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ABSTRACT

The removal of Methylene Blue (MB) from water samples was successfully achieved with high
efficiency of 94.2% at 298 K after 60 min using Basolite C300 (or HKUST-1) as a new class of emerging
adsorbent called metal organic frameworks. The effect of different experimental parameters, namely
dye concentration (50, 150, 200, and 300 mg/L), adsorbent dosage (50, 100, and 150 mg), and temperature
(298, 313, and 323 K) was investigated. The adsorption of MB onto HKUST-1 was confirmed using
several characterization tests including X-ray diffraction, scanning electron microscope, energy dis-
persive X-Ray analyzer, Fourier transform infrared spectroscopy, and thermogravimetric analysis.
The Langmuir and Freundlich isotherm models were applied to correlate the adsorption isotherms.
Although the experimental data fit both models, the Langmuir model is more suitable for higher adsor-
bent dosage while the Freundlich model is better for lower adsorbent dosage. Based on the Langmuir
isotherm, the maximum adsorption capacity of MB onto HKUST-1 reached 250 mg/g. Furthermore, the
adsorption kinetic studies showed that the pseudo-second-order kinetic model yields the best fit for the
kinetic data with a regression constant, R? of (0.9916 to 0.9998). The thermodynamic studies revealed
that the process is exothermic (AH® = -112.172 kJ/mol) and spontaneous (AG° negative) in nature.

Keywords: Adsorption; Methylene Blue; Isotherm; Kinetics; Thermodynamics; Metal organic

frameworks (MOFs)

1. Introduction

Wastewater treatment is defined as the treatment of
any type of water that has been used industrially or has
been flushed from homes or businesses and is no longer fit
for reuse as it is contaminated. The process of wastewater
treatment is an evolving study which was originally divided
into primary, secondary, and tertiary sectors. Today, a
challenge for the scientific community which can be named
as the fourth type of wastewater treatment, is the removal
of micropollutants. “Micro” refers to the pollutants” molar-
ity, as they are present in trace concentrations ranging
between 1 ng/L to 1 ug/L. Micropollutants are also known
as “emerging contaminants”, as they are compounds that
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emerged from pharmaceutical, pesticide, textile, and many
other industries and compounds. Overall, the diversity and
relatively low concentration of micropollutants complicate
detection and treatment processes [1,2].

The effects of micropollutants include heartbeat increase
in humans, tissue necrosis in both humans and animals,
and higher chance of mammary tumors in animals [1,3,4].
In addition, guidelines and regulations for the amount
of micropollutant present in effluents are not set in most
wastewater treatment plants and other industries such as
the pharmaceutical and textile industry [5]. For instance,
the world dye industry loses 15% of its production as waste
liquid effluent containing micropollutants. This waste liquid
effluent contains extremely small concentrations of toxic
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contaminants. However, due to the excessive amounts dis-
posed and the high accumulation effect that is taking place,
these colored wastes can have a significant long-term effect
on the ecosystem. As dyes cannot be removed easily due to
their synthetic origin and complex aromatic molecular struc-
tures; they result in stable non-biodegradable compounds.
Current conventional wastewater treatments techniques
including biodegradation [6], coagulation [7], sedimentation,
and filtration [8] are insufficient and ineffective in solving the
problem. In addition, and beside their high energy demand,
conventional techniques can result in production of toxic
sludge [9].

Methylene Blue (MB) is an organic industrial dye that
is not readily biodegradable. Even though it is used in the
medical field to treat abnormal hemoglobin, it can cause
heart disease, high blood pressure, and lack of muscle coor-
dination [10]. The proposed advanced treatments to remove
these compounds from drinking water are systems based on
adsorption, ozonation, photodegradation, and membrane fil-
tration [11]. Among those, adsorption has been proven to be
a promising solution owing to its high efficiency, simplicity,
cost-effectiveness, and ease of handling [12].

Ozonation technique usually requires high capital, oper-
ation, and maintenance costs as it includes complex processes
such as the ozone destructive unit and deep contact cham-
bers [13]. As demonstrated by Kasprzyk-Hordern et al. [14],
one of the main limitations of ozonation is the post-ozonation
treatment processes that are required. Besides partially
oxidizing micropollutants, ozonation reactions often result
in the formation of toxic byproducts such as carbonyl com-
pounds, and keto and carboxylic acids, which are proven to
be carcinogenic [15].

