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Abstract—Adsorption is known as the best technique to remove dyes from waste water, and the choice
of adsorbent is the most important factor. In this regard, some commercial porous materials have been
applied for a long time as popular adsorbents for dye adsorption. However, the search for new classes
of porous materials is still attractive to researchers. Recently, metal-organic frameworks are seen to be
promising candidates as adsorbents for dyes due to their large surface area, ordering, and flexible
structure. There are some possible mechanisms for the dye adsorption in water performed on metal-
organic frameworks, including the electrostatic interaction forming attractive charge of dye molecules
and adsorbents, T— stacking of organic rings from dye and metal-organic frameworks, hydrogen
bonding between the dye and hydroxyl group of the metal-organic frameworks, hydrophobic interac-
tion, acid-base interaction and effect of framework structure. Among them, the electrostatic attraction
mechanism plays an important role in dye adsorption on MOFs, highlighting differences as compared
to traditional adsorbents in this field. This work is the first detailed investigation into the effect of elec-
trostatic attraction mechanism in dye adsorption on UiO-66 and their modifications. Two samples of
Co/Ui0-66 and H*/UiO-66 were prepared under normal stirring and heating conditions to increase
the positive charge of the surface. The characterization using powder X-ray diffraction (XRD), scan-
ning electron microscopy (SEM) and FTIR indicated the existence of proton on UiO-66, while
Raman spectroscopy and inductively coupled plasma mass spectrometry (ICP-MS) confirmed the
successful addition of cobalt into the UiO-66 structure at the amount of about 0.6 wt %. Results
obtained for methyl orange (MO) adsorption on the surface have shown enhanced adsorption capacity
for both Co-UiO-66 and H*/UiO-66 as compared to parent UiO-66. Moreover, the experiments with
highly selective removal of anionic dye as compared to cationic dye were performed and explained in
detail for mixed dye solutions of MO with methylene blue (MB), indicating the important role of elec-
trostatic attraction mechanism. Notably, it is shown that the addition of Co to UiO-66 results in a
higher effect of electrostatic interaction than that of H*.
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INTRODUCTION

Among metal-organic framework (MOF) materials, UiO-66 (Universitetet i Oslo) was shown to pos-
sess the perfect structure by the studies performed around ten years ago [1]. This material has quickly
attracted the attention of researchers for many applications such as gas adsorption and separation, drug
delivery, catalysis and sensing [2, 3]. As compared to other MOFs, UiO-66 exhibits multilateral covalence
of Zr where 12 bridgings of —COOH are connected to Zr;O,(OH), core to form rigid and stable secondary
building (SBU) [1]. This explains that UiO-66 exhibits the most resistance towards water and some other
solvents [4] capable to dissolve organic dyes. Moreover, such multiple coordination environments of
ligands to inorganic nodes in UiO-66 can be easily modified to obtain materials usable as dye adsorbents
[5, 6].

In fact, UiO-66 was proved to be promising for dye adsorption by some reports a few years ago. Chen
[7] was the first publication where the successful preparation of UiOQ-66 and its functional amine group
were reported, and good removal of anionic (methyl orange-MO, acid chrome blue K), cationic (methy-
lene blue-MB) and neutral (Rhodamine B-RB, neutral red) dye was shown. The results demonstrated
high selectivity removal of MO: 90% by (UiO-66) and 97.97% by (NH,-UiO-66) at initial concentration
of 20 mg/L. Besides, some modifications based on UiO-66 application for selective dye removal have also
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been published, showing the important role of electrostatic attraction mechanism. Acid-promoted syn-
thesis of UiO-66 for anionic dye removal was recorded by Zhang [8]. In this study, the UiO-66 was mod-
ulated by addition of HCI or CH;COOH to create acid-promoted material with H* sites, which exhibits
enhanced excellent selectivity for anionic MO, 6.4 times higher than that for MB due to the domination
of electrostatic attraction forces. On the other hand, immobilized-phosphate composite (UiO-66-P) also
fabricated in facile route, showed the efficient charge-selective capture of MB with high adsorption at
91.1 mg/g. Notably, the UiO-66-P exhibited an extremely improvement at 272% compared to that of ini-
tial UiO-66 for taking up cationic dye Methylene Blue (MB) [6].

