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Abstract

In this study, a magnetic metal-organic framework (MMOF) was synthesized and post-modified with poly(propyleneimine)
dendrimer to fabricate a novel functional porous nanocomposite for adsorption and recovery of palladium (Pd(II)) from aqueous
solution. The morphological and structural characteristics of the prepared material were identified by field emission scanning
electron microscopy (FESEM), X-ray diffraction (XRD), Fourier transform infrared spectroscopy (FTIR), Brunauer—-Emmet—
Teller (BET) isotherm, and vibrating sample magnetometer (VSM). The results confirmed the successful synthesis and post-
modification of MMOF. Semispherical shape particles (20-50 nm) with appropriate magnetic properties and a high specific
surface area of 120 m?/g were obtained. An experimental design approach was performed to show the effect of adsorption
conditions on Pd(II) uptake efficiency of the dendrimer-modified magnetic adsorbent. The study showed that the Pd(II) uptake on
dendrimer-modified MMOF was well described by the Langmuir isotherm model with the highest uptake capacity of 291 mg/g
under optimal condition (adsorbent content of 12.5 mg, Pd ion concentration of 80 ppm, pH = 4, and contact time of 40 min). The
adsorption kinetics of Pd(II) ions was suggested to be a pseudo-first-order model. The results revealed a faster adsorption rate and
higher adsorption capacity (about 43%) for dendrimer-modified MMOF. Finally, the reusability of the provided adsorbent was
evaluated. This work provides a valuable strategy for designing and developing efficient magnetic adsorbents based on MOFs for
the adsorption and recovery of precious metals.
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Introduction

In recent years, palladium (Pd) as a precious metal has re-
ceived increasing attention due to high industrial demands
for jewelry, medicine, electronics, fuel cell technology, and
catalysts (Mergola et al. 2020). However, the high value of Pd
and its low natural abundance make its recovery and reusabil-
ity economically feasible. Hence, the development of cost-
effective and efficient methods for the separation and extrac-
tion of Pd from industrial wastewater has become a big con-
cern. So far, conventional methods such as membrane separa-
tion, ion exchange, solvent extraction, adsorption, and micro-
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biological approaches have been widely used to recover or
separate Pd ion (B. Zhang et al. 2018; Lim et al. 2020).
However, most of these techniques have several drawbacks
including high costs, complicated processes, and poor selec-
tivity, which make their application rather questionable.
Adsorption technique, as the most attractive and competitive
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approach, is a cost-effective, simple operation, highly effi-
cient, and reliable approach (Molavi et al. 2018; El Salam
and Zaki 2018; Kousha et al. 2012; Qiu et al. 2017,
Hasanzadeh et al. 2019; Khan et al. 2019). Various adsorbents
such as activated carbon (Di Natale et al. 2017), graphene (J.
Li et al. 2019), biopolymers (Mincke et al. 2019; Elwakeel
et al. 2021; Elwakeel et al. 2013; El-Shorbagy et al. 2021),
magnetic composites (Donia et al. 2007), and nanofibers
(Moawed et al. 2016) have been developed to efficiently re-
cover the precious metals from dilute solutions.

Metal-organic frameworks (MOFs), as an emerging
nanoporous crystalline material with fascinating physico-
chemical features, have widely been considered for the ad-
sorption process. They exhibit high porosity, tunable pore
size, large specific surface area, and high thermal and chemi-
cal stability, which make them potentially suitable for many
applications (Khiarak et al. 2020; Moghadam et al. 2020),
especially for wastewater treatment (Hasanzadeh et al. 2020;
Hasanzadeh et al. 2019) and precious metal recovery (Khiarak
et al. 2020; Lin et al. 2018). Studies have shown the recovery
of Pd(Il) from acidic solution using MOFs with different
structures (Lin et al. 2019). Incorporation of nanomaterials
such as magnetic nanoparticles to MOF structures has shown
further improvement and rapid extraction of adsorbent on
wastewater treatment and metal recovery (Zhao et al. 2015;
Abdi et al. 2019; Hamedi et al. 2019). For instance, magnetic
copper-based MOF was successfully applied for the adsorp-
tion of palladium from different environmental samples
(Bagheri et al. 2012).

