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a b s t r a c t 

Zr-based metal-organic frameworks (MOFs) have been developed in recent years to treat 

heavy metals, e.g. hexavalent chromium Cr 6 + pollution, which damages the surrounding 

ecosystem and threaten human health. This kind of MOF is stable and convenient to pre- 

pare, but has the disadvantage of low adsorption capacity, limiting its wide application. To 

this end, a novel formic acid and amino modified MOFs were prepared, referred to as Form- 

UiO-66-NH 2 . Due to the modification of formic acid, its specific surface area, pore size, and 

crystal size were effectively expanded, and the adsorption capacity of Cr 6 + was significantly 

enhanced. Under optimal conditions, Form-UiO-66-NH 2 exhibited an excellent adsorption 

capacity (338.98 mg/g), ∼10 times higher than that reported for unmodified Zr-based MOFs 

and most other adsorbents. An in-depth study on the photoelectronic properties and pH 

confirmed that the adsorption mechanism of Form-UiO-66-NH 2 to Cr 6 + was electrostatic 

adsorption. After modification, the improvement of Cr 6 + adsorption capacity by Form-UiO- 

66-NH 2 was attributed to the expansion of its specific surface area and the increase in its 

surface charge. The present study revealed an important finding that Form-UiO-66-NH 2 elu- 

cidated selective adsorption to Cr 6 + in mixed wastewater containing toxic heavy metal ions 

and common nonmetallic water quality factors. This research provided a new acid and 

amino functionalization perspective for improving the adsorption capacity of Zr-based MOF 

adsorbents while simultaneously demonstrating their pertinence to target contaminant ad- 

sorption. 

© 2022 The Research Center for Eco-Environmental Sciences, Chinese Academy of 

Sciences. Published by Elsevier B.V. 
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Cr 6 + , as a class of important heavy metal pollutants that
caused widespread concern, mainly enters the environment
through industrial wastewater, and finally enters the human
body through various pathways of the environment, lead-
ing to different degrees of damage to human organ func-
tion. To the best of our knowledge, heavy metal enrich-
ment is the relatively important pathway. Mild Cr 6 + intox-
ication may cause dermatitis, allergies and abdominal pain
( Nityanandi and Subbhuraam, 2009 ); moderate intoxication
may cause bronchiectasis, asthma and pneumonia ( Lee et al.,
1988 ). In severe cases, it can cause cancer and endanger hu-
man life. To minimize the damage of Cr 6 + to human health,
it is necessary to study methods for the removal of Cr 6 +

to reduce the possibility of its entry into the environment.
Highly effective treatment approaches include ion exchange
( Ye et al., 2019 ), chemical precipitation ( Ravi and Sundarara-
man, 2020 ), biochemical removal ( Zhang et al., 2020 ), electrol-
ysis ( Aoudj et al., 2015 ), and adsorption etc. Compared with
other techniques, adsorption is a more promising treatment
method for Cr 6 + , with advantages that include ease of oper-
ation, reusability, and cost effectiveness. In recent years, the
attention on functional adsorption materials has increased.
Common materials such as zeolite, silica, chitosan and acti-
vated carbon have been widely employed for the treatment
of Cr 6 + in wastewater ( Gopalakannan et al., 2018 ). Neverthe-
less, these materials have some unsatisfactory drawbacks, in-
cluding adsorption and reuse properties. Unmodified chitosan
usually has poor stability and is more easily decomposed to
produce secondary pollutants during the treatment of Cr 6 +

wastewater. For traditional activated carbon, the low adsorp-
tion capacity limits its application, resulting in the need for
more adsorbents per unit Cr 6 + pollutant. Simultaneously, the
disposal of large amounts of waste activated carbon is costly
and unfriendly to the ecological environment. If the adsorbent
greatly improves the adsorption capacity under stable perfor-
mance conditions, the purpose of removing a large amount
of Cr 6 + can be achieved with the least adsorbent. Thus, the
high-cost problem of the subsequent treatment of waste ad-
sorbents can be effectively solved. Therefore, the development
of a Cr 6 + adsorbent with favor high adsorption capacity and
stability is necessary. On the basis of reducing the discharge of
Cr 6 + pollutants, reducing the generation of hazardous waste
(adsorbent) is conducive to improving the environment. 

Metal-organic frameworks (MOFs) composed of metal clus-
ters and flexible organic ligands are a new type of multifunc-
tional material ( Lin et al., 2017 ). Due to the diversity of MOF
crystal structures, adjustable pore sizes, and extensive specific
surface areas ( Tian et al., 2018 ), they have aroused great in-
terest from researchers in the academic community. Recently,
MOFs have been employed as adsorbents to treat water envi-
ronment problems, e.g., MOF (MIL-53) has been employed for
the adsorptive removal of aromatic compounds ( Jung et al.,
2013 ), Zr-MOF and zeolitic imidazolate framework-8 have been
applied to remove antibiotics ( Li et al., 2017 ; Wang et al., 2016 ),
and HKUST-1-MOF and MOF-235 have been employed to re-
move organic dyes ( Azad et al., 2016 ; Haque et al., 2011 ). How-
ever, most MOFs may contain poor thermal stability and acid
resistance in water, which results in unsatisfactory removal
effects. UiO-66 is also a member of the MOF family, and un-
like most MOFs, UiO-66 has excellent stability because of the
connection of twelve 1, 4-dicarboxylic acid ligands by a zirco-
nium cluster Zr 6 O 4 (OH) 4 . These ligands serve as a connection
point to form three-dimensional structure of regular octahe-
dra with extremely robust stability ( Lv et al., 2016 ). In addition,
UiO-66 can be modified with functional groups to enrich its
functionality. One of the common modifications is to modify
UiO-66 with an amine group (UiO-66-NH 2 ) to remove heavy
metal ions by chemical bonding reactions, such as Au 