Recently, Han [9] has successfully doped Ti**/UiO-66 to obtain material with promoted Congo red
dye (CR) adsorption: 3 times higher than its parent Zr-UiO-66, as high as 979 mg/g. The increased dye
adsorption capacity is attributed to electrostatic attraction mechanism. This was explained by increasing
zeta potential point after doping UiO-66 by Ti**. Similarly, Ce(11I) doped to UiO-66 was reported by
Yang et al. [10]. The ratio Ce(I111)/Zr(IV) in the sample attained to 39.1% while the pure phase of UiO-66
remained after the doping. The hybrid material exhibited higher adsorption capacity for some dyes: MB,
MO, and CR due to an increase of m— attraction interaction, related to increased pore size and number
of adsorption sites. Especially, the removal of cationic dye MB increased by a factor of 5.9 as compared to
that of anionic dyes, dominated by the stronger electrostatic interaction because of decreased positive
charge after doping by Ce(I1I).

Very recently, Li [11] reported a strategy for synthesis of MOFs which indicated the key role of electro-
static attraction mechanism in studying dye adsorption on this material. In this work, the multivariate
UiO-66 was prepared with different ratios of Terephthalic acid (BDC)/Benzene-1,3,5-tricarboxylic acid
(BTC) as ligands. The samples with addition of higher amount of BTC showed higher negative charge on
the surface and smaller surface area due to deprotonating of uncoordinated carboxylic groups from BTC.
Therefore, these samples showed enhanced adsorption selectivity of cationic dye (MB) as compared to
anionic dye (MO) and neutral dye (RB) by 93.5 and 17.1%, respectively. This study presents strongly evi-
dence which confirms high importance of electrostatic attraction mechanism for dye adsorption on
MOFs.

These studies proved that the modification on UiO-66 is a promising topic for dye adsorption applica-
tion, especially for the selective dye removal. Therefore, in our research the Co-UiO-66 and H*/UiO-66
samples were synthesized in the facile procedure to enhance the positive charge on the surface, and then
used as adsorbents. The characterization of the materials was performed using different techniques to con-
firm the occurrence of Co?" and H* in the typical structure of UiO-66. These samples were applied for
the removal of typical dyes, including anionic (methyl orange—MO) and cationic (methylene blue—MB)
dyes to examine the efficiency and selectivity of anionic dye adsorption. The research aims to the detailed
consideration of the influence of electrostatic attraction mechanism on adsorption, which is the most
important application of MOFs in this field.

EXPERIMENTAL

Zirconium(IV) chloride (ZrCl,, purity 98%, Acros), terephthalic acid (H,BDC, purity 99%, Acros),
cobalt(II) nitrate hexahydrate (Co(NOs;), - 6H,0, purity 98%, Showa), acetic acid (99.7%, Aencore), and
N,N-dimethylformamide (DMF, high purity solvent 98%, Tenda-USA) were used as precursors. The
studied dyes were methyl orange (MO) and methylene blue (MB) as dye powder of purity 98% (Sigma-
Aldrich). In a typical preparation, 0.3381 g of ZrCl, (1.5 mmol) and 0.25 g H,BDC (1.5 mmol) were added
to 40 mL of DMF. The mix was stirred at room temperature for 60 min. The mixture was then sealed in a
50 mL Teflon autoclave and heated to 140°C for 8 h. The powders were collected by filtration, then
washed 3 times with DMF and 3 times by methanol, dried at 60°C overnight to form UiO-66 hereinafter
referred to as U-0. In the similar process, 1.7 mL CH;COOH also was added to the solution before stirring
and heated as explained above; the resulting material is referred to below as UA-0.

