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Macroporous cation exchange resin beads were subjected to hydrothermal treatment in a ZIF-8 yielding solution resulting 

in a resin beads – MOF composite. The resin beads were employed as a shape providing carrier and support for the growth 

of MOF crystals. The conditions of synthesis were optimized so as to obtain maximum MOF loading. The final composites 

and their intermediates were characterized with complementary physicochemical methods, including XRD, SEM, thermal 

analysis (TG) and nitrogen sorption. The obtained composites were employed for water decontamination targeting a dye 

(methyl blue) and a medical (antibiotic) contaminant. The composite adsorbent showed excellent removing ability in 

recyclability, which exceeds the performance of building components, i.e., cation exchange beads and pure ZIF-8 material. 

Introduction 1 

Nowadays with the rapid development of industry and the growth 2 
of population, unwanted products or by-products of human 3 
activities are discharged in water systems, which bring health 4 
problems for plants, animals, and human being.

1
 Various organic 5 

compounds that are toxic, recalcitrant, mutagenic and carcinogenic 6 
are disposed without any treatment.

2-3
 Among the countless 7 

contaminations, dyes and antibiotics, which are extremely largely 8 
used in different industries and hard-biodegradable, present serious 9 
environmental problem. 10 

 Large variety of wastewater treatment methods are available, 11 
including chemical oxidation, membrane separation, chemical 12 
coagulation/flocculation, biosorption, electrochemical treatment, 13 
selective adsorption, etc.

4-7
 Among these methods the selective 14 

adsorption offers the advantages of low cost, low energy 15 
consumption and simple operation. Adsorptive removal processes 16 
are based on the use of porous solids such as zeolites, clays and 17 
activated carbon.

8-9
 Each of these materials offers certain 18 

advantages and the selection of the material for a particular 19 
separation/depollution depends on a number of factors, including 20 
the ability of the material to be engineered. Zeolite molecular 21 
sieves are largely used in water depollution because of their high 22 
stability, reasonable price and already developed shaping 23 
technology.

10
 On the other hand, the pores of industrial relevant 24 

zeolites are limited to 7.3 Å in size, which makes these materials 25 

 26 

hardly applicable when large organic pollutants are targeted.
10

 27 

Metal–organic frameworks (MOFs) is a relatively new class of 28 
crystalline porous solids built up of metal nodes and organic 29 
ligands.

11
 Certain MOF materials offer substantial larger pores and 30 

higher micropore volume than the conventional zeolite crystals. 31 
Owing to their features as unsaturated metal sites, modifiable 32 
pores, and ultra-high specific surface area, MOF materials show 33 
promising performance in various applications including adsorption, 34 
separation, catalysis and chemical sensing.

12–14
 MOF molecular 35 

sieves offer also great opportunities of pollution abatement, 36 
including water decontamination. However, the route to their 37 
practical uses is passing through the preparation of properly shaped 38 
bodies for ease of handling and recyclability.

15-19
  39 

 Different methods of MOF shaping were reported. Aguado et al. 40 
grew in situ SIM-1 films on millimeter-sized alumina supports.

20
 41 

O’Neill et al. deposited crystalline MOFs into mm-sized macro-42 
porous polyacrylamide carrier.

21
 Bui et al. immobilized ZIF crystals 43 

on the surface of macro-porous phyllosilicate mineral using the 44 
sequential addition of precursors.

22
 Abbasi et al. used polyether 45 

sulfone as a binder to fabricate MOF beads.
23

 The preparation of 46 
shaped MOF bodies and foams by applying carboxymethylcellulose 47 
as a binder was also reported.

24
 Each of these methods offer 48 

advantages and disadvantages, however no general approach that 49 
could be applied to any MOF material is available to date.  50 

 Our approach is based on the use of macroporous cation 51 
exchange beads, which is a carrier and shaping template. The 52 
macroporous beads exhibit large macropore space where ZIF-8 53 
crystals can be deposited by in situ growth.

25-27
 Besides a carrier, 54 

the ion exchange bead is expected to be an active component that 55 
immobilizes positively charged species. Methyl blue (MB) and 56 
oxytetracycline (OTC) were used to test the decontamination ability 57 
of the composite. MB is an anionic dye and a drug widely used as 58 
biological stain, while the OTC belongs to tetracycline broad-59 
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spectrum antibiotics, which is intensively used in human and animal 1 
treatments as antibacterial agents and growth factors.

