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Abstract: A new approach to carbon membranes fabrication by IR pyrolysis of the hollow fiber (HF) porous membranes 
from a homopolymer (PAN) and acrylonitrile copolymers with methyl acrylate (PAN-MA) and itaconic acid (PAN-IA) 
was developed. The method includes thermal stabilization of membranes at 250 °С, and subsequent IR pyrolysis.  
It was established that the HF membranes made from PAN-IA and PAN were the least susceptible to destruction with 
increasing temperature. However, for samples based on PAN-MA, the significant deformation of hollow fiber membranes 
after IR pyrolysis occurs at temperatures above 200–300 °C. Scanning electron microscopy study showed that the presence 
of glycerol as an impregnating agent in membranes (regardless of the chemical composition of acrylonitrile copolymers) 
leads to a less regular and more defective structure of the resulting carbon membranes. It was found that the thermal 
stabilization at 250 °C preserves structural integrity and contributes to the production of mechanically stable carbon 
membranes. FTIR spectra confirmed that IR radiation catalyzes transformations in the polymer structure. As a result, the 
time of thermal stabilization and pyrolysis was noticeably reduced. It was shown, that 15 min pretreatment and 5 min 
pyrolysis is enough for effective stabilization of membrane structure. 
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Аннотация: Предложен новый подход к получению углеродных мембран при помощи ИК-пиролиза 
половолоконных мембран из полиакрилонитрила (ПАН) и сополимеров акрилонитрила с метилакрилатом  
(ПАН-МА) и итаконовой кислотой (ПАН-ИА). Предложенный способ включает термостабилизацию мембран при 
250 °С и последующий ИК-пиролиз. Установлено, что половолоконные мембраны, изготовленные из ПАН-ИА  
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и ПАН, наименее подвержены разрушению при повышении температуры. Для образцов на основе ПАН-МА 
деформация половолоконных мембран в результате ИК-пиролиза регистрируется при температурах выше  
200…300 °С. Исследование структуры углеродных мембран методом растровой электронной микроскопии 
выявило, что использование глицерина в качестве импрегнирующего агента (независимо от химического состава 
сополимеров акрилонитрила) приводит к менее регулярной и более дефектной структуре получаемых углеродных 
мембран. Установлено, что термостабилизация при 250 °С сохраняет структурную целостность и способствует 
получению механически стабильных углеродных мембран. Методом ИК-спектроскопии доказано, что  
ИК-излучение способствует существенному преобразованию структуры полимера. Показано, что 15-минутной 
предварительной обработки и пятиминутного пиролиза достаточно для эффективной стабилизации структуры 
мембраны. 
 
Ключевые слова: углеродная мембрана; полиакрилонитрил (ПАН); пиролиз; полые волокна; сополимер;  
ИК-обработка. 
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1. Introduction 
 

Carbon membranes are chemical stable materials 
that are resistant to pressure and temperature. They 
are superior to traditional polymer membranes for 
various practical applications in gas separation, 
pervaporation, vapor permeation, and liquid filtration. 
For example, carbon membranes were used as porous 
cathodes for lithium batteries [1]. Carbon membranes 
can also act as adsorbents [2]. Due to the extremely 
high inner surface area (more than 1000 m2⋅g–1), such 
membranes can selectively absorb dissolved 
substances with a size of about 1 nm. The high 
chemical stability of carbon membranes allows for 
their regeneration using acidic solutions. Carbon 
membranes have some advantages over traditional 
polymer membranes for gas and vapor separation 
[3, 4]. Such materials are especially useful for 
separating olefin/paraffin mixtures or for separating 
natural gas (the difference in molecular diameters is 
at the level of 0.5 Å) [4, 5]. Carbon membranes can 
also be used to isolate hydrogen [6, 7] or carbon 
dioxide [8] from gas mixtures. Carbon membranes 
are also suitable for separating liquid solutions [2] 
and for effective separation of water–oil emulsions 
[9, 10]. Thus the oil rejection efficiency being over 
98 % [10].  

Currently, the basis for obtaining carbon 
membranes are polyimides [3, 4, 11], polyacrylonitrile 
(PAN) [2, 12, 13], phenolic resins [6, 14], 
polyfurfuryl alcohol [7], polyvinylidene chloride-
acrylate [5], cellulose [15] and others [16, 17]. 
Several patents focus on the synthesis of carbon 
membranes [18–20]. Carbon membranes are typically 
produced in flat sheet or tubular membrane shapes. 
To obtain defect-free membranes with high 
mechanical strength, a dense layer of polymer was 
deposited on a macroporous support as a base for 
carbon membrane [21, 22]. During the carbonization 

process, the thickness of the selective layer 
decreased. If ceramic support was used for membrane 
preparation, cracking and formation of defects could 
occur in selective layers. Consequently, several layers 
were required to be deposited to eliminate all defects 
and obtain a defect-free membrane [23]. Flat sheet 
membranes can be used in plate-and-frame 
membrane modules, providing the membrane packing 
density of 300–1000  m2⋅m–3. In contrast, self-
supporting membranes (tubular, capillary, hollow 
fiber) can significantly increase the efficiency of 
separation processes due to the high packing density 
of membranes in the module. For instance, hollow 
fiber membranes packing density can reach up to 
30,000 m2⋅m–3 depending on the fiber diameter [22]. 
On the other hand, this might present challenges in 
providing the required mechanical strength. 

At the same time, there are few reviews devoted 
to the production of hollow fiber carbon membranes 
[24–26]. Most reviews on the production of carbon 
fibers highlight PAN as the most common base 
material [27–30]. One of the reasons for this is the 
high degree of molecule orientation [13], due to 
which the pyrolysis of PAN hollow fiber membranes 
results in the formation of a thermally stable, highly 
oriented molecular structure. It provides a high 
mechanical strength of the resulting material. This 
minimizes the problem of the low mechanical 
strength of self-supporting carbon material. At the 
same time, there are also studies on the production of 
carbon membranes from PAN [23, 31–33]. The study 
of heat treatment of PAN hollow fiber membranes at 
500–800 °С showed a significant effect of 
temperature on the pore size of the obtained carbon 
membrane [23]. In [31, 32] PAN-membrane 
modification method via heating with infrared (IR)  
 

