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Thermal-shock KOH activation has been used to produce nanoporous activated carbon from brown
coal. The specific surface area, total pore volume, volumes of micropores and subnanometer pores were
determined for activated carbons prepared at a varied alkali/coal ratio. Thermal shock was demonstrated
to be more efficient for the development of surface area with Sger equaling up to 1700 m*/g in comparison
to 1000 m*/g for thermally-programmed heating. Increasing the KOH/coal ratio in the activated mixture
increases the total pore volume, the micropore volume, and also the volume of subnanometer pores.
Thermal shock produces nanoporosity at lower KOH/coal ratios than respective low-rate heating

processes of KOH activation.

INTRODUCTION

Alkali activation is well known as a method
for the preparation of activated carbons (ACs)
featuring advantages such as high specific
surface area, high volume of micropores and
subnanopores and narrow pore size distribution
[1,2]. It can be used for processing many
precursors such as coal, biomass, nanotubes,
coke and pitch. Besides chemical and physical
activation, there are also less common methods
for developing porosity in carbon materials. One
example is the saturation of coconut shell with
nitrogen (1.0 MPa) followed by heating to 523—
573 K and adiabatic expansion. Such carbon
materials have a low surface area (354—
663 m*/g) but a narrow pore size distribution
with the pores preferentially in the subnanometer
range (less than 1 nm) [3]. Another example is
chemical pretreatment through intercalation-like
reactions of anthracite with nitric or perchloric
acid followed by heating and physical activation
[4, 5]. Pretreatment favors a 2—3 time rise in the
pore volume and micropore volume compared to
sole physical activation [5]. A third approach is
the intercalation of coal followed by thermal
shock at 973 K which allows increasing the
surface area (from 14 to 521 m%g) and
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micropore volume (from 0.01 to 0.17 cm’/g)
[6, 7] without activation.

All these methods follow a common line:
insertion of guest particles into the inner molecular
cavities of the precursor framework and pulse
removal of those inserted species which “explodes”
the framework on the inside and forms micropores.
In addition, thermal shock is known to be an
efficient procedure for removing inserted species
and is widely used for conversion of graphite
intercalation compounds into exfoliated graphite [8].

It appears reasonable to suggest that a
combination of alkali activation and thermal
shock should lead to the formation of micro- and
subnanometer pores due to interaction between
the organic framework and KOH which is
followed by pulse-induced removal of low-
molecular species from the lattice. Such species
are framework-trapped water molecules and
gaseous products formed in the thermal
destruction of framework-forming chains.

Brown coal is attractive precursor used for
ACs prepared by KOH activation [9-12]. This
kind of coal has a high reactivity toward alkalis
owing to reactions of carboxylic, phenolic and
ester-type groups with KOH to form carbo-
xylates and phenolates. There are examples of
high-efficiency AC preparation from Victorian
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brown coal (Australia) [11] or brown coal of
another deposit [12] with the resulting ACs
having a sufficiently high specific surface area
(Sger > 1000 mz'g'l) at a moderate alkali/coal
ratio (about 1 g/g). Motivated by the high
efficiency of brown coal conversion into ACs by
KOH activation [9-12], we previously carried
out the conversion of Aleksandriya brown coal
(Ukraine) under the experimental conditions
common to KOH activation [13-15]: the
impregnation of brown coal with potassium
hydroxide with the following non-isothermal
heating up to 1073 K. Finally, the samples were
held at 1073 K for 1 h.

This technique allows one to prepare
developed-porosity ACs with a BET specific
surface area of 800-1000 m?*/g, a total pore
volume of 0.5-0.6cm’/g, and a micropore
volume of 0.3-0.4 cm’/g at a KOH/coal ratio of
0.5-1.5 g/g [15]. The resulting ACs exhibit a
high adsorption capacity toward a methylene
blue dye (100-250 mg/g), phenol (50-200 mg/g
at an equilibrium concentration of 0.1-
1.0 mg/ml), and iodine (1000-1200 mg/g)
[14, 16]. The ACs thus made also have a high
hydrogen adsorption capacity (3.2 wt. % at 77 K
and 0.33 MPa [17]) which is close in value to
that measured under the same conditions for
other coal-based ACs [18]. In addition, brown
coal-derived carbons reveal a high adsorption
capacity toward xenon (0.95 g/g at 293 K and
0.35 MPa) [19], iodine and methyl iodide vapor
[20] which is an important point in assessing the
material as an adsorbent of radioactive isotopes
formed in nuclear reactors. All of the above
shows commercialization potential of brown
coal-derived nanoporous carbons for waste-water
purification, hydrogen storage and the protection
of nuclear plants against the spontaneous
emission of radioactive gases. This stimulates
our further interest in tuning the porosity of the
resulting materials by changes in the
experimental procedure.

