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Abstract. The adsorption of phenol, 4-chlorophenol,
methylene blue, and Pb(11) by coal-based activated carbons
prepared by a thermal shock alkaline activation was studied
for the first time. The adsorption kinetics and isotherms
were measured and compared with those of carbons
obtained by a temperature-programmed activation. The
adsorption rate was determined to be limited by the
interaction of adsorbate with surface centers, and not by the
diffusion into pores. Thermal shock increases adsorption
rates by 1.18 —3.16 times and equilibrium capacities by
1.13 - 2.08 times, depending on the adsorbate and the coal
type. The carbons prepared by thermal shock were found to
be more effective adsorbents for water purification from
ecotoxicants.

Keywords: coal, alkaline activation, thermal shock,
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1. Introduction

Industrial development creates many environmental
problems, in particular, pollution of aquatic environments
with ecotoxicants such as organic dyes,® phenolic
compounds,? and heavy metals.> They are highly toxic,
carcinogenic, mutagenic, resistant to biodegradation and
solar radiation, and dyes also negatively affect photo-
synthesis in ecosystems. Among many methods of water
purification,* adsorption is the most common method of
capturing ecotoxicants due to the relative simplicity of the
process. Its efficiency directly depends on the adsorbents
used, a significant group of which are carbon materials such
as charcoals, biochars®® and activated carbons (ACs).613
They are prepared from various carbonaceous raw
materials (woods, coals, polymers, various types of
biomass) by carbonization or activation with various
reagents (H2O, CO,, KOH, H3sPO4, and others).
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Currently, the greatest attention is paid to the studies
of two groups of carbon materials, namely biochars and
ACs obtained by alkaline activation — thermochemolysis
(700-900°C) of the starting material with KOH. Only this
method results in the formation of ACs with the largest
specific surface area. For example, the scientific literature
describes the preparation of such ACs from asphalt
(3851 m?/g),® petroleum coke (3950 m?/g),” biomass
(3977 m?/g),2  anthracite (<4012 m?/g),°  leaves
(4482 m?/g),'° and urea-formaldehyde resin (4547 m?/g).1!
These and similarly prepared carbons also have good
adsorption properties and sometimes demonstrate unique
adsorption capacity. For example, carbons from alkali
activated oxidized coals have phenol capacities of
3.32-4.81 mmol/g, biomass-based carbons have 4-
chlorophenol capacities up to 6.71 mmol/g,*? and carbon
from carbonized leaves activated with KOH shows a
methylene blue dye capacity of 13.07 mmol/g.*°

Large specific surface areas, developed nanoporous
structure, and high electrical conductivity of ACs
determine their applications as an electrode material of
supercapacitors,’® holders of hydrogen* or natural gas,*
adsorbents for water purification from ecotoxicants and
capture of greenhouse gases (CO,).1%1" Such materials are
usually prepared at large weight ratios of KOH/substrate
Rkon = 2 -5 g/g. This is the main disadvantage of alkaline
activation, causing technological and environmental
difficulties in the utilization of large quantities of alkali
during the AC isolation. Therefore, an important and urgent
task is the reduction of the alkali amount while maintaining
the main distinctive properties of the resulting ACs. A way
to solve this problem is to change the heating mode of the
starting material processed by alkali. When studying the
alkaline activation of brown coal, it was found®® that
thermal shock — rapid introduction of a sample into a
reactor zone preheated to the activation temperature
(800°C) allows obtaining carbon with a larger specific
surface area (~1700 m?/g vs ~1000 m?/g) at a small ratio of
Rkon =1g/g. Subsequent studies confirmed the same
effect in the alkaline activation of different rank coals. It
could be expected that the ACs prepared by a thermal shock
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would have a higher adsorption activity due to more
developed nanoporosity, and the porous structure cha-
racteristics of these materials would make them promising
for application in adsorption processes.

The aim of the work is to study the adsorption
properties of different types of activated carbons prepared by
the thermal shock alkaline activation related to typical
organic ecotoxicants and pollutants such as phenol,
4-chlorophenol, methylene blue, and lead cations, and to
compare them with the properties of adsorbents obtained by
conventional temperature-programmed alkaline treatment.

2. Experimental

2.1. Fossil Coals and Reagents

The original coal samples were brown coal (B) from
the Aleksandriya deposit and long-flame coal (D) from the
Donbass deposit. The particle size of coals is
0.16 — 0.25 mm; the proximate and elemental analyses are
given in Table 1.

Potassium hydroxide (Chemapol, CAS 1310-58-3)
was used as an activator. Methylene blue dye (Enamine Ltd.,

Table 1. Proximate and elemental analysis of coals

435

CAS 61-73-4), phenol (Enamine Ltd., CAS 108-95-2), and
4-chlorophenol (Enamine Ltd., CAS 106-48-9) were used as
received. Lead nitrate (Honeywell Fluka, CAS 10099-74-8)
in acetate buffer (pH 5.4) was used as a precursor of Pb(Il)
cations.

2.2. Preparation of Activated Carbons

The ACs preparation was carried out in two main
stages: alkaline impregnation and activation — thermo-
chemolysis in an inert environment. The impregnation with
potassium hydroxide was performed by mixing dried coal
(10 g) and a 30% aqueous solution of KOH (33.3 g) with the
weight ratio KOH/coal Rkon = 1.0 g/g and exposing for 24 h
at room temperature. Then the aqueous phase was removed
at 90 — 100°C and the residue was dried at 110-130°C.

Activation was performed using two methods. The
first one is a new method — the thermal-shock alkaline
activation, abbreviated as TS-activation. A stainless steel
reactor (diameter 40 mm, working area height 150 mm)
was purged with dry argon (~2 dm3/h) and heated to a given
thermal shock temperature (800°C). Then, impregnated
coal was quickly introduced into the heated zone, held for
1 h, and quickly cooled in a flow of argon.