radiation was developed. It was noted that the 
mechanism for forming conjugated structures in  
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polyacrylonitrile under the IR radiation was similar to 
that of the thermal transformations [34]. In this case, 
the structural transformations of polyacrylonitrile 
under IR radiation occur faster compared to 
traditional methods of thermal treatment [34, 35].  
The IR treatment reduces the time required for 
insoluble structure formation without using unsafe 
chemicals as cross-linking agents [33, 36]. The use of 
IR radiation not only reduces the treatment time to 
several minutes, but also decreases the temperature 
by 50–100 °С [33]. Fabrication of PAN-membranes 
resistant to aprotic solvents by IR treatment consumes 
6.5 times less energy compare to convective heating 
in a laboratory oven [36]. Carbon membranes 
fabricated by IR irradiation treatment exhibited more 
than 100 times higher productivity, with processing 
time and energy requirements reduced by ~20 and 
~11 times, respectively, compared to a conventional 
electric heating method [33]. Therefore, short 
processing time, low power consumption, and 
absence of hazardous chemicals as cross-linking 
agents make IR-treatment an effective method for 
producing carbon membranes. It should be noted that 
the studies referenced primarily utilizws either 
specially synthesized PAN [31, 32] or PAN-homo-
polymer [33, 36] as a precursor for carbon membrane 
production. While PAN-homopolymer is commonly 
used as a hollow fiber membrane-forming polymer, it 
is not the only commercially available polymer which 
is used for hollow fiber PAN-membranes production 
[37]. The introduction of comonomers (such as 
acrylic acid, itaconic acid, methyl acrylate and etc.) 
can improve certain properties of acrylonitrile 
polymers, such as solubility, hydrophilicity, 
drawability, and fiber spinning stability of hollow 
fibers [38]. Notably, acid comonomers such as 

itaconic acid are often introduced into the 
commercially available polymers to increase 
hydrophilicity; they can also reduce the cyclization 
temperature and improve the stabilization of the 
resulting carbon fiber [39, 40]. Consequently, using 
hollow fiber ultrafiltration membranes made from 
acrylonitrile copolymers as precursors for carbon 
membrane production is highly promising. That is 
why the objective of this research is to use IR 
pyrolysis on hollow fiber ultrafiltration membranes 
made from acrylonitrile polymers of various 
compositions to produce carbon membranes.  
We propose methods for producing carbon membranes 
by IR pyrolysis of hollow fiber ultrafiltration 
membranes from commercially available acrylonitrile 
polymers of various compositions (poly(acrylonitrile-
co-methyl acrylate), poly(acrylonitrile-co-itaconic 
acid), PAN-homopolymer). In the process of forming 
membranes, it is possible to adjust the conditions for 
producing mechanically stable membranes. Further, 
during the IR pyrolysis, one can change the pore sizes 
in the selective layer. Using various acrylonitrile 
copolymers as membrane-forming polymers made it 
possible to study the effect of the chemical 
composition of acrylonitrile copolymers on the 
properties of the resulting carbon membranes. 

 
2. Materials and Methods 

 

2.1. Materials 
 

A commercial homopolymer and two 
acrylonitrile copolymers were used as membrane-
forming materials in this study (Table 1). 
Dimethylsulfoxide (DMSO, chemically pure, 
“Khimmed”) was used as a solvent for casting 
solution preparation. 

 
Table 1. Polymers used in this study for hollow fiber membrane preparation 

 

Sample Polymer Monomer  
unit ratio1, % 

Mw
1, 

kg mol−1 
ηsp

1, 2 Manufacturer 

PAN Polyacrylonitrile > 99.5 200 1.64 Dolan, Germany 

PAN-MA Poly(acrylonitrile-co-methyl acrylate) 92:8 107 1.41 JSC “VNIISV”, Russia 

PAN-IA Poly(acrylonitrile-co-itaconic acid) 99:1 99 1.29 
European Carbon Fibers 

(ECF, former EPG), 
Germany 

1 Data provided by the manufacturer. 
2 ηsp  is the polymer specific viscosity. 
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2.2. Hollow fiber membrane preparation 
 

Casting solutions were prepared by dissolving 
polymers in DMSO, using a laboratory setup that 
included a thermostated stainless steel reactor and an 
overhead stirrer (IKARW 20 Digital, Germany). The 
temperature for preparation of the spinning solution 
was 100 °C, the preparation time was 4 hours, and the 
stirring speed was 800 rpm. The PAN concentration 
in the spinning solution was 16 wt. %.  

The hollow fiber membranes were obtained by a 
non-solvent induced phase separation (NIPS) method 
using a dry-jet wet spinning process on a laboratory 
setup (Fig. 1). The equipment for hollow fiber 
membrane fabrication included a system of 
thermostatically controlled receiving-supply vessels 
and tubing for a spinning dope (1, Fig. 1) and an 
internal coagulant (2, Fig. 1), a stand with a spinneret 
assembly (3, Fig. 1), and a receiving tank with tap 
water at T = 15 °C (4, Fig. 1). The dope and the 
internal coagulant (water) are fed into the spinneret 
by compressed air, the pressure of which is controlled 
by pressures gauges (5, Fig. 1). The hollow fiber 
membranes are formed by gravity without winder in 
the system by the free-fall spinning method [41–43].  

 

 
 

Fig. 1. Setup for the hollow fiber membrane fabrication: 
(1) spinning dope vessel; (2) internal coagulant bath;  

(3) spinneret; (4) receiving bath; (5) pressure gauges; (6) 
bore fluid temperature sensor and (7) thermostat 

The hollow fibers were fabricated using various 
conditions: the polymer solution pressure was 200–
250 kPa, the coagulant pressure was 30 kPa, the bore 
fluid temperature was 30 °C, and the temperature of 
the receiving (external coagulation) bath was 15 °C, 
the temperature of the polymer solutions was  
40–50 °C, the air humidity was 55 %. The air gap 
distance was 80 cm. The outer diameter of the 
spinneret was 1.8 mm, the inner diameter was  
0.8 mm. The spinning modes for forming PAN 
hollow fiber membranes were selected in accordance 
with the rheological behavior and properties of the 
polymer solution, which are given in [38].  

The produced membranes were soaked in 
distilled water rinse bath for 12 hours to remove 
residual solvents and to complete the phase 
separation. Then, one part of the hollow fiber 
membranes was immersed in a 30 % glycerol 
aqueous solution for 24 hours and then dried for  
48 hours. The other part of the membranes was dried 
without treatment with a glycerol solution. 
 

2.3. Permeability of the prepared  
hollow fiber membranes 

 

The permeability of individual fibers was 
measured on a cross-flow setup that included a gear 
pump (type DGS.68PPT, Tuthill Corp.) and a flow-
through cell consisting of inlet and outlet capillaries 
and a fiber sample strung on them. Pure water flux 
was measured at a transmembrane pressure of 1 bar 
for at least 1 hour to obtain a steady-state value.  
The pure water flux of the membranes (J, L⋅m–2⋅h) 
was calculated according to the equation: 

 

lDt

V
J

ninπ
= ,                               (1) 

 

where V is the volume of the filtrate, L; Dinn is the 
inner diameter of the fiber, m; l is the fiber length,  
m; t is the filtration time, h. 