3 + , Hg + ,
Cu 

2 + , Cd 

2 + , and Pb 2 + ( Wu et al., 2016 ). A few reports have de-
scribed modified UiO-66-NH 2 to adsorb Cr 6 + ; that is, a UiO-66-
NH 2 material was composited with silica to successfully im-
prove the Cr 6 + adsorption capacity ( Saleem et al., 2016 ). How-
ever, the development of simpler preparation methods, design
of more stable structure and improvement of adsorption per-
formance are still lacking for the investigation of UiO-66 ma-
terial adsorbents. 

Moreover, adsorption performance and stability are two
important indexes to evaluate whether a material is promis-
ing. On the condition that a material is evaluated as excel-
lent, it may selectively adsorb target pollutants under spe-
cific conditions; that is, treating emergent polluted wastew-
ater and reducing the amount of adsorbent. In the present
study, we found an acid modification method for UiO-66. This
method not only simplifies the synthesis steps to achieve the
repeated preparation of materials, but also enhances the ad-
sorption capacity of Cr 6 + . This work utilized the characteris-
tic coordination defect of UiO-66 to enlarge the specific sur-
face areas of UiO-66 by formic acid modification ( Wang et al.,
2019 ). The reason for this modification is that the specific sur-
face area of the material greatly affects its adsorption capac-
ity ( Lin et al., 2018 ), and formic acid and aminobenzene com-
pounds. as competitive regulators, was used to prepare the
novel adsorbent Form-UiO-66-NH 2 . Through a series of char-
acterizations, the structure, surface properties, and chemical
composition of Form-UiO-66-NH 2 are compared with those of
unmodified UiO-66-NH 2 , which would become much more de-
sirable. The Cr 6 + adsorption mechanism of Form-UiO-66-NH 2 

and related factors that affected its adsorption performance
were investigated for the first time. Ultimately, the selective
adsorption performance of the Form-UiO-66-NH 2 was eval-
uated in the treatment of mixed heavy metal-contaminated
wastewater. These results highlight the new formic acid and
amino-modified MOF strategy and the targeted application of
synthetic adsorbents in water treatment. 

1. Materials and methods 

1.1. Chemicals and materials 

2-Aminobenzene-1,4-dicarboxylic acid (BDC-NH 2 ) (95 vol.%),
zirconium chloride (ZrCl 4 ) (98 wt.%), and formic acid (88 vol.%)
were obtained from Shanghai Aladdin Biochemical Tech-
nology Co., LTD., China. Potassium dichromate (99.8 wt.%),
sodium hydroxide (96 wt.%), absolute ethanol (99.5 vol.%), N,N-
dimethylformamide (DMF) (99.8 vol.%), and hydrochloric acid
(36-38 vol.%) were purchased from the Tianjin Damao chemi-
cal reagent factory, China. 
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.2. Synthetic the form-UiO-66-NH 2 

irconium chloride (ZrCl 4 ) (3.70 mmol) and 2-aminobenzene- 
,4-dicarboxylic acid (BDC-NH 2 ) (3.70 mmol) were sequentially 
dded to a beaker, followed by N,N-dimethylformamide (DMF) 
100 mL), formic acid (34 mL), and H 2 O (0.20 mL). Subsequently,
he mixture was stirred in a 70 °C water bath until completely 
issolved. The dissolved reagent was transferred to a polyte- 
rafluoroethylene autoclave and reacted for 72 hr in an oven 

t 120 °C. After synthesis, the crystals were recovered by cen- 
rifugation and rinsed twice with DMF, and once with anhy- 
rous ethanol. It was dried overnight in a 60 °C oven, ground 

nd sifted. To remove excess DMF from the voids of the com- 
osite material to increase the porosity, the sample was acti- 
ated in an oven at 200 °C for 24 hr, after which the synthesized 

aterial was recorded as Form-UiO-66-NH 2 . 
The unmodified material was synthesized by the above 

ethod. The difference is that there is no participation of 
ormic acid in the synthesis process. The synthesized mate- 
ial was recorded as UiO-66-NH 2 . 

.3. Characterization of form-UiO-66-NH 2 

he crystalline phase of as-prepared materials was analysed 

hrough D8 ADVANCE X-ray powder diffraction (XRD, Bruker,
ermany) under Cu K α radiation. The basic properties of the 
s-prepared samples were obtained through Autosorb-IQ ni- 
rogen adsorption-desorption (Micromeritics, USA). The mor- 
hological changes prior to and following Form-UiO-66-NH 2 

ere observed with a Tecnai GTHS-112 scanning electron mi- 
roscope (SEM, Thermo, USA) and a ∗/TalosF200S transmission 

lectron microscope (TEM, Thermo, Czech Republic). The sur- 
ace element and valence changes of Form-UiO-66-NH 2 after 
r 6 + adsorption were studied via X-ray photoelectron spec- 

roscopy (XPS, ∗/Escalab 250Xi, Thermo Fisher, USA). 