In studying the effect of heating on the
properties of ACs from brown coal, we unveiled
that both the yield in ACs and the specific
surface area were increased at lower KOH/coal
ratios if thermal shock conditions were applied
instead of rather traditionally accepted heating at
a low ramp rate (e.g.,4 K/min) [21,22]. We
identify the thermal shock procedure as
introducing a brown coal sample in the 1073 K-
preheated reactor zone. However, the literature
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data do not reveal such a procedure to be
conducted for porosity formation in the KOH-
activation of brown coal. We demonstrate that
thermal shock allows us preparing somewhat
different material and give a detailed account of

nanoporosity development under such a
procedure.
EXPERIMENTAL
Parent and KOH impregnated coal.

Aleksandriya brown coal (Kyrovograd region,
Ukraine) was used as parent coal whose
characteristics are as follows (%): W*12.4;
AY11.7; V*57.6; C*170.4; H6.0; S™3.8;
N®2.0; 0% 17.8. All the experiments below
were performed using a fraction of 0.5—1.0 mm.

The coals were impregnated as follows: a
preliminarily dried coal sample (378 K, 2 h) was
mixed with a 30 wt% aqueous solution of
potassium hydroxide (d=1.29 g/cm’) and held
for 24 h at room temperature. An amount of
aqueous KOH solution was chosen such as to
meet the required KOH/coal mass ratio (denoted
further as Riop). The sample was then dried at
393 K until constant weight. In reference
experiments, a coal sample was soaked with
water taken in an amount corresponding to that
of alkali solution then held for 24 h and finally
dried following the same procedure as for the
KOH solutions.

Preparation of AC. ACs were prepared by
heating the parent or KOH-impregnated coal
samples in a vertical tubular steel reactor (a
chamber volume of 0.2 dm’). The following
stepwise activation procedure was adopted with
all the steps being conducted under an argon
flow of 2 dm’/h: a sample of 10 g was introduced
into the reactor zone preheated up to 1073 K
(thermal shock), then held at 1073 K for 1 h, and
finally cooled down to room temperature. For
comparison, a series of AC samples were made
using a low heating rate of 4 K/min at the stage 1
of the technique (instead of thermal shock), steps
2 and 3 remaining unchanged. After activation,
the samples were washed off first with distilled
water, then with a 0.1 M HCI solution, and once
again with water until the negative response of
Cl ions against AgNO;. The samples were
finally dried at 378+278 K. Activated carbons
made from parent coal are referred to as AC if no
KOH was used and AC-K(Rgon) if KOH was
used for activation. For instance, AC-K(1.0)
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abbreviates an AC made at a KOH/coal ratio
RKOH =1.0 g/g

Characterization of pore structure. The
pore structure was explored by the analysis of N,
adsorption/desorption isotherms for the samples
outgassed at 473 K for 20 h. The isotherms were
recorded at 77K wusing a Quantachrome
Autosorb 6B instrument. The specific surface
area Sgpr (mz/g) was determined from the BET
analysis of the isotherm portion corresponding to
a relative N, pressure p/p, below 0.3 [23]. The
total pore volume Vy(cm’/g) was determined
using the amount of nitrogen adsorbed at
P /po ~1.

Mesopore size distribution and the volume
of mesopores, Ve (cm’/g), were analyzed by the
BJH method [24] using the desorption branch of
the N, gas isotherms. The mesopore volume V.
was determined from the cumulative volume
curves by accounting only for the volume of
pores in the range of 2—50 nm in diameter.

The micropore volume V., (cm’/g) was
determined using the Dubinin-Radushkevich
method [25]. Micropore size distribution was
evaluated by the DFT method [26]. The specific
surface area (Sppr) and the volume of
subnanometer pores less than 1 nm (V,,) were
determined from the DFT cumulative curve for
the specific surface area and the specific volume
respectively.

