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Activated charcoal cloth (activation by the gas
phase of pyrolysed viscose rayon) has a high affinity
(i.e., large adsorption capacity) for vapors of many
organic compounds. The most important adsorption
properties of activated carbons are based on their
microporous structures [1]. The presence of micropores
in a carbonaceous adsorbent substantially changes its
sorption properties in comparison to a non—porous one.
A major advantage of the use of activated charcoal cloth
for adsorbing contaminant vapor from moving air
streams is its relative non-specificity. A potential
disadvantage is that the experimental determination of
its efficiency requires measuring of the kinetic
adsorption capacity We (g/g), for each combination of
activated charcoal cloth and vapor as contaminant.
However, the adsorption theory provides an easier
means of predicting the performances of such materials
for various vapors [2,3]. The results presented in this
paper show how existing theory may be used, firstly, to
characterize an activated charcoal cloth with benzene as
a reference vapor, and then, to predict, from that data,
the adsorption capacity of some highly toxic organic
vapors.

THEORETICAL BACKGROUND

The initial work on predicting the equilibrium vapor
adsorption performance of an activated carbon, based
on the physical properties of the adsorbants, was
proposed by Dubinin [4]. In this work the adsorption
parameters of carbon were characterized for an
arbitrarily chosen reference vapor by using isotherm
adsorption data, and then the carbon structural constant
k (molz/sz) and maximum adsorption space Wo (cms/g)
were calculated by Dubinins equation. Namely, these
two parameters are the values which can be used for the
characterization of particular carbon materials. They are
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EVALUATION OF THE PARAMETERS OF THE
ADSORPTION ISOTHERM OF HIGHLY TOXIC
VAPOR ORGANIC SUBSTANCES ON
ACTIVATED CHARCOAL CLOTH

The adsorption of benzene, as a reference vapor, on activated charcoal cloth
(ACC) at 23°C was measured by the chromatographic method. It was found
that the Dubinin-Radushkevich (DR) equation represents the relationship be-
tween the adsorbed volume and the adsorption potential quite well and that it
may be used for calculating the ACC structural constant and adsorption space.
Since these two parameters are fundamental for a particular carbon and inde-
pendent of the vapor adsorbed, it was possible to calculate the adsorption of
3, 3-dimethylbutoxy—(2)-methyl- phosphorylfiuoride (soman,(GD)) and bis—(2-
chlorethyl)-thioether (S—-mustard,(HD)).

independent of the adsorbed vapor, enabling the
calculation of the adsorption of other vapors on carbon
at any relative pressure by using the Dubinin—
Radushkevch (DR) equation [3,4]. The adsorption space
Wy (cms/g) present in carbon to adsorb the vapor of
interest can be determined from the DR equation:
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where

R = 8.314 J/mol.K - is the gas constant;

T, K- the temperature,

B — the affinity coefficient that permits comparison
of the adsorption potential of the test adsorbate to a
reference adsorbate (for the reference vapor f=1);

Po — the saturated vapor pressure of the adsorbate
at the test temperature;

P — the equilibrium vapor pressure of the adsorbate.

The adsorption space of carbon for a vapor is

related to the weight of vapor adsorbed per unit weight
of carbon by the relationship:

Wy [p =We @)

This relationship uses the concept of volume pore
filling [5] which states that an adsorbed vapor fills the
pore into which it is adsorbed as if it is in the liquid
phase.

Three different methods can be used to calculate
the theoretical affinity coefficients [6]. For non—polar and
weakly polar adsorbates, the work of Dubinin and
co-workers has shown that the affinity coefficient can be
expressed as the ratio of the molar volumes of the test
adsorbate, V, and reference adsorbate, V;:

B=y, ®)
where:
M
V= 3 4
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M — is the molar mass of the adsorbate, g/mol,

p — the density of the adsorbate, g/cms.

More precisely, the affinity coefficient can be
calculated from the ratio of the molar parachore of the
test adsorbate, Q and of some reference adsorbate, Qr:

Q
B=0y ®)
where
1
MOy
Q=5 ®)

y— is the surface tension of the adsorbate, g/sz.

