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Abstract: Developing high-performance adsorbents for heavy metal (Cr (VI)) removal is essential
for sustainable environments, but it is still challenging. Herein, a simple solvothermal method was
proposed to fabricate Zr-MOFs (UiO-66), which was innovatively modified by amino groups to
enhance the adsorption capacity of Cr (VI). The effects of the content of amino-functionalized ligands
on the adsorption capacity and the influence of adsorbent content, solution pH, adsorption time, and
adsorption temperature on the adsorption process were systematically investigated. Importantly,
the pore structure and defect structure of UiO-66 can be finely regulated by adjusting the amino
modification process. The adsorption process was fitted and analyzed using the kinetic model and the
isotherm model. Impressively, the adsorption capacity of the amino-modified UiO-66 (UiO-66-NH2)
was greatly improved. These findings indicate that the surface functional group modification of
MOFs is a promising method for adjusting their structure and improving their adsorption capacity.

Keywords: UiO-66-NH2; amino group modification; fine regulation; defect structure; adsorption
performance

1. Introduction

Chromium (Cr) has different valence states, among which hexavalent chromium (Cr
(VI)) is known as a class I carcinogen. Cr present in industrial wastewater has infiltrated
into human living areas through the flow of aquatic systems, which indirectly affects human
health and the economy. Therefore, the adsorption of Cr (VI) from industrial wastewater is
of great significance. At present, finding an adsorbent that can highly efficiently treat Cr
(VI) is one of the key issues in research. Metal–organic framework (MOF) is an emerging
material, which is self-assembled by metal clusters and organic ligands through coordi-
nation bonds in a closed heating environment [1,2]. Because of their advantages, such as
crystal structure designability, functional adjustability, and ultra-high specific surface area,
MOF materials are widely utilized for adsorption [3–5], gas separation [6], oil–water sepa-
ration [7], photocatalysis [8,9], and other fields [10–14]. Generally, when MOF materials
are used as adsorbents, their adsorption performance is closely related to their pore and
electrostatic interaction. However, the poor stability of most MOF materials in aqueous
phase limits their application in water pollution treatment.

At the beginning of the 21st century, the University of Oslo, Norway developed
a MOF material (UiO-66) [15]. It is a material with a Zr6O4(OH)4 hexanuclear cluster as the
central cluster, which is connected to 12 organic ligands terephthalic acid (BDC) through
coordination bonds to form a Zr6O4(OH)4(BDC)6 structure. Compared with other MOF
materials, UiO-66 has a better chemical stability, thermal stability, water stability, higher
porosity, and richer unsaturated sites [16]. This means that the UiO-66 series of materials
can be well applied in the field of wastewater treatment. However, UiO-66, with its “perfect”
crystal structure (defect free) (Figure 1) has a strong binding energy between the metal
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clusters and the connectors, which will significantly prevent other guest molecules from
contacting with Zr active sites, resulting in a poor adsorption performance.
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Recently, scholars have successfully synthesized materials with better adsorption
performance through functional ligand regulation strategies. For example, Zhang et al. [17]
explored the effect of carboxyl introduction on adsorption performance by changing the
molar ratio of H2BDC to H2BDC-COOH. The BET specific surface areas of UiO-66-COOH-1,
UiO-66-COOH-2, and UiO-66-COOH-3 were 1340.6, 1016.3, and 828.2 m2·g−1, respectively.
Since the adsorption capacity of the cationic organic dye, methylene blue, depends on
the combined effects of electrostatic interaction and active sites, the results show that
UiO-66-COOH-2 has a better adsorption effect. Xie et al. [18] studied the effect of -OH on
the photocatalytic reduction in Cr (VI) by regulating -OH functional groups. The results
showed that under visible light conditions, the maximum equilibrium removal rate of UiO-
66-(OH)2 was about 90%, which was significantly stronger than that of UiO-66-OH with
a removal rate of 45%, indicating that the introduction of -OH can increase the photocurrent
density and improve the inhibition of electron–hole recombination during photocatalysis.

