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Abstract In this paper, poly(diallyl dimethyl ammo-
nium chloride) (PDADMAC)-grated cellulose filter
membranes (cellulose-g-PDADMAC) were fabricated
via atom transfer radical polymerization (ATRP) for
selective removal of anionic dye from wastewater. Gel
permeation chromatography (GPC), X-ray photoelec-
tron spectroscopy (XPS), and Fourier transform
infrared spectroscopy (FTIR) showed that PDAD-
MAC was grafted onto the filter membrane surface via
a controllable living polymerization. The resultant
cellulose-g-PDADMAC membranes exhibit selective
removal for anionic methyl orange (MO) through
rapid and facile filtration using model MO/rhodamine
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B (RB) mixture, due to the electrostatic interaction
between quaternary ammonium groups of membrane
and the sulfonic groups of MO. The decolorization
ratio of MO remains higher than 95% when the graft
ratio is 13.3% even after 6 cycles. Cellulose-g-
PDADMAC also shows effective antimicrobial activ-
ities against S. aureus and E. coli. The modified filter
membranes are promising for the potential application
in wastewater purification.

Graphical abstract PDADMAC-grated cellulose
filter membranes with good recyclability and high
antimicrobial activity were fabricated via atom trans-
fer radical polymerization for selective removal of
anionic dye from wastewater.
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Introduction

Textile industries produce large amounts of wastew-
ater which causes great harm to the ecological
environment. The main organic pollutants discharged
into wastewater are dyes, which are visible and
undesirable even at low concentrations in aqueous
solution (Crini 2006; Pendergast and Hoek 2011).
Most organic dyes create serious threats to human
health and aquatic organisms because of their toxicity,
non-degradability, teratogenicity, mutagenicity and
carcinogenicity (Mathieu-Denoncourt et al. 2014;
Mittal et al. 2007). For example, MO is an azo/acid/
anionic dye widely used in the textile, paper and
printing industries as well as in food and pharmaceu-
tical fields. It can enter the intestinal system inadver-
tently and even lead to intestinal cancer in humans.
Thus, it is crucial to remove dyes from wastewater and
process effluents effectively for environmental
protection.

Dye wastewater treatments mainly focus on the
physical, chemical, biological, acoustical, radiation,
and electrical processes (Gupta and Suhas 2009).
Among the methods for dye removal from wastewater,
membrane filtration is a simple, facile and effective
approach (Pendergast and Hoek 2011; Yao et al.
2016). Various highly efficient polymer-based mem-
branes, such as polyethersulfone (PES)/polyethylenei-
mine nanofibrous membrane (Min et al. 2012),
electrospinning poly(ether amine) nanofiber mem-
brane (Fu et al. 2014), polydopamine-coated electro-
spun polyvinylalcohol/polyacrylicacid membrane
(Yan et al. 2015), and metal-organic framework
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(MOF)/polyethyleneimine hybrid membrane (Yang
et al. 2017a) have been extensively applied in dye
removal. However, there is still a great challenge to
explore low cost and environmentally friendly mem-
brane for removal of dyes.

Cellulose is the most abundant natural polymer
across the globe and is low cost, biodegradable, eco-
friendly, and highly stable (Habibi 2014; Wang et al.
2016). Although cellulose can adsorb dyes directly,
the adsorption capability of natural cellulose is fairly
low. However, the unique structure of cellulose makes
it available for further modification to improve the
adsorption capacity (Hokkanen et al. 2016). Recently,
by modifying with specific functional groups such as
amino, carboxyl, sulfo group, and magnetic nanopar-
ticles, various materials with well-defined structures
and novel properties were reported (Chen et al. 2018;
Edgar 2007; Fu et al. 2017; Lin et al. 2016a, b; Qiao
etal. 2015; Ran et al. 2014; Tang et al. 2017; Tian and
He 2016; Wiirfel et al. 2018; Wen et al. 2017; Wu et al.
2018; Yang et al. 2017b; Zhang et al. 2017; Zhou et al.
2016). Specifically, functional cellulose-based filtra-
tion membranes were fabricated for the treatment of
dye wastewater. Cellulose nanocrystals (CNCs)/PES
enhanced membranes were constructed by introducing
CNCs into a polymeric membrane matrix. The denser
skin-layer of the CNC mixed membrane showed
compacted nanocomposite structure with smaller
surface pore size for higher dye removal (Daraei
et al. 2017). Meldrum’s acid-modified cellulose
nanofiber-based PVDF microfiltration membranes
were prepared via solvent-free techniques to remove
crystal violet (CV) dyes from water. Owing to the high
electrostatic attraction between the positively charged
CV dyes and carboxylate groups on the surface of
modified cellulose nanofiber, the membrane exhibited
better adsorption behavior than the PVDF electrospun
membrane (Gopakumar et al. 2017). Palladium
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nanoparticles (Pd NPs)-decorated wood membrane
was fabricated for efficient wastewater treatment. Due
to the unique channel structure of the wood and the
catalyst nanoparticles with uniform distribution, the
mesoporous Pd NPs/wood membrane had high effi-
ciency for the removal of methylene blue (MB)
(Zhang et al. 2017). A MOF membrane was fabricated
through the growth of MOF nanoparticles on the
surface of a carboxymethylated filter membrane,
which can be used for dye separation such as MO/
MB mixture solution (Park and Oh 2017). However,
most of those reported materials exhibit lack of
regeneration, low adsorption capability, or poor
antimicrobial activities (Pendergast and Hoek 2011).
Moreover, the removal of all the compounds is not
always necessary and some valuable chemicals
require being recycled (Cheng et al. 2015; Dragan
and Dinu 2018). It is desirable to fabricate functional
cellulose-based membranes which are capable of
selective removal of dyes with recyclability and
antimicrobial activities for the practical applications.