The incorporation of Co on UiO-66 was carried out for both sample above, adding Co(NO;),
(0.225 mmol) to initial solution to produce slightly blue powder named U-1, UA-1, thus modifying U-0
and UA-O0, respectively.

Characterizations

X-ray powder diffraction (XRD) patterns were recorded using a CuK,, radiation (40 mA and 40 kV)
source on a D8 Advance Bruker powder diffractometer at a scan rate of 3°/min with a step size of 0.03°.
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Scanning electron microscopy (SEM) studies were performed on a JEOL JSM-7600F operated at 15 kV.
Raman Spectroscopy (Andor Solis) was used to record the spectra of powder at room temperature within
a wavelength range of 500—1800 cm~!. Inductively coupled plasma mass spectrometry (ICP-MS) Agilent
7500ce was used to detect metal concentration of Co and Zr. Nitrogen isotherm measurements were per-
formed using a Micromeritics ASAP 2010. Samples were pre-treated by heating under vacuum at 120°C
for 4 h. Zeta potential point was recorded by Dynamic Light Scattering (DLS) zeta-sizer of Nano-2S90
(Malvern). The activated power was dispersed in buffer solution pH7 and sonicated before testing.

Dye Removal Study

Typically, 10 mg of UiO-66 or related materials were added to 20 mL of MO dye aqueous in various
concentration (50—250 mg/L) in a vial with cap; then the mixing was treated in an ultrasonic bath for
1 min to mix completely. For the selectivity dye adsorption, mixing of MO (25 mg/L) with MB (25 mg/L)
was obtained similarly to above. The vial was stirred at room temperature at a different time from 5 to
120 min, then the solution was collected by a syringe filter (mesh of 0.22 um). A UV-vis spectrometer
(SCINCO S-3100) was used to record the absorbance change of the dye solution.

The recycling was carried out 4 times using methanol 95% only for eluting. After the MO adsorption
process, the absorbent was collected and washed 3 times by eluting solution through centrifugation, then
dried at 90°C overnight to use for the next time.

Adsorbed amount of dye ¢, was calculated from the equation:

_ (G -G

i )

m

where C is the initial concentration of dye solution (mg/L), C,is the concentration of dye solution at time
t (mg/L), Vis the volume of dye solution (L), and m is the adsorbent mass (g).

RESULTS AND DISCUSSION
XRD Patterns

X-ray diffraction is the important data to identify the pure phase and structure of materials. As seen in
Fig. 1a, the powder XRD patterns of U-1 and UA-1 almost matched their parent UiO-66 pattern and
agree well with the literature data [1, 12] with two typical peaks located at 26 ~ 7° and 8°. The data indi-
cated that the preparation of UIO-66 and their derivatives of doped Co?* ions was achieved in pure phase,
because no straight peaks were observed for both U-1 and UA-1 patterns. The 26 shift forward towards a
higher angle of 0.03° (U-1) and 0.12° (UA-1) after adding Co?* ion was observed showing small change
of the lattice in the frameworks. This change is the evidence that this metal occurs in the material, simi-
larly to several reports on other systems of metal doped to MOFs, such as Zn doped on Ni-MOF [13], Co
doped to MOF-5 [14] and Ti or Ce doped to UiO-66 [9, 15].

It is also apparent that Co ion signal at typical position 26 of 20 and 32° is absent [16], indicating pos-
sibly that the metal is doped inside the UiO-66 framework. Also, the lower shift of 20 from UA-0 and UA-

1 as compared to U-0 and U-1 may be related to the presence of H* in the material, as was similarly
observed by Qiu [9].

SEM and ICP-MS Results

SEM images showed the high crystallinity of all samples, which agrees with the sharp peaks in XRD
patterns. The morphology of U-0 (Fig. 1b) shows small particle size (about 50 nm), which slightly
increases when adding Co?* ion to the synthesis process. However, the cube-like structure of UiO-66
becomes more uniform as is seen in Fig. 1c, similarly to the data reported previously by Mohammadi [17].

