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a b s t r a c t
The TiO2@ZIF-67 nanocomposite, flower-like ZIF-67 coated on the surface of anatase TiO2, was pre-
pared by solvothermal method for the first time. The TiO2@ZIF-67 was characterized by various 
techniques such as scanning electron microscopy, Fourier-transform infrared spectroscopy, and 
X-ray diffraction. The removal efficiency of methyl orange (MO) onto TiO2@ZIF-67, TiO2 and ZIF-
67 was 94.01%, 14.77% and 47.08% with the corresponding adsorption capacity of 5.87, 0.875 and 
2.94 mg g–1 in 50 mL solution with low MO content of 5 mg L–1, respectively. The adsorption capac-
ity of TiO2@ZIF-67 changed a little in the pH range of 4–8 and its adsorption kinetics conformed to 
the quasi-second-order equation. The MO adsorption onto TiO2@ZIF-67 was an exothermic reac-
tion and the equilibrium adsorption capacity rose with the increase of temperature. The effective 
adsorption resulted from electrostatic force, π–π stacking, acid-base interaction, and the hydrogen 
bond formed by water as bridge. The adsorbent was regenerated easily by putting into alkaline 
aqueous solution (pH = 12) and the adsorption of TiO2@ZIF-67 decreased a little for five cycles.
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1. Introduction

Azo dyes, a class of synthetic dyes containing the azo 
group (–N=N–) in molecular structure, are widely used 
in textile industry, color photography, leather fine manu-
facturing, pharmaceutical industry, cosmetics production 
and other fields [1,2]. The azo dyes are harmful to envi-
ronment and organism. Azo dyes in water can absorb light 
and decrease photosynthesis of aquatic plants [3] which 
can yield dissolved oxygen in water body. Azo dyes could 
also be absorbed and accumulated by aquatic plants [2] and 
cause distortion and even death of aquatic organisms [3]. 
Furthermore, azo dyes are not easy to be degraded com-
pletely [4]. Acute exposure to methyl orange (MO) can 

increase heart rate and cause many diseases such as tissue 
necrosis, jaundice and cyanosis for humans [5].

The treatment of dyeing wastewater includes adsorp-
tion, membrane [6–8], coagulation–flocculation [8], photo-
catalysis [9,10], electrochemical [11] and biological methods 
[12]. Membrane, photocatalysis and electrochemical method 
have many disadvantages such as high investment cost and 
operation cost. Precipitation and coagulation often con-
sume massive chemicals and engender a large amount of 
sludge need to be treated. Azo dyes degrade slowly and 
often produce more toxic intermediates for biological meth-
ods [12]. Adsorption is a preferred technique to these other 
methods for MO removal due to its simple design, easy 
operation, high removal efficiency, low operation cost and 
no other contaminant production [13].
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TiO2 is an excellent semiconductor photocatalytic mate-
rial due to its non-toxic, good biocompatibility, good thermal 
and chemical stability, and high mechanical strength with 
low adsorption performance [10]. The adsorption capacity 
of TiO2/GO composite prepared by the ultrasonic activa-
tion is greatly improved as compared with pure TiO2 [14]. 
Metal–organic framework (MOFs), an emerging material, 
show extraordinary super advantages in the field of adsorp-
tion due to their high specific surface area, porous struc-
ture, unsaturated metal active sites, large number of Lewis 
acid sites. The adsorption capacity of the composite, a ZIF-8 
decorated TiO2 grid-like film by in-situ growth method, is 
much higher than that of pure TiO2 film, and the increase 
of substrate concentration on the surface of photocatalyst 
is also conducive to the process of catalytic reaction [15].

