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ABSTRACT: Ti;C,T, MXenes, a very new family of nanostructured Single UF MXene-UF
material, were applied in combination with an ultrafiltration (UF) }q\:\“ . .z Methylene
membrane (MXene-UF) for removal of the selected dyes including R Ays” BIUE(MB)
methylene blue (MB) and methyl orange (MO) as the first attempt. Pea by o TisC, T,
The normalized flux of the MXene-UF (0.90 for MB and 0.92 for |, L R ens

MO) indicated better performance than a single UF (0.86 for MB
and 0.90 for MO) and a powdered activated carbon (PAC)-UF (0.72
for MB and 0.75 for MO) for both dyes. The addition of an
adsorbent decreased the irreversible fouling of the hybrid system M
compared to single UF, due to adsorption of dyes. The observed membrang .
dominant fouling mechanism was cake layer fouling, evaluated using § romeam m "‘T}Q e &zz"
a resistance-in-series model, permeate flux modeling, and four 455 :
conceptual blocking law models. PAC in particular acted as a foulant,

leading to a severe flux decline. The average retention rate was found to be on the order of PAC-UF (57.7 and 47.9%) > MXene-UF
(51.7 and 34.9%) > single UF (45.0 and 34.7%) for MB and MO, respectively. The results showed that although PAC exhibits
relatively strong adsorption performance, MXene-UF also exhibited high selectivity due to electrostatic interaction between the
MXene and dyes. In addition, humic acid (HA) adsorption on the membrane led to a reduction in the effective membrane area,
resulting in a higher retention and lower flux for MXene-UF in the presence of HA. Furthermore, higher retention was observed for
MZXene-UF at pH 10.5 compared to pH 3.5 and 7, because MXene has more negative terminations at higher pH, leading to greater
MB adsorption. Additionally, because of the bridging effect between the membrane and the MXene and competition between MB
and cation ions for adsorption on the MXene, lower retention and flux were observed in MXene-UF with background ions.
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1. INTRODUCTION fouling control and an economical membrane system is
necessary.

To resolve the drawbacks of a conventional membrane
system, an abundance of study is suggested including
membrane surface modification,” a multistage membrane
process,6 micellar-enhanced ultrafiltration (UF),” and so on.
Inter alia, combining adsorption with an UF hybrid system
using commercialized powdered activated carbon (PAC) as an
adsorbent (termed a “PAC-UF” in this paper) has received
attention for control of organic contaminants.” Adsorption has
been shown to improve the retention rate of UF when used as
a pretreatment.9 The UF process, acting as a low-pressure
membrane, is relatively cost-effective compared to NF and RO,
and provides effective separation, including of used PAC from

Population growth and industrial development have led to a
wide range of organic contaminants being discharged into the
environment. In particular, dyes released from the textile,
paper, leather, plastics, and food industries have been found in
increasing concentrations in water streams." Due to their
toxicity and high oxygen demand, residual dyes in water
sources can have significant adverse effects on human life and
ecosystems, even at low concentrations. In addition, conven-
tional water and/or wastewater treatment systems cannot
always reduce dye concentrations to acceptable levels because
of their stability and complexity.” A number of water treatment
technologies have been proposed to treat dyes. Among these,
membrane processes have gained in popularity because of their
ease of operation, low physical space requirements, and high
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separation efficiency.” However, although membrane processes Received:  February 8, 2020
can effectively treat dyes in water, these compounds can also Accepted:  March 17, 2020
act as foulants, leading to decreased flux performance. In Published: March 17, 2020

addition, membrane-based technologies involving nanofiltra-
tion (NF) and reverse osmosis (RO) have a relatively high
operating cost.* The enhancement of productive strategies for
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teedwater. Nevertheless, some studies have reported that PAC
can have a negative effect on permeate flux,'"® and work has
been undertaken to develop better adsorbents for improved
performance, including both retention and permeate flux.

MXenes are a relatively new family of multilayered two-
dimensional transition metal carbides, which have been
evaluated for use in a number of applications including energy
storage, transparent conductive electrodes, and water purifica-
tion." "' In particular, some studies have demonstrated that a
range of pollutants for water treatment are effectively removed
by MXenes used as adsorbents because of their excellent
stability, superior oxidation resistance, fine structure, and high
electrical/metallic conductivity.n’14 For example, Peng et al.
reported 95% lead (C, = SO mg/L) removal efficiency using
0.025 g/50 mL of MXene."’ Wang et al.'* and Meng et al!
reported 95% Re(VII) (C, = 10 mg/L) and 80% urea (C, = 30
mg/L) removal with 8 mg/20 mL and 0.155 g/6 mL of
MXene, respectively. Another study indicated that 100 mg/100
mL of MXene resulted in 40% methylene blue (MB) removal
(Co = 0.05 mg/mL)."” While these reports indicate that
MZXenes are attractive materials for removal of contaminants in
water treatment processes, most studies have focused on the
use of MXene in adsorption processes. In addition, although
these studies demonstrated high removal rates, the MXene
dosages were unrealistically high for use in a real water
treatment plant.18 Therefore, there is still a requirement for
study into the various applications of MXene in real water
treatment systems, such as the potential for combining MXene
with a UF hybrid system (termed “MXene-UF” in this paper).
Particularly, there have been no performance studies on the
effect of MXene as a foulant in UF.