Cellulose fibers/products are usually anionic. Their
application in the removal of anionic pollutants, such
as anionic dyes in waste water from the textile
processing, would not be practical, due to charge
repulsion. In contrast, if cationic moieties could be
grafted onto cellulose macromolecules, new cellulose
products could be developed, targeting the removal of
anionic dyes in waste water from the textile industry,
which is a huge sector in China. PDADMAC with
functional quaternized ammonium is cost-effective
and commercially-relevant, and it was our choice in
this study for rendering cellulose membrane cationic.
Herein, cellulose-g-PDADMAC membranes via
ATREP for the selective separation of anionic dye from
the complex dye systems using MO and RB as model
pollutants were demonstrated. The resultant cellulose-
g-PDADMAC showed high cationic density and high
stability, due to covalent bonds between cellulose and
PDADMAC, and exhibited high selectivity and good
recyclability to remove anionic dye molecules, as well
as effective antimicrobial activities.

Experiments
Materials

Quantitative filter papers with diameter of 7 cm and
average pore size of 1-3 um were purchased from
Hangzhou Special paper Co., Ltd, China.
N,N,N',N’ N"-pentamethyldiethylenetriamine

(PMDETA, 99%), and 2-bromisobutyryl bromide
(BiBB, 98%) were obtained from Tokyo Chemical
Industry. Copper(I) bromide (CuBr, > 99%) was
purchased from Adamas and purified by successive
washing with acetic acid and ethanol, and dried under
vacuum. MO and RB were purchased from Sigma-
Aldrich. DADMAC (60 wt% in water), pyridine,
dichloromethane (CH,Cl,, 99.9%), acetone, ethanol,
and sodium chloride (NaCl) were supplied by Shang-
hai Aladdin Reagent Co., Ltd, China. Methanolic HCI
(0.5 M) was purchased from Acros. All chemicals
were analytical grade and used as received. Cellulose
ester dialysis tubing (MWCO 500) was purchased
from Solarbio S&T CO., Ltd. Peptone, yeast powder,
agar, phosphate buffer saline (PBS), Escherichia coli
(E. coli, ATCC 25922) and Staphylococcus (S. aureus,
ATCC 6538) were obtained from Shanghai Luwei
Technology Co., Ltd. Ultrapure water (18.2 MQ cm)
obtained by a water purifier (Sichuan Water Purifier
Co. Ltd., China) was used for all experiments.

Grafting DADMAC onto the surface of cellulose
filter membrane

The schematic for modification of a cellulose filter
membrane is shown in Fig. 1. The filter papers were
cut into pieces with diameters of 3 cm. To remove the
impurities, the membrane was ultrasonicated in CH,.
Cl, and methanol for 15 min prior to use, respectively.
Then the filter membrane was immersed in a solution
containing BiBB (0.5 mL, 4.04 mmol), pyridine
(0.33 mL, 4.04 mmol) and CH,Cl, (15 mL) under
ice-water bath. The mixture was stirred at 0 °C for
15 min and then at room temperature for 24 h. The
initiator-functionalized cellulose filter membrane (cel-
lulose-Br) was obtained by washing thoroughly with
ethanol and ultrapure water to remove residual reac-
tants, and drying under vacuum at 50 °C for 24 h.
To graft DADMAC onto the surface of filter
membrane, the cellulose-Br was immersed into ultra-
pure water (10 mL) containing PMDETA (31.1 pL,

@ Springer



7264

Cellulose (2018) 25:7261-7275

Fig. 1 Schematic of the O cn
surface modification on e
OH Br Br
cellulose filter membrane
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0.15 mmol). 1.22 or 2.44 mL of DADMAC were
added. After the mixture was degassed with two
freeze-vacuum-thaw  cycles, CuBr (21.6 mg,
0.15 mmol) was added. The system was degassed
with another three freeze-vacuum-thaw cycles. There-
after, the reaction was kept at 50 °C for different time
intervals to give the PDADMAC-modified filter
membrane (cellulose-g-PDADMAC) with various
graft ratios. The final cellulose-g-PDADMAC filter
membranes were obtained by washing thoroughly
with acetone and ultrapure water.

