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a b s t r a c t

The adsorption of nickel ions in an aqueous solution system was measured using zeolitic imidaz-
olate framework-8 (ZIF-8) nanoadsorbent. ZIF-8 crystals were synthesized using the hydrothermal 
method. Nanoadsorbent was characterized by FTIR, XRD, SEM and N2 adsorption analysis. ZIF-8 
crystals showed a high surface area of 1303 m2/g and particle size 100–150 nm. The Langmuir and 
Freundlich isotherms model were used to analyze the data. The sufficiently high R2 value of 0.996 
resulted from the Langmuir isotherm model demonstrated the perfect performance of this model. 
The kinetic data were analyzed using the pseudo-first-order and pseudo-second-order models of 
types 1–4. Kinetic studies of the adsorption showed that the adsorption process followed the pseu-
do-second-order kinetics model of type 2. Experimental data showed that the maximal adsorption 
capacity of nickel by ZIF-8 adsorbent was 69.36 mg/g at initial metal ions concentration 25 mg/L at T 
= 25°C and pH 7.0. Desorption of nickel from spent ZIF-8 was carried out using 0.1 M EDTA solution 
effectively and recycled at least four times. No reduction in adsorption efficiency was observed up 
to 3 cycles of adsorption–desorption. The results confirmed the applicability of ZIF-8 as an effective 
nanoadsorbent for the removal of nickel ions from aqueous solutions. 
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1. Introduction

Recently, the removal of toxic heavy metal ions from 
wastewater has been widely studied because of their 
dangerous effects on all organisms including human 
[1–4]. Nickel is usually presented in the effluents of silver 
refineries, industrial wastewater from mining, electro-
plating, zinc base casting and storage battery industries. 
The maximum permissible concentration of nickel in 
drinking water should be limited to 0.02 mg/L accord-
ing to US-EPA report. In humans, nickel can directly lead 

to emerging serious problems in human including, but 
not limited to, dermatitis, allergic sensitization, lungs, 
kidneys, skin and nervous system damages. It is also 
known as carcinogen [5,6]. As a result of toxic effects of 
nickel to human and animal life, it is important to treat 
industrial effluents polluted with nickel ions before their 
discharge into the receiving water bodies [7]. Conven-
tional methods for the removal of nickel from wastewa-
ters are including chemical precipitation, ion exchange, 
filtration, chemical reduction, electro-deposition and 
adsorption [8–10]. However, it is necessary to use an 
economical, effective, and reliable technique for nickel 
removal due to operational demerits, complexity and 
high cost of the treatment. Due to its comparatively low 
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cost, wide range of applications, simplicity of design, 
easy operation, low harmful secondary products and fac-
ile regeneration of the adsorbents, adsorption has been 
considered as the best decontamination technique [5,11].  
There have been numerous types of sorbents for nickel 
removal; however, the adsorption capacity of conven-
tional sorbents is generally limited by their chemical 
properties and irregular pore structures [12].

Metal–organic frameworks (MOFs) are hybrid materi-
als formed during the crystallization of transition metal 
clusters and functionalized organic ligands coordinating 
to form one, two and three dimensional porous rigid struc-
tures. MOFs have been considered to be novel adsorbents 
for a variety of applications, because of their high surface 
areas, large pore volumes, tunable pore geometries, and 
versatile chemical compositions. In a similar vein, zeolitic 
imidazolate frameworks are a sub-family of MOFs which 
consist of M-Im-M (where M stands for Zn, Co cation and 
Im stands for the imidazolate linker) formed by a self-as-
sembly approach [13]. If imidazole linkers tetrahedrally 
coordinated with the metallic secondary building units, 
bond angles can be formed that mimic those of the silicon 
and oxygen ions in the formation of zeolites. Therefore, it 
is possible to synthesize ZIFs in the same topological con-
formations of aluminosilicate zeolites [14]. In addition to 
typical properties of MOFs including high porosity, tailor-
able cavity sizes and good affinity with organic polymers, 
ZIFs are of some special characteristics such as exceptional 
thermal stability and outstanding chemical resistance 
[13,15]. Among various ZIFs materials, ZIF-8 crystals will 
be studied more in depth. There are two main components 
in a typical ZIF-8 synthesis: a zinc source and the bridg-
ing ligand 2-methylimidazole (Hmim). ZIF-8 has SOD 
topology and pore aperture of 0.34 nm [16]. ZIF-8 exhib-
its superior thermal stability (up to 400°C) and remark-
able resistance to water and to boiling in organic solvents 
such as benzene and methanol [14,17]. Previously, ZIF-8 
has been widely investigated in gas separation, hydrogen 
storage, carbon dioxide capture, organic size selective sep-
aration and catalysis [18–21]. ZIF-8 crystals could be an 
attractive sorbent for nickel ions removal because of its 
ultrahigh porosity, high chemical stability and hydropho-
bic nature. In the current study, the feasibility of adsorptive 
removal of nickel ions by ZIF-8 crystals is systematically 
investigated.

