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AbstractA zirconium-based metal organic framework (UiO-66-NH2) was prepared using a greener approach for
the removal of hexavalent chromium (Cr(VI)) from solution. The characterization of UiO-66-NH2 was performed
using several methods, and the influence of the solution pH, adsorbent dosage, salt, adsorption time, Cr(VI) concentra-
tion and adsorption temperature on adsorption quantity was performed in batch mode. UiO-66-NH2 can efficiently
remove Cr(VI) through the synergistic effect of adsorption and reduction. At pH solution of 1.1 and solid-to-liquid
ratio of 2 g·L1, the removal rate of 100 mg·L1 Cr(VI) increased to 95.2%. The maximum adsorption capacity of UiO-
66-NH2 from Langmuir model was 252 mg·g1. The adsorption equilibrium process can be well described by Lang-
muir, Koble-Corrigan and Temkin models, while the kinetic process can be predicted by pseudo-second-order and
Elovich model. UiO-66-NH2 showed a good adsorption capacity in a wide range of pH (pH=1.1-10) and also had bet-
ter regeneration performance after five cycles using 0.01 mol·L1 NaOH; consequently, it can be a promising adsorbent
for the removal of Cr(VI) from solution.
Keywords: Adsorption, UiO-66-NH2, Hexavalent Chromium, Desorption

INTRODUCTION

Hexavalent chromium (Cr(VI)), as one of the most toxic pollut-
ants in water bodies, has created great concern around the world.
The pollution of Cr(VI) is mainly through the discharge of indus-
trial wastewater, such from metal polishing, electroplating, textile
dyeing, alloying, chromium salt and leather processing industries
[1,2]. Cr(VI) (mainly in the form of CrO4

2 and Cr2O4
2) is charac-

terized by high water solubility, non-degradability, and bioaccumu-
lation, and is highly toxic; consequently, it can easily cause cancer
when entering the human body [3,4]. According to the World Health
Organization, the contaminant level of Cr(VI) in drinking water
should not exceed 0.05 mg·L1 [5,6]. Therefore, it is necessary to
control the discharge of Cr(VI) from the sources as well as reduce
the chromium content in the polluted water bodies.

At present, various treatment methods, such as adsorption, chemi-
cal precipitation, ion exchange, photocatalysis, reverse osmosis and
electrodialysis, have been employed to remove chromium from water
and wastewater [7,8]. Between these methods, adsorption is highly
valued as it has several advantages, including simple technology,
high efficiency, low cost with no secondary pollution produced [9].
Recently, a number of adsorbents, including surface-modified mag-
netic nanoparticles [10], carbon-based materials [11,12] and natu-
ral polymer [13-16], have been widely used to remove chromium
from solution. However, most of these adsorbents have some short-
comings, so it is still necessary to find an effective adsorbent to cap-
ture Cr(VI).

In water systems, chromium can exist in two valence states:

(Cr(VI) and Cr(III)) [13-16]. For high toxicity of Cr(VI), excess
chromium usually exists in the form of Cr(III) and is an essential
nutrient element for mammals [17]. However, it is costly and diffi-
cult to directly reduce Cr(VI) to Cr(III). Therefore, the adsorbent
with catalytic degradation activity can be considered to realize the
synergistic performance of the adsorption and reduction of Cr(VI).
This not only saves cost, but also effectively reduces the pollution
of Cr(VI) in water bodies.

Application of the metal-organic frameworks (MOFs) in water
and wastewater remediation cannot be underestimated as these
materials are observed to possess higher surface area, large poros-
ity, intrinsic function and multifunctional structure [18-20]. All
these surface features play paramount roles in the adsorption pro-
cess. However, some MOF materials have certain limitations in
water treatment due to their poor water stability. Compared with
other MOFs, Zr-MOF has attracted wide attention for its good water
stability [21,22]. However, most Zr-MOF synthesis processes are
accompanied with the use of organic compound reagents (such as
N, N-Dimethylformamide) which have higher level of toxicity [23].
At the same time, there is an increasing of the processing cost of
removing secondary pollutants during the synthesis process. This
point is not consistent with the concept of green chemistry; there-
fore, it is essential to find an economical, environmentally friendly
and efficient method for the preparation of Zr-MOF.

In our previous study, formic acid and ethanol were selected as
solvents, and zirconium chloride and 2-aminoterephthalic acid were
used as ligand acceptors and donors to synthesize UiO-66-NH2 under
mild conditions [24]. This UiO-66-NH2 adsorbent had good ad-
sorption property towards phosphate. Therefore, in this study, UiO-
66-NH2 was utilized to enhance the synergistic effect of adsorp-
tion and reduction of Cr(VI) from aqueous solution. This adsor-
bent greatly minimized the direct cost of reducing the highly toxic
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Cr(VI) to the low-toxic Cr(III), and at the same time decontami-
nated the Cr(VI) in the solution. The effects of solution pH, adsor-
bent dosage, equilibrium concentration, adsorption time and tem-
perature on adsorption were explored by batch experiments. Finally,
the regeneration performance of the spent UiO-66-NH2 and the
feasibility of using it in actual wastewater treatment were explored.
The adsorption mechanism was speculated by resorting to vari-
ous analytical methods.