Photocatalysis suffers from some technical barriers lim-
iting its application in large-scale processes such as low
adsorption capacity for hydrophobic contaminants, regener-
ation of the catalyst, and difficulty of maintaining uniform
distribution of aqueous suspension [16].

On the other hand, adsorption is used universally as it
can be utilized for the removal of soluble, insoluble, organic,
and inorganic pollutants, with an efficiency of 90%—99%,
while being fast and economical. The process of adsorption is
dependent on many factors, including temperature, presence
of other micro-pollutants, and experimental conditions, such
as pH, concentration, particle size of adsorbent, and the con-
tact time between the adsorbate and adsorbent. A wide range
of adsorbents have been used for the removal of various
contaminants such as dyes, metal ions, pharmaceutical com-
pounds, and pesticides from aqueous solutions. For example,
the removal of MB from aqueous solutions has been investi-
gated using activated carbon [12,17,18], zeolite [19], coconut
leaf [20], pineapple leaf powder [21], and others. Although
activated carbon is the most widely used adsorbent for the
removal of MB, there is a need and a great potential for
exploring new advanced adsorbent materials such as metal
organic frameworks (MOFs).

MOFs emerged as a new class of crystalline porous mate-
rials that have possible industrial applications in gas sepa-
ration, adsorption and storage processes [22], heterogeneous
catalysis [23], pharmaceutical manufacturing processes, and
drug delivery carriers [24]. Although there have been few
publications on using MOFs for the removal of dyes from

wastewater, they gained significant interest as promising
adsorbents, due to their outstanding properties. These prop-
erties include high specific surface area and pore volume,
highly diverse structural chemistry [25], and tuneable pore
size from microporous (i.e., <2 nm) to mesoporous (i.e.,
2-50 nm) scale [26]. Researchers have reported the use of
MOFs such as SCU-101, SCU-8, SZ-2, and SZ-3 for the removal
of several environmental pollutants [26-28]. SCU-101 and
SCU-8 both exhibited fast removal kinetics toward TcO,”
and perfluorooctane sulfonate (PFOS), respectively [27,28].
Moreover, SZ-2 and SZ-3 achieved effective removal of ura-
nyl ions from aqueous solutions over a wide pH range [29].

Shi et al. [30] investigated the removal of MB using
Ni-MOF. Based on their study, they found that adsorption
rate could reach 85.08%. Another study performed by Haque
et al. [31] has shown that adsorption capacity of MOF-235
is much higher than activated carbon and the adsorption is
spontaneous. The adsorptive behavior of MB onto Uio-66
was investigated by Mohammadi et al. [32]. It was found
that the maximum adsorption capacity of UiO-66 for MB
was 91 mg/g. MIL-8 MOF has been studied by Saghanejhad
Tehrani and Zare-Dorabei [33]. It was found that the MB
adsorption kinetics fits best the pseudo-second-order model.
Consequently, MOFs have been shown as very promising
candidates for the removal of MB from aqueous solutions.

Dye adsorption is a relatively complex mechanism as
it depends, to a large extent, on the surface free energy
interaction. However, studying the adsorption kinetics
and thermodynamic properties provide an insight on the
mechanism of adsorption. As previously investigated by
Gooding et al. [34], the adsorption mechanism and the rate
at which the dye molecules are transferred to the adsor-
bent can be described by the following: (1) transport of dye
through the bulk solution to the surface of the adsorbent,
(2) adsorption of the dye molecule onto the surface of the
adsorbent, (3) diffusion of the dye from the surface to the
interior of the adsorbent.

The main objective of this research paper is to investi-
gate the adsorption kinetics and thermodynamics of MB onto
HKUST-1. As well as to perform a parametric study on the
adsorption efficiency of HKUST-1 under several experimental
parameters including MB initial concentration (50, 150, 200,
300 mg/L), adsorbent dosage (50, 100, 150 mg), and tempera-
ture (298, 313, and 323 K). A study of the adsorption isotherm
models of MB onto HKUST-1 and the thermodynamic prop-
erties including AH (kJ/mol), AS (kJ/mol K), and AG (kJ/mol)
is also conducted. Therefore, the objective of this paper is to
thoroughly discuss the process of adsorption both experimen-
tally and thermodynamically such that a justifiable conclu-
sion is achieved on the efficiency of MOFs in MB adsorption.