The main objective of the current research is to investi-
gate the feasibility of using ZIF-8 crystals for the removal 
of nickel ions from aqueous solution by varying parame-
ters of agitation time, nickel ions concentration, pH and 
ZIF-8 concentration. Although the adsorptive removal of 
nickel ions by using different adsorbents modified holly 
sawdust [22], activated carbon prepared from coirpith 
[23], Peganum harmala-L [24], almond husk [25], natural 
zeolite [26] and Sawdust Xanthate modified with ethanedi-
amine [27] has been reported, there is not an experimental 
investigation about the application of robust and highly 
porous ZIFs structures for removal of nickel ions in the lit-
erature. Herein, for the first time, we report the adsorption 
of nickel ions from water on ZIF-8 material. ZIF-8 crystals 
were synthesized in aqueous solution by consuming excess 
2-methyimidazole (2-Hmim). The prepared ZIF-8 crystals 
were characterized by analyzing scanning electron micros-

copy coupled with energy-dispersive X-ray spectroscopy 
(SEM-EDX), powder X-ray diffraction (PXRD), accelerated 
surface area and porosimetry (ASAP) and Fourier trans-
form infrared spectroscopy (FT-IR). The performance on 
nickel ions adsorption was assessed, in detail, in terms of 
adsorption kinetics and isotherm. The adsorption mecha-
nism of nickel ions on ZIF-8 crystals was analyzed by Fou-
rier transform infrared spectroscopy (FT-IR), and EDXS 
(energy-dispersive X-ray spectroscopy). The results can 
provide new insights to the application of ZIFs for water 
treatment. 

2. Experimental

2.1. Materials

Zinc nitrate hexahydrate (Zn, Zn(NO3)26H2O), 
2-methylimidazole (Hmim, C4H6N2) and EDTA were pur-
chased from Merck commercially available chemicals. They 
were used without further purification. A stock solution of 
1000 mg/L of nickel was prepared by dissolving necessary 
amount of nickel nitrate [(Ni (NO3)2·6H2O)] salt in Ultra-
pure water, acidified with nitric acid to prevent hydroly-
sis. All the solutions were made with ultrapure water. All 
volumetric flasks and vessels were cleaned by soaking in 
10% HNO3 for at least 24 h and rinsed several times with 
deionized (DI) water.

2.2. Synthesis of ZIF-8 crystals

ZIF-8 crystals were synthesized according to the route 
reported by Lestari [16]. Briefly, in a typical procedure, 0.29 
g of Zn (2.5 mmol) was dissolved in 10 mL of DI water and 
then, was added to a solution consisting of 4.54 g of Hmim 
(0.15 mol) in 70 mL of DI water. After 5 min, it was transferred 
into a 100 ml Teflon autoclave and was heated in Memeret 
oven (Germany) at 120°C for 24 h. After cooling, the prod-
ucts were collected by repeated centrifugation (12000 rpm, 
30 min), washed by DI water and methanol for four times, 
and finally were dried at 65°C overnight in a drying oven. 
The final molar composition of the synthesis solution was 
 Zn2+: Hmim: water = 1:70: 1200.

2.3. Batch nickel ions adsorption experiments

The nickel adsorption isotherms of ZIF-8 crystals 
were studied at pH 2–7. All the nickel adsorption exper-
iments were carried out at environmental temperature 
(25°C). Before adsorption experiments, the ZIF-8 suspen-
sion was treated in an ultrasound bath for 5 min to avoid 
the aggregation of ZIF-8 crystals. Adsorption isotherm 
experiments were conducted in 250 mL shaking flasks 
containing 50 mL of nickel ions solution. The initial con-
centrations of nickel in the solution were 5, 20, 50 and 
80 mg/L. The pH values of the solutions were adjusted 
to 2, 4, 6 and 7, using solutions of 0.01 mol/L HNO3 and 
NaOH. After adding various amounts of ZIF-8 crystals 
(0.0125, 0.25, 0.5, 0.75 g/1000 ml) to the nickel ions solu-
tion, these flasks were shacked on a shaker for 24 h at 
170 rpm. The equilibrium time (420 min) was determined 
from kinetic data when pH = 7, adsorbent dosage = 0.5 
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g/1000 ml, and initial nickel ions concentration = 20 
mg/L. In each adsorption experiment, 50 mL of nickel 
ions solution of known concentration and pH was added 
to 0.5 g of ZIF-8 crystals in a 250 mL Erlenmeyer flask 
and the mixture was mixed by a rotary mixer (Heidolph, 
D-8420 Kelheim, Germany) at 170 rpm for 9 h. Then, the 
aqueous samples were centrifuged (Sigma 3-18KS) at 
10000 rpm for 10 min to remove adsorbent and then they 
were analyzed for nickel ions.

