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Synthesis of nanoscale zero-valent iron doped carbonized zeolitic 
imidazolate framework-8 for methylene blue removal in water
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Nanoscale zero-valent iron-doped carbonized zeolitic imidazolate framework-8 (nZVI/CZIF-8) was prepared by 
carbonation of ferric nitrate and ZIF-8 at 800 °C and used as an adsorbent to remove methylene blue (MB) from 
water. The synthesized nZVI/CZIF-8 has a specifi c surface area of 806.9 m2/g, a pore volume of 0.86 cm3/g and 
an nZVI content of 1.35%, respectively. Both the nZVI/CZIF-8 and CZIF-8 have identical functional groups of 
O-H, C-H and C=C. With the increase of CZIF-8 size, MB removal rate increased. The doping of nZVI increased 
the MB removal percentage from 74.5% for ZIF-8 to 96.2% within 80 min for nZVI/CZIF-8. The MB removal 
percentage increased with the dosage of nZVI/CZIF-8. The MB adsorption with the adsorbents conforms to the 
Freundlich adsorption isothermal model and the removal rate fi tted well to a pseudo-fi rst-order model. The results 
demonstrate the feasibility of synthesizing high active and stable nZVI/CZIF-8 particles. 

Keywords: Nanoscale zero-valent iron; Carbonized zeolitic imidazolate framework-8; Mesoporous carbon; 
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INTRODUCTION

       Dyes are commonly used in industries including textile, 
paper, leather, plastics, etc., while 95% of them are dis-
charged and will cause serious harm to the environment 
and ecosystem1–6. Among these,  methylene blue (MB), 
the most commonly used dye for coloring wood, cotton, 
and silk, can lead to adverse reactions such as permanent 
injury to the eyes and respiratory system7, 8.  Among the 
methods to remove MB from wastewater, adsorption is 
the most promising one because of its effi ciency9–11. Ad-
sorbents, including biochar, activated carbon, graphene, 
clay, lignin, pine, Na2Ti3O7, etc., have been applied to 
remove MB from water9, 12–17.  Recently, mesoporous 
carbon materials have attracted interest in adsorption 
processes18, 19. For example, Wang et al.20 synthesized 
magnetic mesoporous carbon nanospheres by pyrolyzing 
iron-phenolic coordination polymer with tannic acid and 
used them as adsorbents for Cr(VI) removal. Krebsz et 
al.21 prepared bio-graphene foam to remove chromate 
ion removal and oil-water separation. Pasinszki et al.22 
synthesized nanofurry magnetic carbon microspheres for 
separation and catalysis processes.

Nanoscale zero-valent iron (nZVI) is a robust reagent 
that could remove pollutants via reduction, oxidation, 
specifi c retention and (co)precipitation mechanisms 23. 
Previous studies have used nZVI to remove MB from 
water24–26. The intrinsic disadvantages of nZVI are surface 
passivation and aggregation between particles, which 
often reduce its effi ciency23. An effective strategy is to 
disperse nZVI particles on carbonaceous materials27. 
The existence of carbon materials could decrease the 
oxidation rate of nZVI through non-targeted oxidation 
processes and improve electron transfer 28, 29. Shi et al.30 
obtained nZVI-doped mesoporous carbon by reducing 
Fe(NO3)3∙9H2O by H2 during pyrolysis of carbon pre-

cursor. The resultant material reveals enhanced stability 
and mobility in aqueous solution and porous media, as 
well as effective nickel diffusion and reactions.  Baik-
ousi et al.31 synthesized nZVI supported on commercial 
mesoporous carbon by reducing Fe3+ ions in water with 
sodium borohydride.   Carbon microspheres containing 
nZVI on their surface were synthesized by carbonizing 
polystyrene–divinylbenzene-based, iron nitrate-loaded 
ion exchange resins22. However, nZVI on carbon sup-
port materials is not tight, leading to the weak stability 
of these materials in aqueous phase.

