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KEYWORDS Abstract Toxic dye removal, one of the most serious and common industrial pollutants released
Ui0-66: into natural water, is a critical issue for modern civilization. In this study, a series of UiO-66 com-
HKUST-1; posites was synthesized with addition of HKUST-1 using solvothermal method, which was used to
MOF composite; remove RBBR dye. The structure, morphology and surface area of the composites were studied by
Adsorption; several analyses. HK(5)/UiO-66 possessed a specific surface area of 557.63 m?/g and showed an
Remazol Brilliant Blue R; adsorption capacity of 400 mg/g, higher than that of UiO-66 (261.92 mg/g) with a contact time
Wastewater treatment of 50 min. Several adsorption parameters that influenced RBBR removal efficiency were investi-

gated, such as pH, initial dye concentrations, and temperature. All the composites followed
pseudo-first order kinetics and Langmuir isotherm adsorption. Moreover, the adsorption process
occurred exothermically and spontaneously, indicating that the adsorption process was advanta-
geous in terms of energy. The possible adsorption mechanism and cost analysis of the adsorbent

were also studied in detail.
© 2023 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open
access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

1. Introduction ter produced. The presence of dyes in wastewater can disrupt the sta-

bility of the surrounding ecosystem due to the toxic and insoluble

Synthetic dyes are organic compounds that are widely used in various nature of these dyes (He et al., 2014). The textile industry is an example

industries such as textile, cosmetics, paper, and plastics. The use of dye of an industry that uses dyes in a massive amounts. One of the reactive

in industries could cause environmental problems due to the wastewa- dyes that is mostly used for colouring textile products is the Remazol

Brilliant Blue R (RBBR) or Reactive Blue 19 (RB19) dye, which is a
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E-mail address: rediati(@chem.its.ac.id (R. Ediati). pound (Arya et al., 2020).
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pollutants in wastewater, among which include ozonation (Ghuge
and Saroha, 2018), fenton (Lima et al., 2020), electrochemistry

b (Devarayapalli et al., 2020), biodegradation (Vedula et al., 2013) and
HLSEVIER Production and hosting by Elsevier adsorption (Abdollahi et al., 2021). Adsorption is a beneficial method
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in eliminating the pollutants in wastewater due to the process being
quick, very effective and high adsorption capacity, selective, low oper-
ational cost, and does not cause side effects such as producing toxic
substances (Yoon et al., 2019; Zhao et al., 2020). Porous materials such
as active carbon, zeolite, and resin have been widely applied as dye
adsorbents (Bayramoglu et al., 2017; Patra et al., 2020; Russo et al.,
2021). However, these adsorbents have some disadvantages such as
low selectivity, difficult to prepare and low adsorption capacity
(Yagub et al., 2014). Metal organic framework (MOF) is a new porous
material consisting of hybrid organic and inorganic compounds
formed from clusters of metal ions with a variation of organic linkers.
MOF has a high and organized pore structure in addition to having a
larger specific surface area (Schoedel, 2020). MOF has been widely
reported as a selective adsorbent to eliminate organic waste due to
the large surface area and pore size, and unsaturated sides which can
create bonds with organic wastes (Li et al., 2020; Nanthamathee and
Dechatiwongse, 2021; Santoso et al., 2021; Yao et al., 2021).

Ui0-66 is a type of MOF that consists of polyhedra ZrqO4(OH),
which bonded with a carboxylate on the sides, forming a ZrsO4(OH)4(-
CO,);; cluster, which are then generally used as selective adsorbents
(Ediati et al., 2021; Hidayat et al.,, 2021; Nanthamathee and
Dechatiwongse, 2021). However, the abundance linkers in UiO-66
could obstruct the contact side of the active UiO-66 with foreign mole-
cules, in addition to the micro size contained in UiO-66 could hinder
the diffusion process (Chen et al., 2019; Dissegna et al., 2018; Ediati
et al., 2021). In order to overcome these problems, an additional com-
pound is needed to increase the selectivity and pore size. Ediati et al.
(2021) have reported that adding chitosan could increase the UiO-66
performance in adsorbing methyl orange dye from 256.41 mg/g into
370.37 mg/g (R. Ediati et al., 2021). The addition of MOF on MOF
has been reported to have excellent performance as an adsorbent due
to MOF producing modifications on the structure and texture (able
to increase the intrinsic characteristics of the adsorbent), creating a
synergistic effect, and hence increasing the interactions between the
adsorbent and adsorbate. Zhang et al. (2020) have reported that the
addition of ZIF-8 could increase the performance of UiO-66 in adsorb-
ing inorganic wastes (M. Zhang et al., 2020).

HKUST-1 is a type of MOF which are widely used as an adsorbent
due to itsr high affinity characteristics towards water-correlated sub-
stances with open metal sites, creating a possibility of an access
towards empty orbitals on the copper. Creating a hydrophilic charac-
ter which is beneficial when used as an adsorbent in water (Burtch
et al., 2014). Thus, to enhance the pore channel structure in the com-
posite, HKUST-1 was selected as the dopant in this research in order
to enhance the adsorption capacity of dye by increasing the pore chan-
nel of the composite. In this research, HKUST-1/UiO-66 composites
were synthesized using the solvothermal method with the direct addi-
tion of HKUST-1 into the reaction mixture of zirconium chloride
and 1,4-benzenedicarboxylic acid in N,N-dimethylformamide solvent.
The RBBR adsorption mechanism and model in the HKUST-1/UiO-
66 composite have been evaluated, which include kinetic and isother-
mal adsorptions. In addition, the effects of pH of the solution, the ini-
tial concentration of RBBR and the adsorbent dose on the adsorption
capacity are also reported.

