent  Precursors {% Alkali Adsorption Parameter Cu(I) Pb(II) Cs(D Ref.
CaO0, %Si0,, % activator conditions
Al,O5}
FA-GP FA {1.6,55.0,29.0}  Sodium C;: 100-250 mg/  Q,, 99 [53]
hydroxide L, pH 7, solid/ 013
liquid =0.15g/L. "t :
ko 2.8x107°
FA-GP FA {1.75, 50.73, Sodium C;: 10-140 mg/L, Q,, 96.84 134.95 [54]
28.87} hydroxide pH 5-6, solid/ 0.061 0.0607
liquid = 1.4-2.0/ % ' '
L ka 1.8x1072
FA FA {5.14, 29.12, Sodium C;: 100~ O 53.47 [59]
51.39} hydroxide 1000 mg/L,
and sodium  pH 3, solid/ Ky 0.1769
silicate liquid=4.0g/L &, 3.4x107*
FA-GP Qum 111.1
Ky 0.6429
ka 2.7x107°
Faujasite Qm 142.86
f FA-GP
rom K, 0.2966
ka 1.3x10°°
Mesoporous FA {4.79,57.0,21.0} Sodium C;: 10-150 mg/L, Q,, 15.244 [61]
FA/BFS-GP  BFS {47.7, 32.4, hydroxide pH 6, solid/ K 0.1816
11.5} and sodium  liquid = 4.4 g/L L ’
silicate ks 3.03x107*
Porous FA/  FA {5.21,29.47, Sodium C;: 100200 mg/  Q 113.41 [62]
iron ore 51.72} Iron ore silicate L, pH 6, solid/ 0.073
tailing- GP tailing {7.63, 34.72, liquid = 3.0/L L :
16.22}
C;: 100-200 mg/  Q, 100.81
L, pH 5, solid/ 0,069
liquid = 3.0/L L '
C; 100-200 mg/  Q, 79.31

L, pH 4, solid/

liquid=3.0L &t 0064

MK: metakaolin; FA: fly ash; BA: bottom ash; BFS: blast furnace slag.

Table 4. Langmuir adsorption capacity (Q,,, mg/g) and affinity constant (K;, L/mg) and pseudo second order rate
constant (k,, g/mg min) parameters for adsorption of heavy metal on FA-based GP.

Muzek et al. found that the adsorption behavior of FA-based GP was similar to zeolite NaX
[57]. Furthermore, Liu et al. showed that FA-based GP is similar in adsorption properties to
faujasite zeolite. The GP was prepared first and then turned into faujasite via in situ
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Faujasite GP FA
Specific surface area (m?/g) 174.35 20.48 16.45
Q,x (mg Pb(Il)/g) 142.86 111.11 53.47
K}, (L/mg) 0.2966 0.6429 0.1769
ka 135x10~* 26.73x10°* 3.418x10°*

hydrothermal method (by soaking in 1.0 M NaOH solution at 70°C). Interesting trends about
specific surface area and adsorption capacity were obtained (Table 4).

The authors concluded that both GP and faujasite have the same adsorption mechanism
because they have similar adsorption behavior. However, GP was distinguished in that it has
the highest K, (affinity constant) and k; (rate constant) [59].