RESULTS AND DISCUSSION

Yield of activated carbons. The yield of ACs
is decreased almost linearly with increasing the
KOH/coal ratio (Fig. 1). At Rgon > 0.5 g/g, the
yield of ACs has higher values under the thermal
shock conditions as compared to the respective
data for low-rate heating. When low-rate heating
is applied, the increase in AC yield at low Rgon
values can be supposed to arise due to the
predominance of condensation-related processes
enhanced by potassium cations or potassium
metal formed on reducing K" ions by the
electrons of the carbon framework [27, 28]. Such
condensation reactions were established on
heating various coals with sodium hydroxide
[29] or polyarenes with potassium hydroxide
(e.g., the condensation of benzanthrone into
violanthrone at the temperature above 473 K
[30]). The condensation reactions are known to
induce the formation of additional cross-links in
the carbon framework.
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Fig. 1. Yields of activated carbons prepared by
thermal shock (/) and low-rate heating (2)
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Fig. 2. Specific surface area of activated carbons
produced under thermal shock (/) and low-
rate heating (2)

Specific surface area. One can see easily
from Fig. 2 that thermal shock induces higher
Sger values in a Rigoy range of 0.5-1.5 g/g only.
The samples prepared at Rxon < 0.2 g/g have low
Sger values whereas at relatively high KOH/coal
ratios (Rxonp=2.0 g/g) there is almost no
difference in Sggr of the samples prepared under
either the thermal shock or low-rate heating
conditions.

Therefore, we conclude from the data of
Fig. 2 that it does not make great sense to
prepare ACs at the KOH/coal ratios above 1 g/g.
For low-rate heating, there is a drop in Sggr
values at Rgxon between 0 and 0.2 g/g. Note that
this drop in Sggr values corresponds to the rise in
AC yield and both features are caused by the
polycondensation reactions resulting in a rigid
cross-linked framework. Taking into account the
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decrease in Sggr values at a low alkali/coal ratio
(Fig. 2), we decided not to proceed with the
thermal-shock  preparation of ACs at
Rkon < 0.2 g/g since the condensation reactions
can reasonably be expected to occur also under
thermal shock, not favouring developed porosity.

Adsorption isotherms. As can be seen from
Fig. 3, at low p/po there is a drastic increase in
the amount of adsorbed nitrogen, i.e. the initial
portion of the adsorption isotherms can be
related to type I isotherms [31]. The shape of
isotherms is in itself indicative of ACs being
essentially microporous.

All the isotherms are characterized by the
presence of H4-type hysteresis loops according
to the IUPAC guidelines [31]. According to this
type of hysteresis, the adsorption and desorption
branches in Fig. 3 are nearly parallel to the
horizontal axis over a wide range of p/po. Such a
type of hysteresis loops is associated with the
presence of narrow slit-like pores but is also

indicative of substantial microporosity in the
case of type I isotherms.
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Fig. 3. Nitrogen adsorption-desorption isotherms at
77 K for activated carbons derived from brown
coal under thermal shock: / — AC; 2 — AC-
K(0.2); 3 — AC-K(0.5); 4 — AC-K(0.8); 5 — AC-
K(1.0)

Table. Porosity characterization of nanoporous materials AC and AC-K

Parameter Material
AC AC-K(0.2) AC-K(0.5) AC-K(0.8) AC-K(1.0)

Sger, MY/g 123 664 1212 1348 1706
Sprr, MY/g 74 515 1356 1411 1680
Vs, cm’/g 0.14 0.34 0.74 0.88 1.00
Vi C/g 0.03 0.25 0.41 0.48 0.71
Vil Vs 0.22 0.74 0.55 0.55 0.72
Ve, /g 0.035 0.064 0.30 0.35 0.28
Vine/ Vs 0.25 0.19 0.40 0.40 0.28
Viom, cm’/g 0.01 0.13 0.35 0.36 0.40
Vinm/Vs 0.05 0.38 0.48 0.40 0.41

Furthermore, for AC and AC-K(0.2), we
observe low pressure hysteresis, extending to the
lowest attainable values of p/py (see curves 1, 2
in Fig. 3). Such behavior can be caused by the
swelling of carbon framework, the irreversible
uptake of nitrogen molecules in pores or even
chemical interaction of the adsorbate with carbon
surface [31]. For our brown coal-derived
carbons, we believe that topochemical reactions
are unlikely and also the swelling can be
neglected due to the rigidity of the framework.
Thus, the presence of low-temperature hysteresis
is most likely associated with the irreversible
trapping of nitrogen molecules in the smallest
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micropores, possibly those with pore entrances
less than 0.4 nm.

