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A B S T R A C T   

The performance of adsorbents prepared by alkali activation of high calcium fly ash was investigated for 
removing aqueous Zn. Two formulations involving the use of NaOH and Na2SiO3 activating solutions were used 
to prepare the adsorbents that feature different microstructural characteristics. The Zn sorption data indicates a 
sorption process that is controlled by both chemisorption and intra-particle diffusion. The Na2SiO3-activated 
material displayed higher sorption rates compared to the NaOH-activated material. The sorption kinetics show 
strong dependence on the microstructures of the adsorbents, wherein the Na2SiO3-activated material featuring 
higher contents of amorphous phases (96 %mass) in the hydrated phase assemblage, with attendant improved 
porosity and surface area, performed better than the NaOH-activated material (86 %mass amorphous phases) 
which showed higher degree of crystallinity and coarse morphology. The Na2SiO3-activated material exhibited 
100% Zn removal efficiency within the first 5 min in all studied initial adsorbate concentrations(corresponding to 
sorption capacity of up to 200 mg/g), while the NaOH-activated analogue tends to lag, reaching 99.99% Zn 
removal efficiency after about 240 min in most cases. The two formulations were also examined with thermo
dynamic modeling and the results agree with experimental data in indicating that the use of alkali-silicate 
activating solution is most suitable for converting high calcium fly ash into efficient adsorbent for removing 
aqueous heavy metals.   

1. Introduction 

The development of new adsorbents derived from industrial (Gupta 
et al., 2003; Hegazi, 2013; De Gisi et al., 2016) and agricultural (Hegazi, 
2013; Malik et al., 2017) wastes, natural materials (Erdem et al., 2004; 
Abu-Eishah, 2008; Elouear et al., 2008), and biopolymers (Kumar and 
Jiang, 2016; Zhang et al., 2016) for the sorption of aqueous heavy metal 
has gained increased research attention in recent decades (Babel and 
Kurniawan, 2003; Ahmed and Ahmaruzzaman, 2016), owing to the 
attractive properties such as eco- and cost-efficiency, high sorption ca
pacities, simplicity and a broad pH range suitability exhibited by these 
new materials (Barakat, 2011). However, despite the attractiveness and 
the potentials to improve the properties, their general acceptability in 
the wastewater treatment industry is limited due to the existence of 

unanswered questions about the materials’ behavior. Thus, conven
tional and more costly adsorbents (e.g., carbon-, and metal-based ad
sorbents) have remained as leading adsorbents used in practice 
(Barakat, 2011; Bolisetty et al., 2019; Roy, 1994). 

Alkali-activated materials (or geopolymers) are promising low-cost 
adsorbents prepared from precursor aluminosilicates, e.g., fly ash, an 
abundant waste product of coal combustion (Adriano et al., 1980; 
Ahmaruzzaman, 2010; Mondal et al., 2020). The geopolymer material is 
composed mainly of a three-dimensional inorganic polymeric gel 
(Davidovits, 1991), which often transforms to crystalline zeolites at 
appropriate reaction conditions (e.g., high temperature and pressure) 
(Provis et al., 2005). Owing to the material’s unique physicochemical 
properties, it exhibits significantly high sorption capacity for a variety of 
heavy metals (Al-Harahsheh et al., 2015; Mondal et al., 2020; Siyal 
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et al., 2018), including Zn (Kara et al., 2017): it can remove most heavy 
metal ions by multiple mechanisms including sorption, immobilization 
by structural incorporation and physical encapsulation (El-Eswed, 2018; 
Okoronkwo et al., 2018; Pereira et al., 2009; Provis, 2009). 

The growing global anthropogenic activities have led to an upsurge 
in the amount of heavy metal discharged into the environment. Zinc is 
one of the heavy metals present in effluents from various industries, 
including metallurgical and battery manufacturing industries (Fu and 
Wang, 2011; Hojati and Landi, 2015). Although Zn is one of the essential 
minerals needed for proper function of the human body, an excessive 
amount of Zn can be toxic to aquatic organisms and humans (Clancey 
and Murphy, 2012; Graham et al., 1991; 1987; Hart and BT, 1974; 
Nordberg et al., 2014; Plum et al., 2010), hence the World Health Or
ganization imposed legal limit of 5 mg Zn/L. 