In this work, the UiO-66 series materials were prepared by the solvothermal method.
By adjusting the amount of benzoic acid in order to adjust the defects in the crystal structure,
UiO-66 powder with a high crystallinity and high yield was synthesized. By introducing
amino functional groups on the surface of UiO-66 to finely regulate the size, microstructure,
pores, and defects of UiO-66, the effects of solution pH, initial concentration, adsorption
temperature, and adsorption time on the adsorption process were investigated, and the
adsorption mechanism of UiO-66-NH2 was revealed.

2. Experiment
2.1. Material

Zirconium chloride (ZrCl4), terephthalic acid, 2-amino terephthalic acid (C8H7NO4),
benzoic acid, DMF, anhydrous methanol (CH3OH), and potassium dichromate (K2Cr2O7)
were purchased from China National Medicines Corporation Ltd., Shanghai, China. All
reagents were AR fractionated, and no further purification was required during use.

2.2. Synthesis of Compounds

UiO-66 was synthesized by the solvothermal method. ZrCl4 (0.70 mmol) and p-
phthalic acid (H2BDC, 0.70 mmol) were added to a beaker containing 20 mL of DMF,
treated in an ultrasound machine for 10 min, then, DMF (20 mL) and benzoic acid (4.274 g)
was added. Then, the mixture was ultrasonically treated for 20 min until it was completely
dissolved, then transferred to a PTFE lining. Placed in an oven, and to react at 120 ◦C
for 24 h. After the reactor was cooled to room temperature, the inner lining was taken
out, and the solution was centrifuged to obtain a white powder, which was washed with
DMF and CH3OH for more than three times individually, and placed in 80 ◦C vacuum
drying for 48 h. The final product was labeled as UiO-66. UiO-66-NH2 was replaced with
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2-aminoterephthalic acid (NH2BDC), which was labeled as U-N-x (x = 0.5, 1, 2, 4 when
x = 1, n(NH2BDC) = 0.70 mmol), according to the amino-functionalized ligand content; the
remaining steps were consistent with the preparation process of UiO-66.

2.3. Characterization

The crystal structures of the materials were investigated by X-ray diffractometer (XRD,
DX-2700B; Dandong Haoyuan Instrument Co., Ltd., Dandong, China), and XRD spectra
were acquired within a scanning range (2θ) from 5 to 80. The crystal morphology of the
UiO-66 was observed through a scanning electron microscope (SEM, SU8010; Hitachi Ltd.,
Tokyo, Japan). The specific surface areas were determined using the standard multi-point
techniques of N2 adsorption (Micromeritics ASAP 2020; Micromeritics Instrument Corpora-
tion, Norcross, GA, USA) and measured by adsorption–desorption at 77 K. The functional
groups present on the surface of the adsorbent were analyzed using Fourier transform
infrared spectroscopy (FTIR, Nicolet 5700; Thermo Nicolet Corporation, Waltham, MA,
USA). The surface atomic state of the adsorbent was analyzed using X-ray photoelectron
spectroscopy (XPS, Escalab 250Xi; Thermo Fisher Scientific, Waltham, MA, USA). DTA-TG
curves of the samples were recorded using a thermal analyzer (NETZSCH STA 449C, Selb;
NETZSCH-Gerätebau GmbH, Selb, Germany).

2.4. Adsorption Experiment

Potassium dichromate (K2Cr2O7, 373.5 mg) was dissolved in 100 mL deionized
water to prepare a Cr (VI) solution with a concentration of 1000 mg·L−1. Solutions of
other concentrations were obtained by diluting the stock solution. Adsorbent and 50 mL
Cr (VI) solution were added to a conical flask and stirred at a fixed temperature in a mag-
netic thermostatic water bath. After adsorption, the supernatant was separated from
the mixture by centrifugation. The absorbance of the supernatant after centrifugation
was determined by diphenyl carbazide spectrophotometry at 540 nm wavelength, and
the concentration after adsorption was measured. The effects of pH (2–10), adsorbent
dose (10–30 mg), adsorption time (0–34 h), adsorption temperature (293–313 K), initial
concentration (10–300 mg·L−1), and functional group content on adsorption performance
were investigated.