For polar adsorbates, Reucroft at al. suggested
that the ratio of the electronic polarizations of the test
adsorbate, Pe and reference adsorbate, (Pe)r, could be
used to calculate the affinity coefficient:

— Pe
B - (Pe)r (7)
where
(M -1) ™
T (P+2) D ©

n — is the refractive index of the liquid at the
sodium D wavelength.

Jonas and Rehrman were applied predicted
techniques of measuring equilibrium vapor adsorption
under dynamic (or kinetic) conditions [7]. They showed
that a well-packed bed of activated carbon granules
exhibited an adsorption capacity very close to its
equilibrium adsorption value, which was also confirmed
by the results of some other published experimental
investigations [8].

The kinetic adsorption capacity, We of some vapor,
at a certain vapor concentration and flow rate can be
calculated from the straight line relationship of the
breakthrough time vs. the carbon bed mass, according
to the modified Wheeler equation [9]:

_ We pBQ p
= o0 +—kv Dn—1_p 9)

to

where:

tp — is the breakthrough time, min;

We — kinetic adsorption capacity, g/g;

p = C/Co,

C - the contaminant concentration in the
adsorbent bed. mg/dms;

Co — contaminant concentration at the inlet, mg/dms;

W — the mass of carbon adsorbent, g;

pe — the packed bed density, g/cms;

kv — the pseudofirst—order rate constant, min~

Q - the volumetric flow rate, dm3/min.

The equilibrium solid—-phase concentration Wegq
can be calculated from the mass-balance equation [10]
when the time-dependent transmission C/Co is
experimentally measured:

1; and
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where:
€ — the carbon bed void fraction;
L — the length of the bed, dm,
U - the superficial gas (vapor) velocity, dm/s, and
C - the vapor concentration leaving the adsorbent
bed, mg/dms.

MATERIALS

The vapors used as adsorbates in these
investigations were: benzene as the reference vapor,
p.a. grade, from E. Merck, Germany, 3,3-dimethyl- butoxy
—(@)—-methyl- phosphorylfluorid (GD, > 90%) and bis—
(2—chlorethyl)-thioether (HD, > 96%) synthesised in our
laboratory. The pertinent physical properties of these
compounds and calculated values of the affinity
coefficients are shown in Table 1.

Table 1. Physical properties of the used adsorbates [171-13]

Benzene | GD HD

Mol. wt, g/mol 78.1 182.2 | 159.1

Density, p23°C, g/cm3 0.8761 1.026 | 1.274

Max. vapor conc, Cs23°C, 2648 | 3376 | 0776

mg/dm

Index of refraction, np,25°C 1.4958 |1.4080 | 1.5313

Surface tension, voo°C, g/s2 29.02 26.03 | 41.25

Affinity coefficient, B

Eqgns. (3 and 4) 1 1,990 | 1,398
Eqgns. (5 and 6) 1 1,936 | 1,535
Eqgns. (7 and 8) 1 1,678 | 1,481

The activated charcoal cloth (ACC) adsorbent
used for testing was CNF 1500-50 grade manufactured
by Tyobo Co., Ltd., Osaka, Japan with a specific surface
area of 1350 g/m2 (determined by the BET method).

ADSORPTION APPARATUS

The adsorption apparatus is shown in Figure 1.

The apparatus consists of three functionally
discrete sections: the first is for specific vapor generation;
the second, for measuring vapor adsorption by the
charcoal cloth bed; and the third is for vapor detection in
the outlet gas phase from the charcoal cloth bed.

The organic vapors were generated using
Dynacalibrator M instrument, Model 340-50-XTC from
VICI Metronics 2991 CA, USA., by applying the
controlled flow of dry nitrogen (99,9999 %) over a
commercial capillary diffusion tube "D" (DT) (capillary
bore diameter d=5 mm and diffusion path L=2.2 cm).
The temperature chamber of the Dynacalibrator has a
proportional temperature controller with + 0.5°C set
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Figure 1. Vapor generaton/activated charcoal cloth (ACC)
adsorption system: 1 — Dynacalibrator; 2 — Chamber for
thermostating the diffusion tube; 3, 4 and 7 — Flowmeters;
5 — Switch for changing the vapor flow from one to another;
6 — Canister; 8 — Chamber for thermostating the sample holder;
9 — Sample holder; 10 — Thermometer; 11 — Sample; 12 — GC;
13-16 — Air, hydrogen and nitrogen cylinders for GC; 17 — Interface;
18 — Computer; 19 — Keybord; 20 — Printer; 21 — Plotter.