In this work, MXene-UF is applied for the removal of dyes
from water in one attempt. Scanning electron microscopy and
transmission electron microscopy (SEM and TEM, respec-
tively), X-ray diffractometry (XRD), and surface area and pore
size analysis were employed to investigate the textural
characteristics of the MXene. Synthetic dye containing
wastewater as a feed solution was used to briefly determine
the feasible performance of single UF, MXene-UF, and PAC-
UF. MB and methyl orange (MO) were employed to represent
commonly used cationic and anionic dyes. Permeate flux and
retention variation were observed as a function of the volume
concentration factor (VCF) in a single UF and both hybrid
systems. In addition, in the hybrid systems, the role played by
the MXene and PAC in fouling was studied via a resistance-in-
series model, permeate flux modeling, and four conceptual
blocking law models. Finally, for better understanding of its
application in a real water treatment system, MXene-UF was
evaluated under a range of conditions with various
concentrations of natural organic matter (NOM), pH, and
background ions with regard to permeate flux and retention
rate.

2. EXPERIMENTAL SECTION

2.1. Materials. Two different adsorbents were used for adsorbent-
UF: MXene and PAC. Ti;C,T, MXene was purchased from the
Advanced Materials Development Expert Store (Hangzhou, Zhejiang,
China). Commercially available PAC was obtained from Evoque
Water Technologies (Randolph, MA, USA). MB and MO, as target
dye compounds, were purchased from Sigma-Aldrich (St. Louis, MO,
USA). The concentration of these compounds was determined using
a UV—vis spectrophotometer (Agilent Technologies, Santa Clara, CA,
USA) based on absorbance at 464 and 665 nm, respectively. A
commercial flat sheet polyamide membrane was acquired from GE

Osmonics Inc. (Minnetonka, MN, USA). The physicochemical
properties of the target compounds and membrane are summarized
in Tables S1 and S2, respectively. To evaluate the effect of a range of
water conditions on the treatment system, humic acid (HA) was used
as the most dissolved NOM compound, HCI and NaOH were used to
evaluate the effect of pH, and NaCl, CaCl,, and Na,SO, were used to
investigate the effect of background ions (all purchased from Sigma-
Aldrich).

2.2. Characterizations. The physicochemical properties of the
MXene were analyzed using several instruments, as shown in Figure
S1. SEM (S-4200; Hitachi, Tokyo, Japan) and TEM (Titan G2; FEI,
Hillsboro, OR, USA) were used for surface morphology character-
ization, and the structure of the MXene was confirmed by XRD (D/
max-2500; Rigaku, Tokyo, Japan). Surface charge was measured using
a zeta potential analyzer (ZetaPals; Brookhaven Instruments
Corporation, Holtsville, NY, USA). Finally, a Micromeritics ASAP
2020 static volumetric adsorption unit (Micromeritics Inc., Norcross,
GA, USA) was used to obtain nitrogen adsorption and desorption
equilibrium data at —196 °C. The surface area of the MXene was
estimated based on these data using Brunauer—Emmett—Teller
(BET) models.

2.3. Operation and Evaluation of MXene-UF. The perform-
ance of the membrane systems was investigated by dead-end cell
filtration (Sterlitech Co., Kent, WA, USA) with an effective
membrane area of 14.6 cm® and a total feed volume of 300 mL.
The membrane was washed gently with deionized (DI) water and
then stored in DI water at 4 °C before use. Only membranes
exhibiting <10% permeability variation in a pure water permeability
(PWP) test were used in this study. As the pretreatment, adsorption
was performed with 2 mg/L of the selected dye and 20 mg/L of
adsorbent for 2 h at 200 rpm. Generally, S—50 mg/L of adsorbent and
a contact time of 1—5 h are used in water treatment plants.'’
Membrane filtration was then conducted at a transmembrane pressure
of 75 psi (520 kPa), with a stirring speed of 200 rpm. To evaluate the
retention rate of the selected dyes and the permeate flux, 20 mL
amounts of each permeate sample were collected until 60 mL of
retentate and 240 mL of permeate were obtained, corresponding to
1.1-5 of VCE. The VCF, retention rate, and permeate flux were
calculated using eqs (S1), (S2), and (S3), respectively.

