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Abstract Adsorption of Cu2? and Co2? from aqueous

solution using zeolite synthesized from coal gangue was

examined at room temperature. Batch experiments were

carried out to investigate the effects of contact time, initial

ion concentration, and pH on the adsorption process. Under

comparable conditions, the adsorption greatly depended on

initial ion concentration and pH. Different isotherms were

applied to describe equilibrium data, and the results turned

out that adsorption data can be better fitted with Langmuir,

Temkin, and Dubinin–Radushkevich models, indicating

monolayer coverage of adsorption sites on the surface of

zeolite NaX and a physical process for Co2? and Cu2?

adsorption. Adsorption capacity calculated from Langmuir

was 45.05 mg/g for Cu2? and 44.53 mg/g for Co2?. The

adsorption kinetic could be better described with the

pseudo-second-order model, and the removal mechanism

of Co2? and Cu2? by the synthesized zeolite NaX was

governed by surface adsorption, film diffusion, and intra-

particle diffusion. The work suggests that coal gangue-

derived zeolite NaX can be used as an alternative eco-

nomical adsorbent for metal ions removal.

Keywords Zeolite � Coal gangue � Adsorption � Metal

ions � Isotherm and kinetic model

Introduction

Metal ions, non-biodegradable toxic inorganic pollutants

(Bradl 2004), tend to accumulate in living organisms,

causing various diseases and disorders (Bailey et al. 1999).

Metal ions emerge from the course of mineral resources

exploiting, metal smelting, and processing practices. As a

kind of industrial resultant, metal ions have produced

tremendous detriments to the ecological environment due

to their non-biodegradation and long-term circulation

within food chains. Gradually, chronic damage involved

physiological and metabolic activities appears then health

problems seem to be inevitable (Srividya and Mohanty

2009). Considering their ever-increasing negative impacts,

skyrocketing attentions have been focused on finding out

an efficient and green way to solve this environmental

issue.

In recent years, removals of metal ions from water have

been widely conducted (Dabrowski et al. 2004; Erdem

et al. 2004). Many separation methods have been used for

removal of metal ions from aqueous solution, including

chemical precipitation, coagulation, solvent extraction,

membrane filtration, ion exchange, reverse osmosis,

chemical reduction, ultrafiltration, ionization, adsorption,

biological treatment, and chelating resin (Hui et al. 2005;

Baker et al. 2009; Padervand and Gholami 2013; El-Bahy

and El-Bahy 2016; Petrovič and Simonič 2016; Iannazzo

et al. 2017). However, most of these methods have sig-

nificant disadvantages, such as the incomplete removal,

high-energy requirements, and the production of toxic

sludge (Petrovič and Simonič 2016; Iannazzo et al. 2017).

Among those methods, adsorption has been proved to be

one of the most feasible, simple, easily implemented, and

highly efficient method for the removal of metal ions from

polluted water (Kumar and Chawla 2014; Rahimi and
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Mohaghegh 2016; Iannazzo et al. 2017). Some widely used

adsorbents for metal ions include activated carbon, clay

minerals, industrial solid wastes, orange peel, nanosized

metal oxides (such as iron oxides, aluminum oxides, tita-

nium oxides, and manganese oxides), and zeolites (Kumar

and Chawla 2014; Rahimi and Mohaghegh 2016; Iannazzo

et al. 2017). A green way of absorbing metal ions could be

achieved by exploiting industrial derived and reproducible

adsorbents, and it thus can contribute to further industrial

applications.

Coal exploitation generally creates a large quantity of

coal gangue as solid by-product. The accumulation of

considerable coal gangue over the past years has resulted in

serious environmental problems, e.g., land occupation and

soil and groundwater pollution. Several alternatives, such

as building materials, heat-insulating materials, and alu-

minum salt products, have been proposed and implemented

to deal with it. In general, an adsorbent can be regarded as

green if it needs little processing, abundant in nature, or a

by-product even waste material from another industry

(Bailey et al. 1999). Conversion of coal gangue to zeolite is

one of the potential alternatives for handling the coal

gangue as it has high content of silica and alumina, which

are the basic components for zeolite formation. In general,

there are two main methods (one-step and two-step meth-

ods) to synthesize zeolite with solid wastes as silica–alu-

mina source (Qian and Li 2015). As for the application of

removing metal ions from aqueous solution, zeolites were

reported to exhibit high sorption capacity, sorption affinity,

and cation exchange capacity for divalent sorbates (Api-

ratikul and Pavasant 2008; Rahimi and Mohaghegh 2016).