Blue Dextran dye with a molecular weight of  
70 kg⋅mol–1 was used for rejection tests. A new 
membrane sample was used for every rejection 
experiment. Before the rejection test, distilled water 
was filtered through a membrane for 1 hour at 1 bar. 
The separation test was carried out at the 
transmembrane pressure of 1 bar for at least 1 hour to 
achieve steady-state values of the rejection.  
All experiments were prepared with a solute 
concentration of 100 mg⋅L–1. The concentration of 
solute in the feed and permeate was measured with a 
spectrophotometer at the wavelength of 620 nm.  
The rejection R is calculated using the relation: 

3

6 
5

7 
1

4 

2
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where Cf and Cp denote the solute concentrations in 
the feed and permeate respectively. 
 

2.4. Geometric parameters and structure  
of the prepared membranes 

 

The geometric dimensions of the structures of 
the prepared membranes were investigated by 
scanning electron microscopy (SEM). Two SEM 
microscopes were used for this purpose: Phenom Pro 
scanning electron microscope (Thermo Fisher 
Scientific, USA) with vacuum sputter coater DSR 
(Vaccoat, London, UK) and Phenom XL G2 Desktop 
SEM (Thermo Fisher Scientific, USA) with 
Cressington 108 auto Sputter Coater (Great Britain) 
table magnetron sputtering machine. Membrane 
transverse cleavages were obtained after preliminary 
membranes impregnation in isopropanol and their 
subsequent breaking in liquid nitrogen. A thin  
(5–10 nm) layer of gold was deposited on the 
prepared samples. 
 

2.5. Fourier-transform infrared (FTIR) analysis 
 

The FTIR (Nicolet Is50 spectrometer, Thermo 
Fisher Scientific, USA) spectra of the prepared 
membranes were used to investigate the chemical 
composition of membranes. Before measurements, 
the membranes were rinsed several times with 
distilled water and then dried for about 48 hours at 
room temperature. 

 
2.6. Determination of the membranes pore size 

 

The porosity of the membranes was determined 
using the POROLIQ 1000 mL instrument 
(POROMETER, Belgium). Membrane pore size 
analysis was performed by liquid-liquid displacement 
method [44], using water-saturated isobutanol and 
isobutanol-saturated water as wetting and displacement 
liquids, respectively. Samples of hollow fiber 
membranes were glued with epoxy resin into a special 
holder designed in such a way that both ends of the 
hollow fiber remained open. Three segments cut from 
different parts of the hollow fiber were glued into the 
holder. The length of the working section through 
which the filtration was carried out was 1 cm for each 
fiber. After the epoxy resin hardened, the holder with 
glued fibers was placed in isobutanol for 12 hours. 
Then the sample was placed in a measuring setup 
filled with a displacing liquid (aqueous phase).  
The excess isobutanol was removed from the sample  

surface due to its lower density compared to water 
and was subsequently removed from the setup during 
the measurement without affecting the process. When 
the holder with the membrane was placed in the 
setup, the transmembrane pressure increased step by 
step. At each pressure step, the measurement was 
carried out until the flow stabilized at the same level 
with an accuracy of ± 1 μL⋅min–1 for 180 s.  
The pressure was increased step by step with a step of 
0.2–0.5 bar until the moment of sample breaking, 
which was fixed by a sharp (by 4 orders of 
magnitude) increase in the flow through the 
membrane. When the flow sensor detected such an 
increase in flow, the measurement automatically 
stopped.  

The pore diameter (dp) corresponding to a given 
transmembrane pressure was calculated using the 
Young-Laplace equation: 

 

p
d p

Δ

θγ
=

cos4
,                            (3) 

 

where γ is interfacial tension between two liquids 
used; θ is the contact angle between membrane and 
wetting liquid; Δp is transmembrane pressure. 

In the used membranes, complete wetting with 
an alcohol-rich phase was observed, so the contact 
angle is 0, and cosθ = 1. The interfacial tension 
between the isobutanol and aqueous phases was  
2.0 mN⋅m–1 at 20 °C. The main value determined for 
each sample was the mean flow pore size (MFP), 
which was determined at a pressure at which the 
membrane permeability was 50 % of the maximum. 
This value differs from the number averaged pore 
size upwards because it takes into account that larger 
pores contribute more to the overall membrane 
permeability. 
 

2.7. IR-pyrolysis of hollow fibers 
 

A laboratory IR heating furnace [33] was used 
for thermal stabilization and pyrolysis of hollow fiber 
membranes (Fig. 2). Gas line was plugged into a 
quartz tube with the sample and an external control 
unit was connected to the apparatus. If experiments 
were performed under a nitrogen atmosphere, the 
quartz tube was closed in such a way that a small hole 
remained at one end of the tube, and constant 
nitrogen flow was supplied to the tube from the 
opposite side. In the experiments carried out on air, 
the quartz tube was open from one side and the gas 
line was closed. The tube was surrounded by an 
insulating box containing IR sources. KG-220  
 



 

 
h
r
i
g
a
w
b
s
t
t
a
T
h
a
t
d
a
t
r
t
N
w
n

w
c
b
t
o
t
s
t

 

e
 

halogen lam
region of 0
incoherent IR
graphite cass
and further 
without any t
between me
separation o
their uniform
temperature 
a given tem
The intensity
heating temp
a chromel-alu
the sample. T
decrease in t
a given prog
temperature o
reduced to e
temperature f
Next, the IR
were cooled
nitrogen or a

A porti
without therm
carried out in
by thermal 
thermal stabi
off and the s
to room te
stabilized sam
temperature. 

 
2.8. D

s

Membra
equation: 

Y

Fig. 2.

mps with a 
.9–1.2 μm 

R radiation. 3
sette for pro

pyrolysis 
tension. Add

embrane sam
f the sampl

m heating. T
was 60 °C⋅

mperature var
y of IR radi
perature of t
umel thermo
The control u
the intensity 
gram. After 
of the sampl
ensure the c
for a predete

R lamps were
d down und
ir. 
on of the e
mal stabiliza
n two stages
stabilization
ilization stag
sample was a
emperature. 
mples for th