.4. Batch adsorption experiment and cycle testing 

he pH of the 40 mL 100 mg/L Cr 6 + solution was adjusted to 2-8 
ith an acid-base regulator, and then 0.01 g of the as-prepared 

ample was added to maintain the dose of 0.25 g/L in 40 mL 
r 6 + solution. To investigate the effect of pH on the adsorp- 

ion of the samples, the solution at a 0.25 g/L dose was shaken 

or 18 hr at 25 °C. To perform the isothermal adsorption ex- 
eriment, the 0.25 g/L dose of Cr 6 + solution was shaken for 18 
r at different temperatures (25-45 °C). For adsorption kinetics,

he influence of the time of sample exposure to 100 mg/L Cr 6 + 

olution (0.25 g/L dose) on the adsorption process was stud- 
ed. Furthermore, the effect of other ions on the adsorption 

f selective adsorption Cr 6 + was investigated. That is, various 
nions and cations were added to the Cr 6 + solution to con- 
uct the experiment (the concentrations of Ni 2 + , Cd 

2 + , Pb 2 + ,
r 6 + , Cr 3 + , and Cu 

2 + were 20 mg/L). For the cycle testing exper- 
ment, after the Form-UIO-66-NH 2 sample was used to adsorb 
r 6 + , the pH was adjusted to 2, and the reaction time was 12 
r in a thermostatic oscillator. The used adsorbent was recov- 
red with 40 mL 0.5 mol/L NaOH solution for 0.5 hr, washed 

ith ultrapure water until the pH was neutral and dried for 
he next experimental cycle. 
.5. Concentration analysis 

u 

2 + , Cd 

2 + , Pb 2 + , Ni 2 + and total chromium concentrations 
ere measured through flame atomic absorption spectrom- 

try (Z-2000, Hitachi, Japan). A UV Vis spectrophotometer (UV- 
200, Mapada, China) was employed to measure the Cr 6 + con- 
entration at 540 nm. 

The relevant data for adsorption employed the following 
ormula to calculate: 

 ( % ) = 

C 0 − C e 

C 0 
× 100% (1) 

 e = 

( C 0 − C e ) × V 

m 

(2) 

here R is the ratio of the removed pollutant concentration to 
he initial concentration, C 0 (mg/L) represents the initial Cr 6 + 

oncentration; C e (mg/L) is the Cr 6 + concentration after ad- 
orbing; V (L) represents the volume of the Cr 6 + on the exper- 
mentation; and q e (mg/g) is the Cr 6 + adsorption capacity; m 

g) is the mass of the adsorbent. 

. Results and discussion 

.1. Characterization 

ased on the protocols described in Section 2.2 , UiO-66-NH 2 

nd Form-UiO-66-NH 2 composites were prepared through a 
acile solution thermal method. The XRD patterns of UiO-66- 
H 2 and Form-UiO-66-NH 2 are presented in Fig. 1 a . It was 

ound in the XRD pattern that the synthesized samples had 

he same characteristic diffraction peaks (at 2 θ = 7.4 °, 8.6 ° and 

5.8 °) as UiO-66, which indicated that the samples possessed a 
table topology ( Wu et al., 2016 ). According to the experimen- 
al results of N 2 adsorption-desorption isotherms ( Fig. 1 b ), the 
dsorption isotherms of the samples were all type I according 
o a previous study, which indicated that they were microp- 
rous materials. UiO-66-NH 2 had a specific surface area (SSA) 
f 879 m 

2 /g, pore diameter (PD) of 1.86 nm, and total pore vol-
me (TPV) of 0.34 cm 

3 /g, which was similar to previous reports 
Table S1) ( Vahidi et al., 2016 ; Wei et al., 2018 ). Form-UiO-66-
H 2 had an SSA of 919 m 

2 /g, a TPV of 0.49 cm 

3 /g, and a PD of
.14 nm. The SSA, TPV, and PD of acid-modified Form-UiO-66- 
H 2 were significantly larger than those before modification.
fter acid modification, the MOF matrix changed and had an 

mproved specific surface area, which indicated a better ad- 
orption capacity (please refer to Section 3.3 ). 

To gain a deeper understanding of the morphological 
hanges prior to and following acid-modified UiO-66-NH 2 ,
EM and TEM were used for characterization. The SEM and 

EM images ( Fig. 2 a, b, c ) clearly demonstrated that the pre-
ared UiO-66-NH 2 was a symbiotic nanocrystal (particle size,
100 nm), which was consistent with the reported conclu- 

ions. Surprisingly, the modified UiO-66-NH 2 (Form-UiO-66- 
H 2 ) was more angular than UiO-66-NH 2 , presenting a dis- 

inct octahedral single crystal ( Fig. 2 d, e, f ). Furthermore, it
as found that Form-UiO-66-NH 2 had better dispersibility and 

ore uniform crystal size. 
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In short, the characterization results suggested that formic
acid changed the crystal size and specific surface area of UiO-
66-NH 2 . During the preparation of Form-UiO-66-NH 2 , the acid
modifier (formic acid) competed with 2-aminoterephthalic
acid. They competed for carboxylate sites on Zr clusters and
inhibited each other, which led to the formation of cluster de-
fects. Eventually, pores were more formed, and SSA and PD
were enlarged. Moreover, the formation of larger crystals of
Form-UiO-66-NH 2 was because this behaviour inhibited the
nucleation rate of the particles ( Morris et al., 2017 ). 