According to our knowledge, however, scarce attempt has

been made to convert coal gangue to zeolites (Zhang et al.

2008; Lei et al. 2009; Qian and Li 2015).

This work focused on Co2? and Cu2? removal from

aqueous solution using zeolite NaX prepared from coal

gangue as adsorbent. The adsorption influence factors such

as initial ion concentration, pH, and contact time were

investigated. Langmuir, Freundlich, Temkin, and Dubinin–

Radushkevich isotherm models were used to describe the

adsorption equilibrium data. Pseudo-first-order model,

pseudo-second-order model, intra-particle model, and film

diffusion model were employed to reveal the adsorption

mechanism.

Materials and methods

Materials

Coal gangue, used as silicon and aluminum sources in this

work, was collected from Baishui coal mine of Weibei

area, China. It contains 45.14% SiO2, 26.97% Al2O3,

0.32% MgO, 0.47% CaO, 1.21% Fe2O3, 1.02% K2O,

0.21% Na2O, 0.51% TiO2, and 16.40% loss on ignition.

Coal gangue primarily consists of kaolinite, quartz, and

hematite. The mineral compositions and chemical com-

ponents of coal gangue indicate that this kind of mining

solid waste could be a promising resource for zeolite

synthesis.

Other inorganic chemicals, such as copper nitrate

(Cu(NO3)2�3H2O), cobalt nitrate (Co(NO3)2�6H2O),

sodium hydroxide (NaOH), nitric acid (HNO3), and

hydrochloric acid (HCl) are all analytic-grade reagents.

Copper nitrate and cobalt nitrate were purchased from

Jinshanting chemical reagent plant of Shanghai, while

sodium hydroxide, nitric acid, and hydrochloric acid were

bought from Tianjin chemical reagent plant. Stock solu-

tions (1000 mg/L) were prepared by dissolving accurate

mass of Co(NO3)2�6H2O and Cu(NO3)2�3H2O into

1000 mL deionized water. Desired concentrations were

obtained by diluting the stock solution with deionized

water.

Preparation of zeolite

Zeolite NaX was synthesized from coal gangue via

hydrothermal treatment after alkali fusion. The milled

coal gangue sample was calcinated at 800 �C for 3 h and

then mixed with NaOH at an optimal weight ratio of

nearly 1.2:1. The resultant was then roasted holding by a

nickel crucible at 600 �C for 3 h in a muffle furnace. The

alkali-fused product was milled and transferred into a

100-mL-volume beaker, aging for 6 h at a constant liq-

uid/solid ratio at 8 mL/g. The aged product was trans-

ferred into a 100-mL-volume polytetrafluoroethylene

reactor and crystallized at 110 �C for 12 h in an oven

(Chen and Lu 2017). Then, the product was separated

from the mixture through vacuum filtration with deionized

water to removal excess sodium hydroxide until the pH

reaching 9–10 and dried at 105 �C before storing in a

desiccator.

Characterization of zeolite

The synthesized products were characterized with X-ray

diffraction (XRD) and scanning electron microscope

(SEM). XRD pattern was obtained using a Rigaku

D/Max2550VB?/PC X-Ray diffractometer with Cu Ka
(k = 0.154 nm) radiation operating at 40 kV, 100 mA,

scan rate of 4�/min, and step width of 0.02�. The surface

morphology and microstructure of the synthesized zeo-

lite products were characterized by a Hitachi S-3400N

scanning electron microscope (SEM) and energy-dis-

persive X-ray spectrometer (EDXS) combined instru-

ment. The surface area analyzer, JW-BK132F, was
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applied to determine surface area using BET technique

based on adsorption–desorption characteristics of N2 gas

on the sample at 77 K. The micropore size distribution

was determined by Barrett–Joyner–Halenda (BJH)

method using the adsorption branch (Huang et al. 2010).