Determinati
shrinkage du

ane shrinkag

1
⎜
⎜

⎝

⎛
−=U

Yaskevich A.L

. Schematic il

radiation m
were used 

3 to 6 fibers 
cessing. Dur

sample w
ditional quart
mples to en
les without 
The heating 
min–1. The 
ried from 5 
iation was c
the sample, 

ocouple place
unit provided
of IR radiat
reaching th

le, the radiati
constancy of
ermined time
e turned off 
der constan

experiments 
ation while th
s, with IR-py
n in air. At 
ge, the IR lam
allowed to sl
Heating of

heir pyrolysis

ion of the me
ue to IR pyro

ge was cal

100
ref

pyr ⋅
⎟
⎟

⎠

⎞
−

D

D

L., Hliavitskay

Jou

lustrations of 

maximum in
as a sourc
were placed

ring stabiliza
was freestan

tz rods were
nsure the sp

interfering 
rate to the
heating rat
to 60 °C⋅m

controlled by
measured u

ed directly u
d an increase
tion accordin

he predeterm
ion intensity
f the proces
e (1–15 minu
and the sam

nt blowing 

was perfor
he other part
yrolysis prec

the end of
mps were tu
lowly cool d
f the therm
s started at r

embrane  
olysis 

lculated by 

% ,              

ya T.A., Yushki

urnal of Adva

 
the IR furnac

n the 
e of 

d in a 
ation 

nding 
e laid 
patial 
with 

e set 
te to  

min–1. 
y the 
using  
under 
e and 
ng to 

mined 
y was 
ssing 
utes). 
mples 

with 

rmed 
t was 
eded 
f the 
urned 
down 
mally 
room 

the 

  (4) 

whe
mem
refe
diam
IR-p
 

 

mem
testi
tem
trav
fibe
The

form
show
acry
conc
stru

fabr
prec
solu
prep
mem
com
and 
II a
stren
with
I an
mec
mem
glyc

in A.A., Prats

anced Materia

e for membra

ere U is the 
mbranes, %;
erence hollow
meter of t
pyrolysis. 

2.9. Determi

The strengt
mbranes wa
ing machine

mperature (25
verse was 3.8
ers about 70
e initial distan

3. 

3.1. P
h

The study o
mation from
wed [38] 
ylonitrile hom
centration o

uctures of the
In this pa

ricated from
cursors for 
utions in D
paration (Ta
mbranes (σ

mposition an
PAN-IA sam

and Sample
ngth is high
h glycerol aq
nd Sample V
chanical stren
mbranes we
cerol (Sampl

enko S.A. et a

als and Techn

ane thermal tre

degree of s
; Dref is th
w fiber mem
the hollow 

ination of th

th (σstr) of t
as studied u
e (Cheminst
5 °C). The sp
8 cm/min. T
0 mm long,
nce between 

 
Results and

 

Properties of
ollow fiber m

 

of flat sheet 
m various 

that mem
mopolymer s
f 15 % and 

e membrane m
aper, hollow
m acrylonit

carbon me
DMSO wer
able 2). The 
σstr) depen
d drying co
mples dried 

e VI, respec
her than that 
queous soluti
V). For PAN
ngth was ob
ere dried w
le IV). 

al. 

nologies. 2024

eatment 

shrinkage of
he outer dia
mbrane; Dpyr

fiber mem

he membrane

the resulting
using a TT-
truments, U
peed of mov
The samples 
, fixed betw
the clamps w

d Discussion

f the referen
membranes 

ultrafiltratio
acrylonitrile

mbranes pre
solutions in D

higher have
matrix. 

w fiber mem
trile-based 
mbranes. 16
re used fo

strength of 
nds on th
onditions. Th

without glyc
ctively), the
for samples

ion before dr
N-MA, a de
served when

without imp

4. Vol. 9, No.

19

 

f hollow fibe
ameter of th

r is the oute
mbrane afte

e strength 

g hollow fibe
-1100 tensil
SA) at room
vement of th

were hollow
ween clamp
was 30 mm.

 

nce  

on membrane
 copolymer
epared from
DMSO with 
e sponge-lik

mbranes wer
polymers a
6 % polyme

or membran
f hollow fibe
he polyme
hus, for PAN
cerol (Sampl
e mechanica
s impregnate
rying (Sampl
ecrease in th
n hollow fibe
regnation b

3

93

er 
he 
er 
er  

er 
le 
m 
he 
w 
s.  

es 
rs 
m 
a 

ke 

re 
as 
er 
ne 
er 
er 
N 
le 
al 
ed 
le 
he 
er 
by 



 

J

1

S

m
i
w
l
p
w
w
o
o
i
T
m
w

Journal of Ad

194

Sample Po

I P

II P

III PA

IV PA

V PA

VI PA

1 Dref  is t
2 Dint  is th
3 L  is the 

 
The geo

membranes d
impregnated 
wall thicknes
larger, respe
permeability 
without glyc
without a pla
of the pores 
of a plasticiz
increases the
The increase 
mobility of p
which facilita

Y

dvanced Mate

olymer Dr
me

PAN Gly

PAN W
gly

AN-MA Gly

AN-MA W
gly

AN-IA Gly

AN-IA W
gly

the outer diam
he fiber inner 
fiber wall thic

ometric para
dried withou
with glycero
ss (L) of the
ectively. At 

of hollow
cerol is lowe
asticizer (gly
of the select
zer protects 
e shrinkage 
of shrinkage

polymer cha
ates their rea

Yaskevich A.L

erials and Tec

Table 2. Ch

rying 
ethod 

ycerol 

ithout 
ycerol 

ycerol 

ithout 
ycerol 

ycerol 

ithout 
ycerol 

meter of the ref
diameter. 

ckness. 

ameters of t
ut glycerol d
ol: the inner 
e fibers is 20

the same 
w fiber m
er by 20–25 
ycerol) leads
tive layer. M
the pores du
of the hollo

e is due to th
ains plasticiz
arrangement 

L., Hliavitskay

chnologies. 20

haracteristics 

SEM

ference hollow

the hollow 
differ from t
diameter and
0–25 and 20
time, the w
embranes d
%. Thus, dr
s to the coll

Moreover, the
uring drying
ow fiber ma
he increase o
ed with glyc
while drying

ya T.A., Yushki

024. Vol. 9, N

of reference
 

w fiber membr

fiber 
those 
d the 
0 µm 
water 
dried 
rying 
lapse 
e use 
g but 
atrix. 
of the 
cerol 
g. 

prod
whi
occu
with
of 
prov
shot
vacu
a p
fabr
the 
the 
poly

in A.A., Prats

No. 3  

e hollow fibe

J, 
L⋅(m2h)–1 D

245 ± 5 1

185 ± 5 1

295 ± 5 1

220 ± 5 1

260 ± 5 1

195 ± 5 1

rane. 

The hollow
duced by the
ch non-solv
urs. The mem
h a thin surfa
nanometers)
viding mech
t through w
uoles (mac
olymer-depl
rication. The
rate of diffu
polymer-de

ymer film is

enko S.A. et a

r membranes

Dref
1, µm D

1715 ± 30 10

1750 ± 30 10

1730 ± 30 10

1815 ± 30 11

1720 ± 30 10

1780 ± 30 11

w fiber ultraf
e method of
ent-induced 
mbranes hav
ace selective
) and a la

hanical streng
with a large 
crovoids). M
leted phase 
e growth of 
usion of the 
epleted phas
s higher than

al. 

s 

Dint
2, µm L3

070 ± 10 320

095 ± 10 330

095 ± 10 310

110 ± 10 330

080 ± 10 320

100 ± 10 330

filtration mem
f dry-jet wet
phase separ

ve an asymme
e layer (pore 
arge-pore dr
gth. The dra
number of 

Macrovoids 
during NIP
macrovoids 
nonsolvent i
se in a fre
n the rate of

, µm σstr, 
MPa

0 ± 20 3.2

0 ± 20 3.6

0 ± 20 3.3

0 ± 20 2.9

0 ± 20 3.1

0 ± 20 3.4

mbranes wer
t spinning, i
ration (NIPS
etric structur
sizes are ten

rainage laye
inage layer i
finger-shape

arise from
PS membran

begins whe
in the core o
eshly forme
f diffusion o

re 
in 
S) 
re 
ns 
er 
is 

ed 
m  
ne 
en 
of 
ed 
of 



 

Yaskevich A.L., Hliavitskaya T.A., Yushkin A.A., Pratsenko S.A. et al. 