The unit adsorption capacity and removal rate are shown in Equations (1) and (2):

qe =
(C0 − C)∗V

m
(1)

w =
(C0 − C)

C0
× 100% (2)

where qe (mg·g−1) is the unit adsorption amount; m (g) is the mass of the adsorbent; V(L)
is the volume of the Cr (VI) solution; w is the removal rate; C0 (mg·L−1) and C (mg·L−1)
represent the concentration of the adsorbate before and after adsorption, respectively.

2.5. Chromium Stability

UiO-66-NH2 was placed in a conical flask containing 50 mL of Cr (VI) solution
(300 mg·L−1), then, stirred in a 303K thermostat water bath for 48 h. The precipitate
was centrifuged and washed with deionized water and dried. The chromium-loaded
UiO-66-NH2 was placed in beakers containing 0.01 mol·L−1 sulfuric acid, nitric acid, hy-
drochloric acid, and sodium hydroxide solution, respectively. Meanwhile, the chromium
stability of the material in acidic and alkaline aqueous systems was studied by stirring
and ultrasound.
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3. Results and Discussion
3.1. Effect of the Regulator Concentration on Synthetic UiO-66

The concentration of the regulator will affect the crystal structure and morphology [19].
The effect of benzoic acid content on the crystal structure and yield of UiO-66 was studied.
Combined with XRD patterns and yield (Figure 2), it can be concluded that the addition
of benzoic acid has no effect on the crystal structure of UiO-66. With the increase in its
content, the yield increased first and then decreased. When the content was greater than
50 equivalents (based on ZrCl4), the yield decreased significantly, and the yield was less
than 0.001 g after reaching 100 equivalents content. This may be because the increase in
benzoic acid strengthens its competition for zirconium oxygen coordination, resulting in
a higher concentration of connector defects [19–21]. The intermediate formed between
benzoic acid and zirconium oxygen ions is not conducive to nucleation, which will hinder
nucleation, and the crystal core growth rate thus growing into larger crystals [19,22]. In the
subsequent experiments, the regulator in the adsorbent was 50 equivalents of benzoic acid.
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3.2. Structural and Pore Regulation of UiO-66-NH2

The above UiO-66 with 50 equivalents of benzoic acid was used to adsorb 100 mg·L−1

Cr (VI) solution, the unit adsorption capacity was 45 mg·g−1, and the removal rate was
23%. It can be preliminarily inferred that 23% of Cr (VI) adsorption originated from the
adsorption site. Zhang [23] used UiO-66-NH2 to remove 100 mg·L−1 Cr (VI) solution,
and obtained qm of 252 mg·g−1 using the Langmuir model. Based on this, the ligand of
UiO-66 was replaced with 2-amino terephthalic acid containing an amino functional group.
The effects of amino-functionalized ligand content on the crystal structure, pore structure,
and adsorption capacity were studied. Then, the U-N-x with the best performance and
adsorption capacity was selected for studying the best adsorption conditions, including
the adsorbent content, solution pH, adsorption time, adsorption temperature, and initial
concentration. Finally, the adsorption mechanism was discussed.