Graft ratio was calculated according to the follow-
ing equation (Sui et al. 2008):

W, — W

Graft ratio = L% 100% (1)

1
where W, (g) is the oven-dried weight of cellulose-Br,
W, (g) is the oven-dried weight of cellulose-g-
PDADMAC.

Cleavage of PDADMAC grafts from cellulose-g-
PDADMAC membrane

To investigate the number-average molecular weight
(M) and polydispersity (My/M,) of PDADMAC
grafts on cellulose membrane surface, 0.5 g of cellu-
lose-g-PDADMAC samples were cut into pieces and
hydrolyzed in 15 mL of methanolic HCI overnight
under ambient temperature to cleave covalently bound
PDADMAC from the cellulose-g-PDADMAC. The
solution containing cleaved PDADMAC was col-
lected and dialyzed against deionized water for 48 h.
Purified PDADMAC solutions were freeze-dried for
gel permeation chromatography (GPC) measurements
(Zoppe et al. 2016).

Characterization

The M, and polydispersity of PDADMAC were
measured by E2695 GPC (Waters) equipped with
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differential refractive index detector (RID-20A) and
gel column (TSK GMPWxI). The calibration was
made with poly(ethylene oxide) (PEO) standards and
the eluent was 0.1 N sodium nitrate with a flow rate of
1 mL/min.

The pristine membrane, cellulose-Br and cellulose-
g-DADMAC were analyzed using X-ray photoelec-
tron spectroscopy (XPS, Thermo Scientific ESCA-
LAB 250Xi), with a standard Al K, X-ray source
(1486.8 eV). The X-ray beam was operated at a
current of 10 mA and an acceleration voltage of
15 kV. For wide scan spectra, an energy range from 0
to 1000 eV was used with a pass energy of 100 eV and
step size of 1.0 eV. The high-resolution scans were
conducted according to the peak being examined with
a pass energy of 30 eV and step size of 0.1 eV. All the
binding energies were referenced to the C ls hydro-
carbon peak at 284.8 eV.

The surface compositions of pristine membrane,
cellulose-Br and cellulose-g-DADMAC were probed
by attenuated total reflection-Fourier transform infra-
red spectroscopy (ATR-FTIR) using a Perkin-Elmer
Spectrum 2000 FTIR spectrometer equipped with a
MKII Golden Gate, single reflection ATR System
(Specac Ltd., London, UK). The spectra were recorded
in the range of 4000-600 cm™' at resolution of
2 cm ™! with 64 scans.

The surface morphology of the pristine membrane
and cellulose-g-DADMAC was observed by a scan-
ning electron microscopy (SEM) instrument (JEOL,
JSM-5600 V). The samples were coated with gold for
enhancement of conductivity before measurements.

The water contact angle (CA) of the pristine and
modified filter membranes was measured using a
droplet shape analyzer (KRUSS, DSA 30) by placing a
5 pL water drop on the surface of the membrane. The
measurement data were average of 5 different
positions.

The Zeta potential of the pristine and modified filter
membranes was measured by the streaming current
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method with a SurPASS-3 electrokinetic analyzer
(Anton-Paar, Austria) and controlled by a Visolab
software. The samples (1 cm x 2 cm) were immobi-
lized to the adjustable gap cell. Measurements were
carried out using 1 mmol/L of KCl solution, and the
pH was adjusted by HCI1 and NaOH solutions.

To determine the content of Br, the sample was
burned with an oxygen bomb and then absorbed by a
buffer solution, and the amount of bromine in the
liquid is measured using an ion chromatograph
(DIONEX, ICS-2000). The cationic density of cellu-
lose-g-PDADMAC was obtained using elemental
analyzer (Perkin-Elmer, EA 2400 II). The nitrogen
content of membranes was determined from the
combustion product of NOx after the sample
digestion.

Dye selective removal of cellulose-g-PDADMAC

For the selective removal of dye, 20 mL of MO, RB,
and MO/RB mixture aqueous solutions with concen-
tration of 50 mg/L for each dye were filtered with the
pristine membrane and cellulose-g-DADMAC using a
custom-made device, respectively. To analyze the
decolorization ratio quantitatively, the dye solutions
before filtration and filtrates were diluted 10 times, and
the concentrations were determined by UV-vis
absorption spectroscopy (Agilent, 8453). The decol-
orization ratio was calculated with the following
equation (Alsbaiee et al. 2015):

Co— C
)

Decolorization ratio = x 100% (2)
where Cy and C are the dye concentrations (mg/L) in
the initial and filtrated solution, respectively.

