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a b s t r a c t

The heat treatment effect on the adsorption capabilities of nanoporous carbon particles derived from
Zeolitic Imidazolate Framework-8 (ZIF-8) was investigated at 600, 1000 and 1200�C in this study. The
results showed that heat treatment at 1000�C had a significant effect on the adsorption capacity of ZIF-8
(almost 10 times) for the removal of methylene blue (MB) dye from water. Nanoporous carbons were
synthesized by direct carbonization of ZIF-8. SEM and TEM images showed that the carbon resulting
from ZIF-8 carbonization at various temperatures retained the original structure and morphology of ZIF-
8. The carbon nanoparticles carbonized at 1000�C exhibited outstanding adsorption capacities (186.3 mg/
g) compared to nanoparticles carbonized at 600�C (49.5 mg/g) and 1200�C (36.7 mg/g) as well as ZIF-8
(19.5 mg/g) due to the change in surface charge and pore size distribution. The surface functionalities of
materials were also characterized by Raman Spectroscopy, N2 adsorption-desorption, FTIR and TGA. The
surface charge of the carbon particles changed from positive (ZIF-8) to negative as a result of conversion
to carbon confirmed by zeta potential of the samples. The ZIF-8 derived carbon nanoparticles were found
to be efficient adsorbents for water treatment purposes due to the satisfactory adsorption properties
such as high adsorption capacity and good wettability.

© 2016 Elsevier Inc. All rights reserved.
1. Introduction

Nanoporous carbon materials have promising characteristics
such as high surface area, good chemical and thermal stabilities,
fast kinetics as well as tendency to organic contaminants which
makes them attractive for adsorption and separation applications
[1,2]. For example, they have been used as supercapacitor [3e5],
catalyst support [6e8] and adsorbent for hydrogen storage [9] as
well as CO2 capture [2,10e12]. In particular, they are widely used as
adsorbents to remove organic and heavy metal contaminants from
water in water treatment and purification [13e18].

A wide range of methods have been developed to prepare
nanoporous carbons, including chemical vapor deposition (CVD)
[19], templating [20,21] and chemical or physical activationmethod
[22]. Inorganic hard templates like zeolites and mesoporous silica
[23,24] and Soft template method [25,26] have been utilized to
ang).
prepare nanoporous carbon particles. In addition, organic spheres
are considered as common starting materials for the production of
carbon nanoparticles through carbonization [27]. Recently, porous
metal organic frameworks (MOFs) with uniform pore sizes, highly
crystalline structures, and high surface areas have been studied as
adsorbents and for use as precursors of nanoporous carbons
[3,4,27e33].

Different kinds of metal organic framework materials have been
investigated for the adsorption of dye molecules such as methylene
blue from water and wastewater. However, their adsorption ca-
pacity is low compared to nanoporous carbons. For example, CU-
BTC [BTC ¼ 1,3,5-benzenetricarboxylate] also known as HKUST-1
as well as Fe3O4@MIL-100(Fe) have been studied for the removal
of MB from water and they showed adsorption capacities of
15.28 mmol/g (equivalent to 4.8 mg/g) and 49.4 mg/g respectively
[34,35]. Among MOF materials, zeolitic immidazolate frameworks
(ZIFs) are a class of MOFs that showmany outstanding features like
high thermal and chemical stability. ZIF-8 is one of mostly studied
ZIFs, and has a molecular formula of Zn(2-methylimidazolate)2 and
sodalite-related zeolitic structure; it is composed of six membered-
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ring pore windows (0.34 nm) and larger pores (1.14 nm) and has
been reported as an adsorbent for the removal of various pollutants
from water [31]. It is worth noting that ZIF-8 has fast adsorption
rate and high adsorption capacity for the removal of benzotriazols
from aqueous solutions [36]; however, this material has very low
adsorption capacity for the removal of methylene blue dye from
water. The lowMB uptake could be due to the net positive charge of
ZIF-8 and its small pores which hinder adsorption of large and
positively charged molecules such as methylene blue. Therefore,
much work has been carried out to convert MOFs (ZIFs) into
nanoporous carbons to achieve desirable adsorption properties
[27]. MOFs have large carbon contents and play the roles of sacri-
ficial template and carbon precursor during carbonization process
[4].