The transportation mechanism of the selected dye compounds in
the single UF, MXene-UF, and PAC-UF systems was evaluated via
resistance-in-series, flux modeling, and four conceptual blocking law
models. Darcy’s law is commonly used to describe the permeate flux
(J) for membrane filtration”

AP AP _ AP
H(Rm + Rf) ’7(Rm + Rre + Rirr) W(Rm + Rc + Rad)
(1)

where ] is the water flux through a membrane (L/ m?/ h), AP is the
pressure drop through the membrane (kPa),  is the dynamic
viscosity of the fluid (kg/m/s), and Ry, is the hydrodynamic resistance
of the membrane (1/m). Also, during membrane filtration, membrane
fouling (R;) affects the total resistance to flow. A number of factors
contribute to Ry including cake resistance resulting from the
accumulation of feed on the membrane surface (R, 1/m) and
adsorption (R,q, 1/m), consistent with reversible resistance (R,,, 1/m)
and irreversible resistance (R;,, 1/m). Eq 1 was used to calculate the
effects of these different resistance types.

The cake filtration model represents one method for evaluating the
fouling mechanism. This model is widely applied to assess the
membrane filtration index (MFI) under constant pressure filtration.
The MFI is determined as the second linear slope line obtained from

J

plotting t/V against V2021
LA L D LS S L W Ve R
VvV~ AAP = 2AP AAP ()

where t is the filtration time (h), V is the permeate volume (m?), A is
the effective membrane area (m?), C; is the dye concentration in the
feed (mg/L), and « is the specific cake resistance for each cake layer
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(m/g). Permeate flux modeling can also be used to calculate the MFI
as a quarter of the § constant in eq 3, which can be simply expressed
in the form J 2 = (a + pt)71.>

) -
(WIR_m] + (ZnaCf]t

AP AP (3)
The model constants o and f were obtained using SigmaPlot 12.3
software (Systat Software, Inc., San Jose, CA, USA) to allow
performance of a nonlinear regression analysis.

Finally, four conceptual blocking law models incorporating specific
operating conditions, including constant pressure, a cylindrical

membrane pore, and non-Newtonian fluids were used to explain
. . . 23,24
the fouling mechanisms, as shown in eq 4.7

d’t [ dt ]"

— =k

av av (4)
where #n is the blocking index, set at 2, 1.5, 1, and 0 for complete

blocking, standard blocking, intermediate blocking, and cake filtration,
respectively.

I =

3. RESULTS AND DISCUSSION

3.1. Characterization of the MXene. The morphology of
the MXene, which is a multilayered two-dimensional material,
can be seen in the SEM image in Figure Sla. The TEM
micrograph (Figure Slb,c) clearly also indicated that the
MZXene was multilayered, with a gap thickness from 0.92—0. 95
nm, similar to the results obtained in a previous study.”’
Furthermore, the XRD pattern for the MXene, shown in Figure
S1d, is consistent with previously reported studies, indicating
successful synthesis of the MXene.”””” The material surface
charge density can be estimated from the zeta potential value.
The point of zero charge (PZC) of the MXene was measured
at pH 3 based on the zeta potential value, as shown in Figure
Sle. This is presumably because the T,, which represent
surface termination units in Ti;C,T, MXene, is —OH, —O,
and/or —F."" Also, the PZC of the membrane was shown at
pH 3 in Figure S2. These PZC values indicate that both
MZXene and the membrane negatively charged under neutral
pH can actively adsorb positively charged compounds through
electrostatic attraction, while those may have small adsorption
with negatively charged compounds due to electrostatic
repulsion. Finally, the BET surface area of the MXene was
estimated from the equilibrium data of adsorption and
desorption of nitrogen at —196 °C. Figure S1f shows the 9

m?*/g MXene surface area; this value is similar to that reported
earlier.”® Therefore, the SEM, TEM, XRD, zeta potential
analysis, and surface area results indicate that MXene has
potential for use in adsorbent-UF for removal of the selected
dyes.