MATERIALS AND METHODS

1. Main Reagents
Materials: Absolute ethanol (C2H5OH) was obtained from Tian-

jin Fuyu Fine Chemical Co., Ltd. (China); Formic acid (HCOOH)
was purchased from Tianjin Yongda Chemical Reagent Co., Ltd.
(China); Potassium dichromate (K2Cr2O7) was obtained from Jiao-
zuo Xin'an Technology Co., Ltd. (China); Zirconium chloride (ZrCl4)
and 2-aminoterephthalic acid (C8H7NO4) were purchased from
Shanghai Aladdin Biochemical Technology Co., Ltd. (China).
2. Synthesis of UiO-66-NH2

The synthesis process was similar to that of the previous study
[24]. Briefly, 0.466 g zirconium chloride and 0.181 g 2-aminotere-
phthalic acid were added in the mixed solvent of 25 mL of 30%
formic acid and 20 mL of C2H5OH. Then, it was transferred to a
polytetrafluoroethylene reactor for 12 h at 110 oC in a vacuum dry-
ing oven after the mixed solution was completely dissolved by ultra-
sonic treatment. The product was cooled to room temperature
and then washed with ethanol and deionized water several times
in sequence, and vacuum-dried at 60 oC for 12 h. Lastly, the final
product (marked as UiO-66-NH2) was obtained with the yield
0.440 g.
3. Characterization

A variety of characterization methods were used to analyze the
performance of UiO-66-NH2. First, the functional groups and the
morphology on the surface of UiO-66-NH2 were analyzed by FTIR
analysis (PE-1710FTIR, American PE Company) and scanning
electron microscope (SEM, Su8020, China Tianmei Scientific Instru-
ments Co., Ltd.), respectively. Specific surface area analyzer (BET,
ASAP2420, American Mike Co., Ltd.) was utilized to analyze the
specific surface area. The crystal structure of UiO-66-NH2 was con-
firmed using X-ray diffraction (XRD, Miniflex 600). X-ray photo-
electric spectroscopy (XPS, Escalab 250Xi, Thermo Fisher Scientific)
was used to determine the action form of adsorption.
4. Adsorption Test

A certain amount of UiO-66-NH2 was added into several 50
mL conical flasks containing 10 mL of a certain concentration of
Cr(VI) solution (calculated as Cr(VI)), and the flasks were shaken
for a certain period of time at a specific temperature in a water
bath. Following adsorption, the UiO-66-NH2 adsorbent was sepa-
rated from the mixture by centrifugation, and the concentration of
the supernatant (Cr(VI)) was measured at wavelength of 540 nm
in diphenylcarbazide spectrophotometry. The effects of the sys-
tem pH (pH=1.1-12), adsorbent dosage (4-20 mg), salinity (0-0.2
mol·L1), adsorption time (0-6 h), temperature (293-313 K) and
initial concentration (25-400 mg·L1) on adsorption were explored
by batch experiments.

The unit adsorption capacity and removal rate were calculated
by Eq. (1) and (2), respectively.

(1)

(2)

where q is the unit adsorption quantity (mg·g1), m represents the
mass of UiO-66-NH2 (g), V indicates the volume of Cr(VI) solution
(L), p shows the removal efficiency, C0 (mg·L1) and C (mg·L1)
express the concentration of adsorbate before and after adsorption.
5. Regeneration Performance

A certain amount of UiO-66-NH2 was introduced into a coni-
cal flask having 300 mg·L1 Cr(VI) solution and the mixture was
shaken for 6 h at 303 K and 120 rpm. The unit adsorption capacity
(qe) was calculated. Cr-loaded adsorbent was washed three times
by deionized water and dried in an oven at 60 oC for 12 h. Then
10 mg of spent UiO-66-NH2 was added in 50 mL Erlenmeyer
flask containing 10 mL of different desorption liquids (0.01 mol·L1

sodium hydroxide solution, 0.005 mol·L1 sodium hydroxide solu-
tion, a mixed solution of 0.005 mol·L1 sodium hydroxide solution
and 50% ethanol as well as 75% ethanol). The flasks were then
shaken at 30 oC for 6 h and the desorption rate d was determined.
The desorbed material was washed three times with deionized
water, and the above operation was repeated, then the regenera-
tion rate r was calculated. The better desorption solution was cho-
sen for multiple desorption regeneration.