For sample obtained with addition of CH;COOH, the aggregated structures were found to be octahe-
dral for both UA-0 and UA-1 as seen in Fig. 1b (3, 4); this is related to the absence of amorphous struc-
tures found in XRD patterns. In addition, FTIR spectra (Fig. 2b) show a stronger peak at the band around
of 1252 ecm™! (indicating C—O stretching of terephtalic acid and a shift up at the band of 1580 cm™! (related
to O—C—0 asymmetric stretching of carboxylic groups) [ 18] of UA-0 and UA-1, as compared to U-0 and
U-1, respectively. This observation provided stronger evidence for grafting H™ on the surface of UiO-66.

ICP-MS results indicated the existence of Coin materials with small concentration of 313.4 and
630.5 ppm for U-1 and UA-1, respectively. The higher concentration of Co for the sample with added ace-

JOURNAL OF WATER CHEMISTRY AND TECHNOLOGY Vol.42 No.6 2020



444 TRAN BA LUAN

(@)

Intensity, a.u.
A

100 nm

Fig. 1. XRD patterns of UiO-66 and Co/UiO-66 (a) and photo—SEM images (b) of: () U-0; (2) U-1; (3) UA-0; (4) UA-1.
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Fig. 2. (a) Raman spectra and (b) FTIR spectra of synthesized samples. (/) U-0; (2) U-1; (3) UA-0 and (4) UA-1, respec-
tively.

tic acid can be explained by coordination of CH;COOH to Zr cluster formation in nucleation process [§],
which could result in easier incorporating of Co ions into Zr—O clusters. This matches with higher shift of
the first peaks for UA-1 than for U-1, as observed in XRD patterns.

In other experiments, the synthesis described above was performed with higher ratio of Co/Zr (0.6 and
1.0) in an attempt to obtain higher Co doping to the framework. For the sample with ratio Co/Zr = 0.6,
the concentration of Co doped to UiO-66 (ICP result of 704.5 ppm) was not much higher than that for
ratio Co/Zr = 0.15. In addition, when the ratio Co/Zr was increased to 1 in the precursor, phase and mor-
phology of this product had changed to low crystallization and more amorphous mix, as shown by weak
intensity at typical peaks (7° and 8°) from XRD pattern and lack of crystals observed by SEM. These
results mean that the ratio Co/Zr in synthesized precursor higher 0.15 is an overdose with regard to the
attempts to increase the doping amount of Co to the UiO-66 framework by this procedure.

Raman Test

The Raman spectra in Fig. 2a are in agreement agrees with Atzori and Kandiah [18, 19] where key
bands around of 1600 and 1420—1450 cm~! were ascribed to symmetric stretching belonging to benzene
ring (C=C) and organic benzene ring stretching (O—C—0), respectively [20]. For sample doped by Co
(U-1 and UA-1), very small signal peaks rise at the band around 550 cm~', indicating the stretching of
Co—O0 as mentioned in the literature [21, 22]. Also, lower shift of peaks was observed for U-1 and UA-1
as compared to U-0 and UA-0 at region 830 and 1420 cm~' observed in small scale (evidencing the sym-
metric stretching of O—C—O bonding of ligands to inorganic clusters [18, 20, 23]), indicating that this
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Table 1. pH level before and after adsorption

Time of adsorption, min uU-0 U-1 UA-0 UA-1
0 4.73 4.68 4.44 4.60

30 4.70 4.69 4.40 4.75

60 4.62 4.63 4.38 4.78

90 4.60 4.62 4.35 4.87

120 4.60 4.62 4.35 4.87

bonding is weaker due to increase of excited wavelength [24]. This change may be caused by doping of Co
ions into the Zr—O clusters, creating new linking between Co and ligands, thus making the bonding force
between ligands and hybrid Zr—O clusters weaker.

