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Abstract
The current study is focused on the facile synthesis of zeolitic imidazolate framework-8 (ZIF-8) at room temperature using 
three different solvents: ammonia solution (ZIF-8 (N)), aqueous solution (ZIF-8 (H)), and methanol (ZIF-8 (M)). The ZIF-8s 
produced have high crystallinity with different sizes and shapes. The morphology of ZIF-8 (H) resembled the mixture of cubic 
and the rhombic dodecahedron with truncated corners, whereas ZIF-8(M) occurred as the most stable rhombic dodecahedron, 
and ZIF-8(N) appeared as cubes with truncated corners. ZIF-8 (N) had the largest average particle size of 573 nm, followed by 
ZIF-8 (H) and ZIF-8 (M) with average sizes of 108 nm and 62 nm, respectively. ZIF-8 (N) showed a rapid Pb(II) and Cd(II) 
adsorption, within 15 min, while ZIF-8(H) achieved Pb(II) and Cd(II) equilibrium within 240 min, and 300 min for ZIF-8 
(M). The adsorption of Pb(II) and Cd(II) is best fitted with the Langmuir isotherm and pseudo-second-order kinetic model. 
The maximum adsorption capacities for Pb(II) and Cd(II) sorption were 454.55 and 312.50 mg/g for ZIF-8 (H), 434.78 and 
277.78 mg/g for ZIF-8 (M), respectively, and 476.19 and 263.16 mg/g for ZIF-8 (N), respectively. All of the prepared ZIF-8s 
showed a promising competency as adsorbents for the removal of Pb(II) and Cd(II) from an aqueous solution.
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Introduction

Over the years, the rapid development and intense growth 
of industrialization have introduced a large amount of heavy 
metal effluents which added to the severity of water pollu-
tion (Maaloul et al. 2021). The non-biodegradable nature of 
heavy metals as well as their ability to persist in the aqueous 

ecosystem is, thus, becoming a threat to human beings and 
nature (Farouz et al. 2022). Various wastewater treatment 
technologies have been developed to remove heavy met-
als from the aqueous solution, for instance, ion exchange 
(Bezzina et al. 2019), precipitation (Pohl 2020), membrane 
filtration (Awang et al. 2019), electrochemistry (Xu et al. 
2019), photocatalysis (Hernández et al. 2022; Moharana 
et al. 2021), and adsorption (Ahmed et al. 2017; Awes et al. 
2021). Adsorption is one of the most popular choices for 
heavy metals removal owing to its simplicity and low cost, 
ease of operation, and insensitivity to harmful and toxic 
pollutants (Peng et al. 2017). Good adsorbents should have 
functional groups with high affinity in adsorbing heavy met-
als, as well as high porosity and large specific surface area 
for the adsorption sites.

The utilization of nanotechnology in the pursuit of a sus-
tainable environment has been highlighted regularly due 
to numerous advantages such as the fabrication of novel 
products, lower energy consumption, and longer durability 
(Ourimi and Nezhadnaderi 2020). Nanoparticles as nano-
adsorbents are frequently reported to have outstanding abil-
ity in controlling heavy metal pollution through adsorptive 
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removal due to their high amount of active surface for 
sorption, excellent porosity, and large specific surface area 
(Kumari et al. 2019). The high level of flexibility in the treat-
ment of a wide range of toxic wastes is one of the advantages 
of nano-sorbents in sustaining the environment.

Metal–organic framework (MOF) is known to have tun-
able pore size and shapes due to the flexibility in the func-
tionalization and metal center and ligand bonding (Pan et al. 
2011). One of the most popular MOFs is zeolitic imidazolate 
framework-8 (ZIF-8), which is made up of zinc salt as the 
metal center and imidazolate as the ligand surrounding it. 
ZIF-8 has outstanding advantages in adsorbing heavy metal 
ions due to its ultrahigh porosity, aside from its ease of syn-
thesis and outstanding thermal and chemical stabilities (Li 
et al. 2021). There is an extensive study of MOF in vari-
ous applications such as the adsorption of volatile organic 
compounds (Zhou et al. 2016), carbon dioxide adsorption 
(Pokhrel et al. 2018), removal of dyes (Abdi et al. 2017), and 
heavy metals adsorption (Huang et al. 2018; Li et al. 2014).

By controlling specific parameters during the synthesis 
process, it has a significant impact on the product proper-
ties (Singh et al. 2021). The preparation conditions of ZIF-8 
such as the ratio of zinc salt and linkers, type of zinc salt, 
temperature, and type of solvents have a significant impact 
on the pore distribution, particle size, and morphology of 
the particles formed (Jin and Shang 2021). Besides that, Li 
et al. (2021) also emphasized that the purity of ZIF-8 formed 
is directly influenced by the content of linkers, the tempera-
ture for crystallization, and the type of solvents used. The 
role of solvent has a direct impact on the coordination of 
the self-assembly process of ZIF-8, thermodynamically and 
kinetically. In addition, a solvent can act as guest molecules, 
ligands, both guest molecules and ligands, or as structure 
directing agent (SDA) (Li and Du 2011). Solvents in the 
preparation of ZIF-8 mainly acted as the structure directing 
agent or a template, which still have a direct influence over 
the physicochemical properties of ZIF-8. Bustamante et al. 
(2014) studied the influence of different solvents: aliphatic 
alcohols, water, and dimethylformamide on the synthesis of 
ZIF-8, thereby concluding that solvent altered the reaction 
evolution involving crystallization rate and crystallite size.

