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KEYWORDS Abstract A new adsorbent was successfully fabricated by chemically linking pyromellitic acid onto
Palladium: a zirconium-based metal-organic framework composite for selective adsorption of Pd(II) from an
Adsorption; aqueous solution. The adsorbent was characterized by Fourier transform infrared spectroscopy,
Mechanism; Brunauer—-Emmett-Teller equation and scanning electron microscope. The adsorption capacity,
MOF selectivity and repeatability of the adsorbent were tested by batch experiments. The optimum pH

was 2.0, and the maximum adsorption capacity at room temperature was 226.1 mg/g. In the kinetic
experiments, the adsorption process achieved equilibrium within 5 h and generally conformed to the
quasi-second kinetics and Freundlich isotherm model. The N-H and O—H groups on the adsorbent
interacted with Pd(II) by electrostatic and coordination action. The adsorbent maintained excellent
adsorption capacity after at least 5 cycles. At the same time, the selectivity of the adsorbent in aque-
ous solution is excellent from interfering ions. Therefore, the new adsorbent will have an obvious
application prospect on the recovery of palladium.
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1. Introduction

In today’s world, palladium is an indispensable material for
industry due to its specific physical and chemical properties
(Morcali and Zeytuncu, 2015). These industrial activities
including the electronic, catalytic and jewelry industries gener-
ate a large amount of wastewater containing Pd(II) (Das, 2010;
Park et al., 2012; Won et al., 2013). On the hand, water con-
tamination is one of the most preeminent global issues. Pd
(IT) solution is essentially carcinogenic and will devastate liver
and kidney (Kielhorn et al., 2002; Li et al., 2018). On the other
hand, the natural sources of palladium are scarce and the con-
tent of Pd(II) in wastewater is much higher than that in natural
ores. Therefore, it is important to recover Pd(II) ions from
aqueous solutions.

In order to recover effectively Pd(II) ions from aqueous
solutions, various technologies (e.g. solvent extraction, solid
phase extraction or ion-exchange, electrochemical recovery,
co-precipitation, reverse osmosis, membrane separation and
adsorption) have been developed (Els et al., 2000; Xie et al.,
2018; Ozturk et al., 2011; Pang et al., 2018; Truong and Lee,
2018; Wu et al., 2019). In contrast, adsorption has been consid-
ered as one of the most outstanding technologies for recycling
Pd(II) ions from aqueous solutions and wastewater. Because it
is simplicity, less chemical sludge generation and high effi-
ciency (Yu et al., 2019). In recent years, researchers have devel-
oped a variety of adsorbents to recover Pd(II) ions such as
chitosan (Kumar et al., 2015), montmorillonite (Baki et al.,
2014), silica (Dai et al., 2017) and so on. However, traditional
adsorbent has limitations such as low adsorption capacity and
the lack of functional and structural tunability. Therefore, it
was essential to develop a new efficient absorbent.

In this regard, metal-organic frameworks (MOFs) have
received more and more interests on account of its large speci-
fic area, exposed active sites and tunable pore sizes and shape
(Wang et al., 2019; Zhu et al., 2017). MOFs were applied to
remove a variety of pollutants such as dyes (Oveisi et al.,
2017), metal ions (Bakhtiari and Azizian, 2015), organic com-
pounds (Zhou et al., 2017), herbicides (Sarker et al., 2017) and
humic acid (Abdullah et al., 2018). However, MOFs has some
disadvantages, such as poor adsorption capacity, selectivity
and reusability. Therefore, MOFs must be functionalized with
specific functional groups. The aminated Zr-based MOF (UiO-
66-NH,) has aroused a wide research interest because of its
high thermal and chemical stability, and easy functionalization
(Katz et al., 2013). UiO-66-NH, has been covalently modified
by several groups for a variety of adsorption applications.
UiO-66-NH, functionalized by thiourea, isothiocyanate and
isocyanate exhibited excellent adsorbability for heavy metal
ions (Saleem et al., 2016). The dimethyl-functionalized UiO-
66 showed high reliability for CO, uptake in comparison with
analogous UiO-66 type MOFs (Huang et al., 2012). UiO-66
modified by polyurethane oligomer presents selective uptakes
of hydrophilic dyes from aqueous solution (Yao et al., 2016).
So, the functionalization of UiO-66-NH, with different active
functional groups provides a promising opportunity for selec-
tive separation and capture of noble metal ions from solution.