Low calcium fly ashes corresponding to the ASTM C618 Type F (with 
CaO < 18 %mass) (ASTM C618, 2019), are the most widely studied class 
of fly ash for the synthesis of geopolymers for both sorbent and struc
tural applications (Duxson et al., 2007; Provis and Deventer, 2014; Shi, 
2019; Tan et al., 2020), arguably because of its higher pozzolanic ac
tivity and geopolymerization rate. Conversely, the alkali-activated 
high-Ca fly ash, which forms predominantly a geopolymer-like calciu
m-alkali-aluminum-silicate-hydrate gel [i.e., C-(N)-A-S-H gel when 
activated with sodium-based alkaline solution](Bernal et al., 2014; 
Myers et al., 2014), and minor crystalline cement hydrate phases and 
zeolite, is rarely used for the synthesis of geopolymer-based adsorbents. 
Thus, there are limited studies in literature focusing on alkali-activated 
high calcium fly ash as an adsorbent for metal sorption. Therefore, we 

present a study of adsorbent derived from alkali-activation of high-Ca fly 
ash, with a focus on understanding the best formulation protocol to 
successfully convert the precursor into highly efficient sorbent for 
removing aqueous Zn. Emphasis is placed to investigate the evolution of 
sorption kinetics and efficiency as a function of microstructural 
development. 

2. Experimental program 

2.1. Material preparation 

The major oxide composition of the high Ca precursor fly ash, i.e., 
Type C fly ash (ASTM C618, 2019) used for the current study is as fol
lows: 33.61% CaO, 33.81% SiO2, 17.42% Al2O3, 6.35% Fe2O3, 5.46% 
MgO, 1.82% SO3, 0.98% Na2O, 0.56% K2O (mass basis). Two different 
adsorbents were formulated by reacting the fly ash with both 10 M 
NaOH and 1 M Na2SiO3 solutions (Gunasekara et al., 2015; Van Jaars
veld et al., 2002) at a solution-to-solid mass ratio of 0.7, with stirring at 
850 rpm at ambient condition for 20 min. After the 20 min stirring time, 
the resulting pastes were placed in an oven where they were cured at 
90 ◦C for 24 h, and then aged for 7 days at room temperature, in sealed 
plastic cubes. It is noted that while the 10 M NaOH solution chosen for 
the activation has been reported as relatively more effective in acti
vating the dissolution of fly ash and consequent precipitation of hy
dration products (Rattanasak and Chindaprasirt, 2009), the Na2SiO3 
solution concentration used singly in the present study is uncommon in 
literature but it produced a beneficial high amorphous adsorbent as 

Fig. 1. (a) Particle size distribution of pulverized adsorbent samples used for adsorption studies, (b) Specific surface area of the adsorbent particles, (c) Zeta-potential 
of the adsorbent particles dispersed in deionized water (pH ~ 13), (d) Zeta-potential of the adsorbent particles as a function of pH. Dotted lines are “visual guides”. 
G1 = Adsorbent synthesized with NaOH; G2 = Adsorbent synthesized with Na2SiO3. 
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discussed in a later section. After seven days of aging, the prepared 
adsorbents were grounded with the aid of mortar and pestle prior to 
characterization by Fourier-Transform Infrared Spectroscopy (FTIR), 
X-ray Powder Diffraction (XRD), Scanning Electron Microscopy (SEM), 
and Dynamic Light Scattering (DLS) methods. 

Fig. 1a displays the particle size distribution (PSD) and Fig. 1c the 
zeta potential (ζ) of the synthesized adsorbents, showing similar PSD 
and zeta potential (ζ comparable to previous studies (Gunasekara et al., 
2015)) for the synthesized G1 and G2 adsorbents (where G1 = Adsor
bent synthesized with NaOH; G2 = Adsorbent synthesized with Na2SiO3 
solution). Fig. 1b shows the specific surface areas of G1 and G2 (i.e., 
1244.63 cm2/g and 1390.43 cm2/g, respectively) calculated from 
measured particle distribution and density of the adsorbents, while 
Fig. 1d displays the evolution of zeta potential of both synthesized ad
sorbents as a function of pH, showing that the surface charge of both 
adsorbents are sufficiently negative at chosen sorption pH of 6 
(described in section 2.3), thus enhancing the dispersion and electro
static interaction between adsorbent surfaces and the positively charged 
adsorbate ion (i.e., Zn2+) to improve Zn removal (He and Xie, 2018; 
Savaji et al., 2014). 

2.2. Analytical methods 

The particle size distribution (PSD) was measured with Anton Paar 
Litesizer™ 500 dynamic light scattering (DLS) instrument. Isopropanol 
was used as the dispersion media, and the solute-to-solvent ratio was 
maintained at 0.0006 g/mL. Also, the zeta potential of the adsorbent 
dispersed in deionized water was measured using the Litesizer™ 500, 
and as a function of pH with the aid of Metrohm 800-Dosino (a dosing 
units for automated pH adjustment). The specific surface areas (SSA) of 
the adsorbent samples were determined using the PSD and the density of 
the adsorbents measured using Ultrapyc 1200e Pycnometer. It is noted 
that although the method for SSA estimation uses the assumption of a 
spherical particle aggregate similar to the inbuilt model in the dynamic 
light scattering protocol, the uncertainty in relative values of SSA for the 
two samples treated alike is negligible. 

