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Abstract Natural volcanic tuff was used for the synthe-
sis of geopolymer and then for the removal of Zn+2. The
characteristics of the natural volcanic tuff and the synthe-
sized geopolymer were determined by X-ray diffraction
(XRD), X-ray fluorescence (XRF), Fourier transform
infrared (FTIR), and scanning electron microscopy
(SEM). Results referred that the synthesized geopolymer
had a higher efficiency uptake of 97.7 % as against
78.5 % for the natural volcanic tuff. The uptake capacity
of geopolymer for Zn+2 adsorption increased with in-
creasing temperature in the studied range of 25–45 °C,
contact time up to 30 min, pH up to 7, and initial
concentration up to 160 ppm, while it decreased with an
increase in geopolymer dosage. The isotherm study
showed best fit on Langmuir and Radlich-Peterson
models. The maximum uptake capacity obtained from
Langmuir model increased from 14.7 to 17.63 mg/g as
the temperature increased from 25 to 45 °C. The pseudo-
second-order model showed the best fitness for the ex-
perimental data followed by intraparticle diffusionmodel.
The adsorption process can be characterized as endother-
mic, homogeneous, spontaneous, irreversible, physical,
and a high adhesion of the ions to the geopolymer

surface. The results obtained buttressed the feasibility
and applicability of producing geopolymer from natural
volcanic tuff for the removal of heavy metals.
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1 Introduction

The main sources of zinc discharged into the environ-
ment are from mining operations, galvanizing plants,
coal combustion, pharmaceuticals, paints, pigments, in-
secticides, cosmetics, rubber tire wear, wastewater, and
phosphate fertilizers (Salim et al. 2003; Wahi et al.
2010). The tremendous increase in the use of Zn in
industries has resulted in a high discharge of this metal
into the environment causing the associated adverse
impacts on nature and human health. Although zinc is
considered as one of the most important base metals
necessary for metabolic processes in the body, recent
studies have increasingly shown that free ionic zinc (Zn+
2) is a potent killer of neurons, glia, and other cell types
(Nriagu 2007). Direct exposure to zinc can cause many
health problems through inhalation (fever, dry throat,
chills, gastroenteritis, substernal chest pain, and cough),
ingestion (nausea, vomiting, and diarrhea), dermal con-
tact (ulceration, blistering, and permanent scarring), and
ocular (strong eye irritants, pain, erythema, edema and
burns, iritic, hyperemia, hemorrhaging, bullous keratop-
athy, glaucoma, and cataract formation). Zinc also has
long-term effects, which include neurotoxicity,
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hepatotoxicity, hepatic toxicity, cardiovascular toxicity,
and hemotoxicity (Nriagu 2007; Plum et al. 2010). Due
to its toxicity, OSHA determined the permissible
exposure limit for zinc oxide fume in workplaces to be
5 mg/m3 for 8 h/day (OSHA 2015).

The growing interest in human health and clean
environment triggered researchers to create and develop
different methods and technologies for the removal and
extraction of heavymetals from industrial stream, zinc is
one these considerable metals. Traditional methods of
Zn removal include precipitation, coagulation, ion ex-
change, electrodialysis, ultrafiltration, solvent extrac-
tion, activated carbon adsorption, or electrochemical
deposition. Recently, attention was shifted toward low
cost treatment methods such as the use of fly ash
(Agarwal et al. 2014), tea factory waste (Wasewar
et al. 2008, 2009), gyrolite (Baltakys et al. 2012), plant
leaves (Salim et al. 2003), rice bran (Abdul Kadir et al.
2013), sago wastes (Wahi et al. 2010), kaolin (El-Eswed
et al. 2012; Meroufel et al. 2013), almond husks (Hasar
et al. 2003), phosphogypsum (Chafik et al. 2014),
micro-algal species (Chong et al. 2000), and
geopolymer (El-Eswed et al. 2012; Chaudhary et al.
2012).

Geopolymer showed superior capacity in the remov-
al and immobilization of heavy metals, and as a result, it
got a great attention as a valuable material for the
removal of Cd, Ni , Pb(I I) , Cu(II ) , and Zn
(Ahmaruzzaman 2010). There are few researchers that
used geopolymer made with different materials for Zn
removal. El-Eswed et al. (2012) used geopolymer-based
kaoline and zeolite, and they obtained good removal
efficiency for Zn up to 0.4 mmol/g at a ratio of 150:50
zeolite/kaolin, and the geopolymer had a higher removal
efficiency for small-sized metal ions like Cu, Ni, and Zn
than for large ones like Cd and Pb (El-Eswed et al.
2012). Geopolymer produced from solid waste inciner-
ation ash showed good immobilization of Zn (0.07 mg/
l), with better results obtained for Pb, Cd, andMn (0mg/
l) (Lancellotti et al. 2015). Chaudhary et al. (2012) used
geopolymer-based fly ash and they found that Zn was
immobilized up to 100 %while other metals like Pb, Fe,
Mn, and Cu were in the range of 80–99 % immobiliza-
tion. Geopolymer-based fly ash and blast furnace slag
were successfully used for immobilization of Zn. and a
good result of 0.133 mg/l at a pH of 8.75 was achieved
(Nikolić i et al. 2013). Chawakitchareon and
Veesommaia (2013) used geopolymer mortar made of
silica waste and pure alumina from waste material to

remove heavy metals. The analysis of heavy metal in
leachate obtained from waste extraction test revealed
that chromium had a value of 1.702 mg/l, while lead,
copper, and zinc had values less than 0.1 mg/l.

Studies carried out revealed that geopolymer adsorp-
tion capacity is affected by many parameters such as the
composition of adsorbent, dosage of adsorbent, pH,
contact time, initial concentration of contaminant, and
temperature (Al-zboon et al. 2011; Nikolići et al. 2013;
Harja et al. 2013; Kumar et al. 2014; Srivastava et al.
2008).

Different materials have been used to produce
geopolymer such as fly ash (Li et al. 2006; Al-zboon
et al. 2011; Al-Harahsheh et al. 2015), metakaolin
(Cheng et al. 2012; Ferone et al. 2013), rice husk ash
(Detphan and Chindaprasirt 2009), kaolin (van
Jaarsveld et al. 1989), slag (Astutiningsih and Liu
2005), stilbite (Xu et al. 2001), zeolite (El-Eswed et al.
2012), calcined clay (De Weerdt 2011), albite (Xu et al.
2002), and municipal solid waste incinerator fly ash
(Lancellotti et al. 2015).