In order to improve the adsorption behavior further, Novais et al. prepared a porous GP using
FA {36.72, 25.34, 6.05} and MK {0.10, 54.4, 39.40} as precursors (1:2, w:w), sodium hydroxide as
activator and different amounts of H,O, foaming agent. In this basic medium, H,O, is
decomposed to water and oxygen gas. As the amount of H,O, increases from 0.30 to 1.2% (w/
w), the total porosity increases from 52.0 to 78.4% and the apparent density decreases from
0.98 to 0.44 g/cm’. However, the maximum adsorption capacity of Pb(IT) was low (6.34 mg/g)
and the adsorption capacity of Pb(II) was not directly related to the porosity of GP [60]. A
similar study was conducted by Lee et al. for the adsorption of Cs(I) on mesoporous GP. The
GP was prepared from (4:1) FA {4.79, 57.0, 21.0} and BFS {47.7, 32.4, 11.5} as precursors and
sodium hydroxide and silicate as activators. The XRD of the prepared GP was found to have
zeolites peaks and the cation exchange capacity was 202.04 cmol./kg which close to those of
zeolites. One disadvantage was that the mesoporous GP was unstable in acidic environment at
pH 2. However, the adsorption capacity of Cs(I) was low 15.244 mg/g at pH 6. The adsorption
process was slow where 24 h is required to reach equilibration time, however, for pulverized
samples, the equilibration time was 30 min. This was an indication that considerable time is
required for diffusion of Cs(I) through the bulk of mesoporous GP. The adsorption mechanism
was assumed to be ion exchange and electrostatic adsorption of Cs(I) cations on the negatively
charged Al tetrahedra in the GP matrix [61].

Duan et al. studied adsorption of Cu(Il) on porous GP prepared from FA {5.21, 29.47, 51.72}
and iron ore tailing {7.63, 34.72, 16.22} precursors, sodium silicate activator and H,O, foaming
agent. The total porosity of the prepared GP ranges from 56.9 to 74.6%. The adsorption
capacity of the porous GP was high (Table 4) and about three times that of reference
(nonporous) GP [62]. As in the nonporous GP [54, 55, 59], the adsorption process was found
to be endothermic and the positive value of entropy indicated that entropy is increasing by
desolvation of Cu(Il) ion as a result of adsorption on GP. The results for the effect of pH on the
adsorption capacity Q,, are shown in Table 4. When the pH increases from 4 to 6, the
adsorption capacity of Cu(Il) Q,, increases from 79.31 to 113.41 mg/g [62]. This strong pH
dependence, which was observed by other researchers [54, 59], may reveal that pH sensitive
sites like Si—OH and Al—OH similar to those found in kaolin may contribute to adsorption by
complexation mechanism (chemisorption) [63].
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3.3.2. Metakaolin-based geopolymeric adsorbents

Cheng et al. studied adsorption of Pb(Il), Cu(II), Cr(IlI) and Cd(II) on MK {0.2, 41.5, 19.6}-based
GP synthesized using sodium hydroxide and silicate as activators. Some of the results are
given in Table 5. The adsorption selectivity order deduced by the authors, depending on the
calculated Q,, values in mg metal/g adsorbents, was

Pb(1D)> Ccdan> Cu(1D)> Cr(IIT)
Q. (mg metal/g adsorbent) 147.06 67.57 48.78 19.94
Hydrated ionic radius (A) 4.01 4.26 4.19 4.61

Depending on this trend, the authors deduced that metals with large hydrated ionic radii have
greater affinity for water and so they tend to remain in the aqueous phase and consequently
will be weakly adsorbed on the GP. However, the correct order of selectivity should depend on
Q,, values in mmol metal/g adsorbent

Cu(ID> Pb(ID)> cdan> Cr(I1I)

Qy, (mmmol metal/g adsorbent) 0.768 0.710 0.6011 0.383

This order does not support the same conclusion. The mechanism for adsorption onto GP was
assumed to be ion exchange rather than specific chemical adsorption because the adsorption
process was found to be endothermic. However, the desorption of Cr(III), Pb(II), Cu(Il) and Cd
(IT) from GP loaded with maximum capacity was almost negligible (after 48 h) 14.7, 5.9, 1.9 and
2.1%, respectively, which suggests specific rather than electrostatic interaction [64].