Increasing the KOH/coal ratio gives rise to
low pressure hysteresis becoming less apparent,
with its complete disappearance for samples AC-
K(0.8) and AC-K(1.0).

Pore structure characterization. The most
important porosity features are summarized in
Table. If activated carbon is produced by heating
brown coal at 1073 K without alkali, it is
characterized by a poorly developed porosity
(material AC). Sggr is only 123 mz/g, the total
pore volume and the volume of micropores are
also not too large but the micropores amount to
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22 % of the total porosity. The micropores are
mostly 1-2 nm wide pores with only 1 % of the
pores corresponding to pores less than 1 nm.
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Fig. 4. BJH mesopore size distribution (a); close-up
of the BJH pore size distribution for pore
size between 2 and 5 nm (b)

The AC-K materials prepared by KOH
activation feature more developed porosity and
amore substantial pore volume. Thus, the
specific area of the AC materials rises from 123
to 1706 m*/g on increasing the KOH/coal ratio in
the impregnated coal which represents a 14-time
increase in Sggr values (Fig. 2, line 1). Note also
that Sggt and Sprr have close values.

Increasing the KOH/coal ratio from 0 to
1 g/g results in a 7-time rise in the total pore
volume (0.14 to 1.00 cm’/g). At the same time,
the micropore volume increases by a factor of 24
(0.03 to 0.71 cm’/g). All the AC-K samples have
no or a very small amount of macropores (not
more than 0.07Vy). As to mesopores, their
quantity rises progressively with Rxop but there
is no evident trend in their contribution to the
total pore volume.
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We also evaluated the volume (Vi) of
pores less than 1 nm and their fraction (defined
as Vin/Vs) as a function of the alkali/coal ratio.
We draw particular attention to subnanometer
pores since they are of utmost importance to both
high hydrogen adsorption capacity [32] and high
electrochemical capacitance [33]. In other words,
the larger the volume of subnanometer pores, the
better the nanoporous carbon.

The volume of subnanometer pores increases by
a factor of 40, their fraction (Vi./Vs) in the total
pore volume rises sharply in the Ryoy range of 0 to
0.5 g/g whereas the V,,/Vs values decrease slightly
at Rxon>0.5 g/g. Hence, the alkali activation of
brown coal under thermal shock is capable to
produce materials with developed subnanometer
porosity. We believe that our experimental
procedure can further be tuned as to maximizing the
volume of subnanometer pores.
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Fig. 5. The BJH mesopore size distribution of the
carbons prepared under thermal shock (/)
and low-rate heating (2). Rgoy=1 g/g for
both cases

Mesopore  size  distribution.  Fig. 4

demonstrates that the pore size distribution of
material AC has a maximum for 3 nm - wide
mesopores whereas the distribution in the other
pore size regions is quite uniform. The pore size
distribution of AC-K(0.2) carbon has a peak at
3.7 nm. The peak is shifted to about 4.2—4.3 nm
for material AC-K(0.5) and does not change
position further for materials AC-K(0.8) and
AC-K(1.0).

Fig. 5 compares activated carbons prepared
at the same KOH/coal ratio (Rxoy=1 g/g) but
under different heating conditions. The mesopore
size distributions of both carbons are rather
similar exhibiting maxima at the same pore
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diameter of 4.2nm. The main differences
between the carbons are apparent for pore size
less than 3 nm with more small pores for the
carbon prepared under thermal-shock KOH
activation.
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Fig. 6. The volume of micropores and subnanopores

vs the KOH/coal ratio

Micropore size distribution. Figs. 6 and 7
show that the micropore structure is greatly
dependent on the KOH/coal ratio. The micropore
volume V,; increases up to 0.71 cm3/g
(corresponding to 71 % of the total pore volume)
as Ryop rises (Fig. 6). A similar trend can be
followed for subnanometer pores; they make up
40-50 % of all the porosity for ACs prepared at
Rkon = 0.5-1.0 g/g (Table).
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Fig. 7. DFT micropore size distribution for

