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ABSTRACT 
This study aims to develop a thin-film nanofibrous composite (TFNC) membrane for remov
ing fermentation inhibitors from a hydrolysate solution. Such membrane was fabricated via 
interfacial polymerization of a polyamide thin-film layer on top of a solution blow-spun poly
acrylonitrile nanofiber scaffold. The effects of pH (3.29, 4.29, 8.26) and pressure (4, 6.67, 9.33, 
12 bar) on the membrane’s performance were investigated. The TFNC membrane had a high 
pure water permeability of 21.06 L/m2-h-bar and was able to deliver satisfactory rejection 
coefficients at pH 3.29 and pressure of 4 bar (glucose − 91.84%, xylose − 86.06%, hydroxy
methylfurfural − 20.52%, furfural − 21.32%). Different pH settings resulted in similar perme
ate fluxes, but increasing the pH from acidic to basic reduced the rejection coefficients due 
to electrostatic repulsion. Increasing the pressure increased the permeate flux but decreased 
the rejection coefficients. The developed membrane showed remarkable permeability and 
effectively removed inhibitors, useful in biorefineries.

GRAPHICAL ABSTRACT

ARTICLE HISTORY 
Received 29 April 2024 
Accepted 29 August 2024 

KEYWORDS 
Thin-film nanofibrous 
composite membrane; 
solution blown spinning; 
polyacrylonitrile nanofibers; 
interfacial polymerization; 
hydrolysate detoxification; 
fermentation inhibitors; 
nanofiltration; reverse 
osmosis   

1. Introduction

The world’s pressing concerns include energy secur
ity, greenhouse gas emissions, and the depletion of 
fossil fuel reserves [1]. Bioethanol is an alternative 
and eco-friendly fuel in high demand. In the 
Philippines, bioethanol production is limited by 
insufficient feedstock and production capacity. 
Lignocellulosic materials from waste products can 
be used as feedstocks, and sugarcane bagasse alone 
can supply 1430 million liters of ethanol annually 
[2–4]. Lignocellulosic materials can be broken 
down into simpler sugars, e.g. glucose and xylose, 
through acid hydrolysis. This step also produces 

hydroxymethylfurfural (HMF), furfural, and some 
organic acids, which can inhibit fermentation. 
Detoxification of hydrolysate to remove inhibitor 
compounds is crucial to boosting ethanol produc
tion. Membrane filtration is a promising detoxifica
tion process, capable of high inhibitor concentration 
reduction, having a modular configuration, not 
involving harmful chemicals, and capable of concen
trating the sugars [5–7].

Conventionally, membranes for detoxication are 
Thin-Film Composite (TFC) membranes made up 
of a thin-film top layer, a porous middle layer, and 
a bottom support layer. The top layer, usually 
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polyamide (PA), is produced on the surface of the 
porous middle layer through interfacial polymeriza
tion (IP) by reacting an aqueous solution of amine 
monomer and an organic solution of acyl chloride 
monomer [8]. The porous middle layer is usually 
fabricated through phase inversion, producing asym
metric membranes with a dense top layer and a por
ous sub-layer. This structure creates discontinuities 
in the pores, resulting in closed and dead-end pores, 
which can lower the permeate flux of the mem
brane [9,10].

An alternative to the asymmetric membrane is a 
nanofibrous scaffold. The resulting membrane is 
called a Thin-Film Nanofibrous Composite (TFNC) 
membrane and has been shown to provide higher 
permeabilities at similar selectivity with TFC mem
branes. The high porosity and ‘directed water chan
nel’ structures in TFNC membranes result in lower 
transport resistance and higher permeate flux [11]. 
As a result, these TFNC membranes have been 
increasingly explored for membrane-based processes 
such as nanofiltration [12], forward osmosis [13], 
membrane distillation [14], and others [15].