point accuracy and permits the selection of temperature
from any of the four possible calibrated ranges: 25 to
50°C, 45 to 70°C, 65 to 90°C and 85 to 110°C. Dry
nitrogen (> 99,9999 %) from an external source was
used as the carrier gas. The vapor, prepared in the
generation sections was divided into two streams; one
passed through an adsorbent bed and went into the
detector of the GC, while the other flowed directly to the
detector of the GC for measurement of the inlet vapor
concentrations.

The adsorption section of the apparatus consists
of an ACC bed in a stainless steel holder thermostated
in an air chamber with a heatband (Tems 2; 1,1 m in
length; power of 44 W; from Heraeus, Germany).

The apparatus was constructed primarily with
stainless steel tubing (small sections contained copper
tubing). A liquid leak detector was used to test for
leakage in the apparatus. All the valves were made of
stainless steel. The flow rate was regulated by fine
metering valves.

The gas chromatograph (GC) Hewlet—Packard, HP
5890A with a FID detector was used in the detection

section of the apparatus, enabling measurement of the
inlet and outlet vapor concentrations. The GC was
equipped with a stainless steel column (SE 30). The
measured concentrations were recorded on a HP Thin
Jet Terminal.

PROCEDURE

The ACC was dried in an oven at 120°C and
stored in a desiccator before use. The adsorbent beds
were prepered by putting from one to five weighted
layers of ACC in a cylindrical sample holder, with an
inside cross-sectional area of 10 cm®, and then exposed
to the prepared vapor concentration of some desired
volumetric flow rate at 23°C. The bulk density of the
packing of the adsorbent was 0.15 g/cms. Vapor
samples were injected into the GC column every 7-8
min for benzene (retention time; rt.=0.9 min) and 37
min for GD (rt.=1.35 min) and HD (rt.=1.175 min),
using a heated gas sampling valve (GSV) with ten port
configurations and two loops (0.5 cm3). The GSV,
therefore, enables the sampling of inlet vapor and vapor
passed through the charcoal bed. The ratio of the
concentrations at the outlet and inlet of the bed was
monitored as a function of time. The breakthrough time, to,
was measured in minutes when the vapor concentrations
at the outlet stream from the bed reached 1% of the inlet
concentration (Cp/Co = 0,01).

RESULTS AND DISCUSSION

The experimental values of the vapor breakthrough
time tp = t1% as a function of the activated charcoal cloth
(ACC) bed mass, W (0.065 to 0.200 @), for benzene as a
reference vapor with concentrations ranging from 1.7 to
33 mg/dm3 and flowrates of vapor from 0.028 to 0.15
dm®/min (corresponding to gas superficial velocities
from 2.8 to 15 cm/min) were obtained and subjected to
linear regression analysis, in accordance to Wheeler's
equation (9). The results of these analyses are shown in
Table 2 together with the correlation coefficients which
are higher from 0.984, indicating a high degree of
confidence of the derived relationship t1% = f(W)

Table 2. Regression equations of benzene 1% breakthrough times for ACC and adsorption parameters derived from the experi-

mental time-weight curves

Co W e

mg/dm? 0,% Pr dmsmin toe = Co ;O [B,V " kav Hn 1 EpB r gsH\els/VgeAcc
30.32 2,8 0.0831 0.100 t, = 142.65 OW-4.29 0.999 0.433
33.81 0,9 0.0027 0.035 t = 389.10 ON-12.24 1.000 0.460

6.22 11 0.0170 0.100 t% = 508.28 ON-16.75 0.999 0.313

1.71 1,4 0.0047 0.100 t% = 1082.81 OWV-38.84 0.999 0.185
14.24 2,5 0.03920 0.150 to, = 180.37 OWN-6.05 0.984 0.385
14.37 11 0.0394 0.050 t = 468.13 ON-13.42 0.990 0.336
14.24 2.5 0.03920 0.028 t = 925.93 DNV-29.81 1.000 0.374

P, =FF))—(: Dg—:; Cs25°c =364.8 mg/dm3
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The We values may be calculated from the slopes
of the regression equations (Table 2), knowing the
values o f G and Q and the relationship We/C o0Q, which
are also given in Table 2.