In this research, UiO-66-NH, was functionalized with
pyromellitic acid and used as a new adsorbents to selectively
recover Pd(II) from solutions. The effect of its optimum pH,
initial Pd(IT) concentration and adsorption time on the uptake

performance was investigated. A multi-ion solution was used
to detect the selectivity of the adsorbent. In addition, the
adsorption mechanism and repeatability of the adsorbent
toward Pd(II) ions, as well as the isotherms and kinetics during
adsorption, were investigated.

2. Experimental

2.1. Materials

Zirconium tetrachloride(ZrCly), N,N-dimethylformamide
(DMF) and pyromellitic anhydride were supplied by Shanghai
Macklin Biochemical Co. Ltd. 2-Aminoterephthalic acid was
purchased by Aladdin Chemistry Co. Ltd. Nanjing Chemical
Reagent Co. Ltd. provided thiourea(99%), sodium hydroxide
(99%), PdCl,(60%), CuCl,(99.9%), PbCl1,(98%) and ZnCl,,
hydrochloric acid(37%). All of the above reagents were of ana-
lytical grade and had not been further processed. In addition,
distilled water was obtained in the laboratory.

2.2. Methods

2.2.1. Preparation of pyromellitic acid modified-UiO-66-NH,

The functionalization of UiO-66-NH, was displayed in
Scheme 1. Firstly, UiO-66-NH, was synthesized according to
the reported method (Katz et al., 2013). One gram of
2-aminoterephthalic acid and one gram of zirconium tetrachlo-
ride were mixed into 50 ml of DMF. Then it was put into a
three-necked reactor and hold for 24 h at 413 K. The solid
was separated by centrifugation and then rinsed 5 times with
DMF. After washed 5 times with absolute ethanol, the solid
was dried at 350 K for 8 h. Finally, 1.5 g of pyromellitic dian-
hydride, 50 ml solution of DMF and 1 g of UiO-66-NH, were
introduced to the three-necked reactor and hold for 24 h at
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Scheme 1  Synthesis process of the pyromellitic acid modified-
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350 K. The solid was recovered by centrifugation and washed
with DMF and distilled water 5 times. After drying for 8 h, the
pyromellitic acid modified-UiO-66-NH, was obtained.

2.2.2. Adsorption test

Batch experiments were implemented at room temperature.
The pyromellitic acid modified-UiO-66-NH,(10 mg) was
mixed with 15 ml of Pd(II) ions solution(100 mg/L) and shaken
at 280 rpm. After separated at 9800 rpm for 3 min, the residual
Pd(II) ions in the solution were measured by atomic absorp-
tion spectrum (AAS). Egs. (1) and (2) are used to calculate
removal the rate (R%) and the adsorption capacity at equilib-

rium (q;, mg/g):

R=S"5 % 100% (1)
Co
_ Co — Cy

q, = XV (2)

m

The initial and remaining concentrations of Pd(II) ions
were replaced by Cy (mg/L) and C, (mg/L), respectively. V
(L) is the solution volume and m (mg) is the weight of the
pyromellitic acid modified-UiO-66-NH,.