An Oxford X-Supreme 8000 X-ray fluorescence (XRF) spectrometer 
was used to analyze the oxide composition of the fly ash. The mineral 
phase assemblage of the fly ash and the synthesized geopolymers were 
examined by powder XRD (PANalytical X’Pert Pro Multi-Purpose 
Diffractometer) in a 2θ arrangement utilizing CuKα radiation (wave
length λ = 1.540 Å). The samples were scanned from 5◦-to-90◦ 2θ in a 
continuous manner at a step size of 0.026◦ 2θ. The morphology of the 
prepared adsorbents were imagined using a scanning electron micro
scope (SEM, Hitachi S4700), while a voltage of 10 kV was applied. To 
prevent charging, the samples collected on carbon-taped brass studs 
were gold-coated prior to SEM analyses. The infrared spectra of selected 
samples were measured using Attenuated Total Reflection (ATR) 
approach with a Nicolet iS50 FT-IR spectrometer equipped with a dia
mond cell. FTIR spectra was measured from wavenumber of 400-to- 
4000 cm− 1 with the resolution set at 4 cm− 1. 

The aqueous elemental Zn were measured with PerkinElmer AVIO 
200 Inductively Coupled Plasma - Optical Emission Spectrometer (ICP- 
OES) equipped with a concentric glass nebulizer. The solution samples 
were introduced at 2.0 mL min− 1 using a PerkinElmer S10 Autosampler. 
The spectra line of the elemental Zn 213.856 nm was measured and the 
mean of triplicate measurements of the aqueous elemental Zn was ob
tained. The detection limit for the ICP-OES is 0.1 ppm-to-100 ppm. 
Selected samples with Zn concentrations ≈ zero (i.e., indicating 100% 
Zn uptake) were verified with Graphite Furnace Atomic Absorption 
Spectrophotometer (GFAA, model Analyst 600, PerkinElmer), wherein 
the detection limit of the GFAA is in the order of part per billion (ppb) for 
most metal and semi-metal elements. 

2.3. Sorption tests 

Batch sorption experiments were performed using both 100-ppm and 
200-ppm Zn solutions prepared from reagent grade Zn(NO3)2 and 
deionized water (18.2 MΩ-cm). An adsorbent dosage of 2 g/L was 
studied for the 100-ppm system, while adsorbent dosages of 1 g/L and 2 
g/L were studied for the 200-ppm solution. The initial Zn concentrations 
and adsorbent dosages were selected based on the conditions commonly 
reported as optimum for Zn removal using geopolymer, a similar ma
terial made from alkali-activation of low-Ca aluminosilicates (Al-Har
ahsheh et al., 2015; Al-Zboon et al., 2016; Kara et al., 2017). For each 
setup, Zn sorption was examined as a function of contact time by anal
ysis of filtered aliquot samples taken from the batch experiments at 
regular intervals from 5 min-to-240 min. A fixed temperature of 40 ◦C 
and pH 6 reported as optimum in related stusies (Al-Harahsheh et al., 
2015; He et al., 2016) was maintained for the sorption experiment, 
while the system was stirred at 300 rpm. Also, the pH 6 is selected for the 
present study because, as noted in section 2.1 (Fig. 1d), the adsorbents 
feature a reasonable negative surface charge (ζ > - 10 mV) at pH 6 which 
improves the particles dispersion and electrostatic interaction with the 
positively charged Zn2+ to aid the sorption process. The aliquot samples 
collected at regular time intervals were filtered through a 0.2-μm PTFE 
syringe filter, diluted with 3% nitric acid prior to elemental Zn analysis 
by ICP-OES. The Zn removal efficiency (%) of the prepared adsorbents 
were calculated with equation (1) (Al-Zboon et al., 2011; Ge et al., 
2015): 

Zinc ​ removal ​ efficiency ​ (%) =
Ci − ​ Ceq

Ci
× 100 (1)  

where Ci is the initial concentration of Zn (ppm), Ceq is the equilibrium 
concentration of Zn (ppm) in sorption solution. The time-dependent Zn 
uptake (mg/g) by the adsorbents were calculated with equation (2) 
(Uddin et al., 2017; Xu et al., 2008): 

qt =
(Ci − ​ Ceq) × Vs

m
(2)  

where qt is the time-dependent Zn uptake per gram of adsorbent (mg/g), 
Vs = the volume of the sorption solution (L), and m = the mass of 
adsorbent (g). 