The recyclability of the cellulose-g-PDADMAC
was measured at room temperature. After each
selective removal procedure, the cellulose-g-PDAD-
MAC was renewed by immersing into 50 mL of
4 wt% NaCl solution for 20 min, and drying in a
vacuum for 2 h. The regenerated cellulose-g-PDAD-
MAC was used for the next removal of the dye
mixture.

Antibacterial activity of cellulose-g-PDADMAC
To evaluate the antibacterial activity of cellulose-g-

PDADMAC, E. coli and S. aureus were used as model
Gram-negative and Gram-positive pathogenic

bacteria, respectively (Roy et al. 2008; Xu et al.
2016). E. coli and S. aureus were inoculated in Luria—
Bertani (LB) growth medium containing peptone
(10 g/L), yeast (5 g/L), agar (15 g/L), and NaCl
(5 g/L) overnight at 37 °C with constant shaking.
The typical colony was taken out by inoculation ring to
50 mL of nutrient broth at 37 °C for 12 h. The
concentration of bacteria was ~ 10° colony forming
units (CFU)/mL. The resulting E. coli and S. aureus
suspensions were stored in a sterile medical bottle.
The solution was further diluted 100 times to give a
working suspension. 5 mL of E. coli and S. aureus
suspensions were added to the bottles containing
pristine membrane, and cellulose-g-PDADMAC with
various graft ratios, respectively. The bottles were
incubated at 37 °C for 24 h with 250 rpm. Subse-
quently, 200 pL of the bacteria culture was taken from
each bottle and then spread onto plates of nutrient
agar. After incubation at 37 °C for 24 h, the plates
were examined. The number of CFU was counted
manually. The percent of bacteria reduction was
calculated according to the following equation (Kang
et al. 2015):

Bacteria reduction =

x 100% (3)

where A is the number of bacteria added to sample
(CFU/mL) and B is the number of bacteria remaining
after incubation (CFU/mL).

Results and discussion

Kinetics of the ATRP of DADMAC initiated
by cellulose-Br

The synthesis of cellulose-g-PDADMAC is shown in
the Fig. 1. BiBB reacts with the accessible hydroxyl
groups on the surface of the pristine filter membrane
by esterification reaction, binding covalently on the
surface of the pristine membrane to form a monolayer
of cellulose-Br. The cellulose-Br containing active
terminal bromine acted as macroinitiator for the
grafting of DADMAC by ATRP (Carlmark and
Malmstrom 2002; Wang and Matyjaszewski 1995).
To investigate the kinetics of the ATRP of
DADMAC initiated by cellulose-Br, two monomer
concentrations, 0.43 mol/L and 0.82 mol/L, were
chosen to study the graft ratio as a function of time.
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By controlling the concentration of monomer DAD-
MAC and reaction time, the cellulose-g-PDADMAC
with a series of graft ratios were obtained. Figure 2a
shows the relationship of graft ratios of cellulose-g-
PDADMAC over time. In both conditions, the graft
ratio increased with the increase of the reaction time.
However, the graft ratio levels off with the progress of
the reaction, which is consistent with the reported
results (Xiao and Wirth 2002; Xiao et al. 2011). In the
process of ATRP, when the amount of initiator and
catalyst are controlled quantitatively, the concentra-
tion of free radicals should keep constant during the
reaction (Nanda and Matyjaszewski 2003). In our
study, the amount of Br in cellulose-Br and cellulose-
g-PDADMAC with graft ratio of 13.3% measured by
ion chromatograph was 3.34 x 10~* mmol/cm” and
3.28 x 10~* mmol/cm?, respectively. It is obvious the
contents of Br decreased after the ATRP reaction.
Therefore, the nonlinearity of the relation with reac-
tion time, is attributed to the decrease of monomer
concentration, the loss of some Br elements on
cellulose-Br, and radical combination termination
during the ATRP (Xiao and Wirth 2002; Xiao et al.
2011). Based on the assumption of only radical
combination termination for surface-initiated ATRP,
the nonlinear time dependence of conversion can be
expressed as (Xiao and Wirth 2002; Xiao et al. 2011):

[M]() _ [M] _ [M]OkP[R']Ot

T + kl[R']OI (4)

30
(a)

25 |
y=5.193*t/(1+0.165")

— 20 -
S
9
= 15 |
o
® 10 y=2.660*t/(1+0.158"t)
©)
5 1 * [M],=0.82 mol/L
*  [M],=0.43 mol/L
0 T T T T T T
0 6 12 18 24 30 36 42
Time (h)

Due to the graft ratio being proportional to
[M]y — [M], the curves in Fig. 2a fit well with Eq. 4
for both monomer concentrations, as graphed by the
solid curves. The propagation rate for the monomer
concentration of 0.82 mol/L, i.e. [M]okp[R-]o, is 1.95-
fold (5.193/2.660) faster than that for the monomer
concentration of 0.43 mol/L. Considering the ratio of
monomer concentration is 0.82/0.43, these two reac-
tions have almost the identical k, during the polymer-
ization. For the termination rate, the kJ[R-], of both
monomer concentrations have a similar value (0.165
and 0.158). Consequently, the results and model
explained the proportionality of monomer concentra-
tion and combination termination.

