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Abstract

In this study vanillin was tested as the hydrophilicity promoter in a PES membranes to improve the fea-
sibility of the membranes in the treatment of a biorefinery stream, namely a pressurized hot water extract
(PHWE). The commercial PES membranes are typically prepared by phase inversion technique and thus,
phase inversion is also used in this study. The ultimate structure of the phase inversion prepared membranes
is asymmelric and it can be affected by various key parameters such as the temperature and the concentra-
tion of the PES solution, the solvent and additives which are used in PES solution. the coagulation bath
temperature as well as the thickness of the cast PES film. In the present study, the effect of vanillin (0-6
wt. %) as a hydrophilic promoter agent, water as strong non-solvent additive in dope solution (0-2 wt.%)
and coagulation bath temperature (CBT) on the formation of PES membranes was investigated in order to
improve the understanding on the manufacturing of PES/vanillin membranes. The mentioned fabrication
parameters were optimized and their effects on the membrane morphology, hydrophilicity, thickness, PHWE
permeability, fouling and rejection properties were sequentially analyzed. It can be concluded thal a small
quantity of vanillin and water together in dope solution can preferably change the membrane morphology
and increase the surface hydrophilicity and thus lead to formation of membrane with better wood extract
permeability and antifouling characteristics.

Keywords: vanillin; hydrophilic promoter; antifouling; pressurized hot-water extract

1. Introduction mechanical properties, superior thermal strength
and excellent oxidative and hydrolytic stability [3].
. ! . However, they have a relatively low hydrophilic na-
tential process alternative to be used in the recov- ture, which has been identified as major contribut-

ery of .hemicelluloses fro‘m‘t‘he bioreﬁner.y streams. ing factor effecting directly on membrane fouling
The biggest challenge limiting the efficient use of 3, 4. Thus, to improve the possibilities to uti-

ultrafiltration in these recovery processes is mem- lize PES membranes in the treatment of biorefin-
brane fouling caused by aromatic compounds, such ery streams there is a need to improve their hy-
as lignin and wood extractives [1, 2]. Fouling prob- drophilicity. It has been shown that vanillin (4-
lem is especially challenging with the polyether- hydroxy-3-methoxybenzaldehyde) increases clearly
sulfone (PES) membranes, which have very good the hydrophilicity of commercial PES membranes
when it is adsorbed on the membranes surface
[5, 11, 12]. 1In addition to its influence on hy-
drophilicity, vanillin can also improve antioxidant
and antimicrobial characteristics of the membrane

It has been shown that ultrafiltration is a po-
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[13]. Similarly than typical polymeric hydrophilic
additives, such as PEG, vanillin might leach out
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Table 1. Comparison of different studies in which vanillin was used as antifouling/antibiofouling agent either in feed solution
or in fabrication and modification of membranes. ¥Membrane performance tested in terms of permeability and selectivity.

The aim of the study Tested* HOW, vanillin Vanillin . Effects Ref.
was introduced concentration
The PEG solution permeability
Improvement of model compound . ar -
e S . improved up to 35-38%.; No
permeability and performance of Physical adsorption § S ; L
: . Yes . 0-2.8 g/L significant improvement in pine [5]
meibrane in treatient of on the surface Lydrolysate permeability was observed.;
. 3 ) . 3 lysate permea y was observed.;
Pine hydrolysate (PHWE). Hydrophilicity improved by 30%.
Reduction of biofilm formation Introduced into Biofilm formation of bacterium .
No . X 0-0.25 mg/ml W R [6]
on the polystyrene surface. the feed solution i Aeromonas hydrophila” was minimized.
Initial attachment and dynamics of biofilm
Reduction of biofilm formation N Tntroduced into 0.16 mg/ml growth of “Aeromonas hydrophila” 1
on the surface of membrane. 0 the feed solution : © bacterium were minimized due to
quorum quenching mechanism of vanillin.
Reduction of biofilm formation No Introduced into 1200 mg/T, Biofilm formation of mix culture of marine bacteria 8]
on the surface of RO membrane the feed solution & was significantly reduced by more than 79%.
QST of vanillin on reduction of biofili
Reduction of biofilm formation on Yes Physical adsorption 1200 mg/L formation was observed.; 9]
the surface of RO membrane. e on the surface me, No improvement in membrane performance
(i.e. salt rejection and permeability) was observed.
iﬁ?z‘;’éﬁelfﬁlofti:ﬁljtr:l?iir)jritﬁrllzl']:ﬁ('e of Blending modification The permeability improved up
‘ g acteristics in pres Yes s o 0-2 wt.% to ~10 (kg/m?h).; At highest vanillin [10]
model compound solution. at 10 °C CBT content, both antifouling and biofouling improved
Reduction of biofouling. i ' & g mp i
Membranes with 102-160 (kg/m?h)
pure water flux permeability
Twprovement of pericability and performance Blending modification were fabricated. PHWE permcance
of membrane during filtration of wood Yes in presence of water as 0-6 wt.% (VRF: 1.1) was significantly improved Current
originated streams (e.g. PHWE). e another NSA at various w7 compare to reference [5]; ~13 times higher. study

Preparation of antifouling membranes. CBTs

Small amount of water and vanillin preferably
changed the surface chemistry, morphology
and autifouling characteristics of membranc.

from the membrane structure during membrane for-
mation and filtration processes due to its affinity
to water [14-17]. The possible leaching of vanillin
out from the membrane structure can be also ben-
eficial as it can reduce the bacterial growth which
in turn minimizes the biofilm formation. The des-
orbed vanillin could be possibly recovered similarly
than in a molecular imprinting technique by a sim-
ple addition of vanillin to the feed [18]. The role
of vanillin as a natural quorum sensing inhibitory
(QSI) agent in reduction of biofilm formation has
been the subject of many studies recently [6-8, 19].
For instance, Katebian et al. (2017) studied the
in situ antibiofouling potential of vanillin by phys-
ical adsorption on the surface of polyamide thin-
film composite reverse osmosis membranes using a
mixed culture of biofilm forming marine bacteria.
The results of their study reveal that vanillin as
a quorum sensing (QS) inhibitory agent decreases
the biomass production of polysaccharide (~12%),
live bacteria (~58%) and dead bacteria (~16%) on
the surface of the membrane (SWC5, Oceanside,
CA) by disrupting QS pathways which in turn re-
duces the biofilm formation [9]. Vanillin possesses
hydroxyl group on the phenyl ring and the dou-
ble bond that are demonstrated to be important
parameters which affect the antibiofilm compound

activity [20]. To the best of the authors’ knowledge,
typical pore formers, such as PEG and PVP do not
possess the quorum sensing inhibitory (QSI) char-
acteristics. In addition, vanillin is an interesting
membrane additive also from that point of view,
that it originates from biomass and not from oil.
Thus, it is a “green” and sustainable membrane
performance promoter.