To confirm the feasibility of MXene-UF to remove dye
compounds, Figure 1 presents that retention rate and
normalized flux in single UF, MXene-UF, and PAC-UF with
synthetic dye wastewater as a feed solution. Also, the
composition of synthetic dye wastewater was described in
Table S3. While 65.4% of the dye retention rate in single UF
was achieved, significantly higher retention rates in the
presence of 20, 50, and 100 mg/L of each adsorbent were
observed; 80.2, 90.7, and 99.1% for MXene-UF and 85.5, 91.7,
and 99.5% for PAC-UF, respectively. Also, although a similar
normalized flux was shown with an increasing MXene dose
(0.90 for 20 mg/L, 0.89 for 50 mg/L, and 0.89 for 100 mg/L)
compared to single UF (0.90), significant flux decline was
observed in PAC-UF with increasing PAC dose (0.79 for 20
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Figure 1. Retention and normalized flux variation for synthetic dye
wastewater in (a) single UF, (b) MXene-UF, and (c) PAC-UF.
Operating conditions: VCF = 1.25 (recovery = 20%), AP = 75 psi
(520 kPa), precontact time = 2 h, and stirring speed = 200 rpm.

mg/L, 0.72 for 50 mg/L, and 0.60 for 100 mg/L). These
results indicate that MXene-UF can be applied to treat dye
containing wastewater with a high retention rate and less flux
decline. Meanwhile, mechanism evaluation for retention and
fouling is very important to understand performance. Thus, the
effect of each composition for detailed performance was
evaluated by the following studies.

3.2. Flux Decline in Hybrid System. The declining flux
behaviors of the selected dyes in the single UF, MXene-UF,
and PAC-UF treatments are shown as a function of VCF in
Figure 2. The normalized fluxes of MB and MO in single UF at
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Figure 2. Normalized flux variation as a function of VCF for (a) MB
and (b) MO. Operating conditions: AP = 75 psi (520 kPa), adsorbent
= 20 mg/L, dye = 2 mg/L, pH = 7, conductivity = 100 uS/cm,
precontact time = 2 h, and stirring speed = 200 rpm.

VCEF = S decreased gradually, to 0.86 and 0.90, respectively. A
slightly higher normalized flux was observed in MXene-UF
(0.90 for MB and 0.92 for MO at VCF = §) than in single UF.
In contrast, a rapid flux decline was observed for MB and MO
in PAC-UF, with values of 0.72 and 0.75, respectively, at VCF
= 5. These results show that MB had a greater impact on the
flux decline than MO. Both compounds have a similar
molecular weight (319.85 g/mol for MB and 327.33 g/mol
for MO); however, positively charged MB can be more readily
deposited on the negatively charged membrane at pH 7
compared to negatively charged MO, resulting in a decreasing

https://dx.doi.org/10.1021/acsami.0c02454
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. 2930 s
membrane surface and pore size.””*’ In addition, an enhanced

membrane flux was observed in MXene-UF compared to single
UF, while deterioration of the permeate flux was observed in
PAC-UF. This is presumably because, while some MXene with
OH and/or O terminations can interact with COOH, NHCO,
and NH, in a polyamide membrane by forming hydrogen
bonds,®"*> most MXenes with negative charge (estimated
based on zeta potential value; Figure Sle) cannot easily attach
onto the membrane due to electrostatic repulsion. In contrast,
PAC has more functional groups, higher hydrophobicity, and
less negatively characteristics compared to MXene, so flux
decline can arise through PAC deposition on the mem-
brane.'”*?

Comprehensive understanding of fouling resistance is
essential for improving the performance of this hybrid system.
Therefore, evaluation of fouling phenomena was conducted
using a resistance-in-series model, as shown in Table 1. The

Table 1. Fouling Resistances, Specific Cake Resistances (¢),
and Specific Adsorption Resistances (6) for Selected Dyes
in the Single UF, MXene-UF, and PAC-UF Systems

MB MO
MXene- PAC- MXene- PAC-
UF UF UF UF UF UF

R, (x10” m™") 888 85.0 106 85.4 83.9 102
R, (x10” m™) 765 76.5 76.5 76.8 769 76.2
R, (x10” m™)  7.99 4.76 253 591 5.43 224
Ry (X102 m™) 428 3.72 431 270 1.63 3.44
R./R, 0.09 0.06 024 007 0.06 022
R./R, 0.05 0.04 0.04  0.03 0.02 0.03
e (x10¥ m/g) 227 13.8 76.5 14.7 13.8 59.9
5 (x10" m/g) 12.1 10.8 13.0 6.72 4.13 9.21