2.4. Simulation method 

The mineral phase assemblage in the adsorbents was also examined 
by thermodynamic modeling as a function of fly ash degree of reaction. 
The simulations were performed with the Gibbs Energy Minimization 
Software (GEMS, version 3) (Kulik et al., 2013), which is a geochemical 
modeling code developed at Paul Scherrer Institute. The software uses 
the principles of Gibbs energy minimization in computing the equilib
rium reaction product (i.e., phase assemblages) and the ionic speciation. 
The code uses the reactants composition and the thermodynamic 
properties of the chemical species to calculate the equilibrium chemical 
reaction product balances. The thermodynamic properties of relevant 
phases for the present study were curated from the default database built 
into the GEMS platform(Hummel et al., 2002; Johnson et al., 1992; 
Thoenen et al., 2013), the cement database (CEMDATA18) (Lothenbach 
et al., 2019), and the Thermoddem thermodynamic database for zeolites 
(Blanc et al, 2012, 2015). The effects of solution non-ideality resulting 
from the presence of dissolved salts was accounted for with the 
Truesdell-Jones form of the extended Debye-Hückel model (Equation 
(3)) (Helgeson et al., 1970). 

log γj =
− Az2

j

̅̅
I

√

1 + Bαj
̅̅
I

√ + bI + log 10
xjw

Xw
(3)  

where, γj = the activity coefficient of jth ion; I = the ionic strength of the 
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solution (mol⋅kg− 1); xjw = the molar quantity of water, and Xw = the 
total molar amount of the aqueous phase. zj = the charge of jth ion; αj 
effective hydrated diameter of jth ion (set at 3.31 Å for NaOH-dominated 
solution); A and B are temperature and pressure dependent Debye- 
Hückel electrostatic parameters (units of kg1/2 mol− 1/2 and kg1/2 mol− 1/ 

2 m− 1, respectively (Hummel et al., 2002); b is a semi-empirical 
parameter that describes short-range interactions between charged 
aqueous species, set at 0.098 kg/mol for a NaOH-dominated solution 
(Helgeson et al., 1981). It is noted that beyond ionic strengths of 2.0 
mol/L for the starting solution, absolute values of calculated material 
balances may feature minor uncertainties proportional to the ionic 
strength, but the trends of the calculated quantities are correct (Kulik 
et al., 2013). 

3. Results and discussion 

3.1. Kinetics, efficiency, and mechanism of Zn sorption 

The uptake of Zn by the prepared adsorbents as a function of contact 
time (i.e., the adsorbent’s resident time in the adsorbate solution), for 
the three different batch sorption experimental set ups are shown in 
Fig. 2. The Zn uptake by the materials, as seen, was very rapid, especially 
for G2 (Adsorbent prepared with Na2SiO3), where 100% of the Zn had 
been removed within the first 5 min of the material’s contact with the Zn 
solution, in all three systems studied. Although G1 (Adsorbent prepared 
with NaOH) showed a slower rate of Zn uptake compared to G2, it also 
displayed a remarkably high removal efficiency compared to previous 
studies (Al-Zboon et al., 2016; Erto et al., 2015; Hojati and Landi, 2015; 
Kara et al., 2017): it featured an average of 99.41% removal efficiency at 
contact time of 5 min which increased with time, catching up with the 
performance of G2 at about 240 min (Fig. 3a). Table 1 compares the 
result of the Zn sorption in this study with those of previous studies of 
related materials. The results in this study indicate that, while the 
equilibrium Zn uptake per gram of adsorbent show similar linear pro
portionality scales with the initial Zn concentrations for both G1 and G2 
(Fig. 3b), the kinetics of the sorption process is more complex and 
evidently material dependent – implications of which is discussed in 
section 3.2. 

Hence, the selection of appropriate formulation protocol is critical 
for designing efficient high-Ca fly ash based adsorbents for specific ap
plications. For instance the Na2SiO3-activation method used to prepare 
G2 would be preferable for making adsorbent water filters for which a 
rapid sorption is needed and contact time is expected in the range of 
seconds-to-few minutes, whereas for certain industrial effluent 

treatment applications where contact times in the range of minutes-to- 
hours are allowable, either formulation methods employed for G1 and 
G2 preparation would suffice to convert the high-Ca fly ash to “pur
posed-efficient” adsorbent. 