On the other hand, in this study, the role of polar protic 
solvents, such as aqueous solution, methanol, and ammonia 
solution, was studied for the synthesis of ZIF-8, denoted by 
ZIF-8 (H), ZIF-8 (M), and ZIF-8 (N), respectively. All ZIF-
8s formed were characterized for the functional groups pre-
sent, crystallinity, crystallite size, and morphology. Besides 
investigating the characterization of the synthesized ZIF-
8, this study will attempt to discover the effects of differ-
ent solvents on the performance of ZIF-8 adsorbing Pb(II) 
and Cd(II). Therefore, the exploration of ZIF-8 synthesized 
using different solvents not only covers the physicochemical 
properties of the synthesized ZIF-8, but also extended to its 

direct application as adsorbent. The mechanism of Pb(II) 
and Cd(II) sorption in terms of isotherms and kinetics was 
also examined.

Materials and methods

Materials and chemicals

Lead nitrate (Pb(NO3)2, cadmium nitrate tetrahy-
drate (Cd(NO3)2·4H2O, > 98%), zinc nitrate hexahy-
drate (Zn(NO3)2·6H2O, > 98%), and 2-methylimidazole 
(Hmim, > 99%) were purchased from Sigma Aldrich. Metha-
nol AR grade, ammonia solution (25%), and triethylamine 
(TEA, (C2H5)3 N, > 99%) were bought from Merck. No fur-
ther purification was done on all the chemicals used prior 
to the experiments.

Synthesis of ZIF‑8

In general, the procedure in the preparation of ZIF-8s was 
carried out following the room temperature synthesis (RTS) 
using three different solvents: aqueous solution (ZIF-8 (H), 
methanol (ZIF-8 (M)), and ammonia solution (ZIF-8 (N)).

The synthesis of ZIF-8 (H) was conducted following the 
method demonstrated by Khan et al. (2018). In 200 mL of 
RO water, 2.95 g of zinc nitrate hexahydrate was dissolved. 
In another beaker containing 200 mL of RO water, 6.5 g of 
2-methylimidazole was dissolved and 15 mL of TEA was 
subsequently added. TEA is a base-type additive, which 
acted as the deprotonating agent for the formation of ZIF-8. 
Then, the solution containing zinc salt was poured into the 
2-methylimidazole solution under stirring conditions and 
continuously stirred for 40 min. The mixture was subjected 
to centrifugation at 10,000 rpm for 10 min. The product to 
be collected was washed repeatedly using RO water and then 
dried in the oven overnight.

On the other hand, the preparation of ZIF-8 (M) using 
methanol as the solvent was adapted from the method dem-
onstrated by Li et al. (2019). Similar to the preparation of 
ZIF-8 (H), two separate beakers containing solvents were 
used. In Beaker A, 70 mL of methanol was needed to dis-
solve 1.5 g of zinc nitrate hexahydrate. In Beaker B, 3.3 g 
of 2-methylimidazole was added to the beaker containing 
70 mL methanol. Then, the zinc solution in Beaker A was 
poured into Beaker B and the mixture was continuously 
stirred for 24 h. The product of ZIF-8 (M) was collected by 
repeated centrifugation at 4000 rpm for 5 min using metha-
nol as the washer and left for drying overnight in an oven 
at 80 °C.

ZIF-8 (N) was prepared using an aqueous ammonia solu-
tion as the solvent (Shams et al. 2016). In 3 mL of RO water, 
0.594 g of zinc nitrate hexahydrate was dissolved. On the other 
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hand, 0.328 g of 2-methylimidazole was dissolved in another 
beaker containing 3.76 g of ammonium hydroxide solution. 
After that, the zinc salt solution was rapidly poured into the 
beaker containing 2-methylimidazole and ammonia solu-
tion. Then, the mixture was stirred for 10 min and brought 
for centrifugation. The centrifugation was done repeatedly at 
3000 rpm for 10 min and the product was washed a few times 
using RO water. ZIF-8 (N) was then collected after oven-dry-
ing overnight.

Characterization of adsorbents

ZIF-8 (H), ZIF-8 (M), and ZIF-8 (N) adsorbents were char-
acterized using Fourier-transform Infrared Spectrometer (FT-
IR), X-ray Diffraction (XRD), Scanning Electron Microscopy 
(SEM), and Field-Emission Scanning Electron Microscopy 
(FE-SEM) analyses. FT-IR analysis was done to identify the 
functional groups present in the adsorbents. A small amount of 
adsorbent powder was mixed with potassium bromide (KBr) 
and pressed to form a KBr pellet. Then, the pellet was analyzed 
using an FT-IR Perkin Elmer spectrometer and scanned at the 
wavenumber ranging from 400 to 4000 cm−1. XRD analysis 
was done for the crystallinity associated analysis and the iden-
tification of the adsorbents synthesized. The instrument used 
was Rigaku Smartlab X-ray Diffractometer using Cu Kα radia-
tion (λXRD = 0.154 nm) and the XRD patterns were scanned in 
the range of 3–100°, at 0.02 step width. The morphology of 
adsorbents was studied using the SEM model Hitachi TM3000 
Tabletop Microscope, whereas FE-SEM analysis was con-
ducted by coating the adsorbents with platinum and analyzed 
using model Hitachi SU8020 with an accelerating voltage of 
2000 V.