2.3. Characterization methods

Nicolet iS50 Fourier transform infrared spectrometer (FT-IR,
USA) was applied to record the change of the infrared spec-
trum for UiO-66-NH, during the modification. Brunauer—E
mmett—Teller equation (BET) measured the BET surface areca
of the samples. The non-local density functional theory
(NLDFT) analyzed the pore size. The morphology of the
metal organic framework composite was analyzed by JSM-

3. Results and discussion

3.1. Characteristic of the pyromellitic acid modified-UiO-66-
NH,

FT-IR spectra of UiO-66-NH»and the pyromellitic acid
modified-UiO-66-NH, were collected Fig. 1. The absorption
bands at 3456 cm ™" and 3348 cm ™' derived from the symmet-
rical and asymmetrical stretching vibration of —NH, in FT-IR
spectra of UiO-66-NH, (Jermakowicz-Bartkowiak, 2005; Tang
et al., 2000). The peak at 1656 cm™! came from the N-H bond.
The absorption band at 1572 cm™" derived from asymmetric
vibration of the carboxyl groups. The absorption band at
1385 cm™" originated from C—O bond (carboxylic acid). The
absorption band at 1258 cm™" originated from the stretching
vibration of C—N (Xavier and Gobinath, 2012). After modifi-
cation with pyromellitic acid, the absorption bands at
3456 cm™! and 3348 cm~' (—NH,) disappeared, and a new
absorption band appeared at 3372 cm~!' (—OH/O—H). Obvi-
ously, the disappearance of the absorption band at
1656 cm™! and the enhanced intensity of absorption band at
1572 ecm™! certified the reactions of amino and carboxyl
groups.

The pore size distribution is crucial for the adsorption
capacity (Jeong et al., 2012). Therefore, the BET is test
(Fig. 1a and Table 1). The pyromellitic acid modified-UiO-

Table 1 Surface area, average pore radius and total pore
volume of UiO-66-NH, and the pyromellitic acid modified-
UiO-66-NH,.

7100F (JEOL). Zeta potential analyzer (Brookhaven Instru- Category UiO-66-  The pyromellitic acid modified-
ments Co., Austin, TX, America) were employed to detect NH, Ui0-66-NH,
the isoelectric points of the pyromellitic acid modified-UiO- Surface area (m?/g) 702.21 396.71
66-NH,. The ions concentrations was detected by atomic Average pore 1.17 1.08
absorption spectrum (AAS,AA-7000) and XPS (Thermo Sci- Radius (nm)
entific Co., 1486.6 eV radiation source of monochromatized Total pore volume  4.11 2.14
Al K-alpha, U.S.A) was used to investigate the surface chem- (cm’/g)
ical states of the pyromellitic acid modified-UiO-66-NH,.
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Fig. 1
Ui0-66-NH, (b).
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FT-IR spectra of UiO-66-NH, and the pyromellitic acid modified-UiO-66-NH, (a) and BET of the pyromellitic acid modified-
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UiO-66-NH2

The pyromellitic acid
H>

Fig. 2 The scanning electron micrograph of UiO-66-NH,and the pyromellitic acid modified-UiO-66-NH,.

66-NH; had an excellent average pore diameter of 1.08 nm and
is microporous. At the same time, the specific surface area of
the pyromellitic acid modified-UiO-66-NH, is 282.08 m?/g.
Fig. 2 is the scanning electron image of UiO-66-NH, and the
pyromellitic acid modified-UiO-66-NH,. Their sizes were 2.4
6 £ 0.64 nm and there was no obvious difference in the size.
This showed that the adsorbent maintains good stability after
post-modification.

3.2. Influence of initial pH on adsorption

The actual pH value of the solution has a remarkable influence
on adsorption property by interacting with the active func-
tional groups of the adsorbent. Especially, pH will affect the
species and surface charge of palladium ions. In order to avoid
the hydrolysis of Pd(II), the pH value is set between 1.0 and

100]
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Fig. 3

Influence of solution pH (a) and zeta potential (b) and Acid-base stability (c) of the pyromellitic acid modified-UiO-66-NH,.