To investigate the mechanism of the Zn sorption process, the results 
were analyzed using various kinetic models. As shown in Fig. 4, the data 
from all the experiments show excellent fit to the pseudo-second-order 
kinetic model given in equation (4), with coefficients of determination 
R2 ≈ 1.00, in agreement with similar studies (Al-Harahsheh et al., 2015; 
Gupta and Bhattacharyya, 2011; Uddin et al., 2017), suggesting a 
chemisorption-controlled sorption process (Ho, 2006; Ho and McKay, 
1999; Juang et al., 2002). The estimated pseudo-second-order rate 
constant, k2, tends to infinity for the Na2SiO3-activated material (G2) 
compared to the NaOH-activated material (G1) which yielded a lower 
rate constant k2 in the range 0.024–5.89 (Fig. 4). 

Second ​ order :
t
qt

=
1

k2q2
e

+
1
qe

t (4)  

where qt is the time-dependent Zn uptake per gram of adsorbent (mg/g), 
and qe is the uptake at equilibrium. The sorption data was also examined 
with the simplified Elovich’s equation which has been extensively 
applied to describe chemisorption processes (Aharoni and Tompkins, 
1970; Juang and Chen, 1997; Wu et al., 2009a) (equation (5)), and the 
Intra-particle diffusion (IPD) model shown in equation (6) (Simonin and 
Bouté, 2016; Wu et al., 2009b). 

Elovich
′

s ​ equation : qt =
1
b

ln(ab) +
1
b

ln(t) (5)  

where a = the initial adsorption rate (mg/g.min), and the constant b (g/ 
mg) is often referred to as the desorption constant and have been 
thought to be related to the degree of surface covered and the activation 
energy of chemisorption process (Örnek et al., 2007; Riahi et al., 2017). 

IPD ​ model : qt = kid.t1/2 + θ (6)  

where kid is the intra-particle diffusion rate constant (mg/g⋅min1/2), θ 
(mg/g) is a constant correlated to the boundary layer thickness (Fierro 
et al., 2008; Kannan and Sundaram, 2001). 

Data from the first-two batches of the sorption experiments, (i.e., 
100 ppm Zn initial concentration – 2 g/L adsorbent dosage; and 200 ppm 
Zn initial concentration – 2 g/L adsorbent dosage) did not fit well to the 
Elovich and IPD models: this is thought to be due to (i) insufficient data 
points, as uptake of Zn was very rapid, more data points are needed from 
the intervals of 0-to-5min, to clearly describe these batches (e.g., G1 in 

Fig. 2. Zn removal as a function of time for the different sorption set ups with initial Zn concentrations and adsorbent dosages of: (a) 100 ppm and 2 g/L; (b) 200 ppm 
and 2 g/L; and (c) 200 ppm and 1 g/L, respectively. G1 = Adsorbent synthesized with NaOH; G2 = Adsorbent synthesized with Na2SiO3. The dotted lines are 
“visual guides”. 
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Fig. 5c–d) with the two models, and or (ii) mass transfer limitations at 
different stages of adsorption, and other factors affecting the sorption 
process rather than pore diffusions only. However, as seen in Fig. 5a and 
b, the data from the third batch (i.e., 200 ppm Zn initial concentration – 
1 g/L adsorbent dosage) fits fairly to the Elovich and IPD models which 
suggests that intra-particle diffusion plays a role in the sorption process, 

in addition to chemical reaction. In some cases however, multinuclear 
characteristics and or low coefficient of determination indicate sorption 
process that is influenced by multiple processes (Fierro et al., 2008). 

Previous studies have shown that Zn sorption by adsorbents fits well 
to Langmuir adsorption isotherm model (Al-Zboon et al., 2016; Kara 
et al., 2017), which assumes monolayer adsorption onto a surface with a 
specific number of identical sites that are homogeneously distributed 
over the adsorbent surface, and the energy of adsorption as equal for all 
sites (Chung et al., 2015; LeVan and Vermeulen, 1981; Masel, 1996). 
The current data is insufficient to test this isotherm and others, e.g., 
Freundlich adsorption isotherm model (Freundlich, 1906), however, 
since this aspect is well known, the focus of current study was to un
derstand the effect of the microstructure and mineral phase assemblage 
(resulting from the different formulation methods) on the adsorbent 
performance in removing Zn. 