Proximate analysis, wt %

Elemental analysis, wt %

Coal W2 Ad Vdaf Cdaf Hdaf Sdaf Ndaf Odaf
Brown coal (B) 12.4 1.7 57.6 70.4 6.0 3.8 2.0 17.8
Long-flame coal (D) 11.1 1.8 43.8 80.0 5.3 1.0 1.9 11.8

The resulting product — a mixture of AC and
potassium compounds (mostly KOH, K»CO3, K;O) was
sequentially washed with water from alkali, then with an
HCI aqueous solution (0.1 N), and again with water until
the reaction to CI- ions was negative (qualitative test with
AgNO3). The resulting AC sample was dried at 120+10°C
to constant weight, and the AC vyield (Y, %) was
determined. The same samples of impregnated coals were
activated by a conventional temperature-programmed alka-
line activation (TP-activation). It was performed in the
same way as TS-activation, but heating to the final
activation temperature (800°C) was carried out slowly at a
rate of 4°C/min. Activated carbons prepared from brown
coal were designated as AC(B)(TS) and AC(B)(TP);
samples from long-flame coal were designated as
AC(D)(TS) and AC(D)(TP).

2.3. Characterization
of Activated Carbons

The characteristics of the AC porous structure were
determined by isotherms of low-temperature (77 K)

nitrogen adsorption—desorption  (Micromeritic ASAP
2020). The 2D-NLDFT-HS (2-Dimensional Non-local
Density Functional Theory, Heterogeneous Surface)
method®® (SAIEUS program) was used to calculate the
integral and differential dependences of the Sper specific
surface area (m?/g) and the pore volume V (cmq/g) from the
average pore diameter (D, nm). The volumes of
ultramicropores (Vumi), supermicropores (Vsmi), subna-
nopores (Vinm), and micropores (Vmi) Were determined
from the integral dependences of "V -D"
Vmi = Vumi + Vsmi.  The total volume of meso- and
macropores was calculated as Vimesma = Vi — Vmi.

The specific surface areas of ultramicropores (Sumi),
subnanopores (Sinm), and micropores (Smi) were taken from
the integral dependence of Sprr on D, calculated by 2D-
NLDFT-HS method. The specific surface areas of the
supermicropores (Ssmi) and the total surface of meso- and
macropores (Sme+ma) Were calculated as Ssmi = Smi — Sumi
and Sme+ma = Sprr — Smi. The designation of pores and their
average diameters were adopted in accordance with the
IUPAC recommendation?®: ultramicropores (D < 0.7 nm),
supermicropores (D =0.7-2.0 nm), micropores
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(D < 2.0 nm). The above categories of pores were united by
the term "nanopores" with an upper limit of D <100 nm.?*
The positive effect of thermal shock on the formation of
AC porous structure was evaluated by the efficiency factor
F(X) = X(TS)/X(TP), Whel’e X = Vt, Vumi, Vsmi, Vlnm, Vmi,
SDFT, Sumi, Ssmi, Slnm, Smi, Sme+ma-

2.4. Adsorption Measurements

Adsorption capacities of selected adsorbates Aap
(mmol/g), where AD is phenol (Ph), 4-chlorophenol (CPh),
methylene blue (MB) or Pb(Il) cations, were determined.
The AC sample dried at 120+10°C (m=0.100g) was
placed in an Erlenmeyer flask, a volume (Vap = 100 cmd)
of the adsorbate aqueous solution with a given initial
concentration (Capp), mmol/L) was added to the AC
sample and shaken at 25+0.5°C (200 rpm, MAXTURDY-
45 shaker bath, Daihan Scientific Co). In all experiments,
the AC dosage in the adsorbate solution was constant,
1 g/L. After the specified time, the mixture was filtered, and
the current concentration Cap (during the adsorption
kinetics measurement) or the equilibrium concentration
Cap() (during the adsorption isotherms registration) was
measured. The concentrations of Ph, CPh, and MB were
determined using calibration curves (absorbance vs
concentration) at 270 nm, 280 nm, and 665 nm'/, respec-
tively (‘Perkin-Elmer Lambda 20 spectrophotometer). The
concentration of Pb(ll) cations was determined by titration
with a trilon-B solution (0.005 M) in the presence of
xylenol orange (0.05 wt %).2> The adsorption capacity Aap
was calculated as Aap = (Cape)— Cap)xVap/m. The
specific adsorption capacity, Aaps) = 1000xAape)/Sort
(umol/m?), was also determined, which is proportional to
the surface concentration of adsorption centers.

Kinetic data for different adsorbates were obtained
at the same initial concentration (Cap() =5 mmol/L) and
approximated by models of pseudo-first order (1), pseudo-
second order (2) and intraparticle diffusion (3)%% *:

Ao = Asop [1 - exp(- klr)] ()
A = kZAf\D(e)T/(l-l- szAD(e)T) (2
A=k,1°+C ),

where Aapg) is the equilibrium adsorption capacity; ki, ko,
kq is the constants; 1 is the adsorption time.

The initial adsorption rates (Rap@), mmol/g-min)
were calculated according to the following equation:
Rap() = k2:Aape)?. Additionally, the adsorption capacity in
the first minute of adsorption (Aap@, mmol/g) was
determined from the Eg. (2).%* The initial adsorption
activity of AC was determined by the portion (P, %) of the
Aap@) capacity in the equilibrium capacity and was
calculated as P = 100- Aap@y/Aapee).

The two-parameter models of Langmuir (4) and
Freundlich (5) were used to approximate adsorption
isotherms:?7

AAD(c) = AAD(L) kAJ:[(L)CAD(e) / (1+ kAD(L)CAD(e) ) 4)

Ao = kAD(F) X Cl/@)(e) ),

where Aap() is the adsorption capacity, which corresponds
to a saturated adsorbate monolayer; kapq) is the constant of
the Langmuir equation, kap¢r and n are the constants of the
Freundlich equation.