2. Experimental

2.1. Materials

The materials used in this research were zirconium tetrachlo-
ride (ZrCly) (Sigma-Aldrich, 99 %), copper nitrate trihydrate
(Cu(NOs),-3H,0, 99 %), benzene-1,4-dicarboxylic acid
(H,BDC) (Sigma-Aldrich, 99 %), benzene-1,3,5-tricarboxylic
acid (H;BTC) (Sigma-Aldrich, 99 %), N,N-
dimethylformamide (DMF) (Sigma-Aldrich, 99 %), chloro-
form (CH;Cl, Merck, 99.9 %), methanol (Merck, 99.9 %),

demineralised water, and Remazol Brilliant Blue R

(C22H16N2Na,01,S;).
2.2. Synthesis of UiO-66 and HKUST-1/UiO-66

UiO-66 was synthesized using the methods that have been pre-
viously reported (Ediati et al., 2019). The synthesis was started
by dissolving 0.0045 mol of ZrCl, into 45 mL DMF. In the
other container, 0.0045 mol of H,BDC was dissolved in
45 mL DMF. Both solutions were then mixed together in a
sealed reaction bottle, stirred for 30 min, and placed in an oven
at 120 °C for 24 h. After the solvothermal process, the reaction
mixture was cooled at room temperature for 24 h. The solids
formed were washed a couple of times using DMF and chloro-
form, before being dried at 90 °C for 3 h. The solids obtained
were then notated as UiO-66.

The HKUST-1/UiO-66 composites were synthesized using
the solvothermal method, where the HKUST-1 was synthe-
sized using the method which have been previously reported
(Ediati et al., 2019). HKUST-1 was added into the reaction
mixture of ZrCly and H,BDC in DMF, prior to performing
solvothermal process. The next step was washing the solids
using the same step as with the UiO-66 synthesis. The addition
of HKUST-1 was varied by 0.008, 0.167 and 0.333 g, and the
solids formed were notated as HK(5)/UiO-66, HK(10)/UiO-66
and HK(20)/UiO-66, respectively.

2.3. Characterization

X-ray characterisation (PANanalytical X’pert Pro) was per-
formed to investigate the crystal structure. The ray source used
for measurement was Cu Ka radiation (A = 1,5406 A), with a
voltage of 40 kV and current of 30 mA. The analysis was per-
formed at low angles at a range of 20 of 5 to 50°. The functional
group identification was carried out using FTIR characteriza-
tion (SHIMADZU 96500). FTIR spectra were detected at
wavenumbers of 400 to 4000 cm~'. SEM-EDX characterization
was performed to investigate the structure of the crystal mor-
phology, particle size, and the element spread of the synthesized
material (SEM, JEOL 6360 LA). The N, adsorption desorption
was carried out to identify the surface area of the material, and
pore volume and diameter of the synthesized materials using
Nova 1200 ¢ Quantachrome instrument. Prior to analyzing,
the samples were evacuated at 130 °C for 24 h.

2.4. Adsorption performance of UiO-66 and composites

Before proceeding to adsorption tests, all the materials were
activated at 60 °C for 24 h. The adsorption experiments were
performed using batch method at varied contact time of 10
to 70 min with 10 min intervals and varied RBBR concentra-
tions of 100, 150, 200, 250, 300 dan 350 mg/L. The adsorbent
doses used were 10 mg in 30 mL solution of RBBR. In order to
determine the remaining RBBR in the solution after the pro-
cess of adsorption, UV-vis instrument was used at wavelength
of 591 nm. The data obtained were plotted between Qe (equi-
librium adsorption capacity) with time (minutes). The adsorp-
tion capacity was calculated using Eq. (1).

(C,— C)xV

0, = et (1)



Synthesis of UiO-66 with addition of HKUST-1 for enhanced adsorption of RBBR dye 3

Where C, and C, are the initial and final concentrations of
the adsorbate (mg/L), respectively, when at equilibrium condi-
tion, W is the adsorbent mass (g) and V is the adsorbate vol-
ume (L).

2.5. Adsorption kinetic

The adsorption results towards the synthesized materials were
analyzed using the pseudo first and second order equations to
determine the kinetic adsorption and the Weber Morris plot in
order to obtain the rate constants. The pseudo first order equa-
tion is shown in Eq. (2).

Ln (Qe - Qr) =Ln Qe - Klt (2)

The results from the equations were plotted in a graph of
time t in minutes as x-axis and In (Qe — Qt) as y-axis. Thus
the K values (the pseudo first order adsorption rate constant)
were obtained from the slope of the linear equations and from
the calculated Qe (Qe,) based on the 2.303 log intercept. The
pseudo second order equation is shown in Eq. (3).

t - 1 I t
Ql K2Q5 Qe

By plotting the data on a graph of time t (in minutes) as the
x-axis and t/Qt as the y-axis, the value of calculated Qe (Qe,.)
can be obtained from 1/gradient of the slope of the linear equa-
tion. Simultaneously, K, (pseudo second order adsorption rate
constant) can also be obtained from slope?/intercept. The cor-
relation coefficient value (R?) acquired can be used to deter-
mine the suitability of the kinetic adsorption. The Weber
Moris equation (intraparticle diffusion) is stated in Eq. (4).

0, =kyt+C (4)

1/2

(3)

By plotting the graph of t'/~ (in minutes) as x-axis and Qt as
y-axis, the rate constant value can be found from the k;; slope
and the intercept acquired was used to identify the thickness of
the boundary layer.

