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Abstract

Mono-ethylene glycol (MEG), used in the oil and gas industries as a gas hydrate
inhibitor, is a hazardous chemical present in wastewater from those processes. Metal-
organic frameworks (MOFs) (modified UiO-66* and UiO-66-20H) were used for the
effective removal of MEG waste from effluents of distillation columns (MEG recovery
units). Batch contact adsorption method was used to study the adsorption behavior
toward these types of MOFs. Adsorption experiments showed that these MOFs had
very high affinity toward MEG. Significant adsorption capacity was demonstrated on
UiO-66-20H and modified UiO-66 at 1000 mg. g~ and 800 mg. g~ respectively. The
adsorption kinetics were fitted to a pseudo first-order model. UiO-66-20H showed a
higher adsorption capacity due to the presence of hydroxyl groups in its structure. A

Langmuir model gave the best fitting for isotherm of experimental data at pH = 7.
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Introduction

Natural resources have become a hot topic in current scientific research, in an effort
to maintain and preserve the Earth's environment for continued human life [1, 2]. In
this regard, petroleum pollution is a major global problem [3]. Mono-ethylene glycol
(MEG) is a petroleum pollutant, which is a colorless, odorless, and slightly viscous
liquid, more hygroscopic than glycerol and miscible with water in all proportions. [4, 5].
The US Environmental Protection Agency has established a standard of less than 7
mg L ! of MEG in drinking water [6, 7]. MEG can cause damage to the kidneys or death
at high accumulated concentrations [8]. Natural gas processing produces ethylene
glycol-containing wastewater and consequently increases the chemical oxygen
demand (COD) in water [9]. Removal of MEG from contaminated water is thus an
important consideration in the design of operation units in the petroleum industry [10].

There are three principal treatment processes for removal of MEG from wastewater:
filtration [11], biological [12] and adsorption processes [9]. Moreover, nanofiltration and
membrane technologies are widely used to separate low molecular organic pollutants
(such as MEG) from water [11], but these methods have several challenges such as
membrane fouling, chemical resistance and limited lifetime of membranes, insufficient
separation, generation of a concentrate and Insufficient rejection for individual
compounds [13]. Microorganisms are also used for the removal of MEG, diethylene
glycol (DEG), and triethylene glycol (TEG) [14], but biological treatment is incapable

of the elimination of the pollutants in a continuous process [15].

Adsorption is a more reliable and economically feasible method in this regard, and has
already been used in advanced water treatment [16, 17]. Activated carbon [9, 18, 19]
and zeolite [20, 21] are common porous materials used for physical sorption. Recently,
metal organic frameworks (MOFs) have been intensively studied for use in water
treatment. Many MOFs, such as Zr-MOF (UiO-66) [22], ZIF-67 [23-25], HKUST-1 [26,
27], MIL-101, and MIL-100 [28, 29] have been successfully tested for adsorption of
specific contaminants in water. In this unprecedented work, we use modified UiO-66
and UiO-66-20H with a high pore volume, nano-crystal size and high water stability to
effectively capture MEG from wastewater in the case of distillation failure. This batch

adsorption process was conducted at different contact time and pH values.



Experimental adsorption capacities were obtained for different concentrations in
effluent wastewater, and adsorption kinetics and isotherms were studied.

Materials and Methods

All chemicals including N,N-dimethylformamide (DMF, 99%), 1,4-benzenedicarboxylic
acid (BDC, 98.9%), ammonium hydroxide (NH4OH, 24%), 2,5-dihydroxyterephthalic
acid (DHBDC, 98%), zirconium chloride (ZrCls, 299.5%), absolute methanol (CH30H,
= 99.9%), absolute ethanol (C2HeO, 299.8) and acetic acid (CHzCOOH, 299.7%) were
purchased from Sigma Aldrich and used without further purification. Deionized water

was supplied from an ultra-high pure water system in the laboratory.

Synthesis

UiO-66-20H was synthesized solvothermally according to a previously reported co-
solvent procedure [30]. ZrCls (5.150 mmol) and DHBDC (2.63 mmol) were dissolved
in DMF (774.93 mmol, 60 mL). After 15 min of mixing, acetic acid (174.68 mmol) and
absolute ethanol (171.26 mmol) were added to the mixture. The solution was then
transferred in a 125 mL Parr PTFE-lined stainless steel vessel (Parr Instrument
Company, USA), which was sealed and heated in a preheating oven at 676 K for 48

h. Greenish-yellow crystals were then extracted as a product by vacuum filtration.