MO, well-known as an indicator for pH titration, is a 
widely used dye in the textile industry and was chosen as 
target pollutant in this study. ZIF-67, an important MOF, 
has good water and chemical stability and good adsorp-
tion [16]. Co2+, the central ion in ZIF-67, can also link with 
–SO3

– in MO [17]. In order to improve the adsorption perfor-
mance, the compound material TiO2@ZIF-67, TiO2 coated 
with ZIF-67, was synthesized by solvent-thermal synthesis 
after the anatase TiO2 was prepared by sol–gel method in 
this work. And then the adsorption behavior and adsorption 
mechanism of MO onto TiO2@ZIF-67 were investigated.

2. Chemical reagents and material preparation

2.1. Chemical reagents

Ultrapure deionized water adopted in our experi-
ment was total organic carbon of 1.2 μg L–1, resistivity of 
1.82 MΩ cm at 25°C. Titanium(IV) butoxide (TBOT) was 
gotten from Fuchen Chemical Reagent Limited Company 
(Tianjin, China) and other reagents were purchased from 
Jiangtian Chemical Company (Tianjin, China). Analytically 
pure reagents without further treatment was used in this 
study.

2.2. Synthesis of three materials

TiO2 was prepared in accordance with the modified 
Tan’s method [18]. In brief, TBOT was added into 0°C 
deionized water (the molar ratio of water to TBOT is 100:1) 
and stirred. The white precipitate was washed 3 times with 
deionized water after it was collected by filtering. The pre-
cipitate were added into deionized water at the tempera-
ture of 50°C for 3 h ageing, and then dried out at 110°C 
in air oven for overnight. Finally, the TiO2 product was 
gotten by calcining in muffle furnace at 450°C for 2 h after 
being carefully grinded.

The method of as-synthesized ZIF-67 followed our work 
[19] with some changes. In detail, 1.1642 g CO(NO3)2·6H2O 
and 1.3136 g 2-methylimidazole dissolved in 15 mL meth-
anol separately with 0.5 h ultra-sonication for, labeled 
as liquid A and liquid B. And then liquid A and B were 
ultra-sonicated for 2 h after mixing together. ZIF-67 was 
obtained after purple material collected was washed three 
times in methanol and dried in 60°C vacuum.

The first step of TiO2@ZIF-67 synthesis was the same as 
ZIF-67 preparation except that 0.3 g TiO2 was dispersed in 

solution A before the purple material was obtained. And 
then the purple material was mixed with new solution A 
once again. The mixed liquid was poured to a seal stainless 
reactor with Teflon lining, and then kept under 120°C for 
2 h [20]. When the reactor cooled down to room tempera-
ture, the precipitates were processed as ZIF-67 washing and 
drying. The light yellow-green TiO2@ZIF-67 powder was 
obtained.

2.3. Analytical methods

The MO concentration was determined at wavelength 
of 464 nm by H. UV-Vis spectrophotometer (T6, Beijing Puxi 
General Instrument Co., Ltd., China). The appearances of 
the synthesized materials were monitored by a scanning 
electron microscopy (SEM, Gemini SEM500, Germany). The 
X-ray diffraction (XRD) patterns were determined using an 
diffractometer (Ultima IV, Rigaku, U.S.) with mono-chroma-
tized Cu Kα under 40 kV and 40 mA. And the 2θ for diffrac-
tion data were changed from 5° to 80° with the step of 0.02°. 
The functional groups were detected by Fourier-transform 
infrared spectroscopy (FTIR, Equinox 55, Germany) in a 
spectrum range of 400–4,000 nm. The surface potential and 
particle size were measured by Malvern Zetasizer Nano 
ZS 90 (UK). The specific surface area and pore volume was 
measured using Brunauer–Emmett–Teller method (BET) 
by NovaWin Version 10.01 (Quantachrome, USA).

2.4. MO adsorption

The adsorption of MO onto adsorbents was performed 
in sequencing batch mode. The material was put into 
50 mL MO solution with a set concentration, and then the 
mixed liquor was shaken using a constant temperature 
shaker. The adsorption capacity of material is obtained 
from Eq. (1).