Zeolitic imidazolate framework-8 (ZIF-8), as a typical 
metal-organic framework (MOF), can be easily and ef-
fectively prepared32, 33. It has been reported that ZIF-8 
has  a sodalite-type structure, micropores, high thermal 
stability (up to 400 oC), and a symmetrical relationship 
with hydrophobicity34. This MOF has been extensively 
studied for gas separation, H2 storage, encapsulation 
and catalysis35. As a MOF, ZIF-8 can be directly car-
bonized without adding carbon source. In this study, 
 Fe(NO3)3∙9H2O was used as the source of nZVI to 
prepare nZVI-doped carbonized ZIF-8 (nZVI/CZIF-8) 
by carbothermal reduction during ZIF-8 pyrolysis. This 
process makes the nZVI particles stay tight in carbon 
material and could obtain stable supported nZVI mate-
rial, which is benefi t to its application in soil and water 
remediation. Herein, nanoscale zero-valent iron-doped 
carbonized zeolitic imidazolate framework-8 (nZVI/
CZIF-8) was prepared by carbonation of ferric nitrate 
and ZIF-8 at 800 oC and used as an adsorbent to re-
move methylene blue (MB) from water. The structural 
and textural properties were analyzed by X-ray diffrac-
tion (XRD), scanning probe microscope (SPM), energy 
dispersive spectroscopy (EDS), Fourier transform infra-
red spectroscope (FTIR), Raman spectroscope and N2 
adsorption-desorption. MB was used as a model pollutant 
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to test the pollutant removal activities and kinetics of 
CZIF-8 and nZVI/CZIF-8 in water (Scheme 1). To the 
best of our knowledge, it is the fi rst time to synthesize 
nZVI/CZIF-8 with Fe(III) doped ZIF-8 for MB removal 
in water. 

the Thermo Electron Group Nicolet 6700 FTIR spec-
trometer in a frequency range of 400–4000 cm−1 using 
KBr pellet method. The Raman spectra of nZVI/CZIF-
8 were acquired on a BRUKER SENTERRA Raman 
system with a 633 nm He–Ne laser.

Removal of MB in water with CZIF-8 and  nZVI/CZIF-8
MB removal tests were carried out in 150 mL conical 

fl asks at 20 oC containing 100 mL MB solution (20 mg/L) 
and a certain amount of CZIF-8 or nZVI/CZIF-8 in 
a table concentrator (150 rpm). At given time intervals, 
3.5 mL of the solution was collected and analyzed by 
Meipuda UV-1800PC UV-vis spectrophotometer (Shang-
hai, China), with the scanning range between 650–680 nm 
and the thickness of the colorimetric dish was 1 cm. 
All the experiments detailed above were performed in 
triplicate and the average values are reported.

The MB adsorption and removal results with various 
materials can be fi tted with Langmuir (Eq. 1), Freundlich 
(Eq. 2) and pseudo-fi rst-rate (Eq. 3) models:
Ce/Qe = Ce/Qm + 1/(Qm·K L) (1)
ln(Qe) = ln(KF) + 1/(n·KF) (2)
-ln(Ct/C0) = k1·t (3)
where Qe is the amount of MB absorbed at equilibrium 
concentration (mg/g), Ce is the equilibrium concentration 
of MB in solution (mg/L), KL is the Langmuir constant 
(L/mg), Qm is the maximum monolayer sorption capacity 
(mg/g), KF and n are Freundlich constants, Ct is the MB 
concentration in solution at time t, C0 is the initial MB 
concentration.

3. RESULTS AND DISCUSSIONS

Size controlling of CZIF-8
The amount of methanol plays an important role in 

the size of CZIF-8 material. Fig. 1 reveals the SEM im-
ages of CZIF-8 with the methanol amount of 100 mL, 
300 mL and 600 mL, respectively. The particle size of 
CZIF-8 using 100 mL methanol is about 1 μm (Fig. 1a). 
As the methanol amount increases to 300 mL, the particle 
size decreases to about 200 nm (Fig. 1b). Then, CZIF-8 
particles with size of 100 nm can be obtained by adding 
600 mL methanol (Fig. 1c).