Jordan has huge reserves of volcanic tuff with more
than two billion tons of reserves that were estimated in
many locations in the northeast and southern parts of
Jordan (Al-Zboon and Al-Zou’by 2015). Since its discov-
ery in 1987, considerable researches have been conducted
to determine the characteristics of this material as well as
its applicability. Due to its availability, high porosity, high
efficiency as an adsorbent and ion exchanger, and its low
cost, many researchers used it in water and wastewater
treatment (El-Eswed and Yousef 2012; Ali and El-
Bishtawi 1997; Almjadleh et al. 2014; Al-Shaybe and
Khalili 2009; Al-Zou'by Jehad et al. 2013).

In this study, natural volcanic tuff material was col-
lected from Artin in the northeast of Jordan and used to
produce geopolymer. This work examines the possibil-
ity of using highly available, natural, and low-cost new
material for geopolymer production. The geopolymer
produced could be used in many environmental and
industrial applications such as concrete production and
treatment of water, wastewater, and gases.

2 Materials and Methods

2.1 Materials

Two cubic meters of volcanic tuff were collected from
Jabal Artin (30 km NE of Al Mafraq), which was then
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reduced to the testing size by quartering dividing meth-
od. They were grinded gently in a pestle and mortar and
sieved for different particle size fractions. The particle
size <45 μm was selected for geopolymer synthesis
(Wang et al. 2007; Al-zboon et al. 2011). Working
solutions of zinc were prepared by diluting 1000-ppm
metal stock solutions with distilled water. Zinc nitric
acid (HNO3) and sodium hydroxide (NaOH) solutions
were made by Merck- Germany; all reagents used were
of analytical grade.

2.2 Instrumentation

X-ray diffraction (XRD) analysis of volcanic tuff and
geopolymer samples was performed by the use of a
diffractometer (Shimadzu XRD-6000), where data were
collected at 2 with scanning range of 5–70°, a step size
of 0.02°, and a scanning speed of 2.0°/min. The chem-
ical compositions of samples were obtained using X-ray
fluorescence (XRF) spectrometer (Shimadzu XRF-
1800). Zn concentration was determined by inductively
coupled plasma optical emission spectroscopy (ICP-
OES) on Shimadzu ICPS-7510 model. The shape and
surface morphology of the volcanic tuff and geopolymer
samples were examined with a Superscan SSX series
(Shimadzu scanning electronmicroscope (SEM), Japan)
scanning electron microscope using powered samples.
Infrared adsorption spectra of samples were recorded
using Fourier transform infrared (FTIR) spectrophotom-
eter (Shimadzu FTIR-IRTracer-100) with infrared range
of 400–4500 cm−1. pH meter model inoLab® pH 7110
from WTW was used for pH measurements and was
calibrated at 20 °C using two buffer solutions (potassi-
um hydrogen phthalate at pH = 4.0 and potassium
dihydrogen phosphate at pH = 7.0). The mass measure-
ment of samples was carried out using analytical balance
(Shimadzu ATX124) with a minimum display of
0.10 mg and repeatability <0.1 mg. For thermodynamic
study, a shaker equipped with a digital thermostat was
used to regulate the temperature.

2.3 Geopolymer Synthesis

Geopolymer mix was prepared by adding the volcanic
tuff to the NaOH solution (14 M) as an activator with
constant mass ratio of 1:1.25. The same ratio was suc-
cessfully used by Al-zboon et al. 2011. The most com-
mon activator is a mixture of water, NaOH, KOH, and
sodium silicate. It was found that NaOH is better than

KOH for geopolymer progress and strength (Abdul
Rahim et al. 2014). During the process of mixing, the
tuff materials (<45 μm) and NaOH geopolymer paste
started to form, which culminated in a homogenous
mixture after 15 min. Thereafter, the mixtures were
casted into two layers in polypropylene cylinders
(30 × 60 mm) where each layer was vibrated for 30 s
using ultrasonification (Alvarez-Ayuso et al. 2008). The
vibration of the geopolymer paste was aimed at
deforming the geopolymer body, while ultrasonification
process enhances the dissolution of the Al–Si material in
the alkaline solution (Alvarez-Ayuso et al. 2008). The
paste was then poured into a cylindrical container and
reset for 2 days for curing purpose. Usually, after 2 days
of reset period, slight increase in geopolymer strength
was noticed (Hardjito et al. 2005). The geopolymer
specimens were then cured at a temperature of 105 °C
for 2 days in an oven. Due to the increased temperature,
polymerization became more rapid. Higher curing tem-
perature resulted in a higher compressive strength, and
60–100 °C gave the highest compression strength (Al
Bakri et al. 2012; Mane and Jadhav 2008) whereas
higher curing temperature did not increase the compres-
sive strength (Rangan 2008). After the curing period, the
samples were removed from the oven and kept at room
temperature for 3 days (Van Jaarsveld et al. 1997). The
geopolymer formed was washed with distilled water
three times to ensure that all excess sodium hydroxide
is removed. After drying, the synthesized geopolymer
bodies were crushed and its size reduced to less than
200 μm for experimental purpose (Izquierdo et al.
2009).

2.4 Adsorption Performance Indicators

Many parameters were used to determine the efficiency
of the adsorption process such as removal efficiency,
uptake capacity, and distribution coefficient.

2.4.1 Uptake Efficiency

The uptake efficiency (E) was calculated using the fol-
lowing equation (Al-zboon et al. 2011):

E ¼ Co−Ce
Co

� 100 % ð1Þ

where Co is the initial concentration of Zn2+ (ppm) and
Ce is the residual concentration of Zn+2 ion in the
solution after equilibrium (ppm).
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2.4.2 Uptake Capacity

The uptake capacity of geopolymer for Zn was calcu-
lated as follows (Al-zboon et al. 2011):

q ¼ Co−Ceð ÞXV
m

� 100 % ð2Þ

where q is the amount of Zn2+ uptake by synthesized
geopolymer (mg Zn/g of geopolymer), V is the volume
of the solution (L), and m is the geopolymer dose (g).