2.2. Effects of pH 

The pH of the solution is the decisive factor affecting the
surface properties and adsorption capacity of adsorbent. As
shown in Fig. 3 a , when the pH value was 2-8, the adsorp-
tion capacity for Form-UiO-66-NH 2 was 169.4, 62.2, 37.8, 31.8,
31.2, 28.1 and 23.7 mg/g. Acidic conditions are conducive to
the adsorption of Cr 6 + ions in the synthetic samples, includ-
ing both UiO-66-NH 2 and Form-UiO-66-NH 2 . However, the ad-
sorption capacity of the samples became weaker when the pH
of the Cr 6 + solution increased. It was preliminarily estimated
that different pH values may affect the valence state of Cr 6 +

and the surface charge of the samples in aqueous solution.
To confirm these conjectures, we measured the zeta potential
of Form-UiO-66-NH 2 . When the pH value of the Cr 6 + solution
ranged from 2-6 ( Fig. 3 b ), the sample surface was positively
charged. Cr 6 + existed primarily as HCrO 4 

− and CrO 4 
2 − under

acidic conditions ( Sun et al., 2016 ). Therefore, as the pH value
was lower than 6, electrostatic adsorption occurred between
the positive charge on the Form-UiO-66-NH 2 surface and the
negatively charged Cr 6 + ions. As the pH value decreased, a
more positive charge was generated on the surface of the sam-
ples, which underwent stronger electrostatic adsorption with
Cr 6 + ions. At pH 2, the Cr 6 + adsorption capacity of the samples
was the best (169.4 mg/g). 

2.3. Isothermal adsorption 

The isothermal adsorption experiment further analysed the
performance of the samples, which is directly related to their
adsorption capacity Tofighy and Mohammadi, 2011 ). The ad-
sorption isotherm fitted by the experimental data accounted
for the distribution relationship between the samples and
Cr 6 + at adsorption equilibrium ( Sharma et al., 2017 ). To this
end, a variety of mathematical isothermal adsorption mod-
els were employed to analyse the experimental results. The
Langmuir equation ( Eqs. (3) -( (4) ) describes that the adsorbate
is uniformly adsorbed on the adsorbent surface, and each ad-
sorption site contains only one adsorbate molecule. Therefore,
the Langmuir adsorption model is referred to as a single-layer
adsorption model ( Zhou et al., 2017 ). The Freundlich model
( Eq. (5) ), a multilayer adsorption model, describes a model
of nonuniform adsorption in which one adsorption site ad-
sorbs multiple adsorption molecules or no adsorption occurs
( Sani et al., 2017 ). 

The Langmuir isotherm model is: 

C e 

q e 
= 

1 
q max K L 

+ 

C e 

q max 
(3)
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Fig. 2 – Scanning electron microscopy (SEM) images of (a, b) UiO-66-NH 2 and (d, e) Form-UiO-66-NH 2 , and transmission 

electron microscopy (TEM) images of (c) UiO-66-NH 2 and (f) Form-UiO-66-NH 2 . 
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Table 1 – Recently reported adsorbents for the removal of 
Cr 6 + . 

Adsorbent 
Cr 6 + adsorption 
capacity (mg/g) References 

Unmodified UiO-66 32.36 Shariful et al., 2018 
Fe 3 O 4 /GO 32.33 Sahraei et al., 2017 
Pc-QAE 31.07 Fan et al., 2013 
MCFs 43.18 Wang et al., 2008 
NMA-LDOs 103.40 Chen et al., 2016 
AMGO 123.40 Daneshvar et al., 2002 
Alginate@PEI-1.5 431.60 Luo et al., 2013 
rGO-Co 3 O 4 208.80 Adamczuk et al., 2015 
CPANM 261.10 Abbaspour et al., 2017 
UiO-66-NH 2 @silica 277.40 Wei et al., 2018 
Form-UiO-66-NH2 338.98 This work 

GO: graphene oxide; Pc-QAE: pectin based quaternary amino an- 
ion exchanger; MCFs: magnetic carbon foams; NMA-LDOs: Ni/Mg/Al 
layered double oxides; AMGO: amino functionalized magnetic 
graphene oxide composite; rGO: reduced graphene oxide; CPANM: 
chitosan/poly(ethylene oxide)(PEO)/AC nanofibrous membrane. 

o
i  

2  

2  

W

The dimension less equilibrium factor ( R L ) is the funda- 
ental features of the Langmuir isotherm: 

 L = 

1 
1 + bC 0 

(4) 

The isotherm Freundlich model is: 

n q e = ln K F + 

ln C e 

n 
(5) 

here K L (L/mg) is the Langmuir factor associated with the 
inding site affinity; q max (mg/g) is the maximum Cr 6 + adsorp- 
ion capacity in theory; b is a dimensionless quantity. As Fre- 
ndlich factors, n and K F (mg 1-1/ n •L 1/ n /g) are related to the ad- 
orption strength and adsorption capacity. 