Adsorption test

The adsorption test of Pb(II) and Cd(II) onto ZIF-8 (H), ZIF-8 
(M), and ZIF-8 (N) was generally carried out in 100 mL cen-
trifuge tubes containing 0.01 g of individual adsorbents and 
25 mL of Pb(II) or Cd(II) solutions. The mixture was shaken 
at a constant rate of 250 rpm for 24 h using a platform shaker. 
The sample after adsorption was collected using 0.45 μm 
syringe filter and analyzed for the concentration of heavy met-
als using Flame Atomic Absorption Spectroscopy. The adsorp-
tion capacity, q and removal efficiency, were calculated using 
Eqs. (1) and (2):

(1)Adsorption capacity =

(

Ci − Cf

)

m
× V ,

(2)Removal efficiency =

(

Ci − Cf

)

Ci

× 100.

Ci (mg/L) is the initial concentration of Pb(II) or Cd(II) 
solution before adsorption, while Cf (mg/L) is the final con-
centration of the Pb(II) or Cd(II) solution after adsorption. 
V (L) is the volume of Pb(II) or Cd(II) solution used and 
m(g) is the mass of the adsorbents. The synthetic solutions 
were prepared by preparing the 1000 mg/L stock solution of 
Pb(II) using 1.5895 g of zinc nitrate hexahydrate, and Cd(II) 
using 2.7442 g of cadmium nitrate tetrahydrate, dissolved 
using RO water in 1000 mL volumetric flask. Then, the stock 
solution was diluted to a desired concentration.

The effect of solution pH was investigated using 0.01 g 
of adsorbents in 50 mL of 100 mg/L Pb(II) and Cd(II) solu-
tion. The initial pH of the solution was adjusted to pH 3 until 
pH 6 for Pb(II) solution, while that of Cd(II) solution were 
adjusted to pH 3 to 8 using 0.1 M NaOH and 0.1 M HCl 
solution. On the other hand, the effect of initial concentra-
tion was investigated using 25 mL of 20, 40, 60, 80, and 
100 mg/L of Pb(II) or Cd(II) solution with 0.01 g of adsor-
bents. 0.005, 0.01, 0.015, 0.02, and 0.025 g of adsorbents 
in 25 mL of 100 mg/L heavy metal solutions were used to 
study the effect of adsorbent dosage. The parameters uti-
lized in investigating the effect of contact time were picked 
based on the optimum values obtained from the adsorption 
test. For Pb(II) adsorption, 0.02 g of adsorbents were mixed 
into 20 mg/L of Pb(II) solution, whereas Cd(II) adsorption 
was done using 0.025 g of adsorbents in 20 mg/L of Cd(II) 
solution. An amount of 15 mL of the sample was collected 
at the designated interval time and filtered prior to AAS 
analysis. The effect of competing ions was carried out using 
25 mL of 10 mg/L competing ions (Fe(II), Zn(II), Cu(II), or 
Pb(II)/Cd(II)) mixed with 25 mL of 10 mg/L Pb(II) or Cd(II) 
solution. All tests were done in triplicate and dilution may 
be needed for samples of high heavy metals concentration, 
which might interfere with the detection limit of the Atomic 
Absorption Spectrometry (AAS) instrument.

Results and discussion

Characterization of adsorbents

FT‑IR spectra analysis

The FT-IR analysis was done to identify the functional 
groups present in the adsorbents (Gudimella et al. 2022). 
The FT-IR spectra are shown in Fig. 1a, which illustrates 
that all synthesized ZIF-8 s obtained similar spectra. All 
spectra of the prepared ZIF-8 s showed a band approxi-
mately at 3419 cm−1 corresponding to the stretching of the 
N–H bond, whereas a band at 2926 cm−1 presented the C–H 
vibrational modes for methyl groups in the linker (Kaur et al. 
2017). Apart from that, the peak observed at 1567 cm−1 was 
related to the C=C stretching of the cyclic alkene of the 
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imidazolate. The peak present at 1423 cm−1 corresponded to 
the stretching bond of C=N found on the linker as similarly 
reported by Binaeian et al. (2020). Meanwhile, the pres-
ence of a strong peak found at 421 cm−1 was attributed to 
the Zn-N bond originating from the connection between the 
Zn atom at the center and the N atom from the imidazolate 
linker (Arabkhani et al. 2021). Various peaks found between 
1308 and 995 cm−1 were related to the in-plane bending of 
the ring, while the peak found at 759 cm−1 referred to the 
out-of-plane bending of the ring (Abdi et al. 2017).

