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Abstract Phosphorus-containing carbons have been
obtained by carbonization of porous copolymer of 4,
4’-bis(maleimidodiphenyl)methane (50 mol%) and divi-
nylbenzene (50 mol%) in presence of phosphoric acid at
temperatures 400—-1000 °C. Porous structure was analyzed
by nitrogen adsorption isotherms while surface chemistry
was investigated by potentiometric titration method. It has
been shown that carbons obtained at 500—1000 °C are micro-
mesoporous with pore sizes of 1-1.1, 2-3 and 5.4 nm. The
most developed porosity was achieved at 600 °C reaching
BET surface area 890 m?/g and total pore volume 0.45 cm’/
g. Carbons obtained by carbonization of polyimide precursor
in presence of phosphoric acid showed acidic character with
30-40 % of phosphate surface groups. Maximum total
amount of acidic surface groups was achieved at 800 °C
reaching 3.2 mmol/g. Assignment of strongly acidic surface
groups to phosphates was corroborated by pK value, phos-
phorus content and thermal gravimetric analysis.

Keywords Activated carbon - Polyimides - Porous
structure - Potentiometric titration - Surface groups
1 Introduction

Activated carbons are widely used in many fields of chemical
technology. Great success of modern adsorption techniques
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has been facilitated significantly by the continuously
increasing quality of carbons generated by improvements in
their production techniques by using advanced preparation
processes as well as carefully selected carbonaceous
precursors.

Phosphoric acid activation is widely used for the pro-
duction of activated carbons. The use of various precursors
including wood, nutshells, viscose rayon and coal has been
extensively investigated. It has been shown that the max-
imum surface area is obtained at carbonization tempera-
tures of 350 °C for white oak wood (Jagtoyen and
Derbyshire 1993), 450 °C for coconut shell and sub-bitu-
minous coal (Laine et al. 1989) and 500 °C for bituminous
coal (Jagtoyen and Derbyshire 1993). Recently, polymer
precursors have also been investigated (Castro-Muiiiz et al.
2011; Puziy et al. 2002a, b, c, d, 2003, 2007a; Sobiesiak
et al. 2006; Sudrez-Garcia et al. 2004b).

Polyimides are thermoresistant polymers developed for
use in different applications at relatively high temperatures
250-300 °C. Recently polyimides attracted attention of
researchers as suitable precursor for preparation of carbons
having enhanced performance in such fields as metal ion
binding (Puziy et al. 2007a), gas separation (Hatori et al.
2004) and electrode material for supercapacitors (Hulico-
va-Jurcakova et al. 2009). The most important advantages
of polyimides are the good yield and the absence of
deformation during carbonization (Inagaki et al. 1999).
Previous studies have shown that highly porous spherically
shaped carbon having large amount of acid surface groups
may be obtained by phosphoric acid activation of poly-
imide polymer at 800 °C (Puziy et al. 2002a, 2007a;
Sobiesiak et al. 2011). Present communication describes
porous structure and surface chemistry of polyimide-
derived carbons obtained by phosphoric acid activation
conducted at different temperatures.
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2 Experimental

Parent porous copolymer of 4,4'-bis(maleimidodiphe-
nyl)methane (50 mol%) and divinylbenzene (50 mol%)
was obtained by the suspension polymerization method
using mixture of 1-decanol and benzyl alcohol as pore-
forming agents (Gawdzik and Sobiesiak 2003; Matynia
et al. 1996; Sobiesiak et al. 2011).

Parent copolymer (BM-DVB) was impregnated with
60 % phosphoric acid to impregnation ratio 1.1, dried in air
and then carbonized in flow of argon (0.5 L/min) at spec-
ified temperatures in the range 400-1000 °C for 30 min.
After carbonization carbons were extensively washed with
hot water in Soxhlet extractor until neutral pH. Carbons
were abbreviated as PXXX where XXX stands for car-
bonization temperature. For comparison purpose a carbon
C800 was obtained by carbonization of the same polymer
precursor at 800 °C without addition of phosphoric acid.

Porous structure of carbons was characterized by nitrogen
adsorption measured at 77 K using Autosorb-6 gas adsorp-
tion analyzer (Quantachrome, USA). Prior to measurements
samples were outgassed overnight at 200 °C under vacuum.
Pore size distribution was calculated by Autosorb-1 software
(Quantachrome, USA) using QSDFT method and slit/
cylindrical pore model (Gor et al. 2012; Neimark et al. 2009).
BET surface area (Sggt) was calculated by the standard BET
method (Brunauer et al. 1938) using nitrogen adsorption data
in the relative pressure range from 0.01 to 0.10 since devi-
ations of the BET plot from linearity was observed for rel-
ative pressures <0.01 and >0.10. Total pore volume (V)
was calculated by converting the amount of nitrogen adsor-
bed at a maximum relative pressure to the volume of liquid
adsorbate. Micropore volume (V,,;) and mesopore volume
(Vme) were calculated from cumulative pore size distribution
as volume of pores having size <2 nm and from 2 to 50 nm
respectively.

