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ABSTRACT

Pharmaceutical and personal care products (PPCPs) had been detected worldwide as an emerging
contaminant in the aquatic system. Herein, we reported a kind of NH,-functionalized UiO-66 which
exhibited effective removal toward diflunisal and salicylic acid. The capacity of UiO-66-NH, was
much higher than commercial activated carbon (AC) for the adsorption of PPCPs and it was because
UiO-66-NH, had a smaller pore size than AC. The UiO-66-NH, also indicated some interactions, like
n—7 stacking and electrostatic interaction. The removal efficiency of diflunisal and salicylic acid from
wastewater with the UiO-66-NH, groups was higher than the original UiO-66. It could be explained
with the acid-base attraction between the NH, group of UiO-66-NH, and the COOH group of difluni-
sal and salicylic acid. However, the performance of UiO-66-NH, in the adsorption of carbamazepine
was not very desirable. The base-base repulsion between the NH, group of UiO-66-NH, and the NH,
group of carbamazepine led to a decrease in the adsorption capacity of UiO-66-NH,. The UiO-66-NH,
could be regenerated with ethanol and reused for the adsorption removal of the adsorbates.

Keywords: Adsorption; Metal-organic frameworks; UiO-66; Acid-base attraction; Pharmaceutical and
personal care products

1. Introduction Various technologies, such as coagulation and floccula-
tion [6], biodegradation [7,8], ultrasonic treatment [9], elec-
trochemical oxidation [10-13], and ozonation [14-16], had
been applied to remove PPCPs in aqueous solution. The
adsorption technology was also widely used to remove
PPCPs due to its simple process, low energy consumption,
and few by-products [17]. The most widely used adsorbent
was commercial activated carbon (AC) [18].

Over the past two decades, kinds of novel materials
had been received increasing attention for the application
of environmental protection and energy conversion [19,20].
Metal-organic frameworks (MOFs) showed huge potential

Due to the growth of the world population and rapid
urbanization, pharmaceutical, and personal care products
(PPCPs) were increasingly popular in our daily life, such as
prescription medicines and sunscreens, etc. [1,2]. Numerous
PPCPs, like diflunisal, were discharged into the environment
and could be found in surface water [3]. The accumulation
of PPCPs caused water pollution, which was harmful to the
environment of aquatic organisms [4,5]. The removal of these
PPCPs from the water was valued by researchers all over
the world.
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in adsorption. It was a novel porous crystal material with a
self-assembled metal center and an organic ligand. Moreover,
it had a three-dimensional network ordered pore structure
with ultra-high specific surface area, species and structure
diversity, and chemical function [21]. Based on these excel-
lent properties, MOFs had become a research hotspot in the
field of new porous materials. They had potential for adsor-
bent [22,23], catalyst [24], and membrane materials [25,26].
The Cavka research group at the University of Oslo, Norway,
firstly reported a kind of Zr-based metal-organic framework
which was called UiO-66 [27]. It was widely used because of
its excellent hydrothermal stability, high porosity, and easy
functionalization [28].

In this research, UiO-66 and UiO-66-NH, were used to
remove diflunisal, salicylic acid (2-Hydroxybenzoic acid;
CAS# 69-72-7), and carbamazepine (5H-Dibenzo [b, f] aze-
pine-5-carboxamide; CAS# 298-46-4) from water. Both
adsorbates and UiO-66 contained benzene rings and they
had probable interactions, such as m—n interactions between
adsorbates and UiO-66. These interactions were beneficial for
adsorption removal. All adsorbates were also removed with
UiO-66-NH,. A plausible adsorption mechanism based on
acid-base interactions was suggested between the adsorbates
and UiO-66-NH,. In addition, the adsorption isotherms and
adsorption kinetics were also studied. The following regen-
eration by ethanol washing, the reusability of UiO-66-NH,
could be confirmed by several simple cycle experiments.