The surface modification and functionalization of magnetic
MOFs (MMOFs) are suggested which could provide more
potential adsorbents with active functional groups to improve
the adsorption efficiency (X. Zhang et al. 2020). Several ap-
proaches have been made for modification of MMOFs, such
as mercaptoacetic acid (Huang et al. 2016), poly(4-vinylpyri-
dine) (Li et al. 2020a, b), glutathione (Liu et al. 2018), and
cetrimonium bromide (CTAB) (Li et al. 20204, b). In a recent
study, magnetic MOF composite was modified with f3-
cyclodextrin to enhance the adsorption selectivity toward tri-
azole fungicides (Senosy et al. 2020). Dendrimers, as highly
branched three-dimensional structures, possess a large num-
ber of functional end groups which make them appealing for
adsorption-based applications. In recent years, great attention
has been paid to the dendrimer modification of common ad-
sorbents for metal uptake (Yen et al. 2017; Krawczyk et al.
2016; Kanani-Jazi et al. 2020) and wastewater treatment
(Hayati et al. 2015; Yang et al. 2019).

In this work, we studied the post-modification of magnetic
zirconium-based MOF nanocomposite with second-
generation poly(propyleneimine) (PPI) dendrimer for removal
of Pd(II) ions from aqueous solution. We have hypothesized
that the unique characteristics of highly stable nanoporous
zirconium-based MOF, as well as highly functional branched

dendrimer, could contribute to an efficient and sustainable
precious metal recovery. The magnetic property of Fe;Oy
nanoparticles also offers a simple and effective way for the
regeneration of adsorbents and recovery of metal ions. To our
knowledge, there is no report on literature dealing with the
adsorption of metal ions on such hybrid dendritic magnetic
nanostructures. The Pd(II) uptake on dendrimer-modified
MMOF (MMOF @PPI) was studied. The effects of four pa-
rameters including adsorbent content, Pd ion concentration,
solution pH, and contact time were investigated through re-
sponse surface methodology (RSM). Investigation of Pd(Il)
uptake capacity of MMOF@PPI was conducted through ad-
sorption kinetics and isotherms models.

Experiments
Materials

Zirconium chloride (ZrCly, purity > 98%), terephthalic acid
(purity > 98%), N,N-dimethylformamide (DMF), acetic acid
(HAc), ammonia (25%), palladium standard solution (1 g/L),
thiourea, hydrochloric acid, ethanol, and methanol were re-
ceived from Merck Co. (Germany). Iron chloride hexahydrate
(FeCl3-6H,0, purity > 99%) and iron chloride tetrahydrate
(FeCl,-4H,O0, purity > 99%) were obtained from Sigma-
Aldrich (USA). Second-generation PPI dendrimer was also
purchased from SyMO-Chem (Netherlands). All the
chemicals were analytical grade and were used without further
purification.

Synthesis of magnetic MOF (MMOF)

MMOF adsorbent was synthesized according to the reported
procedure (Far et al. 2020). First, Fe;0, particles in spherical
morphology were prepared by the coprecipitation method
(Huang et al. 2015). Briefly, FeCl3-6H,O and FeCl,-4H,O
in a 2:1 ratio were mixed with water under a nitrogen atmo-
sphere. After stirring at 80°C for 3 h, 25% ammonia was
added and stirring continued at the same temperature for 5 h.
The product was magnetically separated and washed with
water and dried at 70°C for 24 h. Then the MMOF material
was synthesized solvothermally on as-prepared Fe;O,4 parti-
cles. At first, a mixture of ZrCly (0.15 g), terephthalic acid
(0.13 g), DMF (80 mL), acetic acid (4 mL), and newly syn-
thesized Fe; O, particles (0.2 g) was prepared (Wu et al. 2018).
The mixture was transferred into a Teflon autoclave followed
by solvothermal treatment at 130°C for 12 h. After the auto-
clave cooled down to room temperature, the product was
washed three times with water and ethanol. Finally, the brown
MMOF particles were obtained by drying at 80°C for 12 h.
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Modification of MMOF with dendrimer (MMOF@PPI)

The MMOF particles (200 mg) were added to the dendrimer
solution (200 pL) and then it was stirred for 2 h at room
temperature. The modified MMOF particles (MMOF @PPI)
were separated using an external magnet, washed with meth-
anol and ethanol, and then dried at 40°C overnight. Scheme 1
shows the schematic representation of the MMOF @PPI syn-
thesis procedure.