Q
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where Ct,0 is adsorbate concentration at time t or 0, v (L) is 
the volume of adsorbate solution and m is adsorbent mass. 
Qt and Qe (mg g–1) are the adsorption capacity at t time and 
at equilibrium, respectively. The removal rate is calculated 
as follows:
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where η is the removal rate.

3. Results and discussion

3.1. Characterization

The three as-synthesized materials of TiO2, ZIF-67 and 
TiO2@ZIF-67 were monitored by SEM, XRD and FTIR. TiO2 
is a spherical particle with size of 200–500 nm (Fig. 1). ZIF-
67 had a perfect dodecahedral rhombic morphology with 
the particle size of about 200–400 nm (Fig. S1), which is a 
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little than that in our previous work [19]. That is probably 
due to shorter reaction time. TiO2@ZIF-67 showed that the 
flower-like ZIF-67 was grown on the surface of spherical 
TiO2 (Fig. 1).

The XRD patterns of the three materials are shown in 
Fig. 2a. The 2θ of 7.31°, 10.42°, 12.78°, 14.76°, 16.50°, 18.08°, 
22.18°, 24.54°, 25.64°, 26.7°, 29.74°, 30.64°, 31.50°, and 32.42° 
in the XRD pattern of ZIF-67 represented the crystal face 
of (011), (002), (112), (022), (013), (222), (114), (233), (224), 
(134), (044), (334), (244) and (235) [19], and the 2θ of 25.56°, 
38.14°, 48.12°, 54.06°, and 55.24° in TiO2 XRD pattern repre-
sented the crystal face of (101), (112), (200), (105) and (211) 
[20]. The diffraction peaks of TiO2@ZIF-67 are in good agree-
ment with these of ZIF-67 and TiO2, showing that it was 
successfully synthesized (Fig. 2a).

The wide vibration band about 488 cm–1 from the FTIR 
spectra of TiO2 (Fig. 2b) is the typical vibration peak of Ti–O–
Ti bond of TiO2, indicating that TiO2 is successfully synthe-
sized [21,22]. The vibration peaks from 600 to 1,500 cm–1 in 
the FTIR spectra of ZIF-67 can be attributed to the stretch-
ing vibration of imidazole ring, and the peaks at 1,385, 
1,631 and 3,130 cm–1 are caused by the stretching vibration 
of C–N bond, C=N bond and C–H bond of ligand imidaz-
ole in ZIF-67, respectively [20,23]. The vibration peak of 
TiO2@ZIF-67 was similar to ZIF-67. That conformed to the 

result of XRD pattern and further proved that ZIF-67 was 
successfully loaded on the surface of the TiO2.

3.2. MO adsorption experiments

3.2.1. MO adsorption onto three materials

TiO2, ZIF-67 and TiO2@ZIF-67 (0.04 g) were added into 
5 mg L–1 MO solution at temperature of 25°C, respectively. As 
shown in Fig. 3a, the removal efficiency of MO onto TiO2@
ZIF-67 was 94.01%, which was approximately 6.4 times of 
TiO2 (14.77%) and 2.0 times of ZIF-67 (47.08%). The adsorp-
tion equilibrium time was TiO2@ZIF-67 > ZIF-67 > TiO2. 
Comparing with other absorbents (Table S1), ZIF-67 has 
the maximum capacity Qmax (1,340 mg g–1) of MO sorption 
calculated from Langmuir isotherm [19]. The removal effi-
ciency of MO by TiO2@ZIF-67 was much higher than ZIF-67, 
showing it had super high adsorption capacity for MO.

3.2.2. Effect of dosage

TiO2@ZIF-67 with dosage of 0.02, 0.04, 0.06, 0.08 and 
0.10 g was added into 5 mg L–1 MO solution for 15 h at 25°C, 
respectively. The results are shown in Fig. 3b. When the dos-
age increased the equilibrium concentration and adsorption 
capacity both decreased. Although the adsorption sites rose 
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Fig. 1. Schematic of TiO2@ZIF-67 synthesis process.
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with the increase of adsorbent dosage, the average amount 
of pollutants captured by the adsorption sites decreased. 
The adsorption equilibrium concentration decreased a lit-
tle when the adsorbent dosage was changed from 0.04 to 
0.10 g. Therefore, the dosage of TiO2@ZIF-67 was adopted 
0.04 g in the later experiments.