To further determine the M, and polydispersity
(M/M,) of PDADMAC chains grafted on cellulose-g-
PDADMAUQ, the cleaved-off grafts by hydrolysis were
determined via GPC. The M, and M,/M, versus
monomer conversion of DADMAC for both cases of
monomer concentrations, are shown in Fig. 2b. The
M, increased with the increase of monomer conver-
sion. At lower monomer conversion of < 10%, the
experimental M, matched well with theoretical values
calculated by A[M]/[I]y. However, at the relatively
high conversion, the experimental M, was higher than
the theoretical one due to the combination termination.
Meanwhile, with the increase of monomer conversion
to 20%, the M /M, of PDADMAC ranged from 1.2 to

1.5, which is < 2.0, indicative of a narrow
2.0
(b) --o- [M],=0.82 mol/L
--o-- [M] =0.43 mol/L s§
0 o N O'OD b 1 '5 \
oo gt et I S
10 . : : : 1.0
e [M],=0.82 mol/L .
8 1 = [M],=0.43 mol/L °
e Mn, Theoretical
6 1 —— M,, Theoretical .
4 L
5 ] .
0 . . . .
0 5 10 15 20

Conversion (%)

Fig. 2 a Graftratio of cellulose-g-PDADMAC versus time, b M,, and M,/M,, versus monomer conversion under conditions of different

DADMAC concentrations
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polydispersity and controllable polymerization (Xiao
and Wirth 2002; Xiao et al. 2011).

ATR-FTIR analysis

Figure 3 shows ATR-FTIR spectra of pristine mem-
brane, cellulose-Br and cellulose-g-PDADMAC. The
peak at 1055 cm™' in Fig. 3a is related to C-O
stretching of the cellulose backbone and is not
influenced by reaction (Frisoni et al. 2001), which
can be used as the internal standard peak. A new peak
at 1739 cm ™! in the cellulose-Br (Fig. 3b) is attributed
to the carbonyl stretching vibration (ve—g) (Nystrom
et al. 2009), indicating that BiBB is immobilized to the
surface of filter membrane through ester bonding. In
Fig. 3c, two peaks at 1246 cm™ ' and 1476 cm ™" in the
cellulose-g-PDADMAC are the characteristic bands
of C-N7 and the methyl groups of the quaternized
ammonium (Zhao et al. 2015), indicating that the
surface of filter membrane is successfully grafted
DADMAC via ATRP.

XPS analysis

The surface compositions of the pristine membrane,
cellulose-Br and cellulose-g-PDADMAC were ana-
lyzed using XPS, as shown in Fig. 4. The pristine
cellulose spectrum (Fig. 4a) only showed O 1s and C
1s peaks, near 532 eV and 285 eV, respectively. After
the immobilization of BiBB on the membrane, a
bromine peak (Br 3d) appears with a bonding energy at

1055

1739 1476 1246

Absorbance

T T T T T
2000 1800 1600 1400 1200 1000 800

Wavenumber (cm'1)

Fig. 3 ATR-FTIR spectra of a pristine membrane, b cellulose-
Br, and c cellulose-g-PDADMAC with graft ratio of 13.3%

70.1 eV in Fig. 4c (Wei et al. 2011). The presence of
bromine at the surface indicates that the grafting of
PDADMAC onto cellulose is a “living” radical
polymerization in spite of the loss of Br over the
reaction.

Figure 4b, d show the deconvoluted high resolution
C 1s spectra in pristine membrane and cellulose-Br.
The peaks of pristine membrane at 287.9, 286.6 and
284.8 eV are mainly attributed to the bonds of O-C-
O, C-0O and C-H/C-C. The intensity of the peak at
286.6 eV is stronger than that at 284.8 and 287.9 eV,
showing that the content of C-O species (73.5 at.%) is
greater than that of C-H/C-C (7.7 at.%) and O-C-O
(18.8 at.%) in the surface of pristine cellulose mem-
brane. Because the BiBB is composed of several C—H/
C—C but no C-O species in its molecular chain (Liu
et al. 2009), the intensity of C-H/C-C peak of
cellulose-Br is higher than that of pristine membrane.
The atomic compositions based on the relative peak
areas in the survey scans of the investigated samples
are summarized in Table 1. As seen in Table 1, the
total atomic ratio of O/C decreases from 0.74 to 0.68.
The decreased oxygen content in the cellulose-Br
suggests that BiBB is successfully introduced on the
filter membrane surface.