overall filtration resistance (R,) with MB (88.8 for single UF,
85.0 for MXene-UF, and 106 for PAC-UF) was higher than for
MO (85.4 for single UF, 83.9 for MXene-UF, and 102 for
PAC-UF), indicating that a relatively larger flux decline was
generated with MB. A higher value for both cake formation
resistance (R.) (7.99 for single UF, 4.76 for MXene-UF, and
25.3 for PAC-UF) and adsorptive fouling resistance (R,q)
(4.28 for single UF, 3.72 for MXene-UF, and 4.31 for PAC-
UF) was obtained with MB compared to MO, for all three
systems (R.: 5.91 for single UF, 5.43 for MXene-UF, and 22.4
for PAC-UF, R,4: 2.70 for single UF, 1.63 for MXene-UF, and
3.44 for PAC-UF). These results support the conclusion that
MB can be more easily deposited on both the surface of, and
inside, the membrane by electrostatic attraction. In addition,
the value of R./R, for MB and MO in MXene-UF was the
same, at 0.06, while R,4/R, for MB (0.04) was higher than that
for MO (0.02). This also indicates that MO can generate a
relatively lower adsorptive fouling due to electrostatic
repulsion. Furthermore, MXene was a positive influence on
both the R, and R4 values in filtration compared to single UF,
which indicates that electrostatic repulsion rather than
hydrogen bonding occurs between MXene and the membrane.
However, the highest R, R, and R 4 values were observed for
PAC-UF compared to single UF and MXene-UF, demonstrat-
ing that PAC acts as a foulant by adsorbing and depositing on
the membrane.

To quantify the reversible and irreversible fouling potential
of the three different systems, the total cake formation
resistance per mass of the retained selected dyes and/or

adsorbent (specific cake resistance, €) and the total adsorptive
resistance per mass of the retained selected dyes and/or
adsorbent (specific adsorptive resistance, §) were evaluated.”*
A number of previous studies have suggested that cake
formation resistance caused by the deposition of foulants is
generally reversible.”® In contrast, the internal pore fouling
resistance of the membrane due to the adsorption of foulants is
often irreversible.”® Both the £ and & values of single UF (e:
22.7,8: 12.1 for MB, ¢: 14.7, §: 6.72 for MO) were higher than
for MXene-UF (&: 13.8, 6: 10.8 for MB, &: 13.8, &: 4.13 for
MO) and lower than for PAC-UF (e: 53.1, 6: 36.4 for MB, &:
37.5, 8: 31.6 for MO). These observations indicate that the
amount of dye and/or adsorbent, as a potential cause of both
cake formation and adsorptive resistance in single UF, was
higher than in MXene-UF and lower than in PAC-UF. In other
words, MXene can enhance the & and  values by adsorbing
dyes and not depositing excessively on the membrane.
However, although PAC can adsorb the selected dyes,
additional deposition occurs with PAC acting as a foulant.
The & value was higher than the § value under all experiment
conditions, indicating that reversible fouling dominates over
irreversible fouling. Therefore, MXene-UF is superior to single
UF and PAC-UF in terms of flux decline, due to dye
adsorption by MXene and low deposition of MXene on the
membrane because of electrostatic repulsion.

3.3. Fouling Mechanisms in Hybrid System. To analyze
the flux decline of MB and MO in detail, permeate flux
modeling was performed for single UF, MXene-UF, and PAC-
UF, as shown in Figure S3. Permeate flux modeling (J* vs
time) based on experimental flux data is widely used to
evaluate model constants (@ and ) and MFI values in linear
form.>” In particular, the MFI value, which is based on the cake
filtration fouling mechanism, is needed to obtain the fouling
potential and mitigate flux decline.”®”” The model constants
and MFI values are presented in Table 2. Less cake formation

Table 2. Analyses of Permeate Flux Modeling for MB and
MO in the Single UF, MXene-UF, and PAC-UF Systems

a i MFI
(min*/m?*)  (min/m?) ”? (min/m?)

MB  UF 1915 341 09275 85.2
MXene-UF 1880 262 0.9270 65.5
PAC-UF 1849 919 09293 230

MO UF 1762 186 09227 46.6
MXene-UF 1726 123 0.9209 30.8
PAC-UF 1834 711 0.9296 178

is observed for MXene-UF compared to single UF, as stated
previously, leading to a lower MFI value. This result supports
the conclusion that the MXene has a positive effect on flux
decline due to electrostatic repulsion with the membrane. In
contrast, it was found in the previous section that PAC, as a
foulant, had a negative effect on the permeate flux through
deposition on the membrane. This can also be seen in the
higher MFI value for PAC-UF, because the MFI value is
proportional to the extent of cake formation. This finding
indicates that PAC can more easily form a cake layer than the
MXene, consistent with the result of the resistance-in-series
model.