The residual nickel ions in the solution were measured 
by an atomic absorption spectrometer. In order to obtain 
the adsorption capacity qe, the amount of ions adsorbed per 
unit mass of adsorbent (mg/g) at equilibrium was calcu-
lated by using the following Eq. (1) [28].

q C C
v
we e= −( )0  (1)

where Co and Ce (mg/l) are initial and equilibrium concen-
trations, respectively, V (L) is the volume of solution, and W 
(g) is the mass of the adsorbent.

Finally, Co ions removal efficiency was calculated using 
Eq. (2) [29]:

Removal efficiency %=
( )

×
−C C

C
e

e

0 100  (2)

2.4. Determination of pH point of zero charge (pHPZC)

The pH point of zero surface charge of ZIF-8 was deter-
mined using the solid addition method [30]. 50 ml of 0.01 
M NaCl solution were transferred to a series of 250 ml 
stoppered conical flasks. The Initial pH (pHi) values of the 
solutions were adjusted between 2 and 12 by adding either 
0.1 M HCl or NaOH and were measured using a pH meter 
(Crison Basic 20). The pHi of the solution was then accu-
rately noted. 0.05 g of ZIF-8 was added to into the flask con-
taining 50 ml of NaCl solution. The suspensions were kept 
shaking for 24 h in an air tight condition at 200 rpm and 
25°C. The final pH values of the supernatant liquids were 
measured and noted. The difference between the initial and 
final pH (pHf) values (∆pH) was plotted vs. pHi (x axis).The 
point of intersection of the resulting curve with the pHi axis, 
i.e. at ∆pH = 0, gave the pHPZC. 

2.5. Desorption studies

Desorption of nickel ions from the spent ZIF-8 crys-
tals was done with different concentrations of EDTA solu-
tion (0.05–0.1 M) and H2O. The spent ZIF-8 crystals (0.5 g) 
were placed in a beaker with 100 mL of EDTA solution in 
the appropriate concentration and with 100 mL of H2O. 
The solution pH was adjusted to 7.0 and the system was 
then mixed using a magnetic stirrer (Ika Werke GmbH, 
Germany) for the optimum contact time at T = 25°C; at 
the end of which the suspension was centrifuged and the 
concentrations of the desorbed nickel ions solutions were 
determined. All measurements of adsorption as well as 
desorption test were repeated three times. The presented 
values are averaged. The regenerated ZIF-8 sample was 
reused in three cycles after desorption of nickel using 0.1 

M EDTA solution in experimental condition similar to first 
experiment. 

2.6. Characterization

Powder XRD patterns were recorded at room-tempera-
ture on powder X-ray Diffractometer (Seifert, Germany 
3003 PTS) with CuKa radiation (40 kV, 30 mA). The X-ray 
scanning speed was at a step size of 0.05° and 2 s step time 
from 5° to 50°. The relative crystallinities were calculated 
based on the six characteristic peaks of ZIF-8 at Bragg angles 
of 7.44, 10.48, 12.90, 14.87, 16.63 and 18.24 [14,31]. The sur-
face morphologies and elemental compositions of products 
were examined by SEM (MIRA\\TESCAN) coupled with 
Energy-Dispersive X-ray Spectroscopy (EDX). The relative 
contents of nickel ions in sample were measured through 
EDX spectra. The pH of solution was measured by a pH 
meter (CRISON BASIC 20). FTIR spectra were taken on 
powder samples supported in KBr pellets with NEXUS 870 
spectrometer in dry air at room temperature. Spectra were 
taken in the range of 500–4000 cm–1 in transmission mode. 
Nitrogen adsorption–desorption isotherms were measured 
at liquid nitrogen temperature (77 K) using a volumetric 
adsorption analyzer (Micromertics ASAP 2020). Before the 
porosity analysis, samples were pre-dried in an oven and 
then degassed for 6 h at 200°C. Brunauer-Emmett-Teller 
(BET) surface area, Langmuir model surface area, and 
micropore volume were calculated from the nitrogen 
adsorption–desorption isotherms. The total pore volume 
and micropore volume were calculated from the amount of 
nitrogen adsorbed at P/P° of 0.99 and via the t-plot method, 
respectively. The Barrett–Joyner–Halenda (BJH) method 
was applied to determine Pore-size distributions. Nickel 
ions concentration was measured by atomic absorption 
spectrometer machine (Shimadzu AA-670). 