3.2. Effect of microstructure and phase assemblage of adsorbents on Zn 
sorption 

The microstructure and the phase assemblage of the adsorbents have 
significant impacts on their physico-mechanical and chemical properties 
(Mondal et al., 2020; Rakhimova and Rakhimov, 2019), and in extension 
affects their performance for heavy metal sorption. The SEM micro
graphs of the synthesized adsorbents (G1 and G2) are presented in 
Fig. 6a and b, showing that G1 features a coarse morphology charac
teristic of a phase assemblage with more crystalline compounds, 
compared to the G2 which shows a fine fibrous morphology indicating 
highly amorphous phase assemblage. The median particle size (D50) of 
G1 and G2 found by dynamic light scattering technique was 2324.64 nm 
and 1976.99 nm, respectively. Similarly, from Fig. 1b, the specific sur
face area of G2 (1390.43 cm2/g), is higher than G1 (1244.63 cm2/g), 
which enhances better sorption properties of G2. The FTIR spectra an
alyses of the prepared adsorbents (Fig. 6c) show new absorption bands 
at ~3450 cm− 1 and ~1650 cm− 1 which are because of O–H stretching 
and bending vibrations, respectively, of structural H2O and OH of the 
hydrated adsorbent phases; and the IR absorption band centered at 
~760 cm− 1 designated for T-O of the Al–Si framework; the main Si–O-T 
(T = Si or Al) symmetric stretching band centered at ~990 cm− 1 and T-O 
stretching centered at ~450 cm− 1 that has become pronounced in the 
adsorbent samples compared to the precursor fly ash – all of these in
dicates the formation geopolymer-like C-(N)-A-S-H gel (Álvarez-Ayuso 
et al., 2008; García-Lodeiro et al., 2008; Rees et al., 2007). The ab
sorption bands at 1435 cm− 1 represents C–O stretching of carbonates 

Fig. 3. (a)Time-dependency of the Zn sorption efficiency, (b) Uptake (sorption capacity) as a function of initial Zn concentration per adsorbent dosage: Error bars are 
standard deviation of data from the three sorption set up (i.e., with initial Zn concentrations and adsorbent dosages of 100 ppm and 2 g/L; 200 ppm and 2 g/L; and 
200 ppm and 1 g/L, respectively. 

Table 1 
Zn sorption results reported for related alkali-activated (geopolymer) materials.  

Alkali- 
activated 
adsorbent 
material (or 
Geopolymer) 

Adsorption 
capacity, qm 

(mg Zn/g 
adsorbent) 

Zn 
removal 
efficiency 
(%) 

Sorption 
(optimum) 
conditions 

References 

Natural 
volcanic tuff 
based 

14.70 97.00 T = 45 ◦C, 
pH = 7, dose 
= 1 g/L, Ci =

100 ppm 

Al-Zboon et al. 
(2016) 

Linz-Donawitz 
slag based 

86.00 98.29 T = 44.85 ◦C, 
pH = 8, dose 
= 2 g/L, Ci =

175 ppm 

Sarkar et al. 
(2018) 

Metakaolin 
based 

35.88 99.08 T = not 
given, pH =
6–7, dose =
10 g/L, Ci =

250 ppm 

Andrejkovičová 
et al. (2016) 

Metakaolin 
based 

74.53 98.27 T = 25 ◦C, 
pH = 6.39, 
dose = 2 g/L, 
Ci = 100 
ppm 

Kara et al. 
(2017) 

Fly ash based 47.17 87.00 T = 25 ◦C 
pH = 6–7, 
dose = 1.5 g/ 
L Ci = 60 
ppm 

Darmayanti 
et al. (2019) 

Coal Gangue/ 
metakaolin 
based 

11.60 80.00 T = 50 ◦C 
pH = 6–7, 
dose = 6 g/L 
Ci = 100 
ppm 

Yan et al. (2019) 

Class C Fly ash 
based 

200 100 T = 40 ◦C, 
pH = 6, dose 
= 1–2 g/L, 
Ci = 200 
ppm 

Present study 

Ci = Initial concentration of Zn. 
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formed due to atmospheric CO2 contamination (Álvarez-Ayuso et al., 
2008; García-Lodeiro et al., 2008). It is noted that the O–H stretching 
and bending vibrations centered at ~3450 and ~1650 cm− 1 are more 
prominent for G1 than G2, suggesting the presence of phases imbibing 
more water and or hydroxyl group in the G1 assemblage. Also, there is a 
noticeable minor twin shoulder peaks at 1050-to-1150 cm− 1, which 
indicates a heterogeneous gel assemblage in G1, specifically the pres
ence of the high water-imbibing calcium silicate hydrate (C–S–H) gel 
(García-Lodeiro et al., 2008). 

The XRD results of the precursor fly ash sample and synthesized 
adsorbents are shown in Fig. 7a and the percentage of amorphous gel 
contents estimated by quantitative XRD is presented in Fig. 7b. As the 
XRD patterns indicates, the G1 contains more crystalline phases origi
nating from the hydration reaction (e.g., portlandite and sodalite; 
Fig. 7a) compared to the G2 which features higher amorphous contents 
in the hydrated phase assemblage (Fig. 7b), in agreement with the SEM 
image in Fig. 6. The absence of free portlandite in the XRD pattern of G2 
indicates that the soluble silicate supplied by the Na2SiO3 improved the 
pozzolanic reactivity of the fly ash resulting in the production of more C- 
(N)-A-S-H gel (Shi and Day, 1995). 

