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Reverse osmosis (RO) have been widely used to produce clean water and there is a strong need to enhance their perme-
ability at no sacrifice of their other performances, e.g., selectivity. We deposit low-cost biopolymer, lignin, onto the sur-
face of RO membranes by a simple filtration method. Lignin is deposited to the membrane surface via both hydrogen
bonding and p-p interaction. Lignin deposition reduces the surface roughness of the membrane and enhances its nega-
tively charging, while the surface hydrophilicity is maintained. Surprisingly, water permeation, salt rejection, and foul-
ing resistance of the lignin-deposited membranes are simultaneously improved. More importantly, we demonstrate that
this deposition method can be easily extended to modify commercial RO membrane modules, indicating the excellent
upscalability of this method. We use the lignin-deposited membranes to treat real effluents of dyeing and papermaking
and they perform much better than the virgin, unmodified membranes. VC 2017 American Institute of Chemical Engineers

AIChE J, 63: 2221–2231, 2017

Keywords: membrane separation, reverse osmosis, lignin, fouling resistance, surface modification

Introduction

Reverse osmosis (RO), due to its effective removal of ions

and organics,1 has been the most promising desalination tech-

nology for the production of pure water.2 However, membrane

fouling, which decreases the permeate flux and shortens the

membrane lifespan,3 is the major problem for the long-term

operations of RO systems. Inorganic salts, organic matters,

colloids, and biofilms are the main sources of foulants for

membrane foulings depending on the wastewater quality.4

Among them, organic fouling is a major concern in RO tech-

nology. The adsorbed organic fouling layer can serve as a con-

ditioning layer for microbial attachment and growth, thus

leading to the formation of more troublesome biofouling.5,6

Many strategies have been developed to reduce fouling on

RO membranes, including the pretreatment of feed solutions

with flocculants, chemical cleaning, surface modification of

RO membrane, and etc.7–9 However, organic foulants cannot

be sufficiently removed by the pretreatment of feed solutions

as trace organic compounds remain in the feed. Furthermore,

chemical cleaning of fouled membranes not only increases the

operating costs but also shortens the membrane lifespan.10

Recently, surface modification has emerged as a promising

method to alleviate fouling in RO membranes. Appropriate

surface modification can slow down the adsorption of organics

so that cleaning is required less frequently. There are a number

of methods for the surface modification to RO membranes,

which mainly include interfacial polymerization,11,12 polymer

blending,13,14 surface coating,15,16 and surface grafting.9,17

Surface coating is distinguished from these methods for its

low cost, simplicity, and suitability for upscaling.
Various studies have been reported on surface coating.

Poly (vinyl alcohol) (PVA), as a cheap, water-soluble poly-

mer, is the most frequently used material for the coating of

RO membranes for the sake of fouling resistance.16,18–20

Alternatively, some complicated and expensive materials

have also been explored as the coating materials. Ni et al.15

synthesized a random copolymer with three different poly-

mer chains including poly (methylacryloxyethyldimethyl

benzyl ammonium chloride), poly(acryl amide), and poly(2-

hydroxyethyl methacrylate) via free radical polymerization

and coated it on the surface of RO membranes to improve

membrane resistance to fouling and chlorine. Choi et al.21

coated RO membranes with graphene via layer-by-layer

deposition and successfully enhanced membrane resistance

to fouling and chlorine. However, most surface coatings lead

to decreased water permeance of the RO membranes as the

coating layers work as an additional barrier layer.22 Even

worse, some investigations have observed the reduction in

salt rejections as a result of the surface coating.15,16,21 There-

fore, it remains highly demanded for coating materials which

improve the fouling resistance of RO membranes at no

expense of either membrane permeance or rejection. Further-

more, a coating material capable of simultaneously enhanc-

ing the fouling resistance, permeance, and rejection of RO

membranes is recognized as the ideal choice.
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Lignin, as the second most abundant biopolymer, is an
important composition in lignocellulose.23 Lignin can be
recovered from the black liquors in large quantity in the pulp
and paper industry, typically in the form of alkali lignin.24,25

Alkali lignin contains many functional groups such as hydrox-
yl (phenolic or alcoholic), methoxyl, carbonyl, and carboxylic
group (Figure 1). Alkali lignin is usually slightly sulfonated,26

and can be easily dissolved in water. Currently, lignin is typi-
cally used as additives, for example, dispersants, in water
treatment,27 and it is seldom used in the preparation or modifi-
cation of separation membranes.