The d and r are calculated by Eq. (3) and (4), respectively.

(3)

(4)

where md represents the mass of Cr(VI) in solution after desorp-
tion, m0 indicates the mass of Cr(VI) on UiO-66-NH2 before de-
sorption, qm and qr mean the unit adsorption amount for the first
and next adsorption, respectively.
6. Removal of Cr(VI) from Simulated Wastewater

Taking the lake water of Zhengzhou University as the simu-
lated water sample, the Cr(VI) content of the lake water was not
detected with pH=6.8. The actual amount of 10 mg UiO-66-NH2

was added to each conical flask containing 10 mL of Cr(VI) solu-
tion with different concentration (0, 20, 50, 100 mg·L1), and then
the mixtures in the flasks were shaken at 303 K for 6 h.

RESULTS AND DISCUSSION

1. Characterization of Materials
1-1. FTIR Analysis

FTIR analysis of UiO-66-NH2 before and after adsorption was
performed to determine the changes and contribution of the func-
tional groups of UiO-66-NH2 toward uptake of Cr(VI), and the
results are shown in Fig. 1(a). It was observed that UiO-66-NH2

showed a large and broad absorption peak at 3,430 cm1, which is
ascribed to the presence of -NH2 and -OH [24,25]. The peaks at
1,580 and 1,400 cm1 are attributed to vibration of the benzene ring
[26]. The absorption peaks observed at 1,260 cm1 and 1,370 cm1

q  
V C0    C 

m
-----------------------

p  
C0    C

C0
-------------- 100%

d   md/m0 100%

r   qr/qm 100%
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are the characteristic peaks of C-N bonded between aromatic car-
bon and nitrogen [18]. The absorption peak at 669 cm1 can be
attributed to vibration of Zr-O [27,28]. For the Cr-loaded UiO-66-
NH2, two peaks at 762 cm1 and 485 cm1 are broadened due to the
existence of Cr-O (765 cm1) and Cr-O-Cr (604 cm1) bond, and
a small peak at 913 cm1 corresponds to the vibration of Cr=O bond
[7,9], which confirms that Cr(VI) was successfully adsorbed by
UiO-66-NH2. Moreover, the peak intensity at 1,260 cm1 on UiO-
66-NH2-Cr(VI) spectrum had significantly decreased. This revealed
that -NH2/-NH3

+ on the surface of UiO-66-NH2 may participate in
the adsorption process, and it can also be understood that this
process may involve electrostatic attraction [29]. In conclusion,
FTIR analysis showed that Cr(VI) was successfully captured as
well as the process was likely to proceed through the electrostatic
attraction.
1-2. XRD Analysis

The XRD spectra of UiO-66-NH2 before and after adsorption
are presented in Fig. 1(b). The diffraction peaks of UiO-66-NH2

obtained in this study are consistent with the ones reported in the
previous studies [22,24], indicating that UiO-66-NH2 was success-
fully prepared and has a high crystallinity. Moreover, the several
diffraction peaks near 7.36o, 8.48o, 12.04o, 25.68o and 33.12o corre-

spond to (111), (002), (022), (224), (137) crystal planes, respectively
[24,30,31], which also demonstrates that the material had a crys-
talline structure. In addition, the main diffraction peaks of the mate-
rial before and after adsorption did not change significantly, in-
dicating that the crystal structure of the material remained un-
changed during the adsorption process.
1-3. BET Analysis of UiO-66-NH2

Fig. S1(a) shows the isotherm curve of N2 adsorption. The iso-
therm curve of N2 adsorption increased rapidly at P/P0<0.1 (Fig.
S1(a)) and this indicates the presence of micropores on the sur-
face of UiO-66-NH2. The isotherm exhibited a typical I-type struc-
ture with the presence of abundant micropores centered at 0.65
nm (Fig. S1(b)). Also, the BET analysis results showed that UiO-
66-NH2 had a surface area of 830.6 m2·g1 (Langmuir surface area
of 980.7 m2·g1) and median pore width of 0.745 nm. These results
indicate that the material had a larger specific surface area.
1-4. SEM Analysis

Moreover, as can be seen in Fig. 2(a), UiO-66-NH2 material
exhibited an agglomerated irregular three-dimensional morphol-
ogy. This is consistent with the results obtained from XRD analy-
sis, revealing that UiO-66-NH2 had a crystalline structure. The three-
dimensional structure of UiO-66-NH2 is similar to a nano-scale

Fig. 1. (a) FTIR analysis before and after adsorption and (b) XRD of UiO-66-NH2.