Assuming that the kinetic adsorption capacity
closely approximates the equilibrium capacity value at
the same relative pressure and temperature, in
accordance to the DR equation (1), the experimental
values o f W as a function of A = R OT Un(1/Py), (from
Table 2) were calculated by equation (11):

O
InWi =1,9555 - 6,18 (10°° [RTh -0 (r=0,985) (1)
r

The characteristic properties of ACC, derived from
equation (11), were the maximum adsorption space Wo
= 0,629 cm3/g (obtained from the y—axis intercept), and
the structural constant k = 6.1800° [k\J/moI]_2 (obtained
from the slope).

The parameters of the adsorption isotherms of
highly toxic organic vapors, GD and HD on ACC, were
determined by evaluating the values of the maximum
adsorption capacity (pi OWo) in g/cms, where i = GD,
HD, and the affinity coefficient (3, by means of equations
(8-8) (the data from Table 1 are shown in Table 3). The
calculation was done by using the parameters of the DR
adsorption isotherm of benzene as the reference vapor.

The corresponding DR adsorption isotherms of GD
and HD vapors were experimentally determined from the
breakthrough curves of these vapors. The relationship
between Weq and C was determined first from the
experimentally obtained breakthrough curves by
applying the mass—balance equation (10), and then the
DR adsorption isotherm equation (1) was analyzed.

The experimental breakthrough curves for GD
vapor through the layers of ACC bed with a mass, W,
from 0.064 to 0.130 g, at 23 +1°C, were determined at
the concentration Co = 0.561 mg/dm3 (0 =1.7%; Pr =
0.166), and for volumetric flowrates of vapor from 0.05 to
0.10 dm®/min (corresponding to superficial velocities of
5 to 10 cm/min). The obtained DR adsorption isotherm
for GD on ACC is shown in Figure 2 and the regression
line was fitted by equation (12).

INWegq,GD = 1.983-2.80100°A%? (r = 0.927)  (12)

The maximum adsorption capacity (Woeq,GD,exp
=3.315 mmolap/gacc = 0.604 gab/gacc) was
determined from the intercept (equation 12) which is
59% lower than the evaluated value (3.522
mmolap/gacc; Table 3).

The experimental value of the affinity coefficient of
GD vapor was calculated from the square root of the
ratio of the slopes of the experimentally determinated
DR adsorption isotherms of benzene and GD. Namely,
such calculation enable determination of the
dependence of the slope of the DR adsorption isotherm
on the coefficient affinity, and B = 1 for benzene as a
reference vapor. Obtained Papexp = 1.4854 was
compared with calculated values (Table 1). It was found
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Figure 2. DR adsorption isotherms of GD on ACC

that the experimentally determinated value is only 11.5%
lower than that calculated from the ratio of the electronic
polarization of GD and benzene as a reference vapor
(Bep,ep = 1.678).

The experimental breakthrough curves of HD
vapor through a layer of ACC bed at 23+2°C were
determined at the concentration Co = 0.188 mg/dm3 (Pr
= 0.242) and flow rates 0.10 and 0.15 dm3/min
(corresponding to the superficial velocities 10 and 15
cm/min). The obtained DR adsorption isotherms of HD
on ACC are shown in Figure 3 and the data fitted by
equation (13).

In Weg D = 1.6092 — 3.34000 °A2 (r=0.970) (13)

The maximum adsorption capacity Woeq,HD,exp =
=4.999 mmolup/gacc = 0.795 gHD/JAacc Wwas
determined from the intercept (equation 13), which is
only 0.8% lower than the evaluated value (5.040
mmolHp/gacc; Table 3).