2.6. Adsorption isotherm

The results of adsorption at different concentrations of RBBR
were analyzed using the isothermal adsorption equation of
Langmuir and Freundlich. The Langmuir isothermal equation
is based on Eq. (9).

Lo 1
Qe_Qm Qm XKLXC(’

Subsequently a graph plot was made where 1/Ce was used
as the x-axis and 1/Qe was sued as the y-axis. Thus the value of
Qm (maximum adsorption capacity) was gathered from 1/in-
tercept, whereas the value of K (Langmuir constant) was
obtained from the intercept/slope. The Freundlich isothermal
equation is shown in Eq. (6).

(5)

LnQ, = LnKy + anC() (6)
n

The data were plotted on a graph of In Ce as the x-axis and
In Qe as the y-axis, thus the value of Ky (Freundlich constant)
was obtained from 2.303 log intercept. The coefficient correla-
tion value of R? obtained was used to determine the suitability
of kinetic adsorption.

2.7. Adsorption thermodynamic

The adsorption process can be understood from the thermody-
namic aspect by determining the Gibbs free energy, enthalpy,
and entropy of a system. The temperatures used in this
research were varied at 30, 40, and 50 °C with an RBBR con-
centration of 300 mg/L for 50 min with an adsorbent dose of
10 mg. The value of Gibbs free energy (AG), which is calcu-
lated using Egs. (7) (Dimian et al., 2014).

AG = AH — TAS (7)

Where AG, AH dan AS are the change in Gibbs free energy
(kJ/mol), the change in enthalpy (kJ/ mol) and the change in
entropy (J/mol K), respectively. Based onVan’t Hoff Equation,
the value of AG could be calculated using Eq. (8) (Santoso
et al., 2021):

AG = —RTIn K, (8)
Where T is the absolute temperature (K) and R is the uni-
versal gas constant (8.314 J/mol K), K is Qe/Ce x 1000.
By substituting and merging Egs. (7) and (8), this results in
Eq. (9).
AS  AH
'R RT ®)
The values of AS dan AH were obtained from the intercept
and the slope of the regression equation, respectively.

and =

3. Results and discussion

3.1. Synthesis and characterization

Characterization using X-ray Diffraction (XRD) was per-
formed to investigate the crystal structure and crystallinity of
the synthesized materials and the obtained diffraction patterns
are shown in Fig. 1. The UiO-66 diffractograms of the synthe-
sized materials show the main peaks at 20 of 7.31° with a high
intensity and 8.40° with moderate intensity which similiar with
previous reported (Ediati et al., 2019). As a comparison, Fig. 1
also shows HKUST-1 diffractograms which also have main

HKUST-1

HK(20)/UiO-66

Intensity (a.u)

HK(10)/UiO-66

——e e ]

AN . HK(5)/Ui0-66

JiO-
" Ui0-66
T T T T
10 20 30 40 50
20 ()

Fig. 1 Diffractogram of the synthesized materials.
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characteristic peaks at 20 of 11.65° with a high intensity, while
the next characteristic peaks were identified at 20 of 6.7, 9.5
and 13.5° (Ediati et al., 2019). The characteritic peak intensity
of UiO-66 in composites HKUST-1/UiO-66 decreased with
increasing HKUST-1 contents. Meanwhile, the XRD patterns
of composites HKUST-1/UiO-66 possesses similar XRD pat-
terns with the pristine UiO-66, which points out that the addi-
tion of HKUST-1 did not affect the crystal structure of UiO-66
and it is in accordance with the previous result that was
reported by Ediati, et al (Ediati et al., 2021). Furthermore,
even when the content of HKUST-1 increased up to 20 %,
the characteristic peaks of HKUST-1 could not be found in
the XRD pattern of HK(20)/UiO-66. It suggests that the pres-
ence of well dispersed of HKUST-1 (Yang et al., 2018).

The FTIR spectra of the synthesized solids are displayed in
Fig. 2. The aromatic C—C vibration from the benzene struc-
ture on the organic ligands was observed from the absorption
band of UiO-66 on the wavenumber of approximately 1577—
1581 cm~'. The absorption band on the wavenumber of
1400 cm ! is a stretching vibration of C—O from C-OH car-
boxylate acid. The absorption band in the wavenumbers of
3421-3446 cm™' is a region of a stretching vibration of
O—H of the carboxylate. The region of approximately 1630—
1660 cm™! shows a vibration of C=0 from the carboxylate.
The absorption band of O—H appeared simultaneously with
the adsorption band of C=—O at approximately 1630-
1660 cm™!. The absorption band that appeared at approxi-
mately 663—673 cm~' is a stretching vibration of Zr-O
(Hidayat et al., 2021). The successful synthesis of HKUST-1
is signified by the appearance of the characteristic absorption
peak of HKUST-1, which is Cu—-O on the wavenumber of
731.05 cm™!' (Ediati et al., 2021). This indicates that a bond
was formed between the Cu?" with the oxygen atom which
originated from the ligands. In reference to the FTIR spectra,
it was discovered that the addition of HKUST-1 did not cause
any new absorption band. However, this caused the peaks to
shift insignificantly, as shown in Table 1. The addition of
HKUST-1 also did not change the crystal structure UiO-66,
as shown by the XRD patterns (Ediati et al., 2019).