3. Results and discussion

3.1. Characterization of ZIF-8 crystals

Fig. 1a, presents XRD patterns of the ZIF-8 crystals. 
It can be seen that the synthesized ZIF-8 is highly crystal 
and the XRD patterns are in good agreement with previ-
ous observations [16]. Clearly, adsorption of nickel metal 
ions by ZIF-8 crystals has no obvious effect on the crystal-
linity of ZIF-8, while the intensities of the X-ray peaks of 
ZIF-8 crystals are slightly lower than those of virgin ZIF-8 
crystals. The observed decrease in peaks may be resulted 
from the absorption of nickel ions on the surface of ZIF-8 
crystals. Morphology and chemical composition of the 
ZIF-8 samples were characterized by SEM (Fig. 1b, c) and 
EDX. The crystals of ZIF-8 sample are homogeneous with 
a hexagonal shape and the average particle size about 
100–150 nm. Fig. 1c shows that there is no change in the 
morphology and particle size of ZIF-8 after adsorption 
process. The EDX spectra of the ZIF-8 sample (Fig. 1f) dis-
play the homogeneous distribution of C, N, and Zn ele-
ments in ZIF-8 nanoparticles. The percentage of Zn, N and 
C elements were of 31.84 wt%, 21.97 wt% and 46.20 wt%, 
respectively. Fig. 1g confirms the presence of nickel in the 
ZIF-8 sample after adsorption. N2 adsorption-desorption 
isotherms of the ZIF-8 sample were investigated to analyze 



Z. Roostan et al. / Desalination and Water Treatment 103 (2018) 141–151144

the pore structure and specific surface area. As shown in  
Fig. 1d ZIF-8 exhibit typical type-I adsorption isotherm with 
high N2 adsorption quantities at low pressure due to the 
micropores structures; while a second uptake at high rela-
tive pressure indicates the existence of textural mesoporos-
ity formed by packing of ZIF-8 crystals. Total pore volume 
and micropores volume of the resulting ZIF-8 are about 0.73 
and 0.55 cm3/g, respectively. BET and Langmuir surface 
areas are 1303 and 1716 m2/g, respectively and These values 
are relatively close to the ones reported in the literature [16]. 
Pore size distribution of the prepared ZIF-8 calculated from 
the desorption isotherm using the Barrett–Joyner–Halenda 
(BJH) method (Fig. 1e) indicates the presence of micropores 
with an average pore diameter less than 5 nm. The step orig-
inates from interparticle mesopores, proving the both micro 
and mesoporosity of the ZIF-8 crystals powders. There are 
some beneficial effects of mesoporosity of the adsorbents 
for fast mass transport kinetics; the existence of mesopores 
can also help to easily regeneration of the used adsorbents  
[32,33]. Figs. 2a, b show the adsorbent’s FTIR spectra, 
before and after adsorption of nickel ions, respectively. 
The changes in the surface functional groups of of ZIF-8 
after adsorption of nickel ions were also confirmed by 
FTIR spectra through the changes in the positions of some 
the peaks as well as the appearance of some new peaks. 
The band at 2956 cm–1 is attributed to the C-H stretching 
mode of the methyl group while the peak at 3135 cm–1 is 

attributed to the aromatic C–H stretch of the imidazole; 
the band in the range of about 3250–3400 cm–1 is due to the 
N-H bond stretch. The peak at 1584 cm–1 can be assigned 
to the C=N stretch in the imidazole ring [34]. The peak at 
1678 cm–1 is attributed to the bending N–H vibration of 
the Hmim [35]. The intense and convoluted bands at 1427 
cm–1 are associated with the entire ring stretching. The 
bands at 690 and 755 cm–1 in the finger print region are 
associated with out-of-plane bending of the Hmim ring 
(675–900 cm–1), whereas peaks in the region of between 900 
and 1350 cm–1 arise from the in-plane bending [36]. A peak 
at 1308 cm–1 can be assigned to the C-N-C stretch mode.  
There is a FT-IR band at 3629 cm–1 and a broad absorption 
band at around 3420 cm–1 for the as-prepared ZIF-8. These 
two bands are assigned to free hydroxyl groups and hydro-
gen bonded hydroxyl groups, respectively [37]. Due to the 
limitation of our IR apparatus (i.e., for mid-IR measure-
ments only), the most interesting Zn–N stretch mode which 
is expected at 421 cm–1 cannot be observed. The FTIR spec-
trum of ZIF-8 crystals indicates significant changes after  
adsorption. The shifts in peak frequencies of C-H, N-H 
and O-H indicate that there are binding processes taking 
place on the surface of ZIF-8 crystals. Meantime, the bond 
at 531.76 cm−1 is disappeared, as it is shown in Fig. 2b, the 
531.76 cm−1 peak corresponds to nickel oxides exchange 
which have taken place from 531 to 821 cm−1. Further dif-
ference between Fig. 2a and Fig. 2b illustrated in new peak 