materials AC and AC-K

The sample AC is characterized by a relatively
uniform micropore distribution, with a little peak for
pores of 1.5 nm (Fig. 7). For the sample AC-K(0.2),
most pores have a diameter of 1 nm whereas there
are much less pores with a diameter < 0.7 nm and
> 1.5 nm. Increasing the KOH/coal ratio from 0.2 to
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0.5 g/g induces drastic changes in micropore size
distribution: the maximum at 1 nm disappears with
mostly developing pores being those less than
0.7 nm in diameter. Increasing the KOH/coal ratio
from 0.5 to 1.0 g/g does not considerably increase
the amount of pores less than 0.7 nm but does
strongly enhance the formation of pores which are
0.9, 1.2, 1.5 and 1.8 nm in diameter (Fig. 7). This
can arise owing to somewhat stronger interactions of
alkali with the carbon framework under thermal
shock which can lead to a certain enlargement of the
smallest pores.
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Fig. 8. Comparison of DFT micropore size
distributions for carbons prepared using
thermal shock (/) and low-rate heating (2)

Fig. 8 compares the micropore size distributions
of carbons prepared using thermal shock and low-
rate heating at the same KOH/coal ratio
(Rkon=1g/g). Switching to the thermal shock
conditions gives rise to an increased volume of
micropores and somewhat different pore size
distribution with pores over 1 nm being developed
to a much greater extent for thermal-shock activated
carbon. The distribution of micropores less than
1 nm is similar for both carbons.

We further propose a mechanism for
developing porosity in brown coal-derived
carbons under thermal shock through thermally-
initiated reactions involving KOH. We build
upon the common concepts of alkali activation
[1,2,27-29,34] and thermal-shock exfoliation
of graphite intercalation compounds [4, 6-8, 35].
Thus, we propose the first event to be a high-
temperature pulse formation of low-molecular
products from thermally labile structural
fragments such as phenolate and carboxylate
functionalities formed in the alkali impregnation
of brown coal. This is followed by a pulse
evolution of molecules (H,O, CO, CO,, CHy,,
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C,Hg, and other gases) from the framework
producing internal cavities of molecular size.

Those cavities do not collapse since they are
kept up by the species present in the precursor
framework such as K", OH’, KOH, and also by K,O
and K,CO; formed through thermally initiated
reactions with KOH [2, 27, 28, 36]. Simultaneously,
there is a build-up of internal C-C cross-links which
stabilizes the formed microporosity and provides the
porous framework with rigidity.

CONCLUSIONS

We have found that the KOH activation of
Aleksandriya brown coal under thermal shock
(1073 K) is capable to produce nanoporous carbons
with a high surface area (up to 1700 cm”g), a total
pore volume of about 1cm’/g and a micropore
volume of 0.7 cm®/g. This process is more efficient
than slower thermally-programmed heating up to
1073 K adopted in most conventional methods for
alkali activation.

Increasing the KOH/coal ratio in the activated
mixture increases the micropore volume (0.03 to
0.71 cm’/g) and the volume of subnanometer pores
(001 to 0.40 cm’/g). The thermal-shock KOH
activation produces activated carbons with more
developed porosity but pore size distribution does
not differ significantly from that for the carbons
prepared under low-rate heating conditions. Thermal
shock additionally promotes the formation of pores
0f 0.6, 1.2, 1.5 nm in diameter.

Thermal shock allows developing nanoporosity
at lower KOH/coal ratios (0.5-1.0 g/g) than those
for the respective low-rate heating processes of
KOH activation. This can bring a technological
advantage since a lower KOH consumption
decreases the amount of alkali solutions formed on
washing off activated carbons.

