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ABSTRACT The treatment of trichloroethylene (TCE) was carried by using the Fenton’s reagent. The
study was conducted by optimization of Fenton’s reagent, H,O, and Fe2+, and TCE ratio. Effect of TiO,
addition and the recycling of iron and TiO; sludge were also studied. The economic was evaluated base
on the treatment efficiency at the optimum conditions and ratio of initial substances. The results showed
that the optimum molar concentration ratio of H,0,: Fe*': TCE was 20:2:1. The TiO, added to the
systems that conducted by this work insignificantly enhance treatment efficiency. The results of recycling

of the reagents showed promising result.

(Fenton, TCE, TiO,, treatment condition, wastewater)

INTRODUCTION

Industrial discharges of wastewater streams are
the primary release of trichloroethylene (TCE)
into the environment [1, 2]. TCE can be treated

‘has its shortcomings. Granular Activated Carbon
GAC) adsorption and air stripping are
ommonly used; however, neither technology
sults in the direct destruction of the organic
ntaminant. TCE could also treated using
ological degradation, but takes time and has
oblem of the microbial activity tapering off
vertime [3]. In order to solve these problems,
nton’s reagent is a possible solution with
onable short reaction time and cost. In
eral, the oxidant has been capable of
eving high treatment efficiencies (e.g>90%)
 very fast reaction rates*, However, because
he sensitivity of Fenton’s reagent to the
ions and pollutant in wastewater, it is
mended that the reaction must be
terized through laboratory tests before
ding to plant scale [3].

dioxide is wusually used as a
alytic substance [6-14]. Due to its
S of being able to transfer electrons
Its surface, some evidences have shown
O, surfaces can effectively stabilize
and radical ions. The prolonged lifetime

by many techniques. Unfortunately, each method -

results in a greater chance for the occurrence of
chemical reaction [7-10, 15].

The objective of this research is to optimize the
conditions for using Fenton’s reagent with and
without the present of TiO, to treat TCE in
wastewater with the intention to determine the
optimal ratio of H,0,, Fe**, and TCE. The results
of this work could possibly use for treatment of
TCE in wastewater to prevent TCE from
releasing to the environment.

Fenton’s Reagent

Fenton’s reagent is a mijxture of hydrogen
peroxide (H,0,) and ferrous salt. It produces
hydroxyl radicals that are strong oxidizers.
Fenton’s reagent is not stable. Once H,0, and
Fe’" are mixed, several reactions take place
simultaneously.  These reactions produce
hydroxyl radicals (HO-), hydroperoxyl radicals
(HO,*), Fe¥', and O, (Eqgs.1~7). The chemical
mechanisms have been proposed that hydroxyl
radicals act as the oxidant species that are

generated in the following chemical equation [7,
16].
Fe +H,0,  —Fe"+OH +OHs (1)

Hydroxyl radicals may be scavenged by reaction
with another Fe?*:
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Fe*' + OH* — Fe*" + OH )
Fe’* catalytically decomposes H,02 following 2
radical mechanism that involves hydroxy! and
hydroperoxyl radicals.

Fe* + H02 _, Fe-OOH, +H' (3)
Fe-OOH,' —» F¥* + HOz® )
Fe&' +HO» 7 Fe&" +HOy )

Fe +HOy*

LR +H + 02 (6)

H,0, + OH* — HOy + H0 M

Among these oxidants, hydroxy! radicals has
much higher oxidizing state than hydroperoxy
radical, then the opt'xmal conditions, which lead
to Eq.(1), must be controlled. However, the
degree of oxidation depends upon the ratio (R) of
H;02, Fe?', and contaminant. There is nO report
on the exact products from the reaction between
hydroxyl radical and TCE- However, Chen ef al.,
found no VOC intermediates Of by-products in
the oxidation process. He suggested that TCE be
most likely mineralized to CO2 cr, and H' [17).

Synergic Effect between TiO, and Fenton’s
Reagent

Over the last several years, numerous studies
have demonstrated the efficiency of photo
catalytic oxidation of organic compounds in
aqueous TiO2 suspensionsl (6, 121 From the
rocedures of photocatalization by TiO2, addition
of dissolved transition metal has been observed
to increase the rate of TiQ, photo catalytic
oxidation [8, 13, 15). This observed increasing
rate has been attributed to electron trapping at the
semiconductor surface:

M™ + € — M (8)
where M™ represents cu?, Fe', or Mn®*. If
operative, reaction (8) prevents electron-hole
recombination and results in an increased rate of
formation of OH* radical. Moreover, in case of
Fe, converted Fe?' may act as Fenton’s reagent
to produce additional OH*. On the other hand,
the detrimental effects  of high metal
concentrations have been attributed to oxidation
of reduced metals by OH® radical, or to the
reverse of reaction (9).

