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Abstract

Water pollution by emerging pollutants such as pharmaceutical and personal care products is one of today’s biggest challenges.
The presence of these emerging contaminants in water has raised increasing concern due to their frequent appearance and
persistence in the aquatic ecosystem and threat to health and safety. The antidiabetic drug glimepiride, GPD, is among these
compounds, and it possesses adverse effects on human health if not carefully administered. Several conventional processes were
proposed for the elimination of these persistent contaminants, and adsorption is among them. Therefore, in this study, the
adsorptive removal of GPD from water using multi-walled carbon nanotubes (MWCNT) supported on silica was explored on
a fixed-bed column. The effects of bed-height, solution pH, and flow rate on the adsorptive removal of GPD were investigated.
The obtained adsorption parameters using Sips, Langmuir, and Freundlich models were used to investigate the continuous
adsorption. The results showed that the drug removal is improved with the increasing bed height; however, it decreased with
the flow rate. The effect of pH indicated that the adsorption is significantly affected and increased in acidic medium. The
convection-dispersion model coupled with Freundlich isotherm was developed and used to describe the adsorption breakthrough
curves. The maximum adsorption capacity (¢,,) was 275.3 mg/g, and the axial dispersion coefficients were ranged between 3.5
and 9.0 x 10°> m?/s. The spent adsorbent was successfully regenerated at high pH by flushing with NaOH.

Keywords Glimepiride - Continuous adsorption - Convection—dispersion model - Multi-walled CNT - Wastewater

Introduction man-made products are now present in water resources across
the globe (Badran et al. 2020; Badran and Taliec 2020; Bradley
et al. 2016; Kibuye et al. 2019; Kot-Wasik et al. 2016; Li et al.

2016; Luo et al. 2014; Markiewicz et al. 2017). These

Pharmaceuticals and personal care products (PPCP) are often
considered one of the contemporary emerging pollutants. Such

Responsible Editor: Ester Heath

Highlights

* Rapid and efficient removal of the antidiabetic drug glimepiride by
MWCNT

* The continuous adsorption breakthrough curve is described by a new
convection—dispersion model.

* The adsorption efficiency increases as the solution becomes more acidic,
in agreement with the ZPC of the MWCNT, and the pK, of the drug.

* The column bed was successfully regenerated through flushing with

dilute NaOH.
P4 Ismail Badran > Department of Chemical and Petroleum Engineering, University of
ibadran@qu.edu.qa Calgary, 2500 University Street NW, Calgary, Alberta T2N 1N4,

Canada

Department of Chemistry and Earth Sciences, Qatar University, P.O. Carbon OxyTech Inc., 3655 36 Street NW, Calgary, Alberta T2L

Box: 2713, Doha, Qatar

Department of Chemistry, An-Najah National University,
P.O. Box 7, Nablus, Palestine

@ Springer

1Y8, Canada

Department of Pharmacy, An-Najah National University,
P.O. Box 7, Nablus, Palestine


http://crossmark.crossref.org/dialog/?doi=10.1007/s11356-020-11679-y&domain=pdf
https://orcid.org/0000-0003-1423-7124
https://orcid.org/0000-0002-2534-1739
https://orcid.org/0000-0002-2083-856X
mailto:ibadran@qu.edu.qa

Environ Sci Pollut Res (2021) 28:14694-14706

14695

compounds find their ways into water systems through different
pathways such as human and animal excretion, careless dispos-
al, and soil drainage (Couto et al. 2019; Kot-Wasik et al. 2016).
Wastewater treatment plants (WWTP) are actually considered
the primary source of PPCP pollution, owing to their outdated
designs (Gadipelly et al. 2014; Kot-Wasik et al. 2016). The
presence of PPCP in water resources may pose hazards to hu-
man and non-target organisms (Carrales-Alvarado et al. 2020;
Fent et al. 2006; Gadipelly et al. 2014; Kibuye et al. 2019; Kot-
Wasik et al. 2016; Luo et al. 2014). Antibiotic resistance, infer-
tility, endocrine disruption, and allergy are just a few examples
of modern diseases that are partially caused by PPCP pollution
(Alnajjar et al. 2019; Mackul'ak et al. 2019; Niemuth et al. 2015;
Zhu et al. 2017). In addition, the by-products of PPCP biotrans-
formation can be very harmful (Mackul’ak et al. 2019).

The reliance on soil to act as a good filter for water pollut-
ants is uncertain (Biel-Maeso et al. 2018). In their assessment
of WWTP performance, researchers recently reported that
PPCP can still present up to 14 months in plants and irrigating
groundwater in WWTP surrounding areas. The investigated
PPCPs, including naproxen, sulfamethoxazole, trimethoprim,
and ofloxacin, were considered to pose medium to high risk to
aquatic organisms (Kibuye et al. 2019).