Table 1 demonstrates the proposed approach of
the current paper in comparison with other studies
in which vanillin was used as antifouling/ antibio-
fouling agent either in feed solution or in fabrica-
tion and modification of membranes. To the best
of the authors’ knowledge, neither vanillin nor wa-
ter has been used in fabrication of membrane for
the treatment of wood extract or other biorefinery
streams. In general, most studies up to now in the
field of the treatment of wood originated streams
have focused on using commercial membranes but
the reported fluxes have been very low even close to
zero in the filtration of wood extracts with PES and
polysulphone membranes (Table S2 in Supplemen-
tary material) [5, 21, 22]. Thus, there is a need for
attempts focused on fabrication of new generation
membranes that can be used in these areas where
mixtures to be treated are extremely complex and
challenging to treat. In this study vanillin is tested



as the hydrophilicity promoter in a PES membranes
to improve the feasibility of the membranes in the
treatment of a biorefinery stream, namely a pressur-
ized hot water extract (PHWE). The commercial
PES membranes are typically prepared by phase in-
version technique and thus, phase inversion is also
used in this study. The ultimate structure of the
phase inversion prepared membranes is asymmet-
ric and it can be affected by various key param-
eters such as the temperature and the concentra-
tion of the PES solution, the solvent and additives
which are used in PES solution, the coagulation
bath temperature as well as the thickness of the
cast PES film [23]. In addition, the formation of
complex between water and NMP through multi-
ple hydrogen bonding and the interactions between
water and vanillin can affect the kinetic parameters
and thermodynamic properties during membrane
formation. Thus the impacts of these interactions
on the performance and morphology of membrane
are of interest.

Sathis Kumar et al. [10] have also been inspired
on the possibility to use vanillin as antifouling
agent. They fabricated PES/vanillin membranes
by phase inversion technique and tested their an-
tibiofouling propensity. They found that vanillin
modified membranes had better antibiofouling re-
sistance compared to the pure PES membranes
against the model biofouling organisms, which they
used. They, however, did not examine the bene-
fits of vanillin addition in the treatment of wood
extract or other biorefinery streams, which are ex-
tremely complex mixtures and challenging to treat
compared to model solutions. Moreover, they ex-
amined the effect of vanillin addition on the result-
ing membrane morphology only at one temperature
(10 °C). To date, there is no research in which the
interaction of vanillin, water and coagulation bath
temperature (i.e. not more than one factor at the
time) in membrane fabrication, has been investi-
gated.

In the present study, the effect of vanillin (0-6
wt.%) as a hydrophilic promoter agent, water as
strong non-solvent additive in dope solution (0-2
wt.%) and coagulation bath temperature (CBT) on
the formation of polyethersulfone membranes is in-
vestigated in order to improve the understanding
on the manufacturing of PES/vanillin membranes.
The mentioned fabrication parameters were opti-
mized and their effects on the membrane morphol-
ogy, hydrophilicity, thickness, PHWE permeability,
fouling and rejection properties were sequentially

analyzed.

2. Materials and methods

2.1. Chemicals

Vanillin used in this study (purity 99%, Mw.
152.15 g/mol, CAS: 121-33-5) was provided by
Acros Organics (Geel, Belgium). The non-woven
polyester (PET) support material (grade 3329, ba-
sic weight 96.5 g.m™2, thickness 0.135 mm, air
permeability 41 L.m~2.sec™!) was provided by
Ahlstrom Filtration LLC. The following chem-
icals were used for preparation of casting so-
lution in membrane manufacturing: Polyether-
sulfone (58,000 g/mol, Goodfellow Cambridge
Ltd, UK) as the basic polymer, N-Methyl-2-
Pyrrolidone (NMP, CAS: 872-50-4) and N, N-
dimethylformamide (DMF) as solvents were pro-
vided by Merck Co. (Germany) and Fluka Chemie
AG (Buchs, Switzerland, > 99%), respectively.
Ultra-pure deionized water (DI, 15 MQ) was pro-
duced for all the experiments with the CENTRA-
R 60/120 system (Elga purification system, Veolia
Water, UK).

2.2. Membrane preparation

Asymmetric PES based and vanillin modified
membranes were fabricated via wet phase inversion
technique according to the procedure described in
details by Mulder [24]. The preparation of dope
solution was initiated by dissolving desired amount
of DI water (0-2 wt.% based on the weight ratio of
DI water to PES solution) and vanillin (0-6 wt.%
based on the weight ratio of vanillin to PES so-
lution) into NMP solvent under constantly agita-
tion at room temperature. Once the dissolution
of additives were completely obtained, an adequate
amount of dry PES beads were gradually added
into the mixture to attain desired polymer concen-
tration (20 wt.%). After being fully mixed, the
homogeneous dope solution was laid aside to de-
gas overnight in order to eliminate any air bubbles
which might be present in the dope solution. In ad-
dition, the polymer solution was kept in dark place
in order to avoid the aging process [25].

High porosity of polyester (air permeability 41
L.m~2.sec™!) might increase the risk of dope solu-
tion penetration through the PET support which
can result in formation of PES layer underneath
the PET fabric. In order to avoid this unfavorable



event, the PET was initially immersed into the so-
lution of water and DMF solvent (containing 60-65
vol.% water) for 1 min [26]. Afterwards, the ex-
cess solution on the surface of PET was drained
and then the PET was attached to a spotless glass
plate using paper clips. The PES dope solutions
were then hand-casted via a film applicator with
a thickness of 200 pm on (i) non-woven pretreated
PET for permeation tests and (ii) on a glass plate
for characterization tests. Thereafter, the cast film
was instantaneously immersed into the coagulation
bath containing DI water. The condition of fabri-
cated membranes by various preparation parame-
ters is presented in Table 2.