Solution blow spinning (SBS) is a promising nano
fiber fabrication technology having high productivity 
without the reliance on high voltages and conductive 
polymers, unlike electrospinning. In SBS, the polymer 
solution is extruded through a nozzle and stretched 
into ultrafine fibers using pressurized air. The fibers 
dry up and collected on a substrate [16]. In one study, 
a TFNC membrane was fabricated with the middle 
layer made from a hot-pressed solution blow-spun 
polyacrylonitrile nanofiber scaffold. The pure water 
flux of the membrane was 13.1 L/m2-h at 4 bars with 
a salt (NaCl) rejection of 81.3% [17]. To our know
ledge, such study is the first to use SBS to produce a 
nanofiber scaffold for a TFNC membrane. However, 
its applications were not explored aside from remov
ing salts.

This study aims to develop, for the first time, a 
TFNC membrane for detoxification with a nanofi
brous scaffold fabricated through SBS.

2. Experimental

2.1. Materials

Polyacrylonitrile (150 kDa MW, PAN), dimethyl for
mamide (99%, DMF), m-phenylenediamine (99%, 
MPD), trimesoyl chloride (98%, TMC), xylose 
(�99%), n-hexane (95%), phloroglucinol (�99%), 
and furfural (99%) were from Sigma-Aldrich. D-glu
cose anhydrous (analytical grade), acetic acid 
(>80%), were from HiMedia Laboratories. Ethanol 
(99.5%) was from Chem-Supply. Acetonitrile (99.5%) 
was from Sharlau. Distilled water was from PSWRI.

2.2. Methods

2.2.1. Nanofiber scaffold fabrication
Solution blow-spun PAN nanofiber scaffold was fab
ricated as detailed in [18]. SBS was carried out by 
spinning 9% w/v PAN in DMF precursor solution 
using pressurized air (3 bar) in a specialized co-axial 
nozzle with �40 cm working distance. The nano
fiber scaffold was deposited on a polyester (PET) 
nonwoven substrate secured on a rotating collector 
and with the nozzle attached to a homogenizer 
moving side to side to ensure uniform deposition.

The PAN nanofiber scaffold was hot pressed 
using a hydraulic press (Model C, Carver, USA) 
with pressing conditions of 300 kPa and 100 �C for 
5 min. The conditions were chosen based on the 
limitations of the equipment and results where the 
scaffolds did not incur physical damage.

2.2.2. Interfacial polymerization
PAN nanofiber scaffolds with dimensions of about 
15 cm x 15 cm were fabricated into TFNC mem
branes. Before the Interfacial Polymerization (IP) 
process, the nanofiber scaffolds were soaked in 5% 
ethanol solution and washed with distilled water. 
Then, the nanofiber scaffold was clamped on a glass 
plate. The scaffold was soaked in 2% w/v MPD 
aqueous solution for 10 min. The MPD-saturated 
scaffold was taken out of the solution and the excess 
was removed by pressing the scaffold with a rubber 
roller. Afterward, a 0.1% TMC organic (n-hexane) 
solution was poured gently on the surface of the 
scaffold. The polymerization reaction was allowed to 
occur for 15 s before the excess TMC solution was 
washed with hexane. The membrane was cured 
inside the oven at 50�C for 10 min [19]. The fabri
cated TFNC membranes were cut following the 
membrane cell template (active membrane area 
dimensions − 9.207 cm x 4.572 cm) and was washed 
with distilled water before soaking in distilled water 
for storage.

2.2.3. Filtration
A model hydrolysate solution was prepared with tar
get compositions of 15 g/L glucose, 25 g/L xylose 
0.3 g/L HMF, and 0.4 g/L furfural based on [20]. 
Initial pH of the hydrolysate was 6.18. The pH of 
the model solution was adjusted using HCl and 
NaOH. The pH of the solution was adjusted to tar
get pH settings of 3, 4, and 8 which were chosen to 
simulate pH after acid hydrolysis, pH of the solution 
slightly above the isoelectric point of PA mem
branes, and a basic pH, respectively. Actual pH set
tings achieved were 3.29, 4.29, and 8.26.