In this work, by taking advantage of the rich presence of
active groups, water-soluble property, and cheap sources of
lignin, we use lignin, for the first time, as the coating material
to form a water-penetrating layer on the surface of RO mem-
branes. Interestingly, we find that lignin tightly adheres to the
membrane surface and delivers a significantly enhanced foul-
ing resistance, as well as simultaneously improved water per-
meability and salt rejection, which are rarely achieved in
previously reported works using other coating materials. The
prepared membranes are successfully used in the treatment of
dyeing and papermaking effluents.

Experimental

Materials

Commercial polyamide membranes were used as the base
matrix in this study. The flat sheet RO membranes were pur-
chased from Vontron Enviro-Tech Co., Ltd. According to the
manufacturer, the membranes have a salt rejection higher than
98% for 1500 ppm sodium chloride at an operating pressure of
0.6 MPa. Alkaline lignin was purchased from Sigma-Aldrich,
and its basic properties were listed in Table 1. Lysozyme and
bovine serum albumin (BSA) were obtained from Dingguo
Changsheng Biotech Co., Ltd. and Tianqinyige Biotech Co.,
Ltd., respectively. NaCl was purchased from Xilong Chemical
Co., Ltd. All reagents were of analytical grade and deionized

water with the conductivity less than 10 ls/cm was produced

by a two-stage RO membrane system in our laboratory.

Membrane surface coating

Membrane coupons with the size of 10 cm 3 15 cm were

rinsed with deionized water for three times (30 min for each

time) to remove protective substance (NaHSO3). Lignin was

dissolved in deionized water to prepare solutions with differ-

ent lignin concentrations (0.25, 0.5, 1, and 2 g/L). The solu-

tions were filtrated with 0.45 lm microfiltration membranes to

remove any insoluble lignin before use for coating. Surface

coatings were then conducted by cross-flow filtrating lignin

solutions on RO membranes at the pressure of 1.6 MPa for

3 h. As the RO membrane has nearly 100% rejection to lignin,

lignin is expected to be coated or deposited on the membrane

surface. The coated membranes were then washed with deion-

ized water at room temperature for 3 h to elute the loosely

adsorbed lignin from membrane surfaces. Based on the opti-

mized modification conditions obtained on small pieces of

membrane coupons, we directly modified the whole modules

of polyamide thin-film-composite spiral wound RO mem-

branes with an effective membrane surface area of 0.279 m2

(SW-1812, Vontron).

Membrane characterizations

Fourier transform infrared (FTIR) spectra of different mem-

brane samples were recorded on a Nicolet 8700 FTIR spec-

trometer. Spectra ranging from 500 to 4000 cm21 were

measured with a resolution of 2 cm21 in the mode of attenuat-

ed total reflectance (ATR). Membrane samples were dried

under vacuum before FTIR characterization.
X-ray photoelectron spectroscopy (XPS, PHI5000 VersaP-

robe) was employed to analyze the chemical compositions of

the virgin and coated membranes. For the XPS measurements,

monochromatized Al Ka radiation (hm 5 1486.6 eV) was used

and the diameter of the X-ray probe was approximately 100

lm and the photoelectron take-off angle was set at 458. The

pass energy at the detector for each element was 23.5 eV with

a step size of 0.1–0.2 eV. The spectra were recorded at least

three different locations on each sample with an area of 1 mm

3 1 mm for analysis.
Atomic force microscopy (AFM) (Dimension ICON,

Bruker) was used to determine the surface roughness. Mem-

brane samples were mounted on a specimen holder and the

scanning area was 10 lm 3 10 lm in the tapping mode. Scan-

ning electron microscopy (SEM) (Hitachi S-4800) was

employed to observe the membrane surface morphologies.

Membrane samples were dried under vacuum before the AFM

and SEM measurements.
A goniometer (DropMeterA-100P, China) equipped with a

video camera was employed to measure the water contact

angles of different membranes to reveal their surface hydro-

philicity. Water droplets with a volume of 5 lL were dropped

on different regions of membrane samples and each droplet

was kept staying on the samples for 30 s before the tests.
Electro-kinetic Analyzer (Anton Paar GmbH, Austria) was

employed to measure surface streaming potentials of mem-

branes. The tests were performed in a background electrolyte

solution containing 1 mM KCl at 258C, and pH was adjusted

in the range from 3 to 10. The surface zeta potentials were

computed according to the Helmholtz-Smoluchowski

equation.28

Figure 1. The schematic structure of lignin.