For the cellulose-g-PDADMAC with graft ratio of
13.3% in Fig. 4e, the new peaks at 196.1 eV, 267.1 eV
and 402.5 eV are assigned to Cl 2p, Cl 2s and N
Is (Zhong et al. 2012), respectively. The ratio of
oxygen to carbon sharply decreased to 0.26, indicating
PDADMAC with higher C content was grafted onto
the pristine membrane surface. With respect to the
narrow scan of C ls peaks in Fig. 4f, the peak at
286.2 eV is mainly attributed to C-N/C-O (Liu et al.
2009). The intensity of C—H/C—-C on the cellulose-g-
PDADMAC surface increases remarkably and is
stronger than that of O—C-O indeed. This is because
the PDADMAC molecular chain is composed of C—-H/
C-C and C-N groups but no C-O group. From
Table 1, the N/C atomic ratio of cellulose-g-PDAD-
MAC is 0.11, which is comparable to the theoretical
atomic ratio of 0.125 in PDADMAC. These results
indicate that the surface of modified filter membrane is
almost covered by the grafted PDADMAC chains.

SEM analysis

The surface morphology of the cellulose filter mem-
branes before and after surface grafting were analyzed
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Fig. 4 XPS spectra of a, b pristine membrane, ¢, d cellulose-Br and e, f cellulose-g-PDADMAC with graft ratio of 13.3%

Table 1 Atomic compositions of pristine membrane, cellulose-Br and cellulose-g-PDADMAC with graft ratio of 13.3% extracted

from XPS
Samples Element (at.%) Atomic ratio

C (0] Br N Cl o/C N/C
Pristine membrane 57.6 42.4 0.74
Cellulose-Br 58.1 394 2.5 0.68
Cellulose-g-PDADMAC 68.0 17.9 0.2 7.2 6.7 0.26 0.11

using SEM, as shown in Fig. 5. Porous structure is
presented between the cellulose fibers in the pristine
membrane (Fig. 5a). Since grafting of PDADMAC

@ Springer

occurs mainly on the surface of cellulose fibers
(Barsbay et al. 2007; Laopa et al. 2013), no significant
changes can be observed in the SEM image of
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i 50.0um

Fig. 5 SEM of a pristine membrane and b cellulose-g-PDADMAC with graft ratio of 13.3%

cellulose-g-PDADMAC (Fig. 5b) in comparison to
that of the pristine membrane. Due to the electrostatic
interaction between the quaternary ammonium group
in PDADMAC and the unreacted hydroxyl group on
membrane, the PDADMAC has good compatibility
with the filter membrane and the surface of cellulose
fibers are covered by a thin layer of PDADMAC.
Therefore, the surface of the cellulose fiber maintains
its porous structure for rapid and facile filtration.

Contact angle analysis

To study the effect of grafted DADMAC on the
wettability of the filter membrane, the contact angle
measurements of the pristine membrane, cellulose-Br
and cellulose-g-PDADMAC were conducted, as
shown in Fig. 6. The water contact angle of the
pristine membrane is < 10° (Fig. 6a), reflecting the
natural character of superhydrophilicity because of
large amounts of hydroxyl groups in the cellulose. For
the macromolecule initiator cellulose-Br, as shown in
Fig. 6b, the contact angle significantly increases to
81.7° &+ 2.8°. The filter membrane surface changes
from hydrophilic to hydrophobic significantly. This is
because the hydrophobic 2-bromoisobutyryl bromide
replaced the hydrophilic hydroxyl groups on cellulose

(a) (b) (©
<10° 81.7+£2.8° <10°

—

Fig. 6 Micrographs of a water droplet on the surface of
a pristine membrane, b cellulose-Br, and ¢ cellulose-g-
PDADMAC with graft ratio of 13.3%

partially, and the introduction of brominated alkyl
groups reduced the surface energy of filter membrane.

For cellulose-g-PDADMAC in Fig. 6¢, the mea-
sured contact angle becomes < 10° again, showing the
superhydrophilic property. This obvious change is due
to the grafted PDADMAC chain on the surface of
cellulose-g-PDADMAC containing hydrophilic qua-
ternary ammonium groups, which can interact
strongly with probing water molecules. This indicates
PDADMAC is grafted onto the surface of the filter
membrane, which is in agreement with the IR and XPS
results.

Selective removal of dye

It is important to remove the dyes selectively from the
hazardous dye-based effluents. The selective removal
behavior of the cellulose-g-PDADMAC was evalu-
ated by filtrating two typical types of dyes, including
anionic dye MO and cationic dye RB.

The color of MO solution is orange. After filtration
by cellulose-g-PDADMAC with graft ratio of 13.3%,
the solution color changed from orange to colorless in
a short time, as shown in Fig. 7a. The UV-vis
spectroscopy was then applied to monitor the removal
efficiency of dyes. The absorption peak at 462 nm is
the maximum absorption wavelength of MO. After
filtration, the 462 nm peak of MO almost disappears.
The decolorization ratio calculated from the concen-
tration of dye before and after adsorption is higher than
99.4%. This means the removal efficiency was
remarkable and the MO molecules were almost
removed from the aqueous conveniently and effi-
ciently by a simple filtration method. However, for the
removal of RB (Fig. 7b), no significant color change
can be observed before and after filtration. The
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intensity of the maximum absorption peak of RB at
554 nm decreases slightly after filtration and the
calculated decolorization ratio is 4.9%. These results
indicate that the dye removal capacity of cellulose-g-
PDADMAC is effective for the anionic dye MO, but
poor for cationic dye RB.

