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ABSTRACT

This study aims to optimize operating parameters of the effect of embedded silica nano-
particles (SiO, NPs) and modified silica NPs with polyethylenimine (PEI) (SiO,-g-PEI NPs) into
polyethersulfone (PES) to fabricate a mixed matrix membranes (MMMs) for pharmaceutical
wastewater treatment. The performance of modified MMMs was compared in the separa-
tion of Mebeverine hydrochloride (MBV) from aqueous pharmaceutical wastewater. In order
to produce a particular quantity of flux and rejection above desired levels, an optimization
technique was used to find the best values for various important process parameters. To
enhance the effectiveness on a bigger scale, response surface methodology (RSM) and
analysis of variance (ANOVA) were utilized as mathematical and statistical approaches. This
study examined the effects of operational parameters on the PES-NPs membranes permeate
flux and MBV rejection for each sample. These parameters included SiO,/or SiO,-g-PEI NPs
content (0.7—1 wt %), solution feed pH values (4-10), and MBV concentration (10—100 ppm). A
mathematical model to calculate the permeate flux and rejection (%) was established. The
results showed that the Si0, MMMs had the best performance of 38.27 LMH permeate flux
and 81.26% of MBV rejection, while the permeate flux and MBV rejection % for SiO,-g-PEI
MMMs were 104.11LMH and 99.00%. The SiO, wt % of 0.8447%, MBV concentration of
98.18 ppm, and pH of 4 were the optimal parameters for the Si0, MMMs, while the optimal
parameters for SiO,-g-PEI MMMs were SiO2-g-PEI wt. % of 0.93%, MBV concentration of
22.7 ppm, and pH of 4.79 for eliciting the optimum response.
© 2023 The Author(s). Published by Elsevier B.V. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Pollution levels in water have increased due to a shortage of
freshwater supplies and the large streams of industrial
effluent and sewage, and this dilemma has expanded into a
major concern that threatens mankind and life on the planet.
Population growth, particularly in emerging nations, indus-
trial development, and economic growth necessitate the
employment of safe and sustainable technology to solve this
global problem. Industrial water treatment, which involves
extracting pollutants and purifying water from them, is a
required and difficult procedure in many sectors, including
leather, tanning, dyes, petrochemical, and pharmaceuticals
[1]. One of the fundamental concerns in these streams is the
introduction of harmful pharmaceutical substances (PhCs)
into the ecosystem, which eventually requires immediate
response [2]. PhCs are commonly produced by a number of
industries, including medicine, animal husbandry, aquacul-
ture, and everyday life. PhCs have become a significant topic
of worry in recent years due to a lack of regulatory limits for
their discharge into surface water bodies. According to recent
research, the manufacturing and administration of PhCs
might vary between states and throughout time, from year to
year. Furthermore, as the world's population ages and living
standards improve, their use is projected to rise in the up-
coming years [3]. According to various studies [4—7], PhCs
were identified in surface water at quantities ranging from ng/
L to pg/L, and in wastewater and groundwater at values
ranging from ng/L to mg/L [8,9]. Because of their high chemical
stability, bioaccumulation propensity, limited biodegrad-
ability, and mutagenesis effects, PhCs are harmful to the
environment even at extremely low concentrations [10,11].
There are several reliable ways for industrial wastewater
treatment. The most widely utilized treatment techniques for
organic pollutant consist of membrane technique, adsorption,
electrochemical, flocculation, chemical precipitation and ion
exchange. Among these techniques, membrane separation
based on pressure-driven is utilized in a variety of applica-
tions as a selective barrier between two parts. Membranes
have been extensively investigated in recent studies for the
efficient removal of pharmaceuticals. When compared to
other conventional separation processes, they provide envi-
ronmental safety, high separation efficiency, low energy
consumption, easy maintenance, no need for chemicals,
excellent permeate quality, and operating temperatures that
are moderate making them an excellent option for waste-
water treatment, either alone or as part of a hybrid process
[12—18]. Despite the fact that membrane approaches play a
significant role in wastewater treatment, fouling limits their
usage in some applications. Fouling lowers water transport
across the membrane and deteriorates other functional as-
pects of the membrane surfaces, increasing energy con-
sumption and lowering life of membrane. Another difficulty is
the tradeoff between permeability and selectivity. It is difficult
to improve one without sacrificing the other for the currently
used polymeric membranes [16,18]. It is therefore recom-
mended to modify the surface of the membranes to provide
the required specific characteristics [19]. An increasing
amount of attention has been dedicated to surface