This section gives some basic information about the U-N-x. Figures 3a–c and 4a–e
show that the effect of amino-functionalized ligand content (x = 0, 0.5, 1, 2, and 4) on the
crystal structure and morphological characteristics. As can be seen from the SEM images,
when x < 1, the crystal morphology is approximately spherical and there is no distinctly
octahedral edge, and the addition of amino groups increased grain size. When x ≥ 1, the
crystals have an obviously octahedral structure with sharp edges and corners. With the
increase in ligand content, the crystal size is enlarged, and the octahedral edge is more
evident. Figures 3a and 4a show the XRD patterns of U-N-x. Obviously, ligand regulation
has no significant effect on the crystal structure of the synthesized UiO-66-NH2. This
may be because with the increases in ligand content, enough ligands make up for the
defects caused by acid regulation [21], indirectly protecting the growth of crystal nucleus.
However, since the content of the metal source is determined, the color of the residual
liquid shows that there are more residual ligands after synthesis. Clearly, the morphology
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characterization can show that the introduction of amino groups effectively regulates the
microstructure of UiO-66.

Crystals 2023, 13, x FOR PEER REVIEW 5 of 15 
 

 

However, since the content of the metal source is determined, the color of the residual 
liquid shows that there are more residual ligands after synthesis. Clearly, the morphology 
characterization can show that the introduction of amino groups effectively regulates the 
microstructure of UiO-66. 

 
Figure 3. (a) XRD patterns and (b,c) SEM images of U-N-0. 

 
Figure 4. (a) XRD patterns and SEM images of (b) U-N-0.5, (c) U-N-1, (d) U-N-2, and (e) U-N-4. 

Figure 5 shows the DTA-TG curves of U-N-x; the introduction of an amino group will 
reduce the thermal stability of the material. The pyrolysis process of materials is mainly 
divided into the loss of guest molecules and the collapse of inorganic–organic frame-
works. Compared with the UiO-66 material that began to collapse at 500 °C, UiO-66-NH2 
series materials collapsed at about 400 °C due to the oxidability and high activity of the 
amino group. Since the loss of guest molecules cannot be accurately defined stoichiomet-
rically, defect-quantified analysis was performed on the ligands lost by MOFs after dehy-
droxylation. The structural formula of UiO-66-NH2 is Zr6O6(NH2BDC)6, that is, the per-
centage of ligand loss should be 60% theoretically. Assuming that the final residual 
amount is ZrO2 at 800 °C, it can be calculated that during the period of 373 °C~800 °C, 
when x = 1, the ligand loss percentage of U-N-1 is the least, 39%, that is, the most linker 
defects. 

Figure 3. (a) XRD patterns and (b,c) SEM images of U-N-0.

Crystals 2023, 13, x FOR PEER REVIEW 5 of 15 
 

 

However, since the content of the metal source is determined, the color of the residual 
liquid shows that there are more residual ligands after synthesis. Clearly, the morphology 
characterization can show that the introduction of amino groups effectively regulates the 
microstructure of UiO-66. 

 
Figure 3. (a) XRD patterns and (b,c) SEM images of U-N-0. 

 
Figure 4. (a) XRD patterns and SEM images of (b) U-N-0.5, (c) U-N-1, (d) U-N-2, and (e) U-N-4. 

Figure 5 shows the DTA-TG curves of U-N-x; the introduction of an amino group will 
reduce the thermal stability of the material. The pyrolysis process of materials is mainly 
divided into the loss of guest molecules and the collapse of inorganic–organic frame-
works. Compared with the UiO-66 material that began to collapse at 500 °C, UiO-66-NH2 
series materials collapsed at about 400 °C due to the oxidability and high activity of the 
amino group. Since the loss of guest molecules cannot be accurately defined stoichiomet-
rically, defect-quantified analysis was performed on the ligands lost by MOFs after dehy-
droxylation. The structural formula of UiO-66-NH2 is Zr6O6(NH2BDC)6, that is, the per-
centage of ligand loss should be 60% theoretically. Assuming that the final residual 
amount is ZrO2 at 800 °C, it can be calculated that during the period of 373 °C~800 °C, 
when x = 1, the ligand loss percentage of U-N-1 is the least, 39%, that is, the most linker 
defects. 

Figure 4. (a) XRD patterns and SEM images of (b) U-N-0.5, (c) U-N-1, (d) U-N-2, and (e) U-N-4.