The surface morphology and distribution of elements in
UiO-66 and the composites have been characterized using
SEM-EDX, which was also used to investigate the effects of
adding HKUST-1 on the surface morphology of the compos-
ites (Fig. 3). The obtained UiO-66 has surface morphology
in the form of clustered circles, similar to the previous research
reported (Fig. 3a) (Ediati et al., 2018; Ediati et al., 2021). The
addition of HKUST-1 to the synthesis of UiO-66 resulted in an
irregular morphology of HK(5)/UiO-66 and HK(10)/UiO-66.
The surprising result of 5 % HKUST-1 on the synthesis of
Ui0-66 appeared (Fig. 3b). Two morphologies appeared, one
is clustered circles referring to UiO-66 and the second is irreg-
ular octahedral refers to HKUST-1, it is confirmed by EDX
results. The morphology of HK(10)/UiO-66 (Fig. 3c) is drasti-
cally different from pristine UiO-66 (Fig. 3a). It shows a dom-
inant irregular octahedral morphology than clustered circles
morphology which is designed by increasing the amount of
HKUST-1 up to 10 %. As can be clearly shown, the more
HKUST-1 amount in composites caused reducing of clustered
circles from pristine UiO-66 but enhancing the irregular octa-
hedral morphology from HKUST-1 (Butova et al., 2020;
Ediati et al., 2020). Fig. 4 and Table 2 show the distribution
and quantity of the elements contained in UiO-66 and the
composites. The EDX results show that UiO-66 comprises car-
bon (C), oxygen (O), and zirconium (Zr) elements which orig-
inated from the precursor used. In addition, no other elements
were found which proved that UiO-66 was freed from the
impurities. The addition of HKUST-1 led to the occurrence
of the addition of copper (Cu) contents in the composites
developed. Furthermore, the presence of Cu element on the
composites obtained proves that the impregnation process of
HKUST-1 on UiO-66 has been successfully carried out in
addition to proving the success of Cu element to enter into
the frameworks of HKUST-1/UiO-66 composite.

Fig. 5 signifies that all the synthesized materials followed
the type I adsorption—desorption pattern with a type H1 and
H3 loop hysteresis, as stated by TUPAC (Sing, 1982; J.
Zhang et al., 2020). The type I isotherm indicates that the
material produced was a microporous material, with type I

<

UiO0-66

2 | g | EO——
S N HK(5)/Ui0-66
[-5) ]
1 '
= H
g ' HK(10)/Ui0-66 '
.g ] M) ]
g ; HK(20)/Ui0-66 N\ f\
S U LI
= s 1Y
: HKUST-1 A \;
' o e
] il ] ]
| X I ¥ ) $ 1 s | . | ! | , I
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Wavenumber (cm—l)

Fig. 2 FTIR spectra of

the synthesized materials.
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Table 1 Characteristic peaks of the synthesized materials.
No Type of binding Wavenumber (cm™")

Ui0-66 HKUST-1/UiO-66 Ref

(5) (10) (20)

I. OH stretching vibration 3437 3421 3412 3433 (Hidayat et al., 2021)
2. C=0O0 stretching vibration 1658 1660 1658 1658 (Hidayat et al., 2021)
3. Aromatic vibration C—=C 1581 1581 1581 1581 (Hidayat et al., 2021)
4. C—O stretching vibration 1400 1400 1400 1396 (Hidayat et al., 2021)
S. Zr-O stretching vibration 663 661 663 661 (Hidayat et al., 2021)
6. Cu-O stretching vibration - 746 746 746 (Ratna Ediati et al., 2021)

SEM images of (a) UiO-66 (b) HK(5)/UiO-66 (c) HK(10)/UiO-66.
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Fig. 4 EDX spectra of (a) UiO-66 (b) HK(5)/UiO-66 (c) HK(10)/UiO-66.

isotherm indicated by the presence of a fast rate of nitrogen gas
adsorption at a low P/P, (Ediati et al., 2021). UiO-66 has a
type H3 hysteresis loop which shows that there was a presence
of mesoporous structure. However, during the addition of
HKUST-1, the hysteresis loop changed into type H1 which
expressed that there was a late occurrence of nitrogen capillary
condensation in the mesopores. The change in loop hysteresis
from H3 into H1 was possible due to the addition of HKUST-
1 which covered the mesopores of UiO-66 (Janus et al., 2020;
Vo et al., 2019). As listed in Table 3, it can be seen that the
addition of 5 % HKUST-1 during the synthesis of UiO-66 pro-
duced a composite with a larger surface area, mesopore vol-
ume and pore diameter than that of the ordinary UiO-66.
However, the addition of HKUST-1 by more than 5 %
resulted in a decrease in the surface area, mesopore volume

and diameter of the obtained composites. It is believed that
the addition of HKUST-1 for greater than 5 % may cause
the plugging of the active site, reducing surface area, meso-
porous volume and pore diameter (Subagyo et al., 2022).

3.2. Adsorption, kinetic and thermodinamic behavior on RBBR
adsorption

3.2.1. Effect of pH

The pH is an important parameter in the adsorption process of
RBBR, because the pH solution determines the degree of ion-
ization, adsorbate speciation, and the charges on the surface of
the adsorbent (Guo et al., 2015). To investigate the effect of the
solution’s initial pH on the adsorbent’s ability to absorb
RBBR, the pH of the solution was adjusted to a range of val-
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Table 2 Elemental mapping of the synthesized materials.