Effect of Electrostatic Attraction on Dye Removal

Four samples (U-0, U-1, UA-1, and UA-1) were tested for MO removal as typical examination of
effects caused by doping Co on dye adsorption. The adsorption at conditions: 10 mg adsorbent, 20 mL
MO of 50 mg/L at room temperature, attains the equilibrium state after 2 h, whereas the concentration of
dye solution and pH level almost unchanged by time, as shown in Table 1, similar to the data reported in
the literature [8] (see details in Table 1 and notes on adsorption kinetics below). As shown in Fig. 3a,
the MO adsorption capacities attain the values 33, 75, 55 and 82 mg/g for U-0, U-1, UA-0, and UA-1,
respectively. The changing of orange colour which becomes slightly lighter was observed clearly for U-1
and UA-1 after adsorption. On the other hand, the samples with added CH;COOH show higher adsorp-
tion capacity than those without this addition by 20 mg/g for UA-0/U-0 and 10 mg/g for UA-1/U-1, due
to the contribution of H" which exist on the surface of sorbent thus promoting electrostatic interaction [8].
However, the adsorption amount from Co doped samples as compared to their parents shows a higher
increase as compared to added acid samples, reaches to 42 mg/g (U-1/U-0) and 27 mg/g (UA-1/UA-0).
In addition, the zeta potential of a sample in aqueous solution increases in order UA-1 > U-1 > UA-0 >
U-0, which demonstrates the corresponding increase of positive charge of the surface for these samples.
Therefore, the MO adsorption capacity of four samples is also proportional to the increase of zeta poten-
tial. This indicates that the electrostatic attraction between the adsorbents and the MO caused by adding
of Co ion on UiO-66 is higher that of H*.

Herein, we assume that the Co ions incorporated weakly to Zr—O clusters (as shown by the character-
ization test above), became activated sites and promoted the anionic dye adsorption. It is also known that
MO, because of its larger size, cannot enter inside small pore with size about 0.6 nm [1] of microporous
UiO-66, and possibly adsorbs on the external or outer surface as reported in [7, 8]. Therefore, MO adsorp-
tion is promoted by the electrostatic interaction between positive charge of the sorbent and negatively

-potential, mV (a) 4 Absorbance (b)
— 2.0 4
20 2 1.5
3
1.0 |-
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0.5F
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0 L_‘ | | 0 /4\ | N
30 60 90 400 500 600 700
Absorption capacity, mg/g Wavelength, nm

Fig. 3. (a) Zeta potential as versus of MO adsorption on samples and (b) related absorbance changing. (1) Before; (1) U-0;
(2) U-1; (3) UA-0; (4) UA-1. Condition adsorption: 10 mg adsorbent/20 mL of MO solution of 50 mg/L.
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Fig. 4. Kinetic of adsorption on U-1 (a), U-0 (b), UA-1 (c) and UA-0 (d).

charged group (SO;) and —N=N-— in MO molecular structure [25], similarly to what was reported by
Zhang [26].

Adsorption Kinetics

Figure 4 illustrates the dependence of adsorption on contact time for different MO concentrations (50,
100, 150, 200, and 250 mg/L) observed for four samples. The adsorption increases with the increase of
MO initial concentration, approaches the values somewhat lower than the equilibrium value after 60 min
of stirring, and then slowly increases to equilibrium value within 2 h, showing that the studied material is
a good absorbent for dye treatment [7]. At higher concentration of 200 and 250 mg/L, the adsorption
capacity attained 76.0, 185.0, 142.0 and 211 mg/g at equilibrium state for U-0, U-1, UA-0 and UA-1,
respectively. Moreover, a slight increase in adsorption amount between concentration of 200 and
250 mg/L indicated that a saturation adsorption has been gained, as described by Liu [27]. In total, UA-1
and U-1 exhibit higher MO removal as compared to U-0 and UA-0 and the results reported in previous
publication related to UiO-66 in [7, 8].