For activation of UiO-66-20H, a solvent exchange method by methanol was used by
mixing 100 mg of sample material in 50 mL of absolute methanol for approximately 15
min, and then soaked for 3 d. After that, the product was separated by vacuum filtration
and heated at 373 K for 2 h and further heated under vacuum at 453 K for 2 d.

Modified UiO-66 was synthesized solvothermally according to a reported procedure
by a single-solvent method [31]. A solution of 405.38 mmol DMF was divided equally
into two batches. In the first batch, 2.27 mmol BDC was added and mixed for 15 min
and then NH4OH (0.4 mL, 2 M) was added dropwise to this mixture. In the second
batch, 2.27 mmol of ZrCls was mixed with the solvent for approximately 30 min. After
that, both batch solutions were mixed for approximately 20 min. Finally, the resulting
solution was placed inside a 45 mL Parr PTFE-lined stainless steel vessel (Parr
Instrument Company, USA) and placed in an oven at 393 K for 24 h. After cooling to

room temperature, vacuum filtration was used to separate white gel-like materials,
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which were dried in an oven at 353 K for 24 h. For activation of modified UiO-66, a
solvent exchange method by chloroform was used by mixing 100 mg of sample
material in 50 mL of chloroform for 30 min, and then soaked for 5 d. Then, the product
was filtered by vacuum filtration and dried in the oven at 373 K for 2 h. The final product

was heated under vacuum at 473 K for 2 d.
Characterization

Powder X-ray diffraction (XRD) patterns were obtained by using an XRD diffractometer
with CuKa radiation (A=1.5406 A) at 26=5-70° to identify the structure of the
synthesized material and its structural integrity. Morphological characterization was
performed by scanning electron microscopy (SEM; Zeiss Neon 40 EsB FIB/SEM
beam). FTIR spectra were obtained using a SpectrumTM 100 FT-IR (PerkinElmer) to
investigate the functional groups in UiO-66 over a scan range of 650-4500 cm™. A
Quantachrome instrument (Autosorb-1) was used to determine N2
adsorption/desorption isotherms for pore analysis including pore volume and surface
area. A quartz thimble was filled by a 20 mg of sample and then it was preheated in
an oven at 393 K for at least 2 h. After that, the sample was degassed at 453 K for 2
d and then transferred to an analysis port for analysis. Thermal stability of MOFs was
determined by thermogravimetric analysis (TGA; TGA/DSC1l STARe system-
METTLER TOLEDO). In a typical analysis, 10 mg of sample was loaded into an
alumina pan in the TGA furnace and heated under 20 mL-min=! air flow at a ramping
rate of 10 K/min from room temperature to 1173 K. Zeta potential was determined by

a Zetasizer Nano-ZS (Malvern Instruments) at 298 K.
Adsorption Studies

Adsorption studies of MEG from wastewater using modified UiO-66 and UiO-66-20H
were conducted using the batch contact adsorption method. Briefly, six samples of
MEG were prepared at different concentrations (700, 600, 500, 400, 300, and 150
mg-L™). Then 20 mg of the adsorbents was placed in 40 mL of the MEG solution,
which was agitated by a magnetic stirrer for different periods at pH =7 and 3. A PVDF-
0.45 micron syringe filter was used to separate the adsorbents from the aqueous
solution and the supernatant solution was measured using an ATAGO refractometer
(ATAGO) PAL-Cleaner- 4536.



The adsorbed amount of MEG (qg:) and the removal efficiency (R%) were calculated

by Egs. (1) and (2), respectively.

C _Ct .
G = u (1)
m
RO/O:M (2)

The batch adsorption was also carried out at pH = 3, 5, 8 and 10 for a fixed contact
time of 24 h.

Regeneration of the adsorbent was carried out by washing the loaded adsorbents with
ultra-high pure water at 373 K for several cycles.

Recycling tests of adsorbents

Modified UiO-66 and UiO-66-20H were separately suspended in MEG solutions in a
ratio of 1:2 using MEG concentration of 600 mg L™ at pH 7 for mixing around 60 min.
Then UiO-66 materials were filtered by syringe filter (0.45 um, PVDF) and supernatant
was tested for remaining concentration of MEG to calculate the removal efficiency.
The net collected weight was washed by hot water (373 K) three times. Next, the
sample was dried in the oven at 393 K for 2 h. The dried adsorbent was used for next
cycle of MEG removal. The same procedure was repeated for 5 cycles with carefully
adjusting an amount of the solution with a net weight of adsorbents at the same

conditions.

