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Abstract
Efficient treatment of cobalt ions from mining wastewater and effluents from nuclear facilities is critical for environmental 
protection. A zeolite imidazole frameworks (ZIFs), which belong to a metal–organic frameworks (MOFs), was successfully 
synthesized and functionalized with sulfonamide to obtain a ZIF-90-SO2HN2 with high-efficiency adsorption of cobalt ions. 
The synthesized material was characterized by scanning electron microscopy, thermogravimetric analysis, N2 adsorption–
desorption, X-ray diffraction and Fourier transform infrared spectroscopy. The adsorption performance of ZIF-90-SO2HN2 
for Co(II) in simulated wastewater was studied. The synthesized ZIF-90-SO2HN2 has a maximum adsorption capacity of 
about 122.85 mg g−1 for Co(II) under the conditions of pH = 6.72 and T = 303 K with an initial solution concentration of 
250 mg L−1. The adsorption equilibrium time is about 120 min. ZIF-90-SO2HN2 exhibits selective adsorption of Co(II) and 
Ni(II) in multi-metal ion solution. Thermodynamic and kinetic analysis reflects that the adsorption process of Co(II) by ZIF-
90-SO2HN2 is spontaneous and endothermic, which is consistent with pseudo-second-order chemisorption and Langmuir 
monolayer adsorption.
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Introduction

In the process of industrial waste liquid discharge, water 
pollution caused by toxic heavy metals is a ubiquitous envi-
ronmental crisis. Heavy metal pollution of wastewater can 
cause many health problems for plants, animals and humans. 
Therefore, it is necessary to separate these heavy metal ions 
from wastewater. Among them, the pollution of cobalt is of 
significant importance, because this metal is not only used 
in mining, metallurgy, pigments and electronics, but also 
exists in the wastewater of nuclear facilities [1]. As cobalt 
is a highly toxic metal, excessive intake of cobalt can cause 
diseases such as asthma, allergies, heart failure, liver and 
thyroid damage [2]. If radioactive 60Co is ingested, it would 
further cause aplastic anemia and leukemia [3]. Therefore, 
it is crucial to deal with the water pollution by removing 
cobalt from wastewater. There are several methods for 
removing cobalt from wastewater, which include adsorption 

[4], chemical precipitation [5], reverse osmosis [6] and ion 
exchange [7]. Compared with the other treatment methods, 
the advantages of adsorption method are simple process 
design and operation, low separation cost and high selectiv-
ity [8]. Traditional adsorbents such as clay minerals, resins, 
biochar, oxides and other materials are widely used in the 
removal of cobalt ions [9–11]. However, the application of 
these adsorbents is still limited due to low adsorption capac-
ity, poor selectivity and structural instability [12]. Therefore, 
there is an urgent need to develop a more efficient selective 
material to adsorb cobalt ions in wastewater.

Metal–organic frameworks (MOFs) are typical crystal-
line porous materials composed of metals (clusters) and 
organic linkers connected by coordination, which have 
both the rigidity of inorganic materials and the flexibility 
of organic materials [13]. In recent years, MOFs have been 
widely used in gas storage [14, 15], drug dilution [16, 17], 
catalysis [18, 19], sensing [20, 21], separation [22, 23] and 
other fields due to their high specific surface area and easy-
to-modify structure. As a representative series of MOFs, 
zeolite imidazole frameworks (ZIFs) are assembled with 
Zn(II) or Co(II) as the metal source and imidazole and its 
derivatives as the organic ligands [24]. ZIF-90 is composed 
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of Zn(II) coordinated with imidazole-2-carbaldehyde, which 
has excellent hydrophilicity and stability [25]. The –CHO 
group on its backbone is easy to be modified and the pi-
acceptor properties of the imine nitrogen makes it possible 
to graft onto ZIF-90 via the Schiff base reaction [26]. ZIF-90 
modified by this method has great potential in the adsorption 
of metal ions [27, 28], organics [29] and gases [30]. The suc-
cessful application in a variety of chelated heavy metal ions 
[31, 32] reflects the feasibility of the Schiff base reaction. 
According to the soft and hard acid–base theory [33], Co(II) 
may have more binding sites with the sulfonamide group 
as a junctional acid. Therefore, grafting sulfonamide onto 
ZIF-90 via Schiff base reaction may have better adsorption 
effect on Co(II).