The Anionic Selectivity of Adsorption

The selective adsorption of anionic dye as compared to cationic dye (MB) is the most important sec-
tion of the research aimed to prove the effectiveness of doping Co on UiO-66. The mixed dye solution of
MO and MB was also tested for 2 h at a low concentration of 25 mg/L of each dye to verify the adsorption
selectivity with respect to the anionic dye. The selectivity of MO/MB increases in order U-0 < UA-0 <
U-1< UA-1, along with the MO/M B removal selectivity of 42.4/65.6, 76.0/14.2,73.1/38.4 and 86.5/4.2%
for U-0, U-1, UA-0 and UA-1, respectively (details in Fig. 3b). It should be noted that no MO concen-
tration in the solution was observed after 120 min of adsorption, which follows from very small absorbance
at a wavelength at 464 nm found in UA-1 spectra. As recorded, the colour changed from green or black
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Table 2. Adsorption isotherm data

Langmuir Freundlich
Sample
Gm> Mg/ KL R? K; n R’
U-0 103 0.01 0.9976 8.0 0.43 0.9874
U-1 212 0.04 0.9981 39.0 0.31 0.9720
UA-0 194 0.02 0.9945 15.3 0.44 0.9839
UA-1 232 0.05 0.9952 45.7 0.31 0.9917

(mix of MO/MB) to blue (MB) for UA-1 after adsorption. For U-1, the initial colour changes to light
green after adsorption, showing a higher concentration of MB than MO in maintaining solution.

Adsorption Isotherm is used to characterise the process of adsorption on materials and estimate the
highest adsorption capacity. In this study, the Langmuir and Freundlich isotherms are chosen as typical
models in dye adsorption [28, 29], expressed by Egs. (1) and (2), respectively:

— QmKLCe
1+ K,C,’

q. = K:C,”", (2)

where ¢, and g,, are MO adsorbed amounts at equilibrium and maximum sorption capacity adsorbents
(mg/g), respectively, C, is MO concentration at equilibrium state and K, K-and n are Langmuir and Fre-
undlich isotherm constants, respectively. It is seen from Table 2, that the Langmuir isotherm provides for
a better fit and is more applicable than Freundlich model, as follows from the fact that the correlation
coefficient calculated from Langmuir model (R? > 0.99) is higher than that calculated from Freundlich
model. Also, the coefficient of Freundlich model » < 1 indicates poor adsorption characteristic to this
model [30]. This fitting to model isotherm shows that the adsorption process is mainly monolayer on the
surface of the sorbent and the maximum MO adsorption capacity attains 103, 212, 194 and 232 mg/g for
U-0, U-1, UA-0 and UA-1, respectively. The simulated adsorption capacity by Langmuir is close to exper-
iment data, implying that the adsorption reached its equilibrium value.

In our study, U-1 and UA-1 show higher ratio MO/MB removal than that reported by Zhang using
high concentration CH;COOH in the synthesis UiO-66 [8]. Obviously, the active metal Co doped under
simple route is a crucial factor in high enhance and selectivity of the removal of anionic dye as compared
to cationic dye. This selectivity may be related to the increased positive charge on the surface of the mate-
rial due to the doping of Co?*, similar to what was observed by Han [9]. Also, the addition of Co to UiO-
66 resulted in higher electrostatic attraction for anionic MO and repulsion for cationic MB as compared
to that of H+ or initial sample.

(1

e

CONCLUSIONS

In this research, the simple doping of Co to Zr-UiO-66 was performed at a small concentration of Co
(0.6 wt %) in the framework, but in the amount high enough to make the hybrid MOFs perfect. Also, a
facial synthesis of H*/UiO-66 was performed in the same way as described above. The materials were
characterized by typical physical methods including XRD, Raman spectra, SEM and ICP-MS to confirm
the occurrence of these active agents. The results confirm the existence of H" and Co on UiO-66 at a small
amount.

The adsorption capacity attained higher value as compared to the previous report in this field. The high
selectivity adsorption of MO compared to that of MB obtained on Co-doped UiO-66 samples (U-1 and
UA-1) are the most interesting results of the study, indicating the domination of electrostatic attraction
mechanism in the dye adsorption process. It should be stressed that the effect of adding Cobalt (Co?*) to
electrostatic attraction between the adsorbent and dye is higher than that of H*.
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