Four conceptual blocking models, which have been widely
used to evaluate membrane fouling at constant transmembrane
pressure, were generated to describe the fouling mechanism

https://dx.doi.org/10.1021/acsami.0c02454
ACS Appl. Mater. Interfaces 2020, 12, 16557—16565



ACS Applied Materials & Interfaces

www.acsami.org

Research Article

20 [ (a) MB 1 {140
OO0 120
15} oeRBREARAA0A 44
1 80
10F O uvr © ur —_
[0 Mxene-UF [-] MXene-UF {60 £
0 PAC-UF PAC-UF =
= o © 0@- 40 F
£ 57 A X
; h @@8@ 1 20 LI.!‘
o
= 20F 1 8
g (C) MO 140 %
= 120 o
Q L @
x 15 100 5.
(&) £
80 O
10 UF UF o
MXene-UF MXene-UF 60
PAC-UF PAC-UF
1 40
5 L
20
of. i ’ ) ) N 0
0.00 0.05 0.10 0.15 0.20 0.25
Volum (L)

Standard blocking, t/V (h/L)

[ (o) mB PPUREE
GO OO

15 | QSRR | 16
O v O v —_
10 f [0 MXene-UF [] MXene-UF 14 4
> PACUF <& PacUF . s
2 D
5l %) O 1.2 ><
(0(0‘01 v @ L:.,
oo 110 £
0 - ]
o
201 (d) MO |18 2
[
kS
157 {16
UF UF E
10 MXene-UF MXene-UF 1.4 ‘3
PAC-UF PAC-UF =

5 112

11.0

o L ' 1 1
0 1 2 3 4
Time (h)

Figure 3. Four conceptual blocking law models at 75 psi (520 kPa) in the single UF, MXene-UF, and PAC-UF systems. (a) Cake filtration and
complete blocking analysis for MB, (b) standard blocking and intermediate blocking analysis for MB, (c) cake filtration and complete blocking
analysis for MO, and (d) standard blocking and intermediate blocking analysis for MO.

(Figure 3).”7** The r* values obtained by linear regression on
each fouling mechanism are summarized in Table S4. It
appears that, although the value for cake filtration (r*: 0.9959
for MB and 0.9584 for MO) was slightly higher than that for
standard blocking (r*: 0.9951 for MB and 0.9519 for MO) for
both dyes in single UF, both fouling mechanisms had relatively
higher values than complete (r*: 0.9009 for MB and 0.9040 for
MO) and intermediate blocking (1*: 0.9006 for MB and 0.9019
for MO). This is presumably because cake filtration is caused
by the accumulation of dyes in the cake layer. In addition,
because both MB and MO have a size of about ~20 A, which is
smaller than the membrane pore (26—30 A), some part of each
dye can be adsorbed by hydrogen bonding into the membrane
pore walls.* Cake filtration (r*: 0.9690) for MB in MXene-UF
showed better fitting results compared to complete (r*:
0.9089), standard (r*: 0.9434), and intermediate blocking
(r*: 0.9053), whereas cake filtration (r*: 0.9876) and standard
blocking (r*: 0.9854) showed slightly higher values than
complete (r*: 0.9809) and intermediate blocking (r*: 0.9794)
for MO in MXene-UF. This indicates that MB can be adsorbed
on MXene by electrostatic attraction, resulting in reduced
internal membrane fouling.'”*° Cake filtration showed the best
fitting results for both dyes in PAC-UF, due to deposition of
PAC on the membrane surface. Also, the n value was used for
determining the fouling mechanism from d*t/dV? versus dt/dV
as shown in Figure S4. The n values under all conducted
systems were shown to be approximately 0, which confirms
that cake filtration is dominant and corresponds with the
results of four conceptual blocking models.*” Therefore, flux
decline caused by reversible fouling, ie., a cake layer, is the
dominant fouling mechanism for removal of the selected dyes
in all three systems. In addition, both hybrid systems exhibited
reduced irreversible fouling compared to single UF, due to the
addition of the adsorbent during filtration.

3.4. Retention and Mechanisms in the Hybrid
System. Figure 4 shows the retention performance of MB
and MO at pH 7, as a function of the VCF, in single UF,

16561
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Figure 4. Retention variation as a function of VCF for (a) MB and
(b) MO. Operating conditions: AP = 75 psi (520 kPa), adsorbent =
20 mg/L, dye = 2 mg/L, pH = 7, conductivity = 100 uS/cm,
precontact time = 2 h, and stirring speed = 200 rpm.