28,29 
 2 

 The objective of present study is to develop simple and versatile 3 
approach for shaping different MOF materials. The method is 4 
exemplified by the synthesis of ZIF-8 on macroporous cation 5 
exchange resin beads. A dye (MB) and an antibiotic (OTC) molecule 6 
are used as model contaminants and the ability of composite beads 7 
to decontaminate water is studied. 8 

 9 

Experimental 10 

Reactants 11 

Zinc nitrate hexahydrate (Sigma-Aldrich, 98%), 2-Methylimidazole 12 
(Aladdin, 99%), Zinc chloride (TCI, >98.0%), Sodium formate (Sigma-13 
Aldrich, >99.0%), Cobalt nitrate hexahydrate (Strem Chemicals, 14 
99.0%), Methyl blue (J&K chemicals, 99%), L-Ascorbic acid (J&K 15 
chemicals, 99%), Oxytetracycline dihydrate (Aladdin, 99%), 16 
Methanol (Xilong scientific, >99.5%), Potassium bromide (Damao, 17 
99.0%) and N, N-dimethylformamide (DMF, Sinopharm, >99.5%) 18 
were used in this study. All reagents were obtained from 19 
commercial sources and used without further purification. 20 
Deionized (DI) water was produced by a Milli-Q integral ultrapure 21 
water system and used in all experiments. 22 

Composite material preparation 23 

Macroporous cation exchange resin beads (Dowex 88, Na-form) 24 
were employed in this study. 1 g beads were immersed in 80 mL 25 
Zn(NO3)2•6H2O solution for 6 h. The concentration of the solution 26 
was 0.5 M, 1.0 M and 1.5 M. The Zn-exchanged beads were 27 
separated by suction filtration, rinse with water and dried at 60 °C 28 
overnight. Two synthesis medium, water and methanol, were 29 
employed: 30 

 Method A: zinc nitrate hexahydrate (372 mg, 1.25 mmol) was 31 
dissolved in 5 mL deionized (DI) water and then 1.0 g zinc 32 
exchanged resin beads were added to the solution. 2-33 
methylimidazole (4.105 g, 50 mmol) was dissolved in 45 mL DI 34 
water and added to the beads containing solution. The synthesis of 35 
ZIF-8 resin beads composite was carried out in a flask submerged in 36 
an oil bath at 60 °C for 1 day. MOF beads were separated by 37 
decanting of the supernatant, dispersed in methanol and treated in 38 
ultrasonic bath for 5 min to remove the loosely attached crystals. 39 
The procedure was repeated three times. The composite beads 40 
were dried at 60 °C overnight. ZIF-8 resin composite synthesized in 41 
water is denoted ZB-W-x, where the x is the concentration in mole 42 
of Zn(NO3)2•6H2O solution used for Zn-exchange of initial resin 43 
beads.   44 

 Method B: zinc chloride (303 mg, 2.22 mmol), 2-45 
methylimidazole (365 mg, 4.44 mmol) and sodium formate (303 mg, 46 
4.46 mmol) were dissolved in methanol (30 mL) and stirred at room 47 
temperature for 1 h. This solution and 0.5 g Zn-exchanged resin 48 
beads were transferred to a Teflon-lined autoclave (50 mL). The 49 
synthesis of ZIF-8 resin composite material was performed in a 50 
tumbling oven (50 rpm) at 130 °C for 4 h. After the synthesis, the 51 
composite beads were subjected to the same post-synthesis 52 
treatment as ZB-W. ZIF-8 resin composite synthesized in methanol 53 

is denoted ZB-M-x, where the x is the concentration in mole of 54 
Zn(NO3)2•6H2O solution used for Zn-exchange of initial resin beads. 55 

Decontamination experiments 56 

Methyl blue test: 10 mL methyl blue aqueous solutions with 57 
concentrations ranging from 5 to 250 mg L