In this study, we synthesized a novel sulfonamide-mod-
ified MOF material, ZIF-90-SO2HN2, for the capture and 
removal of Co(II) from simulated wastewater at the ppm 
level. The adsorption properties of ZIF-90 and ZIF-90-
SO2HN2 for Co(II) in solution under different conditions 
were studied. The isotherms and kinetics of the adsorption 
process were analyzed, and the adsorption mechanism of 
the whole process was discussed, the application of ZIF-90-
SO2HN2 adsorption treatment of Co(II) in wastewater was 
beneficially explored.

Experimental section

Reagents and apparatus

All purchased chemicals were used as received without fur-
ther purification. Anhydrous methanol (CH3OH) was pur-
chased from Tianjin Youpu Chemical Technology Co., Ltd. 
Dimethylformamide (C3N7NO) was purchased from Tianjin 
Comeo Chemical Reagent Co., Ltd. Imidazole-2-carbalde-
hyde (C4H4N2O) and Sulfonamide (C4H8N2O2S) were pur-
chased from Shanghai Yien Chemical Technology Co., Ltd. 
All metal nitrates, metal chlorides, hydrochloric acid, NaOH 
purchased from Tianjin Damao Chemical Reagent Co., Ltd.

XRD patterns of the materials were carried out using a 
D8 DISCOVER GADDS X-ray diffractometer produced 
by BRUKER AXS Corporation (USA) with a CuKα radia-
tion at 40 kV and 30 mA and data were collected between 
5°and 50°. The thermal stability of the sample was tested 
under nitrogen atmosphere with STA409 PC/PG thermo-
gravimetric analyzer produced by NETZSCH Corporation 
(Germany). The morphology of the material was observed 
by Gemini 500 field emission scanning electron microscope 
produced by ZEISS Corporation (Germany). The specific 
surface area and pore volume of the sample was meas-
ured by N2 adsorption–desorption method on ASAP 2020 
PLUS H specific surface and porosity analyzer produced by 
MICROMERITICS Corporation (USA). The concentration 

of Co(II) was analyzed with the ContrAA700 atomic absorp-
tion spectrophotometer manufactured by Analytik Jena AG 
(Germany).

Synthesis of ZIF‑90

ZIF-90 were synthesized in DMF system, and the specific 
process is as follows [34]: 0.81 g imidazole-2-carbaldehyde 
and 0.75 g zinc nitrate were added into 30 mL dimethyl-
formamide, stirred at 80 °C for 2 h until the solution is 
completely clear, then cool to room temperature. 20 mL 
of methanol and 0.2 mL of ammonia water were pour into 
the mixed solution at the same time, and stirred rapidly for 
2 h. The resulting precipitate was centrifuged and washed 
three times with anhydrous methanol to remove zinc nitrate 
and imidazole-2-carbaldehyde that did not participate in the 
reaction. The washed product was placed in a vacuum dry-
ing box, dried under vacuum at 100 °C for 12 h to remove 
methanol molecules and water molecules in the pores, and 
finally obtained a yellow powder ZIF-90.

Synthesis of ZIF‑90‑SO2HN2

The specific synthesis process of ZIF-90-SO2HN2 is as fol-
lows: 0.50 g of dried ZIF-90 and 0.67 g of sulfonamide were 
added to 50 mL of anhydrous methanol solution, and the 
reaction was stirred at 80 °C for 12 h. The resulting pale 
yellow precipitate was centrifuged and washed three times 
with anhydrous methanol to remove unreacted sulfonamide. 
The washed product was vacuum-dried at 100 °C for 12 h 
to remove methanol molecules and water molecules in the 
pores. The final obtained light yellow powder was ZIF-90-
SO2HN2. The overall synthetic route is shown in Fig. 1.