2. Materials and methods
2.1. Materials

All the chemicals were obtained from commercial ven-
dors without further purification. Zirconium chloride (ZrCl,,
98%), terephthalic acid (H,BDC, 99%), amino-terephthalic
acid (NH,-BDC, 99%), diflunisal (98%), salicylic acid (98%),
and carbamazepine (98%) were obtained from Sigma-
Aldrich (Shanghai, China). Amino-terephthalic acid (NH,-
BDC, 98%) was purchased from Macklin (Shanghai, China).
N, N-Dimethylformamide (DMF, 99.5%), methanol (99.5%),
ethanol (95%), and acetic acid (CH,COOH, 99.5%) were
obtained from Shanghai Lingfeng Chemical Reagent Co.,
Ltd., (Shanghai, China). Hydrochloric acid (HCI, 36-38%),
Sodium hydroxide (NaOH, 96%) were purchased from
Xilong Scientific Co., Ltd., (Shantou, China).

2.2. Synthesis of adsorbents

UiO-66 and UiO-66-NH, had been successfully pre-
pared with a modified solvothermal synthesis [27]. Typically,
0.317 g of ZrCl, and 0.226 g of H,BDC were dissolved in
30 mL DMF followed by adding 2.5 mL acetic acid associated
with ultrasound irradiation for 15 min. The obtained mix-
ture was transferred into a Teflon-lined autoclave (volume:
100 mL) and heated in an electric oven at 120°C for 24 h.
The same molar amount of NH,-BDC was used to replace
of H,BDC for the synthesis of UiO-66-NH,. The final prod-
uct (denoted as UiO-66) was collected by centrifugation and
then washed thoroughly using DMF, methanol, and deion-
ized water. Finally, the MOFs was dried at 60°C for 24 h in a
vacuum oven.

2.3. Characterization Methods

X-ray powder diffraction patterns (XRD) were recorded
with an X-ray diffractometer (PANlytical, Netherlands).
After evacuation for 12 h at 150°C, the surface areas and pore
size of the adsorbents were measured by nitrogen adsorption
at 77 K on a porosity analyzer (ASAP 2010 Micromeritics,
USA). Fourier transform infrared (FTIR, Nicolet 6700, USA)
was performed to confirm the functionalization of MOFs.
Thermal gravimetric analysis (TGA) was conducted on a
thermogravimetric analyzer (NETZSCH STA 409 PC/PG,
Germany) under airflow at a heating rate of 10°C min™ in
the temperature range from 30°C to 800°C. liquid chro-
matograph (Waters 2695, USA) was used to detect solution
concentration.

2.4. Adsorption experiments
2.4.1. General procedures for diflunisal adsorption

The stock solutions of diflunisal (50 mg L™) were pre-
pared by dissolving diflunisal in methanol-water (30:70 v/v).
A diflunisal calibration curve was obtained with a series
of standard diflunisal solutions (10-50 mg L™) from stock
solution by successive dilutions. The concentration of difl-
unisal was determined by liquid chromatograph and the
calibration curve was used to determine the initial or equi-
librium concentrations of diflunisal.

Before adsorption, the adsorbents were dried for 12 h
at 100°C in vacuum conditions. The adsorbent (10.0 mg)
was added to the diflunisal solution (50 mL, pH = 5) and
the mixture was stirred with an incubated shaker for a fixed
time (1-10 h) at 26°C and constant speed (160 rpm). After
stirring the mixture, the adsorbents were separated from the
solution by a polytetrafluoroethylene syringe filter (hydro-
phobic, 0.5 pm) and the residual diflunisal concentration
was determined by liquid chromatograph. The adsorption
results were analyzed with a pseudo-second-order nonlin-
ear kinetic model [29] and Langmuir isotherm [30]. To cal-
culate the amount of adsorbed diflunisal, the mass-balance
relationship [Eq. (1)] was used:

q, :(CO _Ct>% (1)

where C, (mg/L) was the concentration at time 0, C, (mg/L)
was the concentration at time ¢, V (L) was the volume of the
diflunisal solution, and W (g) was the weight of the adsor-
bents. To determine the effect of solution pH on diflunisal
adsorption capacity, the solution pH was adjusted by adding
0.1 M solutions of HCI or NaOH. The regeneration of UiO-
66-NH, was examined through desorption of the adsorbed
diflunisal by ethanol treatment for 24 h and sonication for
30 min.

