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AbstractTo remove the main barrier for lignin valorization, which is the development of actual lignin separation
technology, we studied the ceramic membrane nanofiltration process using a dense, ultra-thin -Al2O3 film-coated
porous -Al2O3 hollow fiber (  HF) membrane for the simultaneous separation of alkali metals (Na+, K+, etc) and
concentration of lignin from an alkaline media like black liquor with success as an advanced wastewater treatment pro-
cess. The -AlOOH sol was prepared by sol-gel method and coated by dip-coating on -Al2O3 hollow fiber ( HF)
support. After calcination at high temperature, the mean pore sizes of the  HF support and the   HF membrane
were found to be 0.2m and 1.6 nm. The rejection rate performance for various salts increased in the following order:
Na2SO4<MgSO4<NaCl<KCl<CaCl2<MgCl2<AlCl3. Under the best condition, the removal rate of sodium and potas-
sium ions reached about 92% and 85%, respectively, with 19.34% of the lignin being discharged. The   HF mem-
brane presents good performance stability during a five day nano-filtration process.
Keywords: Lignin Valorization, Ion Removal Process, Hollow Fiber Membrane, Nanofiltration Membrane, Wastewater

Resources

INTRODUCTION

From an environmental viwepoint, lignocellulose (35-50% cel-
lulose, 20-35% hemicellulose, and 14-26% lignin) is the most abun-
dant complex of natural polymers on Earth, and it represents about
one-third of the total organic carbon in the biosphere and one-third
of wood [1]. Lignin is a complex three-dimensional macromole-
cule consisting of phenyl propane units. During the production of
common white paper, the lignin must be separated from cellulose
because its presence in the final mixture gives a light brown appear-
ance [1]. During this process, lignin organic wastes from paper-
making industries, which are a complex mixture of organic and
inorganic molecules in nature, are generated annually in the world,
and this amount is expected to rise soon [2,3]. Advancement in
waste valorization technologies to improve separation and then utili-
zation of lignin as a potential source of aromatic polymers and green
energy is an essential aspect of bio-economy and future biorefiner-
ies [2,4]. Ahmad provides a comprehensive overview of potential
products that can be obtained from the lignin conversion and their
potential market [5].

The most utilized process to obtain lignin from the lignocellulose
is called the Kraft process. The core of the chemical pulping process
is a cooking step where the lignocellulosic biomass in the form of
chips is placed in a digester at about 150-180 oC along with cooking
chemicals, including water, sodium hydroxide (NaOH), and sodium

sulfide (Na2S), to promote the dissociation of the cellulose fibers.
The obtained fiber suspension called “brown stock” is subsequently
washed to separate an unbleached pulp of cellulosic fibers from an
alkaline organic aqueous solution, named weak black liquor, mainly
composed of a mixture of NaOH, Na2S, lignin, and other organic
polymers [5]. Consequently, from the perspective of the conver-
sion of lignin into value-added chemicals, the further development
of lignin separation technology remains a challenging task [1-6].

In recent years, there has been wide interest in developing ad-
vanced nanofiltration membranes for water and wastewater treat-
ment and desalination [7-9]. Most experimental studies on nano-
filtration membranes for lignin separation are conducted with
polymeric membranes due to their good film-forming property
and suitable flexibility [7,10] but, in general, very few polymeric
membranes have been reported in the literature that can be used
in an acid or alkaline aqueous environment [11,12]. In most previ-
ous studies polymeric membranes have been studied [7-10,13-20].
However, the polymeric membrane has some intrinsic limitations,
especially with high black liquor temperature and high black liquor
PH [21]. Although there are a great number of studies for the devel-
opment of polymeric nanofiltration membranes [10,13-20], the inor-
ganic nanofiltration membranes with superior separation perfor-
mance and chemical/physical stability properties are needed for
the conversion of lignin into value-added chemicals in acidic and
alkaline media like black liquor [22-31] in a flat configuration [10,
13-16,18,19] and a tubular form [20,22-25,27-31]. In detail, the tubu-
lar membranes used throughout all recent literature were commer-
cial ceramic membranes like KERASEP membrane coated with
ZrO2 manufactured by Orelis [22-24], alumina coated with an inner
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skin layer of either TiO2 or ZrO2 (CrRAM INSIDE 25 ®) fabricated
by TAMI Industries [25], Al2O3-TiO2 membrane with an active layer
of ZrO2 [26], ultrasil 10 (0.5 wt%) [27], ceramic membrane mar-
keted by IBMEM – Industrial Biotech Membranes (Frankfurt, Ger-
many) [28], Al2O3 membrane with a surface layer of TiO2 [29], TiO2