(pH:1-5, Temperature: 298 K, Time: 24 h, Pd(II) concentration: 100 mg/L).
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5.0. 10 mg of the pyromellitic acid modified-UiO-66-NH, was
added to Pd(II) solution(15 ml) and shaken for 24 h at room
temperature. After separated, the remaining Pd(IT) concentra-
tion was measured. Fig. 3a displayed the influence of different
pH values on adsorption. The removal rate of Pd(II) increased
when the pH values changed from 1.0 to 2.0. The hydrogen
ions competed the anchoring sites with Pd(II) at lower pH,
resulting in the decrease of the adsorption capacity(Sharma
and Rajesh, 2016). The adsorption percentage of Pd(II) was
significantly reduced at a pH greater than 2.0, which can be
attributed to the competition of hydroxyl complexs such as

PdCl,(OH)*", Pd(OH), and Pd(OH),”" for active adsorption
sites(Hubicki and Wotowicz, 2009). The removal rate had only
a slight increase in the pH range of 3.0 to 5.0. So, the optimal
pH was 2.0.

For exploring the adsorption mechanism of Pd(II), Zeta
potential of the pyromellitic acid modified-UiO-66-NH, was
detected in different pH solutions. The equipotential of the
pyromellitic acid modified-UiO-66-NH, was at pH 3.2
(Fig. 3b). When the pH was less than 3.2, the pyromellitic acid
modified-UiO-66-NH, was positive in aqueous solution. Cor-
respondingly, the Pd(II) solution began to be negative after
the pH was greater than 1.3. When the pH was greater than
3.2, the pyromellitic acid modified-UiO-66-NH, was negative
in water, while the Pd(II) solution was still negative. So, there
was electrostatic interaction between Pd(II) ions and the
pyromellitic acid modified-UiO-66-NH, in the range of pH
from 1.3 to 3.2. When the pH was too low, high concentrations
of hydrogen ions compete with Pd(II) ions for adsorption sites
on the pyromellitic acid modified-UiO-66-NH,. When the pH
was too high, the carboxyl group on the surface of the
pyromellitic acid modified-UiO-66-NH, was electronegative,
leading to electrostatic repulsion between palladium ions and
the pyromellitic acid modified-UiO-66-NH,.

Fig. 3c is the stability experiment of adsorbent based on the
change of mass. 10 mg the pyromellitic acid modified-UiO-66-
NH, was mixed with 15 ml water in the range of pH from 1 to
6 and shake for 24 h. After centrifugation and drying, the mass
of the solid was weighed. As can be seen from the figure, the
weight of the adsorbent has decreased within the experimental

220
200- —=—Removal 1100
180+ —=—q, (mg/g) ”
160F |
S\i 140+ 1805
—~120- )
s v £
2100 470~
£ ] &
W 80_
~ 160
601 |
40- \ sq
20+ -
9 1 1 1 1L 1 40

10 15 20
Dosage (mg)

Fig. 4 The effect of the amount of adsorbent on adsorption (pH:
2, Temperature: 298 K, Time: 24 h, Pd(IT) concentration: 100 mg/L).

error. It may be caused by the operation during the experi-
ment. It shows that the pyromellitic acid modified-UiO-66-
NH, has good stability at different pH.

3.3. Influence of the amount of adsorbent

In order to study the influence of the amount of adsorbent, the
Pd(II) concentration is100 mg/L and pH is 2.0. The dosage of
adsorbent ranges from 1 to 20 mg and the adsorption time is
24 h at 298 K. Fig. 4 indicated the effect of adsorbent dosage
on Pd(II) uptake and removal percentage. The adsorption
capacity decreases with an increase in the adsorbent dosage
from 1 to 20 mg. The maximum uptake was achieved with
5 mg and the minimum uptake occurred at 20 mg dosage.
Therefore, the number of Pd(II) adsorbed on the adsorbent
decreased when the dosage of adsorbent increased, leading to
lower uptake. On the other hand, the removal efficiency
enhanced from 21.4% to 97.2% with the increase of the
dosage. The maximum Pd(II) removal occurred at the greatest
dose (20 mg). This is due to an increase in the available active
adsorption sites.

