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Abstract

Kinetics of degradation of sulphur mustard (HD) on the surface of NaOH/{CrONaOH/CrQ/EDA/C and RuCJ/C systems has been
examined by using gas chromatography technique by extracting and analyzing the residual HD periodically. The carbons were prepared by
impregnating activated carbon with 4% sodium hydroxide plus 3% Cr(VI) ag @ith and without 5% ethylene diamine (EDA) and 5%
ruthenium chloride by using their aqueous solutions. Obtained carbons were characterized for surface area analysis by BET conventional
method. Kinetic plots reveal that the observed reactions are fast at the initial stages, slow at the later stages and progress to a steady stat
indicating the first order behavior. Effect of moisture on kinetic rate is also observed. In the case of Nag8&/S€dem the rate constant
is decreased from 13.36 to 5.5310"2h~! and half life is increased from 5.2 to 12.54 h while moisture content is increased from 1.9%
to 11.2%. Whereas, the rate constant of HD degradation reaction is decreased from 10.4«t@0+24* and half life is increased from
6.7 to 16.72 h while moisture content is increased from 2.1% to 10.8% on NaOKED&/C. Reaction on RuGIC system also behaves
in the similar manner. Extracted reaction products were characterized by GC/MS and it is found that on Na@}/8BDdegrades to
hemisulphur mustard, thiodiglycol and 1,4-oxathiane. Whereas, on NaOBEID®A/C, HD is degraded to 1,4-thiazane and it is degraded
to divinyl sulphone on RuGIC. All these investigations reveal that above mentioned carbons can be used in nuclear, biological and chemical
(NBC) filtration systems for protection against sulphur mustard.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction pregnated carbon which is used in NBC filtration systems for
the reactive removal of hydrogen cyanide, cyanogen chloride
Disposal of carbon based filtration systefis4] after and phosgenfs—21]. Activity of such impregnated carbons

their use is of great concern due to several reasons. Of themto degrade the above agents is quite dependent on ingredi-
cross contamination of the environment due to desorption ents present on the surface of active carbon. However, it was
of adsorbed agents is considered to be the important aspectound to be deteriorating due to weathering, aging, exposure
which should be taken care off due to the possible threat af- to high temperatures and storage for long time. This deacti-
ter the disposal of filtration systems. Such task is performed vation of the active catalyst is caused owing to the change in
efficiently by the filtration system containing reactive car- oxidation state of the ingredient and also due to drastic reduc-
bons and they are prepared by impregnating activated carbortion in surface area. This reduction of surface area arises due
with various metal salts. ASC whetlerifg] is one such im- to the formation of large crystallites within the pores owing
to the dissolution of active species in water present on the
_— surface of the adsorbent. On the other hand, reacf@is
* Corresponding author. P_reser_lt address: Cen_ter f(_)r Cr_ystal _Science andof many gases on impregnated carbons were reported to be
;i?&ns;ﬁ;”ng:;ﬂgoggfﬁ gjg?g::b%’eltagin:;:é ﬁggigny’ Miyamae 7. trongly influenced by the presence of water. In this regard,
fax: +81 298587190. Hall et al.[23] studied the hydrolysis reaction of perfluoro
E-mail addressgkprasad@lycos.com (G.K. Prasad). isobutene on charcoal (PFIB). PF|B4] was hydrolyzed as
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per the following reaction to hexafluoro isobutyric acid and was used for impregnation. These impregnation experiments
hydrofluoric acid: on active carbon were carried out at room temperature by
_ slowly mixing above solutions and activated carbon. Ob-