membrane [30], and ZrO2 membrane produced by Altech Ger-
many [31], 

Since the 1990s many researchers have proposed new pure inor-
ganic nanofiltration membranes to further study promising inor-
ganic alternatives with a pore size smaller than 1-2nm [32]. Puhlfürß
et al. developed a microporous TiO2 membrane by a polymeric
sol-gel technique on top of a specially designed tubular ceramic
multi-layer support [33]. Van Gestel et al. studied the disk-shaped
and tubular ceramic nanofiltration membranes with a multilayer
configuration: -Al2O3 macroporous support, a membrane inter-
layer of Al2O3, TiO2, and mixed Al2O3-TiO2. and an active very thin
TiO2 top layer [34]. Supported -Al2O3 nanofiltration membrane
where the support consisted of an Al2O3 disk-shaped has proven to
be very effective for the removal of an oily hydrocarbon contami-
nant from wastewater [35]. Qi et al. manufactured a disk -Al2O3

microfiltration membrane as supported by colloidal filtration route
and deposited titania supported -Al2O3 mesoporous layer on the
surface by dip-coating method [36].

Therefore, much research to date has focused on ceramic nano-
filtration membranes with disk [34-36] and tubular shapes [33,37].
However, very little work has been done on the Al2O3 hollow fiber
ceramic membrane for nanofiltration applications [37]. In detail,
Wang et al. studied asymmetric multilayer membranes based on a
porous -Al2O3 hollow fiber support layer with TiO2 and -Al2O3

as intermediate and top layers, respectively, and they obtained an
-Al2O3/-Al2O3 hollow fiber ceramic membrane for nanofiltra-
tion process [37].

This work studied and evaluated a novel inorganic membrane
nanofiltration process for the simultaneous separation of alkali met-
als (Na+, K+, etc) and concentration of lignin from an alkaline media
like black liquor. The original idea behind this work is to further
study the dense, ultra-thin -Al2O3 film-coated porous -Al2O3

hollow fiber membrane and apply it for purification and concen-
tration of lignin in alkaline media.

To the best of our knowledge, this is one of the first studies that
consider a one-step nano-filtration process for lignin desalination
and concentration from an alkaline lignin aqueous solution through
an advanced dense, ultra-thin -Al2O3 film-coated porous -Al2O3

hollow fiber (  HF) membrane.

EXPERIMENTAL

1. Materials
-Al2O3 powder (<0.5m) and Polyethersulfone (PESf) were

purchased from Kceracell (Korea) and Ultrason® (DEU), respec-
tively. Polyvinylpyrrolidone (PVP, 99.5%) and polyvinyl alcohol
(PVA, MW=1,800 Da) both were acquired from Sigma-Aldrich
(USA). Sodium sulfate (Na2SO4, 99.0%), magnesium sulfate (MgSO4,
98.0%), sodium chloride (NaCl, 99.0%), potassium chloride (KCl,
99.0%), magnesium chloride (MgCl2, 99.0%), calcium chloride
(CaCl2, 99.0%) and aluminum chloride (AlCl3, 99.0%), and 1-

Methyl-2-pyrrolidinone anhydrous (NMP, 99.5%), Aluminum iso-
propoxide (AIP, 98%), Nitric acid (HNO3, 60%) and Polyethylene
glycol (PEG) - with 200 Da, 400 Da, 600 Da, 800 Da, 1,000 Da,
1,500 Da, 2,000 Da, 4,000 Da, 6,000 Da molecular weight - were
acquired from Samchun Pure Chemical Co Ltd (Korea). All reagents
were used as received without further purification.
2. Preparation of -Al2O3 Hollow Fiber ( HF) Support