2.4.3 Partition Coefficient, Kd

The partition (or distribution) coefficient, Kd is a mea-
sure of sorption of contaminants to solid and is defined
as the ratio of the quantity of the adsorbate adsorbed per
unit mass of solid to the amount of the adsorbate re-
maining in solution. Kd was calculated using laboratory
batch method as shown in the following equation (EPA
1991):

Kd ¼ Co−Ceð ÞXV
Co � m

� 100 % ð3Þ

2.5 Factors Affecting Uptake Efficiency

The impact of geopolymer dosage, pH, contact time,
temperature, and initial concentration on the efficiency

of Zn+2 uptake by geopolymer was investigated as illus-
trated in Table 1. For each set, batch sorption tests were
carried out using 50 ml of Zn2+ solution with an initial
concentration of 1000 ppm. The parameters being con-
sidered were investigated under variable ranges
(geopolymer dose = 0.03–1.0 g, pH = 1–8, contact
time = 5–180 min, temperature = 25 to 45 °C, and zinc
concentration = 4–160 ppm). In each experiment, the
selected dose of geopolymer was added to the solution
containing a specified concentration of Zn2+ under a
certain pH and temperature. The solution was then
shaken for a specified predetermined period. After that,
the liquid portion of the solution was removed from the
solid by centrifugation followed by filtration with
Whatman filter paper no. 42. The filtrate was analyzed
by ICP to determine the concentration of Zn+2 in the
supernatant solution.

2.6 Adsorption Isotherms

Batch equilibrium technique was used to study the
adsorption isotherms of Zn2+ on the synthesized
geopolymer. Different concentrations of Zn2+ were
added to a constant dose of geopolymer (0.4 g) at
different temperatures (25, 35, 45 °C) and different pH
(5, 6, and 7). The mixture was shaken for 120 min, after
which it was filtered, and the concentration of Zn2+ was
determined by ICP.

Table 1 Experimental conditions
for each set of experiments Investigated parameter Values of investigated parameter Constant parameters

Geopolymer dosage 0.03, 0.05, 0.10, 0.2, 0.30, 0.40,
0.50, 0.60, 1.00

pH = 7

Temp = 25 °C

Contact time = 120 min

Initial concentration = 100 ppm

Contact time 5, 10, 15, 30, 60, 120, 180 pH = 7

Temp = 25 °C

Initial concentration = 100 ppm

Geopolymer dosage = 0.4 g

Temperature 25, 35, 45 pH = 7

Contact time = 120 min

Initial concentration = 100 ppm

Geopolymer dosage = 0.4 g

Initial concentration 10, 20, 40, 60, 80, 100, 120,
140, 160

pH = 7

Temp = 25 °C

Contact time = 120 min

Geopolymer dosage = 0.4 g

248 Page 4 of 22 Water Air Soil Pollut (2016) 227: 248



The results obtained from the isotherm study were
used to evaluate the applicability of six isotherm models
(Table 2) in describing the absorption process.
Langmuir’s model assumed homogenous and monolay-
er adsorption process, whereas Freundlich’s model
assumed multilayer adsorption with non-uniform distri-
bution of adsorption heat and affinities over the hetero-
geneous surface (Foo and Hameed 2010). The Radlich-
Peterson adsorption isotherm has three parameters (Krp,
arp, β) and incorporates the features of Langmuir and
Freundlich isotherms into a single equation
(Sampranpiboon et al. 2014).

2.7 Error Analysis

The coefficient of correlation (R2) is usually used to
evaluate the applicability of the model to predict the
experimental data, but R2 does not represent the value
of the errors in the isotherm model. To evaluate the
fitness of the isotherm model to the experimental data,
two indicators were used, the mean square error (MSE)
and chi-square test (χ2) as determined by the following
equations (Sampranpiboon et al. 2014):

MSE ¼ 1

n

Xn

n¼1

qexp− qcalð Þ2 ð4Þ

χ2 ¼
X n

n¼1
qexp− qcalð Þ2
qcalc

ð5Þ

where qexp and qcal represent the experimental and cal-
culated uptake values, respectively (mg/g).

2.8 Kinetic of Adsorption

Three time-dependent models were applied to explain
the mechanism of the absorption process. They are
Lagergren pseudo-first-order, pseudo-second-order,
and intraparticle diffusion model. The general forms of
the three models are shown in the following equations,
respectively (Amenaghawon 2013):

qe−qtð Þ ¼ Lnqe−k1t ð6Þ

t

qt
¼ 1

k2 qeð Þ2 þ t

qe
ð7Þ

qt ¼ k3 � t0:5 þ I ð8Þ
where qe and qt are the adsorption capacity at equilibri-
um and at time t, respectively (mg/g), and k1, K2, and K3

are the rate constant of the three models, respectively
(min−1). k1, K2, and K3 values can be obtained by
plotting a graph of ln(qe − qt) against t, t/q against t,
and qt against t

0.5, respectively.

2.9 Thermodynamic Study

The thermodynamic experiments were carried out at
different temperatures (25, 35, 45 °C) and pH values
(5, 6, 7). Thermodynamic parameters, enthalpy (ΔHo,
kJ/mol), and entropy (ΔS, kJ/mol) (J/K/mol) were de-
termined by the following equations (Misra et al. 2003):

ln Kd ¼ ΔSo=Rð Þ – ΔHo=RTð Þ ð9Þ
where T and R represent the temperature in Kelvin and
the gas constant, respectively. A graph plot of ln Kd

against 1/T gives a slope of ΔHo/R and an intercept of
ΔSo/R, from which ΔSo and ΔHo can be determined.

Table 2 Used isotherm models

Model Equation Plotting Obtained constant References

Langmuir type 1 ce
qe
¼ 1

qm ce þ 1
Kaqm

Ce/qe vs Ce Ka, qm Armagan and Toprak (2012)

Langmuir type 2 1
qe
¼ 1

Kaqm

� �
1
ce
þ 1

qm
1/qe vs 1/Ce Ka, qm Armagan and Toprak (2012)

Langmuir type 3 qe ¼ qm− 1
ka

� � qe
Ce

qe vs qe/Ce Ka, qm Armagan and Toprak (2012)

Langmuir type 4 qe
Ce ¼ Kaqm−Kaqe qe/Ce vs qe Ka, qm Armagan and Toprak (2012)

Freundlich log qeð Þ ¼ log Kfð Þ þ 1
n log Ceð Þ log qe vs log Ce Kf, n Al-zboon et al. (2011)

Radlich-Peterson Ce
q ¼ 1

Krp
þ arp

Krp
� Ceβ Ce/qe vs Ce

β Krp, arp, β Solomon Samu et al. (2012)
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The change in Gibbs free energy (ΔG°, kJ/mol) was
calculated as follows:

ΔGo ¼ ΔHo– TΔSo ð10Þ

3 Results and Discussions

3.1 Characterization of Volcanic Tuff and Geopolymer
Samples

Volcanic tuff and geopolymer samples were character-
ized using XRD, XRF, FTIR, and SEM.