Adsorptive removal is an effective technique to treat waste-
water from PPCP (Ahsan et al. 2020; Alnajjar et al. 2019;
Badran et al. 2019a; Badran and Khalaf 2019; Badran et al.
2019b; Gadipelly et al. 2014; Jasim et al. 2013; Sarkar et al.
2014; Sylvia et al. 2018). Complete removal can then be
achieved through advanced oxidation or photodegradation
(Ajmal et al. 2014; Badran et al. 2019a; Badran et al. 2020;
Badran et al. 2019b; Dong et al. 2015; Manasrah and Nassar
2020; Sarkar et al. 2014). Despite the extensive research on
PPCP removal by adsorption, most studies are conducted in
batch mode that is not easily scalable (Gadipelly et al. 2014;
Jasim et al. 2013; Li et al. 2019). Thus, this work aims to
provide a proof-of-concept for a rapid, efficient, and
continuous-flow technique for PPCP adsorption.

Among several types of nanomaterials, carbon nanotubes
(CNT) have emerged as successful candidates for many appli-
cations, including their use as efficient adsorbents. CNT pos-
sess high surface area and superior electronic, magnetic, and
thermal properties (Carrales-Alvarado et al. 2020; El-sayed
2020; Manasrah et al. 2016; Manasrah et al. 2018). They
can be also engineered to serve different functions and are
highly mobile in porous media (Altowayti et al. 2019; Liu
etal. 2009). Some argue that the high cost of CNT would limit
their industrial implementation. However, the cost is projected
to decline under the high demand and the variety of produc-
tion methods. It is estimated that the CNT market is valued at
$1033 million and is expected to reach $3812 million by 2022
(Allied Market Research 2020).

The antidiabetic drug glimepiride (Scheme 1) was chosen
for this study as a potential wastewater pollutant. Glimepiride

(GPD) is a second-generation high potency sulfonylurea hy-
poglycemic (antidiabetic) drug. These agents have sulfon-
amide structural analogues that do not possess antibacterial
activity (Gangji et al. 2007). These drugs target a specific
receptor in the 3 cells of islets of Langerhans, called sulfonyl-
urea receptors, and cause depolarization by reducing the con-
ductance of ATP-sensitive potassium channels. This enhances
the Ca®* influx and produces degranulation, leading to the
secretion of insulin (Gribble and Reimann 2003; Proks et al.
2002). The complex aromatic structure of these compounds
compared with the first-generation sulfonylurea hypoglyce-
mic drugs facilitates receptor binding and makes it extensively
bound to plasma proteins thus prolonging its duration of ac-
tion (Abraham et al. 2010). Sulfonylurea drugs are metabo-
lized by liver cytochrome enzymes primarily by oxidation of
the cyclohexyl mainly by CYP2C9 enzyme (Marchetti and
Navalesi 1989).

GPD was approved by the FDA in the USA in 1995 for the
treatment of type-II diabetes mellitus. The most dangerous
adverse reaction resulting from sulfonylureas is causing se-
vere hypoglycemia (low blood sugar) (Jasim et al. 2013;
Kiran et al. 2009). Elderly people and patients with reduced
renal functions have a higher risk of getting hypoglycemia
when administering sulfonylureas (Saudek et al. 2006).
Hematological complications (e.g., thrombocytopenia), cho-
lestatic hepatitis, and general allergic reactions were also re-
ported. Frequently reported side effects include nausea, heart-
burn, weight gain, bloating, skin rashes, and weight gain. The
FDA warns that sulfonylureas could increase cardiovascular
risks due to the mild diuretic effect, enuresis it induces when
taken for a long time (Asplund et al. 1983; Burge et al. 1998).

To the best of our knowledge, few studies have been re-
ported on the adsorptive removal of GPD. A group of re-
searchers have studied the in-soil adsorption of GPD, among
other pharmaceuticals, and determined to biodegrade slowly
with half-life values between 20 and 40 days, signaling a
potential threat to ground and surface water (Mrozik and
Stefanska 2014). Jasim et al. have studied the batch adsorption
of GPD using activated charcoal and Iraqi kaolin in aqueous
media (Jasim et al. 2013). The adsorption followed Freundlich
isotherm and was highly pH dependent. Their results also
showed that the adsorption performed using charcoal is better
than the kaolin and favored lower temperatures (Jasim et al.
2013).

In this study, a lab-scale setup that consists of a fixed-bed
adsorber was constructed for the continuous-flow adsorption
of GPD. Multi-walled carbon nanotubes (MWCNT) dispersed
in silica were used as an adsorbent. The effects of bed height,
the solution flow, the pH, and the amount of adsorbent were
studied. The breakthrough curve describing the adsorption
behaviors was analyzed using a developed convection-
dispersion model coupled with Freundlich isotherm and com-
pared with commercial adsorption models such as Adams—
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Scheme 1 Molecular structure of
glimepiride

Bohart and Thomas. The study also attempted to regenerate
the adsorbent by using deionized water or dilute NaOH.