Results and Discussion

Characterization

Figure 1 depicts XRD patterns of UiO-66-20H and modified UiO-66 after activation,
which were exactly similar to those of original UiO-66 as shown in previous literature
[32]. These MOFs demonstrate robust behavior over a wide pH range (3—10) as shown
in Figure S1 and Figure S2. However, the modified UiO-66 displayed higher water
stability than UiO-66-20H as noted by the absence of some small peaks at high 26
values on the pattern of UiO-66-20H after exposure to MEG solution at pH = 10.
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FIG.1 XRD patterns of UiO-66-20H and modified-UiO-66 after activation.

The spectra in Figure 2 demonstrate the functional groups on modified UiO-66 and
UiO-66-20H. The carboxyl groups (COOH) of BDC and DMF molecules at 1659 cm~
1 [32] were completely disappeared after activation. In addition, in the spectrum of UiO-
66-20H, two peaks are present for hydroxyl groups at 1460 cm= and the broad peak
at 3000-3680 cm. Coordinated carboxyl groups of benzene-1, 4,-dicarboxylates with
zirconium nodes to form building block units of the structure (ZrsO4)(OH)4(CO2)n were
present at 1500 and 1380 cm™ [33] in modified UIO-66 and UiO-66-20H. Figure S3
shows the spectra of UiO-66-20H at pH = 3, 7 and 10 as compared with the spectrum
of UiO-66-20H before adsorption use. The structure of UiO-66-20H was clearly
present based on the decreased peak intensities at 1500 and 1380 cm™. On the other
hand, new peaks emerged at 1740-1750 cm™, which are related to carbonyl carbons
of UiO-66-20H conjugated with MEG. Likewise, the peak of hydroxyl groups at 3000—
3680 cm™* was more intense, indicating a high amount of loaded MEG in the pores.
Figure S4 shows spectra of modified UiO-66 used for MEG adsorption at different pH
values. All the spectra describe the integrity of the structure, as all peaks in modified
UiO-66 prior to MEG adsorption are observed on the spectra of modified UiO-66 after
use at pH = 3, 7 and 10. The intensity of hydroxyl groups on the spectrum of used
modified UiO-66 was significantly increased due to the high load of MEG inside the
pores. In addition, there is a trace of MEG conjugated with carbonyl carbons of
modified UiO-66 after use at pH = 7 and 10, shown by the peak at 1740 cm™.
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FIG.2 FTIR spectra of modified-UiO-66 and UiO-66-20H after activation.

N2 adsorption and desorption isotherms of UiO-66-20H are shown in Figure 3(a),
which is of H4 type (IUPAC classification) [34] with a hysteresis loop at a wide range
of relative pressure. It was observed, the hysteresis loop is accompanied by capillary
condensation in neck bottle pores [35]. UiO-66-20H is a mostly mesoporous material
with several peaks (3.1, 4.8, 7.6, and 12.5 nm) as shown in Figure 3(b). In addition,
the micropore distribution was determined with the peak at 2 nm (Figure 3(c)). The
pore volume is approximately 0.63 cm®-g~* and the BET surface area is 473 m?.g7*,
smaller than those of UiO-66 [36, 37] but slightly higher than those of UiO-66-20H in
a previous study [30]. The external surface area is 289 m?.g*. Figure 4(a) shows N2
adsorption/desorption isotherms of modified-UiO-66, displaying a narrow hysteresis
loop in a wide range of relative pressure. Figure 4(b) shows three mesopore peaks
(3.7, 6.7 and 15.4 nm) while Figure 4(c) illustrates the micropore distribution in single
peak at 1.4 nm. The BET surface area and pore volume are 1273 m?.g~! and 1.63

cm3.g7?, respectively, whereas the external surface area is 331 m2.g-%.

The BET surface areas of UiO-66-20H and modified UiO-66 after adsorption of MEG
were reduced, giving 255 and 704 m?.g%, respectively. The reduction in surface area
may attribute to porosity loss [36] as a result of adsorption of MEG and it may also be
related to the defect of the structure[37, 38]. Figure S5 (a) shows N
adsorption/desorption isotherm on modified UiO-66 with sharp increasing in relative
pressure close to the unity while the hysteresis loop was limited in very narrow range
at relative pressure of 0.85, indicating that pore connectivity is high. Figure S5 (b)
demonstrates a single peak mesopore distribution at 30 nm, which is larger than the

mesopore size before the adsorption. The larger mesopore was due to high cavity



created during water diffusion. Figure S5(c) displays the micropore diameter of 0.6 nm

because of blocking of smaller pores by adsorbate molecules[39].