−1
 was poured into 25 mL 58 

glass bottle containing 10.0 mg of adsorbent, i.e. ZIF-8 powder, Zn-59 
exchanged resin beads and the ZB-W-1.5 composite, then agitate 60 
on a shaker (200 rpm) for 2 h. The supernatant was separate from 61 
the adsorbent and the remaining concentration of MB was 62 
determined by UV-Vis spectrophotometer. The same procedure 63 
was followed to evaluate the kinetics of MB adsorption on the three 64 
adsorbents. 65 

 After the adsorption test the ZB-W-1.5 was recovered by 66 
treatment with 1 M KBr solution in methanol. Typically, a 10 mL 67 
portion of KBr solution was added into a 25 mL glass bottle 68 
containing 10.0 mg of exhausted ZB-W-1.5. The mixture was 69 
shacked at room temperature for 1 day, and then the beads were 70 
separated, washed with methanol and dried to be reused. The 71 
recyclability test was repeated 10 times.  72 

 Oxytetracycline test: 10 mL oxytetracycline aqueous solutions 73 
with concentration from 5 to 250 mg L

−1
 was poured into 25 mL 74 

glass bottle containing 10.0 mg of adsorbent, i.e. ZIF-8 powder, Zn-75 
exchanged resin beads and ZB-W-1.5 composite, then shacked with 76 
200 rpm at room temperature for 2 h. The supernatant was 77 
separate from the adsorbent and the remaining concentration of 78 
OTC was determined by UV-Vis spectrophotometer. Absorption 79 
spectra at various concentrations of the MB and OTC solution were 80 
recorded to prepare the standard curves (Fig. S1 and S2, 81 
respectively). The adsorbed capacity qe for MB and OTC were 82 
calculated by using the mass balance Equation: qe = (Co-Ce) *V/M, 83 
where Co and Ce is the initial and the equilibrium concentration of 84 
solution [mg L

-1
], V is the volume of solution [L], and M is the mass 85 

of adsorbent [g]. All experiments were repeated three times. 86 

Characterization 87 

Powder X-ray diffraction (PXRD) analysis was performed on a 88 
PANalytical B.V. Empyrean powder diffractometer at 40 kV and 40 89 
mA using Cu Kα radiation (λ = 1.5418 Å) over the range of 2θ = 4.0 − 90 
40.0° Two Theta. Thermogravimetric analysis (TGA) was performed 91 
using a SHIMADZU DTG-60 thermal analyzer system from 30 to 800 92 
°C under air atmosphere at a heating rate of 10 °C min

-1
. Before XRD 93 

and TGA analysis the microspheres were ground into powder in an 94 
agate mortar. A JEOL JSM6700 scanning electron microscope was 95 
used to study the morphology of the samples. Nitrogen adsorption 96 
analysis was performed with a Quantachrome Autosorb-IQ analyzer 97 
with ultra-high-purity nitrogen gas (99.999% purity). Prior to the 98 
analysis the samples were outgassed at 140 °C for 24 h. A 99 
SHIMADZU UV-2450 spectrophotometer was used to analyze the 100 
concentration of MB and OTC in water solutions.  101 

The results of MB adsorption experiments were analyzed employing 102 
the Langmuir (1), Freundlich (2) and Temkin (3) model equations:              103 

Ce/qe = 1/KL qmax + Ce/qmax       (1) 104 

ln q e = ln KF + 1/n ln Ce        (2) 105 

qe = RT/b ln KT + RT/b ln Ce       (3) 106 
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where qmax denotes the maximal adsorption capacity and KL, KF and 1 
KT represents these adsorption model constants respectively; and R 2 
is the universal gas constant (i.e., 8.314 J K

−1
 mol

−1
); T is the 3 

temperature in Kelvin (K). 4 

 5 

Results and discussion 6 

ZIF-8 was successfully synthesized in both, water and methanol 7 
medium (Fig. 1). The synthesis experiments were performed in 8 
water and methanol medium after pre-treatment of the beads with 9 
0.5, 1.0 and 1.5 M Zn(NO3)2•6H2O water solutions. The purpose of 10 
the pre-treatment procedure is to obtain Zn-form of resin beads. 11 
Zinc is a building component of ZIF-8 and the preliminary Zn 12 
exchange favours the growth of molecular sieve material. The series 13 
of samples obtained in water (Fig. 1a) show higher crystallinity in 14 
respect to the counterparts obtained in methanol (Fig. 1b). The XRD 15 
study revealed also that the pre-treatment with Zn(NO3)2•6H2O 16 
solution plays important role in the following crystallization step. 17 
Thus, the beads with highest X-ray crystallinity were obtained after 18 
using 1.5 M Zn(NO3)2•6H2O solution. It should be noted that a small 19 
amount of unidentified phase was observed in the products 20 
synthesized in methanol (Fig. 1b). 21 