Table 1. Properties of Alkali Lignin

Lignin source Craft paper alkaline pulping

Mw 10,000
pH 9 6 0.5 (0.5 wt%)
Impurities 4% sulfur
solubility H2O: soluble
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Permselectivity evaluations

A cross-flow filtration unit (Figure 2) was used for perme-
ation experiments. The unit included a recirculation loop com-
prising a 5 L tank, a membrane module, a flow meter, a plunger
pump, and companying pressure gauges. The temperature was
controlled by a thermostat water bath. The RO membrane was
fixed in the stainless steel flat membrane module with an effec-
tive filtration area of 150 cm2, and the spiral wound membrane
was fixed in the spiral wound membrane module. Prior to
experiments, each membrane was pre-pressurized under 0.6
MPa for 3 h by deionized water to stabilize the membrane. The
performances of the membrane samples were evaluated by mea-
suring the water flux and the salt rejection, respectively. The
salt rejection was conducted on 1500 ppm NaCl aqueous solu-
tions under the condition of 0.6 MPa transmembrane pressure
(TMP) and 258C. The water flux was converted by the direct
measurement of the permeate flow rate by the computer per
30 s with the TMP of 1.6 MPa and temperature of 308C. All
permeation experiments were performed under the flow rate of
250 L/h. The salt rejection was determined by the measuring
the conductivity of the feed and filtrate (Hach, USA).

Evaluation on fouling resistance

Positively charged lysozyme and negatively charged BSA
were used as model foulants for fouling-resistant tests. The
membranes were measured for 240 min by protein solutions
(the feed solution was 1000 mg/L BSA or lysozyme, 250 L/h
flow rate, temperature of 30 6 0.58C). After fouling tests, mem-
branes were rinsed with deionized water for 40 min (250 L/h
flow rate, room temperature), and the pure water fluxes were
measured again and the recovery ratios of fluxes were obtained.

RO treatment of dyeing and papermaking effluents of
lignin-coated membranes

The lignin-coated membranes were used to treat both dye
effluents (containing 1500 ppm Red 3BL and 500 ppm NaCl)
and papermaking wastewaters, and the virgin RO membranes
were used as controls. The chemical structure of the Red 3BL
dye and the composition of papermaking wastewaters are
listed in Table 2. The RO operations were carried out on the
above mentioned cross-flow filtration system in the concentra-
tion mode with a constant flow rate of 250 L/h at 1.6 MPa and
308C, in which the permeate solution was collected by other

container instead of the tank of the cross-flow filtration sys-
tem. Permeate solutions were collected for 30 s at fixed recov-
ery rates to calculate the permeate flux and the permeates were
collected to analyze the concentration of various components.
The permeate flux (J), rejection (R) of tested membranes and
recovery ratios were calculated using following equations:

J5
V

ADt
(1)

R5

�
12

CP

Cf

�
3100% (2)

Recovery5
Vf 2Vc

Vf
3100% (3)

where V is the volume of permeate pure water (L), A is the
effective area of testing membrane (m2), and Dt is the perme-
ation time (h), Cf and Cp are the concentration of solute in the
feed and permeate, respectively. Vf and Vc are the initial vol-
ume of the feed and the final volume of the concentration,
respectively.

Figure 2. The schematic diagram of the setup used in the fabrication of the lignin-coated RO membranes and the
filtration tests.

[Color figure can be viewed at wileyonlinelibrary.com]

Table 2. The Chemical Structure of Red 3BL and the Com-

position of Papermaking Effluent

Dye Mw Chemical structure

Red
3BL

1370

The composition of pulp and paper wastewater effluents

Parameter Average value Parameter Average value

pH 7.21 6 0.5 K (mg/L) 55.12 6 1.9
Conductivity

(ls/cm)
5586 6 124 Ca (mg/L) 76.75 6 2.8

COD (mg/L) 298 6 3 Cl2 (mg/L) 1740 6 54
Na (mg/L) 1270 6 27 SO4

22 (mg/L) 40.09 6 1.5
Mg (mg/L) 22 6 4
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The dye concentration was determined by Orion AquaMate

7000 VIS Spectrophotometer (Thermo Scientific), at the maxi-

mum absorbance wavelength (525 nm). The concentrations of

ions and chemical oxygen demands (CODs) were measured by

ion chromatography (ICS-2000, Dionex, USA) and a COD

monitor (Hach, USA), respectively.