Figure S6 (a) shows N2 adsorption/desorption isotherm on UiO-66-20H. It is similar to
that of modified UiO-66, which indicates the majority of meosopore. The mesopore
and micropore distributions were represented in single peak at 4 and 0.64 nm as
shown in Figure S6 (b) and (c), respectively. They are smaller than the pore sizes of
the adsorbent before the adsorption process, suggesting that the most porous

structure was occupied by MEG molecules.

The SEM images in Figure S7 (a) and (b) show the crystal morphology and crystal
size of UiO-66-20H and modified UiO-66, indicating a cubic geometry as the same as
the original UiO-66. However, the primary particle size differed significantly. Modified
UiO-66 featured nanoscaled crystals < 50 nm in size, while UiO-66-20H crystals were
approximately 100 nm in size. The reduction in crystal size of modified UiO-66 is
caused by ammonium hydroxide additives [31], which enhance the solubility of the
reactants used during synthesis [40]. Thermal stability of modified UiO-66 and UiO-
66-20H are shown in Figure S8, where the thermal stability of modified UiO-66 is
higher than that of UiO-66-20H. The structures of modified UiO-66 and UiO-66-20H
were maintained at temperature up to 740 K and 500 K, respectively. The thermal
stability of modified UiO-66 is similar to that of original UiO-66 without modification, as

shown in previous literature [41].
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FIG.3 a) Adsorption/desorption isotherms of N2 in UiO-66-20H at 77 K, b) Mesopore

distribution and c) Micropore distribution.
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FIG.4 a) Adsorption/desorption isotherms of N2 in modified-UiO-66 at 77K, b)

Mesopore distribution and c) Micropore distribution.

Adsorption Studies

Effect of pH on adsorption

It is important to investigate the effect of acidity on the adsorption of MEG on the
surface of modified UiO-66 and UiO-66-20H. The distribution of acidic or basic
molecules in pollutants is strongly dependent on acidity of the aqueous solution, and
consequently their interaction with the surface of an adsorbent through adsorption
processes [42]. When the solution is an acidic medium, the attractive force toward the
surface of the adsorbent is enhanced. Hence, the adsorption capacity of MEG is
increased as the pH decreases from 5 to 3, as shown in Figure 5. However, the
presence of hydrogen ions in water and their attraction with molecules of MEG can
affect the mobility of MEG via its movement toward the surface of adsorbents; this
effect is noticed at pH < 5 on modified UiO-66. Neutral solutions (pH = 7) seems to be
the best medium for adsorption of MEG. Specifically, UiO-66-20H can interact via
hydrogen bonds between the hydroxyl groups of UiO-66-OH and the hydroxyl groups
of MEG. Meanwhile, the interaction between modified UiO-66 and MEG is likely to

arise from electrostatic forces. In basic solutions, the adsorption of MEG is decreased,



when pH increases from 7 to 8 and 8 t010 in UiO-66-20H and modified UiO-66
respectively, but in UiO-66-20H, this influence is minimal at pH > 8.

1000

800 —

600 —

400 —

Adsorption Capacity(mglg)

—=— Modified UiO-66
—a— UiO-66-20H

200

T T T T
2 4 6 8 10

FIG.5 Effect of pH on the adsorption capacity of MEG on modified UiO-66 and UiO-
66-20H.

Kinetic Models

Active water treatment significantly depends on the adsorption kinetics, providing
sufficient knowledge on the mechanism of adsorption. In this study, three popular
models were investigated and fitted with experimental data. All parameters of the

kinetic models are shown in Tables 1 and 2.

A pseudo-first order kinetic model (Lagergren) has been suggested for the adsorption
of liquid/solid systems, depending on the adsorption capacity of the solid. The general

linear form of the pseudo-first order equation [43] is expressed as:
In(q. — q¢) = In(q.) — kst (1)

where ge and g: are the adsorbed amounts of MEG (mg-g~!) on modified UiO-66 or
UiO-66-20H at equilibrium or at time t (min), respectively, and ks is the rate constant

of the first order model (min?).

A pseudo-second order kinetic equation was determined by Ho and Mckay depending

on the amount of adsorbate adsorbed on the adsorbent [44]. It can be expressed as:

t_ 1 +t (2)
qr  KsQe® Qe

where ks is the second-order rate constant (g-mg=t-min1).

10



The intra-particle diffusion equation [45] is important for interpreting the adsorption
mechanism of MEG on modified UiO-66 and UiO-66-20H. The linear equation can be
described as:

1

qe = kqtz +C (3)
where kqis the intra-particle diffusion rate constant (mg-g=*-min®9).