A similar study was conducted by Lopez et al. for adsorption of Cs(I), Pb(II), Cu(II), Zn(II), Ni
(I) and Cd(II) (Table 5) on MK {0.2, 52.0, 42.8}-based GP with variable Si/Al molar ratio. As the
Si/Al ratio ranged from 1 to 5, the surface area decreased from 27.5 to 2.1 m*/g and the bulk
density increased from 0.8 to 1.23 g/cm>. The GP with Si/Al ratio of 2 was found to have the
highest adsorptivity toward Pb(II). The high selectivity for adsorption of large size atoms like
Cs(I) and Pb(II) as well as the fact that adsorption process was independent on ionic strength
which indicates that the adsorption process has non-electrostatic mechanism [65].

Luukkonen et al. investigated adsorption of As(IlI) and Sb(III) onto MK {0.06, 53.1, 40.3}-based
GP and compared the results with adsorption of the same heavy metals onto BFS {38.5, 27.2,
8.4}-based GP. The specific surface area increases significantly upon geopolymerization of MK
and BFS from 11.5 to 22.4 m?*/g and from 2.79 to 64.5 m?/g, respectively. The adsorption
properties are shown in Table 5. The adsorption capacity of the GP samples was, in general,
higher than the corresponding precursors (MK and BEFS), which revealed the importance of
geopolymerization in generation of new active sites for metal ions. However, the adsorption
capacities were low, may be because As(Ill) occurs primarily as arsenite and arsenate and Sb



Adsorbent Adsorption conditions Parameter Pb(II) Cu(D) Cr(III) CddIrn Ni(II) As(IIT) Sb(III) Zn(II) Cs(I) Ref.
MK-GP  C;: 50-300 mg/L, pH 4, Qu 147.1 48.78 19.94 67.57 [64]
solid/liquid =1.5 g/L K, 01135 0025 0158  0.449
k> 1.8x107° 2.3x107° 1.8x107° 8.3x107°
MK-GP  C;: 50-500 mg/L, pH 5, solid/ Qu 63.40 59.22 57.81  [65]
liquid =1.25 g/l K, 00181 00117 0.0211
Porous C;: 100 mg/L, pH 5, solid/liquid =15 g/l Q,, 45.1 34.5 [68]
MK-GP X,
ky 3.8x107°
Porous C;: 50 mg/L, pH 5, solid/liquid = 1.5 g/L. Qum 52.63 [69]
MK-GP K; 0.1359
k> 29%x107°
MK C;:3.74mg Ni/L, 0.52 mg As/L, 0.34 mg  Q,, 0.449 0.0416 0.0102 [66]
Sb/L, pH 7-8, solid/liquid = 5.0 g/L , 0.025 3137 1.99
MK-GP Qun 0.748 0.078 0.0578
ks 0.119 10.944
BFS Qu 0.374 0.0208 0.0034
ks 0.168 0.080 3.866
BFS-GP Qu 0.673 0.0104  0.0034
ks 1.124 0.233 1.702
MK-GP Qun 42,61 74.54 [67]
K; 19.6 346
ks 8.4x107° 3.8x107°

MK: metakaolin; FA: fly ash; BFS: blast furnace slag.

Table 5. Langmuir adsorption capacity (Q,,, mg/g) and affinity constant (K;, L/mg) and pseudo second order rate constant (k,, g/mg min) parameters for adsorption of

heavy metal on MK-based GP.
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(III) occurs as antimonite and antimonate (oxyanions) in aqueous solutions. The equilibration
time for adsorption of heavy metals on MK and BFS GP was 24 and 6 h, respectively [66].

Kara et al. studied adsorption of Zn(II) and Ni(II) on MK {0.0, 52.9, 41.9}-based GP. The GP was
prepared with SiO,/Al,O; and Na,O/Al,O3 molar ratios of 3.2 and 0.7, respectively. The
adsorption capacity Q,, (mg/g) of Zn(Il) and Ni(Il) was found to follow the order

MK-GP> Zeolite> Kaolinite
Zn(II) 74.53 18.66 7.20
Ni(II) 42.61 1.98 1.69

Thus, GPs were thought to be more effective than traditional adsorbents like zeolite and
kaolinite [67]. An interesting observation on this study was the high values of K; (Table 5)
which reflects high affinity of GP sites to interact with heavy metals.