Characterizations

Fourier transform infrared (FTIR) spectra of MMOF adsor-
bents were measured on Avatar FTIR spectrophotometer
(Thermo Nicolet, USA). The crystalline structure of synthe-
sized MMOF adsorbents was obtained using powder X-ray
diffraction (PXRD) (Philips, Expert Pro, Netherlands) with
Cu Ko« radiation. The vibrating sample magnetometer
(Meghnatis Daghigh Kavir Co., Iran) was also used to mea-
sure the magnetic properties of the MMOF adsorbents. The
morphology and size of synthesized MMOF adsorbents were
studied through field emission scanning electron microscopy
(FESEM, TESCAN, Mira 3, Czech Republic). The N,
adsorption/desorption isotherms of synthesized adsorbents
were determined at 77 K using the BELSORP-MINI II instru-
ment (BEL Japan, Inc.). The zeta potential of the dendrimer-
modified MMOF in deionized water was measured by the
WALLIS zeta potential analyzer (Cordouan Technologies).
The concentration of Pd ion before and after adsorption was
determined using ICP optical emission spectrometer
(Shimadzu, ICP-7000 ver. II).
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Adsorption experiments

The absorption experiments were performed at 25°C using pal-
ladium solutions with MMOF and MMOF @PPI adsorbents.
The effect of processing conditions (MMOF content, Pd ion
concentration, contact time, and pH) on the adsorption efficiency
was investigated. Aqueous solutions of Pd ion with different
concentrations (20—100 ppm) were prepared in deionized (DI)
water. A specific amount (10-20 mg) of MMOF adsorbent was
added into 50 mL of Pd aqueous solution and shaken using an
orbital shaker (Heidolph Unimax 1010, Germany) at 400 rpm.
The pH of each solution was adjusted on different values in the
range of 2—7 using HCI (0.01 M) and NaOH (0.01 M). At certain
time intervals (5—150 min), the MMOF adsorbent was separated
magnetically using an external strong magnet. Finally, the Pd ion
concentration was determined with the ICP-OES instrument. The
Pd uptake (g,) on the MMOFs at a given time (7) is calculated
based on the following equation (Igbal et al. 2016):

m

q,(mg/g) = (1)

where V (L) is the volume of the Pd solution, m (g) is the
mass of MMOF adsorbent, and Cy and C, (mg/L) are the Pd
ion concentration at = 0 and ¢, respectively.

Regeneration study

The reusability of MMOFs as an important characteristic of
adsorbents was investigated according to the procedure re-
ported in the literature (Lin et al. 2019). The Pd ion was
completely eluted from Pd-loaded MMOF and MMOF @PPI

drying

MMOF @ PPI particles
Magnetic separation

E

_______________

. PPI dendrimer
Stirring

Scheme 1 Schematic illustration showing the synthesis and dendrimer modification of MMOF
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adsorbents at pH 1.0 for 24 h, followed by rinsing three times
with 10 mL of acidified thiourea. Then it was rinsed twice
with 20 mL of HCI (0.1 M) and distilled water. Such
adsorption—desorption cycles were repeated twice.

Experimental design

The effect of adsorption process conditions on metal uptakes,
a statistical approach based on response surface methodology
(RSM), was carried out. Affecting parameters, including
MMOF @PPI content (mg), Pd ion concentration (ppm), and
contact time (min), were considered as independent variables,
and Pd uptake (mg/g) was a dependent variable (response).
The central composite design (CCD) consisting five levels
(coded as —alpha, —1, 0, +1, and +alpha) was utilized
(Table S1). The small CCD design matrix with corresponding
results of Pd uptakes on MMOF @PPI adsorbent is tabulated
in Table S2. The predicted response (Pd uptakes, Y) was
expressed by the following second-order polynomial equa-
tion:
n n=1 n

Y=ao+ Y oXi+ Y aiXi+ ¥ Y aXiX;+¢  (2)
=1 i=1 i=1j=2

Where X; and X; were coded values of independent vari-
ables. ayp, o, oy, and ay; were also regression coefficients for
the constant, linear, quadratic, and interaction effects, respec-
tively (Myers et al. 2009).