XRD analysis

XRD patterns of all the synthesized ZIF-8 s were exhibited 
in Fig. 1b, which confirmed that all solvents were successful 
in producing ZIF-8s with high crystallinity, as demonstrated 
by the sharp XRD patterns generated by the materials with 
the ordered arrangement (Hou et al. 2014). The patterns were 
in good agreement with the phase name in the library; ZIF-8, 
activated, Basolite Z1200T (DB card number: 00-062-1030). 
Similar findings were also reported from previous studies 
(Thomas et al. 2016; Zhang et al. 2018). Characteristic peaks 
for ZIF-8 were found at 2θ = 7.2°, 10.3°, 12.6°, 16.4°, 17.9°, 
and 24.4° assigned sequentially to the diffraction of (110), 
(200), (211), (310), (222), and (332) planes. Besides that, 
the crystallinity index (CI) for all materials was determined 
following the method reported by Khan et al. (2019) and 
Navarro-pardo et al. (2013), as shown in Eq. 3:

where Ac is the integrated area for the crystalline peaks, 
and Aa is the integrated area for the amorphous halo. The 

(3)CI =
Ac

Ac + Aa

,

integrated areas were determined using peak-fitting of 
Gaussian functions in Origin® by decomposing the diffrac-
tion pattern. The CI of ZIF-8 (N), ZIF-8 (M), and ZIF-8 
(H) were 85.97%, 91.63%, and 90.01%, respectively, which 
reflected that all ZIF-8s synthesized have a high degree of 
crystallinity. Thus, all solvents were capable of synthesiz-
ing highly crystalline ZIF-8s, with the least CI obtained by 
ZIF-8 (N).

Morphological properties of adsorbents

The surface morphology of the adsorbents was analyzed 
using SEM analysis, and the images captured are shown in 
Figs. 2a–c. At the magnification of x10k, only ZIF-8 (N) 
showed a clear image of cubic shapes which were distributed 
over a wide area, while ZIF-8 (H) and ZIF-8 (M) did not 
show a distinct shape. Nevertheless, from the SEM image, 
it could be seen that ZIF-8 (H) was spread more evenly, as 
compared to ZIF-8 (M) which showed a sign of agglomera-
tion. The dissimilar ability of different solvents in particle 
dispersion, thus, resulted in different levels of aggregation, 
in which methanol showed a greater tendency in forming 
agglomerated particles, as compared with aqueous solution 
and ammonia solution (Bustamante et al. 2014).

Since SEM analysis utilized has a limitation in provid-
ing a clearer image, the morphology of all adsorbents was 
further analyzed using FE-SEM analysis as illustrated in 
Figs. 2d–i. ZIF-8 (N) showed a significantly greater particle 
size, as compared with ZIF-8 (H) and ZIF-8 (M). The aver-
age particle size of ZIF-8 (N) was 573 nm, whereas ZIF-8 
(H) and ZIF-8 (M) had average sizes of 108 nm and 62 nm, 
respectively. The morphology of ZIF-8 (N) resembled the 
cube with truncated edges, similarly discussed by Troyano 
et al. (2019), with the {100} plane as the six faces of the 

Fig. 1   a FT-IR spectra and b XRD patterns for ZIF-8 (N), ZIF-8 (M), and ZIF-8 (H) adsorbents
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cubes, while the {110} plane is the truncated edge. As men-
tioned by Schejn et al. (2014), the evolution of crystal mor-
phology with time started with cube, followed by a cube 
with truncated edges, a rhombic dodecahedron with trun-
cated edges, and lastly the most complete crystal, a rhombic 
dodecahedron. ZIF-8 (N) showed an intermediate stage of 
crystal morphology, while ZIF-8 (M) showed a complete 
crystal morphology of rhombic dodecahedrons. The use of 
free-additive methanol has been reported to produce a rhom-
bic dodecahedral ZIF-8 from the simpler species grown to 
the more stabilized form (Moh et al. 2013). On the other 
hand, ZIF-8 (H) demonstrated a mixture of two phases: 
cubic shape and the rhombic dodecahedron with truncated 
corners (Jian et al. 2015). The rhombic dodecahedron with 
truncated corners occurred where the {110} facet became 

more visible, as compared with the plane of the cube with 
the truncated edge. The surface energy of the crystal facet 
has a significant impact on the determination of morphol-
ogy. Therefore, the rhombic dodecahedron has lower energy, 
making it more stable, as compared with the cubic shape 
(Malekmohammadi et al. 2019). Thus, in this study, metha-
nol as the solvent synthesized a complete morphology of 
ZIF-8 crystal, whereas ZIF-8 (H) and ZIF-8 (N) produced 
an intermediate ZIF-8s phase.

In addition, the EDX mapping for ZIF-8 (H), ZIF-8 (M), 
and ZIF-8 (N) are illustrated in Fig. 3. The distribution of 
elements of C, Zn, N, and O is homogenously scattered for 
all ZIF-8 synthesized. By looking at the weight percentage 
of the elements, C is found to be the most dominant followed 
by N, Zn, and O. ZIF-8 (H) showed the greatest amount of 

Fig. 2   Images for SEM analysis of a ZIF-8 (H) at × 10k, b ZIF-8 (M) at × 10k, c ZIF-8 (N) at × 10k, and FE-SEM analysis of d ZIF-8 (H) 
at × 50.0 k, e ZIF-8 (M) at × 50.0 k, f ZIF-8 (N) at × 30.0 k, g ZIF-8 (H) at x150k, h ZIF-8 (M) at x150k, and i ZIF-8 (N) at × 100k
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Fig. 3   EDX mapping of C, Zn, O, and N for a ZIF-8 (H), b ZIF-8 (M), and c ZIF-8 (N) adsorbents
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O (7.4%), as compared with 3.9% for ZIF-8 (N), and the 
least was 2.9% for ZIF-8 (M), which could be a significant 
factor for the superior performance of ZIF-8 (H) and ZIF-8 
(M) in adsorbing Pb(II) and Cd(II), as compared to ZIF-8 
(M). The oxygen-containing compounds were well known 
to notably involved in the adsorption by providing the sites 
for electrostatic attraction and complexation of the heavy 
metals (Liao et al. 2021).