2.3. Membrane characlerization
2.3.1. Fourier transform infrared spectroscopy

To characterize the presence of vanillin in mod-
ified membranes, FTIR spectra of both virgin and
modified PES membranes were measured by using
the Perkin Elmer Frontier spectrometer with an
universal ATR module (Diamond crystal). FTIR
spectra of six random spots from each membrane
were measured at 4000-400 cm~! wavenumber
range with the resolution of 4 cm™!. All the spec-
tra were measured with the acquisition of 20 scans
with the data interval of 1 cm~?! at the absorbance
mode. At the final step, the co-added spectra were
processed with ATR correction, baseline correction,
and normalization.

2.3.2. Scanning electron microscopy

The cross sectional morphology of membranes
was qualitatively investigated using scanning elec-
tron microscope (SEM) (Hitachi SU 3500, Japan)
at an acceleration voltage of 15 kV in high vac-
uum condition. The membrane samples were sub-
sequently coated with a thin layer of gold using Ed-
wards Scancoat six Pirani 501 sputter coating sys-
tem (Edwards High Vacuum International, Craw-
ley, UK). Finally, the cleaved edge was examined
perpendicular to cut plane by SEM. The cross-
section SEM images of each membrane sample were
analyzed using Imagel software (National Insti-
tutes of Health, Bethesda, Maryland, USA) and the
averaged membrane thickness of six different loca-
tions for each membrane were measured.

2.3.3. Casting solution viscosity measurement
Regarding the considerable role of casting solu-

tion viscosity on pore formation and the final struc-

ture of the membrane, the dynamic viscosities of

dope solutions were measured using Modular Com-
pact Rheometer MCR 302 (Anton-Paar, Austria,
PP50/P2 spindle) at 20 °C.

2.8.4. Contact angle measurements

Static contact angles of fabricated membranes
were measured using the both captive bubble and
sessile drop methods. Roughly 5 pL of DI water
and 3-4 uL of air bubble volumes were placed on
the surface of the membrane samples with the aid
of micro syringe (sessile drop) and U-shaped needle
(captive bubble) at room temperature, respectively.
To increase the reliability of the measurements, the
contact angles of six independent points for each
samples were tested and the average of recorded
data was considered as the final CA. The CA was
measured using KSV CAM 101 instrument (KSV
Instruments Ltd., Finland) connected to a CCD
camera (DMK 21F04, The Imaging Source Europe
GmbH, Bremen, Germany). The captured images
were treated by curve fitting analysis with CAM
2008 software in order to determine the CA.

2.8.5. UV/Vis analysis

UV/Vis spectrophotometer (Jasco V-670 spec-
trophotometer, Japan) was utilized to measure the
concentration of lignin in feed, permeate, and con-
centrate samples ol pressurized hot-water extract
(PHWE) by UV absorption at wavelength of 280

ni.

2.4. Experimental design and procedure

2.4.1. Pressurized hot water extraction process and
characterization

The autohydrolysis process was performed in a
batch extractor set up (15 L, stainless steel).The
pine wood sawdust with the particle size distribu-
tion below 2.8 mm was used to prepare wood ex-
tract (hydrolysate). A 5.6 : 1 weight ratio of water
to wood was applied. The wood and water were
heated to 160 °C and processed for 90 min at pres-
sure of 5—6 bar. The extract was cooled down to 25
°C followed by 30 min centrifugation at 3000 rpm
(Sorvall RC-28S centrifuge, RCF= 920G GSA fixed
angle rotor, Du Pont, USA) to separate the hy-
drolysate from the wood chips for the fouling study.
pH and conductivity of the produced PHWE were
3.8 and 600 uS/cm at 25 °C.



Table 2. Standard array of experimental runs (Std), the measured viscosity of each polymer solution (at 20 °C), contact angle,
thickness, pure water mass flux before (PWF}) filtration test, and pure water flux reduction (PWFg) of fabricated membranes

(errors are based on 95% confidence interval).

CA sessile

CA captive

Std Water content  Vanillin Content CBT  Viscosity drop bubble Thickness PWF, PWFpg
(wt.%) (wt.%) (°C) (Pa.s) ©) ©) i (pm) (kg/m?hbar) (%)
1 0 0 10 1.28 61.51 + 0.93  62.68 + 3.49 73.28 102.74 57.30
2 2 0 10 1.63 59.04 + 1.93  61.33 + 1.07 67.59 127.45 61.30
3 0 6 10 1.96 55.97 + 2.00 58.75 + 0.51 62.08 147.79 59.11
4 2 6 10 2.63 57.70 £ 0.77  54.19 + 1.01 61.23 163.39 65.40
5 0 3 0 1.60 65.53 + 2.48  64.33 £+ 1.06 70.38 152.21 57.30
6 2 3 0 2.03 64.12 + 3.51  61.37 + 1.47 75.66 157.19 73.66
7 0 3 20 1.60 53.10 £ 0.63  52.79 + 1.66 74.98 117.10 46.70
8 2 3 20 2.03 57.48 £ 1.15 58.12 + 0.71 73.67 167.89 65.08
9 1 0 0 1.43 57.94 £ 1.60  59.25 + 1.26 75.18 104.32 58.42
10 1 6 0 2.22 66.13 +£ 1.01  69.88 + 2.27 60.97 135.34 68.83
11 1 0 20 1.43 54.74 £ 0.45 53.22 + 1.45 75.26 159.68 70.31
12 1 6 20 2.22 51.76 £ 0.41 52.19 + 0.21 75.53 139.37 61.60
13-14 1 3 10 1.73 54.50 + 1.13  54.00 + 0.30 67.59 141.74 42.19

2.4.2. Fouling tests of membranes with hydrolysale

The fouling behavior of hydrolysate for both vir-
gin and vanillin modified PES membranes was in-
vestigated in a batch mode with a dead-end filtra-
tion system using the stirred cell (Millipore, USA,
Cat No.: XFUF07611, diameter of mixer: 60 mm).