Results and discussion
Structural characterization

PXRD patterns of MOF and MMOF were obtained to
study their crystalline structure (Fig. la). It can be seen
that the MMOF particles exhibit the main diffraction
peaks of MOF (20 = 7.4, 8.6, and 25.7°) and Fe;0,. It
indicated that the crystalline MOF was successfully
grown onto the Fe;O4 surface. The successful modifica-
tion of MMOF with PPI dendrimer was followed by
FTIR spectroscopy of MMOF and MMOF@PPI (Fig.
1b). The characteristic peak of Zr-based MOF is visible
in the FTIR spectrum of MMOF (Hasanzadeh et al.
2019). The peaks at 746 and 660 cm ' illustrated the
Zr-O vibration of Zr-based MOF. The adsorptions of
carboxyl groups on the terephthalic acid ligands ap-
peared at 1395, 1585, and 1658 cm ! (Huo et al.
2019). In the spectrum of MMOF @PPI, the extra adsorp-
tion (around 1022 c¢m™') belonged to the CN stretching
vibration of the PPI dendrimer. Moreover, the increased
adsorption band around 3440 cm ' is attributed to both
O-H stretching vibration of adsorbed water and the N-H

stretching of PPI dendrimer primary amine groups (Kayal
and Chakraborty 2018). Therefore, the MMOF particles
were successfully modified with PPI dendrimer.

The nitrogen adsorption/desorption isotherm of MMOF
and MMOF @PPI adsorbents was obtained to analyze their
specific surface area and pore volume (Fig. 1c). They
showed a hybrid I/Il mixed type isotherm at 77 K with
H, hysteresis loop, consistent with previous literature
(Chen et al. 2019a, b; Huo et al. 2019). The obtained re-
sults exhibit the high BET surface area of 507 m%/g for
MMOF particles rather than Fe;O4 particles (about 11
mz/g), which is beneficial for the adsorption of metal ions.
The pore volume of MMOF adsorbent was also increased
to 0.58 cm?/g, suggesting successful synthesis of high spe-
cific surface area MOFs on magnetic particles. The BET
surface area of MMOF@PPI (120 m?*/g) was rationally
expected to slightly decrease due to the surface modifica-
tion of MMOF with dendrimer and surface coverage of the
particles. Although the modification of MMOF with den-
drimer leads to a reduction in the surface area, the provided
large number of functional ending groups could contribute
to efficient adsorption. Pore size distribution analysis of
MMOF and MMOF@PPI (Fig. 1d) indicated the
micromesoporous characteristics of magnetic adsorbents,
which facilitate the diffusion of metal ions to accessible
active sites within the pores.

Magnetic properties of the MMOF adsorbents were
further studied. The magnetic hysteresis loops of
MMOF and MMOF @PPI particles (Figure S1) revealed
the relatively soft ferromagnetic behavior of magnetic
adsorbents. Compared to that of MMOFs, higher satura-
tion magnetization and coercivity were obtained for
MMOF @PPI. The morphology of MMOF adsorbents
was observed by FESEM. Figure 2 has confirmed the
regular morphology with the semispherical shape of
MMOF particles. The particle size of MMOF is in the
range of 20-50 nm. Modification of MMOF with den-
drimer leads to the formation of aggregated irregular
microspheres.

Statistical analysis and model validation

The second-order polynomial equation was developed to
correlate the Pd uptakes (Y) as the function of
MMOF@PPI content (X;), Pd ion concentration (X3),
and contact time (X3) by using the analysis of variance
(ANOVA). The confidence level was selected to be
95%, which means the model terms will be significant
if their probability value is smaller than 0.05. The re-
sults of ANOVA (Table S3) confirmed that the model is
highly significant. Furthermore, it was concluded that
the terms X, X3, XoX3, X2, and X532 have no significant
effect on Pd uptake at the studied confidence level.
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Fig. 1 Characteristics of magnetic adsorbents. a XRD patterns of MMOF (the main diffraction peaks of MOF are marked as “*”), b FTIR spectrum, ¢
nitrogen adsorption/desorption isotherm, and d BJH pore size distribution of MMOF and MMOF @PPI adsorbents