To further measure the selective removal of dyes,
the mixture solution of MO and RB was tested. The
mixture solution passed through the filter membrane
under gravity. Before separation as shown in Fig. 7c,
both the strong absorption peak of MO at 462 nm and
the maximum absorption of RB at 554 nm appear in
the UV-vis spectra of mixed solution. For the pristine
filter membrane, the color of filtrate barely changes
after filtration (see Video 1 in Supplementary Infor-
mation) and the center of pristine membrane is pink.
The calculated decolorization ratio of MO and RB was
0.9% and 8.4%. This indicates that both MO and RB
pass through the membrane simultaneously and no
obvious selective separation behavior is displayed.

With respect to cellulose-g-PDADMAC membrane
during the filtration (see Video 2 in Supplementary
Information), the color of solution changes from red to
pink, showing the color of RB. The center of cellulose-
g-PDADMAC turns to deep orange, indicating that
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large amounts of MO molecules are absorbed on the
cellulose-g-PDADMAC. In the UV-vis spectra, the
characteristic absorption peak of MO at 462 nm in the
filtrate is not visible, while the maximum wavelength
absorption peak of RB at 554 nm remains strong. The
decolorization ratio of MO is 99.1% and that of RB is
4.1%, indicating the remarkable selective separation
for the dye mixture. Furthermore, the permeation flux
(679 L/m?/h) of cellulose-g-PDADMAC membrane is
comparable to that of the pristine membrane driven
solely by gravity. It should be noted that permeation
flux will increase under external driving pressures. A
high decolorization ratio of more than 98.4% for MO
was maintained as the permeation flux approached
1455 L/m*/h. To further evaluate the removal capac-
ity, the cellulose-g-PDADMAC with graft ratio of
13.3% was examined. The calculated cationic density
of filter membrane is about 0.0067 mmol/cm® by
elemental analysis. At the permeation flux of 679 L/
m%h, 1.22 mg of MO can be captured by 1 cm” of
cellulose-g-PDADMAC. This means 1 mol of catio-
nic quaternized ammonium can adsorb 0.56 mol of
anionic MO, which is higher than the reported
materials such as MOF membranes and supramolec-
ular gels (Cheng et al. 2015; Park and Oh 2017).
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Meanwhile, the maximum adsorption (Q.x) of cel-
lulose-g-PDADMAC for MO is examined, which is
182.6 mg per gram of cellulose-g-PDADMAC.
Therefore, our cellulose-g-PDADMAC membranes
display selective removal for anionic MO via rapid
and facile filtration.

To examine the effect of graft ratio on decoloriza-
tion ratio of MO and RB mixture, the cellulose-g-
PDADMAC with different graft ratios was used for the
dye removal. With the increase of graft ratio, the
decolorization ratio of MO increases dramatically, as
shown in Fig. 8. When the graft ratio is 2.4%, the
decolorization ratio progressively attains up to 91.5%.
As the graft ratio increases, the decolorization ratio
reaches a stable value gradually. When the graft ratio
is increased to 25.8%, the decolorization ratio is as
high as 99.3%. On the contrary, the decolorization
ratio of RB decreases with the increase of graft ratio
gradually and the lowest value is about 3.7%, showing
poor efficiency on the removal of RB.

To evaluate the surface charge property of the
cationic polymer modified cellulose membranes for
the selectivity of MO adsorption, the Zeta potential of
cellulose-g-DADMAC membrane was measured. At
the pH value of 6.9, the Zeta potential of unmodified
filter membrane is — 19.3 &+ 1.2 mV, showing that
the pristine cellulose surface is negatively charged due
to the large amounts of hydroxyl groups. After grafting
the quaternary ammonium groups, the Zeta potential
of cellulose-g-PDADMAC changes to 17.7 = 1.0 mV
and the surface becomes positively charged. This
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Fig. 8 Effect of cellulose-g-PDADMAC with different graft
ratio on decolorization ratio of @ MO and » RB in mixture

endows cellulose-g-PDADMAC to capture anionic
organic dyes selectively.

The schematic of selective removal of dyes by
cellulose-g-PDADMAC is shown in Fig. 9. The
selective removal of mixed dyes can be demonstrated
by the electrostatic interaction between the PDAD-
MAC chains and the dye molecules (Xie et al. 2014).
The surface of cellulose-g-PDADMAC contains
cationic quaternary ammonium PDADMAC with high
density of positive charges. MO is an anionic dye
within the sulfonic acid group. When the dye solution
goes through the cellulose-g-PDADMAC membrane,
the MO molecules are adsorbed and held in its surface
due to the electrostatic attractive interaction between
quaternary ammonium groups and the sulfonic groups.
However, as a cationic dye with cationic quaternary
ammonium, RB passes through the modified mem-
brane due to electrostatic repulsion of PDADMAC to
RB. Thus the electrostatic interactions dominate the
selective removal performance of cellulose-g-
PDADMAC.