Adsorption experiments

In the adsorption experiment, the dosage of metal ion solu-
tion was 0.05L, and the dosage of adsorbents ZIF-90 and 
ZIF-90-SO2HN2 were both 0.02 g. Adjust the pH of the solu-
tion with 0.5 mol L−1 HCl or NaOH solution. After adsorp-
tion, the supernatant was taken for ion concentration detec-
tion. The adsorption capacity of the adsorbent for Co(II) is 
calculated by formula (1):

where C0 is the initial concentration of the metal ion 
(mg L−1), Ct is the residual concentration of the metal ion 
(mg L−1), V is the volume of the testing solution (L), m is 
the mass of the adsorbent (g).

(1)Qt =
C0 − Ct

m
× V
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Results and discussions

Characterization

The experimentally prepared ZIF-90 and ZIF-90-SO2HN2 
are fine powder particles, and the SEM images of the two 
are shown in Fig. 2. It can be seen that the average crystal 
particle size of the obtained ZIF-90 and ZIF-90-SO2HN2 is 
less than 1 μm, The surface of ZIF-90-SO2HN2 is rougher 
than that of ZIF-90, which indicates that the sulfonamide 
group was successfully grafted on ZIF-90.

The XRD test results of ZIF-90 and ZIF-90-SO2HN2 are 
shown in Fig. 3. It can be seen that the characteristic peaks 
corresponding to the XRD obtained by the experimentally 
prepared ZIF-90 test are consistent with the characteristic 
peaks corresponding to ZIF-90 in other literatures [35]. 
There are 6 main diffraction peaks around 7.24°, 10.24°, 
12.54°, 14.48°, 16.22°and 17.78°, corresponding to (011), 

Fig. 1   Synthesis flow chart of ZIF-90-SO2HN2

Fig. 2   SEM image of ZIF-90 (a) and ZIF-90-SO2HN2 (b) sample

Fig. 3   XRD pattern of ZIF-90 and ZIF-90-SO2HN2
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(200), (112), (022), (013) and (222), which indicates the 
successful formation of the ZIF-90 crystal structure. The 
structure of the ZIF-90 framework is related to the soda-
lite (SOD) topology in zeolites, showing an extended 
three-dimensional network [30]. All characteristic peaks 
of ZIF-90-SO2HN2 and ZIF-90 are consistent, indicating 
that the original structure of the material did not change 
after grafting sulfonamide.

The thermal stability of ZIF-90 and ZIF-90-SO2HN2 was 
tested by TGA under nitrogen atmosphere, the heating rate 
was controlled at 10 °C min−1, and the temperature range 
was controlled within 25–1000 °C. The results are shown 
in Fig. 4. At 110 °C, the weight loss of ZIF-90-SO2HN2 is 
about 4.24%, which is due to the detachment of methanol 
molecules or water molecules with lower boiling points from 
the surface or cavity of the crystal. When the temperature 
reaches about 300 °C, the mass of the sample decreases by 

9.74%, which is because the higher boiling DMF molecules 
in ZIF-90-SO2HN2 are detached from the cavity of the crys-
tal [34]. When the temperature reaches 1000 °C, the bonds 
in the organic molecular chain of the material are pyrolyzed 
by high temperature, and the metal ions are also volatilized, 
and finally inorganic carbon is left [36].

Figure 5 shows the N2 adsorption–desorption isotherms 
and pore size distribution of ZIF-90 and ZIF-90-SO2HN2. 
It can be seen that the adsorption isotherms of both are 
belong to the type I isotherm [37], indicating that ZIF-90 
and ZIF-90-SO2HN2 are typical microporous materials. The 
BET specific surface areas of the two are 640.82m2 g−1 and 
59.56m2 g−1 respectively. The smaller specific surface area 
of ZIF-90-SO2HN2 is because the successful grafting of sul-
fonamide groups occupies a large number of pores. The pore 
size of ZIF-90 is distributed in the range of 0.80–1.00 nm, 
and that of ZIF-90-SO2HN2 is in the range of 1.09–1.18 nm, 
both of which belong to the microporous structure, which is 
consistent with the results of N2 adsorption.