Thermogravimetric (TGA) analysis was carried out
using thermal analyzer Netzsch STA 449 F1 Jupiter (Net-
zsch) in the range from 50 to 1000 °C with a heating rate
10 °C/min. About 5 mg of sample was placed into Al,O3
crucible and analyzed under helium atmosphere. The flow
rate of helium was 40 mL/min.

Phosphorus content was measured by energy-dispersive
X-ray fluorescence method using ElvaX analyzer (Elva-
tech, Ukraine).

Surface groups of polyimide-derived carbons were
investigated by potentiometric titration conducted at 25 °C
in thermostatic vessel under argon flow (Puziy et al. 2001,
2005, 2010). 0.1 g of carbon was placed in 20 mL of 0.1 M
NaCl solution, equilibrated for at least 8 h and then titrated
with 0.1 M NaOH (base titration part) or 0.1 M HCI (acid
titration part) using a 672 Titroprocessor combined with 655
Dosimat (Metrohm, Switzerland). Proton concentration was
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monitored by means of an LL pH glass electrode (Metrohm,
Switzerland). Prior to experiments, the electrode electro-
motive force was calibrated to proton concentration by blank
titration. The amount of protons adsorbed at each titration
point was calculated using equation:

Vo +V;

——(H"), - [oH"]; - [H"], + [0H7],) (1)

0=
where V) and V;, are the volumes of background electrolyte
and volume of titrant added, and m is the mass of
adsorbent. Subscripts i and e refer to initial and equilibrium
ion  concentrations  respectively.  Proton  affinity
distributions were calculated by solving adsorption
integral equation using CONTIN method (Puziy et al.
1999, 2001, 2002b, 2003, 2005, 2007b):

PKinax

Qexp(pH) = Qlo<(PHaPK)F(PK)dPK (2)

PKin

where Q.y,, is the experimentally measured proton binding,
Qioc 1s kernel function describing local proton binding to
surface center with certain pK, F(pK) is sought for
distribution function, called Proton Affinity Distribution
(PAD), and pK,i, and pK,.x are the limits of integration.
The distribution function, F(pK), describes the site
concentration as a function of proton binding constant,
and is a unique characteristic of the adsorbent material. To
reproduce both positive and negative parts of proton
binding isotherm a combination of two Langmuir equations
was used as a local isotherm:

10PH-PK
Que=1 Lo Pt =P G)
” 57, pPK < PZC

where PZC is point of zero charge.

3 Results and discussion

Carbonization of BM-DVB copolymer impregnated with
phosphoric acid resulted in formation of carbonaceous
residue with 70 % yield that decreased to 40 % with
increasing heat treatment temperature from 400 to 1000 °C
(Table 1). It should be noted that addition of phosphoric
acid to polymer precursor increased the yield by a factor of
1.7 (compare carbons C800 and P800 obtained at equiva-
lent temperatures).

Figure 1 shows nitrogen adsorption isotherms on parent
copolymer BM-DVB and polyimide-derived carbons. As
expected, there is no steep rise at low relative pressures on
the nitrogen adsorption isotherm on the parent copolymer
BM-DVB. The isotherm belongs to type IV of the IUPAC
classification (Sing et al. 1985) with the H3 hysteresis
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loop characteristic of capillary condensation in mesopore
structures.