Membranes with an effective filtration diameter
of 70 mm were prepared. As a preliminary step,
the compaction of membranes at 5 bar for 20 min
and subsequent 15 min stabilization at 3 bar with
300 mL DI water was conducted. Then pure water
flux at 3 bar and 25 °C was measured before hy-
drolysate filtration. Thereafter, 300 g of centrifuged
hydrolysate was filtered for 90 min at 3 bar and the
filtrate weight was recorded every one minute at a
stirring rate of 500 rpm. At the end of filtration
test, the final weights of permeate and concentrate
were recorded in order to evaluate the mass bal-
ance. Then, the membrane coupon was taken out
from the filter and the surface of the membrane
was rinsed six times by dipping it in the DI wa-
ter. Finally, the pure water flux was measured with
the same conditions which were used before the fil-
tration of the hydrolysate. The lignin and TOC
rejections were calculated using Eq. (1):

(1)

where C,, Cy and C, are the concentrations of
lignin or TOC in permeate, initial feed (i.e., t =
0) and retentate (at the end of filtration process),
respectively. The concentration of lignin was calcu-

ot

lated from Beer—Lambert{ law by using the adsorp-
tion coefficient of Pine lignin (e, i.e. absorptivity) at
280 nm, 25 L. g~ t.em ™! [27, 28]. Membrane fouling
was evaluated based on pure water flux reduction
(PWFR) using Eq. (2):

PWF, — PWE,
PWF, =|—— 1 2
v = (CHE ) a0 (2
where  PWF,  (kg/m?hbar) and PWF,

(kg/m%hbar) are pure water mass flux before
and after the filtration of PHWE (hydrolysate).

3. Results and discussion

3.1. The effect of vanillin and water content on vis-
cosity of polymer solution

The results obtained from the viscosity measure-
ments of dope solutions as a function of vanillin
and water content are summarized in Table 2 and
depicted in Fig. 1.

As shown in Fig. 1, the viscosity of polymer solu-
tion increases with increasing the vanillin and water
content in the solution. In the case of vanillin, the
results can be ascribed to two reasons: (i) vanillin
(152.15 g/mol) has a higher molecular weight com-
pared to NMP (99.13 g/mol), (ii) the entanglements
of polymer chains or intermolecular aggregations
stemming from adding vanillin which has a non-
solvent character for PES when compared to NMP.
Increase of viscosity of casting solution as a con-
sequence of the addition of organic additives has
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Fig. 1. The effect of vanillin and water content on the
viscosity of PES polymer solution at 20 °C.

been reported in many studies [29-31] however, the
effect of vanillin on viscosity of polymer solution
has not been investigated in existing literature up
to now. Within experimental domains in this study,
the viscosity of polymer solution at 20 °C (7, Pa.s)
can be expressed by an empirical quadratic poly-
nomial equation with RMSE (root-mean-square er-
ror) of 0.034 based on water (X, in percentage) and
vanillin content (Y, in percentage) as follows:

Z = 1.306 + 0.03833X + 0.06278Y + 0.06167X* + 0.02667X Y + 0.007963Y2
(3)

This model was validated by measuring the vis-
cosity at 20 °C of two unknown polymer solution
and the results are presented in the Table 3.

Table 3. Experimental validation of model results of vis-
cosity measurements at 20 °C.

Water content  Vanillin content Empirical data Model

[%] [%] [Pa.s| [Pa.s]
15 4 2.03 2.04

0 2 1.46 1.6
0.5 2 1.55 1.52

Complex formation between water and NMP can
be considered as a possible explanation for the in-
fluence of water on the viscosity of polymer solu-
tion. In other words, this can be attributed to the
growth of a 2D hydrogen network which links sev-
eral molecules together as demonstrated by Wang
et al. [32]. Another possible elucidation for the in-
crease of viscosity in this case can be ascribed to
the role of water as non-solvent in accelerating the
polymer chain precipitation process and reducing
the thermodynamic miscibility of casting solution.

In fact, the dope solution system is tended to a
state close to the cloud point in presence of water
wherein the viscosity increases. These results are
consistent with Yunos el al. [33] and Wang et al.
(32] findings which showed the increase of viscosity
of dope solution with increasing water content.

3.2. Chemical structure of the membranes

Spectra of polyethersulfone membranes fabri-
cated based on the factors in Table 2, are presented
in Fig. 2 over a wavelength range of 4000400 cm™!.
Two signals at 1486 and 1578 cm™! are the identi-
cal peaks for PES membrane [34, 35]. One unantici-
pated peak at 1680 cm ™! in spectrum of unmodified
PES is associated with carbonyl group of residual
NMP solvent in membrane [36]. In order to as-
sure that this peak is related to NMP, the FTIR
of unmodified PES was analyzed after drying in
oven for 2 h (Fig. S2). This spectrum confirms the
association between the peak with carbonyl group
of NMP since the peak disappeared as a result of
complete evaporation of NMP solvent. Consider-
ing the fact that there is always a little amount of
inevitable trapped water inside the porous mem-
branes fabricated via phase inversion techniques,
the presence of two peaks at 3553 and 3636 cm™!
can be attributed to O-H stretching vibration of
water molecules. These peaks match those observed
in earlier studies performed by Belfer et al. [34].

From the spectrum given in Fig. 2, it can be
seen that most of the vanillin peaks overlap with the
peaks of a virgin PES membrane (std1, (0,0,10), Ta-
ble 2) due to similarities in their functional groups.
However, a clear trend of increase in intensity of
vanillin peaks can be noticed as the wt.% of vanillin
in dope solution increases at 781, 1029, 1267, and
1510 cm™!. These peaks are associated with the
aromatic native structure of vanillin, in—plane C-H
deformation, OCHgs group, and the coupled skele-
tal vibrations of the aromatic ring of vanillin, re-
spectively [37, 38]. The most clearly the effect of
vanillin on the FTIR spectra can be seen at 1510
em™!. The observed increase in intensity of this
peak can be explained based on four prominent fac-
tors, vanillin concentration, temperature of coag-
ulation bath (CBT), viscosity of casting solution,
and water content. Overall, the intensity at 1510
ecm™! increases as the concentration of vanillin in
dope solution increases from 0-6 wt.%. Compar-
ing the spectra of the samples std10 (1,6,0) and
std12 (1,6,20) or std6 (2,3,0) and std8 (2,3,20), in
which the water and vanillin content are the same
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std1 (0,0,10)
std2 (2,0,10)
std3 (0,6,10)
std4 (2,6,10)
std5 (0,3,0)
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Fig. 2. ATR-FTIR spectra of virgin and modified membranes in the region of 4000-400 cm~!. The values in parentheses
show water content (wt.%), vanillin content (wt.%) and cogulation bath temperature (°C), respectively.

but the coagulation bath temperatures different, it
can also be seen that the intensity of this peak at
1510 em™! is significantly dependent on the CBT.
The intensity of the peak at 1510 cm™! decreased
as the CBT increased. This might be due to the
fact that the miscibility of vanillin in coagulation
bath declines as the temperature decreases. As a
result, the amount of vanillin, which is remained
inside the membrane structure increases during the
immersion precipitation process.