Fig. 2. SEM analysis of UiO-66-NH2 (a) before and (b) after regeneration.
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sphere as it has higher specific surface area and irregular nano-
scale particles. In addition, the surface morphology of UiO-66-
NH2 material was stable after five regeneration cycles (Fig. 2(b)).
There was no significant difference of UiO-66-NH2 morphology
before and after adsorption of Cr(VI), indicating the stability of
the material.
1-5. XPS Analysis

For understanding the adsorption mechanism, XPS analysis was

carried out and the results are shown in Fig. 3. Compared with the
total spectrum of UiO-66-NH2 (Fig. 3(a)), a new energy spectrum
peak appeared at 587 eV after adsorption of Cr(VI). This peak is
attributed to Cr 2p.

After splitting the peak of Cr 2p, four peaks were obtained (Fig.
3(b)): two peaks at 576.49 and 585.97 eV are attributed to Cr(III),
while those at 578.87 and 588.24 eV are ascribed to Cr(VI) [32].
The presence of Cr(III) indicates that some Cr(VI) was reduced to

Fig. 3. (a) Wide scan of XPS for UiO-66-NH2 before and after adsorption; High resolution spectra: (b) Cr 2p after adsorption, O 1s (c) before
and (d) after adsorption, N 1s (e) before and (f) after adsorption.
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Cr(III) on the surface of UiO-66-NH2. This confirms the simulta-
neous occurrence of both adsorption and reduction of Cr(VI).

There was a significant difference between the split peaks of O
1s before and after adsorption. Before adsorption, three peaks of
O 1s were formed at 530.63 (19.5%), 531.97 (67.3%) and 533.38
eV (13.2%) (Fig. 3(c)), which correspond to Zr-O, Zr-OH and O-
C=O [33]. After adsorption, these three peaks shifted to lower
binding energies, and located at 529.61 (25.24%), 530.95 (60.97%)
and 532.42 eV (13.79%), respectively (Fig. 3(d)). The energy spec-
trum peak content of Zr-OH was significantly reduced. It denotes
that Zr-OH was involved in the adsorption process; therefore,
there may be complexation between Zr-OH and Cr(VI) in the
form of Zr-O-Cr [31].

As for the split peaks of N 1s, two peaks were obtained at
399.62 and 402.74 eV of the N 1s before adsorption (Fig. 3(e)).
These peaks are ascribed to -NH2 (83.9%) and -NH3

+ (16.1%) [24].
After adsorption, the two peaks slightly moved to lower binding
energy (399.29, 402.03 eV) and the peak area changed (Fig. 3(f)).
This confirmed that -NH2/-NH3

+ on the surface of UiO-66-NH2

participated in the adsorption. It can be understood that there may
be hydrogen bonding/electrostatic attraction between -NH2/-NH3

+

and Cr(VI).
In summary, XPS analysis showed that the adsorption process

could be governed by electrostatic attraction, hydrogen bonding,
complexation and reduction.
2. Adsorption Studies
2-1. Effect of pH

Generally, pH value provides a significant effect on the existence
form of adsorbate and the surface property of adsorbent in the
solution; as a result, it may influence the adsorption capacity of
UiO-66-NH2 on Cr(VI). So the effect of pH on adsorption process
was performed and the results are shown in Fig. 4(a). It was ob-
served that the adsorption capacity (qe) of Cr(VI) decreased steadily
as the pH increased from 1.1 to 12. This phenomenon can be
explained by the involvement of electrostatic force. At solution pH
1-6, Cr(VI) existed mainly in negatively charged in the form of
HCrO4

 and Cr2O7
2 [10]. In addition, at this pH range, the surface

charge of UiO-66-NH2 became positive (as the isoelectric point of
UiO-66-NH2 was 6.2), and the degree of protonation enhanced

with the increase of acidity. So the qe of Cr(VI) increased from
45.6 to 82.8 mg·g1 when the pH solution decreased from 6.1 to
1.1. At solution pH 6.2-10, the surface of UiO-66-NH2 became nega-
tively charged, and the degree of deprotonation increased with the
increase of alkalinity. The electrostatic attraction became weak, but
the adsorption performance of UiO-66-NH2 on Cr(VI) had not
significantly decreased (such that the values of qe were not lower
than 29.5 mg·g1). At this time, there should be complexation and
hydrogen bonding between the material and Cr(VI) [34]. When
the pH increased from 10 to 12, the adsorption capacity of UiO-
66-NH2 on Cr(VI) lessened rapidly from 29.5 to 2.85 mg·g1. This
was because of the presence of large amount of OH ions that
obstructed the progress of adsorption under higher alkaline condi-
tions (pH=10-12) [35]. This phenomenon is relatable to the one
reported by Lai et al. [36] on the application of UiO-66 based on
N-doped carbon nanoparticles coated by PANI for removal of
hexavalent chromium [36]. Nevertheless, UiO-66-NH2 showed a
wide pH range (1.1-10) for Cr(VI) adsorption. Considering that
most of the Cr(VI)-containing wastewaters are acidic, therefore
this study examined the adsorption performance of UiO-66-NH2

on Cr(VI) under acidic conditions (using the solution pH 1.1).
2-2. Effect of Dosage of UiO-66-NH2