The effect of thermal shock on ACs adsorptive
properties was evaluated by the efficiency factor
F(Z) = Z(TS)/Z(TP), where Z = Aape), Vi, Vumi, Vsmi, Vinm,
Vmi, SDFT, Sumi, Ssmi, Slnm, Smi, Sme+ma-

3. Results and Discussion

3.1. Selection of thermal-shock
activation

The first work devoted to TS activation was carried
out with demineralized (A9=0.5%) brown coal
impregnated with KOH.'® Subsequent detailed studies
showed the following:%6 a) with TS-activation (800°C), the
reactivity of alkali metal hydroxides increases in the series
LiOH<NaOH<KOH; b)at Rkon=0.5-1.2g/g, thermal
shock increases Sger values by 1.4-1.7 times (Table 2);
¢) the maxima of specific surface area and positive effect
of thermal shock occurs when brown coal is activated at
Rxon=1.0g/g (Table2); d)the optimal isothermal
exposure time is 1 hour.

Table 2. Specific surface areas of ACs prepared from demineralized brown coal by TS-activation and TP-activation?®

A Rkon, 9/9
Activation method 0.2 05 08 1.0 12 15 20
TS-activation 660 1210 1350 1700 1550 1160 970
TP-activation 530 870 980 1000 1040 990 1030

Under identical TS-activation conditions (Rkon =
= 1.09/g, 800°C), AC samples were prepared from
different rank coals with carbon content within C%f = 70.4-

95.6 wt % (Fig. 1).18

The AC samples prepared by TS-activation are
characterized by higher Sprr values (Fig.1, line1)
compared to AC samples formed by TP-activation (Fig. 1,
line 2). This is most noticeable for low-rank coals: the
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maximum value (Sper =2012 m?/g) has the AC from
brown coal, and very similar values (Sprr=1950-
1955 m?/g) have the ACs from coals with C% =80~
81 wt %. The efficiency of thermal shock for increasing the
specific surface area can be estimated by the efficiency
factor F(Sprr) as the ratio of Sper(TS)/Sprr(TP). With
increasing the coal rank, the efficiency of thermal shock
decreases towards middle rank coals (Fig. 1, line 3) and
then sharply increases to a maximum under TS-activation
of anthracite (F(Sprr) = 2.54). Thermal shock shows the
greatest development of the surface for low-rank coals. For
this reason, two low-rank coals — brown coal (B) and long-
flame coal (D) were selected for detailed studies.
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Fig. 1. Comparison of the specific surface area of ACs
from different rank coals: (1) TS-activation, (2) TP-activation,
(3) F(SDFr) is the ratio of SDW(TS)/SDW(TP)

3.2. Pore structure

The nitrogen adsorption-desorption isotherms of
ACs prepared are shown in Fig. 2. According to the [IUPAC
classification,? all isotherms are of type Il with H4 type
hysteresis. The shapes are similar and are the results of
unrestricted monolayer-multilayer adsorption up to high
relative pressure p/po. At low values of p/po, a sharp
increase in the amount of adsorbed nitrogen indicates the
dominance of microporosity. The beginning of the middle,
almost linear section (called point B%°) corresponds to the
completion of monolayer coverage. A more gradual
curvature (i.e., a less distinctive point B) of the AC(B)(TS)
isotherm is an indication of a significant amount of overlap
of monolayer coverage and the onset of multilayer
adsorption. When p/po —1, the thickness of the adsorbed
layer increases until the porous system is filled. Hysteresis
is observed for all samples and appears due to the capillary
condensation inside mesopores. It is more pronounced for
ACs obtained by the thermal shock method. The common
feature of hysteresis loops is the sharp step-down of the
desorption branch at p/po =0.4-0.5, which is usually
observed for nitrogen at a temperature of 77 K.
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Fig. 2. Isotherms of nitrogen adsorption-desorption:
1) AC(B)(TS); 2) AC(D)(TS);
3) AC(B)(TP); 4) AC(D)(TP)
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Fig. 3. Integral dependences of the total pore volume on pore
diameter: 1) AC(B)(TS); 2) AC(D)(TS); 3) AC(B)(TP);
4) AC(D)(TP

The integral dependencies of the total pore volume V: on
the pore diameter (Fig. 3) show the following. The main
shares of V; values are volumes of pores with D <5 nm.
Mesopores with D =5-20nm were developed slightly
and were not developed in the AC(D)(TS) sample. The
formation of pores with D =20 — 30 nm almost does not
occur during TP-activation, as can be seen from
dependencies 3 and 4 in Fig. 3. In contrast, thermal shock
forms mesopores with D = 20 — 30 nm, especially with TS-
activation of brown coal (Fig. 3, line 1). The ACs prepared
is characterized by a strong development of a microporous
structure (D <2 nm), which can be seen from the initial
sections of lines in Fig. 3. The volumes of different types
of pores and the corresponding specific surface areas
calculated from the dependences of Vi on D are
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summarized in Table 3 and 4. The same characteristics of
ACs prepared by TP-activation are also given there for
comparison.

Comparing characteristics of the ACs prepared by
the two activation methods shows the following. The AC
yields under TS-activation are lower because of higher
yields of volatile products due to their simultaneous pulsed
formation during thermal shock. That is, thermal shock
reduces the AC yield from brown coal by 1.30 times, and
from long-flame coal by 1.15 times. At the same time, all
porosity parameters were improved when replacing
temperature-programmed heating with thermal shock. This
confirms the higher efficiency of TS-activation in relation
to the formation of the AC porous structure. The factors of

Table 3. Yields and different pore volumes of ACs prepared
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efficiency (F) are significantly higher for brown coal
(Tables 3 and 4), that is, this coal is more sensitive to
thermal shock compared to long-flame coal. A comparison
of pore structure parameters of the AC(B)(TS) and
AC(D)(TS), prepared from coals B and D under the same
conditions of TS-activation, shows the following. The total
pore volume of AC(B)(TS) is significantly (by 0.31 cm?/g)
larger than the V¢ value in the AC(D)(TS) sample due to the
larger volume of meso- and macropores (by 0.23 cm3/g)
and micropores (by 0.08 cm®/g). This is due to the higher
yield of volatile products from brown coal during its
thermochemolysis with KOH, which leads to a lower yield
of ACs and the formation of large pores in the AC spatial
framework.