The thickness of the membrane and interdiflu-
sion of solvent and non-solvent during the phase-
inversion process can be affected as the viscosity of
polymer solution changes [26]. In the same CBT
conditions, the intensity of vanillin peak at 1510
cm ™! increased as the viscosity of dope solution in-
creased since the exchange rate between solvent and
non-solvent in coagulation bath during the precip-
itation process was decreased (see Fig. 2, compare
the samples std4 (2,6,10) and std13-14 (1,3,10)).

From Fig. 2 and Table 2, it should be also noticed

that at the same CBT and vanillin content (wt.%),
the increase in water content decreases the inten-
sity of the mentioned peak even though it increases
the viscosity of polymer solution. In such condi-
tions (constant CBT and vanillin content), water
as non-solvent reduces the effect of viscosity factor
due to the formation of macrovoids in the cast film
and also reduces the thermodynamic miscibility of
casting solution [33]. Consequently, the more non-
solvent, i.e. water, will diffuse into the film and it
can wash out the more vanillin from the cast film.
The FTIR spectra of std3 (0,6,10) and std4 (2,6,10)
or std5 (0,3,0) and std6 (2,3,0) show the effect of
water content in reducing the impact of polymer
viscosity in increasing the intensity of vanillin peak
at 1510 cm™*.

From the spectra it was noticed that when
vanillin was added, the absorption peaks of O-
H stretching at 3200-3700 cm™! region, benzene
stretching at 1677 cm™!, and sulfone groups vibra-
tions at 1152 cm™' become apparently wide and



strong which indicates the formation of hydrogen
bonds between OH groups of vanillin and oxygen
atoms in ether and sulfone groups of PES. The area
of C-H aromatic stretching vibration (3100-3000
ecm™!) and aliphatic stretching vibration (2922—
2875 cm 1) become also more intense as the vanillin
concentration increases. The main FTIR peak as-
signments of PES are summarized in Table 4.

Table 4. The main peak assignments for ATR-FTIR spec-
tra of fabricated PES membrane over wavenumber of 4000—
1000 cm 1.

FTIR-peaks (cm™!) Peak assignments

1105 S=0 stretching vibration

1151 Symetric stretches SO5 of sulfone group
1240 Aromatic ether band

1322 Asymetric SOz of sulfone group

1486 & 1578 Aromaic skeletal vibration

1677 C=0 carbonyl group (vanillin)

2878 ~vs CHs asymetric aliphatic stretch
2925 ~va CHy asymetric aliphatic stretch
2952 ~va CHj asymetric aliphatic stretch
3069 & 3069 C-H aromatic stretch

broad band 3200-3600 Hydrogen bonded OH band

Virtanen et al. have suggested the H-bonding
of the hydroxyl group with the sulfur oxygens of
polyethersulfone membrane when the vanillin is in
protonated form and vanillin is adsorbed on the
membrane surface [11]. Based on the findings from
the FTIR spectra, this interaction (depicted in Fig.
3.) has most possibly taken place also in this study.
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Fig. 3. Schematic representation of the intermolecular in-
teractions between the polyethersulfone and vanillin.

3.2.1. Hydrophilicity of the membranes

The hydrophilicity of the membranes was evalu-
ated based on the water contact angle using both
the captive bubble and sessile drop methods. Any
significant hysteresis between the results from the
captive bubble and sessile drop methods could not
be seen (Table 2). The negligible inconsistency in
results between these two techniques can be associ-
ated to the applied volume of water and air bubble
and to the gravity.
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Fig. 4. Contact angle (captive bubble) of fabricated mem-
branes arranged based on CBT. (water wt.%, vanillin wt.%)

Generally it can be conducted that the appar-
ent contact angles of the membranes manufactured
at the lowest coagulation bath temperature (0 °C)
demonstrate the higher hydrophobicity compared
to the other membranes (Fig. 4). It can be spec-
ulated that the surface coverage of membrane with
vanillin is reduced due to the lower molecular ther-
mal motion and also the stronger affinity between
vanillin segments and PES chains during membrane
formation which inhabits washing out of vanillin at
lower temperature. In addition, the contact an-
gle cannot be just ascribed to surface chemistry
of membrane but also it relies on the pore size,
porosity, and surface roughness of the membrane.
In general, the slower exchange rate of solvent and
non-solvent occurs at lower CB'T, which in turn can
lead to the formation of a membrane with denser
structure. At higher coagulation bath temperature
(20 °C), the pore sizes of the membrane are larger
(higher water flux, lower retention, Supplementary
material Table S1) and its roughness is higher than
at 0 °C. These lead to lower apparent contact an-
gle of the membrane coagulated at 20 °C. Based on
Wenzel (1936) method [39], if the surface is chemi-
cally hydrophilic (<90 °), it will become even more
hydrophilic when surface roughness increases.

At higher temperatures, especially in presence of
water as non-solvent additive, it is also important to
keep in mind that the surface coverage of membrane
with vanillin might be reduced due to higher solu-
bility and diffusivity of vanillin and thus vanillin can
be easily washed out from the surface and from the
membrane structure during the experiments. As in-
dicated previously, the quantity of residual vanillin



in the structure of membrane reduces when the wa-
ter content increases to 2 wt.% as the coagulation
bath temperature increases. This can be consid-
ered as an explanation for the increase of contact
angle in std8 (CBT: 20 °C, 2 wt.% water, 3 wt.%
vanillin) where the intensity of vanillin peak is the
lowest one compared to the other membranes con-
taining vanillin.