Figure 5 shows the DTA-TG curves of U-N-x; the introduction of an amino group will
reduce the thermal stability of the material. The pyrolysis process of materials is mainly
divided into the loss of guest molecules and the collapse of inorganic–organic frameworks.
Compared with the UiO-66 material that began to collapse at 500 ◦C, UiO-66-NH2 series
materials collapsed at about 400 ◦C due to the oxidability and high activity of the amino
group. Since the loss of guest molecules cannot be accurately defined stoichiometrically,
defect-quantified analysis was performed on the ligands lost by MOFs after dehydroxyla-
tion. The structural formula of UiO-66-NH2 is Zr6O6(NH2BDC)6, that is, the percentage of
ligand loss should be 60% theoretically. Assuming that the final residual amount is ZrO2 at
800 ◦C, it can be calculated that during the period of 373 ◦C~800 ◦C, when x = 1, the ligand
loss percentage of U-N-1 is the least, 39%, that is, the most linker defects.
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The nitrogen adsorption–desorption isotherm of U-N-x are shown in Figure 6a,b,
where the maximum Langmuir specific surface area of U-N-1 is 1420.9 mg·g−1, and the
minimum specific surface area of U-N-4 is 1069.5 mg g−1, as shown in Table 1. According
to the isotherm and pore size distribution diagram, it can be found that with the increase in
ligand content, the micropores’ content decreases, and the mesopores and macropores con-
tent increases, indicating that the amino ligand content has a great influence on the specific
surface area and pore size of the material. The results confirmed that the introduction of
amino groups effectively regulated the specific surface area and pore structure of UiO-66.

Figure 6. (a) Nitrogen adsorption–desorption isotherms and (b) pore diameter distributions of U-N-0,
U-N-0.5, U-N-1, U-N-2, and U-N-4 sample.

Table 1. The BET fitted data for U-N-x.

MOFs Specific Surface Area (m2·g−1) Pore Size (nm) Pore Volume (cm3·g−1)

U-N-0 1423.04 3.5 0.52
U-N-0.5 1297.85 2.01 0.49
U-N-1 1420.89 2.09 0.55
U-N-2 1345.18 2.31 0.58
U-N-4 1069.46 3.58 0.72
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3.3. Stability of U-N-x

Excellent chemical stability in various water environments is the basis for the better
application of materials in water treatment. In this part, the chemical stability of U-N-1 in
common acid-base reagents was investigated by analyzing the changes in crystal structure
and morphology before and after corrosion. From Figure 7a–e, it can be seen that the
adsorbent can basically resist the corrosion of acid and alkali reagents and maintain the
crystal structure and the octahedral crystal morphology. It can be seen that UiO-66-NH2
has good chemical stability.
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3.4. Adsorption Performance of UiO-66-NH2

In order to study the effect of the functional group regulation on the adsorption
capacity, 10 mg U-N-x was added to a beaker containing 50 mL Cr (VI) (100 mg·L−1)
solution for adsorption. As shown in Figure 8a, the adsorption capacity increased first and
then decreased with the increase in amino ligand content. When x = 1, the unit adsorption
rate reached a maximum of 305.16 mg·g−1. Furthermore, the variation in adsorption
capacity and removal rate were studied when the adsorbent was 10, 20 and 30 mg and
stirred at a constant temperature for 4 h. It can be seen from Figure 8b that with the
increase in adsorbent content, the adsorption capacity decreased and the removal rate
decreases. This is because the increase in the adsorbent in the system can bring a more
active site, thereby capturing more Cr (VI) ions. With the increase in adsorbent dosage, the
particles accumulate, resulting in a decrease in removal efficiency. Considering the effective
utilization rate of the adsorbent and the removal efficiency of Cr (VI), U-N-1 was selected
as the adsorbent for subsequent research, and the mass of the adsorbent was 10 mg.