Table 3. Evaluated parameters of the DR adsorption iso-
therms for GD and HD on ACC

Woi = Wo Cpi koi = ko/B?, (kd/mol) 2

gi/lgacc|mmoli/gacc|  Bimz* Bi,mp* Bi,er*

GD| 0.645 | 3522 |1.561007°|1.648[107°|2.194007>

HD | 0.801 5040 |[3.162000°3|2.62300°|2.818007°

*Table 1

The experimental value of the affinity coefficient of
HD vapor was calculated using the same procedure
described above for GD vapor. The obtained value of
BHD,exp = 1.3603 was compared with the calculated one
(Table 1) indicating that the best agreement (differences
less than 2.7%) is obtained for the calculation based on
the ratio of molar volumes of HD and benzene as a
reference vapor (BHp,mv = 1.398).
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Figure 3. DR adsorption isotherms of HD on ACC

CONCLUSIONS

Determination of the adsorption characteristics of
an activated charcoal cloth (CNF 1500-50 grade; made
by Tyobo Co., Japan) was performed under dynamic
conditions and by using benzene as a reference vapor.
These data enabled determination of the parameters of
the DR adsorption isotherms of soman (GD) and
S—-mustard (HD). The maximal adsorption capacity was
calculated and experimentally determined from the
corresponding isotherms for these substances; obtained
data showed that 5.9% difference exists in the case of
GD and only 0,8% for HD. The best fitting of isotherm
slope could be predicted if B, the affinity coefficient is
determined by the method based on the ratio of
electronic polarization for GD and a reference vapor
(benzene), and by the method of the ratio of molar
volume for HD and a reference vapor (benzene).

SUMMARY
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PROCENA PARAMETARA ADSORPCIONIH IZOTERMI VISOKOTOKSICNIH
ORGANSKIH PARA NA UGLJENICNOM ADSORBENTU KORISCENJEM BENZENA

KAO REFERENTNE SUPSTANCE
(Nauéni rad)

Jelena Basti¢', Dejan Skala?,

VOjnOtehnICkI institut, Beograd 2Tehnologko—metalurski fakultet, Beograd

Poznato je da aktivni ugljevi pokazuju veliki afinitet za adsorpciju para mnogih
organskih jedinjenja kao i relativnu nespecifi¢nost pri adsorbovanju para kon-
taminanta iz pokretne struje u dinami¢kim uslovima. Jedna od osnovnih ka-
rakteristika koju je potrebno eksperimentalno odrediti za svaku kombinaciju
aktivni ugalj (adsorbent)-adsorbat je kineticki adsorpcioni kapacitet We (g/g),
sto je kod koriSéenja visokotoksiénih i teSko isparljivin organskih para poveza-

no sa znatnim eksperimentalnim tesko¢ama.

U ovom radu je adsorpcioni kapacitet aktivnog uglja odreden primenom Dubi-
nin-Radushkevich (D-R) jednacine, a na osnovu podataka o ravnoteznoj ad-
sorpciji referentne pare, sto omogucava da se odredi mak5|malna adsor-
pC|ona zapremina Wo (cm /9) i strukturna konstanta k (kJ/moI)

zi sa karakteristiénom energijom adsorpcije E (k = E_z)

, koja je u ve-

Kljuéne reci: Adsorpcija *« Adsorp-
ciona izoterma ¢ Aktivni ugalj °
Toksi¢ne pare ¢

Key words: Adsorption  Adsorp-
tion isotherm ¢ Activated charcoal *
Toxic vapor ¢

107



J. BASTIC, et al.: EVALUATION OF THE PARAMETERS OF...

Chem. Ind. 55 (3) 103-108 (2001)

S obzirom da su parametri D-R jednacine, Wo i k, karakteristi¢ni za odgovara-
juéi adsorbent i ne zavise od adsorbovane pare, to je primenom ove jednaci-
ne mogude proceniti i adsorpciju drugih para organskih jedinjenja na istom
adsorbentu, pri bilo kom relativhom pritisku, ukoliko se uspesno proceni koe-
ficijent afiniteta koji je karakteristika prirode adsorpcione interakcije.