Journal of Advanced Materials and Technologies. 2024. Vol. 9, No. 3

195

the solvent through the core wall. As a result, a high 
osmotic pressure is created, acting through the core 
wall, which can deform and destroy the walls of the 
emerging macrovoids [41]. The structure of 
membranes from PAN solutions in DMSO does not 
practically undergoes deformation after drying 
without glycerol (see scanning electron microscopy 
(SEM) results) in contrast to the structure of PAN-MA 
membrane samples (Table 2). In the case of 
membrane samples from the PAN-IA copolymer, the 
formation of a finer porous structure is observed. On 
the other hand, the membranes from the PAN-MA 
copolymer were partially deformed after drying 
without glycerol. 
 

3.2. Change in characteristics  
of hollow fiber membranes after IR pyrolysis 

 

In this section, one-stage pyrolysis without 
thermal stabilization was used for carbon membrane 
preparation. The heating rate was 50 °C⋅min–1, and 
the pyrolysis time at the maximum processing 
temperature was 2 minutes. As studies of the 
prepared carbon membranes showed, shrinkage of 
hollow fibers occurs as a result of IR pyrolysis. The 
degree of shrinkage depends on the chemical nature 
of the membrane-forming polymer and drying 
conditions (with or without glycerol) (Fig. 3). 
Measurement of hollow fiber membranes dimensions 
after pyrolysis showed that in the temperature range 
from 200 to 500 °C there is a significant decrease in 
the linear dimensions (diameter, length) of the 
membranes, reaching 62 % (Fig. 3). Such significant 
decrease in linear dimensions (diameter, length) may 
be associated with shrinkage which stemmed from 
the evolving gases (as a result of membrane burn off) 
[45] With a further increase in temperature, almost no 

changes in the dimensions of the samples were 
observed. All samples was brittle and not flexible but 
their strength was enough for further processing.  

The comparison of different copolymers shows 
that the smallest shrinkage was observed in the case 
of PAN-IA membranes (40–50 %) (Fig. 3c).  
The membranes obtained from PAN slightly 
exceeded them in terms of shrinkage (45–52 %)  
(Fig. 3a), while the samples from PAN-MA lost more 
in size (52–62 %) (Fig. 3b). In addition, samples from 
PAN-IA were more resistant to cracking during the 
pyrolysis. 

Differences were also observed in the structures 
of carbon membranes (Fig. 4). After IR pyrolysis of 
hollow fiber membranes dried without glycerol, the 
structure of the resulting carbon membranes was 
more regular and less defective, with a non-porous 
inner layer compared to hollow fiber membranes 
dries with glycerol. For carbon membranes made 
from PAN-MA (Samples III and IV), a more 
pronounced deformation of the membrane matrix was 
observed, which explains the results obtained on fiber 
shrinkage (Fig. 3b). The structures of carbon 
membranes obtained from PAN hollow fiber 
membranes impregnated with glycerol (Sample I) and 
those without glycerol (Sample II) differ slightly, 
although the shrinkage of the fibers after drying with 
glycerol was higher (Fig. 3a). For carbon membranes 
based on samples of hollow fiber membranes from 
PAN-MA and PAN-IA dried with glycerol, there are 
areas with an inhomogeneous structure and remnants 
of the porous structure of the membranes (Fig. 4, 
Sample III and Simple V, respectively). This may be 
due to several reasons: (1) during the IR pyrolysis 
some of the energy was wasted on glycerol 
evaporation; (2) plasticized polymer chains featured  
 

 

 
                           (a)                                                                    (b)                                                                  (c) 
 

Fig. 3. Shrinkage of hollow fiber membranes depending on the IR pyrolysis temperature:  
a – PAN; b – PAN-MA; c – PAN-IA 
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Sample I 

   
Sample II 

   
Sample III 

   
Sample IV 

   
Sample V 

   
Sample VI 

 
Fig. 4. SEM images of hollow fiber membranes after IR pyrolysis at 700 °C  
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Fig. 5. PAN hollow fiber membranes (Sample I) after pyrolysis in nitrogen atmosphere at different temperatures 

 
increased mobility and can be rearranged during IR 
pyrolysis; (3) glycerol can impregnate membrane 
pore structure non-uniformly since membrane lumen 
is less accessible for glycerol penetration. 

A study of the structure of membranes prepared 
at different temperatures showed that up to a 
temperature of 400 °C, no noticeable changes were 
observed in the structure of membrane cross-section. 
However, for membranes pyrolyzed at temperatures 
of 400 °C and higher, the structure of the membranes 
turned out to be significantly deformed (Fig. 4 and 5). 
It was found that the changes that occur during 
pyrolysis also depend on the material used and the 
drying method (with or without glycerol). The degree 
of deformation was bigger on the outer surface of the 
samples, while the inner layer as a whole remained 
unchanged. The observed deformations, most likely, 
resulted from the shrinkage of the samples during 
annealing.  

A study of the mechanical strength of hollow 
fiber membranes after IR pyrolysis showed (Table 3) 
that at a treatment temperature of 200 °C, the strength 
of carbon membranes decreased by 20–24 % 
compared to the reference membranes (Table 2). 
With a further increase in temperature to 500 °C, the 

strength of the membranes decreased by more than 
50 %. An increase in temperature above 500 °C did 
not lead to a further decrease in strength. The 
comparison of samples initially dried without 
glycerol (IV) and dried after impregnation with 
glycerin solution (I and V) showed that the strength 
of hollow fibers after IR pyrolysis was practically 
independent of the drying method and polymer 
composition. 