To ensure the utilization of materials and the removal rate of
adsorbate at the same time, the amount of adsorbent was investi-
gated. The results are in Fig. S2(a). As shown in Fig. S2(a), as the
mass of UiO-66-NH2 increased from 2 to 20 mg, the unit adsorp-
tion capacity gradually decreased from 175 to 40 mg·g1, while the
removal rate increased from 40% to 97%. This phenomenon can
be explained by the increase of active sites in the system with the
increase of Zr-MOF; therefore more Cr(VI) ions were captured
from the solution. At fixed amount of Cr(VI) in the system, the
removal efficiency of UiO-66-NH2 showed an increasing trend;
however, the corresponding qe demonstrated a downward trend.
Comprehensively considering the effective utilization of Zr-MOF
and the removal efficiency of Cr(VI), the mass of Zr-MOF was
selected as 10 mg in the follow-up study (the corresponding d>85%
with the solid-to-liquid ratio as 1 g·L1).
2-3. Effect of Salinity

The coexisting ions often affect the adsorption quantity [37].

Fig. 4. Effect of pH (a) and salt (b) on adsorption.



1844 X. Zhang et al.

July, 2022

The effect of salt was explored and the results are shown in Fig.
4(b). It was illustrated that the presence of these common coexist-
ing ions (Na+, K+, Ca2+, Mg2+, Ni2+ and Cl) had basically no effect
on the adsorption of Cr(VI). But some anions (NO3

 and SO4
2)

showed a weak negative effect on the adsorption of Cr(VI) with
the adsorption capacity decreased by nearly a quarter as the salt
concentration increased from 0 to 0.2 mol·L1. This showed that
there may be electrostatic force and complexation during the ad-
sorption process. However, the presence of NO2

 showed a posi-
tive effect with the qe raised from 86.5 to 97 mg·g1 as the content
of NO2

 increased from 0 to 0.2 mol·L1, which may be because it
promoted the conversion of Cr(VI) to Cr(III). In addition, the pres-
ence of phosphate showed a large negative effect, which may be
due to the strong competitive adsorption between Cr(VI) and
phosphate in the process. However, when the phosphate content
was as high as 0.2 mol·L1, the adsorption capacity of UiO-66-NH2

capturing Cr(VI) was still not less than 30 mg·g1. On the whole,
the material had a certain salt tolerance.
2-4. Study on Adsorption Kinetics

To understand the rate of adsorption, the kinetics of adsorp-
tion was studied. The results are shown in Fig. 5(a)-(c). It was
observed that the values of qt toward Cr(VI) increased rapidly at
first stage (0-1 h), in which 80% of the total adsorption quantity
was absolutely attained. Then the adsorption gradually decreased
with the increase of contact time from 1 to 5 h until the adsorp-

tion process reached equilibrium. Keeping the initial concentra-
tion of Cr(VI) constant, there were more active sites in the initial
stage of adsorption, so the adsorption proceeded faster. However,
the active sites on the surface of UiO-66-NH2 were limited and
decreased with the progress of adsorption until equilibrium was
attained. In addition, at the same contact time, the values of qt were
higher with the increase of initial concentration. This was because
more Cr(VI) ions participated in the adsorption process under the
same conditions.

For understanding the adsorption behavior of Cr(VI) on UiO-
66-NH2, four models (shown in Table S1) were employed to fit the
kinetic data. The fitting curves and corresponding parameters are
shown in Fig. 5(a)-(c) and Table 1, respectively. The pseudo-first-
order and pseudo-second-order models are suitable for describing
the adsorption process led by physical adsorption and chemical
adsorption, respectively [38,39]. It is seen from Table 1 that there is
larger R2 value (R2

0.890) and smaller SSE value for the pseudo-
second-order model. Moreover, the values of qe(theo) from this model
are closer to values of qe(exp) from experiments and the fitting curves
are also adjacent to the experimental curves. These suggested that
the pseudo-second-order kinetic model is much better for describ-
ing the adsorption process of Cr(VI) onto UiO-66-NH2, includ-
ing chemical process.