Me e oMY ©)

In addition, 2 reaction pathway involving the
formation of a ternary complex between the
metal, the organic substrate, and H,0, or O may
be significant when dissolved metals aré present
in TiO, photo catalytic systems. Wei et al., and
Sclafani et al. also found that in the system,
which contains suspended TiO2, H,0,, and Fe?',
phenol removal rate: had been extremely
enhanced [13, 15]. Since OHe was produced by
Fenton’s reaction, TiOz can effectively stabilize
radicals and radical ions. Thus photogenerated
surface-associated redox intermediates may have
a longer lifetime than the same intermediates
chemically gcnerated in the solution. The
prolonged lifetime results in a greater chance for
the occurrence of chemical reaction [15]. .

From these above obser

used as a new role to

reagent furthermore than 2 photo cat

will combine the advantage of these
treatment techniques while reducing amoun
costly TiOz needed to be used alone i
system with higher efficiency and practicab

MATERIALS AN

Experimental Devices .
To ensure the validity of the resul
investigation, all glassware used fo
was of the highest quality. Hydrog
(35% by weight) from Sigma—Aldr‘ic’
ferrous sulfate crystals
trichloroethylene 99.9%, and TiO; ]
size 325 mesh, >99% from Fi
Intemational, USA were used in
chemicals were reagent grade.
were conducted in 165 mi glass
sealed aluminum

from the reactors. . \

Milli-q UV plus ultra-pute

used in the study t0 prepare

Junior Orbit Shaker from la

Inc., USA was used .at 22

reactor

meter ORIO

Sorvall RC 288

and Company, USA wa

from treated water.

Analytical Methods
Analytical methods f
adopted from Standar
liquid-liquid extractio
method for trihalo




organic solvents
GC column DB-
0.53 mm) fro
Headspace Co

addition, tem

Table 1. GC column temperature program [18].

Step Ramp rate,

0

Final Hold

Before each analysis, oven, injector, and detector
temperatures were set as high as possible (less
than the maximum temperature of stationary
phase) to completely clean TCE from the system
(injector temperature, 200°C  and detector
temperature, 325°C), Headspace concentrator

Was set at optimum conditions which gave the
most consistent data,

Experimental Methodology

Three sets of samples were studied for each
condition. Blank samples were tested for quality
control and to ensure that there were no
impurities or interferences that would alter the .
results in some unexpected way,

Wastewater from the cleaning process of the
APS Company,

furniture  and fixtures
manufacturer located in Songkhla, Thailand was
analyzed for TCE, TCE was found at around 20
ppm. However, the presence of other organic
contaminants in the wastewater was taken

account then the initia] concentration of TCE in

this study was set at the maximum concentration

earches using
nton’s reagent [14, 17]. First, the TCE solution
ntheti '

wastewater) was adjusted and
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[18]. Column was changed to
1701 (length = 30 m, LD, =
m J&W Scientific, Dynamic
ncentrator Tekmar model 4000
Wwas used for extract TCE from water sample. In

perature program was set as Table
1.

/

C/min temp, °C_ time, min
1 4.0

70 0

2 70.0 150 1

3 30.0 240 1
I — L L N

solution
sim’ultaneously determinati
H,0, concentration in the
chemical reactjon
obtained the rates o
(Krc and Kypp,).,
with KMnO, in
Na,S0,4 solution
The solution then
5 N'NaOH to pre
controlled react
TCE/H,0, wer
Ratio of initial

solution during the
in 2 period of time was
f TCE and H,0, degradation
H,0, was analyzed by titration
acidic condition [19]. Then,
was added to stop the reaction,
was adjusted pH above 10 with
cipitate iron. The comparison of
ors between the TCE/iron and
e carried out at the same time,
chemical concentration (Ry) at
20:1:1, which close to the optimal R that reported
by Weeks [14], was chosen for the first ratio in
this study. The other 3 ratios, i.e, R, = 10:1:1, R,
=20:2:1,and R, = 40:2:1, were also studied,

Possibility
Reagent

This work used TiO,
entire experiment. The
the systems, i.e. Ry, Ry,
Sclafani, and Wej’s obse
powder was-added into the solution after H,0,.