2. Materials and methods

All chemicals were used without further modifications.
Methylene Blue (MB), supplied by LABCO (the official Sigma-
Aldrich distributor in the United Arab Emirates), was chosen
as the micropollutant for the adsorption experiments. MB has
a chemical formula of C H CIN,S and molecular weight of
319.85 g/mol. A stock solution of 15 g/L was prepared and
stored for further dilution to prepare the required studied
concentrations of (50, 100, 150, and 300 mg/L). The adsorbent
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Fig. 1. SEM images of HKUST-1 (a), HKUST-1 after adsorption of MB (b).
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Fig. 2. FTIR patterns for HKUST-1 and HKUST-1 after adsorption
of MB.

studied in this paper is HKUST-1 (Basolite C300 from Sigma-
Aldrich). It has a molecular weight of 604.87 g/mol, a particle
size of 15.96 um, and a surface area of 1,500-2,100 m*/g based
on Brunauer-Emmett-Teller data.

The concentration of MB in the tested samples was mea-
sured using APEL PD 303S UV Spectrophotometry at A__ of
664 nm. A calibration curve for MB was obtained from the
spectra of diluted solutions.

A number of characterization tests were performed
for HKUST-1 before and after adsorption of MB includ-
ing scanning electron microscope-energy dispersive X-Ray
(SEM-EDX), FTIR, TGA, and X-ray diffraction (XRD). The
morphology and crystal structure of HKUST-1 was studied
by SEM. The SEM-EDX images were taken by (VEGA III
XMU with Oxford X-Max 50 EDS) operating at 10 keV of
acceleration voltage as shown in Fig. 1. The Fourier trans-
form infrared spectroscopy (FTIR) measurements were per-
formed using Spectrum one FTIR spectrometer (as shown
in Fig. 2). To investigate the thermal stability of HKUST-1
before and after adsorption, The XRD spectra were recorded
using D8 Advance diffractometer (Bruker, Germany) using
a Cu Ka (k = 1.54 A) radiation source on a silicon wafer from
3° to 40° (20) with a step size of 0.02° and 1 s (per step) in
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Fig. 3. XRD patterns for HKUST-1 (a) and HKUST-1 after
adsorption of MB (b).

a continuous mode (Fig. 3). To investigate the thermal
stability of HKUST-1, thermogravimetric analysis (TGA) was
performed using PerkinElmer (Germany) TGA system with
heating rate of 15°C/min from 30°C to 700°C (Fig. 4).

3. Experimental procedure

3.1. Adsorption

In order to investigate the adsorption kinetics and
thermodynamic behavior of HKUST-1 for MB in aqueous
solution, exact amounts of the adsorbent HKUST-1 (50,
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Fig. 4. TGA for HKUST-1 before and after adsorption of MB.

100, and 150 mg) were added to the aqueous MB solution
(50 mL) with different concentrations of 50, 150, 200, and
300 mg/L and at different temperatures (298, 313, and 323 K).
The mixtures were well mixed with magnetic stirrers over a
duration ranging between 5 min and 12 h. The adsorbent was
then separated from the solution by a syringe filter (PTFE,
hydrophobic, 0.5 pm). The remaining MB in the solution
was measured by UV spectrophotometer at the maximum
absorption wavelength of 664 nm. The adsorbed amount of
MB onto HKUST-1 was calculated by subtracting the amounts
of free MB at equilibrium from the initial MB concentration
using Eq. (1) [17]:

v
q,=(C, -C)w (1)

The removal efficiency of MB was calculated using
Eq. (2) [17]:

Removal efficiency (9 —@
y (%) =22 x 100 (2)

0

where C and C, (mg/L) are the liquid-phase concentrations
of MB at time = 0 and ¢, respectively; and V (L) and W (g) are
the volume of the solution and the weight of the adsorbent,
respectively.

One of the most important issues in the adsorption pro-
cess is the regeneration and reuse of the used adsorbent. To
investigate the regeneration of HKUST-1, the used HKUST-1
samples were washed with methanol and dried in an oven at
100°C for 7 h. Next, the adsorption experiment was repeated,
as previously mentioned, for two cycles of 50 mg/L MB initial
concentration and 100 mg HKUST-1.