Materials Element Weight (%)
Ui0-66 C 88.2
(@) 11.0
Zr 0.8
HK(5)/Ui0-66 C 67.1
(@) 24.5
Zr 08,25
Cu 0.17
HK(10)/UiO-66 C 77.2
(0] 20.1
Zr 02.5
Cu 0.21

ues between 3 and 11. The adsorption results at various pH of
RBBR solutions are presented in Fig. 6. As shown in Fig. 6,
the maximum adsorption capacity of RBBR was achieved at
pH 3 for all adsorbents. In the acidic solution, the protonation
of adsorbent occurs which causes an increase in the surface
positive charge. The increase in electrostatic attraction
between the surface of the adsorbent and the SO3 functional
group on RBBR increases the adsorption capacity of RBBR
(Al-Degs et al., 2008; Embaby et al., 2018). In the alkaline
solution, the deprotonation of the adsorbent occurs, which
causes a decrease in the surface positive charge. The behavior
of adsorption due to the repulsive of electrostatic between SO3
on RBBR with adsorbent decreased the adsorption capacity of
RBBR. In addition, the decrease in adsorption capacity is also
caused by the number of OH ™ ions that are dominant and com-
pete with the SO3 functional group on RBBR to bind to the
surface of the adsorbent (Hidayat et al., 2021). Hence, electro-
static attraction forces have a substantial role in the adsorption
of RBBR onto adsorbent in addition to hydrogen bonding and
T-1 interaction.

3.2.2. Effect of contact time

As exhibited in Fig. 7, it is seen that all the materials adsorbed
the RBBR dye, where the rate of adsorption increased during
the initial stage of the process. At the initial stage of the

adsorption, the adsorption sites of the material surface are
provided by the active functional groups of the adsorbents that
have not yet interacted optimally with the RBBR. After pass-
ing the 50 min contact time, the adsorption rate reached a con-
stant stage, which indicated that the adsorbents were in a
saturated condition (Ediati et al., 2021). The contact time
observed for all the materials was 50 min. HK(5)/UiO-66
demonstrated the best adsorption performance with an
adsorption capacity of 269.8 mg/g, which was higher than that
of a pure UiO-66 with an adsorption capacity of 228.87 mg/g.
The addition of HKUST-1 by larger than 5 % resulted in a
decrease of adsorption capacity due to the pores being closed
and a decrease in surface area, which have been confirmed
by the results of N, adsorption—desorption analysis (R.
Ediati et al., 2021; Subagyo et al., 2022). The adsorption
capacity at different contact times was then used to determine
the adsorption kinetics using pseudo-first order and pseudo-
second order models and intraparticle diffusion to identify
the adsorption process and rate-determining step. The kinetic
parameters are listed in Table 4. Based on the first and second
pseudo-order graph plots, both exhibits that the RBBR
adsorption by each of the adsorbents followed the second
pseudo order kinetic adsorption since the correlation coeffi-
cient (R?) is approaching 1. The pseudo second order kinetics
indicated that the adsorption process chemically went through
the electrostatic interaction mechanisms (Subagyo et al., 2022).
The pseudo second order kinetic adsorption also demonstrated
that the adsorption was determined by two variables, which
are the RBBR concentration and the concentration of the
active sites on the surface of the RBBR (Santoso et al., 2021).

Adsorption is a process of removal through a step-by-step
mechanism from the interaction of the adsorbate in solution
with the adsorbent to the penetration of the adsorbate into
the pores of the adsorbent. Therefore, it is important to under-
stand the diffusion process that takes place at the surface or
pores through the Weber Moris model (intra-particle diffu-
sion) and to determine the rate-determining step. As displayed
in Fig. 7(d) and listed in Table 5, adsorption takes place in two
phases namely mass diffusion and intraparticle diffusion. In
the beginning, there were many active sites on the surface of
the adsorbent, so that the adsorbate could be easily adsorbed
on the surface of the adsorbent, which was characterized by

(a) (b)
—=— U066 . = Ui0-66
HK(5)/Ui0-66 - + »— HK(5)/Ui0-66
ol A HK(10)/Ui0-66 A ! A— HK(10)/UiO-66
é ‘.; 0.06 4 J‘ ‘
K E |
& £ I\
“= 300 . -
L £ 0.04 i\
2 4 ‘
] S p A
= = /
S 200 e 0024 wid
AA“‘ 1 Mﬁr'\.‘,_ —
100 ——— 0.00 — A
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Fig. 5

Pore diameter (nm)

(a) N, adsorption—desorption isotherm (b) Pore size distribution.
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Table 3 Textural properties of the synthesized materials.

Materials Sger (M%/g) Volume mesopore (cm>/g) Volume micropore (cm>/g) Average pore size diameter (nm)

UiO-66 502.77 0.229 0.2453 3.774
HK(5)/UiO-66 557.67 0.423 0.2396 4.752
HK(10)/UiO-66 470.50 0.320 0.2012 4.43

UiO-66 composite was due to the addition of the active site

of HKUST-1 and the reduction in particle aggregation which

— could reduce the active site of the material (Subagyo et al.,

2022). This result also correlates with the results of the N,

250 A \A adsorption—desorption analysis which states that HK(5)/

e UiO-66 has a larger surface area and meso-volume than

200 4 o "‘1;\1k A Ui0O-66, which is beneficial for the adsorption process. More-

i N\

" R
\
R
150 4 \ N\
\\
\
| \
N
100 -

—&— Ui0-66

Adsorption capacity (mg/g)

50 1 o N\
> HK(5)/Ui0-66 Sy
{ —A— HK(10)/Ui0-66
0 ; . , . : i . . g
2 4 6 8 10 12

pH

Fig. 6 Effect of initial pH (Cy = 100 mg/L; t = 50 min;
dosage = 10 mg).

a high value of Kp;. Further, the adsorbate adsorbed on the
surface of the adsorbent penetrated the pores of the adsorbent,
followed by binding of the active site in the pores of the adsor-
bent. However, at this stage, it caused diffusion resistance
resulting in a decrease in the amount of adsorbate in the solu-
tion which is characterized by a low Kp, value (Cui et al.,
2019; Subagyo et al., 2022). The decrease of the constant value
in the second stage correlated with the C value which specified
the boundary thickness. C; has a smaller value on all the
adsorbents compared to the values of C,. The intercept value
(C) increased with the decrease in the HKUST-1 addition,
which implied that the composite with the least addition of
HKUST-1 had the largest adsorption capacity (Wu et al.,
2009).