The results of the FTIR assay analysis of ZIF-90 and ZIF-
90-SO2HN2 are shown in Fig. 6. The representative peak of 
ZIF-90 at 1675 cm−1 is caused by the –CHO moiety [38], 
and the bond at 2855 cm−1 is the C-H stretching vibration 
in C–CHO [39]. Compared with ZIF-90, ZIF-90-SO2HN2 
showed three new peaks at 1635  cm−1, 1510  cm−1 and 
1124 cm−1 in the FTIR spectrum. The peak at 1630 cm−1 
may be the stretching vibration of the imine C=N generated 
by the dehydration condensation of the aldehyde group and 
the amino group [40]. The peak at 1510 cm−1 may corre-
spond to the stretching vibration of C–C in the benzene ring 
in the sulfonamide group [27]. The peak at 1124 cm−1 may 
correspond to the symmetric stretching vibration of O=S=O 
[41]. These results indicate that the sulfonamide groups have 
been successfully grafted onto ZIF-90.

Fig. 4   TGA curve of ZIF-90 and ZIF-90-SO2HN2

Fig. 5   N2 adsorption–desorption isotherm (a) and pore size distribution (b) of ZIF-90 and ZIF-90-SO2HN2
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Effect of pH

The initial pH value of the solution not only affects the dis-
sociation equilibrium of Co(II) in aqueous solution, but also 
affects the adsorption effect of the adsorbent. To determine the 
optimum adsorption pH value, the pH range of the experiment 
was set to 3.0–8.0, the adsorption time was set to 24 h, the 
initial concentration of Co(II) in the solution was 10 mg L−1, 
and the reaction temperature was 303 K. The effect of pH 
on ZIF-90 and ZIF-90-SO2HN2 adsorption performance is 
shown in Fig. 7a. the adsorption capacity of ZIF-90 and ZIF-
90-SO2HN2 for Co(II) increased gradually with the increase 
of pH. When pH = 6.0, ZIF-90 has the best adsorption effect 
on Co(II) with the adsorption capacity is 6.99 mg L−1; When 
pH = 7.0, ZIF-90-SO2HN2 has the best adsorption effect on 
Co(II), and the adsorption capacity is 13.72 mg L−1. The poor 

adsorption of Co(II) by ZIF-90 and ZIF-90-SO2HN2 in acidic 
environment is due to the competitive adsorption of protons. 
The decrease of the adsorption capacity in an alkaline environ-
ment is because the hydrolysis and polymerization of Co(II) 
in the solution is enhanced, resulting in the formation of col-
loidal clusters with hydroxyl groups with a larger radius, and 
the microporous structure of the adsorbent cannot completely 
adsorb these colloidal clusters. The speciation of cobalt at dif-
ferent pH was simulated with Hydra and Medusa software, and 
the results are shown in Fig. 7b. It can be observed that a small 
amount of CoOH+, dissolved Co(OH)2 and solid Co(OH)2 will 
be produced in the pH range of 7.0–8.0, which will have an 
adverse effect on the adsorption of cobalt on the adsorbent, 
which further corroborates the experimental results.

Effect of contact time

The adsorption capacity of ZIF-90 and ZIF-90-SO2HN2 for 
Co(II) with time is shown in Fig. 8. The results showed that 
ZIF-90 reached equilibrium at about 100 min, and the adsorp-
tion capacity was 6.98 mg g−1; ZIF-90-SO2HN2 basically 
reached equilibrium at about 120 min, and the equilibrium 
adsorption capacity was 13.02 mg g−1.

Analysis of adsorption kinetics provides a clearer under-
standing of the behavior of the adsorption process. The adsorp-
tion process was analyzed using the Lagergren pseudo-first-
order kinetic model and pseudo-second-order kinetic model. 
The expressions for the two models are as follows[42]:

(2)ln
(

Qe − Qt

)

= lnQe − K1t

(3)
t

Qt

=
1

K2Q
2
e

+
t

Qe

Fig. 6   FTIR pattern of ZIF-90 and ZIF-90-SO2HN2

Fig. 7   a The curve of the adsorption capacity of ZIF-90 and ZIF-90-SO2HN2 with the change of pH; b Speciation of cobalt at different pH 
(T = 303 K, initial Co(II) concentration of 10 mg g.−1, t = 720 min)
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where Qe is the equilibrium adsorption capacity (mg g−1); 
K1 is the pseudo-first-order kinetic rate constant (min−1); 
K2 is the pseudo-second-order kinetic rate constant 
(g mg−1 min−1).