4. Results and discussion
4.1. Characterization tests

To understand the adsorption mechanism of MB onto
HKUST-1 samples, several characterization tests were per-
formed. According to Fig. 1(a), HKUST-1 has an octahedral
crystal structure which is consistent with previously pub-
lished SEM image [34]. However, the crystal surface struc-
ture and roughness of HKUST-1 after adsorption of MB has
been changed indicating the adsorption of MB on the surface
of the MOFs (as shown in Fig. 1(b)). This was also confirmed

previously in similar studies with different adsorbents
[35,36]. The EDX data indicate the element composition of
HKUST-1 before adsorption (Fig. Sl1(a)). After adsorption,
the presence of Cl and S elements is another indication of
successful adsorption of MB on the surface of HKUST-1 and
inside the pores (Fig. S1(b)). The XRD patterns of HKUST-1
before and after adsorption are shown in Fig. 3. The results
shown in Fig. 3 confirm the crystallinity of HKUST-1.
Comparing with the simulated XRD pattern previously pub-
lished [37], shown in Fig. 52, most of the significant peaks of
HKUST-1 reported in literature are present (i.e., 20 = 11.61°,
13.4°,17.45°,23.36°, and 29.33°) [38]. The main significant dif-
ference between the XRD patterns before and after adsorp-
tion is the presence of two additional peaks at 20 = 6.7° and
9.5° and the extent of noise in the after-adsorption sample.
This is potentially due to the presence of water and MB in
the MOF samples. Furthermore, it can be clearly observed
that the HKUST-1 samples have not encountered any change
in crystallinity after adsorption, which is an indication that
the crystalline structure of HKUST-1 remained stable after
adsorption. Fig. 2 represents the FTIR results of HKUST-1
before and after adsorption. The FTIR patterns are in good
agreement with the previously published results [39,40].
The main observation is the pronounce presence of water
molecules in HKUST-1 after adsorption, which can be iden-
tified by the broad peaks between 3,800 and 3,000 cm™ that
correspond to the presence of OH group of the adsorbed
water molecules. Water molecules in the sample before
adsorption are mainly from the moisture in the atmosphere,
whereas the water in the sample after adsorption is mainly
from the adsorbed water molecule from the aqueous solu-
tion. This observation is confirmed in literature [40,41].
Another important difference is the appearance of new
peaks at 1,000; 1,171; and 1,295 cm™ and the shift of the peak
at 3,747 to 3,792 cm™. This may be attributed to adsorption
of MB onto HKUST-1 [42]. Additionally, the thermal stabil-
ity of HKUST-1 was studied up to 700°C as shown in Fig. 4.
The figure indicates the overall stability of HKUST-1 before
and after adsorption of MB, which was reported previously
in literature [38]. The first weight loss around 100°C in both
samples is attributed to the evaporation of adsorbed water.
However, after-adsorption samples of HKUST-1 show more
intense weight loss indicating higher water content (around
30% weight lost). The next weight loss is observed at around
350°C. This weight loss corresponds to the total decompo-
sition of benzene tricarboxylic acid BTC linker and CuO as
remaining products. Furthermore, the adsorption ability
of the surface is determined by an important factor called
the point of zero charge (PZC). To define the PZC, 0.1 g of
HKUST-1 was added into 0.01 M NaCl solution. The pH from
2-12 was adjusted by the addition of HCL and NaOH. Then
the aqueous solution was shaken for 48 h. The change in pH
affects the surface ionic charge of adsorbate molecules and
adsorbent materials. Fig. S3 shows the point of zero charge
(PZC) of pH,,.= 4.2 for HKUST-1. As the pH increased, the
surface charge of HKUST-1 became more negative, as a result
of the deposition of more OH~ on the HKUST-1 surface.
Based on the PZC, the HKUST-1 surface charge is more posi-
tive at pH < 4.2, but is more negative at pH >4.2. Accordingly,
the adsorption of MB as MB* cation form is favorable at
pH > pH,,.and unfavorable at pH < pH_, . [43]. This finding

PZC [
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confirms the high adsorption capacity of MB by HKUST-1 at
the specified experimental conditions.

4.2. Kinetics of adsorption

Studying the adsorption kinetics of a process is import-
ant as it provides essential information about the uptake rate
of adsorbate and the adsorption mechanism such as mass
transfer and chemical reaction. To explore the mechanism of
MB adsorption onto HKUST-1 and the applicability of pseu-
do-first and pseudo-second-order kinetic models, the exper-
imental data was fitted to both models by the least squares
regression analysis. However, the experimental data fol-
lowed pseudo-second-order kinetics with a regression con-
stant, R?, of 0.9916-0.9998, as shown in Table 1. Whereas the
pseudo-first-order did not give a good fit to the experimental
data. This can be explained as the chemical adsorption might
be the rate limiting step in the adsorption process of MB onto
HKUST-1.