modification because the skin layer controls interactions with
hydrophobic foulants during membrane separation, which is
a surface-dependent process. Membrane modification is the
process of changing a membrane's surface properties using a
particular chemical or physical method in order to increase
the membrane's hydrophilicity and lessen its susceptibility to
foul. For this purpose, dipping, coating, plasma, and blending
have all been widely used [20,21]. The incorporation of nano-
particles in polymeric matrices, was found to improve mem-
brane permeability and rejection capabilities, such as
tungsten oxide (WO,go) [18], zinc oxide (ZnO) [22—24],
Metal—Organic Frameworks (MOFs) [22], multi-walled carbon
nanotube grafted graphene oxide (MWCNT-g-GO) [25], multi-
walled carbon nanotube MWCNT and alumina [26], the mo-
bile composition of matter (MCM-41) mesoporous [27,28],
functionalized-MWCNTs and GO [29], titanium oxide (TiO,)
[22,30], titanium dioxide (TiO,) functionalized with amino or
vinyl silane [31], Ag—ZnO composite [32], Ag—SnO, [33,34],
Boric Oxide-Reinforced Silver-Based [35], nanocrystalline
CupsMo [36], antimony tin oxide (ATO) [22], silicon dioxide
(Si0,) functionalized with amino silane [37], SiO, or TiO,
functionalized with amino silane [38], and GO [39,40]. Among
these nanomaterials, silicon dioxide nanoparticles (SiO, NPs)
are less harmful and ecologically inert than other nano-
particles. Because of desirable properties such as tiny particle
size, narrow particle size distribution, a significant number of
hydroxyl groups, and unsaturated residual bonds on its sur-
face, SiO, NPs can have a positive impact on membrane per-
formance. Meanwhile, the nanoparticles aggregation on the
membrane surface is a problem inherent with zero-dimension
nanomaterials. Agglomeration happens when NPs concen-
trations above a certain threshold, clogging membrane pores
and altering membrane permeate flow [41-44]. Surface
modification of nanoparticles via polymer chain grafting may
be a useful way for dealing with the limitations of these weak
interactions [45]. Polyethylenimine (PEI) has been shown to
have distinct properties such as biocompatibility, hydrophi-
licity, and chemical activity, making it an appealing macro
void formation agent [46—48]. Many efforts have been made to
enhance the performance of MMMs in order to obtain greatest
permeate flux, solute rejection, and processing lifespan,
which necessitates determining the best operating conditions
for this process. Many factors, such as pH, feed solute con-
centration, embedding material content, and so on, have been
chosen as suitable operating conditions. Kadhim et al. [28]
investigated the influence of the operating parameters, such
as the feed pH values, MCM-41, and the feed dye concentra-
tion for each of the two studied dyes, acid black 210 (AB-210)
and rose bengal (RB). An MCM-41 content of nearly 0.8 wt% in
the casting solution, feed dye concentration of 10 ppm for the
studied dyes, and feed pH of 3 for the RB dye was found to be
the optimal parameters for eliciting the response. The pH had
no significant influence on the response for the AB-210 dye,
while the pH shows some minor effects on response with the
RB dye. Response surface methodology (RSM) may be used to
increase the performance of operations on the response since
it includes numerous statistical operations required for the
response [49]. When compared to traditional procedures that
examine the effects of one parameter at a time in a series of
experimental trials [50], this method analyzes the effect of
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variables and their interactions in a more robust and complete
manner [50—54].