The adsorption capacities of ZIF-90 and ZIF-90-
SO2HN2 at different times were fitted with two kinetic 
models, and the results are shown in Fig. 9 and Table 1. 
It can be seen that the pseudo-second-order kinetic 
model has better fitting results than the pseudo-first-order 
kinetic model. The equilibrium adsorption capacities 
of ZIF-90 and ZIF-90-SO2HN2 for Co(II) calculated by 
the pseudo-second-order kinetic model are 7.58 mg g−1 
and 13.89 mg g−1, respectively, which are close to the 
experimental results. Therefore, it can be determined that 
the adsorption process of Co(II) by ZIF-90 and ZIF-90-
SO2HN2 is chemical adsorption.

In addition, the initial adsorption rate and half-adsorp-
tion time of the adsorbent can be calculated from the 
pseudo-second-order rate constant as follows [43]:

where h is the initial adsorption rate when t → 0 
(mg g−1 min−1); t1/2 is the time required for the adsorption 
capacity to reach half of the equilibrium adsorption capacity 

(4)h = K2Q
2
e

(5)t1∕2 =
1

K2Qe

Fig. 8   The change curve of ZIF-90 and ZIF-90-SO2HN2 adsorption 
capacity with adsorption time (pH = 6.67, T = 303  K, initial Co(II) 
concentration of 10 mg L−1)

Fig. 9   Pseudo-first-order (a) and pseudo-second-order (b) kinetic fitting of ZIF-90 and ZIF-90-SO2HN2 (pH = 6.67, T = 303  K, initial Co(II) 
concentration of 10 mg L−1)

Table 1   Fitting parameters of ZIF-90 and ZIF-90-SO2HN2 adsorption kinetic model (pH = 6.67, T = 303 K, initial Co(II) concentration of 10 mg 
L−1)

Kind of adsorbent Pseudo-first-order model Pseudo-second-order model

Qe (mg g−1) K1 (min−1) R2 Qe (mg g−1) K2 (g mg−1 min−1) h (mg 
g−1 min−1)

t1/2 (min) R2

ZIF-90 4.72 3.46 × 10–2 0.97 7.58 1.13 × 10–2 0.65 11.67 0.99
ZIF-90-SO2HN2 7.14 3.02 × 10–2 0.97 13.89 6.96 × 10–3 1.34 10.34 0.99
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(min). The calculation results of all parameters are listed in 
Table 1.

To explore the factors affecting the adsorption rate of ZIF-
90 and ZIF-90-SO2HN2, the Boyd external diffusion rate con-
trol model and the Weber-Morris internal diffusion rate con-
trol model were used to analyze the experimental results. The 
Boyd model assumes that the resistance to diffusion mainly 
comes from the liquid film generated on the particle surface, 
and the calculation formula is as follows [44]:

where Bt is the function of Qt/Qe; KB is the Boyd model 
constant (min−1); IB is the intercept of the Boyd model. The 
closer the value of IB is to 0, the stronger the dominant role 
of liquid film diffusion in the adsorption process.

The Weber–Morris model assumes that the resistance of 
liquid film diffusion is negligible or only works for a very short 
time at the beginning of adsorption, the diffusion coefficient 
is constant and the direction of adsorbate diffusion is random 
[45]. Its calculation formula is as follows [46]:

(6)Bt = KBt + IB

(7)Bt = −0.4977 − ln

(

1 −
Qt

Qe

)

(8)Qt = IW + KWt
1∕2

where IW is the intercept of the Weber–Morris model; KW 
is the diffusion rate constant (mg g−1 min−1/2). The larger 
the value of IW, the greater the liquid film resistance. When 
IW = 0, the liquid film resistance can be ignored.

The fitting results of the two models are shown in Fig. 10 
and Table 2. The correlation coefficient R2 of the Boyd 
model is larger than that of the Weber–Morris model, indi-
cating that the adsorption of Co(II) on ZIF-90 and ZIF-90-
SO2HN2 is more in line with the Boyd model. In addition, 
the IB values of the two adsorbents are − 0.11 and 0.10, 
respectively, which fully indicates that the influence of liq-
uid film diffusion on the adsorption rate is dominant in the 
entire adsorption process. Most of the adsorbate is adsorbed 
by the outer surface after passing through the liquid film on 
the surface of the adsorbents.