Considering that fly ash hydration and the products thereof is 
generally limited by reactivity (Fernández-Jimenez et al., 2006; 
Fernández-Jiménez and Palomo, 2003; Marjanović et al., 2014; Wilińska 
and Pacewska, 2019), and given the evidence of unreacted fly ash in the 
synthesized adsorbents as indicated by the presence of quartz peaks in 
the XRD patterns of G1 and G2 (Fig. 7a), one may argue that the 
observed differences in the microstructure and phase assemblage of the 
adsorbents could be due to differences in the amount of fly ash reacted in 
each case. To elucidate the identified uncertainties, the reaction of the 
fly ash using the different formulation protocols used to prepare G1 and 

G2 were simulated with the aid of the GEMS geochemical modeling code 
(described in section 2.4). Fig. 8a and b presents the evolution of hy
drated phase assemblage as a function of fly ash degree of reaction. As 
seen in the figures, more amorphous geopolymer-like C-(N)-A-S-H gel is 
produced in the Na2SiO3-activated system compared to the corre
sponding NaOH-activated system which show higher crystalline prod
ucts at each degree of fly ash reaction. Furthermore, the evolution of 
porosity as a function of the percentage of fly ash reacted is displayed in 
Fig. 8c, showing that the Na2SiO3-system features higher porosity, and 
based on the SEM image, the porosity is fine and evenly distributed due 
to the high amount of C-(N)-A-S-H gel in the microstructure – which 
enhances sorption (Masi et al., 2014). All of the above considerations 
corroborate that the higher performance of the Na2SiO3-activated fly ash 
(G2) is attributable to its enhanced microstructure composed of high 
contents of amorphous phases with improved porosity and surface area, 
hence providing larger number of active sites that interact with the 
adsorbate ion. 

4. Conclusions 

Two different methods, NaOH-activation and Na2SiO3-activation, 
where investigated for converting high calcium fly ash (Class C fly ash) 
into adsorbents for the removal of aqueous Zn. While both methods 
produced materials with high performance in the range of 99.4 -to-100% 
Zn removal efficiency, the adsorbent prepared with Na2SiO3 out
performed the one prepared with NaOH, wherein the margin is much 
more significant in respect to sorption kinetics. The sorption kinetics and 
the efficiency of both materials where examined in the light of the 
microstructure and mineral phase assemblage observed in the materials. 
It was revealed that the higher performance of the Na2SiO3-activated 

Fig. 4. Pseudo-second-order rate fitting for the three different sorption batch experiemnts with initial Zn concentrations 100 and 200 ppm and adsorbent dosages of 1 
and 2 g/L, respectively: (a) G1 adsorbent; (b) G2 adsorbent: showing perfect fit to the model with R ~ 1.00 in all cases. 
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material is due to its unique microstructure which is composed of higher 
contents of amorphous phase with improved porosity and surface area, 
thus providing more sorption sites, in contrast with the NaOH-activated 
material which featured higher crystalline phase assemblage and coarse 
morphology. The results indicate that the use of alkali-silicate activating 

solution is more suitable for converting high calcium fly ash into effi
cient adsorbent for aqueous heavy metal sorption. 

Fig. 5. Elovich model fitting and IPD model fitting of the Zn sorption data for the batch experiment involving initial Zn concentrations and adsorbent dosages of: 
(a–b) 200 ppm and 1 g/L; and (c–d) 200 ppm and 2 g/L, respectively. 

Fig. 6. SEM micrograph of synthesized adsorbents: (a) G1, (b) G2; and (c) FTIR spectra of precursor fly ash and the synthesized adsorbents.  
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García-Lodeiro, I., Fernández-Jiménez, A., Blanco, M.T., Palomo, A., 2008. FTIR study of 

the sol–gel synthesis of cementitious gels: C–S–H and N–A–S–H. J. Sol. Gel Sci. 
Technol. 45, 63–72. https://doi.org/10.1007/s10971-007-1643-6. 

Ge, Y., Cui, X., Kong, Y., Li, Z., He, Y., Zhou, Q., 2015. Porous geopolymeric spheres for 
removal of Cu(II) from aqueous solution: synthesis and evaluation. J. Hazard Mater. 
283, 244–251. https://doi.org/10.1016/j.jhazmat.2014.09.038. 

Graham, T.W., Feldman, B.F., Farver, T.B., Labavitch, F., O’Nei11, S.L., Thurmond, M.C., 
Keen, C.L., Holmberg, C.A., 1991. Zinc toxicosis of holstein veal calves and its 
relationship to haematological change and an associated thrombotic state. Comp. 
Haematol. Int. 1, 121–128. https://doi.org/10.1007/BF00515658. 