The filtration setup was an assembled crossflow 
filtration system. It was composed of a multi-stage 
centrifugal pump (VSSM 1-17, Speroni, Italy), a 
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crossflow filtration membrane test cell (CF042D, 
Sterlitech, USA) with an effective membrane area of 
42 cm2 and a pressure control needle valve (6 A- 
V6LR-SS, Parker).

The prepared TFNC membrane was taken out of 
storage and placed inside the membrane cell. The 
operating pressures used in testing the membrane 
were 4, 6.67, 9.33, and 12 bars. The membrane was 
first subjected to compaction by operating the filtra
tion system in total recirculation mode at four bars 
for at least 30 min with distilled water as feed. After 
compaction, the setup was allowed to reach a con
stant permeate flux by letting it run for another 
30 min and taking flow rate measurements. Once 
the permeate flux was constant, final flow rate meas
urements (three trials) were taken and used for the 
permeate flux for that pressure. The pressure was 
raised to 6.67, 9.33, and 12 bar and the same pro
cedure was followed for each pressure. The feed was 
replaced with the hydrolysate solution and the same 
procedure was followed. The hydrolysate pH was 
adjusted after testing all the pressures. At each pres
sure and pH setting of the feed, permeate samples 
were taken for analysis. Samples from the feed after 
every pH adjustment were taken to have an accurate 
feed composition.

Flow rate data from the filtration experiments 
were used to calculate the flux of pure water and 
the permeate. The permeate flux was determined 
using Equation (1).

Ji ¼
DVi

Aet
(1) 

where Ji (L/m2-h or LMH) is the permeate flux of 
pure water or from the filtration of the model solu
tion, DVi (L) is the volume collected of the pure 
water permeate or the permeate from the model 
solution, Ae (m2) is the effective membrane area, 
and t (h) is the time elapsed after collecting the vol
ume of the pure water or the permeate from the 
model solution.

The pure water permeability of the TFNC mem
brane was determined from the slope of the pure 
water flux vs pressure data.

2.3. Characterization and analysis

2.3.1. PAN nanofiber scaffold and TFNC mem
brane characterization
The thickness of the PAN nanofiber scaffold, and 
TFNC membranes were determined using a dial 
thickness gauge (Mitutoyo 7301, Japan). The poros
ity of the PAN nanofiber scaffolds and the TFNC 
membranes were determined through gravimetric 
method or from the proportion of the void volume 
to the total volume [17]. The porosity of the sample 
was determined using Equation (2)

e ¼
Mw − Ms

lswstSqw
(2) 

where e is the porosity, Mw (g) and Ms (g) are the 
weight of the wet and dry sample, respectively, ls 
(cm), ws (cm), and tS (cm) are the length, width, 
and thickness of the sample, respectively, and qw (g/ 
cm3) is the density of water.

Fourier Transform Infrared (FTIR) spectra of the 
PAN nanofiber scaffold and TFNC membrane were 
obtained using Shimadzu IRAffinity-1S with 
MIRacle 10 single-reflection attenuated total reflec
tion (ATR) method at 22 �C and acquired over 
4600–600 cm−1.

The morphologies of the PAN nanofiber scaffold 
and TFNC membrane were determined through 
Field Emission Scanning Electron Microscope 
(FESEM) imaging. A sample was sputter-coated 
with platinum. Imaging was done using a Dual 
Beam Helios Nanolab 600i with voltage of 2.00 kV 
and beam current of 86 pA. The pore size and aver
age fiber diameter of the nanofiber scaffold were 
determined from the FESEM images using ImageJ 
software.

2.3.2. Model solution and permeate analysis
Glucose and xylose concentrations of the model 
solution and the permeate samples were determined 
using the dual-wavelength colorimetry method. The 
samples were diluted to 1:50, colorized with a phlor
oglucinol solution (2 g in 110 mL glacial acetic acid, 
10 mL ethanol, and 2 mL concentrated HCl), and 
heated in a water bath at 100 �C for 10 min. 
The samples were then cooled in an ice water bath 
for 5 min. Absorbance readings of the solution 
at 425 nm and 553 nm were taken using a spectro
photometer (UV-1900i, Shimadzu, Japan). The con
centrations of the sugars were calculated as detailed 
in [21].