Experimental work
Materials and methods

Glimepiride (99.0%, M.Wt. 490.62 g/mol) was obtained from
Alfa Aesar (Tewksbury, MA, USA). Commercial multi-
walled carbon nanotubes (MWCNTs, 95%) were purchased
from Chengdu Organic Chemicals Co. Ltd. (Chengdu,
Sichuan, China). Acetonitrile (99.8 %), white silica (mesopo-
rous, 99.9%), and other reagents used to prepare the buffers
including borax, NaOH, HCI, KH,PO,, KHP, and acetic acid
were of high purities and were obtained from Sigma-Aldrich
Chemical Company (Milwaukee, Wisconsin, USA). The
scanning electron microscope (SEM) images for MWCNT
before and after the GPD adsorption were collected using a
field emission instrument (Nova Nano SEM 450) operating at
5 kV and equipped with an energy-dispersive X-ray analyzer
(EDX, Bruker). The pH of the solutions was measured using a
Jenway 3510 pH meter (Jenway, Staffordshire, UK). A Lab
Tech shaker (Daihan Labtech, Korea) was used to sonicate the
samples as required. A UV-Vis spectrophotometer (UV-
1800, Shimadzu, Canby, OR, USA) coupled to a temperature
controller (Fried electric device WBH-060N) was used to ob-
tain the spectra of the drug and follow the adsorption process.
Sample weighing was done using an analytical balance (ASB-
310-C2-V2, MRC Lab Equipment. Essex, UK). The peristal-
tic pump (model PP-F-380, with head model LEAD-15-44,
Longer Precision Pump Co., Ltd, Baoding, Hebei, China) that
is used in this work is an 8-channel, 4 rollers with a flow rate
between 1 and 380 mL/min. The pump was supplied by
Biotech Medical Supplies, Ramallah, Palestine.

Solution preparation

A stock solution of glimepiride (GPD) was prepared by dis-
solving 25.0 mg of GPD powder in 1.0 L of 50:50 acetonitrile/
deionized water mixture. The bottle was sealed and covered
with aluminum foil for no longer than 3 days. Standard solu-
tion of GPD of different concentrations was prepared by
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diluting the previously prepared stock solution as needed.
The buffers used to control the pH of solutions were prepared
as explained in our previous work (Badran and Khalaf 2019).
Further details on the validation of the analytical method in-
cluding the sensitivity, selectivity, and detraction limits are
provided in the supplementary information section.

The experimental setup

The experimental setup is constructed by connecting the con-
tainer of the GPD stock solution to a 20-cm quartz adsorption
bed through a peristaltic pump. The bed has a cross-sectional
area of 1.0 cm”. All connections were made of 1.34-mm-ID
Teflon tubing. The bed column was filled by a mixture of
MWCNT supported on white silica. The MWCNT were dis-
persed manually, in definite ratios, with the silica at ambient
conditions. Silica was used as a support because it is a stan-
dard industrial material used in wastewater filtration as well as
for its availability and low cost. Two sheets of glass wool were
placed below and on top of the MWCNT/silica layer to pre-
vent MWCNT from flowing into the effluent. Samples were
withdrawn from the adsorption column into a collection con-
tainer to be analyzed by UV—Vis spectrophotometry.

Adsorption experiments

The batch experiments were performed by pipetting 10 mL of
the standard 25-mg/L solutions to 30.0-mL small plastic vials,
followed by addition of different masses of MWCNT in the
range of 2—100 mg. The solutions were shaken for 30 min at
room temperature and then allowed to settle for 4 h. Samples
from the aliquots were taken for UV—Vis measurements with-
out any filtration to avoid disturbing the concentration of
GPD.

The continuous adsorption experiments were conducted in
the fixed-bed column after filling the adsorption bed with a
known mixture of MWCNT/silica composite. Then, the peri-
staltic pump was connected between the sample container and
the adsorption column. The system was checked for any leaks
before it was flushed with deionized water for 10 min. Then,
the liquid solution is pumped from the sample container into
the adsorption column at a constant flow rate, pre-estimated.
The effluent samples were then collected periodically in small
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vials for immediate UV—Vis analysis. The glass tube was
cleaned and refilled with a fresh batch of adsorbent before
the next run.

Modeling of continuous adsorption Adsorption in a fixed-bed
adsorber is a time- and distance-dependent phenomenon
(Worch 2012). The process is typically described by a break-
through curve (BTC) as illustrated in Fig. 1. The adsorption
starts by injecting a sample of known concentration, C,
through the adsorption column (bed), which is filled with an
adsorbent. The performance of the fixed-bed system was eval-
uated at room temperature by measuring the effluent concen-
tration at the outlet of the column at different time intervals by
UV-Vis absorption spectroscopy using a measured extinction
coefficient from Beer’s law analysis. As shown in the figure,
the measured initial concentration of GPD at the outlet is
almost zero. The change in the outlet concentration of GPD,
C, over time is recorded at the outlet of the column. Then, the
BTC can be constructed by plotting the ratio C/C vs. time
interval (Ghosh et al. 2015; Hethnawi et al. 2020a; Worch
2012).

Initially, the adsorption is usually rapid with a significant
drop in the sample concentration. As time goes, the adsorption
becomes weaker due to gradual coverage of the adsorbent
sites. The sudden increase in the ordinate value represents
the break point (7},). Implicitly, a late Ty, is favored for higher
adsorption capacities. In the fixed-bed column, the adsorption
equilibration takes place within part of the column, known as
the mass-transfer zone (MTZ) or adsorption zone. As time
goes, the zone moves across the column until an exhaustion
point is reached, as illustrated in Fig. 1 (Hethnawi et al. 2020a;
Hethnawi et al. 2017a; Tian et al. 2013).