3.3. Morphology of the membranes
3.3.1. Thickness of the membranes

From Table 2 it can be seen that the thickness of
membranes at coagulation bath temperature of 20
°C is higher when compared to 0 and 10 °C. It is
generally accepted that the instantaneous demix-
ing process leads to faster precipitation of poly-
mer chains, which in turn increases the thickness
of membrane while the delayed demixing prolongs
the completion of precipitation process. In higher
temperature, the mutual diffusivity between NMP
(solvent) and water (non-solvent) enhances which
consequently accelerates the exchange rate between
solvent and non-solvent and thus the precipitation
process can be finalized in shorter time. Saljoughi
and Mousavi [40] have presented the results demon-
strating the increase of membrane thickness with
successive increase of CBT. However, Wang et al.
[32] have reported that CBT does not have the dom-
inant role in the exchange rate between solvent and
non-solvent, particularly in presence of additives in
dope solution. Several studies reported that the ad-
dition of a suitable non-solvent additives into the
dope solution can shift the binodal curve closer to
the initial composition of casting solution which in
turn reduces the thermodynamic miscibility of the
dope solution. Therefore, it facilitates the solid-
ification process resulting in fabrication of mem-
brane with higher thickness. In this study both ex-
planations support that the membrane thickness is
higher at higher temperatures. On the other hand,
it should also be noted that the higher amount of
additives, in this case vanillin and water, increases
the viscosity of dope solution (Fig. 1) and conse-
quently hinders the kinetics of solvent outflux and
non-solvent influx which in turn declines the overall
thickness of the membrane.

The outcomes of the lowest temperature needs to
be discussed in detail. At the lower temperature,
the local polymer chain entanglement through the
hydrogen bonding among the PES segments causes
the formation of small nuclei owing to the quick re-
duction in mobility of PES chains. Consequently,

the cast film might immediately form a strong gel
before the initiation of phase separation as demon-
strated by Cha et al. [41]. The macromolecular
network possessing a moderately low entanglement
density will be formed in the gel and the overall
thickness of membrane will not change with further
solvent and non-solvent exchange. As was pointed
out, the presence of non-solvent additives can ac-
celerate the precipitation process which can also
be considered as an explanation for the increase of
membrane thickness in lower temperature. Among
the membranes at coagulation bath temperature of
0 °C, the presence of 6 wt.% vanillin in std10, shows
the lowest thickness (~ 61 wm). This discrepancy
could be attributed to highest peak intensity of
vanillin in std10 (1,6,0) among all membranes which
has been shown in Fig. 2. In other words, the in-
tensity of this peak shows that the higher amount
of vanillin is remained in the structure of the mem-
brane which in turn amplifies the role of viscosity
in delayed demixing process and consequently leads
to the reduction of membrane thickness.

It can be also noticed that the viscosity of dope
solution plays a vital role in the reduction of mem-
brane thickness at the CBT of 10 °C. Closer inspec-
tion of the Table 2 shows that at the 6 wt.% vanillin
content and at 2 wt.% water content, the role of vis-
cosity is outstanding compared to aforementioned
roles for vanillin and water.

3.3.2. Physical structure of the membranes

The SEM cross-sectional structures of PES mem-
branes and ones modified with vanillin and wa-
ter are depicted in Figs. 5 and 6. An asym-
metric structure including a thin dense top layer
and porous sublayer was observed in all the cross-
sectional structures. As can be seen from the SEM
images, the sublayers appear to possess cavities and
morphologically different finger-like macrovoids in
their structures.

In order to identify the role of vanillin and wa-
ter in morphology of cross-section structure, it is
worth to investigate the formation of macrovoids
in the structure of the membrane. The formation
of a skin layer at early stage, which declines the
penetration of large amount of coagulant (water)
into the cast film is the necessity for the initial
macrovoid formation. In addition, instantaneous
demixing process stemming from rapid exchange
between solvent and non-solvent can form a thin
skin layer which avoids the formation of extra nuclei
after the formation of few nuclei (where the solvent
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Fig. 5. SEM images of the PES membranes prepared by varying the water content in 20 wt.% PES/NMP solution at CBT

of 10 °C: (A) 0 wt.%, (B) 2 wt.% .
on the left.

existed). Another theory which might explain the
observation of macrovoids could be the relatively
hydrophobic characteristics of PES materials. As
mentioned earlier, the PES polymer chains repel
water due to their hydrophobic features and thus
there would not be enough coagulant beneath the
skin layer to induce phase inversion, which in turn
can lead to the formation of macrovoids.

8.8.2.1. Effects of water as non-solvent additive on
membrane morphology. The PES membrane with-
out any additives (Fig. 5, stdl) has a very small
finger-like macrovoids from the top half of the cross-
section to the top surface of skin layer which, prob-
ably introduces pinhole defects to the surface of the
membrane.

The effects of successive increase of water content
from 0 to 2 wt.% on the structure of the membrane
cross-sections is depicted in Fig. 5. It can clearly
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The cross-sections are on the right and the zoom sections of marked top layers are shown

be seen that the size and the length of finger-like
macrovoids increase with increase of water content
in dope solution. This can be ascribed to the role
of water as a strong non-solvent additive (NSA)
in the reduction of thermodynamic miscibility of
dope solution, which in turn shifts the binodal curve
close to the dope solution and accelerates the dif-
fusional exchange rate between solvent (NMP) and
non-solvent (water). These results are in agreement
with Yunos’ et al. [33] findings demonstrating the
similar behavior on the morphology of PSf mem-
brane cross-sections as a consequence ol using water
as strong non-solvent additive on the dope solution.
Similarly, the same behavior of water as NSA on the
morphology of polysulfone (PSf) has also been ob-
served by Azizi Namaghi et al. [42]. Tt can also be
noticed that the pore walls at the bottom of ma-
trix become thinner with the increase of water in
the dope solution. The presence of some trapped
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Fig. 6. SEM images of the PES membranes prepared by varying the vanillin content in 20 wt.% PES/NMP solution at CBT
of 10 °C:(A) 0 wt.%, (B) 3 wt.% (1 wt.% water content), (C) 6 wt.%. The cross-sections are on the right and the zoom section

of marked top layers are shown on the left.

particles (0.2-0.5 um) in the membrane matrix can
be clearly seen from Fig. 5 (zoom section of top
layer). This might be attributed to the precipita-
tion of highly localized concentrated PES as a con-
sequence of crystallization. The same crystalliza-
tion related precipitation conducts have been also
observed by Yeow et al. [43] for PVDF membranes
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cast and coagulated at 20 °C. The more trapped
particles have been observed in lower gelation tem-
perature, i.e. 0 and 10 °C. This can be explained
by the fact that at lower temperature, the gelation
prompted by crystallization arises first in the mem-
brane formation processes and thus the crystals can
grow as a result of delayed demixing [43].



3.3.2.2. Effects of vanillin as non-solvent additive
on membrane morphology. The presence of vanillin
as a hydrophilic additive can enhance the instanta-
neous demixing in coagulations bath. The key as-
pects of this phenomenon can be listed as follows:

1. The presence of vanillin increases the ther-
modynamic instability of dope solution due to the
non-solvent characteristics of vanillin.