 22 

(b)(a)

 23 
Fig. 1   Powder XRD patterns of the series of ZIF-8 - resin bead composites 24 
synthesized in water (a) and methanol (b) medium. 25 
 26 

 Parent and composite beads (ZB-W-1.5 and ZB-M-1.5) were 27 
studied by SEM (Fig. 2). The original shape and dimension of resin 28 
beads was maintained after the crystallization process. Parent 29 
cation exchange resin beads exhibit smooth external surface 30 
without any particles (Fig. 2a). The volume is built of polymer 31 
network without particular morphological features (Fig. 2d). The 32 
inspection of external surface and cross-sections of composites 33 
beads revealed some differences in the crystallization process in 34 
water and methanol medium. Both, external surface and pore 35 
volume of water synthesized beads contain ZIF-8 crystals (Fig. 2b, 36 
e). In contrast, only the external surface of the beads synthesized in 37 
methanol is covered with ZIF-8 (Fig. 2c), while no MOF particles are 38 
detected in the volume of the beads (Fig. 2f). The formation of ZIF-8 39 
exclusively on the external surface of resin beads explains relatively 40 
low crystallinity of the composites obtained in methanol medium 41 
(Fig. 1b). 42 
 Combined XRD-SEM study showed that the water medium is 43 
more efficient in the synthesis of ZIF-8 resin composites. Therefore, 44 
remaining part of the study was performed on the ZB-W-1.5 45 
sample, which showed highest crystallinity and uniform distribution 46 
of ZIF-8 in the volume of resin beads. 47 

 N2 adsorption analysis was used to evaluate the porosity and 48 
textural properties of the initial cation exchange beads, ZB-W-1.5 49 
and ZIF-8 powder samples synthesized under similar conditions (Fig. 50 
S3). The results of N2 adsorption analysis are presented in Table 1. 51 
Macroporous cation exchange resin beads exhibit negligible micro- 52 
and mesopore volume. As known the macropore volume cannot be 53 
evaluated by nitrogen adsorption. After the synthesis, the beads 54 
showed a certain increase of the micro- and mesopore volume 55 
(Table 1). The specific surface area rose from 13 m

2
 g

-1
 for the 56 

parent beads to 238 m
2
 g

-1
 for the composite beads. This increase in 57 

specific surface area is obviously due to the incorporation of ZIF-8. 58 
ZIF-8 synthesized under similar conditions showed SBET = 1332 m

2
 g

-1
 59 

and micropore volume of 0.53 cm
3
 g

-1
. The increase in mesopore 60 

volume is attributed to the textural porosity generated by the 61 
intergrown ZIF-8 deposited in the confined space of macroporous 62 
beads.   63 
 64 

e

f

a

b

c

d

100um

100um

100um
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5um

5um
 65 

 66 
Fig. 2   Top and cross-section SEM micrographs of parent resin beads (a, d), 67 
ZB-W-1.5 (b, e) and ZB-M-1.5 (c, f) composites. 68 
 69 

Table 1 Textural properties of resin beads, ZIF-8 and ZB-W-1.5 composite. 70 
Materials SBET 

m2 g-1 

Pore volume (cm3 g-1) 

Vmic Vmeso VT 

Resin beads 13 0.00 0.08 0.10 

ZB-W-1.5 238 0.09 0.12 0.21 

ZIF-8 1332 0.53 0.55 1.08 

 
 71 

 Thermal analysis was employed to evaluate the weight losses 72 
upon heating (Fig. 3). The total weight loss of Zn-exchanged initial 73 
resin beads was 88 %. About 25 wt. % was released between 25 and 74 
400 °C and the rest between 400 and 730 °C. The low temperature 75 
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weight loss is attributed to water, NO3
-
 groups and monomers 1 