The aim of this work was to investigate the optimization of
ultrafiltration process operating parameters with SiO, and
novel SiO,-grafted-PEI (SiO,-g-PE) MMMSs using response
surface methodology (RSM) and analysis of variance (ANOVA).
The current work studied the optimization of various oper-
ating parameters using MINITAB®18 software (i.e., SiO, and
novel SiO,-g-PEI NPs [0.7—-1%], pH value [4—10], and Mebe-
verine HC] (MBV) feed concentration [10—100 ppm)]) in relation
to the membrane permeability and MBV rejection (%).
Furthermore, the interaction effects of operational parame-
ters to make the performance of PES-NPs membranes great as
possible were investigated. Mebeverine HCl (MBV), “4-[ethyl
(4-methoxy-a-methylphenethyl) amino] butylveratrate hy-
drochloride” (see Fig. S1), is a general antispasmodic that
works directly on the smooth muscle of the gastrointestinal
tract. MBV is a relaxant that is extensively used in the treat-
ment of gastrointestinal spasmodic disorders such as irritable
bowel syndrome, as well as a variety of other maladies
involving the vascular system, gastrointestinal tract, and
genitourinary tract. It has the chemical formula CysH3sNOs.
-HCl, and molecular weight of 466 Da [55]. MBV was selected
based on the high-risk characterization ratio (RCR), yearly
chemical consumption, and worldwide reports of incidence
[15]. Risk characterization ratios (RCRs) were used to rank the
PhCs, with the greatest RCRs indicating drugs with the highest
priority. Based on all risk comparisons; MBV is one of three
PhCs that have RCR >1 in three Iraqi cites Baghdad, Basrah,
and Mosul as reported by Al-Khazrajy and Boxall [56]. To the
best of the author's knowledge, no trial involving such opti-
mization nanostructure for mixed matrix membranes has
been documented in the literature for treatment of Mebever-
ine HCl (MBV) from pharmaceutical wastewater.

2, Experimental work
2.1.  Materials

The main polymer was polyethersulfone (PES) (MW = 30000 g/
mol) was obtained from Solvay Advanced Polymers (Belgium) for
membrane preparation, polyvinylpyrrolidone (PVP,
MW = 30000 g/mol) as a membrane pore-former, N, N dime-
thylformamide (DMF, greater than 99%), anhydrous toluene
(99%), and isopropanol were purchased from (Thomas Baker).
Mebeverine hydrochloride (MBV) with MW =466 g/mol was given
by Global Calcium Private Limited Company. Hyper branched
polyethylenimine (PEI) (MW = 25000 g/mol) and 3-chloropropyle
triethoxysilane (CPTES, 95%, CoH,1ClO5Si, MW = 240.8 g/mol)
were acquired from Sigma Aldrich, Merck, USA (India). SiO,
nanoparticles with typical particle sizes of 15—20 nm were ob-
tained from US Research Nanomaterials Inc. (USA).

2.2.  Modification of SiO, NPs process with
polyethylenimine

Before grafting with PEI hydrophilic polymer, the SiO, NPs was
functionalized with CPTES as described in our previous work
[47]. In brief, to obtain (SiO,-CPTES), the SiO, NPs’ surface was

firstly functionalized with CPTES. After that, the PEI grafting
process was conducted via SiO,-CPTES dispersion in the PEI
polymer solution. PEI was grafted onto the surface of silica NPs
by coupling mode, yielding SiO,—g—PEI NPs as a new composite
material.

2.3.  Mixed matrix membranes (MMMs) flat sheet
manufacture

Nine MMMs were fabricated via the classical non induced
phase separation technique (NIPS). The total composition of
the membranes is displayed in Table S1 [47]. Initially, the PES
was dried in an oven at 60 °C for 3 h to eliminate the moisture
content. Various amounts ratios (0.7—1 wt %) of SiO, and
Si0,-g-PEI were individually dispersed in DMF solvent and
PVP and the mixture was sonicated for 1 h to achieve ho-
mogeneity. Following that, the PES was added to the mixture
and mixed for 24 h to obtain complete polymer dissociation.
Air bubbles were removed by leaving the casting solution
quiescent at room temperature. The dope solutions were cast
at a thickness of 200 pm using an automatic film applicator
(AFA-1V, China). For deposition, the polymer films were
immersed in a coagulation bath (distilled water) at 25 + 1 °C.
The membranes were rinsed thoroughly and immersed in
distilled water for 48 h to ensure there is no residual solvent.
Afterward, the membranes were transferred and submerged
in a 25% glycerol solution for 48 h to prevent the membrane
structure from collapsing.

The specification of all modified and unmodified mem-
branes such as contact angle, thickness, porosity, and mean
pore radius were presented in Table 1.