Fig.1. XRD diffraction patterns of (a) the simulated ZIF-8, synthesized ZIF-8 crystals and used ZIF-8 crystals after nickel adsorption, 
(b) FESEM images of ZIF-8 crystals before adsorption, (c) after nickel adsorption, (d) N2 adsorption/desorption isotherms of ZIF-8 
crystals, (e) Pore size distribution calculated from the desorption isotherm using the Barrett–Joyner–Halenda (BJH) method, (f) EDX 
spectra of ZIF-8 crystals sample before adsorption, (g) after adsorption.
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is detected at 1177 cm−1 (a short shoulder beside later 1144 
cm−1 peak) could be as pi to nickel interactions.

3.2. pH point of the adsorbent zero charge 

The point of zero charge (pHPZC) of an adsorbent is the 
pH value at which the total number of positive and neg-
ative charges on its surface becomes zero. The pH at the 
point of adsorbent zero charge (pHPZC) was measured by 
using the pH drift method [38]. It can be seen from Fig 3 
that the surface charge of the ZIF-8 adsorbent is equal to 9.2, 
where the ∆pH values are zero [39]. After nickel ions load-
ing, the pHPZC of ZIF-8 crystals decreased from 9.2 to about 
6.1. These results indicate that inner-sphere surface com-
plexes may be occurred during the nickel ions adsorption 
process on ZIF-8 crystals, because when outer-sphere sur-
face complexes are formed, the nickel adsorption is strongly 
dependent on ionic strength and cannot shift the pHPZC of 
ZIF-8 crystals [40,41].

3.3. Adsorption isotherms

In order to investigate the adsorption isotherm, Lang-
muir and Freundlich isotherm models were analyzed:

In the Langmuir model, metal ions occur on a homog-
enous surface by monolayer adsorption without any inter-

action between the adsorbed ions. The linear form of the 
Langmuir equation demonstrated as follows [42]:

C
q q K

C
q

e

e m L

e

m

= +
1

 (3)

where Ce is the equilibrium concentration of remain-
ing nickel ions in the solution (mg/L), qe is the amount 
of nickel ions adsorbed per mass unit of adsorbent at  
equilibrium (mg/ g), qm is the monolayer adsorption capac-
ity (mg/g), and b is the Langmuir constant (L/mg). The 
values of qm and KL can be determined from the linear plot 
of Ce/qe vs. Ce. The linear plot of the Langmuir isotherm is 
shown in Fig. 4a, while the model parameters are listed in 
Table 1.

The Freundlich model assumes that the uptake of 
metal ions occur on a heterogeneous surface by monolayer 
adsorption. Linear expression of this model is given by the 
following equation [43]:

log log logq K
n

Ce f e= +
1  (4)

where Kf and 1/n are the Freundlich constants characteris-
tic of the system indicating the adsorption capacity and the 
adsorption intensity, respectively. Fig. 4b shows the appli-
cability of this equation on the adsorption of nickel ions on 
ZIF-8 crystals. By plotting log qe vs. log Ce, values of Kf and n 
can be determined from the slope and intercept of the plot. 
When the Freundlich isotherm is applied to data obtained 
from Fig. 4b, the correlation coefficient (R2) is approximately 
0.887. However, the Langmuir correlation coefficients are 
found to be higher than 0.996. According to the results, the 
data fitted reasonably well on the Langmuir isotherm in the 
adsorption studies carried out by ZIF-8 crystals. Isotherm 

Fig. 2. FT-IR spectra of ZIF-8 crystals before (a) and after (b) 
nickel ions adsorption.

Fig. 3. pH point of zero charge (pHpzc) of the synthesized ZIF-8 
crystals.

Table 1
Isotherm constants for adsorption of nickel ions onto the ZIF-8 
crystals

Langmuir constants Freundlich constants

qm (mg/g) KL (L/mg) R2 Kf n R2

63.29 0.589 0.9961 20.89 5.2 0.8878
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constants for adsorption of nickel ions onto the ZIF-8 crys-
tals are given in Table 1. 