Effect of temperature and initial ion concentration

Figure 11 shows the curves of the adsorption capacity of 
ZIF-90 and ZIF-90-SO2HN2 for Co(II) at different tempera-
tures as a function of the initial concentration of the solution. 
With the increase of the initial concentration of the solution, 
the adsorption capacity of ZIF-90 and ZIF-90-SO2HN2 for 
Co(II) also increased rapidly, and the two adsorbents basi-
cally reached the maximum adsorption capacity when the 
Co(II) concentration was about 250 mg L−1. The maximum 

Fig. 10   Boyd model (a) and Weber–Morris model (b) fitting of ZIF-90 and ZIF-90-SO2HN2 (pH = 6.67, T = 303 K, initial Co(II) concentration 
of 10 mg L−1)

Table 2   Parameters calculated 
by Boyd model and Weber-
Morris model (pH = 6.67, 
T = 303 K, initial Co(II) 
concentration of 10 mg L−1)

Kind of adsorbent Boyd model Weber–Morris model

KB (min−1) IB R2 KW (mg 
g−1 min−0.5)

IW (mg g−1) R2

ZIF-90 3.46 × 10–2 − 0.11 0.97 0.40 4.83 0.82
ZIF-90-SO2HN2 3.02 × 10–2 0.10 0.97 0.51 7.40 0.85
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adsorption capacity of ZIF-90 is 74.60 mg g−1, and that of 
ZIF-90-SO2HN2 is 122.85 mg g−1.

To analyze the characteristics of ZIF-90 and ZIF-90-
SO2HN2 adsorption process of Co(II), Langmuir, Freundlich 
and Dubinin–Radushkevich three isotherm adsorption mod-
els were used to analyze the experimental results.

The Langmuir model assumes that there is no interac-
tion between the adsorbed molecules, the active sites on the 
adsorbent surface are uniformly distributed and the adsorp-
tion is monolayer [47]:

where Ce is the concentration of Co(II) when it reaches the 
adsorption equilibrium (mg L−1); Qm is the saturated adsorp-
tion capacity predicted by the Langmuir model (mg g−1); KL 
is the Langmuir adsorption equilibrium constant (L mg−1).

The Freundlich model proposes an empirical model 
based on heterogeneous surface adsorption, assuming that 
the adsorbent has a non-uniform surface with non-uniform 
energy of active adsorption sites [48]:

where KF is the Freundlich adsorption equilibrium con-
stant (mg g−1); n is the adsorption constant of Freundlich 
model. When n = 2–10, the adsorption process is easy to 
occur, but when n ≤ 0.5, the adsorption process is difficult 
to occur [49].

The Dubinin-Radushkevich model assumes that adsorp-
tion is the process by which the adsorbate fills the pores 
of the adsorbent, providing information on the physical or 
chemical mechanism of the adsorption process [50]:

(9)
Ce

Qe

=
Ce

Qm

+
1

KLQm

(10)lnQe = lnKF +
1

n
lnCe

where QDR is the maximum adsorption capacity of the 
adsorbent calculated by the Dubinin-Radushkevich model 
(mg g−1); KDR is the adsorption isotherm constant of the 
Dubinin-Radushkevich model (mol2 kJ−2); ɛ is the Polanyi 
potential energy of the adsorbent (J mol−1). The free adsorp-
tion energy E (kJ mol−1) can be calculated from the KDR 
value. When E ≤ 8 kJ mol−1, the adsorption process is a 
physical process; and when E > 8 kJ mol−1, the adsorption 
process is a chemical process. Its calculation formula is as 
follows [51]:

At 303 K, the fitting results and calculation parameters 
are shown in Fig. 12 and Table 3. The correlation coefficient 
R2 of the Langmuir isotherm is greater than that of the Fre-
undlich isotherm and the Dubinin-Radushkevich isotherm. 
This proves that the active sites on the ZIF-90 and ZIF-90-
SO2HN2 surfaces are uniformly distributed and Co(II) is 
adsorbed in a monolayer on the surface of the adsorbent. 
In the Freundlich model, the adsorption constants n are all 
larger than 2, indicating that the adsorption process easily 
occurs in the absence of an external driving force. In the 
Dubinin–Radushkevich model, the free adsorption energy E 
values of two adsorbents are larger than 8 kJ mol−1, which 
proves that the adsorption process is a chemical process.