Carbonization at low temperature (400 °C) of BM-DVB
copolymer impregnated with phosphoric acid has led to
almost non-porous carbon material, while increasing heat
treatment temperature dramatically increased nitrogen
uptake with significant adsorption at low relative pressures
characteristic to microporous materials. Carbons obtained
at 500-1000 °C are essentially microporous (60 %) with
appreciable contribution of mesopores (Table 1). To study
the changes in the pore structure in more detail, the pore
size distributions (PSD) from nitrogen adsorption iso-
therms were calculated using QSDFT method using slit/
cylindrical pore model (Gor et al. 2012; Neimark et al.
2009). Porous structure of parent copolymer BM-DVB is
mainly presented by relatively large pores (<10 nm) with a
maximum pore size at 17 nm (Fig. 2). Mesoporous struc-
ture is preserved in carbon C800 obtained by carbonization
of parent copolymer BM-DVB without phosphoric acid.
Pore size distribution for carbon C800 does not show any
peak in micropore region due to lack of points on the
isotherm. However, micropore volume, calculated from
cumulative distribution, amounts 0.14 cm3/g which con-
stitutes a half of total pore volume (Table 1). Pore size
distributions (Fig. 2) shows that main porosity of carbons
obtained at 500-1000 °C is represented by micropores of
size 1-1.1 nm and mesoporous structure of size 2-3 and
5.4 nm. The developed mesoporosity present only in car-
bons treated with phosphoric acid at temperatures
500-1000 °C suggests that the development was caused by
activating action of phosphoric acid. Increasing carbon-
ization temperature from 400 to 600 °C led to drastic
increasing BET surface area and pore volumes (Table 1).
Heat treatment at 700 °C resulted in decreasing porosity
with leveling off at higher temperatures. Slight increase in
BET surface area and total pore volume for carbon P900 as
compared to P800 could be ascribed to unblocking pore
space by elimination of phosphorus compounds due to
thermal decomposition and reduction of phosphates to

—e— BM-DVB —— P400
—— P600
—=— P900

—e— P500
—— P800
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Fig. 1 Nitrogen adsorption isotherms on polyimide-derived carbons
obtained at different temperatures

elemental phosphorus (Puzii 2011; Puziy and Tascon
2012). Similar tendency to increasing porosity at 900 °C
was observed for carbons obtained from styrene—divinyl-
benzene copolymer (Puziy et al. 2002c, 2003). Further
increasing of heat treatment temperature to 1000 °C has led
to slight decreasing BET surface area and total pore vol-
ume due to contraction of carbon material.

It is interesting to note that carbon C800 obtained by
carbonization of BM-DVB copolymer without addition of
phosphoric acid retained mesoporous structure of polymer
precursor in the range of 10-50 nm induced by suspension
polymerization (Fig. 2). The porosity in this region is
completely absent when polymer precursor was impreg-
nated with H3PO, before carbonization. This fact may be
explained by cleaving weak connecting bridges in polymer
molecules at sub-pyrolysis temperatures under the attack of
phosphoric acid. Subsequently phosphoric acid can cata-
lyze the alkylation of aromatic structures or oligomeriza-
tion of alkenes (Jagtoyen et al. 1993; Jagtoyen and
Derbyshire 1998). Thus, the attack of phosphoric acid led

Table 1 Porous structure parameters of polyimide-derived carbons obtained at different temperatures

Carbon Yield (%) Sggr (mZ/g) Viot (cm3/g) Vi (cm3/g) Vi fraction (%) Ve (cm3/g) Ve fraction (%) Pore size (nm)
BM-DVB 55 0.340 0.003 1 0.337 99 16.1; 24.4

P400 70 11 0.026 0.002 6 0.025 94 1.4;5.1; 8.5; 23.8
P500 69 517 0.276 0.164 60 0.111 40 1.5;2.3;54
P600 65 889 0.454 0.253 56 0.201 44 1.1; 2.2; 3.1; 5.4
P700 64 673 0.349 0.211 61 0.137 39 1.1;24;3.1; 5.4
P800 63 595 0.327 0.182 56 0.146 44 1.1;24;3.2; 5.4
P900 51 656 0.349 0.207 59 0.141 41 1.1;2.4; 5.4
P1000 40 602 0.334 0.184 55 0.150 45 1.1;24; 54
C800 38 363 0.297 0.138 47 0.158 53 19.8; 26.1
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Fig. 2 Pore size distributions in polyimide-derived carbons obtained
at different temperatures

to rearrangement of polymer material and to destruction of
porosity initially present in the precursor.

Carbons obtained with addition of phosphoric acid
contain significant amount of phosphorus (Table 2). With
increasing heat treatment temperature up to 800 °C phos-
phorus content increased with gradual decreasing at higher
temperatures. Similar trend was observed for carbons
obtained from both styrene—divinylbenzene (Puziy et al.
2002b, 2003) and lignocellulosic (Puziy et al. 2005, 2007b)
precursors. It should be noted that maximum phosphorus
content in carbon from polyimide precursor is 1.5 times
higher than for carbons from styrene—divinylbenzene and
lignocellulosic precursors. This fact could be ascribed to
more strong interaction of phosphoric acid with nitrogen-
containing polyimide polymer.