The pseudo-second-order kinetic model is expressed as
Eq. (3) [17]:

q, kg

t— 1 +lt
.4, 3)

where g, (mg/g) is the amount of MB adsorbed at equilib-
rium, g, (mg/g) is the amount of MB adsorbed at time ¢ (s),
and k, (g/mg min) is the pseudo-second-order rate constant.
Graphs of t/q, vs. t for initial concentrations of 50, 150, 200,
and 300 mg/L were constructed and the values of g and k,
were obtained from the slope and intercept of the graphs,
respectively. The graph of t/g, vs. t for 50-300 mg/L (MB) and
100 mg of HKUST-1 is shown in Fig. 54; and the R*and k,
values for all initial concentrations are tabulated in Table 1.

Table 1
Values of rate constants of pseudo-second-order constants for
removal of MB using HKUST-1

Initial concentration of MB (mg/L)

50 mg of HKUST-1

k,(mg/g min) R*

50 49.0 0.9998
150 123.5 0.9985
200 144.9 0.9916
300 196.1 0.9974
100 mg of HKUST-1

50 26.2 0.9997
150 66.7 0.9993
200 89.3 0.9994
300 126.6 0.9954
150 mg of HKUST-1

50 17.5 0.9998
150 375 0.9989
200 59.2 0.9997
300 95.2 0.9995

4.3. Adsorption mechanism:

The adsorption of MB by HKUST-1 was observed to be
rapid at the beginning of the contact time and then becomes
slow and reaches a plateau trend with the increase in contact
time (Fig. 5). The removal of MB by adsorption on surface of
HKUST-1 was due to MB and MB* cationic form. Moreover,
based on the point of zero charge study at greater pH, the
surface of the adsorbent is negatively charged which favors
electrostatic interaction of cationic species of the dye with the
negatively charged surface. Mathews et al. [44] proposed and
explained the mechanism for the removal of dye by adsorp-
tion through the following four steps: (1) transport of the dye
from the bulk of the solution to the surface of the adsorbent,
(2) diffusion of dye through the boundary layer to the surface
of the adsorbent, (3) adsorption of dye at an active site on the
surface of the adsorbent, and (4) intra-particle diffusion of
dye into the interior pores of the particles.

4.4. Effect of initial concentration

The effect of initial concentration of MB on the adsorp-
tion capacity and removal efficiency was evaluated at 50, 150,
200, and 300 mg/L. Both the effect of initial concentration and
contact time are depicted in Fig. 5. The trend in Fig. 5 clearly
shows that percentage removal is strongly affected by the ini-
tial concentration of MB. In addition, it was found that as the
initial concentration increased from 50 to 300 mg/L, the per-
centage removal significantly decreased from 94.2% to 69.9%
at a contact time of 120 min. Also, all initial concentrations
follow the same trend; the removal is very rapid at first with
a sharp increase (f = 0-40 min) and then it gradually stabilizes
as it reaches equilibrium (f = 120-e min). In research done
by Albadarin et al. [45], where the adsorption of MB using
lignin—chitosan extruded (ALiCE) pellets was investigated,
comparable results were obtained. However, when using
ALICE pellets, the adsorption rate only stabilized after 40 h
whereas when using HKUST-1, only 120 min were needed for
the adsorption rate to stabilize [45]. Moreover, lower the con-
centration of the pollutant, higher the percentage removal.
This is because when the concentration of the pollutant (MB)
decreases, the available sites on the adsorbent increase rela-
tive to the number of pollutant molecules in the solution. The
adsorbent will then be able to adsorb more pollutants on the
available sites and thus increase the percentage removal of
MB from the solution.

100 [ 0 0 0ne -

ot e — I S— —
% L .
80 " )
o 7
30
o
5 + 50 mg/L, 100mg HKUST-1
= 150 mg/L, 100mg HKUST-1
20 200 mg/L, 100mg HKUST-1
10 | 300 mg/L, 100mg HKUST-1
o LT

0 40 80 120 160 200 240 280 320 360 400

Time (min)

Fig. 5. Effect of initial concentration and contact time
(50-300 mg/L) on MB removal at contact time of 360 min and
100 mg HKUST-1.
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The regeneration of HKUST-1 was studied for 50 mg/L
MB initial concentration and 100 mg HKUST-1 for two cycles.
It was found that HKUST-1 MOFs samples can be easily
regenerated without significant reduction in removal effi-
ciency after two cycles (92% and 90%, respectively). A sim-
ilar study has shown that UiO-66 can be regenerated for the
removal of MB from aqueous solutions using methanol for
multiple times [32].