 
Table 3. Strength of membranes at different 

temperature IR pyrolysis in nitrogen atmosphere 
 

IR-pyrolysis 
temperature, °С 

σstr, MPa 

Sample I Sample IV Sample V 

200 2.5 2.3 2.4 

250 2.1 2.0 2.1 

300 1.9 1.8 1.9 

400 1.6 1.4 1.5 

500 1.3 1.1 1.2 

600 1.3 1.0 1.1 

700 1.2 1.1 1.2 
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Table 4. Characteristics of hollow fiber membrane samples after IR pyrolysis  
in nitrogen atmosphere at different temperatures 

 

Sample 
Pore size, nm Rupture pressure, bar 

Initial 200 °C 250 °C Initial 200 °C 250 °C 300 °C 

I 27.5 ~7.5 <5.8 6.0 >11 >14 10.1 

II 11.7 9.9 3.8 7.0 8.3 23.1 14.2 

III 38.1 7.9 4.1 6.9 >10.5 >20 16.4 

IV 10.4 <7.2 <7.2 8.0 >11 >11 14.1 

V 27.6 12.3 7.0 5.5 9.9 13.0 11.0 

VI 13.6 ~7.8 4.1 6.6 15.3 19.7 14.7 
 
Porosimetric studies of membranes before and 

after IR pyrolysis showed that the main decrease in 
membrane pore size was observed in the pyrolysis 
temperature range of 200–300 °С (Table 4).  
For membrane samples impregnated with glycerol  
(I, III, V), the pore sizes were 2–3 times higher than 
the pore sizes of membranes dried without glycerol 
(II, IV, VI). After IR pyrolysis at 200 °C, the pore 
sizes of membrane samples I, III, and V decreased to 
7.5–12 nm and were comparable with the pore sizes 
of membrane samples II, IV, and VI. After IR pyrolysis 
at 250°C, the pore sizes of the samples decreased to 
3.8–7.2 nm. For samples subjected to IR pyrolysis at 
a higher temperature, the pore size could not be 
determined due to the necessity of using high 
pressures that exceed the limiting pressure that the 
membranes were able to withstand. 

A study of the tensile strength of the membrane 
samples showed (Table 4) that the rupture pressure of 
the hollow fibers increased after IR pyrolysis at 
200 °C for all samples. With an increase in 
temperature to 250 °C, the rupture pressure of the 
samples also increased. However, with an increase in 
temperature up to 300 °C, the fiber rupture pressure 
for most samples decreased. 

The obtained results indicate that during the IR 
pyrolysis of samples in a nitrogen atmosphere at 
temperatures of 200–300 °C, membrane shrinkage is 
accompanied by decrease in transport pore size in the 
selective layer of membranes. At the same time, at 
temperatures above 400 °C, although the main 
structure of the membrane remains unchanged, liquid 
porosimetry results indicate that most of the transport 
pores have already collapsed. Further sample 
shrinkage leads to deformation of the membrane 
macrostructure. 

Testing of membranes from various PAN 
copolymers revealed that PAN-IA membranes 
experience less shrinkage during pyrolysis and are 
less susceptible to cracking, which makes this 
polymer optimal for carbon membrane preparation. 

3.3. Influence of preliminary thermal stabilization 
on the membrane characteristics 

 

As it was shown in Fig. 3, the geometric 
parameters of hollow fibers were changed with an 
increase in the temperature of IR pyrolysis. The study 
of the carbon membranes obtained with and without 
thermal stabilization using SEM showed that the 
samples subjected to IR pyrolysis after thermal 
stabilization demonstrated absence of structure 
deformations with an increase in the pyrolysis 
temperature (Table 5). In the absence of thermal 
stabilization, the structure of hollow fiber membranes 
after IR pyrolysis is significantly deformed.  
The destruction of the structure is especially 
noticeable for hollow fiber membranes impregnated 
with glycerol, apparently due to a more significant 
decrease in the pore size during pyrolysis.  

The PAN-IA membranes were least susceptible 
to degradation with increasing temperature after IR 
treatment with thermal stabilization. Membranes 
dried without glycerol (Table 5, Sample VI), even at 
high temperatures of IR pyrolysis, preserved their 
geometrically regular structures. In contrast, glycerol-
impregnated membranes (Table 5, Sample V) 
demonstrated a greater deformation of the structure 
after a one-stage IR pyrolysis. A similar trend was 
observed with the PAN samples (Table 5, Sample II). 
Similar to PAN-IA samples, PAN-membranes 
retained their structure after IR pyrolysis with thermal 
stabilization. However, without thermal stabilization 
membranes impregnated with glycerol experienced  
a significant deformation at a temperature of 500 °C 
and above (Table 5, Sample I). For PAN-MA-based 
samples (Table 5, Samples III and IV) structural 
changes after IR pyrolysis with thermal stabilization 
were comparable to those of PAN-IA and PAN 
samples. However, after IR pyrolysis without thermal 
stabilization, the deformation of hollow fiber 
membranes was notably significant at temperatures 
above 200–300 °C. Such significant deformation of  
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glycerol impregnated membrane structure is likely 
due to an extreme reduction in the pore size resulting 
from the IR treatment. Impregnation of ultrafiltration 
membranes with glycerin solution is carried out to 
prevent pore contraction and is responsible for the 
high membrane flux [46]. This aligns well with the 
data presented in Table 4. Initial membranes 
impregnated with glycerol have pore sizes  
2.0–3.6 times higher  than those of initial membranes 
without glycerol. It is worth noting that other 
alcohols, such as isopropanol, ethanol, etc. can also 
be used as impregnating agents [47]. 

Using FTIR spectroscopy of prepared carbon 
membranes, a change in the chemical composition of 
samples after IR pyrolysis was investigated (Fig. 6). 
As the pyrolysis temperature increased from 200 to 
400 °C, a decrease in the number of methylene 
groups (~2850, 2930, 1450 cm–1) was observed.  
At temperatures of 400 °C and above the nitrile 
(~2250 cm–1) and carbonyl (~1730 cm–1) groups 
disappeared likely due to the initiation of the 
cyclization reaction [48]. At 400–500 °C a sharp peak 
was detected at 1590 cm–1, representing a mix of 
C=N, C=C and C–N bonds [30]. This peak indicates 
the formation of cyclic structure of molecular chains, 
specifically through conversion of CN to C=N by 
cyclization [49]. The appearance of the C=C group 
was due to the dehydrogenation reaction [40].  
The results of FTIR spectroscopy did not reveal 
significant differences in the resulting structures.  
The transformed peak shapes were nearly identical 
for all precursors. Carbonization of the samples 
apparently occurs at temperatures of 600–700 °C.  
At these temperatures FTIR spectra of membranes 
become flatter and the characteristic peaks rather 
diminish. The absence of these peaks indicates that 
PAN is completely converted to the cyclic carbon 
structure. Notably, compared to the FTIR spectrum of 
PAN-membranes, FTIR spectrum of the initial  
PAN-IA membrane had a characteristic band at  
1710 cm–1 corresponding to C=O bond of itaconic 
acid. In the case of PAN-IA, cyclization and 
dehydrogenation were facilitated by itaconic acid 
through an ionic mechanism. Conversely, in the case 
of homopolymer, the cyclization of nitrile groups was 
initiated only through a free radical mechanism.  
The cyclization mechanisms were described in more 
detail in [30, 40].  