Based on our previous experience in the synthesis of -Al2O3

hollow fiber membrane by a phase inversion process [38,39], porous
 HF support was successfully obtained by using a similar experi-
mental procedure and conditions, except that the particle size of
the -Al2O3 precursor was increased. In a typical procedure, a first
solution was obtained by adding 36 g PESf to 201 g NMP followed
by stirring at 150 rpm for 24 hours at room temperature. After this
process, 3 g PVP and 360 g -Al2O3 powder were added to the first
solution and then stirred again at 300 rpm for 24 hours. The pre-
pared casting solution was placed in a stainless reactor in a vacuum
of 0.8 bar for 1 hour for degassing purposes. The nitrogen pres-
sure used was 3 Mpa and the air gap distance was fixed at 10 cm
with a water flow of 10 ml/min. After the spinning procedure, the
prepared green body was put in water for 24hours to remove resid-
ual organic solvents and then dried overnight in a static oven at
90 oC to remove surface and internal moisture. Finally, the  HF
support was sintered in a furnace at 1,300 oC (heating speed=3 oC/
min) and kept at the temperature for three hours in static air.
3. Preparation of -Al2O3 Coating Solution

In the first step of the preparation, 0.05 mol AIP was added to
90 ml hot water at 60 oC and then stirred for 1 hour at 600 rpm in
an oil bath at 82 oC to completely hydrolyze aluminum isopropox-
ide. The second step consisted of adding 0.0125 mol HNO3 to the
AIP aqueous solution and heating the mixture at 90 oC. The ob-
tained precursor was stirred for 2 hours in a closed container to
form a sol of aluminum oxide particles. With the aim of evaporat-
ing the isopropanol generated during the hydrolysis reaction, the
obtained colloid was placed in an open container at 90 oC for 1.5
hours. Finally, the sol was aged at 90 oC for 15 hours using a con-
densation reflux device. Finally, a -AlOOH sol completely trans-
parent was obtained. Before the single dip-coating deposition of -
AlOOH sol on the surface of  HF support, 5 wt% PVA was used
as a drying chemical control additive.
4. Preparation of -Al2O3 Film-coated Porous -Al2O3 Hollow
Fiber (  HF) Membrane

The   HF membranes were prepared by a single dip-coating
process. In detail, the -AlOOH sol was coated on the shell side of
 HF support by dip-coating method to obtain the   HF mem-
brane. Before the dip-coating process, the  HF support was soni-
cated in distilled water for 1hour. The immersion and pulling speeds
were both set to 1 mm/s. The immersion time was set to 120 sec-
onds. The whole dip-coating process had to be carried out under
30% RH. The obtained membrane was dried at room tempera-
ture for 24 hours and then was calcinated into a static furnace at
350 oC (heating rate=1 oC/min) for 2 hours to obtain the   HF
membrane.
5. Characterization of  HF Support and   HF Membrane

The pore sizes of  HF support and   HF membrane were
measured by the gas permeability method under different nitrogen
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pressures at a specific temperature. The slope (S0) and the intersec-
tion (I0) of the linear regression obtained in the permeability-per-
meation pressure graph were used to evaluate the average pore size
of the sample. The average pore size (dh) is calculated as follows
[40,41]:

(1)

where R is the nitrogen gas constant, and T is the temperature. The
Mn is the molecular weight of nitrogen, and  is the gas viscosity
of nitrogen.

Scanning electron microscope analysis (SEM, NovaNano SEM450/
FEI, USA) was used to characterize the prepared  HF support
and   HF membrane. The water contact angle was determined
by the contact angle measurement (Seo Phoenix-I, Korea). The
membrane porosity  (%) was measured using the gravimetric
method [42]. In particular, the sample was immersed in distilled
water for 48 hours and then the water in the lumen side was blown
out with a flux of nitrogen gas. The water on the surface was wiped
off, and the weight (mwet) was measured. In a second step, the sam-
ple was put into an oven at 105 oC for 48 hours so that the weight
(dry) was recorded. The following formula was used to calculate
the porosity:

(2)

where d0 and di are the outer (cm) and inner diameter (cm) of the
membrane. l and H2O are the length (cm) of the membrane and
water density (1.0 g cm3) at room temperature.