Characterization of CZIF-8 and nZVI/CZIF-8
The  XRD patterns of CZIF-8 materials are shown 

in Fig. 2a. The diffraction peaks around 2θ = 24o and 
2θ = 44o correspond to the (002) and (100) planes of 
graphitic carbon, and the broad peaks indicate that the 
main structure of the material is amorphous carbon 
type36. Further, some researchers defi ne these two peaks 
as characteristic peaks of reduced graphene oxide and 
strutted graphene21, 37, 38. The XRD results of CZIF-8 
and nZVI/CZIF-8 prepared at various temperatures are 
shown in Fig. 2b. After heating at a temperature higher 
than 800 oC, nZVI/CZIF-8 can be successfully synthe-
sized. The  XRD results of nZVI/CZIF-8 show a new 
peak at about 2θ = 46.7o, which maybe corresponds to 
the formation of Fe0 through Eqs. 4–6. It is noteworthy 
that nZVI can be synthesized at 800 oC, which is lower 
than that reported in our previous study29. The existence 
of Fe3O4 peaks in the XRD results of nZVI/CZIF-8 

Scheme 1. The preparation of nZVI/CZIF-8

MATERIALS AND METHODS

Chemicals
Fe(NO3)3∙9H2O (>98.5%), Zn(NO3)2·6H2O (>99%), 

2-methylimidazole (>98%), methanol (>99.5%), absolute 
ethyl alcohol (>99.7%) and methylene blue (>98%) 
were obtained from Sinopharm Chemical Reagent Co., 
Ltd. (Shanghai, China).

Synthesis and characterization of CZIF-8 and nZVI/
CZIF-8

C ZIF-8 was prepared in several steps. Firstly, mixing 
3.39 g o f Zn(NO3)2·6H2O with 300 mL methanol, and 
3.94 g of 2-methylimidazole with another 300 mL metha-
nol, respectively, in two beakers, and stirring evenly with 
glass sticks. Then pouring the above mixture into a 1 L 
beaker, stirring it well with a glass stick, and heating it 
in a water bath at 60 oC for 24 h. The above solution 
was centrifuged (8000 rpm/min) for 3 min and washed 
with ethanol (9000 rpm/min) for 2 min. After that, the 
obtained precipitate was put into a vacuum-drying furnace 
at 60 oC for 24 h. The fi nal precipitate was put into the 
quartz boat and then heated in the tubular furnace for 
1 h (constant temperature time) at the temperatures of 
800, 900 and 1000 oC in a nitrogen atmosphere to obtain 
carbonized Z IF-8 (CZIF-8). CZIF-8 with different sizes 
can be obtained by adjusting the amount of methanol 
(100, 300 and 600 mL). To obtain nZVI/CZIF-8, just mix 
100 mg Fe(NO3)3·9H2O with 3.39 g Zn(NO3)2·6H2O in 
the fi rst step of preparing CZIF-8.

The crystalline structure of CZIF-8 and nZVI/CZIF-8 
was characterized by XRD using a BRUKER AXS 
GMBH D8 diffractometer. The surface morphology of 
CZIF-8 and nZVI/CZIF-8 was observed by S PM using 
a Shimadzu SPM-9600 microscope. The elemental com-
positions were analyzed using an EDAX TEAM Apollo 
EDS. Textural analyses of materials were performed by 
the N2 adsorption-desorption method at –196 oC using 
a Micromeritics TriStar 123 static volumetric system. 
The samples were previously outgassed under vacuum 
at 150 oC for 2 h, and the specifi c surface area was es-
timated by the Brunauer–Emmett–Teller (BET) method. 
The pore size distribution in nZVI/CZIF-8 was obtained 
by the Barrett–Joyner–Halenda (BJH) method. The 
functional groups of the nZVI/CZIF-8 were studied by 
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sorption peak at 2330 cm–1 is generated by the asymmetric 
stretching vibration of O=C=O, which may be due to the 
CO2 from air adsorbed on the sample. Further, the peak 
at 3420 cm–1 is caused by the stretching vibration of O-H 
because of the water adsorbed from air when preparing 
samples40. These results show that the organic matrix was 
destroyed because of the carbonization during the heat 
treatment. The synthesized nZVI/CZIF-8 still retains the 
characteristic functional groups of CZIF-8. However, 
due to the low content of iron, the characteristic peak 
of the Fe-O was not detected39. The Raman pattern of 
CZIF-8 is shown in Fig. 3b, the peak at 1350 cm–1 is D 
band of carbon materials, while the one at 1600 cm–1 is 
the G band. The D band represents the disorder degree 
of materials, while G band represents the graphitization 
degree of materials41, 42. The integral strength ratio ID/IG 
= 1.04, indicating that the prepared ZIF-8 has some 
graphitization structure, but there is larger amount of 
amorphous carbon structures43. Fig. 4 provides the SEM 
(Fig. 4a) and SEM-EDS (Fig. 4b-d) results of nZVI/
CZIF-8. The  SEM image of nZVI/CZIF-8 illustrates 
that the particles have a uniform size of about 100 nm. 
The SEM-EDS results reveal that the nZVI particles 
are dispersed with the CZIF-8 particles. These results, 
combined with the XRD results, demonstrate that the 
nZVI/CZIF-8 adsorbent was synthesized successfully.