In order to increase the surface area of MK-based GP adsorbents, Tang et al. prepared porous
MK {0.0, 56.91, 42.35}-based GP in the presence of sodium dodecyl sulfate foaming agent with
Si/Al and Na/Al molar ratios 1.6 and 1, respectively. The prepared GP was found to have
surface area 53.95 mz/g (which is much higher than that of ordinary MK-GP (20-30 mz/g
[65, 66]) and bulk density 0.79 g/cm®. The adsorption data (Table 5) showed that the adsorp-
tion capacity of porous GP toward Cu(ll) is less than that of ordinary MK-based GP, which
indicated that the employment of foaming agent may decrease surface active sites on the GP.
Furthermore, the adsorption process was slow where 36-50 h is required to reach equilibration
time which reflects diffusion limitations [68]. Similarly, porous MK-based GP was prepared by
Yuanyuan, using H,O, and sodium dodecyl sulfate as foaming agents. The adsorption prop-
erties are shown in Table 5, where the adsorption capacity of Cu(Il) on the porous GP was
52.63 mg/g, which is comparable to ordinary MK-based GP (Table 5). However, the adsorption
process was slow and needed 36 h to reach equilibration time. Furthermore, the adsorption
capacity increased significantly from 1.02 to 38.55 mg/g as the pH increased from 2 to 5 [69],
which indicated that the pH dependent sites are responsible for adsorption of Cu(II).

Medpeli et al. studied adsorption of As(V) as HAsO,*" oxyanions onto MK-based GP. The
prepared GP was found to have surface area 75 m?/g which increases to 298 m*/g after impregna-
tion with iron (hydr)oxide nanoparticles. The highest adsorption capacity obtained was 0.950 mg/
g which is very low compared to the values in Table 5. Thus, the authors concluded that fabricat-
ing media of high specific surface area and high iron hydroxide content does not necessarily give
highest adsorption capacity because much of the iron hydroxide may not be accessible for sorp-
tion due to pore clogging during impregnation [70]. However, like the work of Luukkenon et al.
[66], it seems that adsorption of metals that form oxyanions like arsenic onto GP is difficult.

3.3.3. Zeolite-based geopolymeric adsorbents

Adsorption of Cu(Il), Pb(Il), Ni(II), Zn(II) and Cd(II) onto kaolin-/zeolite-based GP was inves-
tigated. The GP was made from low cost natural kaolin and zeolite (phillipsite) using sodium
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hydroxide as activator. The adsorption capacity of GP (61.31 mg/g for Pb(Il)) was higher than
that of natural kaolin (9.61 mg/g) and zeolite (40.19 mg/g) [71-73]. The rate constant of
adsorption (k) of GP samples was found to be less than that of natural kaolin due to the
kinetic limitations imposed by formation GP network [73]. Furthermore, Andrejkovicova et al.
investigated adsorption of Pb(Il), Zn(II), Cu(ll), Cd(Il) and Cr(IlI) onto GP made from MK
{0.10, 54.39, 39.36}, zeolite-clinoptilolite {3.38, 70.61, 12.06} and sodium hydroxide and silicate
as activators. The adsorption data revealed the following order of adsorption capacity Q,, [74]

Pb(D)> Cddn> Cu(D> Zn(ID)> Cr(I1I)

Qu (mg/g) 202.72 53.99 35.71 30.79 18.02

3.3.4. Adsorption of organic pollutants on geopolymeric adsorbents

Few works were reported for adsorption of organic pollutants on GP. Li et al. studied adsorp-
tion of methylene blue and crystal violet on FA {1.6, 55.0, 29.3}-based GP using sodium
hydroxide as activator. The adsorption capacity (Q,,) was 32.0 and 40.8 mg/g, respectively, the
affinity constant (K;) was 105 and 4.53 L/mg, respectively, and the rate constant (k,) was
3.76x107° and 2.29x10~° g/mg min, respectively. The adsorption capacities on GP were much
higher than that on unreacted FA, while the rate constants of GP were much lower than those
of unreacted GP [75]. Less adsorption capacity was obtained in the case of zeolite-/kaolin-
based GP which was 26 mg/g [72]. However, the effect of alkali activator on methylene blue
and crystal violet should be investigated since it has been reported that these dyes are hydro-
lyzed in the highly basic medium [76].