Coal Sample Y, wt% | Vi, em¥g | Vumi, cm¥g | Vemi, cm¥g | Vimm, cm®/g Vmi, cm3/g Vme+ma,cM/g
AC(B)(TS) 22.7 1.08 0.33 0.36 0.54 0.69 0.39
Brown
coal (B) AC(B)(TP) 29.5 0.49 0.22 0.15 0.32 0.37 0.12
F 2.20 1.50 2.40 1.69 1.86 3.25
Long- AC(D)(TS) 43.4 0.77 041 0.20 0.54 0.61 0.16
flame AC(D)(TP) 49.8 0.59 0.31 0.20 0.42 0.51 0.08
coal (D) F 131 1.32 1.00 1.29 1.20 2.00
Table 4. Specific surface areas of different pores of ACs prepared
Coal Sample Sprr, Mg Sumi, Mg Semi, M2/g Sinm, M?/g Smi, M?/g Sme+ma, M?/g
AC(B)(TS) 2012 1153 753 1688 1906 205
Brown coal (B) | AC(B)(TP) 1142 793 327 1050 1120 22
F 1.76 1.45 2.30 1.61 1.70 9.32
AC(D)(TS) 1950 1470 433 1807 1903 47
Long-flame
coal (D) AC(D)(TP) 1547 1116 419 1401 1535 22
F 1.26 1.32 1.03 1.29 1.24 2.14

The subnanopore volumes of both samples are the
same but their shares in the total pore volume (Vinn/Vy) differ
and are ~50% for AC(B)(TS) and ~70% for AC(D)(TS).
Subnanopores are now attracting special attention because
they determine the abnormally large electrical capacity of
supercapacitors,?”-? high adsorption capacity for CO,,?° the
formation of adsorbed hydrogen layers with the liquid or
solid densities,** the possibility of cations separation by size
in the cyclic charge/discharge electrosorption.®*® The
AC(D)(TS) sample is also characterized by the dominance
of ultramicropores: the Vumi/Vsmi ratio is ~2.0 vs 0.9 for the
AC(B)(TS). Pore volume variations also affect specific
surface areas of different pores (Table 4). With almost equal

Sorr and Smi values of both samples, the AC(D)(TS) has a
subnanopores specific surface area 1.07 times larger, and an
ultramicropores surface area 1.3 times larger compared to
AC(B)(TS). Thus, during TS-activation of long-flame coal,
active carbon is formed with more developed subna-
noporosity due to the dominant formation of ultramicropores
(D <0.7 nm).

3.3. Adsorption measurements

3.3.1. Kinetics of adsorption

For all four AS samples, the adsorption kinetics of
each adsorbate was measured at 25°C. For a unified
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comparison of ACs adsorption activity, all kinetic curves
were measured at the same initial concentration of selected
adsorbates Cap) =5 mmol/L. As an illustration, Fig.4
shows the adsorption kinetics by the AC(D)(TS) sample.
The other samples show qualitatively the same pictures; the
differences are only in the numerical values of the
adsorption capacities. In all cases, adsorption equilibrium
is reached for 2—4 hours, depending on the adsorbate
nature. Kinetic data were approximated by models of
pseudo-first order (1), pseudo-second order (2), and
intraparticle diffusion (3). Adsorption kinetics of selected
compounds was determined to be poorly approximated by
the pseudo-first order model: determination coefficients
vary within R? = 0.648 — 0.991.

Adsorption kinetics are more accurately appro-
ximated by the pseudo-second order model (R?>0.993),
according to which the solid lines in Fig. 4 were calculated.
This model postulates that the rate of adsorption is limited
by interaction of adsorbates with the surface adsorption
centers,? and not by diffusion into the porous system of
activated carbon. The maximum adsorption capacities
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Anapm) and the constant ko were calculated by linearization
in the coordinates "(t/Aap) — " and given in Table 5.
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Fig. 4. Kinetics of adsorption by the AC(D)(TS) sample:
1-CPh, 2-Ph,3-Pb(ll), 4 - MB

Table 5. Parameters of the pseudo-second order models for adsorption by AC samples

Sample Parameter Adsorbate
Ph CPh MB Ph(ll)
Aape, mmol/g 2.451 3.350 1.219 0.736
k2x102, g/mmol-min 10.3 29.7 4.36 50.2
Rap, mmol/g-min 0.619 3.333 0.065 0.272
AC(B)(TS) Aapg, mmol/g 0.495 1.672 0.062 0.199
P = Aap@y/Anpe), % 20.2 49.9 7.5 27.0
Anp(), pmol/m? 1.22 1.67 0.56 0.36
Aape), mmol/g 1.694 2.419 0.964 0.354
k»x10%, g/mmol-min 9.95 37.4 5.96 69.0
Rap, mmol/g-min 0.286 2.188 0.055 0.086
AC(B)(TP) Aap@, mmol/g 0.244 1.148 0.028 0.070
P= AAD(l)/AAD(e), % 49 23.0 0.55 1.39
Aaps), Umol/m? 1.48 2.12 0.84 0.31
Axpe, mmol/g 2.561 4.359 1.200 1.097
k»x10%, g/mmol-min 9.81 20.31 5.56 30.97
Rap(), mmol/g-min 0.643 3.859 0.080 0.373
AC(DX(TS) Aapg), mmol/g 0.514 2.050 0.075 0.278
P = Aapy/Anpe), % 20.1 47.0 6.3 25.3
Axp(s), pumol/m? 1.31 2.22 0.62 0.56
Aape, mmol/g 1.592 3.859 0.801 0.688
kx10% g/mmol-min 13.08 19.82 5.15 43.38
Rap, mmol/g-min 0.332 2.952 0.033 0.205
AC(D)(TP) Aap, mmol/g 0.274 1.669 0.032 0.158
P= AAD(l)/AAD(e), % 5.48 334 0.63 3.16
Aap), Umol/m? 1.03 2.49 0.52 0.44