loosely attached to the cross-linked polymer network. The 2 
combustion of polymer network is the origin of the second weight 3 
loss (ca. 63 %). Almost no weight loss in the temperature range 25 - 4 
200 °C was observed for the ZIF-8. A weight drop of about 22 wt. % 5 
was recorded between 200 and 400 °C, followed by 60 wt. % loss 6 
between 400 and 600 °C. Composite beads showed the lowest total 7 
weight loss (63 wt. %), as about 5 wt. % were released between 25 8 
and 400 °C. Lower weight loss in the low temperature range reveals 9 
the presence of ZIF-8 in the macropores of the resin beads. This 10 
volume is partially occupied by water and monomers in the case of 11 
parent Zn-exchanged beads. This conclusion is also supported by 12 
the lower total weight loss of ZIF-8 - resin composite. 13 
   14 

 15 
Fig. 3   Thermogravimetric analysis of ZIF-8, Zn-exchanged resin beads and 16 
ZB-W-1.5 composite. 17 

 18 
 The synthesized ZB-W-1.5 composite and the two basic 19 
components, i.e. resin beads and ZIF-8, were tested in 20 
decontamination of water containing hydrocarbon pollutants. The 21 
hydrophobic nature of ZIF-8 enables the interactions with 22 
hydrocarbons in water medium. Although the pore opening of ZIF-8 23 
is relatively small the material was successfully used in the 24 
immobilization of hydrocarbons.

30
 Charged polymer network of 25 

resin beads also exhibits adsorption properties owing to the 26 
electrostatic interactions between resin and charged species. 27 
 Fig. 4a shows MB adsorption curves of the three adsorbents for 28 
solutions with concentrations ranging between 5 and 250 mg L

-1
. 29 

The duration of the experiment was 2 h. The adsorption capacities 30 
of all three adsorbents increased with the raise of MB 31 
concentration. Amongst them the cation exchange resin beads 32 

showed the lowest uptake. At low concentrations, up to 35 mg g
-1

, 33 
ZB-W-1.5 and ZIF-8 powder exhibited similar behaviour. At higher 34 
concentrations the best performing material was the composite. 35 
The adsorbed amount as a function of the MB concentration was 36 
also studied (Fig. 4b). Almost no difference in the adsorption 37 
behaviour of cation exchange resin beads was observed. ZB-W-1.5 38 
and ZIF-8 showed similar uptakes with an adsorption maximum at 39 
low concentration (ca. 25 mg L

-1
). This result reveals that the 40 

adsorption ability of the composite is controlled by the ZIF-8 41 
component. Yet, there is a certain synergy between cation 42 
exchange resin and ZIF-8 in the composite beads since the adsorbed 43 
amount is higher in the case of ZB-W-1.5. 44 
 45 

(a) (b)

 46 
Fig. 4   Adsorption capacity (a) and adsorbed amount (b) of MB 47 
from solutions with different concentrations (adsorption time: 2 h, 48 
adsorption temperature: 25 °C, ZIF-8=0.2 g L

-1
, resin beads=1 g L

-1
, 49 

ZB-W-1.5=1 g L
-1

). 50 
 51 
MB adsorption isotherms were subjected to analysis employing 52 
Langmuir, Freundlich and Temkin models (Fig. S4). The data are 53 
summarized in Table 2. The analysis of obtained results shows that 54 
the Freundlich model exhibits the best correlation factors (R). 55 
Therefore, this model was further employed to study the 56 
adsorption kinetics. The adsorption behavior of MB and OTC is fairly 57 
similar; hence we anticipate similar adsorption mechanism for two 58 
molecules.  59 

The kinetics of MB adsorption was studied employing a solution 60 
of 20 mg L

-1 
concentration in experiments with duration up to 200 61 

min. In the first 50 min ZIF-8 shows the fastest uptake. We attribute 62 
this result to the fact that ZIF-8 sample is a powder of micron-sized 63 
crystals that is easily dispersed and thus rapidly reacts64 

65 
66 

Table 2 Adsorption isotherm model parameters derived from the Langmuir, Freundlich and Temkin model. 67 

 68 
69 

 Langmuir Freundlich Temkin   

Adsorbents qmax (mg g
−1

) KL (L mg
–1

) RL
2
 KF (mg g

−1
) 