Several simple mathematical models were established to
describe the dynamic behavior of the BTC. Thomas model,
for instance, assumes plug flow behavior in the bed and uses
Langmuir isotherm for equilibrium, and second-order revers-
ible reaction kinetics. (Thomas 1944). It is suitable for

adsorption process where the external and internal diffusion
limitations are extremely small, as per the equation

¢ 1
Co N 1 _i_e(kmqo%*kmcof)

(1)

where C is the adsorbate concentration (mg L") at time 7 (min),
Cy is the initial concentration, k7 is the Thomas rate constant
(mL mg "' min "), g, is the total adsorption capacity (mg g '), v
is the flow rate (mL/min), and x is the packed mass (g) of the
material in the fixed bed. Thus, by plotting the left term (C%)
with time, a nonlinear curve fitting can be applied according to
Eq. 1 to produce the unknown parameters, k7, go. Such fitting
was performed in OriginLab (OriginLab Corporation 2020)
according to the following mathematical equation:

B 1
1 + elab—cx)

y (2)

By implementing the sigmoidal function of Eq. 2, one can
obtain the ideal break point time (cf. Fig. 2) as it is equal the
ratio of ab/c.

Similarly, a widely used model was proposed by Adams
and Bohart (Bohart and Adams 1920). The main assumption
of the model is based on the proportionality between the rate
of adsorption and both the residual adsorbent and adsorbate
concentration. The model was originally proposed for gas-
solid adsorption, but it has been extended to other systems
according to the equation
(3)

V4
F = exp (kABC()l_kABNAB F)

0

where C and C, are defined as above. k4 5 is the Adams-Bohart
rate constant (mL mg_1 min '), and N, is the saturation con-
centration (mg LY. F is the cross-sectional flow rate (cm
min ') and Z of the bed height (cm). Using nonlinear curve
fitting, the unknown parameters Ny and k45 can be

Fig. 1 Schematic representation
of an ideal breakthrough curve,
and the movement of the mass-
transfer zone (MTZ) through time
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Fig. 2 Scanning electron
microscope (SEM) images with
different magnifications for the
MWCNT before adsorption (left)
and after adsorption (right) using
25 mg/L GPD solution

determined.

Nevertheless, it is too difficult to describe the dynamic
behavior of a compound in a fixed bed under defined operat-
ing conditions, as the process does not occur at a steady state
while the influent still passes through the bed. The dynamic
adsorption model usually consists of a macroscopic mass con-
servation equation, uptake rate equation, and isotherm.
Therefore, models derived from different assumptions, such
as Adams-Bohart and Thomas, are only suitable for a limited
situation in possibly predicting the dynamic behavior of the
bed in column performance. However, they fail to describe
others (Xu et al. 2013). For instance, the Thomas model ne-
glects the axial dispersion in the adsorption column, and thus
cannot describe the adsorption behavior under plug flow.
Similarly, the Adams—Bohart model is used for the description
of the initial part of the breakthrough curve, and thus, it is
limited to the range of the condition used (Sylvia et al. 2018).

Therefore, a theoretical model for determining the dynamic
adsorption and diffusion of the pollutant in the fixed bed under
the influence of different operational parameters is needed.
The adsorption process takes place when the wastewater
stream enters the fixed-bed column. As time passes, adsorp-
tion starts, and the initial GPD concentration at the outlet is
almost zero until the breakpoint, where the GPD concentration

@ Springer

starts to increase until it reaches saturation point. A mathemat-
ical convection-dispersion model describing the dynamic be-
havior of the adsorption process through fixed-bed column
has been recently developed (Hethnawi et al. 2020a;
Hethnawi et al. 2017a; Hethnawi et al. 2017b). The model
assumed that there is no radial diffusion (traverse diffusion)
along the column due to its considerable length. The signifi-
cance of this proposed model is not only the prediction of the
breakthrough curves but also the sensitivity and the steepness
of BTC due to the adsorption term as a function of time which
can be represented by any reported isotherm model like Sips,
Langmuir, and Freundlich models. In the convection-
dispersion model, the mass balance of the adsorbed compound
is described by a set of convection-diffusion equations
coupled with source terms related to the adsorption and diffu-
sion inside the porous adsorbent particles, as per the following
second-order partial differential equation:

Dy —+v—+ 3

#C  oC oC 1-€ (&g
o Vet Tt e( )_0 @

where D; is the axial dispersion coefficient (m/s?), C is the
bulk adsorbate concentration in the fluid running through the
bed (mg/L), 1 is the distance (m), ¢ is the time (min), v is the
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interstitial velocity (m/s), € is the porosity (unitless), and (%)
represents the variation of adsorption amount which can be
described by the Freundlich model in this study. In this case,
the derived form of the Freundlich model can be described by
the following equation:

8qe 1 1 oC

:—K " —
ot n € ot (5)

By combining Eq. (4) and Eq. (5), the convection—
dispersion model presents as the following:

D v+ —K;Cr
L Vet —— —K O

ot of ot €

2 _
o°C oCc oC l-e (1 18C> —0 (6)

The following equations represent the initial and boundary
conditions:

C(0)=0 (0<f<L) (7)
@) (s o
i:L,%:O(O<t<oo) 9)

The non-linear partial differential equation, Eq. (6), was
solved numerically together with the initial and boundary con-
ditions (Egs. 7-9) using NDSolve code along with the
method-of-lines technique by Mathematica (v.12.0.0). Then,
a mathematical algorithm was developed to fit the experimen-
tal data with the numerical solution using a manipulating code
to evaluate the effective diffusivity (D;) and the fitting param-
eter by minimizing the square root of the sum of the squares of
residuals between the numerical values and experimental data.
More details about the numerical solutions for the proposed
model can be found in previous studies (Hethnawi et al.
2020a; Hethnawi et al. 2017a; Hethnawi et al. 2017b). By
applying these models, the breakthrough curves are expressed
in terms of normalized concentration, (C% ), as a function of

time.

Results and discussion
Batch experiments
Adsorption isotherms

Figure S1 (supplementary information section) shows the
room-temperature UV—Vis spectrum of the stock solution of
GPD (25 mg/L). Visually, the GPD solution was colorless,
which is reflected by the absence of any absorption peaks in
the visible region. However, the drug absorbs strongly in the

UV region with a maximum wavelength (A,.) at 229 nm.
This allowed the determination of the GPD concentration in
the samples according to Lambert-Beer’s law. A calibration
curve was constructed by preparing standard solutions of GPD
using a 1:1 ratio of acetonitrile/water mixture in the range of
2-25 mg/L. A typical calibration curve is shown in Fig. S2.
The error bars in the figure represent the standard deviation
among three trials. A good linear regression was obtained with
an R? 0f 0.9987. Thus, the concentration of GPD in the efflu-
ent samples was obtained by plugging their absorbance into
the linear regression equation of the calibration curve. The
detection limit of the method was determined to be 0.69 mg/
L. The sensitivity of the method was determined from the
slope of the calibration curve, and it is equal to 0.05 mg ™' L.
Further details on the method validation are provided in the
supplementary information section.

Scanning electron microscope (SEM) images were taken
for the MWCNT samples before and after the batch adsorp-
tion experiments as shown in Fig. 2. According to the SEM
analysis, the MWCNT used in this work were 100 nm to a few
micrometers in length and ~ 15 nm in width. The images show
no significant changes in the MWCNT morphology after ad-
sorption. MWCNT are known to have a dual functionality on
both their surface and inside the tubes (Charumathi and Das
2012; Manasrah et al. 2016; Tian et al. 2013). This, along with
the low concentration of the drug, 25 mg/L, can explain the
absence of any visual differences in the SEM images.
Nevertheless, the EDX analysis (cf. Figs. S6-S8) shows a
notable increase in the O, S, and N signals after adsorption,
indicating that GPD was indeed adsorbed into the MWCNT.
The percentages of elemental C, N, O, and S are tabulated in
Table 1. The EDX analysis for pure MWCNT, before adsorp-
tion, shows mainly signals for C (~ 97%) with little O (~3%).
After adsorption, the carbon content decreased to ca. 83%,
with an increase of N, O, and S to ca. 9, 6, and 1%, respec-
tively. The EDX analysis for pure GPD is also shown for
comparison.

As mentioned earlier, batch adsorption experiments were
performed using GPD in order to reveal its adsorption behav-
ior and to use the adsorption parameters in the convection-
dispersion model. The adsorption isotherm was fitted to the
Langmuir, Freundlich, and Sips models. The Langmuir model
assumes homogeneous adsorption and can be expressed as
(Limousin et al. 2007; Worch 2012)

4,K.C.
=71 k,C, (10)

where C, is the equilibrium concentration of the adsorbate in
mg/L, g, is the equilibrium adsorption capacity (mg/g), K; is
Langmuir constant (L/mg), and ¢,, (mg/g) is the maximum
adsorption capacity. On the other hand, the Freundlich iso-
therm assumes a heterogeneous interaction between the active
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Table 1 EDX analysis results for

MWCNT (before adsorption MWCNT (after adsorption

MWOCNT before and after Element GPD (pure)
adsorption. Values represent
normalized wt. % C 65.8%

N 11.3%

(0] 19.1%

S 3.8%

97.3% 83.4%
0% 9.2%
2.7% 6.2%
0% 1.2%

sites and the adsorbate and can be described by (Nassar 2013;
Worch 2012; Yang 2003)

g, = KrCt (11)

where  (1/g) is the Freundlich adsorption coefficient that
characterizes the strength of adsorption. The exponent, 7, rep-
resents the adsorption intensity which varies with the hetero-
geneity of the surface. The general form of the Sips model is
(Foo and Hameed 2010)

g, = quSCel/”/(l n KSCel/"> (12)

where K (mgfl) and gnax (mg/g) are the Sips equilibrium
constant and maximum adsorption capacity, respectively.
The Sips isotherm equation is characterized by the dimension-
less heterogeneity factor, n, which can be used to describe the
system’s heterogeneity as n varies between 0 and 1 (Kumara
et al. 2014). When 7 is unity, it implies a homogeneous ad-
sorption process approaching a Langmuir behavior.
Otherwise, it resembles a Freundlich behavior.