The point of zero charge (pHpzc) was determined with

JS94H2 Zeta Meter electrophoresis by measuring the

surface charge of zeolite NaX in deionized water at

different pH.

Batch sorption experiment

Effect of initial pH

The initial pH of the aqueous solution is a crucial con-

trolling parameter during the adsorption process. To clarify

the influence of initial pH of solution, batch sorption

experiments were carried out at different initial pH solution

(2.0–6.0), adjusted by 0.1 mol/L HNO3 or NaOH solution.

In this study, 0.2 g zeolite NaX was, respectively, added

into 100 mL Cu2? solution (100 mg/L) and 100 mL Co2?

solution (100 mg/L), agitated at 300 rpm for 120 min at

ambient temperature (27 �C). The equilibrium mixture was

filtered with a 0.45-lm filter membrane, and the residual

Cu2? and Co2? concentrations in the solution were mea-

sured by inductively coupled plasma atomic emission

spectroscopy (ICP-AES, Spectro Arcos).

Effect of initial ion concentration

Parallel experiments were conducted to reveal the influence

of the initial ion concentration on adsorption. In this study,

the initial ion concentration varied from 10 to 200 mg/L,

while other experimental conditions such as initial pH (4.0)

of solution, zeolite NaX dose (0.2 g), experimental tem-

perature (room temperature, 27 �C), stirring time

(120 min), and rotational speed (300 rpm) were fixed

through the process. Graph of adsorption capacity versus

initial ion concentration was plotted to determine the

optimum initial ion concentration.

Adsorption kinetic experiment

Kinetic studies were conducted in 250-mL conical flasks.

In total, 0.2 g dried zeolite NaX was thoroughly mixed

with 100 mL metal ion solution at five different initial ion

concentrations (10, 20, 50, 100 and 200 mg/L), and the pH

of the solution was adjusted to 4.0 using 0.1 mol/L HNO3

or 0.1 mol/L NaOH. The suspension was stirred at room

temperature (27 �C) under a rate of 300 rpm. Samples of

0.5 mL solution were extracted from the conical flasks at

the given time (0, 5, 10, 20, 40, 60, 80, 100, and 120 min).

The total extraction volume was no more than 5% of the

stock ion solution. The extracted solutions were filtered

with 0.45-lm filter membrane. The ion concentration in the

solution was determined by ICP-AES.

Metal ions uptake

The removal efficiency (R, %) and the amount of ion

adsorbed at time t (qt, mg/g) and at equilibrium (qe, mg/g)

were calculated using the following equations, respectively

(Srividya and Mohanty 2009; Zhao et al. 2010).

R ¼ ðC0 � CeÞ � 100

C0

ð1Þ

qt ¼
ðC0 � CtÞ � V

M
ð2Þ

qe ¼
ðC0 � CeÞ � V

M
ð3Þ

where C0, Ct, and Ce (mg/L) represent the ion concentra-

tions at initial, t time, and equilibrium, respectively.

V (L) is the volume of ion solution, andM (g) is the mass of

zeolite NaX.

Results and discussion

Characterization of zeolite

The crystalline phase of the synthesized product was

characterized by XRD (Fig. 1). Diffractogram of the syn-

thesized product matches the reference peaks of zeolite

NaX (PDF: 38-0237) well. Comparison of the character-

istic peak confirmed the conversion of coal gangue into

zeolite NaX. Surface morphology was checked by SEM

(Fig. 2). Octahedron crystalline structure of the synthesized

Fig. 1 X-ray diffraction pattern of zeolite synthesized from coal

gangue
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zeolite NaX particles can be clearly observed (Fig. 2a),

which further indicates that the coal gangue was success-

fully transformed to target product. EDXS analysis result

(Fig. 2b) suggests a molar ratio of SiO2/Al2O3 of 2.1. The

specific surface area and the micropore total volume of the

synthesized zeolite NaX are 676.02 m2/g and 0.263 cm3/g,

respectively, indicating that the synthesized zeolite NaX is

a potential effective adsorbent. It has a wide range of pore

dimension within micropore range (\2 nm), which is

possible to separate different metal ions from polluted

wastewater.