2.4.  Mixed matrix membranes performance

The performance of the membrane (pristine and MMMs) was
evaluated using a cross-flow membrane filtration lab-scale
unit at room temperature (25 + 1 °C), as shown in Fig. 1.
Before measuring pure water flux, all membranes were pre-
compacted at 4 bars for 1 h to achieve constant pure water
flux (PWF). The pressure was then decreased to 2 bar, and the
volume of permeate was measured. The permeation flux was
computed using Eq. (1) below:

\%
J=rs (1)
Where: ], V, A, and t is the permeable water flux (L/m2 hr)
(LMH); the collected permeate volume (L); the membrane
effective area (m?), and the collected time (h) respectively.

The mebeverine hydrochloride (MBV) solution rejection
test was carried out at various concentrations (10, 30, 50, 70,
and 100 ppm). The influence of the MBV-simulated waste-
water solution pH on the performance of the MMMs was also
studied in this work. The quantities of (MBV) in the feed and
permeate fluxes were measured using high-performance
liquid chromatography (HPLC) (SYKAM-Germany). The rejec-
tion % of (MBV) was computed using Eq. (2) [25,57]:

R%= (1 - ﬂ) x 100 @)
Cs
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Table 1 — Effect of SiO, and SiO,-g- PEI wt % on contact angle, thickness, porosity, and mean pore radius of MMMs.

Membrane Thickness® + STDV (um) Porosity + STDV (%) Contact mean pore
Code angle + STDV (°) radius (nm) + STDV
Si0,

DO 102.70 + 1.00 62.82 + 0.61 65.60 + 1.52 8.10 £ 0.21
DO.7 105.80 + 1.65 69.32 + 1.08 61.99 + 2.50 9.20 + 0.20
DO0.8 95.66 + 1.00 72.77 £ 0.76 62.00 + 2.50 10.74 + 0.15
D0.9 92.70 + 3.20 77.86 + 2.69 58.92 +1.83 13.30 + 0.66
D1 84.26 + 1.00 68.20 + 0.81 63.56 + 2.46 7.60 + 0.12
Si0,-g-PEI

DO 102.70 + 1.00 62.82 + 0.61 65.60 + 1.52 8.10 £ 0.21
DS0.7 94.80 + 0.76 82.75 + 0.66 55.56 + 2.45 12.22 + 0.14
DS0.8 92.29 + 0.88 84.92 + 0.81 53.84 +2.78 12.25 + 0.18
DS0.9 81.20 + 1.54 89.96 + 1.71 49.04 + 1.84 13.55 + 0.41
DS1 79.70 + 1.00 84.86 + 1.06 54.04 + 3.05 10.50 + 0.21

& The thickness of the membranes was measured by using an FESEM device.

Where: R, Cp, and Cs is the rejection of MBV; the MBV con-
centration in the permeate solution (ppm); and the MBV
concentration in the feed solution (ppm) respectively.

3. Results and discussion

3.1. MMMs filtration cross-flow evaluation

Compared to the pristine membrane, each MMM displayed a
greater pure water flux (PWF). The permeability characteris-
tics were significantly affected by the incorporation of nano-
particles, even at low loading levels. The results revealed that
the water flux increased from 20 + 0.148 LMH for the original
membrane (DO) to 30 + 0.12 LMH by adding 0.7% SiO, NPs.
After the addition of SiO, NPs, PWF continued to show a sig-
nificant increase, reaching its greatest value for D0.9 with an
88 + 0.66 LMH. Accordingly, as previously demonstrated in
this work, the increasing trend of PWF was consistent with
hydrophilicity measures, MMMs pore size, and porosity. The

Module of flat

Outlet pressure ™
membrane -

Inlet pressure

@..

PWF has decreased to roughly 25 + 0.14 LMH with the addition
of 1% SiO, NPs. Due to the large concentration of SiO, NPs, the
pore has become blocked, which is the cause of the PWF
reduction [58]. The water flux rose to 82 + 1.63 LMH after 0.7 wt
% SiO,-g- PEI NPs were added, compared to 20 + 0.148 LMH for
a virgin membrane. After the embedding of NPs, PWF showed
a significant rise that peaked at a value that was more than
seven times higher (140 + 1.28 LMH) for the DS0.9 membrane
than for the DO membrane. However, adding a larger con-
centration of 1% of modified SiO, NPs to MMMs led to a
decrease in the PWF to roughly 82.1 + 0.66 LMH, see Table 2.
3.2 Process modeling and optimization