Za izraCunavanije koeficijenta afiniteta (B) koriste se razli¢ite metode koje se
zashivaju na odgovarajuéim odnosima 1) molskih zapremina; 2) molarnih pa-
rahora i 3) elektronskih polarizacija, adsorbata od interesa i referentnog ad-
sorbata. Ukoliko referentna supstanca ima priblizno istu polarnost kao
adsorbat koji se ispituje ne bi trebalo da postoji razlika u pogledu primenjene
metode za procenu koeficijenta afiniteta.

Moguce je primeniti D-R jednadinu pri analizi adsorpcije para organskih jedi-
njenja pod dinamickim uslovima protoka ili pri tzv. kineti¢kim uslovima. Kine-
ticki adsorpcioni kapacitet adsorbenta (We) pri odredenoj koncentraciji
referentne pare Co (mg/dms), moguce je izraCunati iz Wheeler-ove jednacine,
na osnovu nagiba linearne zavisnosti izmedu vremena pri kome dolazi do
odredenog probijanja para adsorbata (tp, min) i mase adsorpcionog sloja Wt (g).
U ovom radu su ispitivanja izvedena sa sorpcionom ugljeni¢éhom tkaninom
(SUT), japanske proizvodnje (Tyobo) i benzena kao referentne supstance
(p.a., MERCK). Od visokotoksi¢nih organskih para odabrani su bis—(2-hlore-
til)—tioetar (iperit, HD) kao predstavnik plikavaca i 3,3—-dimetilbutoksi—(2)-me-
til-fosforilfluorid (soman, GD), kao predstavnik nervnih visokotoksi¢nih orga-
nofosfornih jedinjenja.

Odredivanje krive proboja, tj. zavisnosti redukovane koncentracije C/Co od
vremena t, odnosno definisanje karakteristicnog vremena pri kome dolazi do
1% probijanja (b = t1%) izvedeno je sa aparaturom koja je sastavljena od tri
funkcionalna dela, potrebnih za: 1) generaciju para adsorbata; 2) ekspoziciju
adsorbenta parama odredene koncentracije adsorbata pri definisanom proto-
ku noseéeg gasa, i 3) detekciju sadrzaja organskog jedinjenja u izlaznoj i ula-
znoj struji noseceg gasa (GC analiza) u funkciji viemena. Kao nosedi gas u
svim ispitivanjima kori§éen je suv azot.

U skladu sa D-R jednadinom, sa benzenom kao referentnim adosrbatom
odredena je maksimalna raspoloziva adsorpciona zapremina (Wo = 0.629
cm3/g SUT) i energija adsorpcije E = 12.72 kJ/mol. Odgovaraju¢e vrednosti
maksimalno raspolozivog adsorpcionog kapaciteta u odnosu na soman (GD),
odnosho iperit (HD) izradunate su iz odgovarajucih kriva proboja ovih para i
iznose 3.315 mmol/g za soman, odnosno 4.999 mmol/g za iperit, a vrednost
specifi¢ne strukturne konstante adsorbenta (k) u slucaju somana iznosi k =
2.801x 107 (mol/k\J)2 odnosno iperita k = 3.340 x 107 (moI/kJ)z.
Eksperimentalni podaci su posluzili kao oshova za verifikaciju moguénosti da
se proceni nagib D-R adsorpcione izoterme GD i HD, na osnovu podataka za
k — kontantu referentne supstance (benzen) uz izraCunavanje koeficijenta afi-

niteta (B) na osnovu fiziCkih karakteristika adsorbata, s obzirom da je ki = kr/pﬁ
(gde je i = HD, GD; r = benzen). Utvrdeno je da Bi zavisi od primenjene me-
tode za izraCunavanje i da se adsorpciona izoterma najbolje moze proceniti
na osnovu odnosa elektronskih polarizacija (kod somana), odnosno na osno-
vu odnosa molskih zapremina (iperit). Optimalna procenjena vrednost adsor-
pcionog kapaciteta SUT-a za soman je 3.522 mmolGD/g, §to je 6.4% vise od
eksperimentalno odredene (3.315), a za iperit 5.040 mmol HD/g, sto je 0.8%
viSe od eksperimentalno utvrdene vrednosti (4.999).
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