3.4. Cost

Solidification technologies are attracting great interest from mining and energy industries to
solve waste disposal problems. According to many authors, green chemistry geopolymer-
ization can be applied to a variety of waste sources at low cost and low energy demand and
environmental impact yielding added value products [36, 77]. However, this claim must not be
taken for granted and should be analyzed in this section.

The annual production of coal FA waste was estimated to be about 500 million t from which
16% is used. The disposal of the unused FA has become a series of environmental problem [78].
Although considerable research has been published on FA-based GP technology, application of
this technology is not yet widespread [4]. China and Australia have less restricted regulation
about the use of alternative concrete than Europe in this regard [79]. Currently, there is a
commercial GP concrete producer in Australia, namely The Zeobond Group, founded by Prof.
van Deventer. One of their products is E-Crete™ made from FA (the by-product of burning
coal at power stations) and BFS (the by-product of steel manufacturing). E-Crete™ is now used
in footpaths, driveways, house-slabs, in-situ pours, etc. Its performance is superior to OPC in
chemical, salt and fire resistance [80]. Furthermore, the CO, emission due to production of GPs
is generally reported to be 60-90% less than OPC [4, 79].
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The most critical reagent in the cost of GP preparation is the alkali activator. However, the
amount of activator is usually kept minimal in the FA-GP preparation (less than 10% of the
total mix design). For the above reviewed works, the cost of GP adsorbent was calculated from
their mix design used in synthesis of GP adsorbent (Section 3.3). The calculated costs of MK-
based GP adsorbents prepared in Refs. [64, 66, 67] are US $218/t, 205/t and 190/t, respectively.
The cost reduced to US $141/t in the case FA-based GP adsorbents [59]. Thus, GP adsorbents
have much lower cost than granular activated carbon and peanut hulls used in water purifica-
tion which is about US $2000/t, but comparable to natural zeolite (US $120/t) and coconut shell
charcoal (US $250/t) [81]. The unreacted NaOH remained after geopolymerization reaction (or
Na,yCOj3 due to absorption of CO, from atmosphere) may be useful because it can be utilized in
precipitation of high concentrations of heavy metals in water treatment.

The cost of GP prepared from industrial waste for the purpose of solidification of heavy metal
pollutants already present in the waste can also be calculated from the total mix design
compositions reported in the above reviewed works (intra-solidification, Section 3.1). The
obtained values obtained assuming negligible cost for waste transportation are US $122/t GP
in the case of coal FA [19], US $91/t GP in the case of carbon steel arc furnace dust [8], US $79-
194/t in the case of municipal solid waste incineration fly ash [13, 28-30], US $176-192/t GP in
the case of chromite ore processing residue [25, 26] and US $200/t GP in the case medical waste
incineration fly ash [7]. However, the cost ranges from US $400 to 4000/t waste, because the %
waste in the GP is low (6-30%). Thus, it may not be wise to use the prepared GP in landfill and
so it will worthy to use the prepared GP for construction and insulation purposes [82].

4. Conclusions

1. The present review differentiates between three lines of research that deals with application
of GP in treatment of pollutants: intra-solidification, inter-solidification and adsorption.