Stability tests

The membrane prepared at the lignin concentration of 0.5 g/

L was used to study the stability of the lignin adhering on mem-

branes surface by challenging the membrane with running water

and long-term immersion in static water. The membrane was

rinsed with deionized water for 24 h, and its pure water flux and

salt rejection to 1500 ppm NaCl were measured every 1 h. The

membrane was then transferred to a container filled with deion-

ized water and kept immersed in water for three months (water

in the container was replaced every 2 days to avoid growth of

bacteria). The pure water flux and salt rejection of the soaked

membrane were monitored every 15 days.

Results and Discussion

In this study, lignin was introduced onto the surface of RO

membranes by filtration. The membranes blocked all lignin

dissolved in water, and lignin was adsorbed on the membrane

surface. By comparing the chemical structure of lignin and

polyamide constituting the selective layer of the RO mem-

brane, it is expected that there exist at least two types of inter-

actions between them. One is hydrogen bonding between the

hydroxyl groups in lignin and amino groups in polyamide, and

the other is the p–p interactions between benzene rings in both

lignin and in polyamide. Electrostatic attractions between

them can be excluded as both lignin and polyamide are nega-

tively charged as we will discuss later. Figure 3 schematically

depicts the interactions between lignin and the RO mem-

branes. The RO membranes were treated with aqueous lignin

solutions with four different lignin concentrations, 0.25, 0.5, 1,

and 2 g/L, and the membranes were correspondingly designat-

ed as M0.25, M0.5, M1, and M2, respectively.

Surface characterizations of lignin-coated membranes

Surface Compositions. Both FTIR and XPS were used to

study the surface composition of the lignin-coated RO

membranes. ATR-FTIR was first used to probe functional

groups present on the surface of virgin and coated membranes.

Figure 4 shows the complete FTIR spectra of the virgin and

the coated membrane prepared at the lignin concentration of

0.5 g/L as well as lignin itself. Because of the limited amount

of lignin deposited on the surface of RO membranes new

peaks cannot be unambiguously observed on the coated mem-

brane. However, we notice that three peaks exhibit stronger

intensity on the coated membrane. These peaks include a

broad one centering around 3330 cm21 originated from O-H

or N-H stretching,29 a slight peak around 2900 cm21 corre-

sponded to the aliphatic C-H stretching,30 and a sharp peak at

�1587 cm21 that associated with aromatic in-plane ring bend

strength.31 C-H bonds and benzene rings are present in both

lignin and polyamide composed of the selective layer in RO

membranes. O–H bonds and N–H bonds are abundantly pre-

sent in lignin and polyamide, respectively. However, they can-

not be distinguished as their characteristic peaks are

overlapped in the region near 3330 cm21. Nevertheless, the

stronger peaks in the coated membrane imply that the presence

of lignin on the surface of the RO membrane which provides

additional IR signals.
XPS analysis was further used to monitor the change in the

surface composition of the membrane after coating with lig-

nin. Low resolution scans were first used to identify the exiting

Figure 3. Schematic representation for deposition of lignin onto RO membranes.

[Color figure can be viewed at wileyonlinelibrary.com]

Figure 4. FTIR spectra of (a) the virgin membrane, (b)
coated RO membrane, (c) lignin.

[Color figure can be viewed at wileyonlinelibrary.com]
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elements on the membrane surface and also to determine their
ratios. Figures 5a, b show the survey scan for the virgin and
coated membrane prepared at the lignin concentration of
0.5 g/L. Signals originated from C, O, and N are clearly
observed on both samples, which are the main elements of aro-
matic polyamide composed of the surface of RO mem-
branes.32 In addition, trace amounts of S and Cl are also
detected from both samples. Compared with the element con-
tents of the virgin membrane, the O/N atomic ratio of coated
membrane is increased from 3.4 to 5.2, and O/C atomic ratio
is increased from 0.3 to 0.4 (Table 3). These changes confirm
the presence of lignin on the coated membrane as lignin has
similar elemental compositions with aromatic polyamide

except for element N and lignin has higher O/C ratio than aro-
matic polyamide.

In addition to the survey scan, high resolution XPS spectra
were recorded for oxygen on the surface of both membranes.

Figure 5. (a, b) XPS survey spectrum (Virgin and modified membrane) along with high resolution, (c) convoluted
high resolution O(1s) (Virgin and modified membrane).