2.4.2. General procedures for salicylic acid and
carbamazepine adsorption

The UiO-66, UiO-66-NH,, and AC were used to adsorb
salicylic acid and carbamazepine with a method that
was similar to diflunisal adsorption. Salicylic acid and
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carbamazepine solutions (50 mg L) were obtained by dis-
solving in methanol water (30:70 v/v). After stirring for a
fixed time (1-10 h), the residual concentrations of salicylic
acid and carbamazepine were measured by liquid chromato-
graph. The calculation methods were similar to the diflunisal
adsorption procedure.

3. Results and discussion
3.1. Characterization of the adsorbents

The XRD patterns of the materials could show crys-
tal variation before and after the materials modified [29].
Thus, XRD was performed and the patterns of UiO-66, UiO-
66-NH, Fig. 1a shows that the synthesized materials had the
UiO-66 crystal structure because the patterns were identi-
cal to the simulated one (CCDC No. 889529). The nitrogen
adsorption results in Fig. 1b reveals that the porosity of
UiO-66-NH, slightly decreased compared with the UiO-66.

As shown in Table 1, This decrease in the porosity prob-
ably was responsible for the additional functional group of
the organic moieties.

The FTIR spectra of UiO-66 and UiO-66-NH, are shown
in Fig. 2a. A C-N stretching and sharp N-H wagging band
were observed at 1,260 and 762 cm™, respectively, which
indicates the existence of the NH, groups [30]. The TGA
(Fig. 2b) shows that the thermal stabilities of the UiO-66s
were slightly reduced due to the introduction of amino
functional groups.

3.2. Adsorption results
3.2.1. Adsorption of diflunisal

Three adsorbents including UiO-66, UiO-66-NH,, and
AC were used for diflunisal adsorptions, respectively. The
adsorption performances were tested for a contact period of
1-10 h. The solid lines in Fig. 3 describe the linear plots of
the pseudo-second-order rate equations using the following
Eq. (2):

e @)

where g, (mg/g) was the amount adsorbed at time ¢ (h);
g, (mg/g) was the amount adsorbed at equilibrium obtained
by linear changes of t/q, with time t; k (g/mg h) was the
pseudo-second-order rate constant.

The correlation parameters (R?) in Table 2 exhibit that
the adsorption data fit the pseudo-second-order model

Table 1
Textural properties of two adsorbents in this study

very well. Fig. 3 shows that the adsorption of diflunisal with
UiO-66 and UiO-66-NH, was more effective than the AC. It
suggested that the adsorption of diflunisal by UiO-66s was
due to the presence of favorable interaction between the
UiO-66s and diflunisal (as shown in 3.3. Adsorption mecha-
nism). In addition, we found that the UiO-66-NH, had more
rapid adsorption of diflunisal compared with the UiO-66.
Therefore, besides a favorable interaction between UiO-66s
and diflunisal, the acid-base interactions were also wor-
thy of attention between the adsorbates and UiO-66-NH,
even with a decreased pore size of UiO-66-NH,.
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Fig. 1. (a) XRD patterns of the UiO-66s and (b) nitrogen adsorp-
tion isotherms.

Adsorbents SA, (m*g™) PV, ., (cm’g™) PV, icropore (cm®g™)
UiO-66 1,561 0.55 0.49
UiO-66-NH, 1,190 0.45 0.40
AC 1,387 0.51 0.46

AC: activated carbon.
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The adsorption isotherms were obtained through occur-
ring for the adsorption of diflunisal from a range of difluni-
sal concentrations (10-50 mg L™) for sufficient time of 10 h
and they are shown in Fig. 4. Langmuir isotherm was used
to exhibit the results and it was plotted according to the
Langmuir equation [30]:

c_C,1

. Q, Qb ®

where C, (mg/L) was the equilibrium concentration and
Q, (mg/g) was the maximum adsorption capacity; b (L/mg)
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Fig. 2. (a) FTIR spectra and (b) TGA patterns of UiO-66s.

Table 2
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was the Langmuir constant and g, (mg/g) was the amount
adsorbed at equilibrium.