3.1.1 The XRD Characterization

The XRD pattern showed that the volcanic tuff sample
is rich in phillipsite followed by chapazite. The high
ratio of CaO in the examined sample (Table 3) supported
the presence of calcium phillipsite and calcium
chapazite (Al-Harahsheh et al. 2014). A considerable
amount of non-zeolitic impurity was detected which
was mainly dioposide (CaMgSi2O6) and calcite
(CaCO3). Similar results with minor differences had
been obtained by many researchers (Almjadleh et al.
2014; Ali Ahmad and Marashdeh 2014; Al-Harahsheh
et al. 2014).

A comparison between raw volcanic tuff and syn-
thesized geopolymer is illustrated in Fig. 1. Upon
reaction, the peak of the major mineral (phillipsite)
in the raw material (tuff) disappeared in the XRD

patterns of volcanic tuff-based geopolymer due to
dissolution process (Rushdi et al. 2009). During the
geopolyemerization process, the sodium ions substi-
tute Ca and Mg ions in their aluminosilicates and
silicates expedite the dissolution of these species
(El-Eswed et al. 2012) and subsequently reduce the
concentration of phillipsite and diopside in the syn-
thesized structure.

Chapazite and diopside also disappeared during
geopolymerization, whereas sodalite appeared clearly.
Rushdi et al. (2009) reported that a solid and stable
material with hydroxysodalite (sodalite), zeolite, and
feldspatiod (sodalite) was formed because of the
geopolymerization reaction. Dimitrios et al. (2007) also
found that hydroxysodalite, Na8(AlSiO4)6(OH)4, was
formed as the concentration of NaOH increased from
4.47 to 10.25. An increase in the dissolution of Si and Al
resulted in a new amorphous aluminosilicate phase in
the geopolymeric samples. Krol et al. (2014) found that
in strong alkaline condition (5.0 M NaOH) and elevated
temperature (90 °C), zeolite completely disappeared
after 6 h at the same time sodalite crystals appeared. It
was suggested that at higher temperatures and NaOH
concentrations, zeolite is unstable and transforms into
sodalite (Krol et al. 2014). Hydroxysodalite, which
ranges from amorphous to microcrystalline material,
consists of SiO4 and AlO4 tetrahedral linked alternately
by sharing all the oxygen atoms. It has six member rings
with aperture diameter of 0.22 nm, which is smaller than
zeolite pore size. The cations such as Ag2+, Cu2+, and
Cs+ can be exchanged with sodalite cage cation (β-
cages) which explains the efficiency of sodalite in re-
moving heavy metals (Mon et al. 2005).

3.1.2 The XRF Characterization

The chemical composition of volcanic tuff samples and
the synthesized geopolymer obtained by XRF technique
are presented in Table 3. The results obtained showed
clearly that the amount of SiO2 and Al2O3 decreased
significantly after geopolymerization from 44.56 to
35.87 % and from 11.74 to 9.60 %, respectively. This
decrease is due to the increase in Na2O and water
content (Wu et al. 2008) where sodium and hydroxyl
group incorporated within the structure of the
geopolymer during the geopolymerization process.

According to results presented in Table 3, the ratio
of SiO2/Al2O3 for volcanic tuff sample was 3.79 wt/
wt, which falls within the suitable range reported for

Table 3 The chemical composition for raw volcanic tuff and
geopolymer

Compound
(%)

Raw volcanic tuff % mass Geopolymer%mass

SiO2 44.56 35.87

Al2O3 11.74 9.6

Fe2O3 10.78 9.22

CaO 10.46 10.5

MgO 8.81 7.76

K2O 1.5 1.23

P2O5 0.52 0.39

TiO2 2.63 2.35

Na2O 1.87 13.55

MnO 0.11 0.11

L.O.I. 7.1 8.7
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geopolymer formation (3.3 and 6.5) (Van Jaarsveld
et al. 1997).

The high calcium content in the current volcanic tuff
sample (10.46 %) may have adverse impact on the
geopolymerization process. It has been reported that if
CaO is present at levels above 3 % by mass, it interferes
with crystallization during the synthesis of geopolymer
(Provis 2006). The negative impact of CaO can be
attributed to the rapid dissolution of calcium by NaOH
solutions, which results in precipitation of Ca(OH)2,
which will lower the pH and subsequently affects the

rate of geopolymerization. High amount of Fe2O3

(10.78 %) has similar effects as CaO (Provis 2006).

3.1.3 The SEM Observations

The SEM showed that the volcanic tuff particle had
mostly spherical shapes, whereas other particles had
cubic, elongated, and irregular shapes (Fig. 2). After
geopolymerization, some of the tuff particles appeared
with different shapes, which may indicate incomplete
dissolution of raw materials. SEM also showed a highly

Fig. 1 XRD patterns for volcanic tuff (top) and volcanic tuff-based geopolymer (down), where plus sign is chapazite,multiplication sign is
philipsite, en-dash is deposite, and asterisk is sodalite

Fig. 2 SEM for volcanic tuff
(left) and geopolymer (right)
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porous appearance of geopolymer in comparison with
natural volcanic tuff, indicating the formation of new
cavities in the geopolymer structure. Natural volcanic
tuff is considered a porous material, although the acti-
vation process created additional cavities, which provid-
ed appropriate diffusion channels for metal ions into the
interior of the geopolymer and subsequently enhanced
the adsorption of metals inside these pores (Khalili
Fawwaz et al. 2013).

3.1.4 FTIR Spectra

Figure 3 shows the main FTIR absorption bands of
volcanic tuff and the synthesized geopolymers.
The FTIR spectrum of volcanic tuff samples
showed asymmetric stretching vibrations of Si–O–
Al band that appeared at about 1035 cm−1, where-
as for geopolymer samples, the stretching became
sharper and shif ted to a lower frequency
(<100 cm−1) indicating the formation of amor-
phous aluminosilicate gel phase, due to the

dissolution of tuff amorphous phase in NaOH-
activating solutions. Panias and Giannopoulou
(2006) found similar results where the band ap-
peared at 1085 cm−1 and shifted to lower frequen-
cies of 986 cm−1 because of geopolymerization. A
new peak at about 860 cm−1 associated with Si–
O–Al and Si–O–Si symmetric stretching was clear-
ly seen after geopolymerization. Same peak was
found by Alvarez-Ayuso et al. (2008) at frequen-
cies of 810, 750, and 590 cm−1.