A zeta potential analysis was also carried out to study the change
of surface in different preparation conditions. A part of the -
AlOOH sol was dried at 60 oC and then calcined into a static fur-
nace at 350 oC (heating rate=1 oC/min) for 2 h. The -Al2O3 pow-
ders were partitioned in distilled water and the pH of the colloidal
suspension was adjusted with HCl and NaOH. Zeta potential analy-
sis was carried out using a Zeta-Potential & Particle Size Analyzer
(ELSZ-2000Z, Otsuka Electronics Co., Ltd. JAPAN).
6. Membrane Permeation Test

The module was made of five   HF membranes with an effec-
tive membrane area of 53 cm2. The feed was pumped into the shell
side of the   HF membrane with a constant flow rate of 280 ml/
min. To ensure the stable state of the membrane during the exper-
iment, distilled water was pre-compressed at 5 bar until the per-
meate was stable. All permeation tests were at room temperature
and under a pressure of 5 bar unless otherwise specified. The results
of the permeation tests were recorded until the flux of permeation
reached equilibrium values.

The feed for permeation test was pure distilled water and aque-
ous solution with different solutes, such as NaCl, KCl, CaCl2, MgCl2,
Na2SO4, MgSO4, AlCl3, FeCl3, or PEG with different molecular
weights (200 Da, 400 Da, 600 Da, 800 Da, 1,000 Da, 1,500 Da, 2,000
Da, 4,000 Da, and 6,000 Da). In particular, both concentrations
regarding the salt and PEG solutions were always 2,000 ppm.

The permeate flux (F) was calculated according to the following
formula:

(3)

where V, A, and t are the volume of the permeation during the test,
shell area of the membrane, and the experiment time, respectively.

The solute rejection (R) was calculated according to the follow-
ing formula:

(4)

where CP and CF are the permeate concentration and feed concen-
tration, respectively.

The salt concentrations were indirectly measured through the
conductivity measured by a conductivity meter (Conductivity-ID944,
IT Caster Ltd., China) at room temperature [43]. The concentration
of the PEG solution with different molecular weights was mea-
sured through a total organic carbon analyzer (TOC-L, Shimadzu,
Japan). All samples were analyzed three times and averaged.

The molecular weight cut-off of   HF membrane is defined
here as the same as the average molecular weight of PEG with a
90% rejection [44] The mean pore size is defined as the radius of
the PEG molecule when the retention rate of the PEG was 90%.
Based on average molecular weight, the Stokes diameter of PEG
was calculated by the following formula [45]

(5)

where dn is the diameter (nm) of the   HF membrane and Mp is
the molecular weight (Da) of PEG.
7. Desalination and Concentration

The experiment of removing potassium and sodium ions from
lignin wastewater was by the diafiltration method [46]. In this experi-
ment at room temperature, the pump’s flow rate was set to 200 ml/
min, the operating pressure was 5 bar, and the feed was acidic lig-
nin and alkaline lignin. In the desalination process, assuming that
the rejection of the separation membrane to ions is constant, the
total permeation amount can be obtained by the material balance
equation to achieve the required removal rate [47]. The material
balance is obtained as follows:

(6)

Eq. (6) was integrated to get

(7)

(8)

So that, combining Eq. (7) and Eq. (8) the ratio between total infil-
tration volume at the end of the experiment (Vp) and the total vol-
ume of feed (V0) is as follows:

(9)

where D and Dt are the desalination rate of the separation mem-
brane and the final ion removal rate, respectively. Through Eq. (9),
when the amount of permeate is 600 ml, the final ion removal rate
and the ion rejection are 87.3% and 90%, respectively. Before the
experiment, the maximum and minimum level lines in the feed
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tank were marked. In detail, a series of experiments were conducted
when the lignin wastewater reached the minimum level of 60 ml.
The ion removal experiment was carried out for three cycles. After
the first and second cycles, about 200 ml of deionized water was
added to the tank to alleviate the concentration and increase the
total permeability. The lignin wastewater and retentate were sam-
pled once every 15 min so that the lignin concentration and con-
ductivity were analyzed. After the experiment, the potassium and
sodium ions in feed and retentate were analyzed separately to cal-
culate the ion removal rate. The lignin concentration was analyzed
by ultraviolet and visible spectrophotometry (UV-vis, Optizen Pop,
Mecasys, Korea) at 280 nm [48]. The potassium and sodium ions
were analyzed by an inductively coupled plasma optical emission
spectrometer (ICP-OES, OPTIMA 8300, PerkinElmer, USA). The
calculation formula of ion removal rate (Ra) is as follows:

(10)

where Mr is the mass (g) at retentate, Cir is the ion concentration at
retentate, Mf is the mass (g) at feed, and Cif is the ion concentra-
tion at the feed.