The concentrations of furfural and HMF in 
the model solution and permeate samples were 
determined using a High-Performance Liquid 
Chromatography (HPLC) instrument (Shimadzu, 
Japan) equipped with a C-18 reverse-phase column 
(ODS-3Vm Inertsil, Europe), a high-pressure pump 
(LC-10AT), an oven (CTO-10A), and a UV-Vis 
detector (SPD-10AV) was used. The mobile phase 
was a mixture of acetic acid, acetonitrile, and water 
with a volumetric ratio of 1:11:88. Samples were fil
tered using a syringe filter (PTFE 0.20 mm, 
Fisherbrand) and 20 lL of the filtered samples was 
injected into the HPLC system with a temperature 
of 30 �C and a constant elution flow rate of 1 mL/ 
min. The absorbance was measured at 254 nm, and 
the concentrations of furfural and HMF were deter
mined from a calibration curve using standard 
solutions.
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The rejection coefficient of glucose, xylose, fur
fural, and HMF was determined using Equation (3).

Ri ¼ 1 −
Ci, p

Ci, f

 !

� 100 (3) 

where Ri (%) is the rejection coefficient of the sol
ute, Ci, p (g/L) is the concentration of the solute in 
the permeate, and Ci, f (g/L) is the concentration of 
the solute in the feed.

The pore size of the TFNC membrane was deter
mined from the rejection coefficient vs permeate 
flux data of glucose and xylose using the Spiegler 
and Kedem membrane transport (SKMT) model 
[22] and the steric-hindrance pore (SHP) 
model [23].

3. Results and discussion

3.1. Characterization of PAN nanofiber scaffolds 
and TFNC membranes

The nanofiber scaffold had a total thickness of 
113.17 ± 4.37 mm with a PAN layer measuring 
12.67 ± 5.44 mm. Its porosity was 63.50 ± 6.29% with 
surface pore size and average fiber diameter of 
1.75 ± 1.50 mm and 565.20 ± 243.70 nm, respectively. 
Compared to electrospun PAN nanofibers that have 
been used to fabricate TFC membranes, the scaffold 

in this work was thinner, but had similar porosities 
and surface pore sizes [24–26]. The porosity of elec
trospun and solution blow-spun nanofibers were 
previously reported to be at least 70% and as high 
as 95% [27,28] and pore sizes in the range of 0.1– 
10 mm which make them good scaffolds for compos
ite membranes [29,30]. The average fiber diameter 
of the PAN nanofibers in this study was considered 
to be on the high side since solution blow-spun 
nanofibers have average fiber diameters in the range 
of 50–700 nm [31,32]. TFNC membranes fabricated 
from nanofiber scaffolds with larger fiber sizes were 
found to result in larger membrane pore size, higher 
permeate flux and lower rejection [33].

Shown in Figure 1(A) is the FTIR spectra of the 
PAN nanofiber scaffold and TFNC membrane. The 
peak at 2400 cm−1 corresponds to C �N groups due 
to the presence of PAN, and the peak at 1540 cm−1 

corresponds to N-H groups which confirms the 
presence of polyamide (PA) in the TFNC membrane 
[34,35]. Shown in Figure 1(B) is the FESEM image 
of the PAN nanofiber scaffold. The image show typ
ical solution blow-spun PAN nanofiber morphology 
with randomly overlapping and curly appearance 
[36]. Shown in Figure 1(C) is the FESEM image of 
the TFNC membrane. The figure shows the poly
amide (PA) layer on top of the nanofibers. In 

Figure 1. (A) FTIR spectra of the PAN nanofiber scaffold and TFNC membrane, FESEM images of the (B) nanofiber scaffold, (C) 
TFNC membrane, and (D) cross-sectional view of the TFNC membrane showing the measurement of the thickness of the PA 
layer.
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Figure 1(D), the cross-sectional image of the mem
brane is depicted. It shows the PA layer with a 
thickness of �81 nm on the surface of the porous 
PAN nanofiber scaffold. This agrees with previously 
reported PA layer thickness of TFNC membranes of 
50–120 nm [17,37,38].