4.5. Effect of adsorbent dosage

The effect of adsorbent dosage was evaluated at 50, 100
and 150 mg at different initial concentrations of 50, 150, 200,
and 300 mg/L as shown in Fig. 6. As initial concentration of
MB in a solution increases, the rate of adsorption increases
as well. The rate of adsorption is reflective of the adsorption
capacity, q.. Adsorption capacity, g, is defined as the accu-
mulation of solute molecules (MB) at the surface of the solid
(HKUST-1) hence the units, mg of solute/g of solid or amount
of MB absorbed/mass of adsorbent. Adsorption capacity, g,
is calculated using Eq. (1) [17].

As C increases, the concentration gradient (C - C)
increases, which increases the rate of diffusion. On the other
hand, at any fixed C, g, decreases with increasing adsorbent
dosage. In recent research done in 2017 by Sharma et al. [46],
the removal of Coomassie brilliant blue R-250 dye using
starch/poly(alginic acid-cl-acrylamide) nanohydrogel was
studied and similar results were obtained where percentage
efficiency increased with adsorbent amount but the amount
of dye adsorbed per unit mass (q,) decreased. This is
because the amount of adsorption occurring per unit mass
of adsorbent decreases due to the high availability of empty
sites following the increase in adsorbent dosage.

Moreover, when using lignin chitosan extruded (ALiCE)
pellets, the maximum adsorption capacity obtained was
36.25 mg/g which is similar to the results obtained using
HKUST-1 and 50 mg/L of MB. However, when increasing
the concentration of MB to 150, 200, and 300 mg/L and using
50 mg of HKUST-1, the adsorption capacity ranged between
130 and 190 mg/g as depicted in Fig. 6 [45]. A comparison
of the maximum adsorption capacity of HKUST-1 with other
reported adsorbents in literature for adsorption of MB is
made in Table 2. The maximum adsorption capacity of MB
onto HKUST-1 is 250 mg/g which is the highest adsorption
capacity amongst the ones listed in Table 2. This relatively

210 -
180 |
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120 |
% o0 |

B ow

S 60 —=-50 mg HKUST-1

% —+100 mg HKUST-1

150 mg HKUST-1

0 ‘ ‘ ‘ . ‘ ‘ ,

0 50 100 150 200 250 300 350

MB initial concnetration (mg/L)

Fig. 6. Effect of adsorbent dosage on the adsorption capacity of
MB at different initial concentrations.

high adsorption capacity can be explained by the high sur-
face area and suitable pore structure of HKUST-1 suggesting
that it could serve as a competitive adsorbent due to its avail-
ability, cost effectiveness, and efficiency.

4.6. Effect of temperature

The effect of temperature on the adsorption capacity
of MB onto HKUST-1 was evaluated at 298, 313, and
323 K for the 150 mg/L solution at an adsorbent dosage of
100 mg of HKUST-1. Fig. 7 shows C/C, vs. time at different
temperatures. C/C, is another way of representing the
removal percentage as it shows the concentration at a certain
time divided by the initial concentration. The decreasing
trend is due to the removal of MB hence resulting in C/C,
to approach 0. According to Fig. 7, it was observed that the
adsorption removal percentage decreases with increasing

Table 2
Comparison of maximum adsorption capacity of MB onto
various adsorbents

Adsorbent Maximum Reference
adsorption capacity,
q,, (mg/g)
Waste wool fiber 207.2 [47]
Modified kaolin 111.0 [48]
Activated lignin—chitosan 36.25 [45]
extruded (ALiCE)
Brown macroalga 35.06 [49]
UiO-66 91.0 [32]
Mt 64.43 [50]
Fe,O,/Mt 106.38 [50]
Propylene diamine basic 182.0 [51]
activated carbons
Palm shell-waste based AC 163.3 [52]
Silica hybrid hollow 25.24 [53]
spheres
Polydopamine 88.89 [54]
microspheres
ZnO/ZnFe,O, 37.27 [55]
MOF-235 187.0 [56]
1.2 + 150 mg/L MB, 100 mg HKUST-1, 298 K
= 150 mg/L MB, 100 mg HKUST-1, 313 K
1 150 mg/L MB, 100 mg HKUST-1, 323K
0.8

. .
0
0 50 100 150 200 250 300 350 400
Time (min)

Fig. 7. Effect of temperature on MB removal capacity for 150 mg/L
MB and 100 mg HKUST-1.
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temperature. When comparing 298 to 323 K at a contact time
of 120 min, adsorption removal percentage decreased from
88.1% to 68.2%, respectively.