Response surface methodology (RSM) is a combination of
mathematical and statistical approaches that can be used to
model and analyze problems in which a response of interest is
affected by multiple parameters and the goal is to optimize
this response. Response surface methodology (RSM) can be
used to increase the performance of operations on the
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Fig. 1 — Cross-flow filtration system schematic diagram.
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Table 2 — Mixed matrix membrane pure water permeate

flux (25 + 1 °C, 2 bars and pH = 6).

crucial to the execution process. The ANOVA results for
permeate flux and rejection % as a function of SiO, or SiO,-g-
PEI wt. %, MBV concentrations, and pH values is shown in

viETipEmE P EIDY  lemlieme S - By Tables (S2, and S3), where each one of the predictor variables
Code LMH Code LMH in the layout of design has a p-value in the ANOVA table. The
DO 20.08 + 0.15 DO 20.08 + 0.15 differences are statistically significant when the p-value is
DO.7 30.07 + 0.12 DS0.7 82.00 + 1.63 less than 5% [1]. The analysis of the results was utilized to
D0.8 49.07 £ 0.69 Ds0.8 89.03 + 1.40 predict a mathematical expression. The regression model
B0 B0 o= e DR 00D = 022 equation for permeate flux and rejection% are expressed as
D1 25.07 £ 0.14 DS1 82.15 + 0.67

response since it incorporates several statistical operations
required for the response [49]. When compared to traditional
procedures that examine the effects of one parameter at a
time in a series of experimental trials [45], this method ana-
lyzes the effect of variables and their interactions in a more
robust and complete manner [50—54].

MINITAB®18 software was used to conduct the analyses.
The current work studied the optimization of various oper-
ating parameters (e.g., pH value [4—10], SiO, and SiO,-g-PEI
NPs [0.7—1%], and MBV feed concentration [10—100 ppm)]) in
relation to the membranes’ permeability and rejection %.
Furthermore, the interaction effects of operational factors
were investigated. Analysis of variance ANOVA is a statistical
model that is used to examine the variations between various
parameters in a regression study; particularly, this method is
used to explain the influence of independent variables on
dependent variables. ANOVA can be used to more precisely
choose the best set of operational parameters by examining
the relative significance of the variables [1]. Table 3 displays
the experimental values and parameter symbols.

A set of tests were performed using the UF membrane
technique, each altering one factor to determine the neces-
sary set of operational parameters while holding the other
factors constant. The goal of the optimization method central
composite design (RSM) is to determine the effect of inde-
pendent (predictor) factors on the permeate flux and rejection
% (response) mechanism.

3.3. Statistical modeling analysis by ANOVA

MINITAB®18 was utilized to conduct ANOVA analyses, with a
5% relevance threshold necessary to investigate a variable

Egs (3)—(6) for SiO, and SiO,-g-PEI MMMs in terms of actual
factors, respectively.

PF; = —633.8+ 1691 N —0.137 C — 7.05 pH — 1018.5 (N)?

—0.001008 (C)* +0.123 (pH)? +0.049 N x C (3)
+3.22 NxpH + 0.01209 C x pH

Rej,% =424 +44.8 N +0.2378 C+0.378 pH — 17.2 (N)?
—0.000085 (C)? — 0.0191(pH)? — 0.1335 N x C 4
+0.464 N x pH — 0.00247 C x pH

PF, = —788.2+2343 N —-0.541 C — 24.38 pH — 1406 (N)z

+0.00042 (C)* +0.889 (pH)? +0.231 Nx C +7.53 NxpH (5)
+0.00458 C x pH

Rej,% = —150.9 +505.9 N +0.2423 C + 2.25 pH—264.4 (N)’

—0.00042 (C)* —0.0999 (pH)? — 0.1759 Nx C —0.422 NxpH  (6)
—0.00102 C x pH

Where: PF; and PF, are permeate flux (LMH) of Si0, MMMs and
Si0,-g-PEI MMMs respectively; Rej;% and Rej,% are rejection %
of Si0, MMMs and SiO,-g-PEI MMMs respectively; N, C, and pH
are SiO, or SiO,-g-PEI NPs wt. %, MBV concentration (ppm), pH
of MBV solution, respectively.