2. Adsorption line of research has the most consistent results. Fly ash and metakaolin-based
GP adsorbents, which have much lower cost than activated carbon, seems to be very
effective adsorbents for heavy metal ions like Pb(II), Cd(Il), Cu(Ill) and Zn(II). However,
they are poor adsorbents for heavy metals forming oxyanions like As(III) and Sb(III).
There are strong evidences that geopolymerization reaction generates new adsorption
sites for heavy metals. The adsorption performance of geopolymers is similar or better
than zeolites and to some extent independent on the nature of raw material and prepara-
tion conditions of GP. Note that GP has more acid resistance than zeolites. The observa-
tions that adsorption is pH dependent and ionic strength independent and the
irreversibility of adsorption process all support specific rather than electrostatic interac-
tion between heavy metal and GP sites. Strangely, increasing the porosity of GP does not
lead to improvement of its adsorption capacity.

3. Intra-solidification of waste: Despite the high mechanical strength of the produced GP-
containing waste, geopolymerization reduces the leaching of heavy metals from GP
matrix. The concentrations of heavy metals leached are lower than the allowed limit and
the % leaching is low. A number of studies reflect the positive effect Ca on immobilization
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of heavy metals present in waste in GP matrix. Pb, Cu Zn are the best immobilized, while
elements forming oxyanions like Sb, Mo, V and Cr are the least immobilized in GP. There
were no conclusive results on the effect of Si/Al ratio, alkali activator dose and the nature
of leaching solution on the efficiency of immobilization.

Inter-solidification presents a greater challenge because highly soluble heavy metals salts
are usually incorporated in the GP preparation. On the other hand, in intra-solidification,
heavy metals may exist in less soluble oxide form. In many works reviewed, the concen-
trations of heavy metals in the leaching solution are higher than the allowed limit and the
% leaching is high. The counter ions associated with the heavy metal in inter-solidification
such as sulfate and chlorides present greater difficulties in immobilization than nitrates.
Fly ash-based GP is an efficient host for heavy metals nitrates if sodium silicates are used
in addition to sodium hydroxide activator. Pb(II), Cu(II), Cd(I) and Cr(III) salts are much
more effectively immobilized than heavy metals salts forming oxyanions like As(IV) and
Cr(VI). However, addition of reducing agents makes immobilization of Cr (VI) very
effective because of reduction of oxyanion Cr(VI) to cationic Cr(Ill). GP has a limited
capacity up to 0.5% (w/w) in the GP mix design. The leaching of heavy metals is fast and
reaches steady state after 4 h.

Two criteria must be applied to evaluate the efficiency of immobilization. The first is the
concentration of heavy metal in the leaching solution, which should be less than the
allowed limit. The second is that the % leaching should be small. These two criteria may
give contradicted conclusions in some cases about the efficiency of immobilization.

The target of adsorption should be water contaminated with relatively low heavy metals
concentrations (up to 100 mg/L). On the other hand, the target of solidification is water
contaminated with high heavy metals concentrations up to 10,000 mg/L (assuming 0.5%
w/w heavy metal in mix design of GP and 50% water content). Adsorption techniques
have some advantages over solidification, for example, the purified water is useful. How-
ever, adsorption has disadvantages such as the adsorbent loaded with heavy metals could
not be safely disposed by landfill. On the other hand solidification has many advantages
such as utilization of water polluted with heavy metals in making construction materials.

Both solidification and adsorption processes can be used in an integrative manner. After
removal of pollutants by adsorption on zeolite, kaolin or any aluminosilicate material, the
adsorbent material can then be introduced into solidification (geopolymerization) process
for final disposal in the environment or for construction purposes.

The relatively high cost and the high mechanical strength of the solidified GP products
containing waste necessitates that the product should be used in outdoor applications like
insulation, roads, tsunami walls, etc.

Abbreviations

GP

geopolymer

MK  metakaolin
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FA

fly ash from coal (type F, low calcium)

BFS  blast furnace slag from iron manufacturing

OPC ordinary Portland cement
Values between brackets after MK, FA and BFS: {% CaO, % SiO,, % Al,Os}
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