The point of zero charge (pHPZC) of an adsorbent is

crucial to choose the optimum pH for the adsorption study,

as well as to understand the adsorption mechanism (Argun

2008; Göde et al. 2010). The pHPZC of the synthesized

zeolite NaX is 3.8. The surface charge remains positive

when the pH below 3.8 and negatively charged once the pH

beyond that point which is favorable for adsorption of

positively charged metal ions.

Effect of initial pH

The ionization degree of the adsorbate and the surface

property of the sorbent as well as metal ion species were

strongly affected by the aqueous solution pH (Lin and

Yang 2002; Rivera-Utrilla and Sánchez-Polo 2003). It is

necessary to be viewed as an important factor that can

greatly affect the removal efficiency in an adsorption sys-

tem. Hui et al. (2005) pointed out that the ionization of

surface hydroxyl groups (Si–OH and Al–OH) can change

when zeolite surface exposed to aqueous solution. Covar-

rubias et al. (2005) stated that positively charged metal ions

may react with hydroxyl in aqueous and the zeolite surface

may in turn influence the surface charge and finally chan-

ged the removal efficiency. Batch adsorption experiments

concerning the removal efficiency as the function of initial

solution pH (2.0, 3.0, 4.0, 5.0, 6.0) were conducted. pH was

adjusted before adding zeolite NaX. Higher initial pH was

excluded in the case of precipitation, which could lead to a

sharp increase in removal efficiency (Hui et al. 2005). The

experiments show that the adsorption amount of Co2? and

Cu2? onto zeolite NaX increases once the pH rises up from

2.0 to 6.0, especially when pH varied from 2.0 to 4.0. The

removal efficiency increases slowly when pH changed

from 4.0 to 6.0. This can be elucidated by the balance

effect involving the surface charge and solution chemistry

as well as the zeolite structure (Moghadam et al. 2013).

Zeolite consists of body part, negative charged alumi-

nosilicate frame structure, and balanced by positively

charged exchangeable alkali ions (Na?, K?) to keep an

electric neutrality state. Exposed to highly acid environ-

ment (lower than the isoelectric point of the zeolite NaX)

leads to a positively charged zeolite NaX surface due to an

exchange reaction between the hydrogen ion and alkali

ions. At lower pH, the concentration of H3O
? is much

higher than that of metal ions, and hence the former metal

ions occupy the binding sites on the zeolite surface,

resulting in a lower removal efficiency. On the other hand,

Cu2? and Co2? can complex with hydroxyl when pH[ 4.0

and a steric hindrance effect appears, and then metal ions

cannot pass through the pore which lead to a relative slow

increase in Cu2? and Co2? removal efficiency.

Effect of initial metal ion concentration

Metal ions can be adsorbed onto certain amount of zeolite.

In that way, attentions should be paid to investigate the

influence of initial ion concentration on metal ions

removal. The relationship between sorption capacity and

the initial concentration (ranged from 10 to 200 mg/L) is

shown in Fig. 3. As it can be observed clearly, a rise of

initial ion concentration contributes to an increase in metal

Fig. 2 Scanning electron microscopy image (a) and energy-disper-

sive X-ray spectrometer spectrum with element content (b) of zeolite
synthesized from coal gangue
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ion adsorption capacity to a certain point and then reaches

a climax, which could be explained by the saturation of

adsorption active sites. Additionally, the figure also

demonstrates that metal ions were almost removed within

the first 40 min though relative longer time was needed to

reach equilibrium at higher initial metal concentration

when compared with lower ones for both of the cases.

Sharp adsorption at the beginning can be ascribed to the

greater metal ion concentration difference during the first

several minutes, which exhibits stronger adsorption driver

force.

Kinetic studies

Further information about the reaction route and mecha-

nism in an adsorption system can be revealed by the

adsorption kinetic studies. Moreover, deep insights into the

solute adsorption can be obtained through the analysis of

the adsorption experiment data using proper sorption

kinetic models (Ho and McKay 1999). It can also help to

determine the remnant time needs to reach equilibrium at

the solid–solution interface. So far, several sorption kinetic

models have been proposed to understand the adsorption

characteristics. Among them, the most widely used were

pseudo-first-order equation, pseudo-second-order equation,

intra-particle diffusion model, and liquid film diffusion

model.