3.2. Filtration performance

The pure water permeability of TFNC membrane 
was 21.06 ± 0.57 L/m2-h-bar (LMHB) which was 
superior to TFC membranes used for hydrolysate 
detoxification in previous works [7,39–42]. The 
commercial membrane NF270 which is a TFC 
membrane with a PA barrier layer commonly used 
for hydrolysate detoxification only delivered a pure 
water permeability of 16.51 LMHB as tested by a 
different study [39]. The high permeability of the 
TFNC membrane is due to the nanofibrous struc
ture of the middle layer. The high porosity and 
interconnected pores of the nanofibers provide 
directed water nanochannels with low transport 
resistance resulting in higher permeability compared 
to conventional TFC membranes [11,43].

The hydrolysate permeability and hydrolysate 
permeate flux of the TFNC membrane at pH 3.29 
and 4 bar were 23.92 ± 3.54 LMHB and 5.76 LMH, 
respectively. At the same conditions, the rejection 
coefficient of the membrane for glucose, xylose, 
HMF, and furfural were 91.84%, 86.08%, 20.52%, 
and 21.32%, respectively. As a membrane for detoxi
fication, the performance is satisfactory since the 
rejection coefficient for the sugars are high and for 
the inhibitors are low.

In one study [7], they used NF90 and NF270 
membranes for detoxification. Detoxification using 
NF90 of a model hydrolysate solution with pH 3 at 
5 bar resulted in rejection coefficients for glucose, 
xylose, HMF, and furfural of �98%, �97%, �50%, 
and �20%, respectively. At the same conditions and 
for the same model solution, using NF270 mem
brane resulted in rejection coefficients for glucose, 
xylose, HMF, and furfural of �87%, �69%, �2%, 
and �1%, respectively. NF90 is better at filtering the 
sugars while NF270 allows more of the inhibitors to 
pass through since NF90 has a pore size of 0.73 nm 
[44] while NF270 has a pore size 0.84 nm [45]. The 
TFNC membrane in this work has a pore size in 
between the pore sizes of those membranes (based 
on glucose at pH 3.29) which is in agreement when 
comparing the rejection coefficient data.

Summarized in Table 1 are the filtration perform
ance of the membranes used for the detoxification 
of hydrolysate solutions including this work. It can 
be seen that the TFNC membrane from this work 
has superior pure water permeability compared to 

all other membranes. It also has high rejection coef
ficients for sugars. However, the rejection coefficient 
for the inhibitors are on the high side when com
pared to other studies with extremely low rejection 
coefficient for the inhibitors, although differences in 
hydrolysate concentration and process conditions 
can affect the rejection coefficient.

Compared to the work of [39], the performance 
of the TFNC in this work was somewhere in the 
middle of the performance of NF90 and NF270 
membranes. Some membranes from other studies 
show higher rejection coefficients for sugars and 
lower rejection coefficient for the inhibitors. In 
comparison with [42], they were able to achieve 
higher rejection coefficients for the sugars which 
could be attributed to using higher pressures 
although the DK1812-34D membrane they used was 
able to keep the rejection for the inhibitors low. 
From [7], most of the membranes they tested had 
higher rejection coefficients for the sugars due to a 
higher operating pressure (up to 30 bar), but the 
rejection coefficients for the inhibitors were also 
quite high expect for the NF- and NF245 mem
branes. From [6], both nanofiltration and RO mem
branes showed high rejection for the sugars, but the 
RO membranes also resulted in extremely high 
rejection for the inhibitors.