3.3. Adsorption kinetics

In order to evaluate the kinetic mechanism that controls 
the adsorption process, the three most widely used kinetic 
models, i.e. pseudo-first-order [44], pseudo-second-order 
[45] linear forms and intra-particle diffusion [46] were used. 
The pseudo-first-order equation is generally represented as 
follows:

log log
.

q q q
K

te t e−( ) = − 1

2 303
 (5)

The first-order rate constants k1 and qe can be deter-
mined from the slopes and intercept of plots of log (qe – qt) 
vs. t as shown in Fig.5.

The pseudo-second–order kinetic model has been 
linearized into four different types which are shown in  
Table 2 [47–49]. The most popular linear form is Type 1 
equation. Figs. 6a–d show experimental data with linear 
equations of the four pseudo-second–order kinetic mod-
els obtained using the linear method for the adsorption of 
the under investigated nickel ions onto ZIF-8 crystals. Val-
ues of the first and second-order kinetic model constants, 
k1 (min–1) and k (mg/g·min), the amount of the nickel ions 
(mg/g) adsorbed at equilibrium, qe, and the amount of 
the nickel ions (mg/g) adsorbed at time t, qt, are listed in  
Table 3. In the case of the pseudo-second-order kinetics 
model of type 2, the regression (R2) values calculated from 
the slopes of the curves shown in Fig. 6b, was 0.976 that 
there was a good agreement between the kinetic data of 
adsorption with the pseudo-second-order kinetics model of 
type 2.

The mechanism of nickel ions adsorption from  
aqueous solutions by ZIF-8 crystals was investigated 
using the intra-particle diffusion model. Since the pseudo 
first-order and the pseudo-second-order kinetic models 
provide little information about diffusion mechanism, the 
kinetic results were then analyzed by using the intra-parti-
cle diffusion model to determine the diffusion mechanism.  

Fig. 5. Pseudo-first-linear equation obtained by using the linear 
equations obtained from the linear method for the sorption of 
nickel ions onto the ZIF-8 crystals.

Table 2
Pseudo-second order kinetic model linear forms

Type Linear form Plot Parameter

Type 1
t
q Kq q

t
t e e

= +
1 1

2( ) t/qt vs t qe = 1/slope

Type 2
1 1 11

2q Kq qtt e e

= +






1/qt vs 1/t qe =1/intercept

K = intercept

Type 3 q qt
e

Kq

q
te

t
=

−










1
2

qt vs qt/t qe = intercept 

K = –1/intercept x slope 

Type 4
q
t

Kq kq qt
e e t= −2 2 qt/t vs qt

qe  = -intercept/slope

K = slope2/intercept

(a) (b) 

Fig. 4. Linear plots of Langmuir isotherm (a) and Freundlich isotherm (b) for nickel ions adsorption onto the ZIF-8 crystals.
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The intraparticle diffusion equation is the following:

Q K t Ct d= +1 2/  (6)

A linear plot of Qt  vs. t1/2  representing the intra-particle dif-
fusion model. The values of kd and C can be calculated from 
the slope and intercept, respectively (Table 3). According to 
the equation for intra particle diffusion mechanism, the plot of 
Qt vs. t1/2 should be linear if intra-particle diffusion is the only 
mechanism applicable. Fig. 7 shows that for nickel ions, the 
plots are not linear and do not pass through the origin imply-
ing that intra particle diffusion mechanism is not the only 
mechanism involved in the sorption of nickel ions. It can be 
deduced therefore that the sorption of nickel ions by ZIF-8 crys-
tals involve both physisorption and chemisorption processes.

3.4. Comparison of ZIF-8 crystals with other adsorbents

The values of maximum adsorption capacities of ZIF-8 
adsorbent for the removal of nickel ions are compared with 

 

(c) (d) 

(a) (b) 

Fig.6. Type 1 pseudo-second-linear equation, (a) Type 2 pseudo-second-linear equation, (b). Type 3 pseudo-second-linear equation, 
(c) and Type 4 pseudo-second-linear equation, (d). obtained by using the linear equations obtained from the linear method for the 
sorption of nickel ions onto the ZIF-8 crystals.

Table 3
Kinetics constants obtained by using the linear methods for the 
adsorption of nickel 

Pseudo-second-order models

k (L/min) qe (mg/g) R2

Type 1 0.0001 37.7 0.767

Type 2 0.0006 24.81 0.976 

Type 3  0.0005 27.35 0.556

Type 4 0.0002. 36.2 0.556 

Pseudo-first-order model

K1 (mg/g·min) qe (mg/g) R2 

0.0057 41.32 0.638  

Intra-particle diffusion model

Kd C R2

1.45 1.15 0.899
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those of other adsorbents as shown in Table 4. The results 
in Table 4 indicate that ZIF-8 crystals have comparable 
adsorption capacities with other adsorbents.