(CF3)oaC=CR2 +2H,0 — (CFR3)2,CHCOOH + 2HF tained metal impregnated carbons were dried at°CLébr
Moreover, Gall eta[25] reported the detoxificationreactions 6 h and stored in air tight bottles.
of thioether (mustard analogue) with poly oxo metallate on
carbon supports and Prasad and coworf@ga]have studied  2.3. Estimation of impregnants
the reaction of thiodiglycol (a hydrolysis product of sulphur
mustard) on impregnated carbon. Such type of carbons can Chromium was extracted in basic media from carbons
be used suitably in NBC filtration systems for irreversible and estimated iodometrically. NaOH was extracted by boil-
adsorption and in situ degradation of sulphur mustard leaving ing carbon in distilled water and estimated by titrating with
no scope for cross contamination due to desorpfgb]. dilute hydrochloric acid. Whereas, RuGhas extracted by
Hence, it was thought to obtain the information regarding using hydrochloric acid and estimated by spectrophotometric
the kinetics of degradation and the extent of degradation of method[28].
sulphur mustard on various impregnated carbons which will
be helpful to predict their behavior in real conditions. Further, 2.4. Surface area analysis
it will also give information regarding the time needed for
complete degradation of the adsorbed HD afterthe disposal of Impregnated and unimpregnated carbons were character-
the filter cartridge and also regarding the scope of desorptionized for surface area (NBET) using Gemini 2765 surface
of the agent in to the environment which is indispensable area analyzer (Micromeritics). Micropore volume was de-
for the safety of the user of filter cartridge and the personnel termined by using Dubinin equatid@9]. The results were
living in the premises. described inTable 1

For this purpose, we have studied the kinetics of degra-
dation of sulphur mustard and the effect of moisture content 2.5. Apparatus used for adsorption of carbons
on the rate of degradation on reactive carbon systems such as

NaOH/Cr&/C, NaOH/CrQ/EDA/C and RuGi/C. Kinetic Adsorption of sulphur mustard has been carried out in the
parameters are reckoned by first order rate equation and reassembly fabricated by Usig. 1shows the outline diagram of
action products were characterized by GC/MS. adsorption assembly. The system contains sample cell, purge

cell to keep the agent (HD) and the circulating pump. The to-
tal system volume, consisting of the cell, tubing, fittings and

2. Experimental circulating pump is approximately 300—400 ml. The unique
feature of the apparatus is that the sample is gently fluidized
2.1. Materials during adsorption, thus providing uniform contact between

the particles and HD vapor. The sample (2.0 gm) was loaded
Activated carbon of surface area 110&mof coconut from the top of the cell and once the loading is over, the
shell origin, with a particle size of 12 30 of British sieve sample was purged with HD/air mixture at room temperature
size was procured from Active Carbon (India) Ltd., Hyder- (36°C) with valve placed in recycle position (moisture free
abad. Pure sulphur mustard (99%) was obtained from theair was not used for this purpose). After the HD loading on
Process Technology Development Division of our establish- carbons, they were placed in closed glass viols at room tem-

ment. Dichloromethane, acetonitrile, NaOH, RgGH»0, perature. Subsequently, 100 mg of carbon was taken out from
CrO3 and EDA were obtained from E Merck (India) Pvt. the glass viol at kinetic intervals of time and the remaining
Ltd. HD was extracted fromit. For this purpose, it was treated with
5.0 ml acetonitrile for five times in order to ensure the com-
2.2. Impregnated carbons plete extraction and the obtained solutions were analyzed by

gas chromatograph. Gas chromatograph equipped with flame
Activated carbon was impregnated with aqueous solutions ionization detector, i.e., Chemito 8610 with BP1 column of
of NaOH (4%), Cr(VI) oxide (3% Cr(VI)), EDA (5%) and 30 ftlength was used for the analysis at isothermal conditions.
RuCk3H20 (5%) (Table ). Incipient wetness techniq(27] Oven temperature was kept at 1°Z0) injection port temper-

Table 1

Recipie of impregnants and systems prepared

Serial no. Amount of impregnants loaded on carbon System Surface atkp (m  Pore volume (ml/g)
1 NaOH (4%), CrQ (3.0%) NaOH/Cr@/C 912 0.53

2 NaOH (4.0%), Cr@ (3.0%), EDA (5%) NaOH/Cr@/EDA/C 855 0.5

3 RuCk/C RuCk/C 950 0.51

4 Cu(ll) (6.0%), Cr(V1) (3.0%), Ag(l) (0.2%), NaOH (2%) Whetlerite 1050 0.52
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Fig. 1. Adsorption assembly.