The experimental data obtained in this work did not follow
the regular Langmuir isotherm. Rather, a strong Freundlich be-
havior was observed. Figure S9 shows a nonlinear fitting of ¢,
vs. C,, according to Eq. 11, with an R? value of 0.9583, indi-
cating a good Freundlich behavior. Also, the data were fitted to
the Sips model as per Eq. 12, using nonlinear curve fitting. The
fitting is shown in Fig. S10 with an R* value of 0.9586. The
fitting parameters for the Freundlich and Sips models are tabu-
lated in Table 2. Since the exponent # in the Sips isotherm is <
1, the adsorption of GPD can be described by Freundlich be-
havior. This is supported by the fitting results of Fig. S9.

The effect of solution pH

The effect of the solution’s pH on the adsorption of GPD was
studied in the range of 1-12. To exclude the effects of other

Table 2 Fitting parameters for the batch adsorption of GPD

Freundlich Sips

n Kr(mg") R’ n Ks(mg") g, (mgg) K

1.0512  0.6083 0.9583 0.7983 0.0131 29.58 0.9586

@ Springer

environmental parameters, the pH study was conducted in batch
mode rather than continues-flow. Figure 3a shows the effect of
the solution pH on the adsorption of GPD. As pH increases, the
removal efficiency of the MWCNT decreases dramatically. In
acidic medium, the removal efficiency reaches 94% (at pH = 2),
and it decreases to 13% at pH = 12. The behavior in Fig. 3a
disagrees with the adsorption of GPD on activated carbon
(Jasim et al. 2013), for mercury (II) ion adsorption on
MWCNT/silica surface (Saleh 2015), and what has been ob-
served in our previous study on the adsorption of alizarin dye
on maghemite nanoparticles (Badran and Khalaf 2019).

The relationship between the solution pH and sorption ca-
pacity can be comprehended by examining the electrostatic
forces within the adsorbent/adsorbate pair, as well as any
acceptor—donor 7t interactions between the functional groups
(Bakather et al. 2017; Nassar 2012; Tian et al. 2013; Worch
2012). Figure 3b illustrates the status of GPD and the MWCNT
surface. The reported zero-point charge (ZPC) of native
MWCNT is 5.3 (Wu and Xiong 2015; Zha et al. 2018). As a
result, the adsorbent would have a net positive charge below pH
5.3 and a net negative charge above that value. Meanwhile, the
reported pK, of the GPD drug is estimated at ca. 8.1 (corrected
from a previous value of ca. 5-6) (Grbic et al. 2010; Sanofi-
Aventis Canada Inc. 2016). The functionality of the GPD drug
is mostly due to the amino (-NH) and the sulfonyl groups (cf.
Scheme 1). In acidic medium, the -NH groups are protonated
forming a GPD cation (GPD"). Beyond the pK, of GPD, the
drug remains in neutral form. Therefore, the high sorption ca-
pacity of the MWCNT in acidic medium is mostly due to the
enhanced electrostatic agglomeration of the GPD adsorbed
layers, and the increased solubility of GPD* in aqueous solu-
tion. This is supported by the Freundlich behavior mentioned
earlier. As pH increases, the GPD turns neutral while the
MWCNT surface becomes negatively charged, hindering the
sorption capacity. In support to this mechanism, Fig. 3a shows
that the GPD removal decreases significantly beyond pH 8, in
full agreement with its pK, value.

It is worth mentioning that the results of Fig. 3a are in
contradiction with what was reported by Tian et al. for the
adsorption of sulfamethoxazole and sulfapyridine, two antibi-
otics that contain similar functional groups to GPD, on func-
tionalized MWCNT (Tian et al. 2013). In their work, the au-
thors have introduced carboxyl and hydroxyl functional
groups to the MWCNT surface through acid treatments.
Such modification allows different types of interactions with
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Fig. 3 a Effect of solution pH on the continuous adsorption of 25 ppm GPD at 25 °C. MWCNT concentration = 50 mg. b The GPD and MWCNT

surface charges at different pH values

the adsorbate, which explains the contradictory behavior of
the effect of pH.

Continuous-flow experiments
MWCNT-free trials

Prior to any experiments, the adsorption capacity of silica was
evaluated by filling the fixed bed with silica only. After
injecting a 25-mg/L solution of GPD, samples were taken
for absorbance measurements. The results showed that there
was no significant decrease in the absorbance of the sample,
indicating negligible adsorption capacity of the silica.

The effect of bed height

To optimize the adsorption conditions, the effect of bed height
on the removal of GPD was studied as illustrated in Fig. 4.
Four different heights were examined: 1, 2, 3, and 4 cm, with
each 1 cm representing 1-g silica and 40 mg of MWCNT. A
constant 25:1 ratio of silica to MWCNT was used in order to
isolate the effect of the adsorbent. As the figure shows, a
typical S-shape of BTC is observed which is a good indication
for the mass transfer and internal resistance within the column.
The figure also shows that the breakthrough time is increased
with increasing the bed height, due to increasing the residence
time of the GPD through the bed which allows more GPD to
diffuse into the adsorbent, and thus increasing the adsorption
removal efficiency. This is a common phenomenon of fixed-
bed adsorption because as the amount of MWCNT increases
in the column bed, more active sites become available for
adsorption (Hethnawi et al. 2020a; Tian et al. 2013). The
removal of GPD, represented by the decrease in its

absorbance, was best at 3—4 cm. Therefore, the rest of the
study was completed using 3 cm.