The membrane in this work shows promise as an 
alternative membrane used for detoxification with 
high permeability and decent rejection coefficient. 
There is also great potential in further improving its 
performance by employing modifications such as 
using graphene oxide, nanomaterials, and deep 
eutectic solvents [46].

3.3. Effect of pH

Shown in Figure 2(A) is the permeate flux at differ
ent model hydrolysate pH. It can be seen from the 
figure that the permeate flux is only slightly affected 
by the pH of the solution. There was no significant 
difference in the permeate flux in each of the pres
sure setting at all pH (p> 0.05). In one study [6], 
filtration of a model hydrolysate solution using 
commercial membranes (Desal 5-DK, RO98pHt, 
RO99) at 30 bar resulted in no changes to the per
meate flux while varying the pH of the solution 
from 2 to 10. Most composite membranes with PA 
active layer have a pH resistance of 2–11 and as 
long as the membrane is intact and stable, the per
meate flux should be unaffected by the pH of the 
solution [40,47].

Shown in Figure 2(B,C) are the rejection coeffi
cients of the sugars and inhibitors, respectively, at 
different solution pH and pressure of 4 bar. It can 
be seen from the figures that the rejection 
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coefficients of the sugars and inhibitors decrease as 
the pH of the solution is increased. This trend is 
also observed for rejection coefficients at the other 

pressures. Similar observations were made from pre
vious studies using TFC membranes in the detoxifi
cation of hydrolysates [40,42].

Table 1. Summary of membranes used for detoxification (including this work).

Membrane Supplier

Pore  
diameter  

(nm)

Pure water  
permeability  

(LMHB) Process conditions

Rejection  
coefficient  

(%)a Hydrolysate composition Reference

SBS PAN-PA  
TFNC

N/A 0.76c 21.06 4–12 bar 
pH − 3.29, 4.29, 8.26 
Ave temp 36 �C

For pH 3.29: 
Glucose − 92–95 
Xylose − 86–90 
Furfural − 21–26 
HMF − 21–26

Glucose − 10.05–13.74 g/L 
Xylose − 22.14–25.8 g/L 
Furfural − 0.38–0.47 g/L 
HMF − 0.20–0.22 g/L

This work

NF90 Dow Filmtec 0.68d 7.56 4–20 bar 
pH − 3, 5.5 
Room temp

For pH 5.5: 
Glucose − 57–80 
Xylose − 55–79 
Furfural − 5–30 
HMF − 6–25

Glucose − 2.3 g/L 
Xylose − 37.3 g/L 
Arabinose − 3.4 g/L 
Formic acid − 2.1 g/L 
Acetic acid − 13.7 g/L 
Levulinic acid − 0.4 g/L 
HMF − 0.5 g/L 
Furfural − 3.6 g/L

[39]

NF270 Dow Filmtec 0.84d 16.51 For pH 5.5: 
Glucose − 75–92 
Xylose − 57–75 
Furfural − 2–7 
HMF − 3–8

DK1812-34D GE Osmonics 0.79d 8.17 6–24 bar 
pH − 3, 5, 7, 9 
25 �C

For 20 bar pressure: 
Glucose − 93–99 
Xylose − 83–95 
Furfural − 2–5 
HMF − 10–14

Corncob Hydrolysate 
(composition nr)

[42]

CPA2 Hydraunatics nr 3.1 5–30 bar 
pH 3 
20 �C

Glucose − 95–97 
Xylose − 95–97 
Furfural − 13–43 
HMF − 42–79

Glucose − 10 g/L 
Xylose − 15 g/L 
Arabinose − 5 g/L 
Furfural − 0.5 g/L 
HMF − 1 g/L 
Acetic acid − 5 g/L 
Vanillin − 0.05 g/L

[7]

CPA3 Hydraunatics nr 2.6 Glucose − 97–99 
Xylose − 95–98 
Furfural − 12–40 
HMF − 39–77