3.2.3. Effect of initial pH

pH always has an essential effect on adsorption. The 
range of pH is from 4 to 12 in our experiment at 25°C. The 
pH of MO solution was changed a set value by adding 
0.1 mol L–1 HCl or NaOH. The equilibrium adsorption capac-
ity Qe decreased a little when pH was increased from 4 to 8 
and the largest Qe was 5.93 mg g–1 at pH = 4 (Fig. 4). When the 
pH value changed from 10 to 12, the Qe decreased sharply. 
The result showed that it is much more favorable for MO 
removal under acidic condition. The reason was analysed 
in Section 3.5 – Adsorption thermodynamics. The pH value 
of MO solution was not adjusted in the follow-up experi-
ments because it is approximately 6.5.

 

 
b a 

Fig. 2. (a) XRD patterns and (b) FTIR spectra of the prepared ZIF-67,TiO2 and TiO2@ZIF-67.

 

a b 

Fig. 3. (a) Removal efficiency of MO at different times by the three materials and (b) MO adsorption of TiO2@ZIF-67 dosages.

 
Fig. 4. MO adsorption on TiO2@ZIF-67 at different initial pHs.
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3.3. Adsorption kinetics analysis

TiO2@ZIF-67 was put into MO solution with different 
MO concentration of 1, 2.5 and 5 mg L–1 at 25°C for adsorp-
tion kinetics study. Samples were filtrated by 0.22 μm mem-
brane before MO concentration was detected at t time. The 
adsorption capacity is close to the equilibrium value with 
each concentration about 1 h. The MO adsorption onto 
TiO2@ZIF-67 is a fast process (Fig. 5a).

Since the first-order kinetic model could not fit the 
experimental data well (Supporting Information Part S1), 
the second-order model was adopted to study the sorption 
mechanism and the expression of the second-order kinetic 
model could be expressed as [25].

t
Q k Q

t
Qt e e

�
�

�
1

2
2  (3)

where k2 (g mg–1 h–1) is adsorption rate constant. The sec-
ond-order kinetic model could fit the adsorption experimen-
tal data well because all their R2 values were above 0.999 
and the calculated values of equilibrium capacity were close 
to the experimental data (Fig. 5b and Table S3). Therefore, 
it could be preliminarily judged that there is a chemical 
adsorption of electron pair sharing or electron transfer in 
the whole adsorption process.

3.4. Adsorption isotherm analysis

The isotherm models can be adopted not only to 
describe the relationship between the adsorbate concentra-
tion and the equilibrium adsorption capacity at a set tem-
perature, but also to design the adsorption system [26]. The 
experiments were performed putting TiO2@ZIF-67 into MO 
solution with various initial MO concentrations of 1, 2.5, 5, 
7.5 and 10 mg L–1 at temperatures of 25°C, 35°C and 45°C, 
respectively. The results are seen from Fig. 6. When the 

temperature rose the equilibrium MO concentration became 
larger and the adsorption capacity became smaller. The 
equilibrium adsorption concentration at 45°C (2.54 mg L–1) 
was 5 times as much as that at 25°C (0.51 mg L–1) at MO 
initial concentration of 10 mg L–1. That indicated that 
lower temperatures was favorable the MO adsorption onto 
TiO2@ZIF-67.