(L mg
−1

)
1/n

 

n RF
2
 KT (J g

−1
) b (J mol

−1
) RT

2
 

ZB-W-1.5 119.05 0.0093 0.978 2.02 1.40 0.958 0.159 32.49 0.962 

Resin beads 434.78 0.0007 0.800 0.311 1.04 0.999 0.095 46.02 0.830 

ZIF-8 92.59 0.0120 0.983 2.21 1.51 0.947 0.180 39.74 0.974 
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with the solution. The size of cation exchange resin beads is 300 - 1 
400 µm comprising a hierarchical system of macro-, meso- and 2 
micropores. Consequently, complex diffusion phenomena control 3 
the uptake in the large composite beads. Nevertheless, after first 60 4 
min the composite adsorbent showed higher MB uptake and after 5 
200 min reached almost 90 % MB sequestration (Fig. 5). For the 6 
same period of time ZIF-8 and parent resin beads showed 80 and 40 7 
% MB uptake, respectively. It is worth noting that the content of 8 
ZIF-8 in the composite is substantially lower than the pure ZIF-8 9 
sample used as a reference. Nevertheless, the composite beads 10 
perform better showing the advantages of reported shaping 11 
procedure. 12 
 13 

 14 
Fig. 5   Adsorbed amount of MB from 20 mg L-1 solution as a function of time 15 
(adsorption temperature: 25 °C, Co=20 mg L-1, ZIF-8=0.2 g L-1, resin beads=1 16 
g L-1, ZB-W-1.5=1 g L-1). 17 
 18 
 To further analyze the adsorption kinetics pseudo-first-order 19 
equation and pseudo-second-order equation were employed: ln (qe 20 
- qt) = ln qe - k1 t and t/qt = 1/k2 qe

2
 +t/qe, where qt (mg g 

-1
) and qe 21 

(mg g 
-1

) are the adsorption capacities at any time and equilibrium, 22 
respectively, while k1 (min

-1
) and k2 (g (mg

-1
 min

-1
)) represents the 23 

constant of pseudo-first-order rate and pseudo-second-order rate, 24 
respectively.

31
 Table 3 shows the kinetic parameters derived from 25 

the linear regressions of the fitting results (Fig. S5). The R
2
 values in 26 

the pseudo-second-order fitting are all close to 1 and higher than 27 
those in pseudo-first-order fitting.  28 
           29 
Table 3 Kinetic parameters of MB adsorption on the three adsorbents at 30 
25 ℃ for solution with concentration of 20 mg L-1.  31 

Adsorbents 

Pseudo-first-order       

 kinetic model 

Pseudo-second-order kinetic 

model 

qe, 

mg g-1 

k1,  

min-1 

R2 qe, 

mg g-1 

k2, 

g mg-1 

min-1 

R2 

ZB-W-1.5 21.6997 0.0548 0.9664 23.04 0.0010 0.9664 

Resin 

beads 
6.4237 0.0210 0.8597 9.35 0.0043 0.9463 

ZIF-8 6.5358 0.0134 0.9152 13.91 0.0128 0.9981 

 32 

The better correlation fittings indicate that the adsorption kinetic of 33 
MB on the composite adsorbent is well accorded with the pseudo-34 
second-order model. Therefore, the adsorption behavior of the ZB-35 
W-1.5 is controlled by surface phenomenon, i.e., the surface 36 
characteristics of the adsorbent.  37 
 Considering that different salts that influence the adsorption 38 
efficiency could be present in the contaminated water, we have 39 
studied the effect of NaCl on the adsorption of target molecules. 40 
NaCl was added to a MB solution (Co=20 mg L-1) in concentrations 41 
ranging from 0 to 20,000 mg L

−1
. Fig. 6 displays the removal rate as 42 

a function of NaCl concentration. As can be seen the adsorbed 43 
amount remained almost constant no matter the amount of NaCl. It 44 
is worth nothing that the adsorption behavior did not change even 45 
at very high concentration.  46 

 47 

 48 
Fig. 6   Effect of NaCl concentration on the MB adsorption on ZB-W-1.5   49 
(adsorption time: 2 h, adsorption temperature: 25 °C, Co=20 mg L-1, ZB-W-50 
1.5=1 g L-1). 51 