In summary, activated carbons prepared by
KOH activation of Aleksandriya brown coal were
demonstrated to have a moderately developed
nanoporosity with a fraction of subnanometer pores
of 0.4-0.5. Therefore, we can expect that our
materials hold promise for use in hydrogen storage
systems, energy storage in electrochemical
capacitors, and waste-water purification.
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Onep:kaHHS HAHOMIOPYBATHX aICOPOEHTIB 3 Oyporo Byriuist
JIY’KHOK0 AKTHBAILI€IO0 i3 32CTOCYBAHHSIM TEIIOBOIO yIapy

FO.B. Tamapkiuna, B.O. Kyuepenko, T.I'. lllenapik, P./{. Mucuk, M.M. lln6a

Iuemumym gizuxo-opeaniunoi ximii i gyeneximii im. JI.M. Jlumsunenka
Hayionanvnoi axkademii nayx Yrpainu
syn. P. Jloxcembype, 70, Jloneyvk, 83114, Yrpaina, y _tamarkina@rambler.ru
Incmumym copbyii ma npobnem endoexonoeii Hayionanvroi akademii nayx Ykpainu
eyn. I'enepana Haymosa, 13, Kuis, 03164, Yxpaina

Memooom nyacroi akmusayii KOH i3 3acmocy8anHiam meniogozo yoapy 00epucAHo HAHONOPYS8Amull
mamepian 3 Oypoeo eyeinni. [na 3paski@ aKmueo8awoco 6y2iiisi, CQOopMOsaHux npu 6apilo8aHHi
CRIGBIOHOWEHHSA TVe/8V2iNise, OVI0 BUSHAYEHO NIOWY NUMOMOI NOGEpXHi, cymapHuil 06’ em nop, 06’emu
Mixpo- ma cyouanonop. Ilokazano, wo Hazpieanms 6 pexcumi menniogozo yoapy Ointvul egpexmusHe 015
po3eunenns noeepxui; Sger caesiioms 1700 mM°/2, modi AK Rpu MepMONPOPAMOSAHOMY HAZPIGaHH —
1000 7’/2. 36invwenns cnissionowenns KOH/syeinia y cymiuii, wjo akmugyemucs, Cnpusie 36i1bWeH IO
cymapnozo o0’emy nop, 06’emy mikponop, a maxodxc 06’emy cyonanonop. Tennosuili yoap cmumynroe
PO36UHEHHS HAHONOPY8amocmi npu Oinbu HU3LKUX chisgionowennax KOH/eyeinas nopigHano 3 nosinbHum
HA2PIGAHHAM.

I[HosyyeHre HAHOMOPUCTBIX AICOPOEHTOB U3 OYPOro yrJjsi
LIEeJI0OYHOM AKTHBalMel ¢ IPMMEeHEeHHEeM TelJIOBOro yaapa

FO.B. Tamapkuna, B.A. Kyuepenko, T.I'. lllenapuk, P./{. Mbicbik, H.H. {6102

Hucmumym gpuzuxo-opeanuueckou xumuu u yenexumuu um. JI.M. Jlumseunenxo
Hayuonanvnoii akademuu nayx Yxkpaumoi
ya. P. Jliokcembype, 70, Honeyx, 83114, Yxpauna, y_tamarkina@rambler.ru
Huemumym copoyuu u npobrem snoosxonoeuu Hayuonanvnoti akadoemuu Hayx Ykpaunoi
yn. I'enepana Haymosa, 13, Kues, 03164, Yxpauna

Memooom wenounoii akmusayuu KOH ¢ npumenenuem mennogozo yoapa noiyyen HaHONOPUCHIbILL
mamepuan u3 6ypozo yena. [na o6pasyos akmusupo8aHusix yeiel, chopmuposannvlx npu 6apbupo8aHul
COOMHOUIECHUSL WeEN0Ub/Yeoib, onpedeiiervbl Niouadb YOeibHOU NOBEPXHOCHU, CYMMAPHLIL 00beMm nop,
0bvembl Muxpo- u cyoumanonop. Iloxazano, umo Hacpesauue 6 pedcume Meni06020 yoapa bOoiee
appexmueno  Ona  pazeumus  noeepxmocmu; Sggy Oocmuearom 1700 M’/2,  mozda  kax  npu
MEePMONPOSPAMMUPYEMOM — HACPEBAHUU 1000 7m’/2.  Veenuuwenue coomnowenus KOH/yeon» ¢
AKMUBUPYEMOIL cMeCU CnocooCcmeyem Y@erutueHur0 CyMMapHo2o obvema nop, 00vbema MUKponop, a
maxoice obvema cybnanonop. Tennogou yoap cmumynupyem pazgumue HAHONOPUCMOCMU npu Ooiee
Huskux coomuowenusx KOH/yeons no cpagnenuio ¢ MeoieHHbIM HAZPEBOM.
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