Differences in rates of adsorption by AC samples are
given by comparing the Rapg Vvalues (Table5). It is
noteworthy that the higher adsorption capacities (by
1.36 — 2.42 times) and initial adsorption rates of chlorophe-

nol compared to phenol are observed. If we assume that the
adsorption rate is determined by diffusion, one could
expect lower rates of CPh adsorption since the size of CP
molecules is larger and their transport into the AC
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microporous structure is more difficult. The data obtained
(Table 5) indicate the opposite: the CPh adsorption by all
samples proceeds 5.38 — 8.89 times faster, judging by the
comparison of the Rcpho) and Rene) values. This is
additional confirmation that the rate of adsorption by AC
samples is limited by interaction (physical sorption and
chemisorption) with surface adsorption centers.
Adsorption kinetic data are often approximated with
an intraparticle diffusion model (3) to identify the rate-
limiting step. As an example, Fig. 5 shows the application
of this model for adsorption by the AC(D)(TS) sample.
Other samples show very similar pictures; the differences
lie only in the numerical values of the coefficients, which
are summarized in Table 6. This model assumes the
following: 1) if diffusion into AC particles is the rate-
determining step, the dependence of the Aap adsorption
capacity on t°° passes through the origin (Cq1 = 0); 2) the
presence of several linear sections indicates the presence of
different adsorption mechanisms.?® For AC samples
prepared, the dependencies of Aap on 1% show two linear
sections, and the first of them does not pass through the
origin of coordinates (Cq1 >0). This confirms the absence
of diffusion restrictions in the initial period of adsorption.
It should be noted that the MB adsorption is characterized

Table 6. Parameters of the intraparticle diffusion model
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by small values of Cq1 (Table 6), so the rate of MB
adsorption may be limited by diffusion. In addition,
compared to other adsorbates, MB molecules are
significantly larger, which complicates their transport into
the AC microporous structure. As for other adsorbates,
there are no such transport restrictions.
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o
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0.0 —_—— 0.0

0 2 4 6 8 10 12 14 16

. 0.5 . 05
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Fig. 5. Application of the intraparticle diffusion model for
adsorption by the AC(D)(TS) sample: 1 — CPh, 2 — Ph,
3-Pb(ll), 4 - MB

Parameter

Sanple Adsorbate Kaz, Kaz, Cuy, Ca, R2 R2
mmol/g-min®® mmol/g-min®® mmol/g mmol/g o 0
Ph 0.300 0.039 0.726 1.974 0.914 0.922
CPh 0.244 0.019 2.230 3.120 0.965 0.89
AC(B)(TS) MB 0.127 0.034 0.060 0.651 0.976 0.901
Pb(Il) 0.060 0.009 0.406 0.618 0.964 0.869
Ph 0.218 0.038 0.338 1.225 0.904 0.949
CPh 0.307 0.017 1.243 2.224 0.952 0.984
AC(B)(TP) MB 0.076 0.016 -0.041 0.394 0.959 0.883
Pb(Il) 0.037 0.005 0.142 0.282 0.979 0.876
Ph 0.256 0.021 0.937 2.232 0.973 0.916
CPh 0.570 0.038 2.265 3.941 0.857 0.945
AC(D)(TS) MB 0.123 0.027 0.107 0.751 0.985 0.818
Pb(Il) 0.134 0.011 0.395 0.952 0.891 0.721
Ph 0.172 0.018 0.479 1.330 0.982 0.831
CPh 0.481 0.034 1.973 3.461 0.946 0.992
ACD)(TP) MB 0.088 0.015 -0.048 0.490 0.965 0.866
Pb(Il) 0.063 0.009 0.329 0.570 0.979 0.903

3.3.2. Adsorption isotherms

Fig. 6 shows adsorption isotherms of the
AC(B)(TS) sample from brown coal. Isotherms of other
samples are of the same type and are not shown. Their
approximation is performed by the Langmuir (4) and
Freundlich (5) models, which are most often used for
adsorption processes of selected adsorbates from aqueous

media. From the linearized forms of these models, the
coefficients of the Langmuir equation (in the coordinates
"(Cap/AapE) — Cape)") and the Freundlich (in the
coordinates "INnAape) — INCap()”") were calculated and
summarized in Table 7.