Surface groups of polyimide-derived carbons were
investigated by potentiometric titration method (Puziy
et al. 2001). Proton binding isotherms (Fig. 3) shows
positive part (proton adsorption) and negative part (proton
desorption or dissociation) with a point of zero charge
(PZC) where adsorption and desorption of protons are
equal. PZC shifts from neutral to acid region for carbons
obtained in presence of phosphoric acid as compared to
carbon C800 obtained without H;PO, (Table 2). The shift
is due to formation of surface groups of acidic character.
All phosphoric acid activated carbons have much higher
total amount of acid surface groups (Q,) as compared to
carbon C800 obtained without addition of acid. With
increasing carbonization temperature up to 800 °C the total
amount of acid surface groups increases and gradually
decreases with further rise of heat treatment temperature
(Fig. 3; Table 2).

Proton affinity distributions show five types of acid
surface groups in phosphoric acid activated carbons
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(Fig. 4). By comparing dissociation constants of surface
groups with that of known simple compounds the surface
groups could be assigned to phosphate (pK 1.5-2.3), car-
boxylic (pK 4.1-5.1), lactone or keto-enol (pK 6.5-7.1,
7.9-8.8) and phenolic (pK 10.1-10.4) groups. Phosphate
surface groups appeared in carbons that were obtained at
relatively high temperatures (500-1000 °C). The absence
of phosphate groups in carbon carbonized at 400 °C is
most likely due to absence of porosity, which prevents
contact of phosphate groups with solution. With increasing
heat treatment temperature the attack of phosphoric acid is
advances and results in developing porous structure of
carbon.

Assignment of strongly acidic surface groups to phos-
phates is supported by thermal gravimetric analysis and
phosphorus content. DTG curves measured in helium
atmosphere (Fig. 5) showed appreciable mass loss in the
temperature range of 800-900 °C for all carbons, except
P400. Most probably, the mass loss was due to thermal
degradation of C-O-P bonding and volatilization of
phosphorus compounds. Mass loss in the same temperature
range was also observed by other researchers and has been
assigned to the rupture of C—O-P bonds (Castro-Muiiiz
et al. 2011; Labruquere et al. 1998; Oh and Rodriguez
1993; Olivares-Marin et al. 2006; Sudrez-Garcia et al.
2004a). The intensity of the mass loss at 800-900 °C fol-
lowed the same trend as phosphorus content and concen-
tration of phosphate groups—increase with increasing
carbonization temperature up to 800 °C followed by
decrease at higher temperatures. Figure 6 demonstrates a
good linear relationship between concentration of strongly
acidic surface groups and both intensity of the mass loss at
800-900 °C and phosphorus content. This fact favors
assignment of the most acidic groups to phosphate.

4 Conclusion

The investigation revealed the variations of the porous
structure and surface chemistry of carbons obtained by
carbonization at different temperatures of BM-DVB
copolymer impregnated with phosphoric acid. It has been
shown that increasing heat treatment temperature up to
600 °C caused developing porosity of carbons reaching
BET surface area 890 m*/g and total pore volume
0.45 cm’/g carbons obtained at higher temperatures had
25-32 % lower specific surface area and total pore volume.
All carbons, except those obtained at 400 °C, were micro-
mesoporous with pore sizes of 1-1.1, 2-3 and 5.4 nm.
Chemical activation of BM-DVB copolymer produced
phosphorus-containing carbons with strongly acidic char-
acter. About 3040 % of total amount were strongly acidic
with pK 1.5-2.3. These groups were assigned to
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Table 2 Phosphorus content, point of zero charge (PZC), total amount of acid groups (Q,), the amount of very acidic surface groups (Q;) and

their pK
Carbon P content (%) PZC Q, (mmol/g) Q; (mmol/g) Q) fraction (%) pKi
P400 3.4 3.87 1.08
P500 6.3 1.88 1.83 0.34 19 2.08
P600 9.3 2.07 2.28 0.63 28 2.16
P700 10.8 1.78 227 0.73 32 1.87
P800 12.2 1.67 3.19 0.99 31 1.82
P900 10.1 1.49 2.89 0.75 26 1.54
P1000 8.9 2.15 171 0.41 24 231
C800 7.10 0.22
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Fig. 3 Proton binding isotherms by polyimide-derived carbons
obtained at different temperatures
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Fig. 4 Proton affinity distributions in polyimide-derived carbons
obtained at different temperatures

phosphates. Both total amount and strongly acidic surface
groups were at maximum for carbon obtained at 800 °C
reaching 3.2 and 0.99 mmol/g respectively. Assignment of
strongly acidic surface groups to phosphates was supported

Temperature, °C

Fig. 5 DTG curves for polyimide-derived carbons obtained at
different temperatures
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Fig. 6 Dependence of minimum on DTG and phosphorus content on
concentration of most acidic surface groups with pK 1.8-2.3 in
polyimide-derived carbons

by pK value, phosphorus content and by thermal gravi-
metric analysis.
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