Tables 1 and 2 demonstrate the parameters of the pseudo-first order, pseudo-second
order and intra-particle diffusion equations for adsorption of MEG on modified UiO-66
and UiO-66-20H. The pseudo-first order kinetic model is used to describe the
mechanism of adsorption in the case of physisorption and diffusion. More specifically,
Tables 1 and 2 show that the rate constant ks is relatively dependent on the initial
concentration of MEG. The rate constant of MEG adsorption on modified UiO-66 and
UiO-66-20H was uniformly increased with increasing initial concentration of MEG at
neutral acidity (pH = 7) [46]. Interestingly, the rate of diffusion via UiO-66-20H is faster
than that in modified UiO-66. Calculated adsorption capacity values obtained using

the pseudo-first order kinetic model are approximately similar to experimental values.

For the adsorption of MEG on modified UiO-66 and UiO-66-20H, the correlation
coefficients (R?) at pH = 7 were 0.969 and 0.992, respectively, at an initial
concentration of 700 ppm, while they were 0.913 and 0.938 at an initial concentration
of 400 ppm. The fitting of experimental data at pH = 7 with the pseudo-first order kinetic
model is given in Figure 6(a, b). In addition, R? values at pH = 3 were 0.985 and 0.991,
respectively at 400 ppm, and 0.979 and 0.926 at 700 ppm; R? was increased by
decreasing the initial concentration due to the impact of acidity at pH = 3. This can be
observed in Figure 7(c, d), where the pseudo-first order kinetic model is in good

agreement with the experimental data.

On the other hand, the pseudo-second order rate model was used to refer to
chemisorption including valency forces through the sharing or exchange of electrons
between adsorbates and adsorbent as covalent forces, and ion exchange [47]. As
shown in Tables 1 and 2, the calculated values of adsorption capacity are fitted from
experimental data. In addition, Ks values are mostly dependent on the initial
concentrations of MEG in modified UiO-66 and UiO-66-20H in acidic and basic

conditions. Likewise, the R? values in the pseudo-second order model are lower than
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R? observed in the pseudo-first order model, while they are slightly higher in modified
UiO-66 than in UiO-66-20H at pH = 3, where the average value of R? is 0.942 in
modified UiO-66 and 0.891 in UiO-66-20H. In contrast, R? values at pH = 7 are 0.931
and 0.957 for modified UiO-66 and UiO-66-20H, respectively. The fitting of
experimental data to a pseudo-second order rate model in modified UiO-66 and UiO-
66-20H is demonstrated in Figure 7(a, b) at pH = 7, and depicted in Figure 7 (c, d) for
pH = 3. It seems that this model does not fit well with our experimental data. Based on
this, adsorption of MEG on modified UiO-66 and UiO-66-20H is likely preceded by
diffusion and hydrogen bonding.

Table 1 Kinetic Parameters for MEG removal by modified UiO-66

Kinetic Model Initial concentration of MEG in aqueous solution

Pseudo-first order kinetic model

pH Parameter 700 ppm 600 ppm 500 ppm 400 ppm
7 Kt 0.018 0.017 0.014 0.0132
Qe 818.5 737.4 623.6 523.1
R? 0.969 0.962 0.993 0.913
3 Kt 0.0174 0.015 0.0137 0.0151
Qe 647.4 617.1 515.5 419.2
R? 0.979 0.942 0.931 0.985
Pseudo-second order kinetic model
pH Parameter 700 ppm 600 ppm 500 ppm 400 ppm
7 Oe 1000 909.1 769.2 769.2
Ks 1.55x10°% 1.40x10 1.428x10°%° 8.24x10
R? 0.969 0.959 0.953 0.845
3 Qe 833.33 833.3 769.2 555.6
Ks 1.79x10°% 1.15 x10E® 8.471x1076 1.80x10%
R? 0.969 0.934 0.929 0.935
Intraparticle diffusion
pH Parameter 700 ppm 600 ppm 500 ppm 400 ppm
7 Kd 88.5 79.7 61.3 62.1
C 220.1 233.4 165.8 260.1
R? 0.986 0.992 0.964 0.962
3 Kd 87.3 70.9 60.1 46.9
C 285.0 246.8 230.7 157.0
R? 0.978 0.986 0.963 0.994
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Table 2 Kinetic Parameters for MEG removal by UiO-66-20H