Therefore, the final fitted regression equation in a coded where Xj, X5, and X3 represent the MMOF @PPI content,
unit is obtained as follows: Pd ion concentration, and contact time, respectively. The co-
. . . 2 : 2 2

R(%) = +146.16-24.88X | + 44.45X,~1.50X - efficient of determmatlo.n (R°) and ac.ljusted R (Radj ) are
—12.35X, X5 + 6.27 Xf 0.984 and 0.975, respectively, advocating a close agreement

Fig. 2 FESEM micrographs of a

MMOF and b MMOF @PPIL

materials
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between the model predicted data and the experiments
(Figure S2). The high adequate precision of 36.32 (the value
above 4) confirms adequate model discrimination. The obtain-
ed results suggested that the model was satisfactorily capable
of predicting the Pd uptakes on dendrimer-modified MMOF
adsorbents.

Figure 3 represents the 3D response surface and contour plot
of the Pd uptakes as the function of MMOF @PPI content (mg)
and Pd ion concentration (ppm) in the constant contact time of 50
min. It was found that as the amount of MMOF @PPI increased,
the Pd uptake decreased. This reduction intensified at a higher
level of MMOF@PPI content. This could be ascribed to the
splitting effect of flux between the Pd ion concentrations and
the dendrimer-modified MMOF surface. Increasing the
MMOF @PPI content causes a decrease in the amount of Pd
metal ions adsorbed onto the unit weight of MMOF @PPI. This
could also be responsible for increasing metal uptakes observed
with increasing initial Pd concentration.

The optimum conditions for efficient Pd uptakes were ob-
tained based on the RSM model. The variables were set in
their investigated range. The maximum Pd uptakes were pre-
dicted to be 235.6 mg/g at MMOF @PPI content of 12.5 mg,
Pd ion concentration of 80 ppm, and contact time of 40 min.
Further experiment at the optimal conditions was carried out
to confirm the predictivity of the regression model. An uptake
of 234 mg/g was obtained, demonstrating close agreement
with predicted Pd uptake.

Adsorption kinetics

The effect of contact time on Pd uptake on MMOF and
MMOF @PPI materials was assessed (Fig. 4). Figure 4a
shows that the adsorption capacity of Pd ions increased rap-
idly in 80 min and gradually reached equilibrium at 150 min.
A fast and efficient Pd ion uptake on both magnetic adsorbents

70N
o
N

2025

1275

Pd ion uptake (mg/g)

Lo
; 50 ce““mo
13740 o
0

Zg) ¥

was carried out in the first minutes. The Pd adsorption rate of
dendrimer-modified MMOF was found to be faster than the
unmodified one. The Pd uptake on both magnetic adsorbents
exhibits a fast initial Pd uptake followed by slow adsorption
until the equilibrium is reached. The equilibrium Pd uptake
(ge) on MMOF and MMOF @PPI was found to be about 204
and 291 mg/g, respectively.

Three kinetic models including intraparticle diffusion
(IPD), pseudo-first-order (PFO), and pseudo-second-order
(PSO) models were utilized to describe the kinetics of Pd
uptake on magnetic adsorbents by considering the following
equations (Oladipo et al. 2014; Embaby et al. 2018):

q,=Kpt™ +1 (4)
In(g,—q,) = Inq,~k:t (5)
t 1 t

R T 6
4, kg q, ©)

where Kp (mg/g'min®~) is the rate constant of interparticle
diffusion and 7 is the intercept representing the thickness of
the boundary layer. g, and ¢, are the Pd uptakes at equilibrium
and at a time ¢, respectively. k; (1/min) and &, (g/mg.min) are
also the rate constants of PFO and PSO models, respectively
(Ayub et al. 2019; Sharifi et al. 2019). The linear plots of
kinetic models are shown in Fig. 4. Table 1 summarizes the
calculated adsorption kinetic parameters for all models. The
obtained results indicate that the Pd uptake on both magnetic
adsorbents best abides the pseudo-first-order model. This re-
sult confirms that the physisorption could be considered as the
main driving force of Pd(Il) uptake on magnetic adsorbents
(Dragan and Loghin 2013), consisting of the results obtained
from adsorption isotherm. The value of the rate constant of
MMOF @PPI was found to be higher than MMOF adsorbent,
revealing the faster kinetics of Pd uptake on dendrimer func-
tionalized materials. This may be ascribed to the synergistic