3.4. Influence of adsorption time and adsorption kinetics

The influence of the adsorption time was explored. 10 mg of
the pyromellitic acid modified-UiO-66-NH, was put into
15 ml of Pd(II) solution (100 mg/L) at 298 K. Experiments
were mainly conducted between 0 and 900 min. The removal
efficiency of Pd(II) reached half of the maximum adsorption
capacity at 30 min, and then the adsorption speed was slowed
down (Fig. 5a). Finally the adsorption equilibrium was
attained at 300 min. Before the adsorption equilibrium
(300 min) was achieved, the adsorption sites on the pyromel-
litic acid modified-UiO-66-NH, surface are sufficient, but the
contact time was limited, resulting in only the part adsorption
of the Pd(II) ions. As the adsorption time continued to
lengthen, the contact sites were in full contact with the Pd
(IT) ions until the adsorption equilibrium is reached. After
300 min, the adsorption sites on the surface of the the pyromel-
litic acid modified-UiO-66-NH, were fully occupied and no
more Pd(II) ions were adsorbed.

For exploring the adsorption mechanism of Pd(II), the
adsorption kinetics was investigated by the three models.
Lagrange’s pseudo-first order model was represented by Eq.
(3) for adsorption of various liquid-solid systems (Wang
et al., 2010). The pseudo second-order model contains the
equilibrium equation of mass and the second derivative of rate
and the control step is chemisorption (Shahwan, 2014). Eq. (4)
is used to represent the pseudo second-order model. The rate
of adsorption was dominated by intraparticle diffusion in some
system with high concentration of adsorbate, intense agitation
and larger adsorbents (Malash and El-Khaiary, 2010). Eq. (5)
is used to represent the intraparticle diffusion model.

In(q, — q,) = Ing, — kit (3)

t 1 t
— ot 0
q, kg q,

g, =ki'? +D (5)
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Fig. 5 (a) Influence of absorption time on adsorption capacity; (b) Pseudo-first-order model; (c) Pseudo-second-order model; (d)

Intraparticle diffusion model (pH:2, Temperature: 298 K, Pd(II) concentration: 100 mg/L).

The adsorption capacity of Pd(II) at time t and equilibrium
time are represented by q, and q,, respectively. k;, k, and kde-
noted the rate constants of the pseudo first/second-order and
intraparticle diffusion models, respectively. The boundary
layer thickness is expressed by D.

The corresponding parameters of the kinetics equations are
shown in Table 2, and the linear relationship is shown in
Fig. 5b—d. Their correlation coefficient (R?) presented such a
relationship: intraparticle diffusion (0.73594) < pseudo first-

Table 2 The parameters of kinetics models.

Kinetics model Parameters Values
Pseudo-first-order ki —0.0058

R2 0.928

de 62.23
Pseudo-second-order ko 0.0067

R2 0.999

de 148.37
Intraparticle diffusion k3 3.43

R? 0.736

order (0.92834) < pseudo second-order (0.9995). The equilib-
rium adsorption capacity of the pseudo second-order model
(148.37 mg/g) is far higher than that of the pseudo first-
order model (62.23 mg/g). Moreover, the actual equilibrium
adsorption capacity was 144.32 mg/g, which was close to the
data of the pseudo second-order model. Therefore, the Pd(II)
adsorption can well be explained by the pseudo second-order
model. The chemisorption is the determining step. That is to
say, the interaction between Pd(II) ions and the recognition
groups mainly rely on the chemical interaction. As can be seen
from Fig. 4d, the linear relationship of the intraparticle diffu-
sion model can be divided into three regions. In the region I
(t < 60 min), there are sufficient anchoring sites on the surface
of the pyromellitic acid modified-UiO-66-NH,, so the adsorp-
tion capacity increases sharply with time. Region II
(60 min < t < 240 min) showed a gradual decrease in adsorp-
tion capacity due to a decrease in available binding sites. In the
region III (240 min < t < 9000 min), the adsorption equilib-
rium is gradually reached. The intercepts of the three regions
all exceed 0, so that the whole adsorption process is compli-
cated, and it is known that intraparticle diffusion is also a fac-
tor for controlling the adsorption rate (Harja and Ciobanu,
2018).
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Influence of initial Pd(IT) concentration (a), linearized Freundlich (b), Langmuir (c), Temin (d) and Hill (e) isotherm models for

Pd(IT) adsorption on the pyromellitic acid modified-UiO-66-NH,. (pH: 2, Temperature: 298 K, Time: 24 h).