Bands’ peak with frequencies of 2430, 1460,
and 1270 was found in the spectra of geopolymer
samples. These bands are associated with H–O–H
stretching and –OH bending, respectively. The
presence of these absorption bands indicated weak-
ly bound molecules of water, either adsorbed by
the surface or trapped in large cavities (Swanepoel
et al. 2002). Other spectra band that appeared at
about 1430 cm−1 in the geopolymer sample repre-
sents carbonate asymmetric stretching of O–C–O.
This band could be attributed to the high content

T
ra

n
sm

it
ta

n
ce

4500        4000 3500          3000       2500        2000           1750 1500         1250       1000 750     500

4500        4000 3500          3000       2500     2000        1750 1500         1250       1000 750   500
Wavenumber 1/cm

Fig. 3 FTIR spectra of the volcanic tuff (top) and geopolymer (down)

248 Page 8 of 22 Water Air Soil Pollut (2016) 227: 248



of calcite in the raw material (Onisei et al. 2012)
or due to the presence of sodium carbonate formed
through atmospheric carbonation of NaOH
(Dimitrios et al. 2007; Onisei et al. 2012). The
same band was found by Onisei et al. (2012) at
1445 and Dimitrios et al. (2007) at frequencies of
1430 and 1420 and Alvarez et al. (2008) at the
frequency of 1435 cm−1.

3.2 Uptake Efficiency of Volcanic Tuff and Synthesized
Geopolymer

The percentage uptake of Zn2+ by natural volcanic
tuff and synthesized geopolymer was investigated
at pH value of 7 and a dose rate of 0.6 g for solid
material, with initial concentration of Zn2+ at
100 ppm. It was found that the maximum uptake

Table 4 Comparison of the current study with previous ones

Used materials Efficiency q mg/g References

Activated fruit of Kigelia pinnata 84 % – Shobana et al. (2014)

Pulp waste 60 % 2.2 Sampranpiboon et al. (2014)

Bentonite 64 54* Kaya and Oren (2005)

Activated carbon prepared from almond husks 92 % 4.5 Hasar et al. (2003)

Kaolin 94 % 12.23 Meroufel et al. (2013)

Phosphogypsum – 9.3 Chafik et al. (2014)

Fly ash 100 0.11 Agarwal et al. (2012)

Gyrolite 72 % – Baltakys et al. (2012)

Walnut and poplar leaves 82 % – Salim et al. (2003)

Sago waste 74 % 10.4 Wahi et al. (2010)

Rice husk – 101.01 Dada et al. (2012)

Streptomyces rimosus biomass – 29.6 Chergui et al. (2007)

Penicillium simplicissimum – 250 Fan et al. (2008)

Papaya wood 66.8 % – Saeed et al. (2005)

Aspergillus niger – 23.70 Yun-Guo et al. (2006)

Bentonite 20.5 Ghomri et al. (2013)

Mucor rouxii biomass – 1.36 Yan and Viraraghavan (2003)

Activated carbon prepared from Van apple pulp – 11.72 Depci et al. (2012)

Activated carbon – 11.24 Mishra and Patel (2009)

Kaolinite – 3.05 Mishra and Patel (2009)

Bentonite – 9.12 Mishra and Patel (2009)

Penicillium chrysogenum – 11.11 Puranik and Paknikar (1999)

Tannic acid immobilized – 1.23 Meroufel et al. (2013)

Carbon aerogel – 1.183 Meroufel et al. (2013)

Sugar beat – 0.176 Meroufel et al. (2013)

Fly ash – 11.11 Meroufel et al. (2013)

Activated alumina – 13.69 Meroufel et al. (2013)

Clarified sludge – 5.53 Meroufel et al. (2013)

Humic acid – 6.12 Meroufel et al. (2013)

Granite – 8.64 Meroufel et al. (2013)

Saw dust – 2.58 Meroufel et al. (2013)

Current work 97 % 14.7
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efficiency of volcanic tuff was 78.51 % as against
97.78 % for geopolymer, and the uptake capacity
was 6.54 and 8.15 mg/g, respectively. This result
indicated that the geopolymerization process
succeeded in producing additional pores, which
improved its capacity for Zn2+ uptake. The in-
crease in the removal efficiency (19.27 %) but-
tressed the significance and feasibility of produc-
ing geopolymer from natural volcanic tuff.

Comparison of the results obtained with previ-
ous studies (Table 4) indicated a high uptake of
geopolymer-based volcanic tuff in Zn2+ removal,
which is more than most of the other materials
used such as activated carbon (Depci et al.
2012), kaolinite (Mishra and Patel 2009), bentonite
(Mishra and Patel 2009), sugarbeet (Meroufel et al.
2013), and fly ash (Agarwal et al. 2014). Few
other materials provided higher uptake capacity

such as clarified sludge (Meroufel et al. 2013),
rice husk (Dada et al. 2012), and Streptomyces
rimosus biomass (Chergui et al. 2007).

3.3 Effect of Geopolymer Dosage

The effect of different geopolymer dosages (0.03–1 g)
on the adsorption of Zn2+ was studied under constant
conditions (pH = 7, C0 = 100 ppm, T = 25 °C). The re-
sult obtained indicated that the uptake efficiency in-
creased significantly from 52.33 to 97.7 % as the
geopolymer dose increased from 0.03 to 0.4 g, whereas
a slight increase was observed at a dose of 1 g (98.05%).
Adsorption capacity decreased from 86.70 to 12.21 and
4.9 mg/g as the dose increased from 0.03 to 0.4 and 1 g,
respectively (Fig. 4). The higher dose usually provides
the higher removal efficiency while the uptake capacity
(mg/g) decreases accordingly. Higher dose of
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geopolymer resulted in an increase in the available
surface area and pores of geopolymer samples, which
increased the available sites for binding of Zn ion and
thereby enhances the adsorption from solution to
geopolymer (Donat et al. 2005 and Depci et al. 2012).
Agarwal et al. (2014) found that Zn uptake efficiency
increased from 45.8 to 76.1 % and 100 % as the adsor-
bent (coal fly ash) dose increased from 1 to 10 and 18 g,
respectively.

3.4 Effect of Contact Time

The time dependence behavior of Zn ion was investi-
gated by varying the contact time between the adsorbate
(Zn) and adsorbent (geopolymer) in the range of 5–
180 min under optimum conditions of the other
parameters.