3.5. Effect of contact time and initial metal ion concentration

Fig. 8. shows the results for the effect of contact time 
on the amount of nickel ions removed from aqueous solu-
tion at an initial concentration of 20 (mg/L). The obtained 
results show that the adsorption increases by increasing 
contact time. It is clear from the graph that the rate of nickel 
ions sorption is slow, attaining equilibrium in 420 min. The 
relationship between the initial nickel ions concentration of 
the solution and the amount of nickel ions removed from 
aqueous solution is shown in Fig. 9. The figure indicates 
that when the concentration of nickel ions became higher, 
the amount of nickel ions removed from aqueous solution 
decreased since the numbers of available sites for adsorp-
tion are reduced due to saturation of adsorption sites. At a 

higher concentration of nickel ions, the ratio of initial num-
ber of moles of nickel ions to the adsorption sites available 
was higher, resulting in lower adsorption percentage, but 
the uptake of nickel ions increases with the increment of 
initial nickel ions concentration from 5 to 80 mg/l. At lower 
metal ions concentrations, the uptake is higher due to the 
larger surface area of the adsorbent being available for 
adsorption [61]. Moreover, with increasing the nickel ions 
concentration in the solution, the diffusion of nickel ions in 
the boundary layer increases resulting in higher sorption by 
ZIF-8 crystals.

3.6. Effect of pH

The effect of pH on the adsorption of nickel ions by 
ZIF-8 crystals in the range of 2–7. The pH of the aque-
ous solution is an important parameter that controls the 
adsorption process. Adsorption of different metals can be 
optimized at different pH values [62]. Moreover, the sorp-
tion of nickel ions by ZIF-8 crystals is also influenced by the 
surface properties of the sorbent and nickel ions presented 
in aqueous solution. However, the determination of the pH 

Table 4
Maximum capacity, qm (mg/g) for adsorption of nickel ions by 
various adsorbents

Adsorbent qm (mg/g) Reference

Parthenium hysterophorus 17.24 [50]
Rice husk 44.6 [51]
Multiwalled carbon nanotubes 6.09 [52]
Peat 61.27 [53]
Waste silica modified iron oxide 2.61 [54]
Delonix regia pods 9.98 [55]
Natural coated sand 1.08 [56]
Watermelon rind 35.30 [57]
wMNR 15.15 [58]
Waste of tea factory 15.26 [59]
Treated algae 44.2 [60]
ZIF-8 crystals 69.4 This study 

Fig. 8. Effect of contact time on nickel ions removal by ZIF-8 
crystals; (pH = 7, adsorbent dose = 0.5 g/1000 ml rotating speed 
= 170 rpm).

Fig. 9. Effect of initial nickel concentration on nickel ions remov-
al by ZIF- crystals; (pH = 7, adsorbent dose = 0.5 g/1000 ml, ro-
tating speed = 170 rpm and contact time = 24 h).

Fig. 7. Intraparticle diffusion mechanism for the adsorption of 
nickel ions onto ZIF-8 crystals.
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point of zero charge (pHPZC) can well explain and optimize 
nickel uptake on adsorbents at different pH ranges. It can 
be seen that pHPZC of the ZIF-8 crystals is around 9.2; the 
value of pHPZC implies that the surface of the ZIF-8 crystals 
is positively charged when solution pH is below 9.6, while 
the surface of ZIF-8 crystals becomes negatively charged at 
solution pH above 9.2. Fig. 10. shows the nickel adsorption 
on ZIF-8 at different solution pH. It can be observed that 
there is an increase in uptake of nickel ions from 0.8 to 69.4 
mg/g in solution with increased pH from 2 to 7 [63]. At low 
pH values, H+ ions compete with nickel ions for the sur-
face of the adsorbent which would hinder the nickel ions 
from reaching the binding sites of the adsorbent caused by 
repulsive forces. Also, the lower removal of nickel ions at 
pH 2–5 may be attributed to the solubility of used ZIF-8 
nano adsorbent. ZIF-8 is unstable under acidic pH condi-
tions and high concentration of Zn2+ was released into the 
solution indicating the dissolution of ZIF-8 crystals [36]. A 
higher pH value (7) can lead to more precipitation of metal 
hydroxides due to increase in hydroxide anion.