[Color figure can be viewed at wileyonlinelibrary.com]

Table 3. Chemical Compositions of the Virgin and Coated

Membrane

Membranes

Chemicals elements
(at. %)

Atomic
ratio O 1s (%)

C N O S Cl O/N O/C –C5O –C–O

Virgin 70.2 6.5 22.6 0.3 0.4 3.4 0.3 40.5 59.5
Coated 65.7 5.3 27.6 0.6 0.8 5.2 0.4 29.3 70.7
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All binding energies were normalized against a carbon atom
with the lowest binding energy, that of the central carbon at
284.9 eV.33 For both the virgin and lignin-coated membrane,
the O 1s band can be resolved into two peaks. As shown in
Figure 5c, the peaks centered at 531.6 and 533 eV are originat-
ed from C5O and C–O,34 respectively. By comparing the
peak area of C5O and C–O we found that the contribution of
C–O to O 1s peak for the coated membrane is increased from
59.5% for the virgin membrane to 70.7% for the coated mem-
brane (Table 3). Such an observation once again confirms the

presence of lignin on the membrane surface as its concentra-
tion of C–O including C–O and C–OH is higher than that of
polyamide.

Surface Morphologies. The effect of lignin adsorption on
the RO membrane surface morphology was investigated by
SEM and AFM. The SEM and AFM images of the membrane
surface are shown in Figure 6. It can be observed that the sur-
face of virgin membrane exhibits a typical ridge and valley
structure of interfacially polymerized polyamide (Figure 6a).35

After filtration with lignin, such a ridge and valley structure

Figure 6. Surface SEM images with lower (left column), and higher (middle column) magnification, and AFM images
(right column) of (a) the virgin membrane, (b) modified membranes of M0.25, (c) M0.5, (d) M1, (e) M2.

[Color figure can be viewed at wileyonlinelibrary.com]
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largely remains on the membrane surface, however, there are
many fine particulates with sizes scattering in the range from a
few tens to hundreds of nanometers appearing on the surface

(Figures 6b–e). AFM was used to investigate the morphology
change of the membrane and to quantitatively characterize the
surface roughness. AFM examinations confirm the ridge-and-
valley surface morphology of the virgin and modified mem-

branes. The mean roughness (Ra) values of the virgin and
modified membranes, M0.25, M0.5, M1, and M2 are 134.2,
90.1, 86.2, 98.9, and 98.5 nm, respectively, showing a notice-

able decrease of surface roughness for lignin coated mem-
branes. When the content of lignin was 0.5 g/L, the surface
roughness was the lowest. The AFM images of coated mem-
brane showed covering and smoothening of the ridge-like

structures on the virgin membrane, which is mainly due to the
observed nanosized particulates deposited onto the valley
regions and may positively contribute to membrane antifoul-

ing property,36 because smoother surfaces are more difficult
for contaminants to be deposited on.37

Surface Charging. The zeta-potential of membranes were
measured at pH 7.0 to reveal their surface charging. As shown
in Figure 7, the virgin and coated membranes at different lig-

nin concentrations are all negatively charged, and all the coat-
ed membranes possess more surface charges than the virgin
membrane. The zeta potential of the virgin membrane is

220.7 6 0.7 mV, which is negatively increased to 223.29 6 2
mV and 227.29 6 1.6 mV after coating with lignin at the con-
centration of 0.25 and 0.5 g/L, respectively. Further increasing
the lignin concentration to 1.0 and 2.0 g/L leads to zeta poten-

tials decreased to 223.15 6 0.6 mV and 224.95 6 2 mV,
respectively. That is, the highest absolute value of surface zeta
potentials is achieved at a moderate lignin concentration. Lig-

nin has a higher negative charge density than polyamide. With
the deposition of lignin on the RO membranes, the membrane
surface can release more protons with the deprotonation of –
OH and –SH groups carried on lignin molecules, thus exhibit-

ing greater negatively charging. With increasing concentra-
tions more lignin molecules are deposited on the membrane
surface, leading to increasing negative charges. However, with
further increasing lignin concentrations in the coating solu-

tions, lignin tends to form more aggregates and more –OH and
–SH groups in lignin are buried in the aggregates, thus hinder-
ing the deprotonation and consequently less negatively

charged. As a result, when the lignin concentration exceeds
0.5 g/L the negative charges on membranes are reduced with
increasing lignin concentrations. In addition, as both the RO
membrane and lignin are negatively charged, the deposition of

lignin on the membrane is not due to the electrostatic interac-
tion.38 We also investigated the changes in surface hydrophi-
licity of the coated membranes by measuring their water

contact angles (WCAs). As shown in Figure 7, the WCA of
the virgin membrane is 42.3 6 1.68 and after coating with lig-
nin WCAs are slightly varied within the range of 45 2 538