The decrease in percentage removal with increas-
ing temperature reveals that the adsorption of MB onto
HKUST-1 is an exothermic process. This could be due to
the fact that at higher temperatures, the solubility increases,
and the greater part of the MB remains in the system. Also,
given that physical adsorption processes are reversible
and exothermic, and following Le Chatelier’s principle, an
increase in temperature will favor the reversible reaction of
adsorption, that is, desorption, which will in turn decrease
the adsorption rate. This will be further explained in the fol-
lowing section.

5. Thermodynamics of adsorption

Thermodynamic parameters are useful in better under-
standing the adsorption mechanism. Parameters such as
the thermodynamic equilibrium constant (K)), the standard
Gibbs free energy (AG°), standard enthalpy (AH®) and stan-
dard entropy (AS°) were calculated using the following
Egs. (4) and (5) [17]:

AS°  AH°
InK, = -
Ny R RT 4)
AG® = AH® ~TAS® 5)

K, is the thermodynamic equilibrium constant (unit less).
For neutral adsorbates with weak charge, the Langmuir
equilibrium constant K, with units of liters per mole can
be reasonably used for determination of AG® [57-60]. R is
the universal constant which is equal to 8.314 J/mol K and
T is the temperature (K). A linear plot of In K, vs. 1/T was
plotted to obtain the AS° and AH° values from the slope
and intercept, respectively. Those values were used to cal-
culate AG® at different temperatures as shown in Table 3.
The negative Gibbs free energy (AG®) values suggest that the
adsorption of MB onto HKUST-1 is spontaneous. Also, the
Gibbs energy decreases with increasing temperature show-
ing that the process is favorable at lower temperatures. The
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6. Adsorption isotherm

The adsorption isotherms are important as they provide
quantitative information about the nature of solute-surface
interaction, in addition to the specific relation between the
concentration of adsorbate and its degree of accumulation
onto adsorbent surface at constant temperature. Once equi-
librium has been reached, it can be safely assumed that the
concentrations of both the pollutants adsorbed to the sur-
face and present in the water are constant, and the relation
between the two is known as an adsorption isotherm [62].
Numerous models are available to study the adsorption
isotherm, including the Langmuir and Freundlich mod-
els, which are used in the current research to determine the
adsorption efficiency.

The Langmuir and Freundlich isotherm models were
used to show the equilibrium relation for the adsorbate—
adsorbent interaction. The Langmuir isotherm models
monolayer coverage while the Freundlich isotherm models
multilayer coverage [31]. The Langmuir isotherm model is
expressed in Eq. (6) [17]:

e e

Cc, C 1
=-—c 4
qf Qa KLQO

(6)

where C, (mol/L) is the concentration of MB at equilibrium,
g, (mg/g) is the amount of adsorbate adsorbed at equilib-
rium, Q, (mg/g) is the Langmuir adsorption capacity con-
stant, and K, (L/mg) is the Langmuir energy of adsorption
constant. A graph of C/q,vs. C, (Fig. S5) was constructed and
the Langmuir constants were calculated from the slope and
intercept and are tabulated in Table 4. Then, the Langmuir
constants were used to calculate the separation factor, R,
which shows whether adsorption on the system is favorable
or not. For it to be favorable, R, must be between 0 and 1. The
R, for initial concentrations of 50, 150, 200, and 300 mg/L at
50 and 100 mg of HKUST-1 were calculated showing that the
adsorption process is favorable in all of them (Table 5). The
separation factor is calculated by Eq. (7) [17]:

Table 4
Langmuir isotherm parameters for the MB adsorption over
100 mg of HKUST-1

negative enthalpy change AH°® means the adsorption process T Langmuir parameters
is exothermic in nature. Therefore, the higher the tempera- Q, (mg/g) K, (L/mg) K, (L/mol) R
ture, the lower the equilibrium constant. Furthermore, the 208 66.225 1.466 468,833 0.9950
adsorption process is a chemisorption process in nature 313 75.758 0.207 66.061.0 0.9837
rather than a physisorption process as the AH® is greater '
than 80 kJ/mol [61]. 323 108.696 0.043 13,646.0 0.9966
Table 3
Thermodynamic parameters
Temperature (K) 1/T (K7 K, (L/mol) InK, AS° (J/mol K) AH°(J/mol) AG®(J/mol)
298.15 0.00335 468,833 13.1 -32,510.7
313.15 0.00319 66,062 11.1 -267.2 -112,172.5 —28,502.9
323.15 0.00309 13,646 9.5 —25,831.0
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Table 5
Isotherm constants and coefficients for 50 and 100 mg of
HKUST-1

Parameter Values Comments
50 mg HKUST-1
Langmuir
Q, (mg/g) 250
K, (L/mg) 0.037
K, (L/mol) 11,822
R? 0.995
R, gL 0.350 0 <R <1 Favorable
R, som oL 0.040
R, 200 mglL. 0.119

L300 mg/L 0082
Freundlich
1/n 0.370 1/n <1 Favorable
K (L/mg) 36.448
R? 0.998
100 mg HKUST-1
Langmuir
Q, (mg/g) 66.225
K, (L/mg) 1.466
K, (L/mol) 468,833
R? 0.995
R, 5, mg/L 0.013 0< R <1 Favorable
R, 150 mglL 0.005
R, 00 oL 0.003
RL 300 mg/L 0'002
Freundlich
1/n 0.433 1/n <1 Favorable
K (L/mg) 27.297
R? 0.992

_ 1
" (1+K.Q,) @)

The Freundlich isotherm model is as expressed in
Eq. (8) [17]:

_ 1
ln(qe)—ln(Kf)+nln(Ce) 8)

where Kf (mg/g) is the Freundlich constant and 1/n (L/mg)
shows adsorption intensity and how favorable adsorption
under different conditions is. If 1/n is less than 1, then the
adsorption is favorable. A graph of In q,vs. In C, (Fig. S5(b))
was constructed and the Freundlich constants were calculated
from the slope and intercept, and are tabulated in Table 5. The
trend in Fig. S5(b) shows a similar plot to that of the Langmuir
adsorption isotherm. However, although the data fit both
the models, the R?for the Langmuir isotherm is higher at

high adsorbent dosages (100 mg HKUST-1) while the R? for
the Freundlich isotherm is higher at low adsorbent dosages
(50 mg HKUST-1). This means that at high adsorbent dos-
ages, the adsorption of MB better fits the Langmuir isotherm
model; while at low adsorbent dosage, the adsorption of MB
better fits the Freundlich isotherm model. When comparing
results obtained to research done by Daneshvar et al. [49],
where the adsorption of MB using brown macroalga was
studied, the Langmuir adsorption capacity constant (Q))
obtained was 95.45 mg/g which is comparable with those seen
in Tables 4 and 5. However, using 50 mg of HKUST-1 obtained
much higher results (250 mg/g) than the brown macroalga.
Moreover, using brown macroalga obtained a 1/n value of
0.952 whereas when using HKUST-1, values ranging between
0.370 and 0.433 were obtained, which is more favorable for
adsorption. Additionally, similar to results obtained using
HKUST-1, the results obtained using brown macroalga fit
both the Langmuir and Freundlich models [49]. A comparison
of the constants of the Freundlich and Langmuir isotherms is
depicted in Table 5 for adsorbent dosages of 50 and 100 mg.

7. Conclusion

In conclusion, experimental results show that
adsorption of MB onto HKUST-1 complied well with
pseudo-second-order kinetics. The optimum parameters of
initial concentration, adsorbent dosage, and temperature
were found to be 50 mg/L, 50 mg, and 298 K, respectively. It
was found that the experimental data fit both the Langmuir
model and the Freundlich model yielding a maximum
adsorption capacity of 250 mg/g. However, the adsorption
better fits Langmuir model at higher adsorbent dosages, while
it better fits Freundlich model at lower adsorbent dosages.
When the results obtained were compared with recent
research being done in the field, comparable results were
obtained. However, it was also noticed that using HKUST-1
as the adsorbent yielded exceptional results. Finally, the
thermodynamics study indicated that the adsorption process
is exothermic, spontaneous, chemisorption in nature, and
that it disfavors randomness at the interface.
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