The experimental process is shown in Fig. 1.
8. Long-term Separation Test in Lignin Wastewater

To explore the long-term separation performance of the nano-
filtration membrane in lignin wastewater, the long-term operation
of the   HF membrane was carried out within 120 hours, where
the rejection of lignin, ions, and the flux was analyzed and recorded.
To keep the lignin concentration stable in the wastewater tank, after
the analysis the permeate was poured again into the lignin waste-
water tank. The experiment was carried out at 25 oC and a pressure
of 4 bar. SEM analysis was performed on the   HF membrane
to observe the change of coating structure after the long-term sep-
aration test.

RESULTS AND DISCUSSION

1. Characterization of  HF Support and   HF Membrane
The cross-section and surface SEM images of  HF support and

  HF membrane were provided, as shown in Fig. 2. By compar-
ing the surface images of  HF support (Fig. 2(c)) and   HF
membrane (Fig. 2(d)), it can be seen that the  HF support has a
rough surface layer with large voids, while the   HF membrane
has a surface layer without any observable defects. In addition, it
can be seen from the section image that the   HF membrane
has a finger-like pore structure. From Fig. 2(a), (b), (e), and (f),
there was a uniform and dense -Al2O3 coating layer on the sur-
face of the porous  HF support. Finally, it can be seen from the
enlarged section images (see Fig. 2(g) and Fig. 2(h)) that the thick-
ness of the -Al2O3 coating layer was about 4m.

The water contact angle images of  HF support and   HF
membrane are shown in Fig. 3(a) and Fig. 3(b), respectively. From
Fig. 3(a) the average water contact angle of the  HF support was
about 25.42o. After the deposition of a dense -Al2O3 coating layer,
the average water contact angle of the   HF membrane was
57.9o. Therefore, it can be concluded that the  HF support had
higher hydrophilicity than that of the   HF membrane. The rea-
son behind this behavior is that the low hydrophilicity characteris-
tics of the   HF membrane may be due to the small pore size
relative to the  HF support.

The porosity of  HF support and the   HF membrane was

Ra %   1 
Mr Cir
Mf Cif
------------------

 
  100

Fig. 1. Experimental process for removal of potassium and sodium
ions from lignin wastewater.

Fig. 2. SEM images of (a), (c), (e), (g)  HF support and (b), (d), (f),
(h)   HF membrane.
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calculated by Eq. (2). The porosity of the  HF support and  
HF membrane was 54.3% and 46.4%, respectively. It also proved
that the hydrophilicity of the -Al2O3/-Al2O3 nano-filtration mem-
brane was slightly lower than that of the support. The decrease in
hydrophilicity of the nano-filtration membrane was mainly caused
by the decrease in the membrane’s pore size [49].

Fig. 4 shows the measurement results of the zeta potential anal-
ysis of the -Al2O3 colloidal suspension. The -Al2O3 powder sur-
face shows a positive charge when the solution was acidic for HCl
and a negative charge when the solution was basic for NaOH. In
addition, the point of zero charge was found equal to 7. It can there-
fore be conjectured that when the membrane is operated under
acidic conditions, the separation characteristics for monovalent
cations are mainly derived from the pore size of the separation mem-
brane. In contrast, when the membrane is operated under alkaline
conditions, the separation characteristics are a combination of pore
size and surface charge. This means that the Donnan effect is bet-
ter under acidic conditions than under acidic conditions.
2. Permeation Test and Main Pore Size

The pure water permeate flux for the   HF membrane is shown
in Fig. 5, where it can be seen that the pure water permeate flux
was 3.45 L/m2h with a pure water flux and under the pressure of

1 bar. In addition, there is a positive correlation between pure water
permeate flux (L/m2h) and pressure (bar). In fact, the pure water
permeate fluxes increased with increasing the pressure to a maxi-
mum of 20 L/m2h for a pressure of 6 bar.