In addition, the separation coefficient RL, which 
reflects the affinity of ZIF-90-SO2HN2 for solutes, can be 

(11)Qe = QDR exp (−KDR�
2)

(12)� = RT ln

(

1 +
1

Ce

)

(13)E =
1

√

2KDR

Fig. 11   Effect of initial concentration on adsorption capacity of ZIF-90 (a) and ZIF-90-SO2HN2 (b) at different temperatures (pH = 6.72, 
t = 720 min)
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calculated according to the equilibrium constant KL in the 
Langmuir model, and its calculation formula is [52]:

When RL = 0, the adsorption process is irreversible; 
when 0 < RL < 1, it is favorable for the adsorption pro-
cess, and the smaller the RL value, the more favorable the 
adsorption occurs; when RL = 1, the adsorption process is 
linear adsorption; when RL > 1, the adsorption process is 
unfavorable. The variation of RL with the initial concentra-
tion of Co(II) is shown in Fig. 13. It can be found that the 
RL value on the curve is always less than 1 and gradually 
decreases as the solution concentration increases, which 
proves that the adsorption of Co(II) by ZIF-90-SO2HN2 is 
easier to occur with the increase of solution concentration.

The data in Fig. 11 show that the equilibrium adsorption 
capacity of ZIF-90-SO2HN2 for Co(II) gradually increases 
with increasing temperature, indicating that the adsorption 
is endothermic. To understand the effect of temperature 
on the adsorption performance of ZIF-90-SO2HN2, the 

(14)RL =
1

1 + KLC0

experimental results were thermodynamically analyzed 
by the following equation [53]:

(15)lnKd =
ΔS0

R
−

ΔH0

RT

Fig. 12   Fitting of Langmuir (a), Freundlich (b) and Dubinin–Radushkevich (c) isotherms for the adsorption of Co(II) at 303  K (pH = 6.72, 
t = 720 min)

Table 3   Fitting parameters of 
three isothermal adsorption 
models (pH = 6.72, t = 720 min)

Isotherm models Parameters ZIF-90 ZIF-90-SO2HN2

Langmuir isotherm Qm (mg g−1) 78.13 131.58
KL(L mg−1) 2.90 × 10–2 3.15 × 10–2

R2 0.99 0.99
Freundlich isotherm KF ((mg g)(L mg−1)1/n) 4.74 8.79

n 2.00 2.08
R2 0.93 0.96

Dubinin-Radushkevich isotherm QDR (mg g−1) 205.00 306.37
KDR (mol2 kJ−2) 5.40 × 10–3 4.90 × 10–3

E(kJ mol−1) 9.62 10.10
R2 0.97 0.98

Fig. 13   Separation coefficient RL of ZIF-90-SO2HN2 for Co(II) at dif-
ferent concentrations (pH = 6.72, t = 720 min)
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where: Kd is the distribution coefficient of Co(II) (mL g−1); 
T is the absolute temperature (K); R is the ideal gas constant, 
usually assigned as 8.314 J mol−1 K−1. ΔS0 is the standard 
entropy change (J mol−1 K−1); ΔH0 is the standard enthalpy 
change (kJ mol−1); ΔG0 is the change in Gibbs free energy 
(kJ mol−1). The values of ΔH0 and ΔS0 can be calculated 
from the slope and intercept of the linear regression of lnKd 
versus 1/T in Fig. 14 [54].

The adsorption thermodynamic parameters of ZIF-90-
SO2HN2 for Co(II) at different temperatures are listed in 
Table 4. The positive value of ΔH0 indicates that the adsorp-
tion process of Co(II) by ZIF-90-SO2HN2 is endothermic in 
nature. The negative value of ΔG0 indicates that the adsorp-
tion process is feasible and spontaneous. The decrease in the 
value of ΔG0 with increasing temperature proves that the 
adsorption process is more efficient at higher temperatures 
[55].