Kinetic Model  Initial concentration of MEG in aqueous solution

Pseudo-first order kinetic model

pH Parameter 700 ppm 600 ppm 500 ppm 400 ppm
7 Kt 0.023 0.021 0.015 0.012
Qe 980.3 879.3 796.9 704.6
R? 0.992 0.990 0.989 0.938
3 Kt 0.013 0.007 0.009 0.008
Qe 896.9 824.1 716.9 617.7
R? 0.926 0.981 0.980 0.991
Pseudo-second order kinetic model
pH Parameter 700 ppm 600 ppm 500 ppm 400 ppm
7 Ge 1111 1000 1000 1111
Ks 0.000027 3.28x10°%° 1.47x10 5.59x10
R? 0.984 0.985 0.981 0.880
3 Qe 1250 1250 1111 1000
Ks 6.63x10°¢ 5.18x10°® 4.56x10706 4.34x100¢
R? 0.90 0.950 0.817 0.90
Intraparticle diffusion
pH Parameter 700 ppm 600 ppm 500 ppm 400 ppm
7 Kid 127.2 82.9 76.1 80.2
C 263.3 47.9 140.7 315.6
R? 0.935 0.997 0.966 0.967
3 Kid 109.0 76.1 67.3 54.5
C 417.2 240.7 254.1 208.6
R? 0.99 0.966 0.923 0.990
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FIG.6 Comparison between the measured and pseudo-first order modelled time
profiles for adsorption of MEG on modified UiO-66 and UiO-66-20H at pH =7 (a,b)
and pH = 3 (c,d)
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FIG.7 Comparison between the measured and pseudo-second order
modelled time profiles for adsorption of MEG on modified UiO-66 and UiO-
66-20H at pH =7 (a,b) and pH = 3 (c,d)

The effect of intra-particle diffusion resistance on the adsorption in this system was
explored using equation (3) and the parameters are reported in Tables 1 and 2, which
were obtained from the slope of the first step on the plot of adsorption capacity (mg/qg)
at any time against the square root of time (min®%), as shown in Figure 9 (a, b, c, d).
Tables 1 and 2 show that the diffusion rate increases with increasing initial
concentration due to the high driving force at high initial concentrations [48]. Moreover,
UiO-66-20H is faster than the modified UiO-66 because the diffusion rate is
significantly dependent on the polarity of the pores, which is better in UiO-66-20H due
to the presence of hydroxyl groups. In addition, the diffusion rate during the migration
of MEG molecules from bulk solution to the surface of the adsorbent [49] decreases
somewhat in acidic solutions, which can be attributed to the increased number of
protons (H*) in solution and their attraction with MEG molecules. Three steps are
shown in Figure 9; the first step is related to the high rate of diffusion for MEG
molecules via water toward the adsorbents (besides the diffusion on the external

surface of the adsorbents), the second step is the diffusion of MEG molecules inside
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the pores of modified UiO-66 and UiO-66-20H, and the third step is a move to
equilibrium of the adsorption processes between MEG molecules and adsorbents. The
second step in Figure 9(d) also shows that the rate of intra-diffusion inside the pores
is higher than that in Figure 9(a, b, c). This can be justified according to the enhanced
attractive forces for MEG molecules toward the surface of the adsorbent by increasing
the concentration of H" with decreasing pH [49], and consequently the large pores are
easily accessed by positive charges. This may enhance the positive charges of
electrostatic interactions on the surface of the pores, and the hydrogen bonding
interactions (from hydroxyl groups in UiO-66-20H) may be significantly enhanced.

(b) UiO-66-20H
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FIG.8 Kinetic adsorption represented by the intraparticle model on modified UiO-
66 and UiO-66-20H at pH = 7 (a, b) and pH = 3 (c, d).

Both modified UiO-66 and UiO-66-20H demonstrated very high affinity to adsorb MEG
molecules in neutral aqueous solutions. Both of them had significant adsorption
capacity towards MEG, with modified UiO-66 at 800 mg. g* and UiO-66-20H at 1000
mg. g*. However, the capacities are reduced in acidic conditions (pH = 3) to 650 and
900 mg. g1, respectively, as shown in Figure 8 (a, b, ¢, d). Although MEG is a non-