Graham, T.W., Goodger, W.J., Christiansen, V., Thurmond, M.C., 1987. Economic losses 
from an episode of zinc toxicosis on a California veal calf operation using a zinc 
sulfate-supplemented milk replacer. J. Am. Vet. Med. Assoc. 190, 668–671. 

Gunasekara, C., Law, D.W., Setunge, S., Sanjayan, J.G., 2015. Zeta potential, gel 
formation and compressive strength of low calcium fly ash geopolymers. Construct. 
Build. Mater. 95, 592–599. https://doi.org/10.1016/j.conbuildmat.2015.07.175. 

Gupta, S.S., Bhattacharyya, K.G., 2011. Kinetics of adsorption of metal ions on inorganic 
materials: a review. Adv. Colloid Interface Sci. 162, 39–58. 

Gupta, V.K., Jain, C.K., Ali, I., Sharma, M., Saini, V.K., 2003. Removal of cadmium and 
nickel from wastewater using bagasse fly ash—a sugar industry waste. Water Res. 
37, 4038–4044. https://doi.org/10.1016/S0043-1354(03)00292-6. 

Hart, B.T., Bt, H., 1974. A Compilation of Australian Water Quality Criteria. 
He, C., Xie, F., 2018. Adsorption behavior of manganese dioxide towards heavy metal 

ions: surface Zeta potential effect. Water Air Soil Pollut. 229, 77. 
He, K., Chen, Y., Tang, Z., Hu, Y., 2016. Removal of heavy metal ions from aqueous 

solution by zeolite synthesized from fly ash. Environ. Sci. Pollut. Res. Int. 23, 
2778–2788. https://doi.org/10.1007/s11356-015-5422-6. 

Hegazi, H.A., 2013. Removal of heavy metals from wastewater using agricultural and 
industrial wastes as adsorbents. HBRC J 9, 276–282. https://doi.org/10.1016/j. 
hbrcj.2013.08.004. 

Helgeson, H.C., Brown, T.H., Nigrini, A., Jones, T.A., 1970. Calculation of mass transfer 
in geochemical processes involving aqueous solutions. Geochem. Cosmochim. Acta 
34, 569–592. https://doi.org/10.1016/0016-7037(70)90017-7. 

Helgeson, H.C., Kirkham, D.H., Flowers, G.C., 1981. Theoretical prediction of the 
thermodynamic behavior of aqueous electrolytes by high pressures and 
temperatures; IV, Calculation of activity coefficients, osmotic coefficients, and 
apparent molal and standard and relative partial molal properties to 600 degrees C 
and 5kb. Am. J. Sci. 281, 1249–1516. https://doi.org/10.2475/ajs.281.10.1249. 

Ho, Y.-S., 2006. Review of second-order models for adsorption systems. J. Hazard Mater. 
136, 681–689. 

Ho, Y.-S., McKay, G., 1999. Pseudo-second order model for sorption processes. Process 
Biochem. 34, 451–465. 

Hojati, S., Landi, A., 2015. Kinetics and thermodynamics of zinc removal from a metal- 
plating wastewater by adsorption onto an Iranian sepiolite. Int. J. Environ. Sci. 
Technol. 12, 203–210. 

Hummel, W., Berner, U., Curti, E., Pearson, F.J., Thoenen, T., 2002. Nagra/PSI Chemical 
Thermodynamic Data Base 01/01 (No. Nagra NTB 02-16. Nagra, Wettingen, 
Switzerland.  

Johnson, J.W., Oelkers, E.H., Helgeson, H.C., 1992. SUPCRT92: a software package for 
calculating the standard molal thermodynamic properties of minerals, gases, 
aqueous species, and reactions from 1 to 5000 bar and 0 to 1000◦C. Comput. Geosci. 
18, 899–947. https://doi.org/10.1016/0098-3004(92)90029-Q. 

Juang, R.-S., Chen, M.-L., 1997. Application of the Elovich equation to the kinetics of 
metal sorption with solvent-impregnated resins. Ind. Eng. Chem. Res. 36, 813–820. 

Juang, R.-S., Lin, S.-H., Tsao, K.-H., 2002. Mechanism of sorption of phenols from 
aqueous solutions onto surfactant-modified montmorillonite. J. Colloid Interface Sci. 
254, 234–241. 

Kannan, N., Sundaram, M.M., 2001. Kinetics and mechanism of removal of methylene 
blue by adsorption on various carbons—a comparative study. Dyes Pigments 51, 
25–40. 
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