In order to further explore the relationship between 
temperature and adsorption, Langmuir, Freundlich and 
Henry models were fitted to experimental data, as the 
parameters of these models are practical, simple and easy 
to explain [27]. Langmuir model could not fit the data well 
(Supporting Information Part S2). Freundlich model is 
widely employed to express the surface sorption with sites 
having different adsorption energies. Freundlich model is 
as follow [28]:

ln ln lnQ
n

C Ke e F� �
1  (4)

where KF is Freundlich isotherm constant, and 1/n is the 
Freundlich intensity parameter which shows the adsorp-
tion intensity or the heterogeneity of adsorbent surface. 
Freundlich model could fit the adsorption data well (Fig. 6b 
and Table 1), for R2 values were 0.995, 0.996, and 0.995 at tem-
peratures of 25°C, 35°C and 45°C, respectively. The value of 
1/n ranges from 0 to 10 for favorable adsorption [29]. TiO2@
ZIF-67 had strong adsorption intensity due to the 1/n value 
of 1.050 at 25°C, 1.200 at 35°C and 1.392 at 45°C (Table 1). The 
value of 1/n got smaller and the value of KF turned larger at 
higher temperature, demonstrating that the adsorption got 
weaker and the capacity became smaller [27].

Henry model is:

Q K Ce p e=  (5)

Fig. 5. Adsorption of MO onto TiO2@ZIF-67 (a) at various times and initial concentrations and (b) fitting the second-order 
kinetic model.
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where Kp (L g–1) is sorption constant. Henry model is suit-
able to fit to experimental data with all R2 ≥ 0.95 (Fig. 6c and 
Table 1).

3.5. Adsorption thermodynamics

In order to explore the effect of temperature on the MO 
sorption on TiO2@ZIF-67, the experimental data were ana-
lyzed thermodynamically at temperatures of 25°C, 35°C 
and 45°C. The fitting parameters of thermodynamic mod-
els are shown in Table 1. The distribution constant Kp got-
ten from the Henry model was adopted in thermodynamic 
analysis. The coefficient Kp (L g–1) obtained from the Henry 
model, could be converted to a dimensionless constant 
by multiplying Kp by a factor of 1,000 [29], so ΔG, ΔH and 
ΔS can be obtained by the following formulae.

�G RT Kp� � �� �ln 103  (6)

ln K H
RT

S
Rp �� � � � �103 � �  (7)

where ΔG (kJ mol–1) is the change of molar Gibbs function, 
ΔH (kJ mol–1) is enthalpy change and ΔS (kJ mol–1 K–1) is 
entropy change. R, a universal gas constant, is 8.314 J mol–1 K–1 
and T (K) is Kelvin temperature. The correlation coefficient 

 
 

 
 
 
 
 
 
 
 
 
 
 

 

a b 

c d 

Fig. 6. (a) MO adsorptions onto TiO2@ZIF-67 at various temperatures, fitting the models for (b) Freundlich and (c) Henry of MO sorp-
tion on TiO2@ZIF-67, and (d) van’t Hoff plot.

Table 1
Parameters of MO adsorption on TiO2@ZIF-67 for thermody-
namic analysis

Temperature (°C) 25 35 45

Langmuir model
Qmax (mg g–1) –71.327 –20.004 –8.624
KL (L mol–1) –0.281 –0.342 –0.225
R2 0.236 0.715 0.780

Freundlich model
1/n 1.050 1.200 1.392
KF 22.529 10.078 2.769
R2 0.995 0.996 0.995

Henry model
Kp (L g–1) 22.601 10.440 4.160
R2 0.983 0.994 0.988

ΔG (kJ mol–1) –24.850 –23.687 –22.032
ΔS (kJ mol–1 K–1) –0.142
ΔH (kJ mol–1) –67.335
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of ln(Kp × 103) vs. 1/T was 0.999 (Fig. 6d) by fitting the van’t 
Hoff isotherm model and then ΔH and ΔS were calculated 
from the slope and intercept of van’t Hoff plot. The thermo-
dynamic parameters of MO sorption onto TiO2@ZIF-67 are 
shown in Table 1. All the ΔG values were negative at 25°C, 
35°C and 45°C. The value becomes smaller with the tempera-
ture enhancement, demonstrating that the sorption of MO 
to TiO2@ZIF-67 was a spontaneous process and the lower 
temperature was more conducive to the adsorption. ΔH 
(–67.335 kJ mol–1) < 0, indicated that the MO adsorption onto 
TiO2@ZIF-67 is an exothermic reaction. ΔS (–0.142 kJ mol–1 K–1) 
was negative, showing that the randomness of MO molecule 
decreases with the MO sorption on TiO2@ZIF-67 surface  
from its dissolved state.