depending on the concentrations of lignin used in the coating

process. WCAs, used to characterize surface hydrophilicity,
are depended on both surface chemistry and roughness. The
increase in WCAs should be attributed to the reduced surface

roughness of the membrane after lignin deposition. Moreover,
WCAs reflect the hydrophilicity of a surface in the macroscop-
ic scale as they are measured using water droplets, and a mod-
erate increase in WCAs does not necessarily mean reduced

affinity to water of the lignin-coated surface. In contrast, as
the original polyamide surface of the RO membrane is

predominantly replaced by lignin which has a much stronger
affinity to water than polyamide, the lignin-deposited mem-
branes are expected to be more water-attractive than the vir-
gin, untreated RO membranes, and therefore, more water-
permeable in RO operations.

Performances of the lignin-coated membranes

Water Flux and Salt Rejections. Permeation properties in
terms of water flux and salt rejection were tested through
cross-flow permeation experiments. As shown in Figure 8,
coating with lignin results in an appreciable increase of water
flux. The water flux of the virgin membrane is 69.18 6

0.13 L/(m2 h), and is increased to 74.02 6 0.43 L/(m2 h),
85.93 6 0.61 L/(m2 h), 73.19 6 0.39 L/(m2 h) and 77.68 6

0.96 L/(m2 h) after lignin coating with the concentration of
0.25, 0.5, 1.0, and 2.0 g/L, respectively. We notice that water
fluxes of the coated membranes did not monotonously increase
with increasing lignin concentrations, and the largest flux was
achieved at the lignin concentration of 0.5 g/L, corresponding
to an increase of 24.2% compared to that of the virgin mem-
brane. The remarkable increases in water fluxes should be
ascribed to the presence of lignin on the membrane surface.
The number of hydroxyl groups on the membrane surface are

Figure 7. The zeta potentials and water contact angles
of the virgin membrane and coated mem-
branes prepared with different concentra-
tions of lignin.

[Color figure can be viewed at wileyonlinelibrary.com]

Figure 8. Water flux and salt rejection of the virgin and
modified membranes.

[Color figure can be viewed at wileyonlinelibrary.com]
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also increased as lignin possesses rich amount of hydroxyl
groups. As a result, more water molecules can be harvested by

the membrane surface by forming hydrogen bonds with
hydroxyl groups. These water molecules are then diffuse
through the polyamide layer, leading to enhanced water

permeation.
The salt rejection of the virgin membrane is 98.02 6 0.09%,

and it is slightly increased to 98.07 6 0.31% after the mem-
brane is coated with lignin at the concentration of 0.25 g/L. As

can be seen from Figure 8, the salt rejection is increased to
98.80 6 0.24% at a lignin concentration of 0.5 g/L and it
remains stable around 98.8% with further increasing lignin

concentrations up to 2.0 g/L. The enhancement in salt rejec-
tions is mainly due to the deposition of lignin on membrane
surface, which works as the second barrier layer to block salt

ions. In addition, the increase in membrane surface charge
after lignin coating should also play a role in increasing salt

rejection as a result of enhanced Donnan exclusion.39 As the
coated membranes prepared at 0.5 g/L lignin concentration
show the highest permeability and salt rejections we used

these membranes in the following investigations on fouling
resistance and applications in wastewater treatments.

As our investigations on small membrane coupons showed
that a lignin concentration of 0.5 g/L gave the best permeabili-

ty and salt rejection to RO membranes, we extended this modi-
fication conditions to modules of commercial polyamide spiral
wound RO membranes. The water flux of thus modified RO

modules was increased by 19.8% compared to that of the vir-
gin membrane modules, and the salt rejection was increased
from 97.9 to 98.5%, clearly demonstrating the excellent

upscalability of this lignin coating strategy.
Fouling Resistance. Fouling resistance of different mem-

branes was investigated through cross-flowing permeation

tests using negatively charged BSA (isoelectric point �4.7)
and positively charged lysozyme (isoelectric point �10.7) as
the model foulants. The time-dependent fluxes of the virgin

and coated membrane in the treatment of BSA and lysozyme
solutions are presented in Figures 9a, b, respectively. In both
cases, fluxes are continuously decreased with extending opera-

tions, implying that fouling occurs immediately on both the
virgin and coated membranes. Interestingly, the normalized
fluxes of the coated membranes are always higher than the vir-

gin membrane in the filtration of both BSA and lysozyme sol-
utions, that is, the flux drops for the lignin-coated membrane
are less significant compared to the virgin one. The flux is

reduced to 83 and 85% of the initial flux for the virgin and
coated membrane after filtration the BSA solutions for 240

min, respectively. It is easily understood for the filtration of
BSA as BSA has electrostatic repulsion with both membranes.
As we discussed above, the coated membrane is carrying more

negative charges compared to the virgin membrane. Conse-
quently, it exhibits stronger resistance to the adsorption of
BSA which is also negatively charged.40 The flux drops are

more pronounced for the filtration of lysozyme solutions. After
filtration for 240 min, the flux is reduced to 69 and 72% of the
initial value for the virgin and coated membrane, respectively.