Moreover, the Elovich and Double Constant models are often
used to predict the heterogeneous diffusion process [38]. The large

Fig. 5. Study on adsorption kinetics at various temperatures (a)-(c) and isotherms (d).
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values of R2 (R2
0.984) and small values of SSE (less than 404) are

shown in Table 1 from both models and the fitted curve also shows
a high degree of agreement. In short, both models well describe
the adsorption process, including heterogeneous diffusion. Based

on the above, heterogeneous chemical adsorption existed in the
process of UiO-66-NH2 capturing Cr(VI).
2-5. Study on Adsorption Isotherm

The adsorption isotherm was investigated in order to know the

Table 1. Kinetic fitting parameters
Pseudo-first-order equation
T/K C0/(mg·L1) qe(exp)/(mg·g1) qe(theo)/(mg·g1) k1/(h1) R2 SSE
293 100 83.2 75.8±40. 3.53±0.84 0.896 0,674

200 145 134±70 2.94±0.68 0.897 2,108
300 173 155±80 5.71±1.81 0.841 4,077

303 100 87.4 80.3±3.9 3.12±0.73 0.897 0,741
200 159 147±80 3.57±0.93 0.872 2,979
300 187 173±10 5.27±1.66 0.827 5,295

313 100 89.2 81.2±4.2 4.17±1.12 0.869 0,923
200 165 154±80 3.76±0.98 0.871 3,230
300 210 189±11 5.99±2.03 0.810 6,752

Pseudo-second-order equation
T/K C0/(mg·L1) qe(exp)/(mg·g1) qe(theo)/(mg·g1) k2/(g·mg1·h1) R2 SSE
293 100 83.2 82.4±3.5 0.0656±0.0186 0.949 0,332

200 145 148±70 0.0297±0.0084 0.947 1,082
300 173 163±80 0.0668±0.0265 0.915 2,166

303 100 87.4 87.5±4.0 0.0710±0.0159 0.945 0,394
200 159 158±80 0.0371±0.0124 0.928 1,676
300 187 181±90 0.0681±0.0275 0.899 3,094

313 100 89.2 86.9±4.2 0.0807±0.0281 0.924 0,534
200 165 165±80 0.0389±0.0133 0.925 1,888
300 210 191±90 0.109±0.052 0.890 3,888

Double constant equation
T/K C0/(mg·L1) A Ks R2 SSE
293 100 62.8±0.9 0.209±0.012 0.989 69.6

200 108±2 0.222±0.015 0.986 286
300 137±1 0.171±0.008 0.994 152

303 100 65.5±1.1 0.213±0.014 0.987 92.9
200 123±2 0.196±0.012 0.988 280
300 153±2 0.161±0.010 0.989 345

313 100 69.3±0.9 0.184±0.011 0.990 71.9
200 130±2 0.188±0.014 0.984 404
300 169±2 0.148±0.009 0.991 320

Elovich equation
T/K C0/(mg·L–1) A B R2 SSE
293 100 65.6±0.7 11.4±0.4 0.994 38.1

200 114±20 20.6±1.1 0.985 312
300 141±10 20.5±0.6 0.997 74.5

303 100 68.5±1.0 12.0±0.6 0.988 89.0
200 127±20 20.8±1.1 0.988 283
300 157±20 21.6±1.1 0.990 301

313 100 71.7±0.8 11.1±0.5 0.991 63.6
200 134±20 21.2±1.2 0.986 353
300 173±20 22.1±1.1 0.991 314
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effect of adsorption temperature and equilibrium concentration on
adsorption. The results are in Fig. 5(d). It was clearly observed that
the values of qe increased rapidly at first and then slowly but did
not reach a platform with the increase of the equilibrium concen-
tration of Cr(VI). This can be because there were more Cr(VI)
ions bound on surface of UiO-66-NH2 with the increase of the
equilibrium concentration. As the active sites on UiO-66-NH2 were
limited, the unit adsorption capacity showed a slow increase trend
when the Cr(VI) content reached a certain value.

When fixed equilibrium concentration of Cr(VI) solution was
used, the values of qe increased with the increase of temperature.
So the process was endothermic.

For further understanding the adsorption property, three iso-
therm models (shown in Table S1) were applied to fit the equilib-
rium data. The fitting results and parameters are shown in Fig.
5(d) and Table 2, respectively.

The Langmuir model is usually utilized to fit the single-layer
adsorption process on a uniform surface [38,40]. The value of KL

was much less than 1 on both temperatures, revealing that there was
a strong interaction between UiO-66-NH2 and Cr(VI). In addi-
tion, the values of qe(exp) (189, 208 and 231 mg·g1) and qm(theo) (211,
228 and 252 mg·g1) were not far off at three temperatures, and
there was high R2 value (0.991) and low SSE value (161). More-
over, the fitted curve was highly adjacent to the experimental curve.
Therefore, the Langmuir model can describe better the adsorp-
tion process of UiO-66-NH2 toward Cr(VI).

The Koble-Corrigan model is a combination of Langmuir and
Freundlich models [39]. The value of the parameter n (n=1.07,
1.00 and 0.851) was close to 1, showing that the reaction is likely

to be depicted by the Langmuir model. Moreover, a large R2 value
(0.994) and small SSE value (137) were obtained from this model
(as shown in Table 2), indicating the occurrence of single-layer
adsorption on the uptake of Cr(VI).