The Langmuir model postulates that the AC surface
is chemically homogeneous and the maximum adsorption
capacity (Aapq)) corresponds to a saturated monolayer of
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the adsorbate. The Freundlich model predicts a multilayer
adsorption on a chemically heterogeneous surface that 4.0
contains adsorption centers of different activity. The 35 1
coefficient 1/n takes into account the surface heterogeneity, ' &A
which is expressed in different values of the interaction 3.0 | AN
energy between AC and adsorbate molecules. Under the 2 VA ° (]
condition 0< 1/n<1, the adsorption is favorable; when 2 25 1 § Y
1/n>1, the adsorption process is unfavorable.® Both E 20 o
. e N - 209 L
models are suitable for describing the adsorption isotherms & P
of coal-based carbons prepared. Adsorption by AC samples 5 150 ®
obtained by TP-activation is better described by the E 10 00 000
Langmuir model (R?=0.986 —0.998) compared to the ' 00O
i 2 O AAAAA
Freundlich one (R2=0.908-0.984). As for the AC 05 C% AAA
samples obtained with thermal shock, the Freundlich model
approximates their isotherms with larger coefficients of 0.0 ‘ ‘ ‘ ‘
determination: R2=0.986 —0.998 vs R2=0.981 —0.994. 0 ! 2 3 4 5
This is probably a consequence of the fact that the Can(e)» mmol/g
AC(B)(TS) and AC(D)(TS) samples have a more _ o
heterogeneous surface due to the pulsed (“explosion-like”) Fig. 6. Adsorption isotherms of the AC(B)(TS) sample:
formation of volatile products during the thermal shock. 1-CPh, 2—Ph, 3-Pb(ll), 4-MB
Table 7. Parameters of the adsorption isotherms models of Langmuir and Freundlich
Adsorbate
Sample Model Parameter
Ph CPh MB Pb(11)
Anap(wy, mmol/g 2.965 3.514 1.337 0.933
Langmuir Kapqy, L/mmol 1.76 7.67 1.28 0.82
R? 0.990 0.994 0.987 0.993
AC(B)(TS)
Kap, (mmol/g)(L/mmol)Xn 1.65 3.03 0.67 0.42
Freundlich 1/n 0.348 0.207 0.435 0.353
R2 0.994 0.998 0.995 0.986
Aapy, mmol/g 1.850 2.560 1.139 0.447
Langmuir Kaow), L/mmol 3.63 5.75 0.30 0.52
R? 0.998 0.998 0.986 0.989
AC(B)(TP) p
Kan@, (mmol/g)(L/mmol)Y" 1.18 2.05 0.246 0.145
Freundlich 1/n 0.308 0.229 0.726 0.513
R2 0.967 0.969 0.984 0.908
Aapw), mmol/g 4.187 4.484 1.296 1.458
Langmuir Kapy, L/mmol 0.66 22.30 1.45 0.76
R2 0.987 0.994 0.981 0.988
AC(D)(TS)
Kap, (mmol/g)(L/mmol)Xn 1.64 4.94 0.69 0.62
Freundlich 1/n 0.423 0.255 0.381 0.378
R? 0.995 0.997 0.995 0.993
Aapw), mmol/g 2.967 3.952 0.998 0.921
Langmuir Aapy, mmol/g 2.967 3.952 0.312 0.543
R? 2.967 0.998 0.986 0.993
AC(D)(TP)
AC(D)(TP) 0.78 417 0.282 0.300
Freundlich AC(D)(TP) 0.528 0.251 0.730 0.527
R2 0.984 0.918 0.986 0.913
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3.3.3. Comparison of different adsorbates

The highest adsorption capacity was found for the
CPh adsorption, and the lowest for lead cations. The Aap)
values of different adsorbates differ by 4.0 — 6.8 times and
grow in a series Pb(ll) < MB <Ph< CPh for all AC
samples. The k> constants for all AC samples are the
smallest for MB adsorption and increase in series
MB <Ph<CPh<Pb(ll). The k> values differ by
11.5 times for both ACs from brown coal and by 5.6 times
for AC(D)(TS) and 8.4times for AC(D)(TP). The
measured values of Aap) (Table 5) are quite common. For
comparison, the published capacities for adsorption of
selected adsorbates by various types of carbon materials are
below.

Phenol. Polymer-based ACs have capacities
Aphe) < 3.50 mmol/g.3t The capacities of different-rank
alkali-activated fossil coals (Rkon = 1 g/g, 800°C, 1 h) vary
within  Apne) = 1.50 —3.11 mmol/g, capacities from
oxidized coals — within Apne) = 3.32 — 4.81 mmol/g.%°

Chlorophenol. The  Acpymyvalues for different
materials vary from 0.33mmol/g (nanotubes) to
2.52 mmol/g (AC «Prolabo»).3? The AC samples prepared
by KOH activation of organic wastes are characterized by
capacities within 0.48 —5.16 mmol/g.*® There are reports
of larger capacities: 5.62 mmol/g (coal-based active
carbon, Sger=1520 m?/g)* and even 6.71 mmol/g
(biomass-based carbon, Sger = 1968 m?/g).*2

Methylene blue. The Awge) values of most carbon
materials vary within 0.021 — 2.58 mmol/g.>>=7 Materials
with significantly higher adsorption capacity were also
obtained, for example, Awmge) = 5.50 — 7.04 mmol/g of AC
samples (S =1814-2015m?/g) prepared by biomass
carbonization (450°C, 1h) with subsequent alkaline
activation (Rkon = 3 g/g).%® Probably the largest capacity
of MB (Awmge) =4181.2mg/g or 13.07 mmonb/r) was
determined for the AC (S = 4482 m?/g) from carbonized
lotus leaves activated with potassium hydroxide
(Rkon =4 ¢/g).*% This value looks like the result of
complete filling of the porous system with MB crystals, and
not adsorption on the surface.

Pb(ll) cations. The following capacities are given:
0.029 - 0.228 mmol/g (industrial carbons);®® 0.064 -
1.42 mmol/g (nanotubes);*® 0.029 - 1.731 mmol/g (bio-
chars).** The largest capacities are given for graphite oxide
modified with polyaniline (6.834 mmol/g) and composite
material from a mixture of iron oxide and reduced graphite
oxide modified with sodium (8.04 mmol/g).*

A comparison of the obtained (Table5) and
published data shows that the AC samples are characterized
by fairly high adsorption capacities of all adsorbates. To a
greater extent, this applies to the adsorption of phenolic
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compounds, especially 4-chlorophenol. Judging by the
Rap(o) values, the highest initial rate is observed for the CPh
adsorption, the lowest for the MB adsorption. The
difference in rates for different adsorbates is significant and
equal to 48 —51 times for both samples prepared by the
thermal shock, and 44 and 89 times for other samples.

The ACs initial adsorption activities determined by
the portion P = 100-Aapq)/Aapg) differ for adsorptions of
various adsorbates. From the data of Table 5, the minimum
initial activities of AC samples is shown in the MB
adsorption: P = 6.3 — 7.5% for AC(B)(TS) and AC(D)(TS)
and 0.55-0.63% for AC(B)(TP) and AC(D)(TP). The
highest initial efficiency is observed during the CPh
adsorption: from 23% to ~50% of the maximum
equilibrium quantity of chlorophenol is adsorbed in the first
minute of the process. The Aapq) values (Table?7)
correspond to the saturated layer differ for adsorbates by
3.5-5.7 times, and for all AC samples grow in the same
series as the Aap) values. Values of Aap) are larger than
Anpe) Vvalues in all experiments. The closest values of
Aap) and Aapg) are determined for CPh adsorption, that
is, the pseudo-second-order model and the Langmuir one
give almost identical capacities.