Figure 5 shows that the adsorption of Zn ion by
geopolymer increased sharply as the time increases up

to 30 min, after which it increased slightly during the
studied period (3 h). At an equilibrium time of 30 and
120 min, the uptake percent was 96.75 and 97.0 % with
uptake capacity of 12.09 and 12.13 mg/g, respectively.
Such increase in the removal efficiency between 30 and
120 min is very low (0.25 %); therefore, a 30-min
contact time is considered a feasible time for adsorption.
It was found that a contact time of 60 min was
sufficient for Zn2+ removal by activated fruit of
Kigelia pinnata (Shobana et al. 2014) and by activat-
ed carbon prepared from almond husks (Hasar et al.
2003). Other researchers reported shorter contact
time (Saeed et al. 2005; Wahi et al. 2010; Baltakys
et al. 2012) and longer contact times (Agarwal et al.
2014; Wasewar et al. 2008; Sampranpiboon et al.
2014). Although the contact time is very important,
however, the uptake efficiency at a certain time de-
pends on the characteristics of adsorbent, tempera-
ture, adsorption doses, and other control conditions.
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3.5 Effect of pH Value on the Adsorption of Zn2+

The effect of pH on Zn2+ adsorption was investigated
under batch procedure with pH range between 1.0 and 8.
The results obtained indicated that the adsorption effi-
ciency increased from 67.83 to 97 % as pH increased
from 1 to 7, while it decreased slightly to 93.35 % at pH
8 (Fig. 6). This indicates that the zero point of charge is
at pH 7.0. As the reaction progresses with an increase in
pH, the surface of the synthesized geopolymer becomes
negatively charged, and electrostatic repulsion de-
creases with rising pH due to reduction of positive
charge density on the sorption edges resulting in an

increase in metal adsorption (Meroufel et al. 2013).
Since there is no sharp increase in uptake values at high
pH values, it indicates that no precipitation occurred
within the studied pH ranges. At a pH range between
4.00 and 7.00, Zn ion exchanged with the exchangeable
cations present at the geopolymer sites resulted in sig-
nificant reduction in Zn ion concentration. At higher pH
values, zinc hydroxyl species was involved in either the
adsorption or precipitation onto the adsorbent, which
adversely affected the uptake efficiency (Kaya and
Oren 2005). Agarwal et al. (2014 and Bayat 2002)
achieved high Zn2+ removal at a pH of 7. Others report-
ed lower pH values ranging from 4.2 to 6.9 (Shobana
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et al. 2014; Saeed et al. 2005; Ghomri et al. 2013; Salim
et al. 2003; Wasewar et al. 2009) and higher pH values
(Wahi et al. 2010). It is worth mentioning that the
optimum pH value for metal removal depends on many
conditions but not limited to the type of adsorbent,
adsorption mechanism, and the activation process.

3.6 Effect of Temperature on Zn2+

Figure 7 shows the effect of temperature on Zn2+ ad-
sorption, where the uptake efficiency increased linearly
with an increase in temperature. At low concentration
(<100 ppm), the effect of temperature on the removal
efficiency was insignificant, whereas the effect is clear
at higher concentration (Fig. 8). This behavior can be
attributed to the availability of pores. At low concentra-
tion, the pores are sufficient to host most of the ions,
while at higher concentration, the pores become insuf-
ficient and there is a need for additional pores, which
could be created by the impact of high temperature. In

addition, at high temperature, an increase in water va-
porization results in the formation of micro-cavities and
subsequently causes an increase in the uptake capacity
(Andini et al. 2008). At 140 ppm, the uptake efficiency
increased from 81.44 to 94.2 % with an increase in
temperature from 25 to 45 °C, while at lower initial
concentration (100 ppm), the uptake efficiency in-
creased from 96.75 to 98.05 %, which indicated an
endothermic process. The uptake capacity at 140 ppm
also increased from 14.253 to 16.485 mg/g at the same
range of temperature.

3.7 Effect of Initial Concentration

Different initial concentrations of Zn2+ ranging from 10
to 160 ppm were used to investigate its impact on the
adsorption process. Figure 9 shows that the adsorption
efficiency decreased from 96.75 % at 100 mg/L to
72.51 % at 160 mg/L, while the uptake capacity in-
creased from 12.09 to 14.50 mg/g for the same range

Table 5 Results of Langmuir models

Model pH = 5 pH= 6 pH = 7

R2 qm K R2 qm K R2 qm K

Langmuir 1 0.999 14.83 0.70 0.999 14.79 0.91 0.999 14.70 1.26

Langmuir 2 0.998 13.20 1.14 0.998 13.62 1.44 0.999 15.52 1.28

Langmuir 3 0.974 13.70 1.06 0.962 13.64 1.43 0.978 14.42 1.47

Langmuir 4 0.973 13.86 1.04 0.962 13.82 1.39 0.978 14.54 1.44

0

2

4

6

8

10

12

14

16

0 2 4 6 8 10 12 14 16

q
ca

l.
, 
m

g
/g

qexp.,  mg/g 

Exp. Lang.1 Lang.2 lang. 3 lang.4
Fig. 10 Validity of four
Langmuir models for Zn
adsorption (pH = 7, T = 25, qexp
= experimental q, qcal =
calculated q)

Water Air Soil Pollut (2016) 227: 248 Page 13 of 22 248



of concentrations. . Between initial concentrations of 3
and 100 ppm, the removal efficiency decreased slightly
from 99.36 to 96.75 % followed by a sharp decrease. As
the concentration of the metal increases, the available
pores of adsorbent became insufficient to absorb all
ions, while the excess ions remained soluble in the
solution with nomore ions to be adsorbedwhich explain
the stability of the uptake capacity (q) after a certain
concentration. Similar result was reported by Agarwal et
al. (2014), where the removal efficiency of Zn2+ de-
creased from 100 to 41.8 % and 26.8 % as the initial
concentration increased from 5 to 100 and 200 mg/l,
respectively.