3.5. Influence of initial concentration and adsorption isotherms

The initial Pd(II) concentration also had an effect on the
adsorption capacity. 10 mg of the pyromellitic acid modified-
UiO-66-NH, was put into Pd(II) ions solutions with different
concentrations (100, 150, 200, 300, 400, and 500 mg/L). It was
seen from Fig. 6a, as the concentration of Pd(II) ions
increased, the adsorption capacity of the adsorbent increased.

When the Pd(II) ion concentration was low, the Pd(II) ions
were insufficient to the anchoring sites on the adsorbent. How-
ever, as the concentration increased, the anchoring sites on the
adsorbent and the Pd(II) ions were fully combined and satu-
rated at 300 mg/L. The maximum adsorption capacity of Pd
(II) is 226.1 mg/g.

This adsorption isotherm indicated that the interacted way
of the adsorbent with the Pd(II) ion and expressed the relation-
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ship between the adsorption capacity and concentration. The
Freundlich, Langmuir, Temkin and Hill isotherm models are
used to study the adsorption capacity and equilibrium Pd(II)
concentration at pH 2.0. The Freundlich equation describes
heterogeneous systems and reversible adsorption, both multi-
layer and monolayer (Wang et al., 2016). The Langmuir
adsorption isotherm described that adsorption is a single layer
adsorption on an identical surface, adsorption-desorption

Table 3 The parameters of different isotherms models.

Isotherm Model Parameter  Parameter Value
Freundlich Kp(mgg (L mg™! )'/“) 8.12
1/n 0.11
R2 0.988
Langmuir Ky (L/g) 1.96
R2 0.780
Temkin Br(J/mol) 20.23
Kr(L/g) 1.00
R? 0.944
Hill Kg(L/g) 9975.53
N —0.094
R2 0.813

Table 4 Comparison of the adsorption capacity for the Pd(II)
ions onto the pyromellitic acid modified-UiO-66-NH, and
other adsorbents reported in literature.

maintain a dynamic equilibrium (Arief et al., 2010). Temkin
equation presumed that the molecules adsorption heat would
linearly decline with the fraction of coverage in the layer
because the interaction between very low and very large con-
centration values was neglected (Aratjo et al., 2018). The Hill
isotherm model describes the relationship of different adsor-
bents on a uniform surface and the correlation between the
ligand binding capacity of a site and the different adsorption
sites on the surface (Tanzifi et al., 2017). The following linear
Egs. (6), (7), (8) and (9) respectively represented the isotherms
of the Freundlich, Langmuir, Temkin and Hill isotherm
models:

1
lgg, = 1gKr + Zlgcb (6)
1 1 1 1
—=— — (7)
qb qm KLqm Cb
qy = BTII’IKT + BTI}’ZCb (8)
In(d2 =9y — K, + NInC, (9)

qb

In these equations, Cy is the equilibrium concentration of
Pd(II). K is a constant related to q., n is the adsorption inten-
sity, the maximum adsorption quantity is expressed by q,,, K.
is the Langmuir invariant, BrandKr is the adsorption heat and
the equilibrium association constant, respectively. K¢ is the
constant of Hill model.