Adsorption study of Pb(II) and Cd(II)

Effects of initial pH solution

All as-synthesized ZIF-8s were investigated for their per-
formance in adsorbing Pb(II) and Cd(II) from the synthetic 
aqueous solution prepared. The initial pH of the solution 
plays a crucial role in determining the adsorption perfor-
mance of Pb(II) and Cd(II). Figure 4 shows the effects of 
initial pH and initial concentration on the performance of 
ZIF-8 (H), ZIF-8 (M), and ZIF-8 (N) in removing Pb(II) 
and Cd(II) in terms of adsorption capacity and removal effi-
ciency. For Pb(II) adsorption, the increase in pH generally 
caused an increase in the adsorption performance. At pH 6, 

the Pb(II) adsorption capacity of ZIF-8 (M), ZIF-8 (H), and 
ZIF-8 (N) was reported at 395.02 mg/g, 401.00 mg/g, and 
475.54 mg/g, respectively. ZIF-8 (N) showed the greatest 
removal efficiency, and successfully removed 95% of Pb(II) 
at pH 6. At pH greater than 6, lead hydroxides started to 
precipitate out, thus interfering with the adsorption of Pb(II) 
and causing the removal following the precipitation mecha-
nism instead of adsorption.

Meanwhile, Cd(II) removal showed an increasing trend 
for the increase in pH until reaching the optimum pH of 
7, then decreased at the initial solution of pH 8. At pH 
7, ZIF-8 (H) demonstrated the greatest Cd(II) adsorp-
tion capacity of 339.55 mg/g with removal efficiency 
of 75.46%, followed by ZIF-8 (M) with 276.65  mg/g 
(50.41%), and ZIF-8 (N) with 209.80 mg/g (38.23%). At 
acidic pH, both Pb(II) and Cd(II) competed with an exces-
sive amount of proton for the adsorption site on the sur-
face of adsorbents. Therefore, the removal performance 
of positively charged Pb(II) and Cd(II) at acidic pH was 
less favorable (Ahmad et al. 2021). Meanwhile, as the 
pH increased reached the neutral pH, the amount of pro-
ton was relatively lower, thus adsorption of Pb(II) and 
Cd(II) showed a positive increment until they reached the 

Fig. 4   Adsorption test of Pb(II) and Cd(II) of the effects of initial pH on the a adsorption capacity and b removal efficiency, and the effects of 
initial concentration on the c adsorption capacity and d removal efficiency
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optimum pH. As the pH increased to the more basic con-
dition, OH– interfered with the adsorption performance 
(Ahmad et al. 2020a). The isoelectric points (IEP) for 
ZIF-8 (H), ZIF-8 (M), and ZIF-8(N) were determined to 
be at pH less than 2, 2.76, and 3.04, respectively. These 
values showed that the adsorbents were positively charged 
at a pH lower than IEP, which inhibits the adsorption of 
the positively charged Pb(II) and Cd(II). On another note, 
at pH values greater than IEP, the adsorbents were nega-
tively charged, which gradually favored the adsorption 
of the Pb(II) and Cd(II) which have the opposite charges 
(Zhu et al. 2015). In a nutshell, the adsorption of Pb(II) 
and Cd(II) at a greater pH rather than at a very acidic is 
feasible when using ZIF-8 (H), ZIF-8 (M), and ZIF-8 (N).

Effects of initial concentration

Figure 4c, d illustrates the effects of initial concentra-
tion on the adsorption capacity and removal efficiency 
of Pb(II) and Cd(II) ions. In general, Pb(II) obtained a 
greater removal performance as compared with Cd(II). 
This might be due to the smaller hydrated ionic radius of 
Pb2+ over Cd2+ ions, of 0.401 nm and 0.426 nm, respec-
tively, as well as the lower hydration energy of Pb2+ 
((− 1481 kJ/mol) compared to Cd2+ ((− 1807 kJ/mol) 
(Mobasherpour et al. 2012). In addition, the adsorption 
capacity increased with the increase of initial concentra-
tion. ZIF-8 (H), ZIF-8 (M), and ZIF-8 (N) obtained simi-
lar Pb(II) adsorption capacities while for Cd(II) adsorp-
tion, ZIF-8 (H) showed slightly greater performance, 
followed by ZIF-8 (M) and ZIF-8 (N). At the initial con-
centration of 100 mg/L, ZIF-8 (H), ZIF-8 (M), and ZIF-8 
(N) had Pb(II) adsorption capacity of approximately 
299 mg/g for all adsorbents, while for Cd(II), the adsorp-
tion capacities reached 209.79 mg/g, 200.41 mg/g, and 
189.53 mg/g, respectively. All ZIF-8s managed to remove 
up to 95% of 20 mg/L Pb(II) while ZIF-8 (H) obtained the 
removal efficiencies of 89.69% while removing 20 mg/L 
Cd(II), followed by ZIF-8 (M) with 87.45%, and ZIF-8 
(N) with 85.33%. The highest adsorption capacity was 
obtained using 100 mg/L Pb(II) and Cd(II), although the 
removal efficiency was lower than that of 20 to 60 mg/L 
initial concentration. This phenomenon might be related 
to the decrease in the available adsorption sites due to 
the saturated sites occupied by the greater amount of 
Pb(II) and Cd(II) adsorbed at 100 mg/L initial concen-
tration (Moharram et al. 2016). Therefore, considering the 
highest removal efficiency of Pb(II) and Cd(II) obtained 
(> 85%), the optimum initial concentration for Pb(II) and 
Cd(II) adsorption was chosen at 20 mg/L and used for the 
initial concentration on the investigation of the contact 
time.