The pseudo-first-order adsorption kinetic model used to

describe adsorption in a liquid–solid system can be

expressed as

logðqe � qtÞ ¼ logðqeÞ �
K1

2:303
t ð4Þ

where qe (mg/g) and qt (mg/g) refer to the amount of

adsorbed metal ions on zeolite NaX at equilibrium and time

t, respectively. t is the reaction time (min) and K1 (min-1)

represents the pseudo-first-order adsorption rate constant.

K1 and qe can be obtained from the slope and intercept in

log (qe-qt) against t plot, respectively.

The pseudo-second-order kinetic model is expressed as

t

qt
¼ 1

K2q2e
þ t

qe
ð5Þ

where qe (mg/g) and qt (mg/g) mean the amount of

adsorbed metal ions on zeolite NaX at equilibrium and at

time t, respectively. K2 (g/(mg�min)) is the pseudo-second-

order rate constant. K2 and qe can be known through the

graph of t/qt versus t.

To calculate the above rate constants, the pseudo-first-

order equation and pseudo-second-order equation were

employed to fit sorption data of Co2? and Cu2? (under five

different concentrations) with a fixed adsorbent dose. The

values of the reaction rate constants and correlation coef-

ficients are listed in Table 1. A comparison between the

pseudo-first-order and pseudo-second-order kinetic rate

constants suggests that Co2? and Cu2? adsorption by

zeolite NaX closely follows the pseudo-second-order

kinetic rather than the other one. This is clearly exhibited in

Table 1, since the values of qe obtained from pseudo-sec-

ond-order kinetic equation was found to be closer to the

experimental qe value, whereas pseudo-first-order qe value

did not agree with the experimental qe.

The intra-particle diffusion model is represented as

qt ¼ Kidt
1
2 þ C ð6Þ

where Kid (mg/(g min-1/2)) is the intra-particle diffusion

rate constant. qt is the amount of metal ions adsorbed at

time t and C (mg/g) is a constant proportional to the

thickness of boundary layer (Arivoli and Ravichandran

2013). Applying the intra-particle diffusion model to the

Fig. 3 Relationship between contact time and adsorption capacity at

different initial metal ion concentrations
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experimental data of Co2? and Cu2? adsorption, the fitting

plot did not give straight lines to pass through the origin

(Fig. 4). This may indicate that the mechanism of removal

of Co2? and Cu2? by the synthesized zeolite NaX is

complex, and the surface adsorption as well as intra-par-

ticle diffusion contributes to the rate-determining step

(Salam 2013; Thamilarasu and Karunakaran 2013).

The liquid film diffusion is another kinetic model that

assumes the flow of the adsorbate molecules through a

liquid film surrounding the solid adsorbent is the slowest

step in an adsorption process and it thus determines kinetic

of the process (Salam 2013). The liquid film diffusion

model is given by the following equation (Salam 2013)

lnð1� FÞ ¼ �Kfd � t ð7Þ

where F = qt/qe, the proportion of equilibrium achieve-

ment. Kfd (min-1) is the film diffusion rate coefficient. A

linear plot of -ln(1-F) versus t with zero intercept sug-

gests that the kinetic of the adsorption process is controlled

by diffusion process when passing through the liquid film.

The liquid film diffusion model fitting plot did not cover all

the experimental data points well and did not provide a

straight line through the origin (Fig. 5). It indicates that the

liquid film diffusion model was not the only determining

step (Salam 2013).

Adsorption isotherm

The adsorption isotherm is the relationship between equi-

librium concentration of the solute in the solution and

Fig. 4 Intra-particle diffusion model for Cu2? and Co2? adsorbed

onto zeolite synthesized from coal gangue

Fig. 5 Film diffusion model plot graphs for Cu2? and Co2? adsorbed

onto zeolite synthesized from coal gangue

Table 1 Sorption kinetic parameters

Concentration (mg/L) Metal ions qe, exp (mg/g) Pseudo-first-order kinetic model Pseudo-second-order kinetic model