The corresponding parameters of the isotherm models (Ta- 
le S2) were calculated by linear fitting of the experimental 
ata in Fig. 4 . The comparison of the R 

2 values revealed that 
he Langmuir isotherm model ( R 

2 = 0.9993-0.9996 for UiO-66- 
H 2 and Form-UiO-66-NH 2 ) was the best for describing the 
dsorption process of Cr 6 + on the synthetic samples. There- 
ore, single-layer adsorption was suitable to explain the Cr 6 + 

dsorption process. According to the fitting data, the R L value 
f the Langmuir model was in the range of 0-1 for both UiO- 
6-NH 2 and Form-UiO-66-NH 2 ( Fig. S1 ), confirming that the 
amples were favourable for the adsorption of Cr 6 + . By further 
alculation, the adsorption capacity of Form-UiO-66-NH 2 for 
r 6 + was as high as 338.98 mg/g, which was ∼10 times higher 

han that reported for unmodified UiO-66 (32.36 mg/g). More- 
ver, Form-UiO-66-NH 2 exhibited excellent adsorption capac- 
ty, in contrast to recently reported adsorbents ( Al Nafiey et al.,
017 ; El-Mehalmey et al., 2018 ; Huang et al., 2017 ; Lei et al.,
017 ; Liu et al., 2013 ; Naushad et al., 2018 ; Shariful et al., 2018 ;
u et al., 2018 ; Yan et al., 2017 ; Zhao et al., 2016 ) ( Table 1 ). 
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Fig. 3 – (a) Effects of pH on the adsorption performance of samples for Cr 6 + and (b) zeta potentials of Form-UiO-66-NH 2 . q e : 
the Cr 6 + adsorption capacity. 

Fig. 4 – Fitting of (a) Langmuir, (b) Freundlich isotherms with UiO-66-NH 2 and (c) Langmuir, (d) Freundlich isotherms with 

Form-UiO-66-NH 2 . C e : the Cr 6 + concentration after adsorbing. 
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Table 2 – Parameters of thermodynamic models on as- 
prepared samples. 

Sample Temperature (K) �G ° (kJ/mol) �H ° (kJ/mol) �S ° (J/(mol •K)) 

UiO- 
66- 
NH 2 

298 -17.56 10.46 93.96 
308 -18.46 
318 -19.44 

Form- 
UiO- 
66- 
NH 2 

298 -19.97 17.41 125.32 
308 -21.11 
318 -22.49 

�S °: standard entropy; �H °: standard enthalpy; �G °: Gibbs free en- 
ergy. 
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.4. Adsorption kinetics 

he contact time of Cr 6 + with the samples has an influence 
n its adsorption; thus, it is particularly important to opti- 
ize the residency time and study the adsorption rate. As 

epicted in Fig. 5 a , the samples adsorbed Cr 6 + quickly in 

he initial stage, ∼81% of the equilibrium absorption capac- 
ty for both UiO-66-NH 2 (120 min, 83.02 mg/g) and Form-UiO- 
6-NH 2 (120 min, 103.95 mg/g). Initially, due to the abundant 
dsorption sites on the prepared samples, Cr 6 + ions would be 
apidly adsorbed when they came into contact with the sur- 
ace of the material. As the population of sites that can be ad- 
orbed decreased, the adsorption rate slowed. Subsequently,
he adsorption became saturated and reached equilibrium af- 
er 18 hr ( ∼102 mg/g for UiO-66-NH 2 and ∼128 mg/g for Form- 
iO-66-NH 2 ). The difference between UiO-66-NH 2 and mod- 

fied UiO-66-NH 2 (Form-UiO-66-NH 2 ) was that the initial ad- 
orption rate of Form-UiO-66-NH 2 was faster, and its adsorp- 
ion capacity was greater. The main reason was that there 
ere more adsorption sites on Form-UiO-66-NH 2 , which could 

old more Cr 6 + ions. This prediction is consistent with the 
esults of BET and the morphology characterization. To de- 
ermine the Cr 6 + ion transfer and physicochemical reaction 

ate control steps during the adsorption process, various ki- 
etic models were employed to investigate the experimental 
ata. The pseudo first-order kinetics model ( Eq. (6) ) is based 

n the theory of membrane diffusion and is applicable to ini- 
ial adsorption ( Sahraei et al., 2017 ). The adsorption process 
f the pseudo second-order kinetics model ( Eq. (7) ) is closely 
elated to chemisorption ( Fan et al., 2013 ). The Weber-Morris 

odel ( Eq. (8) ) better simulates the diffusion phenomena of 
he adsorbed particles to study the mass transfer mechanism 

 Wang et al., 2008 ). 
The pseudo first-order kinetic model is: 

og ( q e − q t ) = log q e − k 1 t 
2 . 303 

(6) 

The pseudo second-order kinetic model is: 

t 
q t 

= 

1 

k 2 q 2 e 
+ 

t 
q e 

(7) 