Effects of adsorbent dosage

The effects of adsorbent dosage were studied in the range 
of 5–25 mg/L of adsorbents to remove 100 mg/L of Pb(II 
or Cd(II) solutions. For Pb(II) adsorption, all adsorbents 
showed a consistent trend in the adsorption capacities 
and the removal efficiencies until they reached the high-
est point at 323.60 mg/g (95.85%) for ZIF-8 (N), followed 
by 310.44 mg/g (91.50%) for ZIF-8 (H), and 310.76 mg/g 
(92.04%) for ZIF-8 (M) while using 20 mg dose of adsor-
bents. Meanwhile, a 25 mg dose of adsorbents caused a 
decrease in both adsorption capacities and removal effi-
ciency. This could be attributed to the aggregation of a 
high amount of adsorbents, thus leading to a decrease in 
total active sites exposed for adsorption (Alghamdi et al. 
2019). On another note, the adsorption of Cd(II) showed a 
gradual decrease to the steady adsorption capacities with 
the increase in the adsorbent dosage. This was followed by 
a gradual increase in stable removal efficiencies of Cd(II), 
which were especially apparent for ZIF-8 (H) and ZIF-8 (N). 
The decrease in the adsorption capacity could be due to the 
increase in the number of available sites for adsorption or the 
agglomeration of adsorbents, which might lead to a longer 
diffusion pathway (Mosoarca et al. 2020). By comparing 
the greatest removal efficiency for both Pb(II) and Cd(II) 
removal with respect to the adequate adsorption capacity, 
20 mg doses of ZIF-8 (H), ZIF-8 (M), and ZIF-8 (N) are the 
optimum doses to be used.

Effects of contact time

Figure 5c, d illustrates the effects of contact time on the 
adsorption of Pb(II) and Cd(II) by reporting the adsorption 
capacity and removal efficiency using ZIF-8 (H), ZIF-8 
(M), and ZIF-8 (N) as adsorbents. For both Pb(II) and 
Cd(II) adsorption, ZIF-8 (N) successfully removed up to 
98% of Pb(II) and Cd(II) within the first 15 min. Mean-
while, both ZIF-8 (H) and ZIF-8 (N) removed 98% Pb(II) 
within 240 min, while 300 min was needed to remove 99% 
Cd(II). Thus, the optimum contact time for Pb(II) and Cd (II) 
adsorption varies with the different solvents used in which, 
ZIF-8 (N) needed only 15 min, ZIF-8 (M) and ZIF-8 (N) 
needed 240 min and 300 min for Pb(II) and Cd(II) adsorp-
tion, respectively. ZIF-8 (N) adsorbed Pb(II) and Cd(II) in 
two stages: rapid sorption and near equilibrium process, 
while ZIF-8(H) and ZIF-8 (M) involved three stages of 
adsorption: rapid sorption, slow sorption, and near equilib-
rium process (Ahmad et al. 2020b). ZIF-8 (N) may have 
a clearer adsorption pathway for an adequate amount of 
adsorption site, which leads to rapid sorption for reaching 
equilibrium. Slower adsorption occurred on the surface of 
ZIF-8 (M) could be associated with the tendency of ZIF-8 
(M) to aggregate as depicted in the previous SEM image in 
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Fig. 2. The agglomeration of adsorbents, thus, resulted in 
the reduction of available surface for adsorption. The dif-
ference in adsorption capacity is related to the difference in 
the optimum adsorbent dosage applied, where 1.0 g/L and 
0.8 g/L adsorbents were used to remove 20 mg/L of Pb(II) 
and Cd(II) solution, respectively.

Effects of competing ions

In actual wastewater, competing ions such as Fe(II), Zn(II), 
and Cu(II) can be found, with possible interference of 
equally positively charged ions that might interfere with the 
performance of the adsorption. Therefore, it is essential to 
investigate the effects of competing ions and the selectivity 
of ZIF-8s adsorbents towards Pb(II) and Cd(II). In Fig. 6, 
it can be observed that the adsorption of Pb(II) was not 
significantly affected by the existence of competing ions. 
Meanwhile, the adsorption of Cd(II) using ZIF-8 (H) was 
positively influenced by the presence of competing ions, 
achieving 100% removal. On the contrary, competing ions 
have negative impacts on the Cd(II) adsorption using ZIF-8 
(M) and ZIF-8 (N). ZIF-8(N) obtained 75.84%, 75.15%, 

68.98%, and 70.29% removal percentage of Cd(II), while 
ZIF-8 (M) obtained 67.23%, 75.53%, 73.42%, and 86.11% 
with the presence of Fe, Zn, Cu, and Pb in the solution, 
respectively. The competition between adsorption might be 
primarily governed by the hydration energy, where Pb(II) 
and Cd(II) have relatively lower energy as compared with 
Fe(II), Zn(II), and Cu(II) ions (Panayotova and Velikov 
2003). Considering the effects of competing ions on both 
Pb(II) and Cd(II) adsorption, ZIF-8 (H) is more likely to 
produce an outstanding performance when used in actual 
wastewater.