qe, cal (mg/g) K1 (min-1) R2 qe, cal (mg/g) K2 (g/mg/min) R2

10 Co2? 5.10 4.02 0.026 0.906 5.12 0.2 0.9677

Cu2? 3.14 0.87 0.017 0.881 3.16 0.12 0.9851

20 Co2? 7.55 0.72 0.021 0.837 7.51 0.15 0.9996

Cu2? 7.88 1.82 0.017 0.73 7.89 0.11 0.9999

50 Co2? 18.05 1.14 0.015 0.779 18.07 0.016 0.9966

Cu2? 20.85 3.3 0.014 0.181 19.45 0.06 0.9731

100 Co2? 42.34 10.13 0.015 0.619 42.37 0.0099 0.9993

Cu2? 45.76 2.34 0.01 0.543 45.77 0.046 0.9997

200 Co2? 53.85 7.72 0.0083 0.744 53.82 0.0087 0.9997

Cu2? 85.60 8.19 0.01 0.625 85.4 0.007 0.9982

qe, cal represents the amount of metal ions adsorbed on the zeolite by modeling calculation at equilibrium

qe, exp represents the experimental amount of metal ions adsorbed on the zeolite
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quantity of the adsorbate adsorbed by sorbent at constant

temperature (Yuan et al. 2013). In the study, the experi-

mental adsorption data were fitted with the most widely

used isotherm models, that is, Langmuir, Freundlich,

Temkin, and Dubinin–Radushkevich isotherm models

(Erdem et al. 2004; Srividya and Mohanty 2009; Göde

et al. 2010; Abdelnaeim et al. 2016; Chaudhry et al.

2017a, b).

The Langmuir model is based on the assumption that the

uptake of metal ions occurs on a homogeneous surface by

monolayer adsorption without any interaction between

adsorbed ions (Srividya and Mohanty 2009; Abdelnaeim

et al. 2016). The model further hypothesizes that the energy

is same for all the active adsorption sites. The Langmuir

isotherm model represents the equilibrium distribution of

metal ions between the solid and liquid phases. The linear

form of Langmuir equation is given as (Zhao et al. 2010;

Arivoli and Ravichandran 2013)

Ce

qe
¼ 1

bqm
þ Ce

qm
ð8Þ

where Ce (mg/L) is the equilibrium concentration of metal

ion in solution. qe (mg/g) is the amount of metal ion

adsorbed at equilibrium. qm (mg/g) is the maximum metal

ion uptake per unit mass of the adsorbent, which relates to

adsorption capacity. b is the Langmuir constant (L/mg)

which relates to the adsorption rate. The qm and b can be

determined from Ce/qe versus the Ce plot which gives a

straight line of slope 1/qm and intercept 1/(bqm). According

to the Langmuir model, the maximum adsorption capacity

of zeolite NaX is 44.53 mg/g for Co2? and 45.05 mg/g for

Cu2? (Table 2).

The essential characteristics of Langmuir adsorption

isotherm can be explained in terms of dimensionless con-

stant called separation factor or equilibrium parameter, RL

(RL = 1/(1 ? bC0)), where b is the Langmuir constant (L/

mg) and C0 is the initial concentration of metal ions. Four

adsorption types were categorized according to the value of

separation factor RL (Arivoli and Ravichandran 2013): (1)

favorable adsorption, 0\RL\ 1; (2) unfavorable adsorp-

tion, RL[ 1; (3) linear adsorption, RL = 1 and (4) irre-

versible adsorption, RL = 0. RL is a positive number whose

magnitude determines the feasibility of the adsorption pro-

cess (Srividya and Mohanty 2009). The values of RL for

Co2?and Cu2? adsorption on the synthesized zeolite NaX

are all between 0 and 1, indicating that the synthesized

zeolite NaX is an appropriate adsorbent for Co2? and Cu2?.

The Freundlich isotherm is the most frequently used to

describe the adsorption of inorganic and organic compo-

nents in solution (Hui et al. 2005). This fairly satisfactory

empirical isotherm can be applied to a non-ideal sorption

that involves heterogeneous sorption, and it is expressed as

log qe ¼ logKF þ 1

n
logCe ð9Þ

where Ce (mg/L) is the equilibrium concentration. KF (mg/

g(L/mg)1/n) is roughly an indicator of the adsorption

capacity and 1/n is the adsorption intensity of metal ion on

the synthesized zeolite NaX. The magnitude of the expo-

nent 1/n gives an indication of the favorability of adsorp-

tion. By plotting log qe versus log Ce, values of KF and 1/

n can be calculated from the slope and intercept of the plot.