The Weber-Morris kinetic model is: 

 t = k w 

t 0 . 5 + I (8) 

here k 1 (min 

−1 ) and k 2 (g/(mg •min)) are the rate constants of 
he pseudo first-order kinetics model and the pseudo second- 
rder kinetics model. q t (mg/g) represents the Cr 6 + adsorption 

apacity at time t; t (min) is time. Further, k w 

(mg/(g •min 

0.5 )) 
s the internal diffusion rate constant of the Weber-Morris ki- 
etic model; I (mg/g) is the intercept of the linear equation 

tted between the time ( t ) and the adsorption capacity ( q t ). 
Table S3 and Fig. 5 a-b recorded the relevant parameters 

alculated by fitting the experimental data with different ki- 
etic models. According to the R 

2 value (0.9993 for both UiO- 
6-NH 2 and Form-UiO-66-NH 2 ), the theoretical data calcu- 
ated by the pseudo second-order kinetic model were more 
onsistent with the experimental data. Thus, the adsorp- 
ion process of Cr 6 + by the samples involved chemisorption 

 Fan et al., 2013 ). To analyse the internal diffusion of Cr 6 + ions,
he Weber-Morris model was fitted with 3 different multilin- 
ar curves ( Fig. 5 d ), which proved that there are three stages 
n the adsorption process ( Wang et al., 2008 ). The first stage
elonged to outer surface adsorption, after which the second 

intraparticle diffusion) stage occurred. With a decreased ad- 
orbate concentration, intraparticle diffusion began to decel- 
rate, after which adsorption gradually reached the third (ad- 
orption equilibrium) stage ( Chen et al., 2016 ). The above, re- 
ults verified that the adsorption of Cr 6 + to the samples in- 
olved not only intraparticle diffusion but also chemisorption.

.5. Adsorption thermodynamics 

ccording to Fig. 4 shown in Section 2.3 , the Cr 6 + adsorption 

apacity was fortified with increasing temperature. It was in- 
erred that higher temperatures initiated partial bond cleav- 
ge at the surface active sites of the adsorbent on the sam- 
le surface to generate more active adsorption sites, thus 
trengthening the adsorption force between the samples and 

r 6 + ( Adamczuk and Kołody ́nska, 2015 ; Daneshvar et al., 2002 ;
uo et al., 2013 ). The thermodynamic parameters of Form-UiO- 
6-NH 2 were obtained from the curve fitted by ln K and 1/ T .
he standard entropy �S ° (J/(mol • K)), standard enthalpy �H °

kJ/mol), and Gibbs free energy �G ° (kJ/mol) were calculated 

y the relevant equation: 

G = −RT ln K (9) 

n K = 

�S 
R 

− �H 

R 

× 1 
T 

(10) 

here K represent the thermodynamic equilibrium constant; 
 is the theoretical gas constant (8.314 J/(mol • K)), and T (K) is
he temperature. 

Table 2 lists the calculation results of the thermodynamic 
odels for the two as-prepared samples. The value of �G °

as less than zero and decreased with increasing T (from 298- 
18 K), which suggested that the adsorption process of Cr 6 + 

as spontaneous. The values of �H ° (10.46 kJ/mol for UiO-66- 
H 2 and 17.41 kJ/mol for Form-UiO-66-NH 2 ) and �S ° (93.96 

/(mol •K) for UiO-66-NH 2 and 125.32 J/(mol •K) for Form-UiO- 
6-NH 2 ) were both positive, which confirmed that Cr 6 + ad- 
orption not only increased confusion but also was an en- 
othermic reaction. 

The adsorption of Cr 6 + by the synthesized samples was an 

ntropy-increasing endothermic process. The reason was that 
he proportion of H 2 O molecules in Cr 6 + solution was larger 
han that of Cr 6 + ions. First, when the samples were added to 



jo
u

r
n

a
l
 o

f
 e

n
v

ir
o

n
m

e
n

t
a

l
 s

c
ie

n
c

e
s
 1

2
4
 (2

0
2

3
)
 2

6
8

–
2

8
0
 

275
 

Fig. 5 – (a) Effect of contact time on the removal of Cr 6 + , and the adsorption kinetics modeled with (b) pseudo first-order, (c) pseudo second-order and (d) Weber-Morris for 
the samples. q t (mg/g): the Cr 6 + adsorption capacity in different time; t (min): the reaction time. 
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he Cr 6 + solution, H 2 O molecules were rapidly adsorbed on the 
ample surface. Because Cr 6 + had a negative charge, the bind- 
ng force to the positively charged samples on the surface was 

uch greater than that of H 2 O molecules. It was obvious that 
r 6 + ions would be substituted for H 2 O molecules to adsorb 
n the sample surface. Second, Cr 6 + adsorption is an entropy- 
ecreasing exothermic process, while the desorption of H 2 O 

s an entropy-increasing endothermic process. Ultimately, the 
ydrated ionic radius of H 2 O is much smaller than that of Cr 6 + .
herefore, the adsorption of one Cr 6 + ion was accompanied 

y the desorption of multiple H 2 O molecules, which led to 
n increase in �S ° in the adsorption ( Abbaspour et al., 2017 ; 
grawal and Sahu, 2006 ; Konggidinata et al., 2017 ). 