Adsorption isotherms and kinetics

Langmuir and Freundlich isotherms

The insight on the mechanism of Pb(II) and Cd(II) adsorp-
tion and the possible interaction between the adsorbents and 
heavy metal solutions could be investigated by plotting the 
adsorption isotherm possible. The equations for the Lang-
muir and Freundlich isotherm are expressed as in Eqs. 4 and 
5, respectively:

Fig. 5   Adsorption test of Pb(II) and Cd(II) of the effects of adsorbent dosage on the a adsorption capacity and b removal efficiency, and the 
effects of contact time on the c adsorption capacity and d removal efficiency



4014	 Applied Nanoscience (2023) 13:4005–4019

1 3

where Ce (mg/L) is the concentration of Pb(II) or Cd(II) in 
equilibrium, qe (mg/g) is the adsorption capacity of Pb(II) 
or Cd(II) in equilibrium, while qm (mg/g) is the maximum 
adsorption capacity for Langmuir isotherm. KL and Kf are 
the Langmuir constant related to the binding site affinity 
and the Freundlich constant related to intensity, respec-
tively. Meanwhile, n represents the heterogeneity coef-
ficient of the Freundlich isotherm. The Langmuir plot of 
Ce/qe against Ce revealed the maximum adsorption capac-
ity of the adsorbents, as calculated from the reciprocal of 
the gradient of the plot. Meanwhile, Freundlich isotherm 
involved the graph of log qe versus log Ce, in which the 
intercept and the gradient could be used to calculate Kf and 
n, respectively. Table 1 summarizes the parameters and cor-
relation coefficients obtained from the plot of Langmuir and 
Freundlich isotherms, as well as the pseudo-first-order and 
pseudo-second-order kinetic models. The values of correla-
tion coefficients (R2) obtained by the Langmuir isotherm 

(4)
Ce

qe
=

1

qm
Ce +

1

KLqm
,

(5)log qe = logKf +
1

n
logCe,

for all adsorbents were nearer to 1, as compared with the 
Freundlich isotherm, which was also obtained by previous 
studies (Gabris et al. 2018; Shahzad et al. 2017). Thus, this 
inferred that Langmuir isotherm was the more appropriate 
model for describing the Pb(II) and Cd(II) adsorption using 
ZIF-8 (H), ZIF-8 (M), and ZIF-8 (N). Thus, as represented 
by Langmuir isotherm, the adsorption of Pb(II) and Cd(II) 
on the surface of ZIF-8 s occurred through monolayer sorp-
tion, where adsorption occurred in uniformity and through 
homogeneous binding sites (Ali 2018).

Adsorption kinetics

The equations of the pseudo-first-order and the pseudo-
second-order are described in Eqs. (6) and (7), respectively:

qt is the adsorption capacity of Pb(II) or Cd(II) at the 
respected time, t, while k1 and k2 are the rate constants 
for the pseudo-first-order and the pseudo-second-order 

(6)ln
(

qe − qt
)

= ln qe − k1t,

(7)
t

qt
=

1

k2q
2
e

+
1

qe
t.

Fig. 6   The effects of competing ions on the adsorption capacities and removal efficiencies of Pb(II) and Cd(II) adsorption
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kinetic models, respectively (Shanmugaraj et al. 2022). 
The plot of ln(qe-qt) against t indicated the pseudo-first-
order kinetics, where the slope of the graph represents 
the rate constant. On the other hand, the rate constant for 
the pseudo-second-order model could be obtained from 
the intercept of the graph of t/qt versus t. According to 
Table 1, the values of R2 obtained by all adsorbents while 
plotting the pseudo-second-order kinetic model for both 
Pb(II) and Cd(II) adsorption are closer to 1, as compared 
with the pseudo-first-order kinetic model, frequently 
reported by previous studies (Janusz et al. 2022; Shiriv-
astava 2015). This suggests that the adsorption of Pb(II) 
and Cd(II) on the surface of ZIF-8 (H), ZIF-8 (M), and 
ZIF-8 (N) had transpired following the chemisorption 
instead of physisorption (Ge and Ma 2015). Chemisorp-
tion involved the formation of chemical bonding which 
happens via the transfer of electrons either by sharing or 
electron exchange (Hu et al. 2016). In addition, the con-
centration of heavy metal ions and the adsorption sites 
density might play a major role in the adsorption process 
of Pb(II) and Cd(II on the surface of ZIF-8 (H), ZIF-8 
(M), and ZIF-8 (N) (Song et al. 2019).