18

Adsorbent content (mg)

13 — T
60 70
Pd ion concentration (ppm)

Fig. 3 a A 3D response surface and b contour plots showing the effect of MMOF @PPI content and Pd ion concentration on the Pd uptakes
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Fig. 4 a Effect of contact time on Pd uptake, b intraparticle diffusion model, ¢ pseudo-first-order model, and d pseudo-second-order model for
adsorption of Pd ions on MMOF and MMOF @PPI (pH = 4, the content of magnetic adsorbents = 12.5 mg, Pd ion concentration = 80 ppm)

effect of the nanoporous structure of MMOF particles and a
large number of functional groups on the dendrimer surface.

Effect of pH

In this study, the effect of pH has been evaluated in the range of
2-7 to optimize the pH value for maximum Pd(II) uptake.

Table 1
80 ppm)

Figure 5a shows the effect of pH on Pd(Il) uptake on MMOF
and MMOF @PPI adsorbents. It is obvious that the Pd(II) uptake
on both magnetic adsorbents is strongly affected by pH value. It
indicates that the maximum uptake (204 and 291 mg/g for
MMOF and MMOF @PP], respectively) has occurred at pH near
4. Dendrimer-modified MMOF exhibits higher Pd(I) uptake
throughout all pH values rather than MMOF, which could be

Kinetic model parameters of Pd uptake on magnetic adsorbents (pH = 4, the content of magnetic adsorbents = 12.5 mg, Pd ion concentration =

Magnetic adsorbent  (g.)gy,. (mg/g) Intraparticle diffusion model

Pseudo-first-order model

Pseudo-second-order model

Kp(mg/gmin®®) I R (q)ca (mg/g) ki (I/min) R*  (ge)ca (mg/g) ks (g/mgmin) R?
MMOF 204 29.65 67.5 0976 354 0.029 0.988 833 0.00004 0.366
MMOF @PPI 291 39.74 103  0.956 676 0.04 0.955 902 0.00004 0.587
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Fig. 5 Effect of a pH and b initial Pd ion concentration on Pd uptakes on MMOF and MMOF @PPI (the content of magnetic adsorbents = 12.5 mg,

contact time = 40 min)

ascribed to the high binding affinity of PPI dendrimers toward
metal ions (Yen et al. 2017). Moreover, the cationic zirconium
nodes in MOF (UiO-66) are considered as further binding sites
for Pd(II) ions (Lin et al. 2018). The zeta potential measurement
indicated that the MMOF @PPI is positively charged at neutral
pH value (~6.5) and low pH and thus capable of forming elec-
trostatic adsorption. It is well-known that at low pH, the surface
of the adsorbent would be protonated and gives positive zeta
potential.

Adsorption isotherms

The effect of initial Pd ion concentration, as one of the most
important data for understanding the mechanism of adsorp-
tion, was investigated in the range of 60 to 110 ppm. As
shown in Fig. 5b, the dendrimer-modified MMOF has a
higher Pd uptake capacity than the unmodified one with max-
imum uptake of 330 mg/g at an initial Pd concentration of 110
ppm. A large number of functional end groups on the surface
of dendrimer-modified MMOF particles could be responsible
for this increase in Pd uptake. Further investigations on the
mechanism of Pd uptake were carried out using Langmuir,
Freundlich, and Tempkin isotherm models. The Langmuir
isotherm model assumes monolayer sorption onto specific
homogeneous sites, while the Freundlich isotherm model de-
scribes the heterogeneous adsorption process (Mohammad
et al. 2011; Liu et al. 2016). The linear forms of Langmuir,
Freundlich, and Tempkin isotherm models are expressed by
the following equations (Liu et al. 2016):

qe B KLqmax

C 1 C,
. + (7)

ql’l’lﬂX

1
Ing, = nKr + —InC,
n

g, = BInK7 + BInC, 9)

where C, (mg/L) is the Pd ion concentration at equilibrium.
K; (L/mg) and K ((mg/g)(L/mg)” "F) are the Langmuir and
Freundlich constants, respectively. The term 1/n is related to
the adsorption intensity (Heydari Moghaddam et al. 2019;
Baziar et al. 2021). B (J/mol) and K7 (L/mg) are also the
Tempkin constants.