2. The diffusion of water molecules can be facili-
tated due the formation of a thin layer of vanillin on
the surface of the membrane, specifically at CBT of
10 °C and 3 wt.% vanillin concentration. The con-
tact angle measurements which have been presented
in Table 2 demonstrate the presence of this layer on
the surface of the membrane.

It can be seen clearly form Fig. 6 that the mem-
brane structures in presence of 3 wt.% vanillin be-
come more regular with fully developed finger-like
macrovoids that stem from instantaneous demix-
ing. A clear boundary existing between finger-like
macrovoids beneath the skin layer and spongey-
structure in pure PES was vanished as a result of
3 wt.% vanillin in the cast film. In fact, 3 wt.%
vanillin content in dope solution improved the in-
terconnectivity of membrane pore structures, en-
larged the finger-like structures, and also almost
joined them to the macrovoids at the spongey-
structure of bottom layer. However, the suppres-
sion of macrovoids when the amount of vanillin con-
tent increased from 3 to 6% can be also noticed due
to the increase of the viscosity of casting solution,
which in turn hampers the instantaneous demixing
process. As explained earlier (3.3.1),with regards to
membrane thickness at constant CBT of 10 °C, the
viscosity of dope solution plays a dominant role and
reduces the thickness of the fabricated membranes
as it increases due to delay in demixing process. It
seems that with further increase of vanillin content
to 6 wt.%, the surface becomes more dense and less
porous which can be also ascribed to the dominant
role of viscosity in lowering the diffusion rate be-
tween solvent and non-solvent. These results are in
accordance with previous researches demonstrating
the effect of poly (vinylpyrrolidone) [31], glycerol
[43] and IGEPAL [40] as hydrophilic additives on
the morphology of PES, PVDF and PSf membranes
respectively.

8.8.2.3. Effects of coagulation temperature bath on
membrane morphology. Effects of two coagulation
bath temperature (CBT) (0 and 20 °C) at con-
stant vanillin and water content on the morphology
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of membrane are demonstrated in Figs. 7 and 8.
It is clearly obvious that the number and sizes of
finger-like macrovoids increase as CBT increases.
It means that the more porous structure can be
achieved at higher CBT (20 °C). According to these
figures, the thickness of membrane at higher tem-
perature increases at constant vanillin and water
content. The abovementioned observations can be
attributed to the faster demixing process at higher
temperature since the mutual diffusivity between
solvent (NMP) and non-solvent (water) is acceler-
ated. Faster demixing of solvent and non-solvent
in turn can accelerate the solidification process and
thus increase the thickness of membrane as it was
discussed in section 3.3.1. The abovementioned
observations are in agreement with Saljoughi and
Mousavi [40]. Moreover, by comparing Figs. 7 and
8, it can be clearly seen that at constant CBT, the
thickness of membrane decreases as vanillin and wa-
ter content increases, which demonstrates the dom-
inant role of higher viscosity of dope solution in
hindering the faster demixing process; a 38.75% in-
crease of dope solution viscosity at 6 wt.% vanillin
and 1 wt.% water compared to 3 wt.% vanillin.

3.4. Effect of additives on the wood hydrolysate fluzx
and rejection

The effect of vanillin and water concentration in
the dope solution on the permeate flux, fouling and
rejection of membrane was studied by filtering wood
hydrolysate. Wood hydrolysate was selected be-
cause it was shown to foul significantly PES mem-
branes in previous study [2]. Vanillin concentration
of 0 and 6 wt.% and coagulation bath temperature
of 10 °C was used in the membrane preparation.

As Fig. 9 shows when vanillin was added to
dope solution (6 wt.%) the permeate flux (at 50%
VRF) improved approximately 40% compared to
the membrane without vanillin but the rejections
of organic compounds (TOC) or compounds ab-
sorbing UV light (mainly lignin) were not changed
(Fig. 10). Addition of water (2 wt.%) in the dope
solution (no vanillin addition) increased the per-
meate flux of wood hydrolysate about 12% (Fig.
10) and rejection stayed more or less constant (Fig.
10). By combining addition of water and vanillin
to the dope solution (1 wt.% water and 3 wt.%
vanillin, Table 1) and by casting the membrane
at 10 °C the permeate flux in the filtration of hy-
drolysate increased about 40% (Fig. 9) and mem-
brane fouling based on the PWF r decreased almost
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Fig. 7. SEM images of the PES membranes prepared by varying the CBT at 3 wt.% vanillin content without water in 20
wt.% PES/NMP solution:(A) At CBT of 0 °C, (B) At CBT of 20 °C. The cross-sections are on the right and the zoom section
of marked top layers are shown on the left.

15% units. The results prove that vanillin had pos- can preferably change the membrane morphology
itive effect on the membrane performance. A small and increase the surface hydrophilicity thus lead to
quantity of vanillin (3 wt.%) and water (1 wt.%) formation of membrane with better wood extract
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Fig. 8. SEM images of the PES membranes prepared by varying the CBT at 6 wt.% vanillin content and 1 wt.% water
content in 20 wt.% PES/NMP solution:(A) At CBT of 0 °C, (B) At CBT of 20 °C. The cross-sections are on the right and
the zoom section of marked top layers are shown on the left.

permeability and antifouling characteristics. 3 wt.% vanillin and 6 wt.% vanillin with 1 wt.%
The effect of CBT at two levels (0 °C and 20 °C) water is presented in Fig. 11.
on the hydrolysate permeance in presence of only As the gelation bath temperature increases, the
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vanillin, final permeate = 191.19 g
1 wt.% water,3 wt.% vanillin, final permeate = 193.37 g
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Fig. 9. The effect of vanillin and water on the hydrolysate
permeance at constant CBT of 10 °C.
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Fig. 10. Effect of water and vanillin on TOC rejection,
lignin rejection at constant CBT of 10 °C.

permeate flux at 30% VRF for both higher and
lower level of vanillin concentration increases by
about 95% and 60%, respectively. In general, as it
was discussed in privious sections (3.2.1 and 3.3.1),
the faster demixing process at higher temperature
accelerates the precipitation process which in turn
results in the formation of membrane with more
porous structure (7 and 8) and it can consequently
increase the permeate flux. Moreover, the results of
contact angle measurements are in agreement, with
the permeate flux behavior and permeate flux at
30% VRF shown in Fig. 11. The contact angle
decreased approximately by 18% (at constant 3%
vanillin) and 25% (at constant 6% vanillin and 1%
water) as CBT increased from 0 °C to 20 °C.