 52 
 The effect of pH on adsorbent’s behavior was also studied.  The 53 
pH of our model MB solution (20 mg L

-1
) was varied between pH 2 54 

and 12 by adding HCl or NaOH. Fig. 7 shows the adsorption removal 55 
efficiency as a function of pH. At low pH (2-3), the removal 56 
efficiency decreased remarkably, indicating that the adsorption 57 
capacity will be profoundly hampered in an acidic environment. At 58 
pH values 4 and 5 the removal is 70 % and 90%, respectively and at  59 
   60 

 61 

Fig. 7   Effect of pH on the MB adsorption ability of ZB-W-1.5 (adsorption 62 
time: 2 h, adsorption temperature: 25 °C, Co=20 mg L-1, ZB-W-1.5=1 g L-1).  63 
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pH over 6 it is closed to 100 %. These results show that the 1 
adsorbent can be used for the treatment of a great part of waste 2 
water sources. 3 

No big changes in the ZIF-8 crystallinity after five and ten 4 
adsorption-desorption cycles were observed (Fig. S6). Noteworthy, 5 
the adsorption of MB can be followed with a naked eye by the 6 
colour of composite beads. As can be seen on the optical 7 
photographs, the colour of the beads changed from white to light 8 
purple and dark blue as a function of methyl blue concentration 9 
(Fig. S7). 10 
 The reusability of the composite adsorbent was also subjected 11 
to analysis. ZB-W-1.5 beads were treated in KBr solution to release 12 
the adsorbed dye and the adsorption experiment using 20 mg L

-1
 13 

MB solution was repeated. After 10 adsorption-desorption cycles 14 
the composite still retains more than 80 % of its adsorption capacity 15 
(Fig. 8). 16 
 The capability of studied adsorbents to immobilize 17 
oxytetracycline in water systems was studied using solutions with 18 
concentrations ranging between 5 and 250 mg L

-1
. The adsorption 19 

time was 2 h. Fig. 9 summarizes collected adsorption data. The 20 
adsorption of OTC on the three adsorbents is similar with MB in 21 
term of adsorbed amounts (Fig. 4a). The two molecules are fairly 22 
similar in size, 15.7 Å and 13.95 Å for MB and OTC, respectively (Fig.  23 
S8). Both molecules are too big to be adsorbed in the micropore 24 
volume of ZIF-8. Thus, the adsorption is based on the p–p 25 
interactions between the aromatic rings of the pollutant and the 26 
imidazole linker. 27 
 The impact of molecule nature on the adsorbent behaviour, MB 28 
is an anionic dye and OTC is a neutral molecule, was studied in 29 
experiments with mixed solutions (Figure S5). A solution containing 30 
20 mg L

-1
 MB and 20 mg L

-1
 OTC was employed and the adsorption 31 

time varied from 0 to 120 min (Fig.10). The set of experimental data 32 
shows a preferential MB adsorption in the first 35 min, which is 33 
almost completed in 35 min, while in the case of OTC the 34 
adsorption kinetics is much slower. We attribute this result of the 35 
negative nature of the anionic dye, which interacts with Zn cations 36 
 37 

 38 
Fig. 8   Recyclability of ZB-W-1.5 composite adsorbent (adsorption time: 2 h, 39 
adsorption temperature: 25 °C, Co=20 mg L-1, ZB-W-1.5=1 g L-1).   40 
 41 

 42 
Fig. 9   Adsorption behaviour of ZIF-8, resin beads and ZB-W-1.5 in 43 
decontamination of OTC containing solutions of different concentrations 44 
(adsorption time: 2 h, adsorption temperature: 25 °C, ZIF-8=0.2 g L-1, resin 45 
beads=1 g L-1, ZB-W-1.5=1 g L-1). 46 
 47 
occupying the residual cation exchange sites in the resin beads. The 48 
result of this interaction is the preferential adsorption in the anionic 49 
dye in the beginning of the process, when dye concentration is 50 
relatively high.  51 
 52 

(a) (b)

 53 
Fig. 10   UV−vis absorption spectra (a) and adsorbed amount (b) of mixed 54 
MB-OTC solution as a function of time (adsorption temperature: 25 °C, 55 
Co=20 mg L-1, ZB-W-1.5=1 g L-1). 56 
 57 