ature was kept at 22@ and detector temperature was kept initial concentration and x is the degraded amogigs. 2—4
at 180°C. Quantitative analysis was done by calibrating the show the kinetics of degradation of HD on NaOH/GfO,
concentrations. NaOH/CrQ/EDA/C and RuCGi/C and also the effect of mois-
ture content on kinetics.
o ] They show that the reaction is fast at the initial stages
2.6. Characterization of reaction products and slowed down after several hours to achieve a steady state
. . . exhibiting first order behavior. At the initial stages of the
Reaction products were characterized by extracting the reaction, concentration of the active sites is expected to be
analytes by acetonitrile and analyzed by GC/MS of Hewlett |56 hence the rate of reaction is high and the slope of the
Packard 5739 equipped with BP 5 column of 30ft length jnitia| portion (linear) of the curve is also high. As the time
and 0.33mm i.d. using temperature programmer from 50 10 yrqgresses, i.e., after several hours the number of available
280°C at the rate of 20C/min. The electron impact ion  gcive sites is negligible and the rate is very low, obviously

source temperature was 23D with electron impact en- 6 glope is also negligible leading to a steady state. Wagner
ergy of 70eV and the quadruple analyzer temperature was

150° C. The injection port and GC/MS interface temperature -
was 280 C, respectively. Obtained mass spectra of the an-
alytes/reaction products extracted from carbons were com-
pared to the original spectra of compounds to confirm the
presence of the reaction products. r

07 F

0.6
3. Results and discussion Tx
|05

The prepared impregnated carbons were characterized for g 04
surface area and micropore volumBalfle ). The results 0.3
show that the surface area and micropore volume decrease
after impregnation. This observation can be attributed to the
fact that the N molecules could not enter the pores as some

0.2
0.1

pores are blocked by the impregnant matdtial. b0 a0 4 50 60 70 80 90 100
Kinetics of degradation of HD on NaOH/Cg(r, Time in hrs.

NaOH/Cr&/EDA/C and RuG4/C was studied by monitor- (-o- 1.9%; -V- 48%; - - 11.2%)

ing the residual HD concentration by GC/FID. Kinetic plots

are made by taking loga—x) on Y-axis and time orX- Fig. 2. Effect of moisture content on kinetics of degradation of HD on

axis [32] and are illustrated irFigs. 2—4 wherea, is the NaOH/CrGy/C.
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Fig. 3. Effect of moisture content on kinetics of degradation of HD on
NaOH/CrG/EDA/C.

et al. [30] and Stark et al[31] observed the same pattern
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Table 2
Effect of moisture content on kinetic parameters of degradation reaction of
HD on NaOH/CrQ/C system

Moisture content

Rate constant of Half life of

in carbon system reaction reactionty,
(%) (x1072h™1)

1.9 1336 52

4.8 9.90 7.0
112 553 125

tent on reaction kinetics. It is found that in the case of
NaOH/CrQ&/C system, rate constant decreases from 13.36
to 5.53x 10-2h~! and half life is found to increase from
5.2t0 12.54 h while moisture content is increased from 1.9%
to 11.2%. Where, in the case of NaOH/GfBDA/C, it de-
creases from 10.4 to 4.2410-2h~! and half life of the
reaction increases from 6.7h to 16.72h where the mois-
ture content is increased from 2.1% to 10.8%. Rui@i-
pregnated carbon also behaves in similar manner. It indi-
cates that with the increase in moisture content, number
of active sites for reaction between HD and metal impreg-
nated carbon decreases thereby, the reaction was slows down.
Possibly, moisture form a surrounding of the impregnant
thereby not allowing the HD molecule to come into con-
tact of impregnant for reaction or poisons the catalyst for
degradation.

for the degradatlo.n of chemical warfare agents on Nano-siz€s 1  Reaction of HD with NaOH/CrgIC
particles and zeolites. Rate constant values are calculated by

using the first order rate equation. The rate constant value

is found to be 13.% 1072, 10.3x 1072, 5.9x 102h™1,
respectively for NaOH/CrgJC, NaOH/CrQ/EDA/C, and
RuCk/C. Whereas, half life values are found to be 5.2, 6.7,
11.6 h, respectively for NaOH/CHIC, NaOH/CrQ/EDA/C,
RuCk/C. Tables 2-4describe the effect of moisture con-

0.7 |
0.6 [

{—lax

log

50
Time in hrs.

60 70 80 90 100

(>-24% 5 -V-49% -=- 10.7% )

Fig. 4. Effect of moisture content on kinetics of degradation of HD on
RuCk/C.