In adsorption application, the solution pH can affect the adsorption capacity for
UiO-66-NH2 to Cr (VI) by affecting the existence form of the adsorbate and the surface
property of the adsorbent. Therefore, the effect of solution pH on the adsorption process
was investigated. The pH of the solution was adjusted by adding 0.1 mol·L−1 nitric acid
or 0.1 mol·L−1 sodium hydroxide. The initial concentration of Cr (VI) was 10 mg·L−1, the
adsorption temperature was 303 K, the adsorption time was 1 h, and the adsorbent content
was 10 mg. As shown in Figure 9, the adsorption capacity of Cr (VI) decreased gradually
with the increase in pH from 2 to 10. In the solution of pH = 1–6, Cr (VI) mainly exists in
the form of HCrO4− and Cr2O7

2−. The amino group (-NH-/-NH2) on the surface of the
adsorbent is protonated, and adsorbs Cr (VI) anions through electrostatic attraction. The
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adsorption capacity increased with the increase in acidity. Therefore, when the solution pH
increases from 2, the removal rate of Cr (VI) gradually decreases. When the pH was 2, the
adsorption capacity was 15.76 mg·g−1, reaching the maximum value. With the increase in
pH, the negative charge on the surface of U-N-1 nanoparticles also increased, leading to an
increase in the repulsive force between Cr (VI) and MOF nanoparticles [24]. In addition,
OH− in aqueous solution will also compete for adsorption sites, resulting in a gradual
weakening of the adsorption. This indicates that the main driving force for adsorption of
Cr (VI) is electrostatic attraction.

Figure 8. (a) Effect of amino ligand concentration on the adsorption amount of Cr (VI). (b) Effect of
adsorbent content on adsorption capacity.
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3.5. Structural Characterization before and after Adsorption Measurement

Figure 10a and b show the structural stability of the material before and after ad-
sorption. It can be seen that the morphology before and after adsorption did not change
significantly, but the XRD pattern changed considerably. Although the structure of the
main peak has not changed, it was evident that there are many heterogeneous peaks in the
diffraction peaks of UiO-66-NH2 loaded with Cr (VI), and the peak intensity is significantly
reduced, which may be due to the reduction in diffraction intensity and the broadening of
diffraction peaks caused by Cr (VI) as an exotic substance.
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The FTIR analysis of UiO-66-NH2 samples before and after adsorption was performed
to determine the specific effect of functional groups in UiO-66-NH2 on Cr (VI) adsorption,
as shown in Figure 11. The wider peak at ~3420 cm−1 is the N-H stretching vibration
region, and the absorption band at ~1560 cm−1 is mainly the vibration of the benzene ring
skeleton [25]. The absorption band of the sample after adsorption is affected by Cr (VI) and
has a certain offset. The absorption peaks at 1430 and 1370 cm−1 are C-O bond stretching
vibrations, while the absorption peak observed at 1260 cm−1 is the characteristic peaks
of C-N bond in aromatic amines [26], and the absorption peak at 660 cm−1 is attributed
to the vibrations of Zr-O [27]. After loading the Cr element in UiO-66-NH2 material,
a new small peak can be clearly seen at 721 cm−1, corresponding to the vibration of the
Cr-O bond [28,29], which indicates that Cr (VI) is successfully adsorbed. In addition, the
intensity of the UiO-66-NH2-Cr (VI) peak at 1260 cm−1 is significantly reduced, which
means that the -NH2/-NH3

+ on the surface of UiO-66-NH2 may have participated in the
adsorption process, so this process may be related to electrostatic attraction [30]. The FTIR
analysis showed that Cr (VI) was successfully captured, and this process may be achieved
by electrostatic attraction.
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3.6. Adsorption Kinetics

The influence of the adsorption time on the adsorption capacity of Cr (VI) concentra-
tion at different time points. The initial concentration of Cr (VI) solution was 100 mg·L−1,
and the solution volume was 150 mL. The adsorbent content was set to 10 mg, the ad-
sorption temperature was 303 K, and the solution pH was 2. As shown in Figure 12a, the
adsorption capacity of U-N-1 for Cr (VI) gradually increased and reached adsorption equi-
librium within about 2040 min. The rapid removal rate at the initial stage of adsorption can
be attributed to a large number of empty adsorption sites. With the increase in adsorption
time, the concentration of available empty adsorption sites gradually decreases, and the
adsorption sites were blocked by Cr (VI) molecules, resulting in an increase in adsorption
capacity and a gradual decrease in adsorption rate.