In addition, the effect of pore size of membranes on
the selective removal behavior is considered. The
nominal pore size of cellulose filter membrane we
used is about 1-3 pum, which is much larger than the
size of dye molecules (0.28-1.54 nm) (Ifuku and
Kadla 2008). Therefore, the separation of dyes cannot
account for the physical interception which depends
on the pore size of membrane.

Recyclability

The recyclability of the cellulose-g-PDADMAC for
selective removal of dye mixture is significant for
environmental protection. To investigate the recycla-
bility, cellulose-g-PDADMAC was renewed by
immersing into NaCl solution before each separation
cycle. As shown in Fig. 10, the decolorization ratio of
MO remains higher than 95% and the decolorization
ratio of RB is lower than 6% after 6 cycles. As a result,
cellulose-g-PDADMAC is stable and recyclable for
selective removal of anionic dye, which is important
for its practical application.

Antimicrobial effects of cellulose-g-PDADMAC
The highly positive charges impart cellulose-g-

PDADMAC with antibacterial properties against
negatively charged bacteria, via electrostatic
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Fig. 9 The schematic of
selective removal of dyes by
cellulose-g-PDADMAC
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Fig. 10 Recyclability of cellulose-g-PDADMAC

interactions (Fu et al. 2017). To evaluate the antimi-
crobial effects against various microorganisms, two
representative microorganisms, S. aureus and E. coli
were used for determining the antibacterial activity of
cellulose-g-PDADMAC, as shown in Fig. 11. The
pristine membrane and cellulose-g-PDADMAC with
different graft ratios were examined by immersion into
the E. coli and S. aureus suspensions, as shown in
Fig. 11A. The turbidity of suspensions is related to the
number of bacteria. The higher turbidity reflects a
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Fig. 11 A Images for antibacterial activity of (a) pristine filter
membrane and cellulose-g-PDADMAC with graft ratio of
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lesser antibacterial activity. In the culture bottle with
the pristine membrane (Fig. 11Aa), both bottles
present high turbidity and vigorous bacteria growth,
suggesting that unmodified cellulose has no antibac-
terial activity. By contrast, the bottles with cellulose-
g-PDADMAC having various graft ratios show dif-
ferent turbidity and antibacterial activity. When the
graft ratio is 8.0%, the S. aureus suspension turns to
relatively clear, while the E. coli suspension changes
to relatively clear when graft ratio was 13.3%.

To further assess the effect of graft ratio on
antibacterial efficiency, the bacterial reduction of the
cellulose-g-PDADMAC with various graft ratios is
shown in Fig. 11B. For these two bacteria, a similar
trend is observed. With the increase of graft ratio, the
bacterial reduction increases significantly. When the
graft ratio reaches 13.3%, the bacterial reduction of S.
aureus 18 about 98.1%, and that of E. coli is about
92.3%, showing a strong inhibition effect. Meanwhile,
the cellulose-g-PDADMAC exhibit higher inhibition
to S. aureus than E. coli, which is similar to the
reported results (Song et al. 2010). This is because the
porous structure of the S. aureus cell wall makes the
foreign molecules enter the cell easily, while the thin
film of the cell wall of E. coli is a potential barrier
against foreign molecules (Sun et al. 2006). The
effective antimicrobial activities of cellulose-g-
PDADMAC enhanced the stability of filter membrane
for application in textile industry.

Conclusions

In this paper, cellulose-g-PDADMAC was fabricated
via surface-initiated ATRP concept. GPC, XPS, and
FTIR showed that PDADMAC was grafted onto the
filter membrane surface via a controllable living
polymerization. Due to electrostatic interaction
between the quaternary ammonium group on cellu-
lose-g-PDADMAC and the sulfonic group on MO, the
modified filter membrane exhibited rapid selective
removal of anionic MO from anionic dye-containing
wastewater with good recyclability. The cellulose-g-
PDADMAC with graft ratio of 13.3% has a bacterial
reduction of 98.1% against S. aureus and 92.3%
against E. coli, showing a strong inhibition effect. The
selective removal of anionic dye and good antimicro-
bial activity offer cellulose-g-PDADMAC a great
potential for treatment of dye wastewater in practice.

In the near future, cellulose will be further modified to
obtain multi-functional cellulose-based materials for
the application in adhesive, self-healing hydrogel, and
wound dressing.

Supplementary material

Video of MO/RB mixture solution filtrated by pristine
filter membrane and cellulose-g-PDADMAC.
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