To date, there have been a few reports in the literature about the
utilization of MOF derived nanoporous carbon for water treatment.
For instance, nanoporous carbons derived from ZIF-67, MIL-100 and
MOF-5 were prepared, and they had improved adsorption capacity
for the removal of MB fromwater [1,37,38]. The nanoporous carbon
was also obtained by carbonizing ZIF-8 at 800�C [2,39]. However,
the methylene blue adsorption capacity of ZIF-8-derived carbon
was low (59 mg/g), which was because the carbonization temper-
ature (800�C) was lower than the boiling point of Zn (908�C),
limiting the surface area and pore volume of the nanoporous car-
bon [40,41].

Even after steam treatment was conducted at 800�C to promote
the porous carbon network, the adsorption capacity of the resulting
carbon was still low (105.7 mg/g). This indicates the importance of
carbonization temperature on the adsorption property of ZIF-8-
derived nanoporous carbon.

In this study, we focused on the effect of carbonization tem-
perature on the adsorption capacity of ZIF-8 for water treatment,
particularly the removal of methylene blue as amodel dye pollutant
from water. The changes of the ZIF-8 characteristics due to
carbonization such as morphology, surface area and pore size dis-
tribution, surface charge, and surface functional groups were
studied. Our studies showed that the ZIF-8 derived nanoporous
carbon prepared at 1000�C had significantly greater adsorption
capacity than that at lower temperature.

2. Materials and methods

2.1. Materials

Zinc nitrate hexahydrate (Zn(NO3)2.6H2O), 2-methylimidazole
(Hmim) (99%), brilliant green (BG), rhodamine B (RhB) and
methyl orange (MO) were purchased from Sigma Aldrich. Methy-
lene blue was purchased from Merck. All chemicals were used as
received without any purification. ZIF-8 parent was synthesized by
environmentally friendly synthesis method in aqueous solution
reported by Koji Kida et al. [42]. Typically, 0.744 g (2.5 mmol) of
Zn(NO3).6H2O and 12.3 g (0.15 mol) of Hmim were dissolved in
10 ml and 90 ml of deionized water respectively. After being stirred
for 24 h, ZIF-8 nanocrystals were collected by washing with
deionized water and centrifuging (8000 rpm, 30 min) for three
times and then dried at 80�C overnight. ZIF-8 was directly
carbonized at various temperatures (600,1000 and 1200�C) under a
flow of argon gas. The temperatures rose steadily from room tem-
perature to the target temperatures with a heating rate of 5�C/min.
After reaching the target temperatures, the powders were annealed
at the target temperatures for 6 h. These products were denoted as
CZIFs (carbonized ZIF-8) and as CZIF600, CZIF1000 and CZIF1200 to
indicate the heat treatment temperatures.

After the carbonization the nanoporous carbon samples were
directly used for characterization and adsorption experiments
without any further activation or acid washing to present a simple
and environmentally friendly approach.

2.2. Characterization

Nitrogen adsorption and desorption isotherms were measured
at liquid nitrogen temperature (77 K) using an accelerated surface
area and porosimetry system (ASAP 2010, Micromeritics, USA) for
surface area measurements. The crystal structures of the samples
were identified using an X-ray diffractometer (Miniflex 600,
Rigaku) with Cu Ka radiation at 40 kV and 20 mA over the 2q range
of 2e90�. The morphology of the adsorbent materials was observed
using a scanning electron microscope (FEI Nova NanoSEM 450 FEG
SEM). Transmission electron microscopy of the carbonized ZIFs was
done by FEI Tecnai G2 T20 TWIN TEMunder theworking conditions
of 200 kV. Thermogravimetric analyses (TGA) were carried out on a
SETARAM (TGA 92) device from 30 to 1200�C at a heating rate of
10�C/min and under Ar flow. The zeta potentials of the samples
were determined using a Zetasizer Nano (Malvern) at a pH range of
1e11. The powders were dispersed by sonication in water with a
concentration of 0.5mg/10 ml and the dispersion was used for zeta
potential measurements. Since ZIF-8 is not stable in acidic condi-
tions, the pH adjustment for ZIF-8 was done only for basic condi-
tions to measure zeta potentials.

The Raman spectra were recorded onWITEC Alpha 300 confocal
micro-Raman system equipped with a 532 nm laser source and
100X objective lens. The concentration of methylene blue (MB),
brilliant green (BG), rhodamine b (RhB) and methyl orange (MO)
were measured using a UV_vis spectrophotometer (UVmini-1240,
Shimadzu) at wavelengths of 665, 625, 554 and 464 nm, respec-
tively, which correspond to the maximum adsorption of the dyes.

FTIR spectra of the samples were recorded using an attenuated
total reflectance (ATR) Fourier Transform Infrared (FTIR) (Perkin
Elmer, USA) in the range of 500e4000 cm�1 at an average of 32
scans with a resolution of 4 cm�1.