Figure 12. (a) Adsorption kinetic at U-N-1 to Cr (VI). Pseudo-first-order (black of (b)) and pseudo-
second-order (red line of (b)) kinetic models. (c) Adsorption isotherms of U-N-1 to Cr (VI).

The pseudo-first-order and pseudo-second-order kinetic models are often used to
evaluate the adsorption rate and kinetic mechanism. The fitting curve of the kinetic model
is shown in Figure 12b, and the kinetic fitting equation and adsorption-related kinetic
parameters are shown in Table 2, where qe (mg·g−1) and qt (mg·g−1) are the equilibrium
adsorption capacity and the adsorption capacity at the time t, respectively. Qe(cal) (mg·g−1)
is the adsorption saturation, and k1 (min−1) and k2 (g·(mg·min)−1) are the pseudo-first-
order and pseudo-second-order rate constants, respectively.

Table 2. Kinetic fitting parameters.

Model Equation Parameter qe(cal) (mg·g−1) R2

Pseudo-first-order ln
(
qe − qt

)
= lnqe −

k1t
2.303 k1 = 0.00146 300.88 0.9662

Pseudo-first-order t
qt

= t
qe

+ 1
k2q2

e
k2 = 0.00000858 370.37 0.9885

It can be seen from Table 2 that the correlation coefficient R2 of the pseudo-second-
order kinetic model is higher than 0.98, which is significantly higher than the pseudo-first-
order kinetic model. In addition, compared with the experimental qe (346.96) value, the
qe value calculated by the pseudo-second-order kinetic model is closer to the qe value calcu-
lated by the pseudo-first-order kinetic model. Therefore, the pseudo-second-order kinetic
model is more suitable for explaining the adsorption process of Cr (VI) by nanocrystals
U-N-1, indicating that the adsorption process is mainly chemical adsorption.
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3.7. Adsorption Isotherms

To explore the influence of adsorption temperature and initial concentration of solution
on adsorption, the adsorption capacity of 10 mg adsorbent at different concentrations from
10 mg·L−1 to 300 mg·L−1 was studied at 293 K, 303 K, and 313 K, and the adsorption
isotherm was plotted. The results are shown in Figure 12c. To study the adsorption capacity
of U-N-1, the Langmuir model and the Freundlich model were used to fit the experimental
data. The fitting results are shown in Table 2. The Langmuir model is usually used to fit the
monolayer adsorption process on a homogeneous surface [31]. In contrast, the Freundlich
model is often used as an empirical adsorption formula to summarize some experimental
facts. The expressions of these two models are as follows:

qe =
qmKLCe

1 + KLCe
(3)

qe = KFC
1
n
e (4)

Among them, qe (mg·g−1) and qm (mg·g−1) are the equilibrium adsorption capacity
and saturated adsorption capacity, respectively. Ce (mg·L−1) is the equilibrium concen-
tration of the solution. KL (L·mg−1) is an adsorption constant related to the adsorption
energy of the binding site, which represents the adsorption enthalpy, and is related to
temperature. KF and n are Freundlich constants related to the adsorption capacity and
adsorption strength, respectively.

According to the results in Table 3, the KL values at different temperatures are far less
than 1, indicating that there is a strong interaction between U-N-1 and Cr (VI). Comparing
the R2 values of the two models, it can be seen that the R2 value fitted by the Langmuir
model is greater than 0.94, indicating that Langmuir model can better describe the ad-
sorption process of U-N-1 for Cr (VI). These results show that the adsorbent is mainly
monolayer adsorption during the adsorption process.