3.3.4. The efficiency of thermal shock
compared to temperature-programmed
heating

The effect of thermal shock on the AC adsorption
properties was evaluated by the factor F(Z) = Z(TS)/Z(TP),
where Z = Aape), Aapw), Aaps), Aapa), Rape), and
P = Aap/Aapee)-

Thermal shock increases the equilibrium adsorption
capacity in all cases, i.e., F(Aape) > 1 for all adsorbates
(Table 8). The capacities of saturated adsorbate layers
calculated from the Langmuir model also increase almost
proportionally. The values F(Aap)) and F(Aap() are quite
close except for the adsorption of MB by AC samples from
long-flame coal.

The values of factors F(Aape) and F(Aapw) are
individual for each adsorbed substance and depend on the
type of the initial coal. The greatest effect of thermal shock
is observed in the adsorption of Pb(1l) cations. If the increase
in adsorption capacity was caused only by an increase in the
specific surface area (Table 4), then all values of F(Aaps))
would be equal to one. But this condition is not met. In half
of the experiments, the efficiency factors are F(Aaps)) > 1,
and this means an increase in the surface concentration of
adsorption centers due to the replacement of temperature-
programmed heating with the thermal shock. Other cases
show F(Aap)) < 1, therefore, the thermal shock reduces the
number of these centers. Moreover, the effect of thermal
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shock on the AC adsorption centers is sometimes opposite
for ACs from different fossil coals. For example, for AC
from long-flame coal, the thermal shock increases the

number of surface centers being active regarding the phenol
and MB, and for AC from brown coal, thermal shock reduces
these parameters.

Table 8. The efficiency factors of thermal shock compared to temperature-programmed activation

Efficiency factor F for the parameter

Coal Adsorbate Aapg Aapn Aaps) Rabw) Aap@) P
Ph 1.45 1.60 0.82 2.16 2.03 4.1
Brown CPh 1.38 1.37 0.79 1.52 1.46 2.2
coal (B) MB 1.26 1.17 0.67 1.18 2.21 13.6
Pb(I1) 2.08 2.09 1.16 3.16 2.84 194
Ph 1.61 141 1.27 1.94 1.88 3.7
Long-flame CPh 1.13 1.13 0.89 131 1.23 14
coal (D) MB 1.50 1.01 1.19 2.42 2.34 10.0
Ph(Il) 1.59 1.58 1.27 1.82 1.76 8.0

The AC samples prepared by TS-activation are
characterized by an increased initial adsorption rate
(Table 5). This is true for all adsorbates and AC samples,
and the efficiency factors are F(Rapw)) > 1 (Table 8). The
type of original coal also influences the F(Rap()) value. For
AC from brown coal, the thermal shock has the weakest
effect on the initial adsorption of MB, and the strongest
effect on the initial adsorption of Pb(I1), which increases by
more than 3 times. The degree of such influence increases
in the series of adsorbates MB<CPh<Ph<Pb(Il). Carbons
from long-flame coal show a different sequence of
adsorbates, namely CPh<Pb(Il)<Ph<MB.

Thermal shock has the greatest impact on the
parameter P = Aapwy/Aapmy, Which characterizes the ACs
initial adsorption activities. This property of ACs is greatly
improved by using thermal shock instead of temperature-
programmed heating, especially for the adsorption of MB
and lead cations (Table 8). It is also influenced by the type
of initial coal, the AC precursor.

3.3.5. Comparison of the ACs prepared
from brown coal and long-flame coal
by TS-activation

Since the adsorption properties of ACs prepared by
TS-activation were studied for the first time, it seemed
appropriate to compare the characteristics of these carbons
obtained from brown coal and long-flame coal.
Comparison of parameters of the pseudo-second order
model (Table 5) for these samples shows the following.

The capacities for phenol and MB are practically the
same; the constants k, are close. The AC(D)(TS) sample
adsorbs a larger quantity of CPh (1.3 times); the constant
k2 is 1.5 times larger. The same sample adsorbs a larger
guantity of lead cations (by 1.2times), although the
constant k2 is smaller (by 1.6 times). For all adsorbates, the
specific adsorption capacities Aap) of the AC(D)(TS)

sample exceed those of the AC(B)(TS) sample. The values
of such excess are small for phenol and MB adsorptions
(<1.11), but for other adsorbates they are larger: 1.33 (CPh)
and 1.56 (Pb(Il)). The higher concentration of adsorbed
substances CPh and Pb(ll) on the AC(D)(TS) surface
indicates additional routes of interacting adsorbate mole-
cules with surface centers, which shifts the adsorption
equilibrium. It is also likely that AC(D)(TS) has an
additional number of centers which are active only toward
CPh and Pb(ll). This may be a consequence of the
structural differences between the two carbons, in
particular, the different number of phenolic and carboxyl
groups involved in ion exchange reactions with lead
cations. Another difference may be the different content
and steric accessibility of graphene fragments of the AC
spatial structure, which are responsible for the z-sorption of
CPh and Ph(ll) cations.?®4?

Based on the Rap(g) values, the initial adsorption rate
by the AC(D)(TS) sample for all adsorbates is
1.04 — 1.37 times larger than that of the AC(B)(TS) from
brown coal. This increase in the initial rate is small and is
most likely due to the topochemical differences between
the two carbon materials. The type of original coal has
almost no effect on AC initial adsorption activities defined
by the parameter P = Aapy/Aap() (Table 5).