2.3. Adsorption experiments

Adsorption on the prepared samples was carried out in batch
experiments. The adsorption capacity of these materials was eval-
uated by adsorption of an organic cationic dyemethylene blue (MB)
in aqueous solution. Rhodamine B (RhB), brilliant green (BG) and
methyl orange (MO) were also used to examine the carbonized
samples for adsorption of different types of dye molecules. How-
ever, the adsorption isotherms and kinetics were conducted for
methylene blue only as a model dye compound. An aqueous stock
solution of MB (C16H18N3SCl, MW: 373.9), RhB, BG and MO with
1000 ppm concentration was prepared in milli-Q water. Aqueous
solutions with different concentrations of dyes were prepared by
successive dilution of the stock solution with water. For isotherm
experiments specific amount of adsorbents (10 mg) was put in the
aqueous dye solutions (20 ml) having fixed concentrations from
100 ppm to 500 ppm. The solutions containing the adsorbents were
mixed for 24 h at room temperature (22�C).

For kinetic experiments 10mg of adsorbent was put in 20ml dye
solutionwith 100 ppm concentration of MB. Then the dye solutions
containing the adsorbents were mixed well with magnetic stirring
and maintained for a fixed time (5 mine24 h) at room temperature
(22�C).

After adsorption for a pre-determined time, the solutions were
separated from the adsorbents with a syringe filter (Nylon, hy-
drophobic, 0.45 mm). The adsorption experiments were done
without any pH adjustment and at the natural pH of the solution i.e.
5.5. The dye solution was prepared to the desired concentrations
using Milli-Q water.



Fig. 2. SEM and TEM images of (a) ZIF-8 (b) CZIF600 (c) CZIF1000 and (d) CZIF1200.
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3. Results and discussions

3.1. Characterization of nanoporous carbon particles

To examine the crystal phase transformation of ZIF-8 under the
treatment conditions, X-ray diffraction (XRD) analysis was con-
ducted. Fig. 1 shows the XRD pattern of as synthesized ZIF-8 and
carbonized materials. As the temperature increases ZnO is pro-
duced during the carbonization and then reduces to Zn by carbon.
Thereafter, at temperatures above the boiling point of Zn (908�C),
Zn evaporates and leaves with the Ar flow [40,41]. Therefore, at
1000�C, no diffraction peaks of Zn impurities can be seen [32] and
the two broad peaks at 2q ¼ 23� and 44� represent the character-
istics of amorphous carbon [3,41]. The reduced Zn probably plays
the role of a template for the formation of nanoporous carbon.
During the carbonization, reduction of ZnO by carbon leads to the
formation of Zn and carbon oxides. The release of these species
along with the vaporization of Zn at above 908�C are probably in
charge of the formation of the porous framework [43].

In addition, the samples before and after the carbonizationwere
analysed by scanning electron microscopy (SEM) and transmission
electron microscopy (TEM) to identify the change in the
morphology of the samples. Fig. 2 shows the SEM and TEM of the
original and carbonized ZIF-8 (at different temperatures); no
change in the morphology and structure of the synthesized ZIF-8
was observed, even after carbonization at high temperatures. This
observation is in accordance with literature [1,27].

An adsorbent material must have high internal volume acces-
sible to the components being removed from the solvent. Surface
area, in particular the internal surface area, pore size and the nature
of the pores strongly affect the adsorption process [44]. The
nanoporous structures of prepared carbons were investigated by N2
adsorption-desorption isotherms (Fig. 3). ZIF-8 and carbonized
samples exhibited Type I isotherms with a sharp nitrogen adsorp-
tion at low pressures (P/P0 < 0.05) and a small uptake at high
pressure (P/P0 > 0.9), indicating a microporous framework with
some macropores formed between particles (inter particle voids)
[4]. The microporous structure may derive from ZIF-8 as well as
Fig. 1. XRD patterns of synthesized ZIF-8 and its derived carbons at 600�C and 1000�C.
evaporation of Zn during heat treatment [45]. The Brunauer,
Emmet and Teller (BET) surface areas and pore volumes are pre-
sented in Table 1. It is worth mentioning that after direct carbon-
ization the nano porous carbons still had high surface areas which
enhanced their adsorption performances.

As reflected in the table, the surface areas of the carbonized
sample at 600�C decreased after carbonization while the surface
area of the sample treated at 1000�C increased. Interestingly, ZIF-8
carbonized at 1200�C exhibits a surface area lower than CZIF 1000.
This could be due to the densification of porous carbon structure at
high temperature, consequently leading to a reduction of the sur-
face area.