The bigger flux drops imply that lysozyme is easier to be
adsorbed on membrane surface compared to BSA, causing
heavier fouling. This is because lysozyme is positively

charged and can be adsorbed on the negatively charged mem-
brane surface via electrostatic attraction.41 However, we
notice that the lignin-coated membrane shows slightly better

resistance to lysozyme adsorption although it carries more

negative charges than the virgin membrane. The coated mem-
brane has a smoother surface as revealed by SEM and AFM
examinations, which contributes to repel protein adsorption. It
looks like that the effect of smoother surface outperforms the
effect of surface charging, and as a result the lignin-coated RO
membrane also exhibits a better fouling resistance to positive-
ly charged proteins.

We also investigated the cleaning recovery properties of the
membranes by rinsing the protein-fouled membranes with
deionized water for 40 min. As shown in Figure 9a, the coated
membrane after being used to filtrate BSA solutions for 240
min almost completely recovered 95% of its initial flux by
such a cleaning process. In contrast, the virgin membrane only
exhibited a 90% recovery. The much easier cleaning property
of the coated membrane should be explained by the less and
loosely adsorption of foulants on the membrane surface with
the presence of “a protective layer” of lignin.42 For the mem-
branes treating the lysozyme solutions, cleaning can also par-
tially recover the flux after cleaning, but to a moderate degree
from �70 to �80% for both the virgin and coated membrane.
The recovery of the coated membrane was only slightly better
than the virgin one. This is because lysozyme is tightly
adsorbed on the membrane surface via electrostatic attraction
and is difficult to be detached from the surface simply by
water rinsing.

Figure 9. Normalized flux (J/J0) of the virgin and coated
membrane prepared at 0.5 g/L lignin concen-
tration in the treatment of (a) aqueous BSA
solutions, and (b) aqueous Lysozyme solu-
tions.

[Color figure can be viewed at wileyonlinelibrary.com]
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Stability of the Lignin-Coated Membranes. As there is no

covalent bond between the lignin and the RO membrane, one

may concern the stability of the lignin on the membrane sur-

face. We first challenge the coated membrane by rinsing them

in flowing water at a flow rate of 250 L/h for 24 h, and exam-

ine its flux and salt rejection. As shown in Figure 10, its flux

and salt rejection maintain very stable at �85 L/(m2 h) and

98.5%, respectively. We further investigate the long-term sta-

bility of the coated membrane by immersing it in water for

months and monitoring its change of flux and salt rejection

with immersion time. As shown in Figure 10, the membrane

also stably remains its flux at �85 L/(m2 h) and NaCl rejection

at 98.5% for at least 3 months’ immersion in water. No change

both in flux and rejection after rinsing with running water and

long-term immersion in static water implies that lignin is tight-

ly adhered on the membrane surface, offering long-standing,

stable modification to the RO membranes. We used IR spec-

troscopy to characterize the deposited membrane before and

after water rinse and found no noticeable difference, confirm-

ing that lignin remained on the membrane after use in water.

The tight adhesion of lignin on the membrane surface are orig-

inated from the strong interactions (including hydrogen bond-

ing and p–p interaction) between lignin and polyamide

surface of RO membranes and also the physical trapping effect

of the valley areas where lignin is mainly deposited.

Applications in the treatment of dyeing and

papermaking effluents

Inspired by the excellent performances in terms of permse-

lectivity and fouling resistance of the lignin-coated mem-

branes, we apply them in the treatment of dye and

papermaking effluents containing both salts and organics. The

virgin membrane is also used as the control. To establish the

relative scale of flux decline, the normalized flux decline

defined as J/J0 in each case was plotted against recovery (Fig-

ure 11). In the treatment of dyeing effluents, the permeate flux

decay of modified membrane is very small (ca. 9.4%) until the

recovery value reaching 37%. At the recovery of 66%, the per-

meate flux can still keep 52.6% (J/J0) of the initial value, dem-

onstrating its superior antifouling property (Figure 11a). The

virgin membrane shows similar flux changes, however, its

fouling resistance is poorer. For example, its permeate flux

Figure 10. Water flux changes with rinsing and soaking
time in deionized water at room temperature
for modified membrane.