electrolyte, this high adsorption of MEG is influenced by several factors. First, a large
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pore size in combination with a high pore volume increases the chance of interactions
between MEG molecules and the adsorption sites. Nanoscaled particles of modified
UiO-66 and UiO-66-20H may also enhance the adsorption capacity due to the
increase in interparticle pores and external surface area with a decrease in particle
size [49, 50]. In addition, the highest adsorption was seen on UiO-66-20H due to its
high external surface area and also the presence of hydroxyl groups in MEG
molecules, and UiO-66-20H enriches their interactions via hydrogen bonding which
may lead to an increased adsorption capacity. As a matter of fact, the presence of
hydroxyl groups enhanced the zeta potential on the surface of UiO-66-20H. The Zeta
potential was -18.43 mV on UiO-66-20H while it was -5.92 mV on modified UiO-66.
Consequently, the electrostatic attraction can be increased, resulting in a high
adsorption capacity of UiO-66-20H. The removal efficiency of MEG from wastewater
during contact time of 24 h depends on the initial concentration and the type of
adsorbent. From Figure 9, the removal efficiency is at its highest when the initial
concentration of MEG is 150 ppm; it was approximately 96% in UiO-66-20H and
91.6% in modified UiO-66 under the similar conditions (pH = 7, 298 K). Modified UiO-
66 also demonstrated lower efficiency than UiO-66-20H accompanied with variation
in the removal rate, as there is a sharp decrease in efficiency when the concentration
increases from 300 ppm to 400 ppm [51]. Increasing the initial concentration of MEG
may increase the competitive behavior of MEG molecules themselves toward the pore
surfaces in modified UiO-66, which does not have attractive functional groups (like

hydroxyl groups) as the case of UiO-66-20H.

—=— Modified UiO-66
—e— UiO-66-20H
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FIG 9 Removal efficiency for MEG solutions of different concentrations in aqueous

conditions atpH =7
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Figures S9 and S10 show the removal efficiency of MEG on modified UiO-66 and UiO-
66-20H, respectively, in five cycles. Modified UiO-66 displayed removal efficiency of
42% in the first and second cycles and then stable efficiency at 33.3% in the last three
cycles. For UiO-66-20H, the removal efficiency was 50% in the first three cycles, and
then it was dropped to 25% in the fifth cycle. Consequently, the modified UiO-66 and
UiO-66-20H could maintain the removal of MEG from water with relatively strong
stability for their practical application.

Sorption Isotherms

It is important to determine the bestisotherm that can represent the experimental data.
Therefore, two common isotherms were considered when investigating this adsorption
isotherm, those being the Langmuir and Freundlich isotherm models. The Langmuir
model was derived for the ideal assumption of a uniform homogeneous adsorption
surface, while the Freundlich model was designed for application to more

heterogeneous surfaces [21].

Langmuir Model

This model assumes a homogeneous surface where all adsorption sites possess
identical affinity for solute, and as such contiguous interactions and steric hindrance
are non-existent between adsorbed molecules on neighboring sites [52, 53]. The
nonlinear form of the Langmuir adsorption isotherm model can be represented as:

_ QmKlCe

=11k,

(4)

Equation (4) can be transferred to the following linear form to determine the Langmuir

adsorption parameters:

1 1 1

+
qe dm dm K l Ce

(5)

where ge is the amount of MEG adsorbed at equilibrium (mg/g), gm is a Langmuir

constant related to the monolayer coverage capacity (mg/g), K is a Langmuir constant
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for the adsorption energy, and Ce is the concentration of MEG at equilibrium (mg/L).
A linear plot of 1/ge versus 1/Ce is used to compute Langmuir isotherm constants in

equation (4).

Another equilibrium parameter for the Langmuir isotherm, called the separation factor,
may be expressed as R. (dimensionless) which is related to the adsorption nature [54,
55] as:

1

R,=—— 6
YT 1+ K,C, ®)

where C,is the initial concentration of MEG (mg/L).
Freundlich Model

This model applies primarily to multilayer adsorption on heterogeneous surfaces with
different affinities and adsorption heats for the solute. It is normally used to describe
non-ideal and reversible adsorption of inorganic and organic components in solution

[18, 47], and can be expressed as:

1
qe = K}‘CeH (7)

Equation (7) can be rearranged in the following linear form:
1
Inq, = InKy + ElnCe (8)

where K is the Freundlich isotherm constant, which is a rough indicator of adsorption
capacity (mg/g), Ce is the equilibrium constant of MEG (mg/g), and n is the adsorption
intensity. The magnitude of n may indicate the favorability of an adsorption process,
where n >1 indicates favorable normal adsorption while n < 1 denotes cooperative
adsorption [54, 56, 57].