Adsorption mechanism

The mechanism for the adsorption of Pb(II) and Cd(II) 
using the synthesized ZIF-8 was evaluated based on the 
adsorption kinetics and isotherms with the evidence cap-
tured by the VPSEM-EDX analysis performed on the 
adsorbents after adsorption. Figure  7 shows the SEM 
images of ZIF-8 (H), ZIF-8 (M), and ZIF-8 (N) after the 
adsorption of Pb(II) and Cd(II). There were significant 
changes in the morphology of ZIF-8 after the adsorption 
of Pb(II) and Cd(II). ZIF-8 (H) clearly showed an abun-
dance of particles deposited on its surface, while ZIF-8 
(M) showed a greater tendency to agglomerate and form 
bigger particles compared to the before adsorption. These 
might be attributed to the interaction between ZIF-8 and 
heavy metal ions through the electrostatic attraction which 
could be formed on the surface of ZIF-8. The evidence of 
the electrostatic attraction could be found in the increase 
in the weight percentage of oxygen which could be clearly 
seen in all the synthesized ZIF-8 adsorbents (Nasir et al. 
2018). The agglomerated particles might cause a decrease 
in the available surface sites which reflected why ZIF-8 

Table 1   Parameters and 
correlation coefficients for 
adsorption isotherms and 
kinetics of Pb(II) and Cd(II) 
adsorption using ZIF-8 (H), 
ZIF-8 (M), and ZIF-8 (N)

Isotherm/Kinetic Parameter ZIF-8 (H) ZIF-8 (M) ZIF-8 (N)

Langmuir qmax (mg/g) Pb(II) 454.55 434.78 476.19
Cd(II) 312.50 277.78 263.16

KL (L/mg) Pb(II) 0.1189 0.1264 0.1105
Cd(II) 0.0777 0.0774 0.0712

R2 Pb(II) 0.9947 0.9691 0.9949
Cd(II) 0.9980 0.9632 0.9660

Freundlich Kf Pb(II) 54.2251 55.8048 53.2476
Cd(II) 30.4089 28.9201 26.0976

n Pb(II) 1.7342 1.7467 1.7263
Cd(II) 1.6098 1.7153 1.7062

R2 Pb(II) 0.9861 0.9684 0.9904
Cd(II) 0.9865 0.9575 0.9320

Pseudo-first-order K1 (1/min) Pb(II) 0.0226 0.0210 0.0010
Cd(II) 0.0123 0.0129 0.0241

qe (mg/g) Pb(II) 12.7101 21.2793 0.2462
Cd(II) 14.2321 21.8872 2.6269

R2 Pb(II) 0.7737 0.8088 0.0032
Cd(II) 0.9303 0.9518 0.6811

Pseudo-second-order K2 (g/mg.min) Pb(II) 3.7563 0.0016 0.2668
Cd(II) 1.86 × 10–3 0.29 × 10–3 45.12 × 10–3

qe (mg/g) Pb(II) 1.0038 24.8139 24.3902
Cd(II) 21.0084 27.3224 19.8413

R2 Pb(II) 0.9962 0.9881 1.000
Cd(II) 0.9982 0.9558 0.9999
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Fig. 7   SEM images and weight percentages of elements obtained 
by the EDX mapping for a ZIF-8 (H) after Pb(II) adsorption, b 
ZIF-8 (H) after Cd(II) adsorption, c ZIF-8 (M) after Pb(II) adsorp-
tion, d ZIF-8 (M) after Cd(II) adsorption, e ZIF-8 (N) after Pb(II) 

adsorption, f ZIF-8 (N) after Cd(II) adsorption, g EDX mapping of 
Pb(II) = after adsorption, and h EDX mapping of Cd(II) after adsorp-
tion
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(N) showed the fastest contact time required to adsorb 
Pb(II) and Cd(II) followed by ZIF-8(H) and ZIF-8(M). 
Besides that, the EDX mapping showed that Pb(II) and 
Cd(II) could be found scattered homogeneously on the sur-
face of synthesized ZIF-8 after the adsorption. This cor-
responded well with the Langmuir isotherm deduction on 
the adsorption of Pb(II) and Cd(II) that occurred through 
the monolayer.

Conclusion

In this study, the preparation of ZIF-8 using room tem-
perature synthesis by utilizing different solvents: RO water 
(ZIF-8 (H)), methanol (ZIF-8 (M)), and ammonia solu-
tion (ZIF-8 (N) have successfully synthesized ZIF-8s with 
high crystallinity, various sizes, and different morpholo-
gies. ZIF-8 (H) structure occurred as the mixture of cubic 
and the rhombic dodecahedrons with truncated edges, 
while ZIF-8 (N) had the shape of a cube with truncated 
edges, and ZIF-8 (M) had the most stable crystal shape 
of the rhombic dodecahedron. The average size of ZIF-8 
(N) particles was 573 nm, while ZIF-8 (H) and ZIF-8 (M) 
had average sizes of 108 nm and 62 nm, respectively. All 
ZIF-8 s showed good affinity towards the Pb(II) and Cd(II) 
adsorption. ZIF-8(N) demonstrated the best performance 
in removing Pb(II) while Cd(II) adsorption was conquered 
by ZIF-8(H). Both Pb(II) and Cd(II) adsorption equilib-
rium was achieved in 15 min with ZIF-8 (N), while adsorp-
tion using ZIF-8 (H) and ZIF-8 (M) reached equilibrium 
within 240 min and 300 min, respectively. The adsorption 
of Pb(II) and Cd(II) followed the Langmuir isotherm and 
pseudo-second-order. The maximum adsorption capaci-
ties for Pb(II) and Cd(II) were 454.54 and 312.50 mg/g 
(ZIF-8 (H)), 434.78 and 277.78 mg/g (ZIF-8 (M)), and 
476.19 and 263.16 mg/g (ZIF-8 (N)), respectively. ZIF-8s 
prepared using three different solvents showed a promising 
performance to be used as adsorbents for heavy metal ions.
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