Table 3. Isotherm fitting parameters.

Temperature
(K)

Langmuir Model Freundlich Model

qm (mg·g−1) KL (L·mg−1) R2 KF (L·mg−1) n R2

298 610.230 0.00754 0.9414 16.212 1.691 0.922
308 515.094 0.01496 0.9479 29.193 2.029 0.874
318 500.451 0.0204 0.9492 40.144 2.261 0.882

3.8. Adsorption Mechanism

The adsorption mechanism was analyzed by XPS, and the results are shown in
Figure 13. Compared with the total spectrum of UiO-66-NH2 (Figure 13a), a new en-
ergy spectrum peak appears at 576.08 eV after adsorption of Cr (VI). This peak belongs
to Cr 2p. The Cr 2p peaks is divided into four peaks (Figure 13b: the two peaks at
577.18 eV and 586.88 eV belong to Cr (III), and the two peaks at 575.88 eV and 585.48 eV
belong to Cr (VI)) [32]. The presence of Cr (III) indicates that most of Cr (VI) on the surface
of UiO-66-NH2 is reduced to Cr (III), which indicated that there is a reduction effect during
the process of adsorption of Cr (VI) [33].
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Figure 13. XPS spectra of UiO-66-NH2 before (a) and after (b–d) adsorption measurement.

The splitting peaks of O 1s before and after adsorption are illustrated in Figure 13c.
It can be seen that the peaks before and after adsorption are different. Before adsorption,
three peaks were formed at 532.28 (16.85%), 530.68 (70.74%), and 528.98 eV (12.41%),
corresponding to O-C=O, Zr-OH, and Zr-O, respectively. After adsorption, the three peaks
shifted to a lower binding energy, located at 532.08 (20.73%), 530.58 (64.44%), and 528.98 eV
(14.83%), respectively, and the peak area changed. Among them, the energy spectrum
peak content of Zr-OH was significantly reduced, indicating that Zr-OH participated in
the adsorption process. Thus, there may be a Zr-O-Cr complex between the adsorbent and
Cr [34].

The cleavage peaks of N 1s before and after adsorption are shown in Figure 13d. Before
adsorption, two peaks were formed at 400.08 eV and 398.08 eV, which were attributed to
-NH2 (85.40%) and -NH3

+ (14.60%), respectively [35]. After adsorption, the -NH3
+ peak

shifted to a lower binding energy (399.98 eV),) indicating the presence of electrostatic inter-
action between oxygen atoms (from HCrO4−) and nitrogen atoms (from -NH3

+ groups).
This interaction will induce a slight shift of -NH2 toward a higher energy (398.18 eV). It
can be speculated that there may be electrostatic attraction between -NH3

+ and Cr (VI). In
summary, XPS analysis shows that the adsorption process can be controlled by electrostatic
attraction, reduction, and complexation.

4. Conclusions

Under the simple solvothermal method, a UiO-66 formula with high crystallinity
and low raw material loss was formed by changing the content of the benzoic acid reg-
ulator. Amino functional groups were introduced into UiO-66. With the increase in
amino-containing ligands, the crystal size increased, and the edge became more obvious.
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When the molar ratio of ligand to zirconium source was 1, the unit adsorption capacity
reached the maximum of 305.16 mg·g−1. By adding the adsorbent to different acid and
alkali environments, it was found that its stability is good and its crystal structure does not
collapse. The adsorption conditions of UiO-66-NH2 for Cr (VI) adsorption were investi-
gated. It can be concluded that when pH = 2 and the content of the adsorbent was 10 mg,
the adsorption effect was the best. The adsorption mechanism mainly involves electrostatic
attraction, complexation, and reduction processes. After the Cr (VI) stability test, even if
stirred in different acid and alkali environments for more than 48 h, Cr (VI) ions are still
stable in the adsorbent.
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