ESPA2 Hydraunatics nr 5.8 Glucose − 97–99 
Xylose − 95–98 
Furfural − 31–72 
HMF − 74–95

XLE Dow Filmtec nr 7.7 Glucose − 98–99 
Xylose − 97–98 
Furfural − 62–95 
HMF − 90–100

SG GE Osmonics nr 2.7 Glucose − 95–99 
Xylose − 95–98 
Furfural − 19–56 
HMF − 53–86

NF- Dow Filmtec nr 5.6 Glucose − 94–97 
Xylose − 77–92 
Furfural − 2–3 
HMF − 3–15

NF245 Dow Filmtec nr 3.7 Glucose − 91–96 
Xylose − 70–89 
Furfural − 1–2 
HMF − 2–14

Desal-5 DK GE Osmonics 0.8–0.9 7.8 20–45 bar 
pH − 2.5–10 
25 �C

For pH 6.43: 
Glucose − 95–98 
Xylose − 82–91 
Furfural – (-1)-1 
HMF − 1

Glucose − 4–20 g/L 
Xylose − 10–50 g/L 
HMF − 0.05–0.5 g/L 
Furfural − 2–10 g/L

[6]

Alfa Laval-NF Alfa Laval nr 10.08 For pH 6.43: 
Glucose − 95–98 
Xylose − 81–84 
Furfural – (-1)-1 
HMF − 1

RO98pHt Alfa Laval nr 3.15 For pH 6.43: 
Glucose − 99–100 
Xylose − 96–98 
Furfural − 73–86 
HMF − 73–85

RO99 Alfa Laval nr 2.6 For pH 6.43: 
Glucose − 99–100 
Xylose − 99 
Furfural − 79–88 
HMF − 79–88

Notes: nr: not reported. aOnly values for glucose, xylose, furfural and HMF are shown here, bbased on xylose at pH 3.29, cbased on xylose with no 
pH change, and dbased on xylose at pH 3.
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Glucose, xylose, HMF and furfural have dissoci
ation constants greater than 12 [40,41] which means 
that they are neutral at the pH settings selected for 
the model hydrolysate in this work. For uncharged 
solutes, the effect of pH on the filtration perform
ance can be described by the intramembrane elec
trostatic repulsion. Membranes with PA active layer 
have been previously reported to have an isoelectric 
point of 3–4 [42,47–49]. In the filtration of solutions 
with pH at the isoelectric point, the membrane will 
have no effective charge. As the pH is increased, 
ionizable groups in the PA layer can dissociate and 
provide the pores of the membrane with negative 
charges [50,51]. The negative charges on the mem
brane pores will repel against each other resulting to 
an increase in the pore size.

Listed in Table 2 are the pore sizes of the TFNC 
membrane determined from the flux and rejection 

data, and the SKMT-SHP model. The pore size based 
on the data for glucose are greater than that of xylose 
since the Stokes diameter of glucose (0.726 nm) is 
greater than of xylose (0.638 nm) [41]. Additionally, 
the pore sizes increase as the pH increases. The com
puted pore sizes are in agreement with reported pore 
sizes of TFC membranes used for hydrolysate detoxi
fication which is around 0.7–0.9 nm based on xylose 
rejection and permeate flux data [6,39,40].

A schematic representation of the mechanism for 
the effect of pH on the rejection coefficient for the 
sugars and inhibitors is shown in Figure 3. In sum
mary, increasing the pH of the hydrolysate solution 
results to electrostatic repulson of the membrane 
pores which enlarges the pore size allowing more 
solutes to pass through the permeate side and ultim
ately, lowering the rejection coefficient. Since most 
hydrolysates have pH of around 3, proceeding with 
the detoxification without or minimal pH adjust
ment is practical to obtain high rejection coefficients 
for the sugars.

3.4. Effect of pressure

Shown in Figure 4(A) is the permeate flux of filtra
tion of the model hydrolysate solution with pH 3.29 

Figure 2. (A) Permeate flux (all pressures), and rejection coefficients of (B) sugars and (C) inhibitors (4 bar) using the TFNC 
membrane at different pH.