Figure S3 shows the linear plots of Langmuir, Freundlich,
and Tempkin isotherms for Pd uptake on MMOF and
MMOF @PPI adsorbents. Considering the linear isotherm
constants (Table 2) revealed that the uptake of Pd ions on both
magnetic adsorbents was well matched by the Langmuir iso-
therm model. It implies that the Pd ions were adsorbed homo-
geneously on a monolayer surface of magnetic adsorbents.

Adsorption thermodynamics

The adsorption thermodynamic was investigated at different
temperatures in the range of 298-318 K under the optimum
conditions. The thermodynamic parameters of Pd uptake on
MMOF and MMOF @PPI materials are given in Table 3.
Thermodynamic parameters including Gibbs free energy
(AGY, enthalpy (AH®), and entropy (AS®) were calculated
by the following equations (Lima et al. 2019; Y. Liu and Liu
2008; W. Zhang et al. 2019):

AG® = AH-TAS’
e _ ASY  AH®

C.) R RT
where R (8.314 J/mol.K) and 7 (K) are the universal gas con-
stant and the temperature of the solution, respectively. The

AG value decreased with increasing temperature from 298
to 318 K for both MMOF and MMOF @PPI materials. The

(10)

(11)
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Table2 Linearisotherm constants for Pd uptake on magnetic adsorbents (pH = 4, the content of magnetic adsorbents = 12.5 mg, contact time = 40 min)
Magnetic adsorbent Langmuir Freundlich Tempkin
K (Umg)  guu (mglg) R n Kr(mgg) R B(klmo)  Kr(Limg) R’
(L/mg)"™")
MMOF 0.06 152 0.967 16.12 239.8 0.437 0.21 54.79 0.39
MMOF @PPI 0.01 555 0.951 28.9 281 0.967 0.25 3.34 0.78

negative value of AG indicated that the adsorption of Pd on
both magnetic adsorbents is spontaneous. Moreover, the pos-
itive values of AH° confirm the endothermic nature of the
adsorption.

Regeneration and reusability of adsorbents

The regeneration and the potential reusability of an adsorbent
are additional features for the commercialization of the prod-
uct. Cycles of the adsorption—desorption process were con-
ducted, and the result was shown in Figure S4. The results
showed that the adsorption capacity of both magnetic adsor-
bents was slightly decreased, as the number of adsorption—
desorption cycles was increased. However, this reduction
was lower for the dendrimer-modified adsorbent. The
MMOF @PPI retained 92% of its capacity after two cycles
of adsorption—desorption, while this value was found about
85% for unmodified MMOF. The results confirmed the re-
versibility of adsorption sites on dendrimer-modified adsor-
bent. Further investigation on the structural stability of mag-
netic adsorbent in water and acidic environments (HC1 0.1 M)
for 7 days at 25°C (Figure S5) has shown their good stability
and potential practical applicability in harsh environments.

Comparison with other adsorbents

Table 4 summarizes the comparison between the Pd(II) uptake
capacity of MMOF @PPI and other reported adsorbents. The
data indicate that the dendrimer-modified MMOF exhibits fast
and efficient adsorption of Pd(Il) compared to other materials.
MMOF @PPI also provides easy separation of Pd, thanks to its
good magnetic properties. The high adsorption capacity of

MMOF @PPI, which is benefited from a high specific surface
area and a large number of functional groups, makes it an
outstanding material for the recovery of precious metals and
wastewater treatment.