Fig. 6b—e showed the Linear curve of four isotherm models
and their related parameters were listed in Table 3. Their cor-

adsorbents Gmax  Adsorption  References relation coefficient (R*) presented such a relationship: Lang-
(mg/g) time (min) muir < Hill < Temkin < Freundlich. According to the
EPPFR 1126 60 (Yi et al., correlation coefficientsR> (closest to 1) and 1/n (between 0.1
. 2016) and 0.5) of Freundlich, the adsorption the pyromellitic acid
PPF resin ILIT 840 (Xie et al, modified-UiO-66-NH, for Pd(II) ions preferentially obeyed
2016) Freundlich model (Srivastava et al., 2017). The process con-
PEI-PSBF 216.9 240 (Cho et al., 1. . .
formed to a multilayer adsorption or heterogeneous system
2016) ible adsorption. Finally, the Pd(IT) ions adsorbent
Gleine modified 12039 120 (Ramesh or reversible adsorption. Finally, the (I1) ions a sorbents
crosslinked chitosan resin et al., 2008) in other literatures was listed in Table 4 for comparison. It
PEL-modified biomass 176.8 30 (Won et al., can be found that although the adsorption equilibrium time
2011) of the pyromellitic acid modified-UiO-66-NH, is long, it has
the pyromellitic acid 226.1 300 This work excellent adsorption ability.
modified-UiO-66-NH,
100 120
- —s— Adsorption
@ & () —e— Desorption
ok % 100 "
o E« S l E«.mn[ i
So0f- = & .
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Fig. 7 Reusability (a) and BET after adsorption (b) of the pyromellitic acid modified-UiO-66-NH,
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3.6. Desorption and recyclability

In practical applications, the regenerative capacity is indis-
pensable for adsorbents. Thiourea is an important eluent for
Pd(II) ions because it has strong chelating action with Pd(II)
ions. 50 mg of the pyromellitic acid modified-UiO-66-NH,
was put to 75 ml of a Pd(II) solution (100 mg/L) and shake
for 10 h. Pd(II) ion concentration in supernatant was mea-

sured. Then, the precipitate was eluted with a thiourea eluent
for 10 h and washed with distilled water 5 times to obtain a
regenerated adsorbent. After five repetitions, the Pd(II)
removal rate was reduced from 93.2% to 78.2% (Fig. 7a). This
shows that the pyromellitic acid modified-UiO-66-NH, had
good stability and regenerability, and could maintain good
adsorption capacity after repeated regeneration. The weight
of adsorbent was decreased by 5.2 mg after 5 cycles. The speci-
fic surface area, pore diameter and pore volume of the adsor-
bent decrease to 273.59 m?/g, 2.46 nm and 0.12 cm*/g (Fig. 7b).

s These led to the reduction of the reusability of the adsorbent.
3.7. Selective adsorption
801
The adsorption selectivity of Pd(II) ions was explored from a
& solution including Cu(Il), Mn(I1l), Zn(1I), Pb(Il) and Pd(II).
%60# The concentration of all ions is 100 mg/L. Ten mg of the
g pyromellitic acid modified-UiO-66-NH, was put to 15 ml bin-
S ary system containing various ions. It was shaken at pH 2.0 for
g40r 24 h. After centrifugation, the concentration of all metal ions
& in supernatant was measured. The adsorption capacity of Pd
Sl (IT) exceeded that of other ions (Fig. 8).
q C,' — C/ 14
K==t = . 10
o G om 19
0 Cu Mn Zn Pb Pd
Metal ions K= - Kd(Au) (1 1)
Fig. 8 . Selective recovery of Pd(II) from aqueous solutions. dicoexiviing - ion)
(b) the pyromellitic acid
The pyromellitic acid modified-Ui0-66-NH,-Pd
modified-UiO-66-NH2
g
E ~
The pyromellitic acid ]
modified-Ui0-66-NH: ] PdO
after adsorption ) \ ‘ PdO
a
PN R LS DR T R R 1 . L ! L . L
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Wavenumber (cm™) 2Theta/deg
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Fig. 9 Infrared spectra (a) and XRD after adsorption (b) and SEM-EDS (c) of the pyromellitic acid modified-UiO-66-NH, after

adsorption.
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Table 5 The values of K; and K of metal ions.