Table 3 shows the parameters of the Langmuir and Freundlich models for adsorption
of MEG molecules on modified UiO-66 and UiO-66-20H. Fitting of the experimental
data for MEG on modified UIO-66 to the Langmuir isotherm model in Table 3 indicates
that gm is 2.5 times higher than ge in neutral solution. However, it is 1.4 times as high
as the value of ge in acidic solution. From the correlation parameters (R?) in Table 3,
the experimental data for MEG adsorption on modified UiO-66 at pH = 7 were better

fitted to the Langmuir adsorption isotherm model (R?= 0.99) compared to the
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Freundlich isotherm model (R?=0.90). Therefore, the monolayer coverage is dominant
on the external surface area of modified UiO-66 at pH = 7. Conversely, the Freundlich
isotherm model had R?= 0.98 at pH = 3, suggesting multilayer coverage of MEG on
modified UIO-66 in acidic aqueous solutions of MEG. This behavior is apparent in
Figure 10, and may be attributed to uneven distribution of H* on the surface of the
adsorbent. On the other hand, adsorption of MEG on UiO-66-20H was fitted well by
the Langmuir isotherm model in neutral and acidic conditions, with R? = 0.94 compared
to R? = 0.92 for the Freundlich model (Table 3 and Figure 11). However, the calculated
values of gm were higher than the corresponding experimental values. The best fit for
the adsorption of MEG was observed on modified UiO-66 and UiO-66-20H using the

Langmuir isotherm model in neutral aqueous conditions.

Figures S11 and S12 show the separation factor of the Langmuir constant R, which
indicates the nature of adsorption onto the adsorbents. Here, 0< Ry <1 denotes
favorable normal adsorption over the whole range of initial concentrations used in this
study. However, the behavior of MEG molecules differed for adsorption on modified
UiO-66 and UiO-66-20H, based on the acidity of the aqueous MEG solution. R, for
adsorption of MEG on modified UiO-66 is higher in neutral solutions than in acidic
solutions, while the highest value is demonstrated by the adsorption of MEG on UiO-
66-20H in acidic conditions. This is caused by the enhanced attractive force for MEG
molecules toward the surface of UiO-66-20H at increasing concentrations of H* which

are associated with lower pH values.
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Table 3 Isotherm parameters for MEG removal on modified UiO-66 and UiO-66-20H

atpH=3and 7.

Adsorbent Langmuir Isotherm

Freundlich Isotherm

Modified UiO-66 1 R?
dm (mg-g)  Ki(L'mg?) R? n N Ki(mgg?

pH 3 909.1 0.00593 094 0.75 1.33 114 0.986
pH 7 2000 0.00226 0.99 053 1.88 27.8 0.906
UiO-66-20H
pH 3 10000 0.0004 094 092 1.08 6.35 0.902
pH 7 2500 0.0047 092 056 1.78 471 0.836
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FIG 10 Experimental MEG adsorption isotherms on modified UiO-66 and modelled

results using Langmuir and Freundlich models
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FIG.11 Experimental MEG adsorption isotherms on UiO-66-20H and fittings using

Langmuir and Freundlich models.

Conclusions

MEG exhibits exceptional affinity for adsorption on UiO-66-20H and modified UiO-66-
20H. The best removal efficiency was achieved on UiO-66-20H compared to modified
UiO-66. The adsorption kinetics were best represented using a pseudo-first order
model, while the Langmuir isotherm model suggested monolayer adsorption of MEG
on UiO-66-20H and modified UiO-66. These metal-organic frameworks
unprecedentedly removed this pollutant from wastewater and they will make for better
adsorbents for the capture of MEG in the effluent wastewater produced in the
petroleum industry. Modified UiO-66 exposed higher stability in recycling use than
UiO-66-20H. The results in this study by using MOFs as adsorbents to remove MEG
from wastewater have never been seen in previous literatures. It can be recommended
that dynamic adsorption by breakthrough experiments should be intensively
investigated by using these types of MOFs for MEG removal from wastewater and

compared with different metal-based MOFs.
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FIG.S4 FTIR spectra of Modified UiO-66 in different pH values of MEG solution
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FIG.S5 Adsorption/desorption isotherms of N2 in modified UiO-66 at 77K, b)
Mesopore distribution and ¢) Micropore distribution after MEG adsorption
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FIG.S6 Adsorption/desorption isotherms of N,in UiO-66-20H at 77K, b)
Mesopore distribution and ¢) Micropore distribution after MEG adsorption
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Fig.S7 SEM images of UiO-66-20H (a) and Modified UiO-66 (b)
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Fig.S8 TGA profiles of Modified UiO-66 and UiO-66-20H-Act
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FIG. S9 Removal efficiency of MEG by modified UiO-66 during 60min in
different cycles
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FIG. S10 Removal efficiency of MEG by UiO-66-20H during 60min in different
cycles
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FIG S11 Langmuir isotherm parameter (RL) for adsorption of MEG on modified UiO-
66
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FIG S 12 Langmuir isotherm parameter (RL) for adsorption of MEG on UiO-66-20H