For the carbonized samples, the pore size distribution became to
some extent broader as a result of carbonization (as evidenced from
Fig. 3). Therefore, heat treatment of ZIF-8 resulted in the modifi-
cation of the pore size distribution and this feature along with the
high surface area facilitates the diffusion of MB molecules into the
carbon network and helps the increase in adsorption capacity of the
materials. The molecular dimension of MB is
1.43 nm � 0.61 nm � 0.4 nm [1] and is within the broad pore size
range of the carbonized ZIF-8 shown in Fig. 3. The tails of the
isotherm curves for carbonized samples show N2 uptake at high
relative pressures, which could be attributed to condensation ef-
fects in externally formed pores between the nanoparticles [11].

The effect of heat treatment on the surface area of ZIF-8 is in
consistent with the results reported by Gadipelli et al. [46]. In their
study, it was shown that carbonization of MOF-5 (a metal organic
framework containing Zn) at temperatures below 900�C, resulted
in a decrease in surface area. On the contrary, heat treatment at
temperatures higher than the evaporation temperature of Zn
(908�C) caused an increase in the surface area. The reason was
attributed to the reduction of ZnO with carbon and the evolution of
Zn, CO and CO2 which results in a more porous network. The in-
crease in the surface area and porosity of the carbon materials
could be explained with reference to the thermogravimetric anal-
ysis of ZIF-8 material as illustrated in Fig. 4.

As shown in Fig. 4, ZIF-8 organic linkers start to decompose at
around 500e600�C and the generated Zn species probably block
the pores and this results in a lower surface area [45]. However, by



Fig. 3. Nitrogen adsorption-desorption isotherm of ZIF-8 and the nanoporous carbons at 600, 1000 and 1200�C (a) and the corresponding pore size distributions (b). All horizontal
axes of pore size distributions have the same scale of ZIF-8 graph i.e. pore diameter is in the range of 0.5e4 nm.

Table 1
Surface area analysis parameters of ZIF-8 and its derived carbons at 600, 1000 and 1200�C.

Sample BET surface area (m2/g) Langmuir surface area (m2/g) Total pore volumea (Cm3/g) Micropore volume (Cm3/g)

ZIF-8 1384.2 1849 1.1 0.63
CZIF600 625.5 811.9 0.67 0.26
CZIF1000 1043.1 1305 0.98 0.4
CZIF1200 818.7 1037.8 0.9 0.32

a At P/P0 ¼ 0.99.

Fig. 4. TGA analysis of ZIF-8 (a), CZIF 600 (b), CZIF 1000 (c) and CZIF1200 (d).

Fig. 5. Zeta potential comparison of ZIF-8 and ZIF derived nano porous carbons over
the range pH ¼ 1e11.
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increasing the temperature up to 1000�C, Zn species evaporate at
908�C and this might lead to the production of porosity within the
framework which further expands the surface area. The sample
carbonized at higher temperature had higher surface area and this
shows that the carbonization temperature is very important for the
structural formation of the resulting carbon materials. Despite the
decrease in the surface area of ZIF-8 after carbonization at 600�C,
the surface area of the carbonized sample increased initially with
increasing the carbonization temperature (e.g. to 1000�C), but
decreased at the carbonization temperature of 1200�C. Similar re-
sults have been reported in literature [4]. The pore size of the
samples has been defined by density functional theory (DFT)
method. As can be seen from Fig. 3, the pore size distribution of the
samples changed after carbonization and the distribution covered a
broader range of pore sizes with a slight shift towards larger pore
diameters. This observation is also similar to the reported study for
ZIF-8 carbonization [4]. However, the carbonized ZIF-8 at 1200�C
exhibited smaller pore sizes.

The adsorption ability of the surface is determined by an
important factor which is called the point of zero charge (pzc) (see
Supplementary Material). To determine the point of zero charge of
a sample, the zeta potential (measured at various pH values) is
plotted against pH. The pH at which the zeta potential is zero is
called point of zero charge (pzc). As can be seen from Fig. 5, the pzc
of ZIF-8 is above 10. This means the adsorption of positively
charged MB molecules on ZIF-8 is only possible at pH levels higher
than 10, ignoring the very small accessible pore size of ZIF-8 which



Fig. 6. Raman spectra of (a) CZIF-600 and (b) CZIF-1000.
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is too small (0.34 nm) for taking up large MB molecules
(1.43 nm � 0.61 nm � 0.4 nm) [47]. In comparison, the points of
zero charge for the carbonized ZIF-8 samples are around 4.5e5.5
and as can be seen from figure at pH levels of around 7e8 (the
typical pH of industrial wastewaters) the zeta potentials are highly
negative which is an indication of potential adsorption capabilities
of the synthesized carbon materials for positively charged mole-
cules like methylene blue. It is also observed that the zeta potential
of CZIF 1200 is more positive compared with CZIF 600 at pH 5.5,
which is the pH at which MB adsorption was conducted. This
observation helps to understand the reason behind the low
adsorption capacity of CZIF 1200 compared with CZIF 600 and CZIF
1000 despite higher carbonization temperature.