3.6. Adsorption mechanism

The adsorption of MO onto ZIF-67 resulted from elec-
trostatic force, acid-base action, π–π stacking, hydrogen 
bonding and ligand binding [30–32]. According to the zeta 
potential diagram (Fig. 7), the isoelectric points of ZIF-67 

and TiO2@ZIF-67 are both at pH of 10.7. The surface poten-
tials of the two adsorbents were positive at pH < 10.7 while 
they both were negative at pH > 10.7. MO is an anionic dye 
(pKa = 3.4) with the sulfonic acid group (–SO3

–). When the 
pH was less than 10.7, there is the electrostatic attraction 
between the adsorbent and MO. The equilibrium adsorp-
tion capacity sharply decreased when the pH value changed 
from 9 to 12 (Fig. 4) because the deprotonation of functional 
groups on TiO2@ZIF-67 made the TiO2@ZIF-67 surface turn 
electronegative and improved the electrostatic repulsion. 
The imidazole ring of ZIF-67 has π–π stacking interaction 
with the benzene ring of MO molecule. The Lewis acidity 
of Co2+ in ZIF-67 could interacted with the Lewis basicity 
of –SO3

– group in MO [33,34]. Those showed the chemisorp-
tion played a predominant role in MO sorption onto TiO2@
ZIF-67. Furthermore, the double hydrogen bond, formed 
by the water molecule acting as the bridge, is also one 
of the driving forces for the adsorption (Fig. 8).

TiO2 and TiO2@ZIF-67 were mesoporous while ZIF-67 
was microporous and the specific surface area (SSA), pore 
volume and mean pore diameter of TiO2@ ZIF -67 increased 
a little comparing with TiO2 but its SSA was far less than ZIF-
67 (SM Part S3). In our work, that the mixture was heated 
at 120°C for 2 h in Co(NO3)2·6H2O solution improved Co2+ 
content, making the surface positive charge more abundant, 
and turned the rhombohedra dodecahedral ZIF-67 crys-
tal on TiO2 surface to flower-like appearance, causing the 
imidazole ring of ZIF-67 to become easier to get in touch 
with the benzene ring in dye molecules. Moreover, that the 
more unoccupied Co2+ of ZIF-67 interacted with –SO3

– of the 
dyes increased. Therefore, the adsorption capacity of TiO2@
ZIF-67 was much greater than pure ZIF-67 and TiO2.

3.7. Recycling

The regeneration and reuse of the adsorbent is crucial 
for its engineering practice. When the pH increased to 12, 
the adsorption capacity decreased sharply (Section 3.2.3 – 
Effect of initial pH). The regeneration method of the adsor-
bent in this work was gotten according to the characteristics. 
The saturated adsorbent was put into the aqueous solution 
(pH = 12) and washed for 3 times at room temperature. The 
20 mL alkaline solution was used in all. The regenerated Fig. 7. Zeta potentials of ZIF-67 and TiO2@ZIF-67 at various pHs.

 

Fig. 8. Adsorption mechanism analysis for MO onto TiO2@ZIF-67.
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adsorbent collected by centrifugation was washed by 
deionized water and methanol and then dried in vacuum 
dryer at 60°C. The adsorption of regenerated adsorbent is 
shown in Fig. 9. The removal rate of MO by TiO2@ZIF-67 
was maintained at about 90% in 5 cycles. The regeneration 
method can simply and effectively realize the separation 
and enrichment of MO.