MZXene-UF, and PAC-UF. The average retention rate in single
UF was about 45.0% for MB and 34.7% for MO. This is
because both dyes can interact with the membrane. Hydrogen
bonding can occur between polyamide membranes with
COOH, NHCO, and NH, and dyes with N and 0.% Also,
hydrophobic interaction can occur between the aromatic rings
of the membrane and those of MB and MO.>** Furthermore,
electrostatic interaction between the membrane and dyes can
affect the retention rate, because MB contains positively
charged nitrogen, and MO has a negatively charged sulfonate
group.” A higher retention rate was observed for MB
compared to MO in single-UF, because MB is hydrophobic
and hence has a higher octanol—water distribution coeflicient
(log Dow: 2.60) than MO (log Dgow: 1.29) at pH 7.
Additionally, electrostatic attraction between MB and a
negatively charged membrane can enhance the retention rate
through deposition on the membrane. In contrast, some part of
MO can be retained on the feed side due to electrostatic
repulsion with the membrane, which prevents the dye from
passing through. Nevertheless, the higher retention of MB in
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single UF indicates that both hydrophobic interaction and
electrostatic attraction dominate. Furthermore, removal
efficiencies increased with adsorbent in both hybrid systems.
PAC-UF exhibited better average retention rates, of 57.7% for
MB and 47.9% for MO, compared to MXene-UF (51.7% for
MB and 34.9% for MO). It was previously mentioned that
both hydrogen bonds and electrostatic interaction exist
between the MXene and both dyes in MXene-UF.'® However,
PAC can more easily reduce the membrane surface and pore
size than MXene by depositing on the membrane, resulting in a
higher retention rate. Also, both dyes can be more easily
adsorbed on PAC than on MXene because of the higher
surface area and increased hydrophobic interaction, hydrogen
bonding, and electrostatic interaction. Thus, PAC-UF is
superior to single UF and MXene-UF in terms of retention
rate.

To evaluate the adsorption capacity of the membrane and
both adsorbents during filtration, an adsorption test was
conducted, as shown in Figure S. Both MB and MO were
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Figure S. Adsorption of MB and MO on each adsorbent during
filtration. Operating conditions: membrane area = 14.6 cm?,
adsorbent = 20 mg/L, dyes = 2 mg/L, pH = 7, conductivity = 100
uS/cm, and stirring speed = 200 rpm.

placed in contact with the membrane for 4 h and/or the
adsorbents for 6 h. This contact time was selected to ensure
the same contact time for single UF and both hybrid systems.
The adsorption removal rate was on the order of PAC (35.7
and 30.9%) > MXene (26.7 and 12.4%) > membrane (16.1
and 10.5%) for MB and MO, respectively. The PAC and
membrane adsorbed relatively similar amounts of both dyes,
while the removal rate of MB with the MXene was higher than
for MO. This is because electrostatic interaction plays an
important role in the interaction between MXene and dyes.
Therefore, these results confirm that, although MXene-UF
exhibited a poorer retention performance than PAC-UF, as the
retention rate between MB and MO is different, MXene-UF
shows high selectivity due to electrostatic attraction or
repulsion.

3.5. Effects of Different Solution Chemistry Con-
ditions on Dye Retention in the MXene-UF. Based on the
normalized permeate flux and retention rate results, the
MZXene-UF system has high potential to treat dyes, with a
higher performance seen for MB than MO. Also, in general,
some of the dye constituents, such as NOM, H*/OH", and
inorganic ions, coexist in real ecosystems. To fully explore the
performance of MXene-UF for MB, the retention rate and
normalized permeate flux were confirmed under a range of
solution conditions. As shown in Figure 6a, the retention rate
of MXene-UF increased with increasing HA concentration
(51.7% for no HA, 58.5% for 2.5 mg/L, and 68.3% for 10 mg/
L), while the normalized flux decreased with increasing HA

concentration (0.96 for no HA, 0.91 for 2.5 m/L, and 0.79 for
10 mg/L). Also, all data in Figure 6a was not statistically the
same average by a one-way complete statistical analysis of
variance (ANOVA) test at a confidence level of 95%. These
results presumably arise because the membrane active area was
diminished by HA adsorption on the membrane. Due to the
range of sizes of the HA (170—22 600 Da), pore plugging of
the membrane (3000 Da) is possible.””*” In addition, aromatic
components of HA can generate a fouling layer on the
membrane surface through hydrophobic interaction,*® and
positively charged MB and the part of HA (which includes
negatively charged carboxylic and phenolic groups at pH 7)
can form complexes by electrostatic attraction as well as
hydrophobic interaction, resulting in high retention and low
permeate flux.”