In the FTIR spectra of carbon membranes based 
on hollow fibers dried without glycerol, a band 
~1600–1590 cm–1 (C=N) appears after IR pyrolysis  

at 300 °C (Fig. 6). A sharp disappearance of nitrile 
groups and a shift of the C=N bond band to 1570 cm–1 
after pyrolysis at 400 °C was observed. At the same 
time, there were no significant differences in the 
spectra of the samples after IR pyrolysis with and 
without thermal stabilization. The spectra of samples 
obtained by IR pyrolysis with thermal stabilization 
were almost identical to the spectra of carbon 
membranes based on hollow fibers dried without 
glycerol. In the case of IR pyrolysis without thermal 
stabilization at 300–400 °C, a significant increase in 
the intensity of mix of C=N, C=C and C–N bonds at 
1590 cm–1 was noted for PAN-MA and PAN-IA 
copolymers. This is due to the fact that the presence 
of a partially ionic structure eases the cyclization 
process [45]. 
 

3.4. Optimization of thermal stabilization  
conditions 

 

The membranes subjected to thermal stabilization 
at a temperature of 200–240 °С for 15 minutes were 
more prone to deformation and cracking during 
pyrolysis (500°С, 2 minutes) (Fig. 7). According to 
the FTIR spectra in Figs. 4 and 5, the pyrolysis at 
500 °C has not finished the carbonization; therefore, 
higher temperature (600–700 °C) can be used during 
pyrolysis of the hollow fiber membranes. However, 
since the carbon membranes being developed are 
planned to be used for both gas separation and 
nanofiltration, it was decided to limit the pyrolysis 
temperature to 500 °C. This decision aligns with the 
data in [13], since at a very high temperature the pore 
size of membranes starts to decrease, ultimately 
leading to collapse. 

Membranes, which underwent thermal stabilization 
at a temperature of 260–300 °С, retained its integrity. 
Further experiments in narrower temperature interval 
240–260 °С showed that optimal temperature of 
thermal stabilization was 250 °С. At this temperature 
of thermal stabilization, the subsequent pyrolysis did 
not result in undesirable phenomena of cracking or 
deformation of the membranes. This suggests that 
heating of the sample under IR conditions follows 
similar mechanisms to traditional convectional 
heating. Hence, thermal stabilization in an oxygen-
containing atmosphere is important for maintaining 
membrane integrity during further pyrolysis at 
temperatures above 300 °С. At the same time, IR 
irradiation intensifies ongoing reactions, decreasing 
the time needed to achieve the desired conversion. 



 

Yaskevich A.L., Hliavitskaya T.A., Yushkin A.A., Pratsenko S.A. et al. 

Journal of Advanced Materials and Technologies. 2024. Vol. 9, No. 3

201

 

Fi
g.

 6
. F

TI
R

 o
f c

ar
bo

n 
m

em
br

an
es

 fr
om

 S
am

pl
e 

II
  (

a,
 b

), 
Sa

m
pl

e 
IV

 (c
, d

) a
nd

 S
am

pl
e 

V
I (

e,
 f)

.  
Pr

oc
es

si
ng

 c
on

di
tio

ns
: a

, c
, e

 –
 th

er
m

al
 st

ab
ili

za
tio

n 
at

 2
50

 °C
 a

nd
 IR

 p
yr

ol
ys

is
; b

, d
, f

 –
 IR

 p
yr

ol
ys

is
 

 



 

J

2

 

t
s
5
(
s
i
s
c
b
f
T
1
t
m

t
t

h
r
p
s
p
1
B
s
5
i
a
m
t
f
a
i
t
w

Journal of Ad

202

F

A simila
the thermal
subjected to
5–10 minute
(500 °C, 2 
stabilization 
integrity. It 
stabilization 
color of me
brown. With 
further chan
The therma
15 minutes, 
thermal stab
methods.  

The ob
thermal stabi
temperatures

The stu
heating rate
radiation dur
pyrolysis in t
stabilization 
previously d
15 minutes,
By varying
stabilization,
5 and 10 °
integrity dur
at higher hea
membranes l
the heating r
for this is tha
a decrease in
in an insuffic
the pyrolysis
was chosen 

Y

dvanced Mate

Fig. 7. Hollow
before 

ar behavior 
 stabilizatio
o thermal 
es cracked d
minutes), w
time, the 
is notewo

time increas
embranes ch
a further inc

nges in the 
al stabilizati

which is le
bilization thr

tained resul
ilization degr
 by increasin

udy investig
e of hollow
ring thermal 
the range of 

parameter
determined o
 pyrolysis 

g the heat
 it was found
°C⋅min–1, th
ring the sub
ating rates, t
led to their 
ate was fixed
at an increas
n the total pr
cient level o
s stage. Thu
as the optim

Yaskevich A.L

erials and Tec

(a) 
w fiber membr

(a) and after 

was observe
on time. T
stabilization

during subse
while at a 

membranes
orthy that 
sed from 5 to
hanged from
crease in the 

membrane 
ion process
ss than the 
rough conv

lts also sho
ree can be a
ng the treatm
gated the in
w fiber mem

stabilization
f 5–60 °C⋅mi
rs correspo
optimal valu

– 500 °С 
ting rate 
d that at a low
he samples 
sequent pyr
the pyrolysis
cracking. D

d at 60 °C⋅m
se in the heat
rocessing tim
f sample sta

us, the value
mal heating 

L., Hliavitskay

chnologies. 20

ranes after the
(b) the pyroly

ed when var
The membr
n (250 °C) 
equent pyro

longer the
s retained 
as the the

o 15 minutes
m pale beig

process time
were obser

 required 
time needed
ectional hea

ow that opt
achieved at lo
ment time.  
nfluence of 
mbranes by
n and subseq
n–1. The the
onded to 

ues – 250 °С
for 2 minu
during the
w heating ra

retained 
olysis; howe
s of hollow 
During pyrol
min–1. The re
ting rate lead

me. This resu
abilization be
e of 10 °C⋅m
rate, at whi

ya T.A., Yushki

024. Vol. 9, N

ermal stabiliza
ysis stage at a 

rying 
ranes 

for  
lysis 

ermal 
their 

ermal 
s, the 
ge to 
e, no 
rved.  
only  

d for 
ating 

timal 
ower 

f the 
y IR 
quent 
ermal 

the 
С for  
utes.  

ermal 
ate of 
their 
ever,  
fiber 
lysis, 
ason 
ds to 
ulted 
efore 
min–1 
ich a 

suff
mem

rang
reta
How
the 
of m
exce

duri
duri
thei
All 
after
in 
pyro
indi
for 
trad
rate
In I
poss
time
cho
pyro
 

 

mem
tem
For 
prel
In 
stab
max

in A.A., Prats

No. 3  

ation (15 minu
temperature o

ficient level
mbrane befor

The pyroly
ged from 1
ained their in
wever, as the
strength of t

membrane st
eeding 10 %

The study 
ing the pyrol
ing the pyrol
r integrity 
samples exh
r thermal sta
membrane 
olysis proc
icating that 

the pyroly
ditional conv
s are prefera
IR processin
sible to obtai
es. Hence, 
sen as the o
olysis stage.