3.2.3. Effect of initial concentrations of RBBR

The adsorption process with varying concentrations of RBBR
aims to determine the concentration of RBBR required to
achieve optimal adsorption, as shown in Fig. 8a. It can be seen
in Fig. 8a, all the materials experienced a significant increase in
adsorption capacity up to an RBBR concentration of 300 mg/
L, and remain unchanged at RBBR concentrations of higher
than 300 mg/L, which indicated that adsorbents have reached
its saturation point. The increase in adsorption capacity along
with the increase in the concentration of RBBR indicates that
the high concentration of RBBR in the solution causes the
active site of the adsorbent to be surrounded by more RBBR.
When compared to a pure UiO-66, the HK(5)/UiO-66 com-
posite has an adsorption capacity of 400 mg/L or 1.53 times
higher. The increase in adsorption capacity of the HK(5)/

over, the increase in adsorption capacity was also caused by
the addition of the intercalation of the pi bond of the
HKUST-1 carboxylate ring with RBBR (R. Ediati et al.,
2021). The electrostatic attraction and the increased hydrogen
bonding due to the addition of HKUST-1 may be the cause of
the increase in adsorption capacity (Hidayat et al., 2021).
Table 6 shows the high adsorption capacity of the HK(5)/
Ui0O-66 composite compared to other adsorbents. Some bene-
ficial interactions that can occur between HK(5)/UiO-66 and
RBBR include: hydrogen bonds interactions, n-n bond interac-
tions between the adsorbent and the RBBR, electrostatic
attraction, and acid-base interactions.

The value of the adsorption capacity of the synthesized
adsorbents at different initial concentrations of RBBR was
then used to determine the isothermal adsorption of Langmuir
and Freundlich, as. shown in Fig. 8b and c, respectively. The
suitable choice of isotherm was based on three references,
which are the isotherm produced must be linear, the maximum
concentration must have an adsorption capacity limit and the
gradient obtained must be positive on all the varied concentra-
tions (Bachmann et al., 2021). As listed in Table 7, the gradient
obtained on all the variations, on both the Langmuir and Fre-
undlich plot, produced positive outcomes, thus the gradient
was determined based on the correlation coefficient value.
The correlation coefficient value (R?) of the Langmuir plot
was found to be higher when compared to the correlation coef-
ficient value (R?) of Freundlich plot, which applied to all the
adsorbent types. Therefore it can be deduced that all the adsor-
bents followed the Langmuir isothermal, which implies that
the adsorption occurred in monolayer, chemisorption, and
has a uniform energy. The chemisorption process led to the
adsorbate to being quickly saturated as although the concen-
tration and contact time were increased, the amount of adsor-
bate that was adsorbed by the adsorbent stayed constant (R.
Ediati et al., 2021; Hidayat et al., 2021). The constant which
states the deviation of the linearity and was used to verify
the adsorption type is notated by n. A value of 1/n = 1 implies
a linear adsorption, 1/n greater than 1 implies the adsorption
occurred chemically, and 1/n less than 1 implies that the
adsorption process occurred physically (Wen et al., 2020). As
stated in Table 8, it was found that the obtained value of 1/n
on all of the adsorbents was less than 1, implementing that
the Freundlich isothermal plot correlated with Langmuir
isothermal, which further confirms that the adsorption process
took place chemically and was fitted more to following Lang-
muir isothermal.
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Plot intraparticle diffusion.

Table 4 Parameters of pseudo first order and pseudo second order kinetic parameters of the adsorption RBBR.

Adsorbent Qe exp) (Mg/g) PFO PSO
Qe(cany (mg/g) S} R? Qecary (mg/g) k, x 107 R®

UiO-66 228.87 95.12 0.060 0.8126 238.09 0.93 0.9894
HK(5)/UiO-66 269.80 224.64 0.081 0.8154 277.78 1.1 0.9907
HK(10)/UiO-66 249.62 27.78 0.043 0.2682 263.16 0.84 0.9895
HK(20)/UiO-66 171.59 37.89 0.069 0.7614 181.81 1.77 0.9941
Table 5 Parameters of intraparticle difussion model for the adsorption of RBBR onto synthesized materials.
Adsorbent Intraparticle diffusion

Ci (mg/g) ki (mg g~' min”) Ci (mg/g) ki (mg g~' min”?)
UiO-66 8.31 36.68 195.78 3.88
HK(5)/UiO-66 16.70 44.90 224.88 6.08
HK(10)/UiO-66 11.26 39.78 207.37 5.32
HK(20)/UiO-66 4.60 31.26 146.96 3.85

3.2.4. Effect of adsorption temperature

determine the spontaneity of a system), enthalpy change (to

The effects of temperature towards adsorption is related to the
thermodynamic parameters, which are Gibbs free energy (to

determine the reactions that took place, endothermic or
exothermic), and entropy (to determine the randomness of a



Synthesis of UiO-66 with addition of HKUST-1 for enhanced adsorption of RBBR dye 9