The correlation coefficient R? for the permeate flux and
rejection% model were found equal to 97.64% and 98.33% for
Si0, MMMs respectively, and R? for the permeate flux and
rejection% model were 96.38% and 99.39% for SiO,-g-PEI
MMMs respectively. Moreover, the R*-adjusted values are
95.52% and 96.83% for SiO, MMMs respectively, 93.13% and
98.84% for SiO,-g-PEI MMMs respectively which are suffi-
ciently high and in good agreement with the R? values. As a
consequence, the findings show that the permeate flux and

Table 3 — Values and codes of the experimental variables at various levels of SiO, and SiO,-g-PEI MMMs.

Parameters Code Unit Low level High level
Si0,

SiO, NPs N wt. % 0.7 1
MBV concentration C ppm 10 100
PH of solution pH Unit less 4 10
Permeate flux PF; LMH Target

Rejection % Rej 1% % Target

Si0,-g-PEI

SiO,-g-PEI NPs N wt. % 0.7

MBV concentration C ppm 10

PH of solution pH Unit less 4

Permeate flux PF, LMH Target

Rejection % Rej,% % Target
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rejection% model is statistically valid and can be used to
forecast the performance of UF MMMs with high accuracy.
The regression result of the permeate flux and rejection%
models indicates that the model can fitted the data repre-
sented well and with reasonable accuracy [54].

3.4. Effect of pareto chart

Fig. S2 shows a Pareto chart of the standardized effects for
MBYV permeate flux and rejection % of SiO, MMMs and SiO,-g-
PEI MMMs. The figure shows the effect of different variables
on MBV permeate flux and rejection%, such as nano % (factor
A), MBV concentration, ppm (factor B), MBV solution pH (fac-
tor C), and many interaction factors. As a result, for every
coefficient's regular impact value to be consistently relevant at
the 5% level, it must be bigger than the critical value of 2.23. As
shown in Fig. S2(A), the term (AA), which reflects the quadratic
impact, demonstrates the significance of the SiO, wt % con-
tent, and the lower significant influence of the terms (C, B, and
A) on permeate flux, also the terms (AA) which show almost
the significant of SiO,-g-PEI wt % and the lower significant
influence of the terms (C, B, and CC) on permeate flux as
shown in Fig. S2(B). Fig. S2(C) shows that the term (B) dem-
onstrates the significance of the MBV concentrations, and the
lower significant influence of the terms (A, C, and AB) on
rejection% of SiO, MMMs, while the terms (A) which show the
significant of SiO,-g-PEI wt %, and the lower significant in-
fluence of the terms (AA, B, C, and AB) on rejection % of SiO,-g-
PEI MMMs as shown in Fig. S2(D). All results confirm the
ANOVA results analysis in term of P-value where all factors
with significant influence have value less than 0.05.

3.5.  Main effects plot

Fig. 2 illustrates the main effects plot for the MBV permeate
flux and rejection%. The main effects plot as shown in Fig. 2(A)
indicates that the SiO, wt% content was the most essential
element on permeate flux, followed by the pH and MBV con-
centration, and SiO,-g-PEI wt% content and pH was the most
influential factors on permeate flux, followed by the MBV
concentration as shown in Fig. 2(B).

The main effects plot as shown in Fig. 2(C) indicates that
the MBV concentration was the most influential factor on
rejection%, followed by SiO, wt% content and pH, and SiO,-g-
PEI wt% content was the most influential factors on rejection
%, followed by the MBV concentration and pH as shown in

Fig. 2(D).
3.6. Variables interaction plot

The graphs of interaction for all process variables and their
effect on the permeate flux and rejection % is illustrated in
Fig. 3. The interaction plot between the SiO,/or SiO,-g-PEI wt
% and MBV concentration show that, the maximum
permeate flux was observed for SiO,/or SiO,-g-PEI wt% of
approximately 0.85 wt% in the dope casting solution at
10 ppm, and the minimum permeate flux was showed for a
0.7 wt% at a dye concentration of 100 ppm, but the SiO,-g-PEI
MMMs have larger permeate flux. The plot of interaction
between the MBV concentration and SiO,/or SiO,-g-PEI wt%
showed that as the concentration increased, the permeate
flux decreased for all SiO,/or SiO,-g-PEI wt% as shown in
Fig. 3(A and B).
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Fig. 3 — Interaction plots of the effect of MBV concentration, pH, and nano wt% effect on the permeate flux using (A) SiO,
MMMs (B) SiO,-g-PEI MMMs and rejection % of MBV using (C) Si0, MMMs (D) SiO,-g-PEI MMMs.