3.5
of

Filtration 
mbranes an

mperatures 
membrane

liminary the
contrast, f

bilization in 
ximum tempe

enko S.A. et a

(b) 
utes) at variou
of 500 °C (2 m

l of therm
re IR pyrolys

ysis time at th
1 to 15 m
ntegrity over 
e pyrolysis t
the membran
trength was l
 at maximum
of the influ

lysis process
lysis process

across all
hibited brittle
abilization an
integrity w
ess with 
shorter proc
ysis proces
vective heati
able to preve
ng reactions
in membrane
60 °C⋅min–

optimal heati

5. Filtration p
of obtained m

performance
nnealed at 
ranging fr

es annealed
ermal stabili
for higher 
air was app
erature of 25

al. 

 

us temperature
minutes) 

mal stabiliza
sis is achieve
he maximum

minutes. The
the entire ra

time exceede
nes deteriora
low, with a 

m processing
uence of the
s yielded sim
s, the membr
l tested h
eness and po

nd pyrolysis. 
as observed
different h

cessing time 
s. This co
ing, where l
ent membran
 occur faste
es with short
–1 and 2 m
ing rate and

performance
membranes 

es were m
different I

rom 200 
d at 200 
ization was 

temperatur
plied for 15 
50 °C. The he

es,  

ation of th
ed. 
m temperatur
e membrane
ange of time
ed 2 minute

ated. The dro
reduction no

g time.  
e heating rat
milar finidngs
ranes retaine
eating rate
oor flexibilit
No differenc

d during th
eating rate
is preferabl

ontrasts wit
lower heatin
ne destruction
er, making 
ter processin
minutes wer
d time for th

e  

measured fo
IR treatmen

to 500 °C
and 250 °C
not applied

res, therma
minutes at 

eating rate at

he 

re 
es 
s. 
s, 

op 
ot 

te 
s: 

ed 
s.  
ty 
ce 
he 
s, 
le 
th 
ng 
n. 
it 

ng 
re 
he 

or 
nt 
C.  
C, 
d.  
al 
a 

t  



 

Yaskevich A.L., Hliavitskaya T.A., Yushkin A.A., Pratsenko S.A. et al. 

Journal of Advanced Materials and Technologies. 2024. Vol. 9, No. 3

203

Table 6. Pure water flux and Blue Dextran rejection for hollow fiber membranes  
after different temperatures of IR treatment 

 

IR treatment 
temperature, °С 

Sample I Sample IV Sample V 

J, L⋅(m2·h)–1 R, % J, L⋅(m2·h)–1 R, % J, L⋅(m2·h)–1 R, % 

200 160 38 199 48 187 29 

250 60 >99 68 95 62 68 

300 18.7 >99 19.9 >99 19.0 99 

400 10.5 >99 11.8 >99 11.5 >99 

500 5.2 >99 6.7 >99 5.6 >99 
 
thermal stabilization stage was 10 °С. After the 
thermal stabilization stage, the samples were 
subjected to pyrolysis in nitrogen atmosphere at a 
given temperature for 2 minutes. The heating rate in 
the pyrolysis process was 60 °С. 

The pure water flux through membranes treated 
at a temperature of 200 °С was 10–15 %  lower than 
that for the initial ones (160–199 L⋅(m2·h)–1  
compared to 187–234 L⋅(m2·h)–1) (Table 6).  
At a temperature of 300 °C, the flux dropped by an 
order of magnitude to 18.7–19.9 L⋅(m2·h)–1. A further 
increase in temperature to 500 °C led to a decrease in 
pure water flux to 5.2–6.7 L⋅(m2·h)–1. At the same 
time, the membranes retained more than 99 % of the 
Blue Dextran dye with a molecular weight of  
70 kg⋅mol–1 (Table 6), which indicates that the 
obtained membranes were defect-free. 

The decrease in pure water flux with an 
increasing IR treatment temperature  was due to a 
decrease in pore size. Although the pore radius was 
not measured because of the high pressure needed for 
measuring such small pores, from filtration 
performances and shrinkage data (Fig. 3) it can be 
concluded that further decrease in pore size took 
place with increase of IR pyrolysis temperature.  
At the same time, complete collapse of the pores does 
not occur. From the other hand, high Blue Dextran 
rejection confirms absence of membrane cracking 
and appearance of defects during pyrolysis.  

The obtained results demonstrated that IR 
irradiation can be used for preparation of carbon 
hollow fiber membranes. At the same time, by 
regulating the pyrolysis temperature it is possible to 
control the pore size of the obtained porous 
membranes. 

 
4. Conclusion 

 

A new technique for obtaining carbon 
membranes using IR radiation for heating the hollow 
fiber membranes has been developed. The optimal 
conditions for IR pyrolysis have been determined.  

It was found that in the case of IR heating, samples of 
PAN hollow fiber membranes must be thermally 
stabilized in air at a maximum temperature of 250 °C 
for at least 15 minutes. Thermal stabilization is a 
necessary step in membrane processing, similar to 
convectional heating. It makes it possible to avoid 
undesirable effects of destruction and deformation of 
membranes during pyrolysis. Following the thermal 
stabilization stage, the samples are subjected to 
pyrolysis in an inert atmosphere. An optimal heating 
rate of 60 °C⋅min–1 for duration of 2 minutes was 
chosen for the pyrolysis stage. The short processing 
time and high heating rate is preferable for pyrolysis 
process. This distinguishes IR heating from 
traditional convective heating. In the latter case, the 
lower heating rate is preferable to prevent membrane 
destruction. Faster processes associated with IR 
processing make it possible to obtain membranes 
with reduced processing time.  

It has been established that IR pyrolysis of 
hollow fiber membranes prepared by spinning from 
16 % solutions of PAN, PAN-MA, and PAN-IA in 
DMSO results in shrinkage of hollow fibers with the 
degree of shrinkage depending on the chemical nature 
of the membrane-forming polymer and drying 
conditions. The structure of the  resulting carbon 
membranes was more regular and less defective if the 
porous membrane was not impregnated with glycerol. 
The PAN-MA samples were more prone to shrinkage 
and deformation of the membrane matrix, while 
PAN-IA samples demonstrated less shrinkage.  
The appearance of samples subjected to IR pyrolysis 
after thermal stabilization at 250°C significantly 
improved, practically no deformation of the structure 
was observed at higher pyrolysis temperatures. 
Without thermal stabilization, the structure of hollow 
fiber membranes after IR pyrolysis demonstrated 
significant deformation, particularly noticeable in 
hollow fibers impregnated with glycerol, apparently 
due to a more significant decrease in the pore size 
during pyrolysis. 
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