(a) =— Ui0-66 (b) ]
1004 e HK(5)/UiO-66 60 ™ UiO-66 L
4 HK(10)/UiO-66 L HK(5)/U|Q-66 ik
v HK(20)/UiO-66 y E— A HK(10)/UiO-66 ® s
5 3504 o = v HK(20yUiO-66 B sk
) el 5.8 E
g A
z Az _~
S 300 /
g / & 564 & A
g 3 A/ g -t
£ 250 & e ——— " ="
‘5_ - -— —-— ,,./»/'{(‘ - ,"/v
5 - [ 544 “ e 5
z — 5
200 4 e sl /v//
[ <8 524 ///
v
150 L T . T ¥ T v T ¥ T T T T T T T T
100 150 200 250 300 350 20 25 3.0 3.3 4.0 4.5 5.0 55 6.0
Concentration (mg/L) Ln Ce
0.006
(c) v = Ui0-66
e HK(5)/UiO-66
A HK(10)/UiO-66
o v HK(20)/UiO-66
0.005 - y
y
A
Y
v
5‘ 0004 w® " N
00034, A
g °
2 T T T 1] T
0.00 0.02 0.04 0.06 0.08 0.10
1/Ce

Fig. 8
isotherm Langmuir.

(a) Effect of initial concentration (Cy = 100 mg/L; pH = 3;t = 50 min; dosage = 10 mg) (b) Ploti isotherm Freundlich (c) Plot

Table 6 Adsorption capacity of RBBR adsorption using different adsorbent.

Adsorben Langmuir Freundlich

Qmax (Mg/g) Ky (L/mg) R’ I/n K (mg/g) R?
Ui0-66 263.16 0.16 0.9676 0.0818 166.05 0.953
HK(5)/UiO-66 400 0.18 0.9687 0.1334 198.40 0.9542
HK(10)/Ui0-66 370.37 0.12 0.984 0.1432 172.67 0.9444
HK(20)/UiO-66 243.90 0.06 0.9891 0.1554 98.35 0.9798

system and the change in the structure on the adsorbent), all of
which are given in Fig. 9 and Table 8. As presented in Fig. 9, it
can be seen that as the temperature increased, the adsorption
capacity decreased. The decrease in adsorption capacity was
a consequence of the equilibrium condition which was reached
at high temperatures, thus the adsorption system produced
became saturated (Zhang et al., 2012).

If the enthalpy value of the system is less than 40 kJ/mol, it
indicates that the adsorption mechanism occurred physically.
Whereas if the enthalpy value of the system is more than 40 kJ/-
mol, it indicates that the adsorption mechanism occurred phys-
ically (Wang et al., 2022). The enthalpy change value for HK
(5)/Ui0-66 and HK(10)/UiO-66 composites are —92.27 and
—65.29 kJ/mol, which implied that the reaction occurred

exothermically (Hidayat et al., 2021). The results correlated
with the adsorption capacity values where they decrease with
increasing temperature. In an exothermic process, the
optimum adsorption performance is obtained at low tempera-
tures (Horsfall and Spiff, 2005). A positive entropy value signi-
fied that there was an increase in the randomness that occurred
throughout the adsorption process (Hidayat et al., 2021). This
circumstance took place due to the RBBR molecules that were
being damaged throughout the adsorption process as a result of
a variety of interactions between the RBBR and the material
(Rehman et al., 2021). A negative Gibbs free energy value
hinted that the reaction took place spontaneously which bene-
fited in terms of energy. While a positive Gibbs value specified
that the reaction did not occur spontaneously, which did not
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Table 7 Adsorption isotherm model Langmuir and Freundlich.

Adsorbent

Temperature (K) Time (min) Concentration (mg/L) pH

Qmax (mg/g) Ref

HK(5)/Ui0-66

Bone char

Biochar

HSNMIL388(Fe)

Poly(NOPMA)

Activated carbon

Chitosan Coated Montmorillonite
Chi/Sep/Alg

Yarrowia lipolitica

303
298
303
303
293
303
298
303
298
298

50 350
240 500
60 100
480 200
59.91 100
1440 500
120 400
17.5 250
180 150
420 100

6.54
10
4.5

AN AW

400
20.6
87.03
213.2
60.85
204
322.58
292.4
119.6
9.88

This research

(Bedin et al., 2017)
(Raj et al., 2021)
(Zhang et al., 2021)
(Torgut et al., 2017)
(Ahmad et al., 2014)
(Altintig et al., 2022)
(Zain et al., 2022)
(Aracagok, 2022)

Jhingan hydrogel

(Mate and Mishra, 2020)

Table 8 Thermodynamic parameters for the adsorption of RBBR onto HK(5)/UiO-66 and HK(10)/UiO-66.

Adsorben AH° (kJ/mol) AS° (J/mol K) AG® (kJ/mol)
303 K 313 K 323 K
HK(5)/UiO-66 -92.27 209.22 —29.29 —25.90 —25.16
HK(10)/UiO-66 —65.29 126.94 -27.19 —24.80 —24.70
900 400 4 400 mg/g
- 363.5 mg/g
850
& ~ 306/ 300.4 mg/g
] 3
= 5
= .
£ 800 Ny =
g &
g o E 2004
§ 750 - \\\ <
3 N
2 W ; 100
< 7004 e m
= HK(5)/UiO-66 \\\\
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0
650 T T T T T T T T T 1 2 3
30 35 40 45 50
Temperature (°C) Gt

Fig. 9  Effect of initial temperature.

benefit energetically since the reaction needed more energy
from the surroundings in order for the reaction to take place
spontaneously (Gonzalez-Lopez et al., 2021). The negative
Gibbs free energy value on both materials of the RBBR adsorp-
tion was caused by the spontaneous reaction, which revealed
that the reaction was beneficial (Hidayat et al., 2021).