However, the interaction plot between MBV feed concen-
tration and pH revealed that the permeate flux of all pH of
solutions decreased importantly as feed concentration
increased. At an MBV dosage of 10 ppm, maximum permeates
flux was found for all feed pH levels. The graph clearly shows
that the interactions for SiO,-g-PEI MMMs have higher
permeate flux than SiO, MMMs.

The interaction plot between the SiO,/or SiO,-g-PEI wt%
and MBV concentration shows that the maximum rejection%
was observed for SiO,/or SiO,-g-PEI wt% of about 1 wt% in the
casting solution at 100 ppm, and the lowest rejection% was
observed for a 0.7 wt% at a dye concentration of 10 ppm, but
the SiO,-g-PEI MMMs have approximately complete rejection
%. The plot of interaction between the MBV concentration and
SiO,/or SiO,-g-PEI wt% showed that as the concentration
increased, the rejection% increased for all SiO,/or SiO,-g-PEI
wt% as shown in Fig. 3(C and D).

However, the interaction plot between MBV feed concen-
tration and pH revealed that the rejection% of all pH solutions
increased significantly as feed concentration increased with
minimum influence for SiO,-g-PEI MMMs. At an MBV dosage
of 100 ppm, maximum rejection% was found for all feed pH
levels. The graph clearly shows that the interactions for SiO,-
g-PEI MMMs have complete rejection% compared with SiO,
MMMs.

3.7. Response surface analysis
The permeate flux and rejection % of MBV response can be

characterized as a solid in three-dimensional space, as shown
in Fig. 4, where the permeate flux and rejection % are plotted

against the two variables. The response surface graph's main
objective is to identify the optimal operation variables, which
are represented by the MBV concentration, pH value, and
nano wt % (either SiO, or SiO,-g-PEI) which results in the
highest permeate flux and rejection % of MBV solution. The
MBYV permeate flux response showed that decreasing pH and
decreasing feed concentration resulted in increased permeate
flux at a constant 0.85 wt % nano (either SiO, or SiO,-g-PEI), as
shown in Fig. 4 (A and B). The maximum permeate flux record
more than 40 LMH with 0.85 wt% of SiO, NPs addition
compared with more than 90 LMH with 0.85 wt% of SiO,-g-PEI
NPs addition when kept the pH at 7. For SiO,-g-PEI NPs MMMs,
the increased of pH and MBV concentration led to a decreased
permeate flux but with lower significant.

The MBV rejection % response showed that decreasing pH
and decreasing feed concentration resulted in decreased
rejection % at a constant 0.85 wt % nano (either SiO, or SiO,-g-
PEI), as shown in Fig. 4(C and D). The maximum rejection %
record about 80% with 1 wt % of SiO, NPs addition compared
with more 99.99% with 1 wt% of SiO,-g-PEI NPs addition when
kept the pH at 7. The increase of pH and MBV concentration
have a more significant effect on the rejection % for the SiO,
MMMs compared with a no effect on the rejection % for SiO,-
g-PEI MMMs.

3.8. Predicted fitted line plot

A Minitab prediction of permeate flux and rejection % was
created by a linear regression function (MINITAB®18). The
predicted and experimental values of permeate flux and MBV
rejection % are shown in Fig. 5.
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In order to evaluate the validation of the model, the pre-
dicted and experimental values were compared as shown in
Tables S4 and S5. As can be seen, the experimental and pre-
dicted values of permeate flux and rejection % of Si0O, MMMs
and SiO,-g-PEI MMMs are mathematically in good agreement.
These results and the high R-square (i.e., 97.6% and 98.3% for
permeate flux and rejection %) of SiO, MMMs and (i.e., 96.4%
and 99.4% for permeate flux and rejection %) of SiO,-g-PEI
MMMs demonstrate the model's significant potential for
permeate flux and rejection % prediction and optimization [59].