A summary of the literature data reporting MB and OTC 58 
removal from water sources is presented in Table 4. Some of the 59 
adsorbents, namely carbon derivates, show higher adsorption 60 
capacity of MB and OTC in respect to our composite adsorbent. 61 
Nevertheless, the adsorbent capacity of the resin bead – ZIF-8 62 
composite is fairly high. In addition, our material exhibits relatively 63 
high mechanical stability, define shape and size. In addition, the 64 
composite is easy to operate and recover and thus it can be used 65 
without additional processing. 66 
 The data of N2 adsorption analysis and more precisely the 67 
micropore volume was used to evaluate the ZIF-8 content in the 68 
composite beads. The amount of ZIF-8 in the ZB-W-1.5 composite 69 
was found to be about 16 wt %. Although this estimation is not very 70 
precise it gives idea about the approximate content and allows 71 
discussing the decontamination performance of composite beads. 72 
ZIF-8 content is relatively low in the composite nevertheless it 73 
performs better in all adsorption experiments. Furthermore, the 74 
total capacity of composite beads is not a simple sum of the 75 
capacity of ZIF-8 and cation resin beads. For instance, the integral 76 
capacity of 80 % resin beads and 20 % ZIF-8 is still lower that the 77 
value recorded for the composite. This result unambiguously shows 78 
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that either ZIF-8 synthesized in the pores of the resin beads perform 1 
better than the crystal synthesized under conventional conditions 2 
or there is a synergetic effect between the two adsorbents. A 3 
possible explanation is that MOF crystals synthesized in the 4 
confined space of the beads are smaller in size and thus offer larger 5 
external surface area. In addition, the ZIF-8 crystals are deposited 6 
on the polymer network building the resin beads, which makes 7 
them highly accessible. Another factor that might influence the 8 
adsorption ability of the composite could be a possible modification 9 
of resin beads during the hydrothermal treatment in ZIF-8 yielding 10 
solution. These hypotheses, however, are difficult to be verified. 11 
Although the adsorption behaviour of composite beads is not fully 12 
elucidated, their excellent performance in sequestration of organic 13 
pollutant is not questionable. 14 
 15 
Table 4 Literature overview and adsorption capacity of the adsorbents used 16 
for MB and OTC sequestration. 17 
Adsorbent Adsorbate Adsorption 

capacity (mg g
-1

) 

Ref. 

GO grafted magnetic 

chitosan 

MB 81 32 

Fe3O4 /reduced 

graphene oxide 

MB 75.15 33 

Activated carbons MB 250 34 

Mn/MCM-41  MB 131.6 35 

Exfoliated 

graphite/ZnO 

composites 

MB 10.4 36 

Organo-bentonite MB 96.0 37 

ZB-W-1.5 MB 88.2 Present 

work 

Activated charcoal OTC 408 38 

Marine sediments OTC 2.5 39 

Amino-Fe (III) 

functionalized SBA-15 

OTC 24.8 40 

Polyaniline coated 

peanut shells 

OTC 8.0 41 

Carbon nanotubes OTC 99.2 42 

ZB-W-1.5 OTC 93.8 Present 

work 

 18 

Conclusions 19 

Cation exchange resin beads - ZIF-8 composites were prepared by 20 
hydrothermal synthesis. During the reaction ZIF-8 crystallized in the 21 
macropore space of the resin beads and thus an intimate mixture of 22 
two materials was obtained as the macro-morphological features of 23 
the resin beads were retained. The obtained composite was used 24 
for decontamination of water systems from hydrocarbons, as an 25 
anionic dye and an antibiotic were used as target pollutants. The 26 
results show a superior performance of the composite sorbent in 27 
respect to the parent resin beads and highly crystalline ZIF-8 28 
powder.  29 
 The preparation approach developed in present study offers 30 
important advantages in respect to the previous art. Namely, the 31 

ion exchange resin bead carrier is robust and can withstand very 32 
harsh environment. In addition, the resin beads can be prepared 33 
with different size, available pore volume and surface functionality. 34 
The synthetic approach can be applied to different types of MOF, 35 
no matter of their chemical nature. Hence, this simple and efficient 36 
way for shaping MOFs is expected to open the route to practical 37 
uses of these promising molecular sieve materials.  38 
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