The Temkin model usually describes the adsorption on an uneven
surface. It was seen that the fitting curve was also close to the
experimental curve with the value of R2

0.975 and SSE693. So,
the model can fit the adsorption process. In short, the adsorption
process of Cr(VI) on UiO-66-NH2 was mainly a single layer ad-
sorption on non-uniform surface [41].
2-6. Thermodynamic Study

The value of thermodynamic parameters helps to understand
the feasibility of the adsorption process. In practice, this can be deter-
mined by using the Gibbs free energy (G), enthalpy change (H),
and entropy change (S).

(5)

(6)

(7)

(8)

where, Cad, e and Ce express the concentration of Cr(VI) on the
adsorbent and in the solution at adsorption equilibrium and can
be obtained from the first few points of the isotherm; G is the
Gibbs free energy (kJ·mol1); R is the gas constant (8.314 J·mol1·
K1); T is the absolute temperature (K); k is the adsorption rate

Kc  
Cad, e

Ce
-----------

G     RT Kcln

G   H    TS

k    
Ea

RT
-------   Alnln

Table 2. Isotherm fitting parameters
Langmuir

T/K KL/(L·mg1) qe(exp)/(mg·g1) qm(theo)/(mg·g1) R2 SSE
293 0.0381±0.0028 189 211±5 0.995 106
303 0.0458±0.0048 208 228±7 0.991 161
313 0.0571±0.0033 231 252±4 0.997 96.1

Koble-Corrigan
T/K A B n R2 SSE
293 6.74±1.62 0.0329±0.0071 1.07±0.09 0.995 95.3
303 10.9±2.50 0.0484±0.0097 1.00±0.09 0.994 137
313 20.7±1.70 0.0768±0.0052 0.851±0.037 0.999 39.3

Temkin
T/K A B R2 SSE
293 29.6±8.30 41.6±2.2 0.981 433
303 13.1±9.20 42.4±2.6 0.975 693
313 0.936±5.569 45.9±1.7 0.991 318

Table 3. Related thermodynamic parameters

Ea/(kJ·mol1) H0/(kJ·mol1) S0/(J·mol1·K1)
G0/(kJ·mol1)

293 K 303 K 313 K
8.21 29.0 0.117 5.04 6.55 7.37
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constant; Ea is the apparent activation energy (kJ·mol1); A is the
temperature influence factor.

According to Eq. (5)-(8), the thermodynamic parameters of the
process for UiO-66-NH2 capturing Cr(VI) are shown in Table 3.
Negative G shows that the process was spontaneous. It decreased
from 5.04 to 7.37 kJ·mol1 with the temperature increased from
293 to 313 K, indicating that the reaction was easy to happen at
higher temperature [39]. The positive value of H (29.0 kJ·mol1)
reveals that the reaction was endothermic, while the positive value
of S (0.117 J·mol1·K1) tended to 0, meaning that the disorder
on the surface of UiO-66-NH2 increased slightly during the ad-
sorption process. The value of Ea (8.21 kJ·mol1) was between 5-
40 kJ·mol1, which reveals that chemical adsorption was domi-
nant in this adsorption process. These findings are consistent with
the kinetic analysis. In summary, the adsorption process was spon-
taneous and endothermic, and chemisorption was the main ad-
sorption mechanism.
2-7. Exploration of Regeneration Performance

Recycling performance helps to determine the economic bene-
fits of materials [42-44]. Therefore, it is necessary to be performed,
and the results are shown in Fig. S2(b) and Fig. 6(a). It can be seen
from Fig. S2(b) that the better desorption regeneration method
was shown by NaOH, as well as the effect of 0.01 mol·L1 NaOH
was more prominent than 0.005 mol·L1 NaOH. This is due to the
competitive adsorption between OH and Cr(VI), and the pro-
cess was affected by the concentration of OH. It was not difficult
to find that NaOH can be used for the desorption of Cr(VI) from

Fig. 6. (a) Research on desorption regeneration and (b) removal efficiency for simulation of wastewater research.

Table 4. Comparison of adsorbent quantity toward Cr(VI)
Adsorbent qe/(mg·g1) pH Time/(h) Ref.
PANI@NC-600 198 1.0 >6 [36]
CuNCs@HNT 79.1 5.0 >24 [1]
Zr-MOF 146 Nature pH 3 [3]
MOF-801 156 Nature pH 1 [26]
-Fe2O3@C 76.9 3 2 [35]
MIL-100(Fe) 30.4 2 3 [41]
UiO-66-NH2 252 1.1 2 This study

MOF [41]. Then multiple desorption regeneration studies were
researched by using 0.01 mol·L1 NaOH (shown in Fig. 6(a)). The
results of five regenerations showed that the regeneration rate was
basically maintained at 80%, although the desorption rate was basi-
cally at 35% (desorption was basically completed within 20 min).
This phenomenon suggested that UiO-66-NH2 can be reused for
the removal of Cr(VI).