The adsorption isotherms of ACs from brown and
long-flame coal (Table 7) are described by the Langmuir
and Freundlich models in approximately the same way.
The values of the saturated adsorbate layer Aapq) increase
for different substances by 3.5-3.8times. For the
AC(B)(TS) sample, these values increase in the series of
adsorbates Pb(Il) < MB <Ph < CPh. The same series is
performed for the kapq) constants of this sample. For the
AC(D)(TS) sample from long-flame coal, a different series
of kapw) values was found as Ph <Pb(ll) < MB < CPh,
with the lowest constant for phenol adsorption (kenw) =
= 0.66 L/mmol). The kap) constants for the AC(B)(TS)
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sample differ by 9.4 times for different adsorbates, and by
33.8 times for AC(D)(TS) due to the large value of the
chlorophenol constant (Kcpnwy = 22.3 L/mmol). Thus, the
adsorption activity of the AC(D)(TS) is more sensitive to
the adsorbate nature. It is characterized by higher
adsorption capacities for all studied adsorbates. In addition,
it has a more developed subnanoporous structure (Tables 2
and 4) and approximately 2 times higher yield. Since the
total surface areas and micropore surface areas of both
carbons are almost equal, the AC(D)(TS) sample is more
effective as an adsorbent than the AC(B)(TS) sample from
brown coal.

4. Conclusions

The adsorption of phenol (Ph), 4-chlorophenol
(CPh), methylene blue (MB) dye, and Pb(1l) cations by new
activated carbons (ACs) prepared from brown coal and
long-flame coal in a new process — thermal-shock alkaline
activation was studied for the first time. The characteristics
of the porous structure and adsorption activity of ACs are
compared with the same characteristics of carbons obtained
by the well-known method, temperature-programmed
alkaline activation.

The use of thermal shock instead of temperature-
programmed heating reduces the AC yields, but increases
the total pore volume (by 1.31-2.20times) and the
specific surface area (by 1.26 —1.76 times) due to the
increase in the surface of micropores (D <2.0 nm).
Compared to brown coal, long-flame coal forms active
carbons with more developed subnanoporosity due to the
dominant formation of ultramicropores (D < 0.7 nm).

The Kinetics of adsorption from aqueous solutions
(25°C) is more accurately approximated by the pseudo-
second order model (R?>0.993) than by the pseudo-first
order model (R?<0.991). Adsorption equilibria are
reached in 2 — 4 hours, depending on the adsorbate nature.
The adsorption rate is limited by the interaction of
adsorbate molecules with surface adsorption centers, and
not by diffusion into the AC porous structure. The initial
rate, measured at the same initial concentration of
5mmol/L, is the highest for the CPh adsorption
(2.188 — 3.859 mmol/g-min), and the lowest is for the MB
adsorption (0.033 —0.080 mmol/g-min). The AC equili-
brium capacity is the largest for the CPh adsorption
(2.419 - 4.359 mmol/g), and the smallest is 0.354 —
1.097 mmol/g for the Pb(Il) adsorption. Thermal shock
increases this rate by 1.18 — 3.16 times and the equilibrium
capacity by 1.13 — 2.08 times, depending on the adsorbate
and the type of fossil coal. Adsorption isotherms for all
adsorbates are approximated by the Langmuir (R? =
= 0.981 - 0.994) and the Freundlich (R? = 0.986 — 0.998)
models with close errors.
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The thermal shock has the greatest impact on ACs
initial adsorption activities, determined by the percentage
of the substance adsorbed during the first minute. This
property is greatly improved (by 1.4 —19.4 times) due to
the thermal shock, and is influenced by the type of initial
coal, the AC precursor. Compared to ACs from brown coal,
the AC from long-flame coal possesses higher adsorption
capacities for all studied adsorbates, a more developed
subnanoporous structure, and approximately 2 times higher
yield. Since the total surface areas and micropore surface
areas of both carbons are almost equal, the long-flame coal-
based carbon has a greater adsorption ability. The ACs
prepared by the thermal shock are more effective
adsorbents for the purification of aquatic environments
from ecotoxicants. Further research on coal-based activated
carbons will focus on other practical applications, parti-
cularly as electrode materials for supercapacitors,
adsorbents for storing natural gas and hydrogen, and for
capturing carbon dioxide as a greenhouse gas.
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MOPUCTA CTPYKTYPA M AJJCOPBLIMHI
BJACTUBOCTI AKTUBOBAHOI'O BYTJIELIO
HA OCHOBI BYT'L/LIISI, OTPUMAHHOT'O
JYIKHOIO AKTUBAILIEIO 3 TEPMOYJAPOM

Anomauia. Ynepwe oOocnioxceno adcopbyiio ¢henony,
4-xnopenony, memunenosozo onaxummnozo ma Pb(ll) spaskamu
AKMUBOBAHO20 GY2NeYlo, OMPUMAHUMY JIYICHOIO AKMUBAYIEID 3
mepmoyoapom. Bumipano kinemuxy i i3omepmu aocopodyii ma
NOPIGHAHO 3 AHANOSTYHUMU OAHUMU Ol BYeleyio, OMPUMAHO20
meMnepamypHo-npocpamosanor akmusayicto. Busnaueno, wo
weuoKicms adcopoyii nimimyemscs 83aemooiero adcopbamy 3
nosepxHeguMu yeHmpamu, a He oughysicio do nop. Tepmoydap
30inbuiye weuokocmi adcopoyii ¢ 1,18 — 3,16 pasu, a pienosasicny
emuicmo — ¢ 1,13 — 2,08 pasu 3zanesxcno 6i0 aocopbamy i muny
gyeinna. 3pasku gyeneyio, ompumani mepmouiokom, € epexmus-
HiwuMu adcopbenmamu 0151 OYULeHHs 800U 8i0 eKOMOKCUKAHIE.

Knrwuoei cnosa: syzinns, nyjcna akmusayis, mepmoyoap,
akmueosame yeiiis, adcopoyisi, eKOMOKCUKAHM.