The effect of flow rate

The effect of solution flow rate on the adsorptive removal of
GPD is illustrated in Fig. 5. The figure demonstrates the en-
hancement of GPD removal as the flow rate decreases. At a
flow rate of 2 mL/min, the break point (7},) is almost 17 min.
As the flow rate increases to 6 mL/min, the 7;, decreased to
almost 2 min. This result can be rationalized based on the
residence time required for the GPD molecules to be adsorbed
on the MWCNT surface in the mass transfer zone (MTZ) (cf.
Fig. 1). As the flow rate of the GPD increases at the inlet, the
residence time decreases, and less adsorption sites are

1.0 4 5 o
O
0.8 O
o 0.6 o
L\) 0.6
(6]
O
0.4
O
O 19 Sand, 40 mg CNT
0.2 o O 2gSand, 80 mg CNT
@) @® 3gSand,120 mg CNT
O 4gSand, 160 mg CNT
0.0 T T T I - .
0 2 4 6 8 10 12
Time (min)

Fig.4 Effect ofbed height on the adsorption on 25-ppm GPD adsorption,
using constant ratio of silica to CNT at 25 °C, and pH = 7.

@ Springer



Environ Sci Pollut Res (2021) 28:14694-14706

14702
1.0
A A
A
0.8 A ° )
A © °
A [ ] |
0.6 4 A ® [ | "
A
Ae® "
5 - :
O 04+ ‘:o .
A®
A®
0.2 20 -
) a0 = = 2 mbL/min
Cond - ® 4 mL/min
L —— .
0.0 A 6 mL/min
T T T T T T T T T T

0 5 10 15 20 25 30 35 40 45 50 55
Time (min)

Fig. 5 Effect of flow rate on the continuous adsorption of 25 mg/L. GPD at
25 °C, and pH = 7, MWCNT concentration = 400 mg, bed height =3 cm

occupied per minute. As a result, the front of the MTZ reaches
the bottom of the bed column in less time causing a reduction
in the removal efficiency. This result is an agreement with
previous studies on the adsorption of metal ions and organic
dyes on pyroxene nanoparticles (Hethnawi et al. 2020a;
Hethnawi et al. 2020b; Hethnawi et al. 2017a; Tian et al.
2013).

The effect of adsorbent dosage and the breakthrough curves

The investigations of the parameters affecting the adsorp-
tion of GPD were used to study the effect of the amount of
the MWCNT adsorbent. The breakthrough curves for dif-
ferent masses of MWCNT in the column obtained with a 25-
mg/L concentration of GPD and 4.0 ml/min flow rate are

a
1.0
0.8
0.6 -
o
o
O 044
027 = 100 mg CNT
® 200 mg CNT
& 300 mg CNT
0.0 A 400 mg CNT

r 1.~ 1 1 T 1 1 1 ™ 1T ° T
o 5 10 15 20 25 30 3 40

Time (min.)

Fig. 6 a BTCs for adsorption of GPD onto different dosage of MWCNT
over silica (100, 200, 300, and 400 mg MWCNT). The points represent
the experimental data. The solid lines represent a curve fitting according

@ Springer

shown in Fig. 6a. As shown, the obtained experimental data
fit very well with the convection—dispersion model (Eq. 6),
and the BTC curves have S-shape profile which is a good
indication for mass transfer and internal resistance effects
within the column. The accuracy in fitting was also evident
from the low values of chi-square (x?) as displayed in
Table 2. The table shows the axial dispersion coefficient
(D;) along with x? for each breakthrough curves. As shown
in the figure, by increasing the MWCNT amount from 100
to 400 mg (in a silica bed-height of 3 cm), the capacity of
MWCNT to adsorb GPD increases which results in a delay
to obtain the breakthrough time (7)) from 1.6 to almost
14.7 min and also increase in volume of treated water.
These findings were also supported by values of the axial
dispersion coefficient (D, ) using the convection—dispersion
model. Hence, the D; value is decreased as concentration of
MWCNT increases (from 9 to 3 x 10> m?/s), thus
confirming the delay in the break point. This finding can
be explained by the high number of active/binding cites
available due to the high surface area provided with high
dosage of MWCNT. However, the amount of MWCNT
used in the removal of GPD from aqueous solutions is cru-
cial for the commercial application due to the cost value of
MWCNT. Therefore, the amount of MWCNT must be op-
timized for large-scale fixed-bed column uses. Moreover,
the pore structure of MWCNT may also influence the ad-
sorption behavior of GPD. The MWCNT exhibits an open-
pore network that may facilitate fast molecular diffusion
and promotes the accessibility of adsorption sites. This fact
was also supported by the high order of magnitude for D,
(10> m%/s) for MWCNT which is higher than that of fixed-
bed absorber using activated carbon (AC) or diatomite
(Hethnawi et al. 2018). AC, for instance, usually comprises
a large portion of small micropores with closed and