The existence of Cr(III) was calculated by measuring the Cr(VI)
and total chromium content of the same system, 1 mol·L1 HCl
was used as a desorption solution to desorb Cr(III) from the mate-
rial after adsorption of Cr(VI). It was found that Cr(III) only
existed in the desorption solution, and there was no Cr(III) in the
solution after adsorption of Cr(VI). This point indicates that a part
of the adsorbed Cr(VI) was reduced to Cr(III) on the surface of
UiO-66-NH2, which was consistent with XPS analysis.
3. Simulated Water sample Research and Comparison of Ad-
sorption Quantity

The analysis of simulated water samples is helpful for judging
the feasibility of adsorbents in actual wastewater treatment. There-
fore, the simulated water sample containing Cr(VI) was prepared.
The results of adsorption are shown in Fig. 6(b).

It was noticed from Fig. 6(b) that the pH of the solution had a
great influence on the adsorption. The removal efficiency of Cr(VI)
under acidic conditions (pH=1.1) was better than at neutral pH.
The removal efficiency was higher than 80% at pH=1.1 for 100
mg·L1 Cr(VI) wastewater, and more than 50% at pH=6.8. These
findings are consistent with the effect of pH, indicating that the
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acidic condition favored the removal of Cr(VI). This implied that
UiO-66-NH2 can be used for the removal of Cr(VI) from actual
water samples.

Compared with similar adsorbents (shown in Table 4), there is
highest adsorption quantity on UiO-66-NH2 and can be a promis-
ing alternative material to remove Cr(VI) from solution with a
competitive advantage.
4. Adsorption Mechanism

From FTIR and XPS analysis, the results obtained from the
effects of pH and salinity were used to substantiate the adsorption
mechanisms. According to the FTIR analysis, the peak of Cr-O-Cr
bridge bond indicates a successful captured of Cr(VI) onto UiO-
66-NH2. The change of the peak at 1,260 cm1 indicates that -NH2/
-NH3

+ in UiO-66-NH2 may participate in the adsorption of Cr(VI).
In XPS analysis, the appearance of Cr(III) at 576.49 and 585.97 eV,
showing that the adsorbed Cr(VI) was partially reduced to Cr(III).
The significant changes of the N 1s peaks before and after adsorp-
tion indicate the occurrence of the hydrogen bonding/electrostatic
attraction between -NH2/-NH3

+ and Cr(VI) during adsorption
process. The content of Zr-OH in the O 1s peak was significantly
reduced after adsorption. This indicates that there may be com-
plexation between Zr-OH and Cr(VI). In addition, the effects of
pH and salinity showed that there may be electrostatic attraction
and complexation in the adsorption process. In summary, the ad-
sorption process of Cr(VI) is mainly based on electrostatic attrac-
tion, hydrogen bonding, complexation and reduction. This con-
clusion is similar to the study reported by Wang et al. [32] for the
removal of Cr(VI) using magnetic Zr-MOF. The main mecha-
nism is shown in Fig. 7.

CONCLUSION

UiO-66-NH2 was synthesized using one simple method and
employed to adsorb and reduce Cr(VI). The results revealed that
this process is mainly involved single-layer adsorption with chemi-
cal adsorption, and the electrostatic attraction, hydrogen bonding,
complexation and reductive degradation are the main mechanisms
governing the adsorption process. There was some tolerance for
salt and property of regeneration for spent adsorbent. UiO-66-
NH2 has great potential for removing Cr(VI) from wastewater and
can be considered for modifying environmentally friendly materi-

als (such as biomass) by in-situ growth to improve the adsorption
performance of cheap materials.
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Fig. S1. (a) Isotherm curve of N2 adsorption and (b) pore size distribution.

Fig. S2. (a) Effect of dosage on adsorption and (b) research on desorption regeneration method.
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Table S1. Related model information
Related models Nonlinear equation expression Parameter description

Pseudo-first-order k1 (min1) is the Pseudo-first-order rate constant
Pseudo-second-order k2 (g·mg1·min1) is the Pseudo-second-order rate constant

Elovich A and B are constants
Double Constant A is a constant, and Ks is the adsorption rate coefficient
Langmuir KL (L·mg1) is a constant related to binding energy; qm (mg·g1)

is the theoretical saturated adsorption capacity of the single layer
Temkin Both A and B are equation parameters
Koble-Corrigan A, B and n are all equation parameters

qt  qe 1 ek1t
 

qt  
k2qe

2t
1 k2qet
------------------

qt  A  B tln
qt  AeKst

qe  
qmKLCe

1 KLCe
-------------------

qe  A  B Celn

qe  
ACe

n

1 BCe
n

-----------------