Table 2. Pore size of TFNC membrane determined from 
flux-rejection data and the Spiegler and Kedem membrane 
transport (SKMT) and steric-hindrance pore (SHP) models.

pH

Pore Size (nm)

Based on glucose Based on xylose

3.29 0.8161 0.7581
4.29 0.8491 0.7968
8.26 0.8984 0.8590
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Figure 3. Schematic representation of the intramembrane electrostatic repulsion describing the decrease in the rejection coef
ficient with increasing pH: (A) pH 3.29, (B) pH 4.29, and (C) 8.26.

Figure 4. (A) Permeate flux, and rejection coefficients of (B) sugars and (C) inhibitors using the TFNC membrane at pH 3.29 
and different pressures.
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at different pressures. Expectedly, the permeate flux 
increases as the pressure is increased in accordance 
with the results from other studies [6,7]. This trend 
is observed in the filtration of hydrolysate solutions 
at different pH settings as well. Filtration is a pres
sure-driven process and according to the Hagen- 
Poiseuille Law, the permeate flux increases directly 
with the applied pressure [52].

Shown in Figure 4(B,C) are the rejection coeffi
cients of the sugars and inhibitors, respectively, at 
pH 3.29 and different pressures. It can be seen from 
the figures that the rejection coefficients for both 
sugars and inhibitors increase as the pressure is 
increased. This trend is also observed in the filtra
tion of the hydrolysate solution with the other pH 
settings. In this work, the highest rejection coeffi
cient for glucose and xylose were 95.32% and 
90.35%, respectively, at 12 bars and solution pH of 
3.29. At the same conditions, the rejection coeffi
cient for the inhibitors were also highest for HMF 
and furfural at 25.63% and 26.08%, respectively.

In a different study [39], NF90 and NF270 mem
branes were used in the detoxification of a model 
hydrolysate solution based on extracted olive pom
ace and the filtration was operated with pressures of 
4, 6, and 9 bar. The rejection coefficient all increased 
as the pressure was increased for glucose (58%– 
75%–80%), xylose (58%–75%–80%), HMF (6%– 
14%–25%), and furfural (4%–10%–30%).

A schematic representation of the mechanism for 
the effect of pressure on the rejection coefficient for 
the sugars and inhibitors is shown in Figure 5. 
When the pressure is increased during filtration, 
water diffuses more into the membrane and to the 
permeate side. This dilutes the solution on the per
meate side resulting in a higher computed rejection 
coefficient [53]. Increasing the pressure increases 
the permeate flux and the rejection coefficient of the 
sugars. However, it also increases the rejection coef
ficient of the inhibitors which is unfavorable since 
the inhibitors must be removed to detoxify the 
hydrolysate. Therefore, the filtration has to be oper
ated at the appropriate pressure to remove as much 
inhibitors and retain the sugars needed for 
fermentation.

4. Conclusion

The feasibility of using a solution blow spun PAN- 
PA composite nanofiltration membrane for the 
removal of fermentation inhibitors was investigated 
in terms of the effect of pH and pressure on the fil
tration performance for a sugarcane bagasse simu
lated hydrolysate. The TFNC membrane was able to 
deliver a high pure water permeability of 21.06 
LMHB and achieve decent rejection coefficients for 
glucose (91.84%), xylose (86.08%), HMF (20.52%), 
and furfural (21.32%). Among the conditions used 

Figure 5. Schematic representation of the solution-diffusion mechanism describing the effect of pressure on the rejection 
coefficients at (A) 4, (B) 6.67, (C) 9.33, and (D) 12 bars.
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in this study, a pH of 3.29 and pressure of 12 bars 
provided high permeate flux (>70 LMH) while still 
ensuring high rejection coefficients for the sugars 
(>80%) and low rejection coefficients for the inhibi
tors (<20%).
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