3.3. Reusability of HK(5)/UiO-66

To investigate the regenerability and recyclability of HK(5)/
Ui0O-66, the three successive recycling processes were carried
out by adding restored of HK(5)/UiO-66 to fresh RBBR solu-
tions. As shown in Fig. 10, the adsorption capacity of HK(5)/

Fig. 10  Reusability of HK(5)/UiO-66.

UiO-66 toward RBBR after three successive cycle of adsorp-
tion still maintained above 300 mg/g and the ability of HK
(5)/Ui0-66 to regeneration was reached to 75 %. It can be seen
that HK(5)/UiO-66 is a promising adsorbent to removal of
RBBR from aqueous solutions.

3.4. Adsorption mechanism

To study the interaction mechanism between HK(5)/UiO-66
and RBBR dyes, FTIR spectra of RBBR dye, HK(5)/UiO-
66 before and after adsorption were showed in Fig. 11. The
intensity of the absorption band at 1579.5 cm ™' is significantly
increased, which was corresponded to the strengthening due to
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the presence of n-1 stacking between adsorbent and adsorbate.
Besides, a small adsorption band at a wavenumber of
1273 cm ™" was observed, which is a region of -S—O- stretch-
ing vibration of the sulfonate (-SO3) at the region of 1200—
1365 cm ™. This was possibly due to the new formation of elec-
trostatic force between metal ion with the active -SO3 group
that contained within RBBR (Wang et al., 2015). However,
simultaneously, The characteristic peaks in the 1105.25 cm™!
(C—O vibration) and 1660.77 cm™" (C=0 group) regions were
disappeared, indicating that the adsorption process had been
occured. The adsorption mechanism was intended to explain
the adsorption process that took place. The first stage of the
adsorbent was adsorbing the RBBR before interacting through
n-n stacking, hydrogen bonds and electrostatic force between

the adsorbent with the RBBR, as shown in Fig. 12. The hydro-
gen bonds were formed when the adsorbent was dissolved and
interacted with H,O, which was continued to forming a bond
between the H,O with the RBBR molecules (Hasan et al.,
2014). The n-m interactions were a consequence of the interac-
tions between 1 aromatic groups on the MOF with the aro-
matic groups in RBBR (Azhar et al., 2017; Yoon et al.,
2019). The electrostatic force occurred between the SO3 groups
in RBBR with the composite metal cluster in the composite,
which are Zr*" and Cu®". Zr** and Cu?" acted as the Lewis
acid which supplied the empty orbitals and the SO3 groups in
RBBR acted as the Lewis acid which has a pair of free elec-
trons (Hidayat et al., 2021; Tran Ba Luan, 2020). In this cir-
cumstance, the presence of HKUST-1 provided a vital role
in increasing the interactions that occurred. From the calcula-
tions using Avogrado’s equation, the RBBR size was found to
be 1.30 x 1.03 x 1.30 nm (Fig. 13). The RBBR molecules were
found to be smaller compared to the resulted pores diameter,
which are 3.774, 4.752 and 4.43 nm for UiO-66, HK(5)/UiO-
66 and HK(10)/UiO-66 materials, respectively, consequently
allowing RBBR to diffuse into the adsorbent pores. This pro-
cess continued until the active sites of the adsorbent became
saturated to interact with the RBBR molecules.

3.5. Adsorbent cost analysis

Cost analysis of HKUST-1/UiO-66 preparation from their raw
materials is crucial analysis for economic viability of adsorbent
production (Li et al., 2022). During the synthesis, the prepara-
tion cost of HKUST-1/UiO-66 comes from the chemical pre-
cursor (cost A). Cost B and C could be formed from the
solution exchange and electricity. The estimation of cost A,
B and C US $0.32/kg, US $26.53/kg and US $0,42/kg, respec-
tively. Taking into account the total cost estimation from each

Fig. 12 Possible mechanism of adsorption RBBR.
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1.57 nm

Fig. 13  Structure of RBBR using avogadro.

component was about US $27.27/kg. The maximum adsorp-
tion capacity for RBBR using HKUST-1/UiO-66 in this
research is 400 mg/g. Based on the estimated adsorbent cost
per gram of adsorbate removed, The adsorption cost of
HKUST-1/UiO-66 is US $0.069/g.

4. Conclusion

HKUST-1/UiO-66 composites have been successfully synthesized
using solvothermal method. Such a synthesis produces a different
structure and texture and optimum addition of HKUST-1 can enlarge
the active specific surface area and pore size, which consequently
affects their performance as adsorbent of RBBR in aqueous solution.
The addition of HKUST-1 by 5 % produced a HKUST-1/UiO-66
composite with the highest adsorption capacity of 400 mg/g with
adsorbent dose of 10 mg. With the increase in dye concentrations,
the adsorption capacity also increased and reached equilibrium at an
RBBR concentration of 350 mg/L. The adsorption process followed
the pseudo-first order kinetic model which revealed that chemisorption
and Langmuir isotherm took place during the adsorption, which in
turn signifies that the adsorption took place in monolayer with the
highest homogeneity. The effect of adsorption temperature was also
studied which showed that the adsorption took place exothermically
and spontaneously at low temperatures. The n-n stacking interaction,
hydrogen bonding and electromagnetic force were considered as the
major interactions for the adsorption process. A relatively high
adsorption capacity even after three cycles (300.4 mg/g), indicating
that the HK(5)/UiO-66 could be a virtuous candidate for removal of
RBBR from aquatic environment. Thus, the overall results of this
research are expected to give new insights into the prospective applica-
tions from a HKUST-1/UiO-66 as an low-cost adsorbent with high
adsorption capacity in eliminating dye in wastewater.
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