The Q, values were summarized in Table 2 and they
showed that compared with the AC, the UiO-66s could
adsorb a much higher amount of diflunisal. In addition,
as shown in Table 2, UiO-66-NH, had a higher adsorption
capacity than the virgin UiO-66. In most cases, the Q, value
was determined by the pore volume and surface area of
the adsorbents [30,31], but in the present study, the effects
of functionalization were evident. The basic functionalized
UiO-66 (with NH,) led to acid-base interactions during the
adsorption of diflunisal due to the acidity from the difluni-
sal. So functionalized adsorbents with basic NH, groups
could increase the adsorption capacity of diflunisal in this
study. A comparison between this work and previous data
are presented in Table 3. It shows good adsorption capacity
and wide-range use of UiO-66 and UiO-66-NH, in removing
PPCPs.

3.2.2. Adsorption of salicylic acid and carbamazepine

The efficiencies of the studied adsorbents (virgin UiO-
66, UiO-66-NH,, and AC) in salicylic acid and carbamaze-
pine adsorption were tested for a contact period of 1-10 h.
The results are shown in Figs. 5a and b, respectively.
The adsorption capability of salicylic acid was in the order:
UiO-66-NH, > UiO-66 > AC. The reason for this could be
explained that salicylic acid had a similar structure with
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Fig. 3. Adsorption fit by the pseudo-second-order kinetics model
of diflunisal over three adsorbents.

Calculation results of the pseudo-second-order kinetic model and Langmuir isotherms with correlation coefficients (R?) for

adsorption of diflunisal over three adsorbents

Adsorbents Pseudo-second-order kinetics Langmuir isotherms

R’ 9. (mg g™ R q, (mg &™)
UiO-66 0.996 116.1 0.997 109.5
UiO-66-NH, 0.999 148.6 0.997 136.6
AC 0.997 88.5 0.994 83.3




W. Zhou et al. / Desalination and Water Treatment 191 (2020) 231-238 235

200
160
1204 e
TQ’
E o]
o
—u— Ui0-66-NH
7 —e UiO66
AC
0 T T T T T T T T T
0 10 20 30 40 50
C.(mgL")

Fig. 4. Adsorption isotherms of diflunisal over the UiO-66s
and AC at 26°C.

Table 3

A comparison between this work and previous data
Adsorbents q,(mgg™) PPCPs References
UiO-66 58.5 Toluene [32]
UiO-66 189 diclofenac [36]
UiO-66 109.5 diflunisal This work
UiO-66-NH, 106 diclofenac [36]
UiO-66-NH, 136.6 diflunisal This work

diflunisal. But the carbamazepine adsorption capability had
a different tendency: UiO-66 > UiO-66-NH, > AC. The lower
adsorption of carbamazepine by UiO-66-NH, compared
with the virgin UiO-66 could be explained in terms of the
Lewis base-base repulsion between the basic NH, groups
of the UiO-66-NH, and the basic carbamazepine [33]. The
adsorption isotherms of salicylic acid and carbamazepine
are obtained in Fig. 6b and the results were consistent with
the adsorption kinetics.

3.3. Adsorption mechanism

It was well-known that the Q, of porous adsorbent
increased due to the increase of surface area. The nitrogen
adsorption results in Fig. 1b reveals that the virgin UiO-66
had the highest BET surface area and Table 1 shows that all
three adsorbents had sufficient total pore volume and micro-
pore volume. At the same time, they all contained a certain
amount of mesopores. Such a pore size distribution facil-
itated the mass transfer process of the adsorbed molecules
from the surface of the adsorbent through the macropores
to the mesopores to the micropores, and finally immobi-
lized on the adsorbents [34]. Although UiO-66-NH, had less
porosity than virgin UiO-66, it showed better adsorption per-
formances for diflunisal and salicylic acid. It meant that the
functional groups of the UiO-66-NH, increased the adsorp-
tion of diflunisal and salicylic acid. Conventional acid-base
interaction was used to explain this phenomenon. However,

0.12
@)
0.10 1 +Ui0—66-NH2
—e— Ui0O-66
0.08] AC e
g 0.06
(e)]
£
I 0.044
0.02
00o+——FF—— 7
0 2 4 6 8 10 12
t(h)
0.12
(b)
010 —=— UiO-66-NH,
—e— Ui0-66
0.08 AC .
g 0.06 -]
()]
<
I 0.04+
0.02
| &
000 T T T T T
0 2 4 6 8 10 12

Fig. 5. Adsorption kinetics on (a) salicylic acid and (b) carbamaz-
epine over the UiO-66s and AC.

the Q, of carbamazepine was reduced by the functionaliza-
tion of UiO-66, which was due to the base-base repulsion
between the NH, groups of the adsorbent and the NH, group
of carbamazepine. n—r interaction between the benzene rings
of UiO-66s and organic pollutants played a crucial role in
adsorption [35].