Figure 5a depicts the N2 adsorption-desorption curves 
of nZVI/CZIF-8, which is a type IV isotherm with an 
H4 hysteresis ring, implying the mesoporous nature of 
nZVI/CZIF-839, 44. The BET specifi c surface area and 

synthesized at higher temperature may be due to the 
oxidation of nZVI when preparing samples39.
3C + Fe2O3 → 3CO ↑ + 2Fe (4)
3C + 2 Fe2O3 → 3CO2 ↑ + 2Fe (5)
3CO + Fe2O3 → 3CO2 ↑ + 2Fe (6)

Figure 3a illustrates the FTIR patterns of CZIF-8 and 
nZVI/CZIF-8 with almost the same typical peaks. The 
peak near 1560 cm–1 is C=C skeleton vibration. The  ab-

Figure 1. SEM images of CZIF-8 with 100 mL (a), 300 mL (b) 
and 600 mL (c) methanol

Figure 2. XRD patterns of CZIF-8 and nZVI/CZIF-8
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pore volume of nZVI/CZIF-8 are 806.9 m2/g and 0.86 
cm3/g, respectively, which reveals the high specifi c surface 
area and pore volume as the synthesized ZIF-8 materials 
reported in previous studies45, 46. Fig. 5b indicates the 
pore distribution of nZVI/CZIF-8. The pore diameter 

Table 1. Textural characteristics of nZVI/CZIF-8

Figure 3. FTIR spectra of CZIF-8 and nZVI/CZIF-8 (a), and 
Raman spectra of CZIF-8 (b)

Figure 4. SEM (a) and SEM-EDS (b-d) results of nZVI/CZIF-8

Figure 5. N2 adsorption-desorption curves (a) and pore volume 
distribution (b) of nZVI/CZIF-8

distributes from 2–60 nm, with a peak at 5.2 nm, which 
confi rms the mesoporous structure of nZVI/CZIF-843, 44.

MB removal performances of CZIF-8 and nZVI/CZIF-8
MB solution (100 mL) with an initial concentration 

of 20 mg/L and adsorbent dosage of 0.02 g were used 
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to determine the MB removal performance of CZIF-8 
with different particle sizes. As can be seen from Fig. 
6a, the MB removal percentages with various particle 
sizes reach above 90% within 60 min, and then tend to 
be steady.  The larger the particle size of CZIF-8 is, the 
shorter time to reach the maximal removal effi ciency, 
which may be because the particles with smaller particle 
sizes have larger specifi c surface area and longer time to 
reach the maximal removal effi ciency. Fig. 6b shows the 
MB removal percentages with different CZIF-8 doge. MB 
removal percentages increased gradually with the increase 
of adsorption time and CZIF-8 dosage and tended to 
be stable when the adsorption time exceeded 60 min. 

The reason is that when the dosage of CZIF-8 is higher, 
it can provide more adsorption sites for MB removal. 
When the adsorption time is 25 min, the MB removal 
percentage by adding 0.4 g/L adsorbent is 97.58%, which 
is only 1.37% higher than that of 0.3 g/L adsorbent. The 
unit adsorption capacity is 48.79 mg/g, lower than 64.14 
mg/g when adding 0.3 g/L adsorbent, this may be caused 
by an excessive adsorbent at 0.4 g/L.  When the initial 
MB concentration increases from 10 mg/L to 30 mg/L, 
the equilibrium adsorption capacity increases from 37.19 
mg/g to 97.63 mg/g (Fig. 6c). 