The samples were further analysed by Fourier transform
infrared spectroscopy (FTIR) to obtain more information about the
local structures and surface functional groups in the carbonized
ZIF-8materials. As shown in Fig. S1 all of the carbonmaterials show
OeH stretching vibrations in the range of 3600e3200 cm�1 indi-
cating the presence of hydroxyl groups and adsorbed water mole-
cules [41,48]. The peaks at 1710 and 1620 cm�1 are associated with
C]O bonds of carboxyl groups and some nitrogen containing
species like C]N stretching vibrations in the region 1480-
1610 cm�1. The more complicated bands within 1000e1300 cm�1

may be addressed to CeO groups [49]. For ZIF-8 material, the peaks
observed at 3135 and 2929 are characteristics of aromatic and
aliphatic CeH stretch of imidazole and the peaks at 1584,
800e1500 and 421 cm�1 are indications of C]N stretch mode,
entire imidazole ring vibrations and ZneN stretch mode respec-
tively [48].

The thermal behaviour of the samples are also shown in the TGA
graphs (Fig. 4). At the temperature below 150�C, the mass loss is
due to evaporation of adsorbed water molecules in the pores of the
materials. Between 400 and 600�C, the mass loss could be due to
the framework decomposition which results in carbon consist of
gas products such as CO2, CO, as well as formation of metal oxide
(ZnO). The mass loss from 900�C onwards, could be attributed to
the evolution of CO2 and CO with Zn through the reduction of ZnO
by carbon [46]. This mass loss is more pronounce for ZIF-8 and CZIF
600. In contrast, CZIF 1000 and CZIF 1200 show little mass loss
since they already had been treated at 1000 and 1200�C.

The local structures of the resulting nano porous carbons were
investigated using Raman spectroscopy and the results are shown
in Fig. 6. The carbonization is also confirmed by the Raman spectra
considering the graphitic G and D bands at 1350 and 1600 cm�1,
respectively [11]. These broadened peaks at 1350 and 1600 cm�1

show a disordered carbon network as evidenced by XRD. Typically,
the D band illustrates the presence of disordered carbon structures,
while the G band is basically attributed to hexagonal graphitic
networks in the porous carbon matrix. The intensity ratio of D peak
to G peak (ID/IG) is an indication of the amount of defects in the
carbonmaterials [11,50]. This value also shows as the carbonization
temperature increases, more defects are produced in the carbon
matrix. These defects produce more accessible surface areas which
promote charge accumulation being advantageous for charge
transferring in the adsorption process [50]. Therefore, this feature
reflects a favorable characteristic for adsorption capacity of the
samples carbonized at higher carbonization temperatures.

3.2. Adsorption study for the removal of methylene blue (MB) dye

The resulting nanoporous carbons were evaluated for their
adsorption capabilities with several dyes including MB, RhB, BG
and MO to determine the adsorption capability of carbonized ZIF-8
for adsorption of a variety of dyes. For the evaluation of adsorption
capacity of the samples, the aqueous solutions of MB, RhB and BG
(as positively charged model pollutants) and MO (as negatively
charged model pollutant) dyes were used. The dimensions of MB
molecule are 1.43 nm � 0.61 nm � 0.4 nm as mentioned previously
[1]. Rhodamine B has a molecular dimension of
1.44 nm� 1.09 nm�0.64 nm [51] andmethyl orange molecular size
is 1.31 nm� 0.55 nm�0.18 nm [52]. The porous carbon prepared by
carbonization of ZIF-8 at 1000�C showed adsorption capacities of
84.3, 153.5, 200 and 186.3 mg/g for RhB, MO, BG and MB dyes,
respectively. These results show that carbonized ZIF-8 at 1000 C has
a tendency to adsorb positively charged dyes, i.e. MB, RhB and BG.
However, it has much higher BG and MB adsorption capacity,
probably due to the smaller molecular sizes of MB and BG than RhB
molecule (1.44 nm � 1.09 nm�0.64 nm) [51]. It is very interesting
that CZIF 1000 has also high adsorption capacity for MO which is a
negatively charged dye molecule. This feature could be explained
by the fact that the molecular size of MO
(1.31 nm � 0.55 nm�0.18 nm) [52] is smaller than MB dye
(1.43 nm � 0.61 nm� 0.4 nm) [1]. This feature compensates for the
negative charge of MO molecule and facilitates MO adsorption on
the carbonized ZIF-8 samples.