.6. Effect of co-existing ions 

he adsorption of Cr 6 + is affected by environmental condi- 
ions such as temperature, pH, and contact time, as well as 
ther ions, e.g., inorganic metal cations. To this end, the ef- 
ects of different ions on Cr 6 + adsorption in the same solu- 
ion conditions were investigated ( Fig. 6 a-b ). The experimen- 
al results showed ( Fig. 6 b ) that Form-UiO-66-NH 2 selectively 
dsorbed Cr 6 + under the interference of other heavy metal 
ons. The distribution coefficients ( K d ) and the selectivity co- 
fficients ( k ) of different ions were also estimated to know the 
electivity of Form-UiO-66-NH 2 . As shown in Table S4, the so- 
ution containing Cr 6 + had a much higher K d value in compar- 
son to other solutions, and the k values of Form-UiO-66-NH 2 

or Cr 6 + /M (M = Ni + , Pb 2 + , Cu 

2 + ,Cd 

2 + and Cr 3 + ) were 45.1180,
0.4408, 55.9591, 41.1710 and 58.4430, respectively. The reason 

as that Form-UiO-66-NH 2 had a positive charge on the sur- 
ace at pH 2. Therefore, positively charged samples repelled 

ositively charged metal ions but adsorbed negatively charged 

r 6 + ions. Similarly, when Cr 6 + coexisted with other anions 
CO 3 

2 −, HPO 4 
2 −, SO 4 

2 − and Cl −1 ), it was found that the re- 
oval rate of Cr 6 + decreased with increasing anion concen- 

ration (see Fig. 6 a ). For example, SO 4 
2 − reduced the removal 

ate of Cr 6 + to 21%. A large number of reports have confirmed 

hat the binding ability of monovalent anions to adsorbents is 
enerally weaker than that of divalent anions ( Lei et al., 2017 ; 
ei et al., 2016 ). However, it was found that the adsorption ca- 

acity of monovalent anion H 2 PO 4 
− on Cr 6 + was stronger than 

hat of bivalent anion CO 3 
2 − in the present experiments. The 

eason is that CO 3 
2 − easily hydrolyse under acidic conditions 

o form the monovalent anion of HCO 3 
−, thus weakening the 

dsorption capacity with Cr 6 + ions ( Ao and Liu, 2017 ). For the 
ame reason, H 2 PO 4 

− is easily ionized to generate the diva- 
ent anion HPO 4 

2 −, which enhanced the adsorption capacity 
etween Cr 6 + ions. In short, since electrostatic adsorption was 
he core mechanism of Cr 6 + adsorption by the samples, Form- 
iO-66-NH 2 selectively adsorbed Cr 6 + under the interference 
f other heavy metal ions. Form-UiO-66-NH 2 could be used in 

ctual mixed wastewater treatment. Meanwhile, according to 
he stability test results ( Fig. S2 ), Form-UiO-66-NH 2 has more 
esirable environmental application potential. 

.7. Adsorption mechanism 

nderstanding the chemical composition of the sample and 

he chemical state of its surface elements prior to and fol- 
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lowing adsorption is helpful to analyse the adsorption mech-
anism of Cr 6 + . XPS spectra were employed to characterize the
prior and subsequent Cr 6 + adsorption by Form-UiO-66-NH 2 .
The spectrum in Fig. 7 a suggests that the sample success-
fully adsorbed Cr 6 + . It was found in the Cr2p spectrum that
the Cr2p1/2 and Cr2p3/2 peaks can be further deconvoluted
( Fig. 7 b ). After deconvolution, the Cr2p3/2 peak was divided
into four peaks, which represented Cr 2 O 7 , CrO 4 and Cr 2 O 3

( Chowdhury et al., 2012 ; Desimoni et al., 1988 ; Harrison et al.,
1998 ). We initially speculated that the appearance of the Cr 3 +

oxidation state was due to a portion of Cr 6 + on the sample sur-
face being bombarded by X-rays, which caused Cr 6 + to gain
electrons and then be reduced to Cr 3 + ( El-Mehalmey et al.,
2018 ; Wen et al., 2016 ). However, it was not excluded that the
possibility of functional groups on the samples reduced Cr 6 +

to Cr 3 + during experimentation. For this purpose, we mea-
sured the concentration of total chromium and Cr 6 + in the
solution after adsorption of the samples by two different de-
tection methods (flame atomic absorption spectrometry and
UV-vis spectrophotometer) to determine whether Cr 6 + ions
in the solution underwent the reduction reaction. From the
experimental results ( Fig. S3 ), it could be seen that the total
chromium and Cr 6 + concentrations were almost the same af-
ter adsorption, which demonstrated that Cr 3 + would not be
generated during the adsorption process. The reason why the
Cr 3 + oxidation state existed on the sample surface was that
a part of the Cr 6 + ions on its surface underwent a reduction
reaction after X-ray bombardment. 