3.8 Isotherm Study

3.8.1 Langmuir Models

Table 5 illustrates the results of R2, qm, and K values for
four Langmuir models. It is clear that the coefficients of
correlation (R2) of Langmuir types 1 and 2 were always

more than 0.99 for all pH and temperature values,
whereas less fitness was achieved by types 3 and 4
(Fig. 10). According to R2, the models can be ranked
in the order of type 1 > type 2 > type 4 > type 3. In most
of cases, types 3 and 4 have the same value of R2. For all
models, the qm values increased with an increase in
temperature which indicated an endothermic adsorption
process. At optimum pH value (7), and by using
Langmuir type 1 model, the maximum uptake capacity
(qm) increased by 19.9% from 14.7 to 17.63 mg/g as the
temperature increased from 25 to 45 °C. A high KL
value (>0.7) indicated a high adsorption affinity of Zn2+

on the geopolymer structure (Sampranpiboon et al.
2014). The fitness of Langmuir isotherm for the adsorp-
tion process indicated that the adsorption is homoge-
nous and no interaction occurred between the adsorbed
species (Al-Jariri and Khalili 2010). Many researchers
proved the high validity of Langmuir isotherm model
for absorpt ion process (Hasar e t a l . 2003;
Sampranpiboon et al. 2014, Meroufel et al., 2014,
Agarwal et al. 2014; Kazmi et al. 2012). The
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Fig. 11 Validity of Freundlich
model for Zn adsorption

Table 6 Results of Freundlich model

Model Temperature (°C) pH = 5 pH= 6 pH = 7

R2 Kf n R2 Kf n R2 Kf n

Freundlich 25 0.9 4.85 2.68 0.89 5.22 2.82 0.83 5.68 2.91

35 0.91 4.91 2.56 0.91 5.29 2.73 0.85 5.80 2.78

45 0.92 5.36 2.55 0.91 5.36 2.67 0.87 5.87 2.71
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dimensionless separation factor (RL) was calculated
from the best fit model (Langmuir type 1) at pH of 7,
using the following equation (Dada et al. 2012):

RL ¼ 1

1þ KC0
ð11Þ

where K is the Langmuir adsorption constant and C0 is
the maximum initial concentration.

The calculated values for RL were 0.0049, 0.0045,
and 0.0034 at temperatures of 25, 35, and 45 °C, re-
spectively. For all temperatures, the values of 0 < RL < 1
indicated a highly favorable adsorption process (Dada
et al. 2012). The values of RL are close to zero, which
indicates that the adsorption process is irreversible.

3.8.2 Freundlich Model

The values of n and KF Freundlich parameters were
calculated from the intercept and slopes of the corre-
sponding linear plots of Zn2+ adsorption onto
geopolymer at different temperatures (25, 35, 45 °C)
and pH values (5, 6, 7). The values of these parameters
with their correlation coefficients (R2) are given in
Table 6.

The correlation coefficient obtained for Freundlich
models ranged from 0.83 at pH = 7 and T = 25 °C to
0.92 at pH = 5 and T = 45 °C as shown in Fig. 11. In
comparison with Langmuir models, Freundlich mod-
el produced less fitness with adsorption data, which
indicates that the homogenous adsorption is better at
describing the process compared to heterogeneous
adsorption. The n values decreased with an increase
in temperature and ranged from 2.55 to 2.91, which
indicated a favorable adsorption of Zn2+ on
geopolymer surface (Tahir and Naseem 2007).
Freundlich adsorption constant Kf increased with an
increase in temperature and pH and ranged from 4.85
at pH = 5 and T = 25 °C to 5.87 at pH = 7 and
T = 45 °C indicating a high adsorption intensity at
higher temperatures (Donat et al. 2005).

3.8.3 Radlich-Peterson Isotherm

It is a hybrid form of Langmuir and Freundlich equa-
tions incorporating a linear relation in the numerator and
an exponential function in the denominator (Kazmi et al.
2012) and therefore can be applied in either homoge-
nous or heterogeneous systems due to its high
versatility.

The values of Krp, arp, and β were determined by
Excel Solver with minimum error calculation
(Table 7). The coefficient of correlation values were
>0.99 for all pH and temperature ranges, which indi-
cates a high fitness of the model with adsorption
process (Figs. 12 and 13). Since the value of β is
close to 1, this indicates that the adsorption system is
homogenous which supported Langmuir assumption

Table 7 Results of Redlich-Peterson model (T = 25)

Coefficient pH = 5 pH= 6 pH= 7

R2 0.99 0.99 0.99

Karp 14.38 16.76 22.29

arp 1.19 1.29 1.670001

β 0.994 0.964 0.973

y = 0.0828x + 0.0675
R² = 1

y = 0.077x + 0.0597
R² = 1

y = 0.0736x + 0.0495
R² = 0.9998
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(Kazmi et al. 2012). Previously, Radlich-Peterson
model showed excellent fitting for the experimental
data of Zn2+ removal by pulp waste (Sampranpiboon
et al. 2014), by kaolinite (Shahmohammadi-Kalalagh
and Babazadeh 2014), and by palm tree trunk (Abuh
et al. 2013).

3.9 Calculation of Errors

Two measures (MSE and χ2) were used to determine
the error of the predicted values of Ce/q for
Langmuir type 1, Freundlich, and Radlich-Peterson
models. Table 8 shows that Radlich-Peterson model
has the lowest MSE and χ2 values followed by
Langmuir type 1, while Freundlich model has the
highest error values. This result buttressed the valid-
ity of Radlich-Peterson and Langmuir models for the
adsorption process. Although both models have al-
most the same R2, there was a significant difference
in MSE and χ2 values between the two models,
which indicates that R2 could be used for trend
purpose only, and the two equal values of R2 do not
necessarily mean equal errors.

3.10 Kinetic of Adsorption

The results obtained indicated that the pseudo-second-
order model shows the best fitness of the experimental
data followed by the pseudo-first-order, while the
intraparticle diffusion model had the lowest fitness with
R2 values of 1, 0.89, and 0.6, respectively (Fig. 14). In
addition, the second-order model showed the best fit-
ness in estimation of qe as shown in Fig. 15. Many
researches substantiated the validity of the pseudo-
second-order model for the kinetics of Zn2+ adsorption
(Fan et al. 2008; Ozdemir et al. 2004; Yun-Guo et al.
2006, Ghomri et al. 2013). The linear plot of
intraparticle model (qe against t

0.5) did not pass through
the origin, which indicates the existence of some bound-
ary layer effect (Arivoli et al. 2013).