The selection coefficient (K) and the distribution coefficient
(K4) are obtained by Egs. (10) and (11) (Zhang et al., 2017). ¢

Coexisting ions K, (mL/g) K and Cy respectively represent the adsorption capacity and
Pd+ 36670.9 _ residual concentration of the ions. K; and K of each metal
Cut 9.7909 37454 ion were collected in Table 5. The pyromellitic acid
Mn2+ 6.7366 5443.5 modified-UiO-66-NH, owns good selectivity for Pd(II) ions
Znt 143.437 255.66 from a interfering ion solution. The zeta potential of Cu®",
Pb>+ 133.84 273.99 Mn?", Zn**, Pb?>" and the pyromellitic acid modified-UiO-
Ols (@) ®)
Cls 337.7eV
The pyromellitic acid
Zr3p3 modified-Ui0-66-NH, 342.2eV
Nlis :
Ols
Cls The pyromellitic acid
modified-UiO-66-NH -Pd
A 1 A 1 1 A 1 A
® i Bi o 6(mv 900 333 336 338 340 342
ing energy (eV) Binding energy (eV)
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Fig. 10  XPS analysis of full spectrum, Pd3d, Ols and N1s of the pyromellitic acid modified-UiO-66-NH, before and after adsorption.
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HOOC

/

HOOG" A

COCH

Scheme 2 Adsorption mechanism of Pd(II) ions onto the pyromellitic acid modified-UiO-66-NH,.

66-NHj is positive at pH 2. The mutual repulsion decreases the
adsorption of the pyromellitic acid modified-UiO-66-NH, for
the interfering ions.

3.8. Adsorption mechanism

The infrared spectra of the pyromellitic acid modified-UiO-66-
NH; are shown in Fig. 9a before and after adsorption. After
adsorption of Pd(II) ions, the peaks of O—H and N—H groups
at 3372 em™' and 1497 em™' moved to 3414 cm™' and
1500 cm™", respectively. The shift was ascribed to the coordi-
nation between palladium ions and N(O)—H groups. Fig. 9b
is the XRD pattern after adsorption of Pd(IT). The peaks at
35.6° and 57.1° in the figure are the peaks belonging to Pd—O
(Mao et al., 2020). Fig. 9c is the SEM-EDS image after adsorp-
tion. It can be seen from the figure that Pd(II) is adsorbed on
the adsorbent.

XPS was also used for analysis the Pd(II) adsorption mech-
anism. After absorption of Pd(II), a peaks of Pd(II) at
337.7 eV appeared(Fig. 10a). Pd(II) is successfully adsorbed
by the pyromellitic acid modified-UiO-66-NH,. As shown in
Fig. 10b, XPS of Pd3d is mainly composed of two peaks
(337.7 eV and 342.2 eV) (Dobrzynska et al., 2019). They corre-
spond to Pd-N and Pd-O (oxide or hydroxide) compounds,
respectively. In Fig. 10c, d, the peak of C—O—H shifted from
531.9 eV to 520 eV(Xu et al., 2017). In Fig. 10e, f, the N—H
peak also slightly shifted from 399 eV to 400 eV. XPS indicated
also that there is coordination between Pd(II) ions and N—H,
O—H groups. So, the adsorption mechanism of Pd(II) ions on
the pyromellitic acid modified-UiO-66-NH, is mainly the coor-
dination and electrostatic interaction between Pd(II) ions and
N-H,O-H groups(Scheme 2).

4. Conclusions

A new MOF adsorbent was synthesized by modifying UiO-66-NH,
with pyromellitic anhydride to selectively adsorb Pd (II) from water.
The maximum adsorption capacity of Pd (II) was 226.1 mg/g at
pH = 2. Adsorption equilibrium was reached within 5 h. The calcula-

tion of the adsorption model shows that the adsorption isotherm is
good agreement with the Freundlich model, and the adsorption kinet-
ics is good agreement with the pseudo-second-order kinetic model. The
process is mainly control by multilayer chemisorption. Moreover, the
pyromellitic acid modified-UiO-66-NH, has good reusability and selec-
tivity. The coordination and electrostatic interactions between ions and
N-H, O-H groups are adsorption mechanisms. In short, the pyromel-
litic acid modified-UiO-66-NH, has broad prospects for the recovery
of Pd (IT) from water.
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