3.7. Effect of adsorbent dose 

The effect of varying amounts of ZIF-8 crystals in the 
range of 0.0125–0.75 g/L on the adsorption of nickel ions 
(20 mg/L) from aqueous solutions was shown in Fig. 11. 
The pH was adjusted to 7.0 using 1 M HNO3 or 1 M NaOH. 
The data show that the adsorption increases as the amount 
of ZIF-8 crystals increases which may be attributed to an 
increase in the number of binding sites available to adsorb 
metal ions. Moreover, 0.5 g/L dose of ZIF-8 crystals was an 
optimum one for further experiments.

3.8. Desorption test

The regeneration of the ZIF-8 crystals after adsorption 
is critical for its economic viability in practical applications. 
For this purpose a desorption test was carried out, using 
H2O and EDTA solution in various concentrations (0.05 and 
0.1 M) as the regenerating agent. The results presented in 
Table 5 indicate that H2O is a weak desorbing agent. This 

is evidence of a strong bond between the adsorbate and 
adsorbent. Only when EDTA solution was used a signifi-
cant increase in the degree of desorption achieved. Higher 
desorption efficiency was found to be obtainable if the con-
centration of the EDTA solution used as a desorbing agent 
increased. After regeneration, the sorbent was used again 
in four successive cycles. No significant difference in nickel 
adsorption capacity of ZIF-8 crystals was observed after 
two consecutive cycles. During regeneration, 93% of the 
removed arsenic was recovered in the first cycle, and then, 
87–83.3% arsenic was recovered in the subsequent cycles, 
but the recovery of nickel ions was reduced to 50.6 on fourth 
cycle (Fig. 12). The decrease in the adsorption capacity after 

Fig. 10. Effect of pH on the removal of nickel ions by ZIF-8 crys-
tals; (initial nickel concentration = 20 mg/L, adsorbent dose = 
0.5 g/1000 ml, rotating speed = 170 rpm and contact time = 24 h). 

Fig. 11. Effect of adsorbent dose on nickel removal by ZIF-8 crys-
tals; (pH = 7, initial nickel concentrations = 5, 20, 50, 80 mg/L, 
rotating speed = 170 rpm and contact time = 24 h).

Table 5
Desorption of nickel ions from the spent ZIF-8 crystals using 
H2O and EDTA solution

Initial metal ion 
concentration (mg/L)

Desorption percentage (%)

H2O EDTA 0.05 M EDTA 0.1 M
20 45 75 93

Fig. 12. The regeneration cycles of ZIF-8 for the adsorption of 
nickel at pH 7.0.
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four repeated cycles may be due to the accumulation of 
the un-desorbed nickel ions on some active sites of ZIF-8  
nanoadsorbant resulting in partial blockage of the active 
sites. In addition, the capacity reduction may also be due to 
loss of some ligand moieties from the surface of ZIF-8 after 
a few desorption cycles [64].

4. Conclusion

In summary, the ZIF-8 crystals were prepared by  
hydrothermal synthesis. The morphology of ZIF-8 crystals 
by scanning electron microscope (SEM) shows nanoparticle 
formation with a high surface area of 1303 m2/g. Fourier 
transform infrared spectroscopy (FT-IR) reveals the func-
tional groups of ZIF-8 crystals and the interaction with 
nickel ions, the hydroxyl and amine groups of crystals pro-
vide adsorption sites for nickel ions. ZIF-8 crystals possess 
high crystallinity by XRD pattern. The experiments were 
shown that ZIF-8 crystals are an effective adsorbent for the 
removal of nickel ions from aqueous solutions. The adsorp-
tion process was a function of the adsorbent dosage, initial 
nickel ions concentration, pH and time. Isotherm studies 
indicated that the Langmuir model fitted the experimental 
data better than Freundlich model. The adsorption equilib-
rium was described well by the Langmuir isotherm model 
with maximum adsorption capacity of 69.36 mg/g of nickel 
ions on ZIF-8 crystals. The kinetic behavior of metal toward 
the ZIF-8 crystals was well fitted by pseudo-second-order 
order Kinetics model of type 2 with regression value of 0.976 
and the result also indicated the presence of intraparticle 
diffusion on the sorption of nickel ions, although it was not 
the sole rate determining step. It can be deduced therefore 
that the sorption of Nickel ions by ZIF-8 crystals involve 
both physisorption and chemisorption Processes. The result 
obtained from the desorption study show that 0.1 M EDTA 
solution to be suitable for desorption of nickel from the 
spent ZIF-8 crystals even after four adsorption/desorption 
cycles. No reduction in adsorption efficiency was observed 
up to 3 cycles of adsorption–desorption studies.
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