4. Conclusion

In this work, the flower-like TiO2@ZIF-67 (size: 400–
500 nm) was successfully prepared by solvo-thermal 
method. Compared with TiO2 and ZIF-67, TiO2@ZIF-67 had 
highest removal rate (above 94%) in low-concentration MO 
solution. The adsorption of MO onto TiO2@ZIF-67 was spon-
taneous and exothermic. The effective removal of MO by 
TiO2@ZIF-67 adsorption was achieved by electrostatic force, 
π–π stacking, hydrogen bonds formed by water molecules 
as bridges, and more reaction sites due to the flower-like 
shape TiO2@ZIF-67. The adsorbent as-synthesized in this 
study could be recycled by alkaline solution easily. The MO 
adsorption capacity still exhibited 90% after fifth cycle. The 
TiO2@ZIF-67 is a good adsorbent with great potential for 
MO and also promising for the improvement of subsequent 
catalytic process.
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Supplementary information

Fig. S1. SEM image of ZIF-67.

Table S1
MO maximum adsorption capacity Qmax of various adsorbents calculated from Langmuir model and experiment condition

Adsorbent Qmax (mg g–1) pH Temperature (°C) SSA (m2 g–1) Reference

Polyethyleneimine-modified persimmon tannin 877.2 4.0 50 8.1 [S1]
AC from waste tire rubber 588.0 3.6 23 – [S2]
Activated biochar from pomelo peel waste 163.1 3.0 25 75.3 [S3]
Calcined glycerol-modified nanocrystallined MgAl LDH 1062 4.50 25 170.3 [S4]
Cd-based MOF 166.7 7.0 25 384.0 [S5]
Immobilised polyaniline 77.50 6.5 30 8.5 [S6]
Mesoporous MCM-41 1,000 2.0 20 1,451 [S7]
Immobilised chitosan/montmorillonite G 154.4 6.3 30 4.4 [S8]
LDH/Fe3O4/polyvinyl alcohol G (A-F) 19.59 6.0 25 87 [S9]
ZIF-67 1,340 6.5 25 1,676 [S10]

SSA – specific surface area.

Part S1

The first-order kinetic model for adsorption can be 
expressed as [S11]:

ln lnQ Q Q k te t e�� � � � 1  (S1)

where k1 (g mg–1 h–1) is the adsorption rate constant.

Table S2
Parameters from fitting the experimental data of TiO2@ZIF-
67with first-order model

C0 Qe,exp

First-order

Qe,cal k1 R2

mg L–1 mg g–1 mg g–1 g mg–1 h–1

1 1.07 0.02 1.09 0.7994
2.5 2.83 0.47 1.43 0.9642
5 5.83 0.81 1.59 0.9579

 
Fig. S2. Fitting of first-order model of MO adsorption on TiO2@
ZIF-67.
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Part S2

The expression of Langmuir model as follow [S12]:

C
Q

C
Q Q K

e

e

e

L

� �
max max

1  (S2)

where KL, the Langmuir isotherm constant, is related to the 
adsorption bonding energy, and Qmax is the estimated max-
imal adsorption capacity. The fitting results showed the 
Langmuir isotherm model could not describe the adsorp-
tion process well (Fig. S1 and Table S2), since the R2 val-
ues obtained by fitting at different temperatures 0.236, 

0.715 and 0.780 at temperature of 25°C, 35°C and 45°C, 
respectively.

Part S3

Table S3
Parameters from fitting the experimental data of TiO2@ZIF-67 
with second-order model

C0 Qe,exp

Second-order

Qe,cal k2 R2

mg L–1 mg g–1 mg g–1 g mg–1 h–1

1 1.07 1.08 129.78 0.9998
2.5 2.83 2.84 3.22 0.9998
5 5.83 5.85 5.80 0.9999

 
Fig. S3. Fitting of Langmuir isotherms of MO adsorption on 
TiO2@ZIF-67.

 
Fig. S4 (a) N2 sorption−desorption isotherms and (b) pore-size distributions of three materials (Note: the color marked in Fig. 4a is for 
adsorption and the different color is for desorption).
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