All parameters were analyzed as well as those
with only Fenton’s reagent.

of Using TiO, to Enhance Fenton’s

250-1,000 mg/L, for the
TiO, was suspended in
Rj, and R, as in Butler,
rvation [8, 13, 15]. TiO,

Study of the Recycling Iron and Tio,
The objective of this sty
treated water back to th
doing this, ferrous iron,
components of the Fe
could be saved. Thus,
the next cycle,

dy is to recycle iron in
€ next treatment cycle. By
which is one of the major
nton’s reagent,- or Tio,
only H;0; is needed for

To recycle ferrous iron, pH was increased to
above 10 to precipitate iron in the solution. Iron
sludge was separated from water by centrifuging,
The centrifuge was set at 8,000 rpm for 20
minutes and RCF equals to 9643. And the
sludge was transformed into ferrous iron form by
digestion with sulfuric acid. The procedure is
also shown in Figure 1. Conclusively, fouyr
different conditions; A, B, C, and D were studied
in this section. Each condition contains different
amount of oxidizing agent and catalyst. Ratio of
initial substances molar concentration for each
condition can be defined as in Tabje 2.

n, iron

f;
Next,
on of the TCE and
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Condition

Figure 1. Comparison of TCE removal and H;O2

B %TCE removal
%129 2. degradation

degradation from condition A, B, C and D; Initial T¢

concentration = 100 ppm, reaction time = 30 min., condition A: R=20:1,B: R20:1:1, C: R=20:1 TiO:;

500 mg/L, D: R=20:1:1 Ti02= 500 mg/L.

Table 2. Conditions setting in the study.

Type

Economic Study

The economic evaluation was justified base on
the most feasible treatment condition for TCE
removal, cost of treatment; %TCE removal and
reaction time were considered.

RESULTS AND DISCUSSIONS

Optimal Conditions  of Using Fenton’s
Reagent to Treat TCE in Wastewater with the
Present of Suspended TiO;

From the determination of the optimal conditions
for TCE treatment using Fenton’s Reagent, the
results shown in Figure 1, TCE from condition B
and D removed by 80.60 and 8261 %
respectively, while conditions A and C were
removed only 6.12% and 8.96%, respectively.
These results agreed with Goi’s work that
without iron and UV radiation, degradation of
organic compounds is quite slow [20]. Figure 2
to 5 shows the comparison of TCE removal and
H,0, degradation between conditions B and D
for the reactors of Ry- Ry From the results,

Conditions and Molar ratio
R, = HzOz'. TCE -
R, = H,0z: Fe**: TCE
R; = H;02: TCE and TiOz in mg/L

R.= H,02: Fe2*: TCE and TiO, in mg 1

condition D always showed highe
than condition B, and,

. removal. The compariso
shown in Figure 6.

In this study, TiOz was varied W
molar ratio of initial chemical
showed that, the smallest amg
mg/L) in R4 comparing to 1,00
very small difference between
D. The addition of TiO, to 8|

as other reports did not wor
that used in this work. Ho
conclusion, a future studie

by fixing the ratios and v

According to the result.
condition B was chosen
for using Fenton’s [
contaminated ~ waste
removal from R; was
removal from conditi
than condition D, H,0
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100
90 4 —o— %TCE removal (B)
80 )
70 4 .______l/__“____.,/_—————: —&— %TCE removal (D)
60
% ig b ~&— %H202 degradation (B)
30 4
20 - ~»—%H202 degradation (D)
10 ] ™ —
0 T T
5 15 30
Time (min.)

Figure 2, TCE removal and H,0, degradation from condition B and D. Condition B; R; =10:1:1, Condition D;
R; =10:1:1, TiO, = 500 mg/L.
100
90 4
80 1 / ~+—% TCE removal (B)
70
60 - —&—%TCE removal (D)
% 50 -
40 A —A— %H202 degradation (B)
30 ‘
20 A 7“:—:_/—_:: —»— %H202 degradation(D)
10
0 . ,
5 15 30
Time (min.)
Figure 3. TCE removal and H,0, degradation from condition B and D. Condition B; R, = 20:1:1, Condition D;

=20:1:1, TiO, = 500 mg/L.

—— % TCE removal (B)
—=&— % TCE removal (D)
—a— %H202 degradation(B)

—*— %TCE degradation (D)

30
20 -
104
0 T .
5 15 30
Time

=20:2:1, TiO, = 1,000 mg/L.

;l‘fe 4, TCE removal and H,O; degradation from condition B and D. Condition B; R, = 20 2:1, condition D;
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Figure S.

and no TiO2 addition.
more Fe’

removal,

—o—%TCE removal (B)
—a—%TCE removal (D)
—a— %H202 degradatior( B)

—w— %H202 degradation D)

TCE removal and H,0, degradation from condition B and D. Condition B; R4 = 40:2:1, condition D;

R, =40:2:1, Ti0, =250 mg/L.

m%TCE removal (B)
0%TCE removal (D)

Figure 6. Comparison of TCE removal from different R, reaction time = 5 min.

Moreover, it may needs

+

which gave lower TCE
is rather inexpensive

iron than Ry,
put Fe*

comparing to H,0, and TiO,.