The retention rate of MXene-UF at pH 3.5, 7, and 10.5 was
46.7, 51.7, and 57.7%, respectively, as shown in Figure 6b. The
normalized flux for MXene-UF was observed to be 0.96, 0.96,
and 0.95 at pH 3.5, 7, and 10.5, respectively. Although this
result shows that the retention rate was similar regardless of
solution pH by ANOVA results, a slightly higher retention rate
was confirmed at pH 10.5. The MB might be adsorbed more
on the MXene at higher pH due to the more abundant
negative charged termination of MXene, as supported by the
zeta potential result (Figure Sle).*’ ™' In overall, the results
(relatively high flux decline (Figure 2), high retention (Figure
4), high adsorption removal (Figure 5), and high retention
with increasing pH (Figure 6) for MB compared to MO)
indicate that electrostatic interaction was the most critical
mechanism determining the MXene-UF performance.

Finally, the retention rate and normalized flux of MXene-UF
for MB was evaluated with no ions, and with NaCl, CaCl,, and
Na,SO,, as shown in Figure 6c. Although ANOVA results
indicate there are comparable retention results, the highest
retention rate of 51.7% was observed with no ions (46.6% for
NaCl, 43.4% for CaCl,, and 47.7% for Na,SO,); similarly, the
highest normalized flux of 0.96 was obtained with no ions
(0.89 for NaCl, 0.84 for CaCl,, and 0.90 for Na,SO,). In
Section 3.4, it was shown that adsorption by MXene is the
main cause of retention for MB in MXene-UF. However, the
retention rate decreased with the addition of ions, because
positive ions compete with MB for adsorption sites on the
MXene via electrostatic attraction.”” The normalized flux
statistically evaluated at a confidence level of 95% by ANOVA
also decreased in the presence of ions. This is likely because
the presence of ions leads to a denser fouling layer and
compacted membrane pores.”>** In addition, the formation of
cross-linking between MXene and the membrane can affect the
filtration system by the divalent cation bridsging effect, leading
to the lowest normalized flux with CaCl,.>*

4. CONCLUSIONS

Ti;C,T, MXene, as an adsorbent, was applied to a hybrid
system based on adsorption combined with UF (MXene-UF)
to treat selected dye compounds, including MB and MO. The
normalized flux in MXene-UF (0.90 for MB and 0.92 for MO)
exhibited better efficiency than a single UF system (0.86 for
MB and 0.90 for MO), while another hybrid system, PAC-UF
(0.72 for MB and 0.75 for MO), exhibited severe flux decline.
This is because dyes can be adsorbed onto MXene, and only
small quantities of MXene are deposited on the filtration
membrane due to electrostatic repulsion. Both hybrid systems
showed less irreversible fouling compared to single UF. A

https://dx.doi.org/10.1021/acsami.0c02454
ACS Appl. Mater. Interfaces 2020, 12, 16557—16565



ACS Applied Materials & Interfaces

www.acsami.org

Research Article

100
)7

— 607 T
S v
s .| [
S 40}
(/]
[=
=
&
20
0
0 2.5 10
HA concentration (mg/L)
100
b (b1)/,
= 60
<
: T
AN
o
5
14
20
0
3.5
100)/
— 60}
S
c g
[
o 2030
3o | B
2 b
k3 33
14 (&
20f 19
53
[

NaCl CaCl, Na,SO,
Background ions

no ions

Normalized flux Normalized flux

Normalized flux

1.0
T (a2)
/ /T/
0.8
0.0
0 2.5 10
HA concentration (mg/L)
1.0
S TX
08 [
y
0.0
3.5 7
pH
1.0
0038
2003
200%
0.8 95958
RS
KX XY
R
] [Road
BN
[aaa
00 B

noions NaCl CaCl, Na,SO,

Background ions

Figure 6. Retention and normalized flux under various (a) NOM concentrations, (b) pH conditions, and (c) background ions for MB in the
MXene-UF system. Operating conditions: AP = 75 psi (520 kPa), adsorbent = 20 mg/L, MB = 2 mg/L, precontact time = 2 h, and stirring speed =

200 rpm.

resistance-in-series model, permeate flux modeling, and four
conceptual blocking law models were used to investigate the
behavior of the adsorbents, and it was observed that PAC acted
as a strong foulant, resulting in severe fouling in PAC-UF. The
average retention rates of PAC-UF (57.7 and 47.9%) were
better than those for single UF (45.0 and 34.7%) and MXene-
UF (51.7 and 34.9%) for MB and MO, respectively. This is
because the membrane surface and pores can be more readily
degraded by PAC adsorption on the membrane. PAC also has
a higher surface area than MXene and hence can better adsorb
the dyes. However, MXene-UF exhibited high selectivity,
because electrostatic interaction is the main mechanism of dye
treatment in the hybrid system. Taking into account the
advantages of high permeate flux, lower irreversible fouling,
and the high selectivity of MXene-UF, this is a promising
advanced water treatment technology and a realistic alternative
to conventional systems.
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