The adsorption capacities of nanoporous carbons and ZIF-8 for
MB adsorption are shown and compared in Fig. 7. Since CZIF1200
had an adsorption capacity lower than CZIF600 and CZIF1000, the
adsorption kinetics and isotherms were derived only for the sam-
ples carbonized at 600 and 1000�C. The low adsorption capacity of
CZIF1200 towards MB dye could be attributed to the more positive
surface charge at pH 5.5, as reflected as zeta potential (Fig. 5) and
lower surface area as well as smaller pore size distribution after
high temperature carbonization (Fig. 3). It is evidenced from Fig. 3
that CZIF1000 has smaller pore sizes and distribution than CZIF600.

It can be seen that the carbonized ZIF-8 materials have signifi-
cantly higher adsorption capacities in comparison with ZIF-8. It is
also observed that the heat treatment temperature had a remark-
able effect on the adsorption capacity of the samples. ZIF-8
carbonized at 1000�C exhibited much higher adsorption capacity
compared to the ZIF-8 carbonized at 600 and 1200�C.

The weak adsorption of ZIF-8 can be attributed to the small pore
size (1.3 nm) which has the accessible pore sizes of 0.34 nm [53] as
well as the positive surface charge (Fig. 5). After conversion to
carbon the surface and bulk properties of ZIF-8 are modified;
therefore, the resulting carbonized materials possess high negative
surface charges, larger surface areas with broader pore size distri-
butions. These features facilitate high adsorption of MB molecules



Fig. 7. Adsorption capacity of ZIF-8 and nano porous carbons for MB removal (initial
dye concentration 100 ppm, adsorbent dosage 10 mg, solution volume 20 ml, initial
pH ¼ 5.5).

Table 3
MB adsorption isotherm parameters n carbonized ZIF-8 prepared at 600 and
1000�C.

Sample Qe Langmuir isotherm Freundlich isotherm

KL Qm R2 KF n R2

CZIF1000 186.3 0.86 185.2 0.999 126.6 10.52 0.7944
CZIF600 43.5 0.21 49.5 0.9975 35.6 17.1 0.7752
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with nanoporous carbons. In addition, MB molecules can interact
with the carbon surface because of the p-p interaction betweenMB
molecules and sp2 graphitic carbon in the carbon matrices. This is
confirmed by Raman analysis shown in Fig. 6 [1]. The superior
removal capacity of the nanoporous carbons compared to ZIF-8 is
evidenced from Fig. 7, having adsorption capacity of 186.3 mg/g for
CZIF1000, 43.5 mg/g for CZIF600 and 36.7 mg/g for CZIF 1200
compared with 19.5 mg/g adsorption capacity of ZIF-8.

The amount of MB uptake into the adsorbent materials was
calculated using the following formula by simply considering the
final and initial concentrations of dye solutions.

The percentage of dye removal (%) and the amount of dye
adsorbed per unit of adsorbent (q) were calculated by the following
equations:

% ¼ ðCi � CeÞ � 100
Ci

(1)
Table 2
Adsorption capacities of MB on various carbon based adsorbents.

Adsorbent Adsorption isotherm

ZIF-67 derived carbona Langmuir
Mixture of MIL-53 and MIL-58B carbon composite Langmuir
MOF derived carbon (MIL-100 (Fe)) Langmuir
Polystyrene @ ZIF-8 core-shell microspheres NA
ZIF-8 derived carbona Langmuir
ZIF-8 derived carbona Langmuir
ZIF-8 derived carbona NA
Magnetic carbonized MOF-5a Langmuir
ACb from date palm leaflets Langmuir
AC from walnut shells Redlich-Peterson
AC from cotton stalk Langmuir
AC from waste biomass Langmuir
AC from waste tea Langmuir
AC from Posidonia oceanica-dead leaves Langmuir

a Prepared by direct carbonization.
b AC: Activated carbon.
q ¼ ðCi � CeÞ � V
m

(2)

where Ci and Ce are the initial and equilibrium concentrations (mg/
l) respectively, V is the volume of dye solution (ml) and m is the
weight of the adsorbents (g).