3.11 Thermodynamic Study

The calculated values for thermodynamic parameters
are given in Table 9. It was found that the distribution
coefficients (Kd) increased with an increase in tempera-
ture and pH. Higher Kd values indicated that higher
amounts of Zn2+ had been retained by the adsorbent
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Fig. 13 Experimental and
calculated C/q according of
Radlich-Peterson model (pH = 7,
T = 25)

Table 8 Results of models error calculation for c/q at T = 25 °C

Model pH = 5 pH= 6 pH= 7

R2 MSE χ2 R2 MSE χ2 R2 MSE χ2

Langmuir 1 0.99 0.002 0.034 0.99 0.001 0.009 0.99 0.0003 0.016

Freundlich 0.9 0.104 0.503 0.89 0.098 0.551 0.83 0.1116 0.586

Redlich-Peterson 0.99 0.001 0.010 0.99 0.001 0.013 0.99 0.0001 0.003
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and removed from the solution (Ramachandran and
D’Souza 2013).

The values of ΔHo and ΔSo ranged from 20.48 to
32.63 and from 0.116 to 0.158 kJ/mol, respectively,
and both increased with an increase in temperature
and pH. ΔH values were more than TΔS, which
means that the adsorption process was mostly
entropy-controlled (Sismanoglu et al. 2004). A posi-
tive value of ΔHo indicates that adsorption is an
endothermic process in which the energy of dehydra-
tion exceeds the exothermicity of the metal ions
bonded to the geopolymer surface (Ghomri et al.
2013; Al-Jariri and Khalili 2010; Meroufel et al.
2013). Since ΔHo value is less than the value report-
ed for heat of chemisorption (80–200 kJ/mol) (Saha
and Chowdhury 2015), it can be ensured that the
uptake of Zn2+ by the geopolymer surface is a
physiosorption process.

The positive values of ΔSo indicate that the entro-
py of the system increases after the adsorption pro-
cess which also supports the result of endothermicity
and the stability of the adsorption (Al-zboon et al.
2011). When the metal ions penetrate the geopolymer
matrix, the water molecules that were previously
united with the ions will be released and dispersed
in the solution that enhances the disturbance of the
heterogeneous system, which explain the increase of
entropy with increase in temperature (Donat et al.
2005; Al-zboon et al. 2011). The small values of
ΔSo indicate that the adsorption process has little
affinity for the heterogeneous system. Fan et. al.
(2008) reported that the adsorption of Zn2+ by
Penicillium simplicissimum was endothermic and
spontaneous in nature. Also, Ghomri et al. (2013)
found an endothermic adsorption process of Zn2+

by bentonite. The ΔG values ranged from −19.21 to
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−14.32 kJ/mol and decreased with an increase in
temperature at rates of −0.17, −0.19, and −0.23 kJ/
mol 1 °C for pH of 5, 6, and 7, respectively, as shown
in Fig. 16. The higher change in ΔG was found at
pH = 7 (−0.23 kJ/mol 1 °C) which indicates the fa-
vorability of adsorption at higher pH.

The negative ΔG values at different temperatures
buttressed the mentioned characteristics of the adsorp-
tion process, which are endothermic, spontaneous, and
physiosorption nature (Sharmaa et al. 2014). Since Zn2+

uptake happened effectively at both low and high tem-
perature, it can be inferred that both adsorption and ion
exchange mechanism occurred (Ghomri et al. 2013).
Wasewar et al. (2009) used tea factory waste for Zn2+

removal and found that the adsorption process was
endothermic with ΔH, ΔS, and ΔG values of 11.55,
31.24, and −0.0095 kJ/mol, respectively.

3.12 Activation Energy and Sticking Probability

In adsorption, the activation energy is defined as the
energy that the ionmust overcome for it to react or interact
with the adsorbent surface (Saha and Chowdhury 2015).
There is a direct relationship between the removal

efficiency, the activation energy (Ea), and the sticking
probability (S*) as shown in Eqs. 12, 13, and 14 below
(Ayawei et al. 2015):

θ ¼ 1−
Ce

C0
ð12Þ

S* ¼ 1−θð ÞeEa
RT ð13Þ

Which can be linearized as follows:

Ln 1−θð Þ ¼ S*−
Ea

RT
ð14Þ

The values of Ea and S* can be calculated from the
slope and intercept of the plot of ln(1 − θ) against 1/T,
respectively. The Ea and the S* were calculated for the
experimental data in order to support the claim that
physical adsorption is the predominant mechanism.
The positive value calculated for Ea (23.41 kJ/mol)
indicated the endothermic nature of the adsorption pro-
cess, which conforms to previous results obtained.

It can be concluded that the adsorption process of
Zn2+ by the geopolymer surface is a simple physical
adsorption process, because the values of activation

Table 9 The calculated thermodynamic parameters

T (Kelvin) pH = 5 pH = 6 pH = 7

R2 ΔHo ΔSo ΔG R2 ΔHo ΔSo ΔG R2 ΔHo ΔSo ΔG

298 1 20.48 0.116 −14.32 0.963 23.47 0.127 −14.4 0.967 32.63 0.158 −14.47
308 −16.65 −16.94 −17.63
318 −17.82 −18.21 −19.21
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energy (23.41) were in the range of 21 to 42 kJ/mol
(Sismanoglu et al. 2004). The calculated S* value was
very low (3 × 10−6) indicating a high stick of the ions to
the geopolymer surface (S* << 1) (Kumar et al. 2014).

4 Conclusion

This study examined the suitability of natural volcanic
tuff for geopolymer production and the removal of Zn2+.
The study includes the characterization of volcanic tuff
and geopolymer. The parameters, which could have an
effect on the adsorption process, were investigated.
Isotherm and kinetic studies were also carried out.

It was found that the maximum uptake efficiency of
geopolymer was 97.78 % against 78.51 % for volcanic
tuff, and the uptake capacity (at pH = 7 and dosage of
0.7 g) was 8.15 and 6.54 mg/g, respectively, which
indicated the feasibility of producing geopolymer form
natural volcanic tuff.

The best pH for Zn2+ removal was = 7, and the fea-
sible mixing time = 30 min. The removal efficiency
increased with geopolymer dosage increase, contact
time increases, temperature increases, and initial con-
centration decreases.

The isotherm study showed best fit on Langmuir and
Radlich-Peterson models, while Freundlich model has
the highest error values. The maximum uptake capacity
obtained from Langmuir model increased from 14.7 to
17.63 mg/g as the temperature increased from 25 to
45 °C. The pseudo-second-order model showed the best
fitness for the experimental data followed by pseudo-
first-order model.

Based on the results, it can be concluded that natural
volcanic tuff could be used successfully as a base of
geopolymer for Zn2+ removal with high efficiency up to
97.7 % and an uptake capacity of 14.7 mg/g at 25 °C.
The adsorption process is endothermic, spontaneous,
and irreversible with high sticking of ions to the
geopolymer surface.
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