1.0
| | [ | L
0.8
°
0.6 4
S v
O
0.4
0.2 ® 100 mg CNT
® 200 mg CNT
A 300 mg CNT
0.0 1 v 400 mg CNT
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Time (min.)
to the convection—dispersion model (Eq. 6). b The data fitting for the

Thomas model. Experimental operating conditions: Cy = 25 mg/L, O =
4 mL/min, Z=3 c¢m, and T =25 °C
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Table 3
25 mg/L, bed height = 3 cm, flow rate = 4 ml/min, and 25 °C

BTC parameters for the adsorption of GPD at different concentrations of MWCNT using the dispersion—convection and Thomas models. Cy =

MWCNT dosage (mg) T}, (min) Dispersion—convection model Thomas model

D, % 10° (m%/s) X Kryy (mL mg ' min™") x 1072 qo (mg/g) R’
400 14.7 35 0.42 1.34 2753 0.9865
300 11.4 4.8 0.21 1.24 214.5 0.9901
200 6.3 7.3 0.19 2.01 134.4 0.9777
100 1.6 9.0 0.16 3.53 48.8 0.9866

irregular-shaped structure. This micropore is responsible
for the provided surface area; thus, filling these micropores
will significantly affect the adsorption capacity and lower-
ing the value of the axial dispersion coefficient. Therefore,
the high degree of graphitization of the MWCNT surface
and the open-pore structure are the main factors for superior
adsorption properties of MWCNT (Wang et al. 2014).
Furthermore, nonlinear curve fittings for the Adams—
Bohart and Thomas models were also applied to the break-
through curves as described in the experimental section. The
Adams—Bohart model has failed to describe the adsorption
data as shown in Fig. S11. On the other hand, the Thomas
model managed to predict the adsorption breakthrough curves
to a great extent as seen in Fig. 6b. The fitting parameters for
the convection—dispersion and Thomas models are shown in
Table 3. The maximum adsorption capacity g, determined by
using the Thomas model (cf. Egs. 1 and 2) ranges between
48.8 and 275.3 mg/g. The maximum value is obtained with
400 mg of MWCNT. This reflects the high adsorption capac-
ity of the MWCNT to absorb pharmaceuticals such as GPD.
Also, Fig. 6b illustrates that removal efficiency is > 95%.
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Fig. 7 Regenerating the adsorption column through flushing with NaOH

and deionized water for 50 min. GPD concentration =25 mg/L, 25 °C. pH

~ 7, bed height = 3 cm

Adsorbent regeneration

As this study aims to construct a proof-of-concept for a full
continuous-flow adsorption model for GPD from wastewater
resources, an attempt to regenerate the MWCNT adsorbent
was made. The results obtained from the pH study
(Section 3.1.2) revealed that sorption of GPD on the
MWCNT is best in acidic medium. Therefore, washing the
MWCNT with an alkaline solution should regenerate the ad-
sorbent surface. Figure 7 shows the adsorption BTC of the
drug after flushing the column with 0.1 M NaOH solution
(blue points) and deionized water (red points) for 10 min.
The flushing was performed after a routine run using
MWCNT and silica for 50 min. When the column is flushed
with water, the performance of the adsorption column
pertained only for 5 min before the effluent concentration
starts to increase. Yet, when the column was flushed with
dilute NaOH, the column stayed functional for more than 50
min. Therefore, MWCNT can be reused in the column bed
repeatedly to save costs.

Conclusions

The adsorptive removal of the antidiabetic drug glimepiride
(GPD) was studied in batch and continuous modes for waste-
water treatment purposes. Commercial multi-walled carbon
nanotubes (MWCNT) were used as adsorbent. Different dy-
namical parameters were investigated, including the solution
pH, column height, flow rate, and amount of adsorbent. The
batch experiments showed that the adsorption isotherm has
followed a Freundlich behavior. The maximum adsorption
capacity (go) was determined to be 275.3 mg/g, with > 98%
removal efficiency. Based on the considerations of the zero-
point charge (ZPC) of the MWCNT and the pK, of the drug,
the adsorption efficiency was enhanced significantly in acidic
medium, and maximized at pH = 2. Also, the adsorption effi-
ciency was increasing with decreasing flow rate and increas-
ing bed height and amount of adsorbent. The continuous-flow
experiments were performed using a fixed bed filled with
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MWCNT dispersed in silica. A new convection—dispersion
model coupled with Freundlich model, in addition to the con-
ventional Thomas model, was used to describing the adsorp-
tion breakthrough curve. It was found that the convection-
dispersion model has predicted the curve to a very good ex-
tent. The axial dispersion coefficients were ranged between
3.5 and 9.0 x 10°> m?/s. Finally, flushing the column bed with
a dilute solution of NaOH was successful in regenerating the
MWCNT adsorbent.

The outcomes of this study can be used to construct an
industrial adsorber that utilizes cheap silica and small amount
of MWCNT to treat polluted water from micropollutants, in-
cluding GPD. The mathematical fitting of the convection-
dispersion model can be also used to deduce other important
parameters that are required for industrial implementation of
the treatment process.
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