Fig. 7 is used to describe the relationship between solu-
tion pH and the adsorption of diflunisal over UiO-66 [36].
The pKa of diflunisal was about 3.5 and the isoelectric point
of UiO-66 was about 5.5. It meant that when the pH was >3.5,
the adsorbate existed in a deprotonation form. In addition,
the surface charge of UiO-66 maintained a positive value
at a pH of ~5.5. Thus, electrostatic interactions between the
diflunisal of deprotonation form and the UiO-66 with the
positively charged surface, especially when the pH was <5.5,
might be used to describe the advantageous adsorption of
diflunisal. Fig. 7 shows that when solution pH was higher
than 5.5, both diflunisal and the UiO-66 become negatively
charged, which reduced the amount of diflunisal adsorption
over the UiO-66. In addition, when the amount of neutral
diflunisal molecules rising (pH < 3.5), the adsorption amount
of diflunisal also decreased. Therefore, the adsorption of difl-
unisal decreased in the solution with both lower and higher
pHs (Fig. 8).
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Fig. 7. The relationship between solution pH and the adsorption
of diflunisal over UiO-66.

3.4. Reusability and competing ions

Reusability of adsorbents was considered as a cru-
cial standard for applications. Therefore, in this study, the
reusability of UiO-66-NH, was evaluated through wash-
ing regeneration by ethanol treatment for diflunisal. From
Fig. 9 it can be concluded that the adsorption capacity of the
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Fig. 8. Effect of solution pH on the adsorbed amounts of difluni-
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Fig. 9. Reusability of UiO-66-NH, for the adsorption of diflunisal
after ethanol washing.

recycled UiO-66-NH, for diflunisal did not decrease obvi-
ously. Therefore, UiO-66-NH, can be used as a highly effi-
cient regenerative adsorbent for the removal of diflunisal.

It is well-known that competing ions which exist in
natural water can cause adsorption interference, which has
an effect on the removal efficiency of the adsorbents, such
as (CI'), (SOF), and (Na*). Therefore, as shown in Fig. S1,
when the concentration of (CI) or (Na*) reached 50 mg/L,
the adsorption capacity of UiO-66-NH, hardly decreased
and when (S02°) was present in water, the adsorption effi-
ciency of UiO-66-NH, only decreased by 10%. Besides, the
diflunisal adsorption efficiency over UiO-66 was almost
unchanged even if common competing ions were present
in the water. The experimental results showed that UiO-
66-NH, and UiO-66 had good selectivity in the adsorption
of diflunisal.



W. Zhou et al. / Desalination and Water Treatment 191 (2020) 231-238 237

4. Conclusion

Virgin UiO-66 and UiO-66-NH, were applied in adsorp-
tion removal of PPCPs. The UiO-66s remarkably improved
the adsorption of diflunisal, salicylicacid and carbamazepine
compared with commercial AC. some specific interactions
like n—n interaction (between the benzene rings of UiO-66s
and organic pollutants) and electrostatic interactions (espe-
cially at pHs < 5.5) were used to explain the advantageous
adsorption. Besides, UiO-66-NH, had a better performance
in adsorption of diflunisal and salicylic acid than the virgin
UiO-66, but the opposite trend was observed in adsorptive
removal of carbamazepine. Favorable acid-base interactions
and base-base repulsion between adsorbent and adsorbate
could explain the adsorption performance, respectively.
Finally, the UiO-66s could be regenerated by simply wash-
ing with ethanol. As a result, it could be viable to adsorptive
removal of some PPCPs by using the UiO-66s.
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Fig. S1. Effects of competing ions on the adsorption of diflunisal over UiO-66-NH, (a) and UiO-66 (b). Conditions: adsorbent 10 mg;
diflunisal solution 50 mL (50 mg/L); pH = 5; temperature 26°C; ion concentration 50 mg/L.
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