Effect of co‑existing ions

In the actual wastewater produced by nuclear facilities, 
there are usually non-radioactive ions such as K(I), Na(I), 
Ca(II), Mg(II) and radioactive metal ions such as Sr(II), 
Mn(II), Cs(I), Ni(II). To evaluate the selective adsorption 
performance of ZIF-90 and ZIF-90-SO2HN2, 0.02 g adsor-
bents were added to the multi-component solution which 
had the same concentration (10 mg L−1) of K(I), Na(I), 
Ca(II), Mg(II), Sr(II), Co(II), Mn(II), Cs(I), Ni(II). The 

(16)ΔG0 = ΔH0 − TΔS0

(17)Kd =
Qe

Ce

=

(

C0 − Ce

)

Ce

V

m

experimental results are shown in Fig. 15. It can be seen that 
ZIF-90-SO2HN2 has stronger selective adsorption capacity 
for Co(II) and Ni(II) than ZIF-90, and the adsorption capaci-
ties are 10.26 mg g−1 and 8.28 mg g−1, respectively. The 
adsorption capacities of Mn(II), Ca(II), Mg(II) and Sr(II) 
all decreased to varying degrees, which may be because the 
sulfonamide group had better affinity for metal ions such as 
Co(II) and Ni(II), which belonged to boundary acids. More-
over, ZIF-90 and ZIF-90-SO2HN2 have almost no adsorption 
effect on K(I), Na(I) and Cs(I), which may be due to the lack 
of binding sites for monovalent metal ions on the surface of 
the two adsorbents.

Comparison of performance between ZIF‑90‑SO2HN2 
and other adsorbents

The adsorption properties of ZIF-90-SO2HN2 and other 
adsorbents for Co(II) are compared in Table 5. Compared 
with most adsorbents, ZIF-90-SO2HN2 has a shorter equilib-
rium adsorption time for Co(II), which is due to the hydro-
philicity of the material itself. At the same time, ZIF-90-
SO2HN2 has higher adsorption capacity for Co(II) than most 
adsorbents, which is beneficial for waste minimization.

Fig. 14   Khan plots of ZIF-90-SO2HN2 for Co(II) adsorption at different temperatures (a) and relationship curve between lnKd and 1/T (b) 
(pH = 6.72, t = 720 min)

Table 4   Adsorption thermodynamic parameters of Co(II) on ZIF-90-
SO2HN2 (pH = 6.72, t = 720 min)

Tem-
perature 
(K)

Kd ΔG0 (kJ mol−1) ΔH0 (kJ mol−1) ΔS0 (J mol−1 K−1)

303 1.02 − 0.06
313 1.51 − 1.06 30.35 100.36
323 2.15 − 2.07
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Conclusion

In this study, a sulfonamide-functionalized ZIF adsor-
bent was successfully synthesized for the efficient extrac-
tion of cobalt ions from solution. The obtained ZIF-90-
SO2HN2 has an average particle size of less than 1 μm 
with a microporous structure and good thermal stability 
at 300 °C. The maximum adsorption capacity of ZIF-90-
SO2HN2 for Co(II) is 122.85 mg g−1 under the conditions 
of pH = 6.72 and T = 303 K. The initial concentration of 
the solution is 250 mg L−1, which is significantly higher 
than that of pristine ZIF-90. The Lagergren pseudo-sec-
ond-order kinetic model and Langmuir adsorption iso-
therm model are more in line with the adsorption process 
of ZIF-90-SO2HN2 for Co(II), which indicates that the sur-
face active sites of ZIF-90-SO2HN2 are uniformly distrib-
uted, and the adsorption of Co(II) is a monolayer chem-
isorption. ZIF-90-SO2HN2 has good selective adsorption 
for both Co(II) and Ni(II) in multi-metal ion solution. Due 
to the excellent hydrophilic properties of ZIF-90, the sul-
fonamide-modified material ZIF-90-SO2HN2 has a good 

application prospect in the rapid adsorption of Co(II) and 
Ni(II) in solution.
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