3.9. Optimization of the MMMs permeate flux and
rejection %

The desire function approach is one of the most often
employed techniques in the vast field of applied science

and engineering for the optimization of multiple response
processes. With this approach, the individual desirability of
several responses is combined into a single number with a
range from O to 1.0. Since a value of 1 represents the opti-
mum situation, values that are closer to 1 are preferred
when defining the ideal operating circumstances [59]. By
using a response optimizer design with various three var-
iables, as observed in Table 4, if concurrently acceptable
permeate flux and rejection % values are taken into ac-
count, the permeate flux and rejection % of SiO, MMMs is
38.27 LMH and 81.26% which achieved at SiO, wt % of
0.8447%, MBV concentration of 98.18 ppm, and pH of 4,
while the permeate flux and rejection % of SiO,-g-PEI
MMMs is 104.11 LMH and 99.00% which achieved at SiO,-g-
PEI wt % of 0.93%, MBV concentration of 22.7 ppm, and pH
of 4.79.
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Table 4 — Predicted and experimental values of the MMS: permeate flux and rejection % at optimized conditions.

MMMs Nano (%) MBV conc. (ppm) pH PF (LMH) PF (LMH) Error (%) Rej. (%) Rej. (%) Error (%) Composite desirability
Pred. Exp. Pred. Exp.
Si0, MMMs 0.8447 98.18 4 38.27 40.10 4.56 81.26 84.70 4.06 0.800
SiO,-g-PEI MMMs  0.93 22.7 479 104.11 101.64 2.43 99.00 99.99 0.99 0.972
When using fabricated MMMs with varied modified SiO, "
4. Conclusions

NPs concentrations at different MBV solution concentrations,
the permeate flux and rejection % increases. This increase can
be attributed to the hydrophilicity and morphological char-
acteristics of the MMMs.

3.10. Validation of the optimum conditions

The permeate flux and rejection % experiments were carried
out at the optimum operating conditions suggested by the
model to validate it. It should be noted from Table 4, that only
4.56% and 2.43% error % was found between the predicated
permeate flux (38.27 LMH), (104.11 LMH) and experimental
value (40.10 LMH), (101.64 LMH) for SiO, MMMs and SiO,-g-PEI
MMMs, respectively, while the error % was 4.06% and 0.99%
between the predicted rejection % (81.26), (99) and
experimental value (84.70), (99.99) for SiO, MMMs and
Si0,-g-PEI MMMs, respectively. The low percentage error
confirms that the developed RSM model is significant and
applicable [60].

This study compared the effects of embedded of SiO, and
Si0,-g-PEI nanoparticles on a flat sheet PES mixed matrix
membranes for the removal of mebeverine hydrochloride
from simulated pharmaceutical wastewater. Using mebever-
ine hydrochloride, all pristine and mixed matrix membranes
were thoroughly described in terms of permeate flux and
separation factor. To enhance the process' effectiveness on a
bigger scale, response surface methodology (RSM) and anal-
ysis of variance (ANOVA) were utilized as mathematical and
statistical approaches. The effect of operating parameters on
the permeate flux and MBV rejection % of PES/SiO, and PES/
Si0,-g-PEI NPs flat sheet mixed matrix membranes in the ul-
trafiltration process were optimized. The three parameters
identified as having the most influence on the permeate flux
and MBV rejection were the SiO, or SiO,-g-PEI NPs wt %, MBV
concentration, and solution pH values. The experimental
design allowed for studying the effect of three levels for MBV.
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These experiments found that the SiO, or SiO,-g-PEI NPs wt %
content and pH were the most significant parameters to in-
fluence the permeate flux. In contrast, the SiO,-g-PEI NPs wt %
was the most significant parameters to influence the MBV
rejection % for SiO,-g-PEI MMMs, while the MBV concentra-
tion was the most significant parameters to influence the MBV
rejection % for SiO, MMMs. The permeate flux and rejection %
were studied using Minitab 18. A mathematical model to
calculate the permeate flux and rejection % was established.
The results show a combined effect of variables on permeate
flux and rejection %. The optimized variables show that the
permeate flux and rejection % of SiO, MMMs is 38.27 LMH and
81.26% which achieved at SiO, wt % of 0.8447%, MBV con-
centration of 98.18 ppm, and pH of 4, while the permeate flux
and rejection % of SiO,-g-PEI MMMs is 104.11 LMH and 99.00%
which achieved at SiO, wt % of 0.93%, MBV concentration of
22.7 ppm, and pH of 4.79.
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among Supplementary Information.
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