Table 1 shows the results of various salt rejection (%) of   HF
membrane. According to these results, the rejection of monovalent
cations is significantly lower than that of polyvalent cations and then,
in turn,   HF membrane shows the characteristics of distin-
guishing monovalent from polyvalent ions. Also, the rejection of
Na2SO4 was lower than that of NaCl, and the rejection of MgSO4

was lower than MgCl2 because the prepared   HF membrane
was positively charged and SO4

2 was divalent, in good agreement
with previous studies [50]. Therefore, the   HF membrane had
the property of separating multivalent and monovalent ions during
operation. The different rejections shown in Table 1 were related
to the hydration radius of ions. Table 2 shows some properties of
related cations studied in this work so that it can be concluded
that the rejection property of the   HF membrane is related to
the hydration radius of ions. However, the rejection of monova-
lent and divalent ions was quite different, and the rejection of cut
SO4

2 was significantly lower than that of Cl, indicating that the
Donnan effect on the   HF membrane was greater than that of
membrane pore size.

Fig. 6 shows the rejection of PEG with different molecular weights.

Fig. 3. Dynamic contact angles of (a)  HF support and (b)   HF
membrane.

Fig. 4. Zeta potential of -Al2O3 powder in different pH conditions.

Fig. 5. Water permeate flux for the   HF membrane under differ-
ent pressure conditions.

Table 1. Various salts rejection of   HF membrane
Salt Mean rejection/% Standard D
Na2SO4 07.53 0.15
MgSO4 08.89 0.46
NaCl 15.30 0.50
KCl 15.71 0.23
CaCl2 67.01 2.42
MgCl2 72.65 2.43
AlCl3 86.82 2.22
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It can be seen from Fig. 7 that the   HF membrane has more than
90% rejection of PEG above 1,000 Da, so the molecular weight
cut-off of the   HF membrane is 1,000 Da. Because the molecu-
lar weight of lignin is mostly distributed between 1,020 Da and
60,000 Da [52-55], the   HF membrane can be used for ion
removal from lignin wastewater and lignin concentration.

The mean pore sizes of the  HF support and the   HF mem-
brane were determined according to Eqs. (1) and (2) and found to
be 0.2m and 1.6 nm, respectively.
3. Desalination and Concentration of Lignin Wastewater

Fig. 7 shows the photographs of the permeate, feed and reten-
tate solutions. It can be seen from Fig. 7(a) that the color of the
liquid flowing out from the permeate end of the   NF mem-
brane is clear and transparent. The retentate solution (see Fig. 7(c))
is not only darker than that of the feed solution (see Fig. 7(b)), but

Table 2. Properties of related cations [51]

Element Ion weight/
Da

Ionic radius/
nm

Hydrated radius/
nm

Na+ 23.0 0.095 0.358
K+ 39.0 0.133 0.331
Ca2+ 40.0 0.113 0.412
Mg2+ 24.3 0.065 0.428
Al3+ 27.0 0.050 0.475
Cl 35.5 0.181 0.332
SO4

2 96.0 0.245 0.300

Fig. 6. PEG retention of   HF membrane.

Fig. 7. Solution of (a) permeate, (b) feed, and (c) retentate.

Fig. 8. Lignin permeate flux versus operating time during three suc-
cessive experimental cycles of desalination and concentration
process for the   HF membrane.

also the tangential transparency of the retentate solution (see Fig.
7(c)) is lower than that feed solution (see Fig. 7(b)). This observa-
tion can be rationalized by considering that lignin in lignin waste-
water was concentrated.

Fig. 8 shows the lignin permeate flux during three successive
experimental cycles. At the beginning of the experiment, the lig-
nin permeate flux obtained with a   HF membrane was about
9.2 g/m2hr. After the first and second water additions, the lignin
permeate fluxes were in the range of about 8.7-8.6 g/m2hr, respec-
tively. From these results, it can be seen that the decrease of the lig-
nin permeate flux at the beginning of the experiments was caused
by deterioration of the pores. The reason for the decrease of flux
after each water addition is that the concentration in the lignin
wastewater tank will become thicker with the operation time.

It can be seen from Fig. 9 that the conductivity of the lignin
wastewater tank decreases with increasing the operation time and
water addition. An explanation of these results could be that with
the increased running time, the water in the wastewater gradually
passes through the   HF membrane, resulting in little difference
in ion concentration in the wastewater tank. With the discharge of
ions, the change of conductivity of the retentate solution was grad-
ually reduced after each cycle. The   HF membrane can achieve
efficient removal performance, but it cannot reach a 100% removal
rate. In each nano-filtration process through   HF membrane,
the conductivity of retentate solution decreases with the increase
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of ions removal amount, but the effect of complete removal can-
not be achieved.