Table 2 shows that the 1/n values for Co2? and Cu2? are

between 0 and 1, implying a favorable adsorption (Ab-

delnaeim et al. 2016).

Temkin isotherm is based on the assumption that the

heat of adsorption of all molecules in the layer decrease

linearly with the coverage of adsorbent surface. The iso-

therm is applicable for adsorption on heterogeneous solid

adsorbent surface and liquid adsorbate. The linearized

mathematical form of Temkin isotherm is (Abdelnaeim

et al. 2016; Chaudhry et al. 2017a, b)

qe ¼
RT

bT
lnAT þ RT

bT
lnCe ð10Þ

where Ce (mg/L) is the equilibrium concentration; AT (L/

mg) and bT (kJ/mol) are Temkin constants related to

equilibrium binding constant (L/mol) which is related to

the maximum binding energy and heat of adsorption,

respectively; R is the gas constant; T (K) is the temperature.

The values of AT and bT for Co
2? and Cu2? were calculated

from the slope and intercept of the plots qe versus lnCe

plots, and the results are given in Table 2. The regression

coefficient values for Co2? (0.998) and Cu2? (0.996)

indicate that the adsorption data were well fitted to Temkin

isotherm model. Table 2 shows that the Temkin constant

bT related to heat of adsorption for Co2? and Cu2? is 0.261

and 0.264 kJ/mol, respectively. It has been reported that

Table 2 Parameters of different isotherms for Co2? and Cu2? adsorption onto zeolite synthesized from coal gangue

Metal ions Langmuir Freundlich Temkin Dubinin–Radushkevich

qm mg/g b L/mg R2 KF mg/g(L/mg)1/n 1/n R2 AT L/g bT kJ/mol R2 qs mg/g kad R2

Co2? 44.53 0.039 1.0 0.32 0.43 0.798 0.392 0.261 0.998 19.94 7E-06 0.996

Cu2? 45.05 0.037 0.987 0.77 0.36 0.824 0.364 0.264 0.996 19.37 8E-06 0.994
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the typical range of bonding energy for ion-exchange

mechanism is 8–16 kJ/mol (Chaudhry et al. 2017b), and

the low values in this study indicate a weak interaction

between metal ions (Co2? and Cu2?) and the synthesized

zeolite NaX (Chaudhry et al. 2017b). These results com-

plemented Langmuir and Freundlich isotherm results.

Dubinin–Radushkevich isotherm model is applied to

determine the nature of sorption process and the mean

energy of sorption (Abdelnaeim et al. 2016). The linear

form of Dubinin–Radushkevich isotherm is represented as

(Abdelnaeim et al. 2016; Chaudhry et al. 2017a, b)

ln qe ¼ ln qs�kade
2 ð11Þ

where kad is the Dubinin–Radushkevich constant related to

mean free energy of adsorption (mol2/kJ2); qs is theoretical

Dubinin–Radushkevich monolayer saturation adsorption

capacity (mg/g), and e is Polanyi potential which is equal

to RTln(1 ? 1/Ce). R and T are gas constant and temper-

ature in Kelvin scale, respectively. The slope and intercept

of the straight line plot of lnqe versus e2 gave kad and qs.

The mean free energy of sorption can be calculated using

the following equation

E ¼ 1=
ffiffiffiffiffiffiffiffi

2kda
p

ð12Þ

If the value of E is between 8 and 16 kJ/mol, the

adsorption process proceeds by ion exchange or

chemisorption, and if the value of E less than 8 kJ/mol, the

adsorption process is of a physical nature (Abdelnaeim

et al. 2016). The values of E for Co2? and Cu2? are

\8 kJ/mol, implying the adsorption of Co2? and Cu2? on

the synthesized zeolite NaX is a physical process.