Table 2 summarises the comparison of adsorption capacities of
MB on various MOF derived nanoporous carbons as well as acti-
vated carbons prepared from different sources. Nanoporous carbon
derived from ZIF-67 exhibits the highest adsorption capacity in MB
removal among the MOF derived carbon materials; whereas acti-
vated carbon fromwaste tea has the highest adsorption capacity for
MB dye compared to activated carbons from other sources. The
properties of activated carbon depends on the source material,
therefore the adsorption capacities for dye removal differs for
different kind of activated carbons. In most cases the activated
carbons were treated and functionalized under harsh acidic con-
ditions (or other chemical conditions) to make them suitable for
adsorption. However, in this work, no further treatment was used
and the ZIF-8 derived carbons were used directly after carboniza-
tion. For example, activated carbon derived from date palm leaflets
was prepared using KOH activation followed by nitric acid oxida-
tion to develop oxidized activated carbon. In addition, basic acti-
vated carbons were produced using ethylene diamine and
propylene diamine to functionalize the surface of the carbons. The
treated activated carbons had MB adsorption capacity in the range
of 200e300 mg/g. The initial basic activated carbon had 270 mg/g
adsorption capacity [54]. It is observed that ZIF-8 derived carbons
show promising adsorption capacities in comparison with other
materials. Therefore, untreated carbonized ZIF-8 with MB removal
capacity of 186.3 mg/g is comparable with the other conventional
carbon adsorbents for the removal of MB dye from water.
Adsorption pH Carbonization Qm (mg/g) Reference

T (�C)

NA 600, 800�C 300.3, 500 [1]
NA 500, 600�C 74 [60]
NA 500, 600�C 303.95 [37]
NA 1000�C NA [61]
5.5 600�C 43.5 This study
5.5 1000�C 186.3 This study
NA 800�C 59 [2]
6 900�C 292.4 [38]
7 550�C 270 [54]
7 350e600�C 315 [62]
7 NA 193.5 [63]
6 600�C 16.43 [64]
7 800�C 554.3 [65]
6.5 600�C 285.7 [66]



Fig. 8. Adsorption isotherms for adsorption of MB on carbonized ZIF-8 at 600 and 1000�C: (a) and (b) Langmuir isotherms, (c) and (d) Freundlich isotherms (adsorbent dosage
10 mg, solution volume 20 ml, initial pH ¼ 5.5).
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3.2.1. Adsorption isotherms
Analysis of the adsorption isotherm is of a great importance to

describe how adsorbate molecules interact with the adsorbent
surface. Equilibrium adsorption studies define the capacity of the
adsorbent and also illustrate the adsorption isotherms by constants
whose values express the surface properties and affinity of the
adsorbents. The relationship between equilibrium data and either
theoretical or practical equations is essential for interpretation and
prediction of the extent of adsorption [55].

Among the adsorption isotherms the Langmuir and Freundlich
models are the most common isotherms due to their simplicity and
capability to describe experimental results in wide ranges of con-
centration (see the Supplementary Material) [56]. Adsorption
Fig. 9. RL values of the ZIF-8 derived nanoporous carbons at different initial concen-
trations (adsorbent dosage 10 mg, solution volume 20 ml, initial pH ¼ 5.5).
isotherms were derived for CZIF 600 and CZIF 1000 to compare the
results for different temperatures.

Table 3 shows the calculated values of Langmuir and Freundlich
model's parameters. According to the graphs and calculations the
equilibrium data showed a better fit to the Langmuir equation with
r2>0.99 addressing the homogeneous active sites and monolayer
coverage of MB onto nanoporous carbons (Fig. 8a, b). The experi-
mental data is verified by comparing the calculated maximum
adsorption capacity (qm) and equilibrium adsorption (qe) (Table 3).
The carbonized ZIF-8 at 1000�C shows an impressive adsorption
capacity for MB dye with 186.3 mg/g which is almost 10 times and
four times the amount adsorbed by carbonized ZIF at 600�C and
ZIF-8 respectively.

The separation factor (RL) was also calculated from Langmuir
isotherms and is illustrated in Fig. 9. The favorable adsorption of
Langmuir isotherm can be explained by means of a dimensionless
separation factor RL [57].

RL ¼
1

1þ KLCi

RL values are described based on the following categories:
RL Type of isotherm

RL>1 Unfavorable
RL ¼ 1 Linear
0<RL<1 Favorable
RL ¼ 0 Irreversible
As illustrated in Fig. 9, since the RL values are all between zero
and unity, thus it is confirmed the adsorption process over nano-
porous carbons is favorable.



Table 4
MB adsorption on carbonized ZIF-8 samples: kinetics parameters.