Conclusions

A novel magnetic adsorbent (MMOF @PPI) was successfully
synthesized and utilized for adsorption and recovery of Pd(Il)
from an aqueous solution. The most important findings are
summarized as follows:

* The prepared dendrimer-modified adsorbent possessed a
superior figure of merits as compared to the unmodified
one, such as high magnetic properties and a large number
of active sites for Pd(II) uptake.

e The Pd(II) uptake on dendrimer-modified magnetic adsor-
bent was described by the pseudo-first-order kinetic
model.

* The adsorption isotherm of dendrimer-modified magnetic
adsorbent was fitted to the Langmuir isotherm model, sug-
gesting homogeneous adsorption on a monolayer surface
of adsorbents.

* The Pd adsorption capacity of dendrimer-modified
MMOF was 43% higher than the MMOF.

* Investigating the impact of adsorption parameters through
RSM revealed that the maximum metal uptake (291 mg/g)
will be achieved at optimal conditions of 12.5 mg adsor-
bent content, 80 ppm Pd concentration, pH = 4, and con-
tact time of 40 min.

Table 3 Thermodynamic
parameters for adsorption of Pd
ions on magnetic adsorbents (the

Magnetic adsorbent

Temperature (K)

Thermodynamic parameters

content of magnetic adsorbents = AG® (ki/mol) AH’ (kJ/mol) AS® (J/mol K)
12.5 mg, Pd ion concentration =
80 ppm, contact time = 40 min, MMOF 298 =5/10 7.06 0.04
pH = 4) 308 —5/35

318 —5/89

MMOF@PPI 298 —9/88 53.2 0.2
308 —11/08
318 —13/93
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Table 4 Summary of various adsorbents for Pd(I) uptake

Adsorbent Adsorption conditions Pd(II) uptake (mg/g) Ref.
pH t(h) Co (ppm)  m (mg)
Graphene oxide (GO) 5 16 60 2 98.32 L. Liu et al. (2012)
Glutaraldehyde crosslinked chitosan 3 16 65 2 180.18 L. Liu et al. (2012)
Chitosan/GO 3 16 65 2 216.92 L. Liu et al. (2012)
Ui0-66 45 5 1.5 10 125.0 Daliran et al. (2020)
UiO-66-NH2 45 5 1.5 10 197.0 Daliran et al. (2020)
Pyridyltriazol-functionalized UiO-66 4.5 5min 1.5 10 294.1 Daliran et al. (2020)
Polyethyleneimine-functionalized alumina nanopowder 6 9min 10 100 97.7 Nagarjuna et al. (2017)
Dendrimer-modified magnetic nanoparticles 65 8 20 -- 2.71 Yen et al. (2017)
Ethylenediamine-lignin - 24 0.186 mM 20 22.66 Parajuli et al. (2006)
Aliquat-336 impregnated mesoporous silica 4 3 40 50 212.76 Sharma et al. (2016)
MOF-802 1 8 100 10 25.8 Lin et al. (2019)
Ui0-66 1 1 1600 10 105.1 Lin et al. (2019)
MOF-808 1 1 1600 10 163.9 Lin et al. (2019)
MIL-101(Cr)-NH, 1 24 87.6 10 277.6 Lim et al. (2020)
MIL-101(Cr)-NO, 1 24 87.6 10 119.5 Lim et al. (2020)
Poly(4-vinylpyridine)-grafted rGO 2 6 100 200 177.0 Chen et al. (2019a, b)
Glycine modified crosslinked chitosan 2 2 50 100 120.39 Ramesh et al. (2008)
Thiourea-modified chitosan 2 4 80 100 112.36 Zhou et al. (2009)
Ethylenediamine-modified magnetic chitosan nanoparticles 2 1 60 50 138.0 Zhou et al. (2010)
Persimmon powder-formaldehyde resin 1 24 680 -- 259.7 Yietal (2016)
Rubeanic acid derivative chitosan 2 72 80 -- 352.0 Guibal et al. (2002)
MMOF 4 40 min 80 12.5 204 This study
MMOF @PPI 4 40 min 80 12.5 291 This study
Note: —, not mentioned in the reference
+ The results of this research demonstrate that the  Consentto participate Not applicable.
MMOF @PPI adsorbent is not only suitable for metal ion
Consent forpublication Not applicable.

adsorption, but also can be used for other applications
such as wastewater treatment.
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