The inverse relationship between permeate flux
at 30% VRF and TOC rejection in Fig. 12 can be
explained by the trade-off relationship between the
CBT and membrane pore structure which was pre-
viously stated (section 3.2). This inherent trade-off
can be also linked to the viscosity of dope solutions
and the results of FTIR analysis. As indicated ear-
lier, at CBT of 0 °C, the vanillin remains inside
the cast film due to the lower diffusional motion
compared to higher temperature which in turn hin-

T T T T T T
¢ CBT of 0 °C, final permeate = 133.06 g
A CBT of 20 °C, final permeate = 190.37 g|
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30 oo
= .
IR
E
o 0 . + . *
200 10 20 30 40 50 60 70
e e
= ¢ CBT of 0 °C, final permeate = 105.68 g
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Fig. 11. Effect of CBT on the hydrolysate permeance: (A)
3 wt.% vanillin (B) 6 wt.% vanillin and 1 wt.% water.

ders the demixing process and consequently forms
a membrane with denser structure and better rejec-
tion characteristic.
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Fig. 12. Effect of CBT on TOC rejection and lignin re-
jection: (A) 3 wt.% vanillin (B) 6 wt.% vanillin and 1 wt.%
water.

At constant CBT, the reduction in permeate flux
at 30% VRF and slight increase in TOC and lignin
rejection at different vanillin concentrations, pre-
sented in Fig. 11 and Fig. 12, can be attributed
to the effect of viscosity disscused in section 3.1.
As an example, at CBT of 0 °C or 20 °C, the TOC
and lignin rejection slightly enhanced and permeate



flux (at t 30% VRF) decreased as vanillin content
increased from 3 to 6 wt%. Similar flux and rejec-
tion behavior at different concentrations of Tween-
20 as a hydrophilic additive by varying the CBT
have been observed by Mousavi et al. [44].

Overall, these results indicate the combined im-
pacts of hydrophilicity and surface porosity on the
hydrolysate permeance and rejection which are con-
nected to the amount of additive and gelation tem-
perature (CBT).

4. Conclusions

This study set out to find some practical
membrane-based applications of vanillin as phenolic
modifier in which vanillin can minimize the mem-
brane fouling phenomenon by increasing the hy-
drophilicity of the membrane and by acting as an
antifouling agent. The results of this study indi-
cate that vanillin as a hydrophilic additive has sub-
stantial roles in the dope solution and membrane
morphology which can be classified into several di-
visions: the suitable amount of vanillin (a) acts as
a hydrophilic promoter, (b) acts as pore former, (c)
improves interconnectivity of membrane pore struc-
tures, and (d) enlarges the finger-like structures (e)
preferably increases the viscosity of solution. In
general, water as a strong non-solvent additive was
applied to achieve the following tasks: reduce the
dissolving power of NMP (solvent), increase the vis-
cosity ol dope solution, and move the dope solu-
tion closer to the binodal curve. The presence of
vanillin in membrane structure was confirmed by
observable change in FT-IR spectra after modifi-
cation and was supported by structural changes in
SEM images, in contact angle results and in wood
extract fouling behavior. It was generally found
that a small quantity of vanillin (3 wt.%) and water
(1 wt.%) at constant coagulation bath temperature,
particularly at CBT of 10 °C, can preferably change
the membrane morphology and increase the surface
hydrophilicity and thus lead to formation of mem-
brane with better wood extract permeability (40%)
and antifouling characteristics. The effect of pheno-
lic antioxidants, such as vanillin, in reducing biofilm
formation through quorum sensing mechanism in
both feed pretreatment and membrane preparation
is currently in the focus of our on-going research.
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Fig. S1. Wood extract permeance behavior over 90 minutes filtration for all fabricated membranes.



Table S1. TOC rejection, lignin rejection, final collected permeate mass and permeate flux (at 30% and 50% VRF ) of all
fabricated membranes in wood extract performance.

Std TOC rejection  Lignin rejection Final collected Permeate flux at 30% VRF  Permeate flux at 50% VRF

[%] (%] permeate mass [gr] [kg/m?2h] [kg/m>h]

1 54.54 22.80 155.26 25.34 21.02
2 55.21 22.16 165.20 26.34 23.52
3 53.78 22.42 191.19 32.43 29.21
4 56.54 21.77 172.24 29.33 25.18
5 56.83 22.08 133.06 20.66 -

6 5H7.32 23.97 102.26 13.17 -

7 51.28 22.33 190.37 33.24 28.59
8 53.83 21.45 132.10 20.55 -

9 54.79 26.40 152.51 25.02 20.90
10 57.71 23.63 105.68 13.85 -

11 52.63 24.70 172.31 28.58 25.65
12 53.19 25.38 161.83 27.14 22.58
13 56.45 29.68 193.37 33.74 29.08
14 57.17 24.80 187.59 32.08 27.90

Table S2. Comparison of various membrane (PES and PSf) separation processes and their performance in treatment of
different hydrolysate in dead-end filtration mode.

Operating Pure water Flux of permeate

Feed Stream Pretreatment method Membrane Type condition Flux (kg/m?h) Ref.
(kg/m?h) at VRF 1.1
Pine hydrolysate  No pretreatment Comnercial UF 3 bar at 25°C 62 3 [5]
ine hydrolysate o pretreatmen PES membrane 3 bar at 2r : :
No pretreatment ~0
pH adjustment ~0
. ) Activated carbon adsorption Commercial UF . c o ~13
Birch hydrolysate Ethyl acetate extraction PSf membrane b bar at 55 °C 190 ~12-13 2
Prefiltration with RC 70PP membrane ~0
Oxidation with pulsed corona discharge ~11-13
o No pretreatment Commercial UF L g o ) ~2
Birch hydrolysate XAD16 adsorbent PES membrane 5:5 bar at 60 °C 60-70 ~24 1]
Lab-made PES
Pine hydrolysate ~ No pretreatment wodified Wlth (hﬁerejnf: 3 bar at 25 °C 102-167 ~21-40 Current
; ; concentrations of vanillin study

and water at different CBT
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Fig. S2. The presence of carbonyl group at 1680 cm~! as a result of residual NMP in the FTIR spectrum of virgin PES
membrane.
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