[Color figure can be viewed at wileyonlinelibrary.com]

Figure 11. Permeate changes (J/J0) as a function of recovery in concentration mode fouling experiments fed with
(a) dye effluent. (c) Pulp and paper wastewater. (b, d) The corresponding rejections of salt, dye, and var-
ious icons.

[Color figure can be viewed at wileyonlinelibrary.com]
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decreases to 45.8% of the initial value at the recovery of 66%.

The flux reduction is due to the gradual increase of concentra-

tion of salt and dye with increasing recoveries, which results

in severer concentration polarization and more dye molecular

adsorption. As we discuss earlier, the coated membrane carries

more negative charges, exhibiting stronger charge repulsion

with the dye molecules which are also negatively charged.43

Therefore, the membrane shows better fouling resistance to

dye and consequently a slower decline of flux with increasing

recoveries. Additionally, as shown in Figure 11b, the coated

membrane has a slightly higher rejection to salt and dye than

the virgin membrane.
Figure 11c shows normalized flux J/J0 decline as a function

of permeate recoveries in the treatment of papermaking efflu-

ents for both the virgin and coated membrane. The coated

membrane shows a more stable flux than the virgin one with

increasing permeate recoveries. At the recovery of 78%, the

permeate flux of the coated membrane keeps 61.9% (J/J0) of

the initial value whereas the flux drops to 48.6% of the initial

value for the virgin membrane. This is also due to the stronger

resistance of the coated membrane to the components which

are also negatively charged present in the papermaking efflu-

ents. Additionally, as shown in Figure 11d, the rejections of

various salts for virgin and coated membranes are close to

99%. Moreover, the coated membrane shows slightly higher

rejection to conductivity and CODs in the papermaking efflu-

ents compared to the virgin membrane.
In addition, thanks to the strong fouling resistance of the

lignin-coated membranes, they show excellent flux recovery

by cleaning after treatment of both dye and papermaking efflu-

ents. As shown in Table 4, in the treatment of dye effluents

cleaning with water can recover 80.6% of the initial flux for

the virgin membrane. However, for the coated membrane,

about 89.9% recovery of initial flux can be achieved. In addi-

tion, in the treatment of papermaking effluents, the flux recov-

ery after water cleaning is 93.4% for the virgin membrane and

it shows almost 100% recovery for the coated membrane.

Therefore, the lignin-coated membranes exhibit strong fouling

resistance, stable permeance, and higher rejections to salts,

dyes, and CODs, and are particularly suitable in these

applications.

Conclusion

We report the simultaneous upgrading of polyamide thin-

film composite RO membranes in terms of water flux, rejec-

tions, and fouling resistance by coating the membrane surface

with biosourced alkali lignin. The ATR-FTIR and XPS spectra

confirm the successful coating of lignin onto the membrane

surfaces. Upon coating, a second separation layer and a

smoother surface are observed from SEM and AFM analysis.

Meanwhile, no obvious changes are found in water contact

angles. In addition, the lignin-coated membranes carry more

negative charges, leading to higher zeta potentials. Lignin is

tightly adhered on the surface of the RO membrane via

noncovalent interactions including hydrogen bonding and p–p
interactions, and the presence of lignin on the membrane sur-

face remains long-term stable. The lignin-coated membranes

prepared at different lignin concentrations all exhibit enhanced

water fluxes. The membrane prepared at the lignin concentra-

tion of 0.5 g/L gives the highest flux, which is 24.2% higher

than the virgin membrane. After coating with lignin, the mem-

branes also show slightly enhanced salt rejections. This lignin

coating strategy is easily scaled up to modify RO membrane

modules and similarly enhanced performances are also

obtained. The lignin-coated membranes show better resistance

and permeate recovery by cleaning to both positively and neg-

atively charged proteins because of the enhanced surface

charging as well as surface roughness. The lignin-coated

membranes are applied in the treatment of dye and papermak-

ing effluents. They show higher permeate flux and less flux

decline in both cases. Moreover, after fouling the coated mem-

branes can recover more flux by cleaning than the membrane

without lignin treatment. Meanwhile, the coated membranes

also give higher rejections to salts and CODs.
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