The correlation coefficients demonstrate that Lang-

muir, Temkin, and Dubinin–Radushkevich models ade-

quately fitted the data for Co2? and Cu2? adsorption

(Table 2). Such an observation gives a suggestion of

monolayer adsorption of metal ions on the surface which

means monolayer coverage of adsorption sites distribu-

tion (Kumar and Chawla 2014). Furthermore, adsorption

capacity of Cu2? and Co2? calculated from Langmuir

model were compared with the similar adsorbents

(Erdem et al. 2004; Hui et al. 2005; Apiratikul and

Pavasant 2008) in Table 3, from which we can know

that the synthesized zeolite NaX has the relative strong

adsorption capacity in removing heavy metal ions. On

the other hand, the adsorption capacity order determined

from Fig. 3 is Co2?\Cu2?.

Several factors, such as zeolite framework and hydrated

radius sizes of the metal ions may lead to such a contra-

diction. From the point of the structure, coal gangue-

derived zeolite NaX has a wide range distribution of

effective pore diameter (6.6 Å, 7.4 Å and 8.4 Å)(Chen and

Lu 2017). A specific structure zeolite can play as a retainer

for the separation of metal ions that have different

hydrated radius. If the size of the metal hydrated radius is

greater, compared with the adsorbent, it cannot pass

through it. In fact, the hydrated radius of Co2? (4.23 Å) is

higher than Cu2? (4.04 Å)(Tansel et al. 2006), which can

elucidate the adsorption sequence in our experiment,

namely, Co2?\Cu2?. According to the study (Xu et al.

2010), the hydrogen may replace the exchangeable alkali

ions (Na?) that exist within the structure, leading to a raise

of solution pH. The calculated beginning precipitation pH

concerns Co2? and Cu2? is 7.94 and 5.74 under the

adsorption condition, respectively. Turan et al. (2005)

argued that the abated metal ion concentration equals to

adsorption plus precipitation in a zeolite adsorption sys-

tem. Quicker precipitation happens to Cu2? rather than

Co2?, which contributes to faster precipitation of Cu2?

and higher adsorption capacity under experimental condi-

tion. Furthermore, we propose that adsorption is a process

depends on the variety of adsorbents as well as experiment

conditions.

Table 3 Comparison of the

Langmuir constants for Cu2?

and Co2? adsorption onto

adsorbents

Adsorbent Adsorbate qm (mg/g) References

Coal fly-ash-derived zeolite NaX Cu2? 90.88 Apiratikul and Pavasant (2008)

Coal fly-ash-prepared zeolite 4A Cu2? 50.45 Hui et al. (2005)

Co2? 13.72 Hui et al. (2005)

Commercial zeolite 4A Cu2? 53.45 Hui et al. (2005)

Co2? 11.52 Hui et al. (2005)

Natural zeolite Cu2? 8.97 Erdem et al. (2004)

Co2? 14.39 Erdem et al. (2004)

Coal gangue-derived zeolite NaX Cu2? 45.05 This paper

Co2? 44.53 This paper
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Conclusion

The present study shows that the coal gangue was suc-

cessfully converted into zeolite NaX with a specific area of

676.02 m2/g and wide pore size distribution. Batch exper-

iments suggests that the coal gangue prepared zeolite NaX

exhibits great affinity to metal ions such as Co2? and Cu2?.

Such a process was strongly depends on the initial metal ion

concentration and pH of the aqueous solution. Longer time

was necessary to reach equilibrium at higher initial metal

ion concentration than lower ones. Kinetic adsorption

mechanism studies indicated that the mechanism of

removal of Co2? and Cu2? by the synthesized zeolite NaX

was controlled by surface adsorption, intra-particle diffu-

sion, and film diffusion. Langmuir model demonstrates a

higher correlation coefficient compared with Freundlich

model for Co2? and Cu2?, signifying monolayer coverage

of active sites on the surface of the zeolite NaX. The

adsorption capacity determined from Langmuir model was

44.53 and 45.05 mg/g for Co2? and Cu2?, respectively.

Temkin and Dubinin–Radushkevich models indicate that

the adsorption of Co2? and Cu2? on the synthesized zeolite

NaX is a physical process. Above findings suggests that coal

gangue-derived zeolite NaX can be used as an alternative

economical adsorbent for metal ions removal.
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