Sample Pseudo first order Pseudo second order Intra particle diffusion

K1 (�10�3) (min�1) Qe (mg.g�1) R2 K2 (�10�3) (g.mg�1.min�1) Qe (mg.g�1) R2 Ki (mg.g�1.min�1) C R2

CZIF1000 15.8 125.1 0.9503 0.38 188.67 0.9964 13.41 34.59 0.9808
CZIF600 15.2 16.87 0.9736 4.6 42.19 0.9935 1.66 23.63 0.9318

Fig. 10. Adsorption kinetics for adsorption of MB on CZIFs (initial dye concentration 100 ppm, adsorbent dosage 10 mg, solution volume 20 ml, initial pH ¼ 5.5) (a) Pseudo first order
and (b) Pseudo second order kinetics.
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3.2.2. Adsorption kinetics
There are several adsorption kinetic models for defining the

controlling mechanism of dye adsorption from aqueous solution. It
is worth noting that the rate of adsorption of a particular molecule
depends upon its mobility in the solution phase, the sorbent pore
structure, the particle size, and the hydrodynamics of contact be-
tween the solution and the particle phase [58]. Pseudo-first order
and Pseudo-second order models are widely used for the adsorp-
tion processes (see Supplementary Material). The adsorption ki-
netics calculation was performed for CZIF 600 and CZIF 1000 to
compare the findings for two different temperatures.

The calculated kinetic parameters of the carbonized samples are
given in Table 4. The experimental data was analysed by comparing
the calculated qt against time from the two kinetic models and
thereafter was defined by linear regression. As it is shown in Fig. 10
the carbonized samples fitted kinetic models well. Nevertheless,
the pseudo-second order model shows a better fit for the experi-
mental data when comparing r2 as it shows a higher r2 (>0.99)
compared to the pseudo-first order model. The calculated adsorp-
tion capacity from the latter is also very close to the experimental
value. These results confirm the applicability of the pseudo-second-
order equation. They also indicate that the sorption of MB into the
nanoporous carbons follows the pseudo-second-order model.
3.2.3. Adsorption mechanism
Adsorption is usually controlled by either the liquid phase mass

transport rate or the intraparticle mass transport rate. Weber and
Morris [59] proposed the use of the intra-particle diffusion model
to identify diffusion mechanisms of adsorption processes (see
Supplementary Material).

The intraparticle diffusion plots of the nanoporous carbons
provided a linear curve (Fig. S2). However, the plots did not pass
through the origin which reflects that the intraparticle diffusion
was constituted in the adsorption process but was not the only rate
limiting step. Fitting the experimental data gives us three-phased
graph. The line in the initial stage does not pass through the
origin which indicates that the adsorption is mainly due to the
external surface uptake instead of intra particle diffusion process. In
this initial stage the adsorptive molecule diffuses through the so-
lution to the external surface of the adsorbent or to the boundary
layer diffusion where the adsorption rate is high. In the second
stage, adsorption is faster reflecting the gradual adsorption step
where intraparticle diffusion is rate-controlling. In the third sec-
tion, diffusion remains relatively constant and the maximum
adsorption is achieved [55].

The intraparticle rate constant (Kid) as can be seen from Table 3
is much higher for CZIF 1000 comparedwith CZIF 600 which can be
attributed to a combination relationship between parameters such
as specific surface areas and pore sizes of the adsorbents.
4. Conclusions

In this study, the effect of carbonization temperature on
adsorption capacity of ZIF-8 for water treatment was investigated.
Nano porous carbons were prepared by direct carbonization of ZIF-
8 at 600�C, 1000�C and 1200�C. The SEM and TEM images proved
that the nanoporous carbon particles retained the original
morphology and structure after heat treatment. Zeta potentials
provided information about the change in the surface charge of the
samples addressing the negatively charged carbon nanoparticles
compared with the positively charged ZIF-8 particles. The surface
area of ZIF-8 decreased with increasing heat treatment tempera-
ture to 600�C and increased by raising the temperature to 1000�C;
however, it decreased when the carbonization temperature was
further increased to 1200�C. The pore size distribution became
broader after carbonizationwhich facilitated adsorption of MB. The
adsorption studies revealed that nano porous carbon derived from
ZIF-8 at 1000�C had outstanding adsorption capacity compared
with ZIF-8. The isotherm and kinetics studies showed that the
adsorption process followed the Langmuir model and agreed with
pseudo-second order kinetic model. This study illustrates that the
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heat treatment has significant effect on adsorption properties of
ZIF-8 for the removal of organic pollutants from water.
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