Before adsorption, two peaks at 400.3 and 399.2 eV in the
N1 s spectrum were attributed to —NH 2 and —C = N from the
sample ( Fig. 7 c ). After adsorption of Cr 6 + , a peak at 400.8 eV
appeared in the N1s spectrum, which was due to the peak
generated by the protonation reaction of the amine group
( Fig. 7 d ) ( Yan et al., 2017 ). Therefore, at lower pH values, pro-
tonated —NH 2 increased the amount of positive charge on
the sample surface. In addition, the peak at 399.2 eV shifted
to 400.05 eV, which confirmed the hydrogen bond between
Cr 6 + oxoanions and C = N bonds which belonged to Form-
UiO-66-NH 2 ( Zhu et al., 2020 ). Three peaks, 532.3, 531.6 and
530.5 eV, were found in the O1s spectrum before adsorption
( Fig. 7 e ), which were —OH, O-C = O and ZrO 2 from the sample
( El-Mehalmey et al., 2018 ; Yang et al., 2019 ). After adsorption
( Fig. 7 f ), the relative intensity of the 530.4 eV peak in the O1s
spectrum increased, which was due to Cr oxides adsorbed on
the sample surface ( Desimoni et al., 1988 ). In addition, the rel-
ative intensity of the 532.2 eV peak was enhanced, indicat-
ing that the amount of —OH on the surface increased. The
reason for this is that Zr contains a large number of unsatu-
rated coordination sites. Under acidic conditions, Zr 6 O 4 (OH) 4
easily obtained a large amount of —OH to form [Zr 6 (OH) 8 ] 4 +

( Embaby et al., 2018 ). 
From the conclusion of XPS analysis, it could be seen that

under acidic conditions, Zr 6 O 4 (OH) 4 easily combined with —
OH to produce [Zr 6 (OH) 8 ] 4 + , and —NH 2 underwent the proto-
nation reaction. This confirmed that the sample surface was
indeed positively charged in the Cr 6 + solution. As seen from
Section 2.2 , the Cr 6 + adsorption process of the sample is af-
fected by pH. The positive charge on the surface of the sam-
ple increased with the decreasing pH, which enhanced elec-
trostatic adsorption with Cr 6 + ions. In addition, the interfer-
ence of the highly charged anions on Cr 6 + adsorption also sug-
gested that its mechanism is electrostatic adsorption. Accord-
ing to the adsorption mechanism of Cr 6 + , it could be inferred
that one factor affecting the adsorption capacity of the adsor-
bent was its surface charge. 

The analysis in Section 2.1 revealed that the modifi-
cation of formic acid improved the specific surface area
of Form-UiO-66-NH 2 . Under optimal adsorption conditions
( Section 2.3 ), its adsorption capacity was 1.4 times higher than
that before modification. Combined with the conclusions of
Sections 2.1 and 2.2 , it was confirmed that the enhanced ad-
sorption capacity of Form-UiO-66-NH 2 was due to the expan-
sion of its specific surface area, which increased the number
of adsorption sites on its surface. Therefore, another factor af-
fecting the adsorption capacity of the adsorbent was the spe-
cific surface area of the adsorbent. 

2.8. Recyclability 

Excellent recycling capacity is critical to adsorbent for com-
mercial applications. For cycle testing experiment, 0.5 mol
NaOH solution was used to regenerate the adsorbent. As
shown in Fig. S2, Form-UiO-66-NH 2 retained 97.8%, 95.3%,
92.1%, 88.1% and 77% removal capacity for being recycled five
times, which showed that Form-UiO-66-NH 2 is a reusable hex-
avalent chromium adsorbent. 

3. Conclusions 

In the present study, a Form-UiO-66-NH 2 material was pre-
pared by the formic acid modification strategy. The adsor-
bent had a larger porosity, crystal size and specific surface
area than the initial UiO-66-NH 2 , indirectly reflecting a Cr 6 +

adsorption capacity that was ∼10 times higher than that of
the unmodified adsorbent. According to the thermodynamic
analysis, the adsorption process of Cr 6 + was a spontaneous
endothermic reaction. Isothermal adsorption experimenta-
tion results indicated that the Langmuir isotherm adsorp-
tion model was applicable to explain Cr 6 + adsorption. The
pseudo second-order and Weber-Morris kinetic models agreed
with the adsorption kinetics of the samples. The Cr 6 + adsorp-
tion mechanism of the samples was electrostatic adsorption.
Based on this, UiO-66-NH 2 possessed more adsorption sites
through acid modification, which was the key point to en-
hance Cr 6 + adsorption. An important discovery of this study
indicated that the samples selectively adsorbed Cr 6 + ions un-
der the interference of coexisting heavy metal cation contam-
inants and other nonmetallic water quality factors. 
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Fig. 7 – (a) Total X-ray photoelectron spectroscopy (XPS) measured spectrum prior to and following the removal of Cr 6 + from 

Form-UiO-66-NH 2 ; (b) High resolution Cr 2p spectrum; (c) N 1s and (e) O 1s spectrum prior to the removal of Cr 6 + by 

Form-UiO-66-NH 2 ; (d) N 1s and (f) O 1s spectrum following the removal of Cr 6 + by Form-UiO-66-NH 2 . 



journal of environmental sciences 124 (2023) 268–280 279 

 

 

 

 

 

 

 

Appendix A. Supplementary data 

Supplementary material associated with this article can be
found in the online version at doi:10.1016/j.jes.2021.10.010 . 
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