Sulphur mustard reacts with NaOH/G#C to give
hemisulphur mustard, 1,4-oxathiane and thiodiglycol.
Cr(VI1), being a better oxidizing agent could not oxidize
HD on the surface of NaOH/CHIC. It can be due to pre-
dominant formation of sulphonium ion on the surface of
NaOH/CrG/C.

Table 3
Effect of moisture content on kinetic parameters of degradation reaction of
HD on NaOH/CrQ/EDA/C system

Moisture content

Rate constant of Half life of

in carbon system reaction reactionty
(%) (x1072h™1)
2.1 1034 67
51 830 84
10.8 414 167
Table 4

Effect of moisture content on kinetic parameters of degradation reaction of
HD on RuCh/C system

Moisture content Rate constant of Half life of
in carbon system reaction reactionty»
(%) (x1072h1)

24 6.00 11.6

49 3.92 17.7
107 2.50 27.4
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Table 5 Cl Cl NH

Reaction products and GC/MS data \$H2 H2$/ NaOH/CrO,/EDA/C HZC/\CH2
System Reaction products ~ m/zvalues HzC\S/CHz + NH, _HCI (two) Hzé\s/éHz
NaOH/CrGg/C Hemisulphur mustard ~ 140/142, 109/111, 73, 45
Thidiglycol 122,104, 61, 43 Sulphur Mustard 1»y thiazane
1,4-Oxathiane 104, 74, 46, 15
NaOH/CrQ/EDA/C  1,4-Thiazane 117, 1083, 88, 75, 57, 45 Scheme 2.
RuCk/C Divinyl sulphone 75, 47,27

Most probably, the following is the reaction path

Probably, in the presence of impregnants HD undergoes\yay (Scheme ) for HD to undergo detoxification on
transformation to form sulphonium ion by release of HCI. I NaOH/CrGy/C:

the presence of a water molecule the sulphonium ion con-

verts into hemisulphur mustard. Formation of 1,4-oxathiane

may occur in two ways from hemisulphur mustard. The for- 3.2. Reaction of HD with NaOH/CrJEDA/C

mer is that it undergoes direct transformation to form 1,4-

oxathiane by the release of HCI. In the later reaction hemisul- ~ Sulphur mustard reacts with impregnants present on
phur mustard, undergoes transformation to sulphonium ion, NaOH/CrG/EDA/C to form 1,4-thiazane. The following is
which hydrolyses to thiodiglycol and then undergoes dehy- the most possible reaction pathw&cheme 2

dration reaction in the presence of NaOH on carbon to from  NaOH/CrGQ/EDA/C was observed to be giving NHN

1,4-oxathiane. The same is observed by GC/Ni&b(e 5. storage, probably it reacts with HD to form 1,4-thiazane. The
Sulphur mustard, hemisulphur mustard, thiodiglycol and 1,4- same is confirmed by GC/MS dafEaple § and 1,4-thiazane
oxathiane were eluted at 6.9, 7.2, 7.57 and 4.43 min. was eluted at 4.13 min.
Cl. _cl
GH, HyC NaOH/Cr0,/C HiCr Ot
HC.. -CH, |
5 - NaCl _CH,
Sulphur Mustard H,C Lo
| sulphonium ion
Cl
OH"
chlz/ ‘“‘nljﬁg
Cl OH
Byl CHy ‘“‘“nleg Hzle/
Hetnisulphur Mustard
g-Oxathiane HCJ H,C '\\S__fCHQ F
- NaCll NaOH/Cr0,/C
HO OH -
~CH, H,C” HﬂcﬂsquHﬂ
L. OH, |
H, g H Hglilj/CHz
thiodiglycol OH
Dehydration
0
Hgtli/ ““‘clez
H,C CH

14~ Oathiane

Scheme 1.
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.Cl Cl
~ - ~Cl
CH, H,C RuCl,/C \(I:Hg H,C
_——
HC g CH, chemisorbed oxygen H,C.  _-CH,
. or ] R
Sulphur Mustard atmo spheric oxygen O 0
2HCI
CH
e
HC.___CH
N,

divinyl sulphone

Scheme 3.

3.3. Reaction of HD with RugIiC

Sulphur mustard is found to be converted to divinyl sul-
phone on RuGVC probably due to oxidation on the sur-

face of carbon. The following are the possible reactions

(Scheme R
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