Figure 6. MB removal performances with different CZIF-8 size 
(a), dosage (b) and MB concentration (c)

Figure 7. Fitting results of Langmuir (a) and Freundlich (b) 
adsorption models

La ngmuir and Freundlich adsorption models were 
employed to analyze the adsorption mechanism, and the 
results were shown in Fig. 7. The Freundlich equation 
fi ts the MB adsorption data better than the Langmuir 
equation, and its correlation coeffi cient R2 is 0.8878, 
which is higher than Langmuir equation’s correlation 
coeffi cient (0.7816). In addition, the equilibrium constant 
KL in the model is greater than 1, indicating that the 
adsorption reaction should not be carried out. The ad-
sorption constant KF in the Freundlich model is 1334.88 
L/mol, implying that the material has a large adsorption 
capacity for MB. Therefore, the adsorption process of 
MB on CZIF-8 material is more consistent with the 
Freundlich model. 

Figure 8a presents the comparison of MB removal 
performances between CZIF-8 and nZVI/CZIF-8. The  
MB removal percentage of CZIF-8 reached 74.5% at 
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80 min, while that of nZVI/CZIF-8 reached 96.2%. 
This may be due to the MB removal performance of 
nZVI24. Fig. 8b shows the effect of nZVI/CZIF-8 dosa-
ges on MB removal. The overall trend of MB removal 
by nZVI/CZIF-8 composites with different dosages can 
be found. At the initial stage, the removal percentage 
increased signifi cantly and fi nally reached equilibrium in 
80 min. The  MB removal percentage increased with the 
increase of nZVI/CZIF-8 dosage. When the dosage was 
0.01 g, the removal rate of MB was 65.5% in 80 min. 
As the dosage of nZVI/CZIF-8 increased to 0.02 g, the 
removal rate of MB in the solution was 93% at 80 min. 
Moreover, the MB removal percentages of 96.8% and 
97.2% as the nZVI/CZIF-8 dosage reached 0.03 g and 
0.04 g, respectively. MB removal by nZVI/CZIF-8 may 
contain both adsorption and oxidation by nZVI in water 
according to Eq. 7 and Eq. 847Xiaohong</author><au-
thor>Sun, Yuankui</author><author>Qin, Hejie</
author><author>Li, Jinxiang</author><author>Lo, 
Irene M. C.</author><author>He, Di</author><au-
thor>Dong, Haoran</author></authors></contribu-
tors><titles><title>The limitations of applying zero-
-valent iron technology in contaminants sequestration and 
the corresponding countermeasures: The development 
in zero-valent iron technology in the last two decades 
(1994–2014. The removal of MB by nZVI/CZIF-8 fi ts 
the  pseudo-fi r st-rate kinetic model well, and the results 
are summarized in Fig. 8c and Table 2, the MB removal 
rate reached 0.397 min–1 with the nZVI/CZIF-8 dosage of 
0.03 g. Table 3 presents the comparison of MB removal 
performance of this study with previous studies. nZVI/
CZIF-8 exhibits competitive removal performance of 
MB compared with previous studies.
Fe0 + O2 + 2H+ → Fe2+ + H2O2  (7)
Fe2+ + H2O2 → Fe3+ + ·OH + OH-  (8)

Table 3. MB removal by various techniques from the literature

Table 2. Fitting results of pseudo-fi rst order reaction kinetics 
of different nZVI/CZIF-8 dosages

Figure 8. MB Removal performance of ZIF-8 and nZVI/CZIF-8 
(a), effects of nZVI/CZIF-8 dosage on MB removal 
(b), and fi tting results of pseudo-fi rst-rate model (c)

CONCLUSION

 nZVI/CZIF-8 with high removal performance for MB 
was synthesized with Fe(NO3)3∙9H2O and ZIF-8. The 
adsorbents were prepared by a simple carbothermic 
reduction process, in which the formation of nZVI and 
the carbonization of ZIF occur simultaneously and nZVI 
is supported stable in the material. nZVI/CZIF-8 sho-
wed better MB removal performance than CZIF-8. The 
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Freundlich equation fi ts the MB adsorption data better 
than the Langmuir equation. The adsorption constant 
KF in the Freundlich model is 1334.88 L/mol, indicating 
that the material has a large adsorption capacity for me-
thylene blue. The MB removal percentages increase with 
increasing nZVI/CZIF-8 dosage, and the MB removal 
kinetic fi ts the pseudo-fi rst rate kinetic model well. This 
study confi rms the possibility of synthesizing active and 
stable nZVI/CZIF-8 in one step and its application to 
remove pollutants in water.
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