Potassium and sodium ion concentrations were estimated by
the ICP-OES analysis. The results of UV-Vis analysis on the con-
centration of lignin were calculated by Eq. (10). Fig. 10 shows the
removal rate of potassium, sodium ions, and lignin after 180 min
of desalination process through the   HF membrane. It can be
seen that the removal rate of sodium ions reached 92.09%, as well
as the removal rate of potassium ions reached about 85.5%, which
proves that the   HF membrane can effectively remove sodium
and potassium ions from the lignin wastewater. However, while
potassium and sodium ions were removed, 19.34% of lignin was
still removed through the membrane because of the non-uniform
pore size distribution of the prepared   HF membrane. This
amount of lignin may be caused by the small part of molecular
weight passing through the large pore size of the   HF mem-
brane, and the removal rate was 19.34% was similar to the removal

rate calculated by Eq. (9), which proves that Eq. (9) is also suitable
to calculate the removal rate of potassium and sodium ions in lig-
nin wastewater.
4. Long-term Test

The flux, lignin rejection, and ion rejection of the   HF mem-
brane in lignin wastewater were recorded continuously during a
five day long experiment (see Fig. 11). It can be seen that the lig-
nin wastewater flux changed in the first 24 hours, which may be
due to the membrane surface. The average lignin wastewater flux
was independent of time after 24 hours, so the influence of run-
ning time on the lignin wastewater flux and then on the perfor-
mance of the   HF membrane was irrelevant. As can be noted
in Fig. 11, the ion rejection rate was found to be independent of
the time at about 29% during the five day long-term experiment.
The lignin rejection rate has a weakly increasing trend with time.
In detail, with the increase of time, some white patches formed on
the surface of the membrane with the result of an increase of lig-
nin rejection rate with time.

According to Fig. 12, effectively there is a thin film formed by
wastewater on the surface of the   HF membrane and, in turn,
surface contamination accompanied by a decrease in pore size. In
addition, there was no crack and hole on the surface of the   HF
membrane, indicating that the five day long experiment did not
cause any structural damage to the   HF membrane. From the
cross-section SEM image of the   HF membrane, the thickness
of the dense -Al2O3 coating layer did not increase significantly,
and it existed continuously on the  HF support. In conclusion,

Fig. 9. The conductivity of retentate solution with operating time in
the desalination process for the   HF membrane.

Fig. 10. The removal rate of potassium, sodium ions, and lignin after
180 min of desalination process through the   HF mem-
brane.

Fig. 11. The flux of lignin wastewater, ion rejection rate, and lignin
rejection rate in a five day long experiment.

Fig. 12. SEM images of the (a) cross-section and (b) the surface of the
  HF membrane after a long-term experiment (five days).
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the proposed   HF membrane shows not only a high removal
efficiency but also has stable performance under a long time oper-
ation (five days).

CONCLUSIONS

A nano-filtration hollow fiber membrane with a mean pore diam-
eter of 1.64 nm and molecular retention of 1,000 Da was success-
fully prepared. The -Al2O3 film-coated porous -Al2O3 hollow fiber
(  HF) membrane had a pure water flux of 3.3 L/m2h at a pres-
sure of 1 bar. In a single salt solution, a filtration experiment can
have a 15% rejection of monovalent ions and a higher rejection of
divalent ions. Moreover, the effect of diafiltration on nano-filtra-
tion in wastewater was verified, and diafiltration could reasonably
deal with the application of nano-filtration membrane in wastewater.

The prepared   HF membrane can be removed about 93%
and 85% of sodium and potassium ions in lignin wastewater,
respectively, but about 19% of the lignin was released as filtration
proceeded. Moreover, the clear solution at the permeate end can
also be recycled as it is rich in potassium and sodium ions.

The flux of lignin wastewater, ion rejection rate, and lignin rejec-
tion remains essentially unchanged for a long time (five days) one-
step nano-filtration process for lignin desalination and concentra-
tion. In conclusion, the superior desalination and lignin concen-
tration properties in a lignin aqueous solution, in particular, make
  HF membrane attractive for use in nano-filtration processes.
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