Recycling of Reagent Sludge

The comparison
iron is shown in
TCE removal

different

were almost similar. However,
iron transformation
jron must take account for the real

of using fresh iron and recycled
Figure 7, the results showed that
from recycled sludge was slightly
fresh reagent and both Rs and Ry
sludge separation,
pH control to recycle
wastewater

from

and

treatment. The separation of iron sludge from

treated

performed

wastewater
through

could be reasonably
thickening and

dewatering.

Economic Study -
Base on the result obtained from 2
cost for 1 L of 100 ppm TCE in wast
condition B and D and differen
determined. Comparison of trea
shown is Table 3. The prices of ¢l
this study referred to the Ha
Chemical and Laboratory -
Sigma-Aldrich Corporation (200

From Table

%TCE removal. However,
was almost double of R
considered to

treatment. Next, condition
compared in their treatmen
the optimal condition.




Malaysian Journal of Science (23): 167-175 (2004)

100
95
90
85
80
75

%

B/R3

Ratio and condition

%TCE removal
from recycled
sludge

D/R3 o
B/R4 [ g

B%TCE removal from
recycled sludge

O%TCE removal from

fresh reagent

Figure 7. Comparison of

D; reaction time 15 min.

Table 3. Comparison of treatment cost for 1L of 100

%TCE removal between recycled sludge and fresh reagent from R, and R, respectively.

ppm TCE in wastewater using condition B and

R Condition TiO2 (mg/L) %TCE Removal Treatment cost (3)
R1 B - 62.25 0.033
R1 D 500 71.34 0.046
R2 B - 80.60 0.059
R2 D 500 83.43 0.071
R3 B - 93.32 0.065
R3 D 1,000 93.68 0.088
R4 B - 99.15 0.118
R4 D 259 98.65 0.124

wastewater for condition B and D using R; are
- $0.065 and $0.088, respectively. Considering 15
‘minutes, reaction time, % TCE removal was
93.32% and 95.44% for condition B and D,
‘krespectively, however, the treatment cost for
_condition D is 35.38% higher. Then, condition B
preferred than condition D.

Indeed, the experiments did not go smoothly in
the early stage. The results of using Fenton’s
cagent to oxidize TCE did not match other
esearchers’ findings. The causes of problem
‘ere. analyzed by the Root Cause Analysis.
thanol and ethanol, which were used as co-
vent of TCE in the early experiments, were
nd to be the cause of problem. This methanol
ibited the Fenton’s reaction. After that,
thetic TCE in wastewater was prepared

d ectly from concentrated TCE without using
0-solvent,

Fenton’s reaction inhibition from methanol
| be explained by equations. (10)-(14).
S (2000) reported that the rate constant of

Treatment cost for 1L of 100 ppm TCE in

reaction 1 is very low (37-76 Mg [14]. Then,
the co-solvent; methanol or ethanol, could
competed with Fe* to react with H,0, as shown
in €q.10 and 18 [22, 23). Furthermore; reaction
between hydroxyl radical and TCE was proposed
by get off as shown in eq.(12) [24]. Rate constant
of this reaction is 3.3*10°, In this case, hydroxyl
radical could also react with the methanol as
shown in reactions 20-21 [24, 25]. Rate constant
of reactions (13) and (14) are 8.3*10% and
2.2¥10°(M™'S™) respectively. The further study
should be conducted to identify an exact
explanation for this incident

CH3OH +3 H202—> COz +5 Hzo (10)

CHs0H +2 H,0, — CH;COOH+3H,0 (11)

OH* + TCE — CCL,CHCIOH- (12)
OH* + CH;0H — CH,0H + H,0 (13)
OH* + C,H;0H — C,H;0 +.H,0 (14)
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CONCLUSIONS

The results obtained from this study show the
optimal conditions for using Fenton’s reagent for
TCE removal in wastewater, the catalytic effect
of TiO, powder, and the possibility of recycling
of iron sludge. These results will be useful to
apply 0 the real wastewater treatment. The

interference from alcohol was also investigated.

The results showed that Fenton’s reagent alone
and Fenton’s reagent with the present of TiO2
(conditions B and D), gave much higher
treatment efficiency than the other condition
without ferrous iron. TCE removals were more
than 90% within 15 minutes. The optimal ratio of
initial substances (R) was H,0,: Fe'?: TCE =
20:2:1. This condition and ratio could be applied
for wastewater containing different amount of
TCE more than 100 ppm. However, to apply
Fenton’s reagent t0 wastewater containing much
higher TCE concentration ie, 500 ppm OF
wastewater containing various  kinds of
contaminants, further study is recommended. The
role of TiOy was not clear in this studied since
the results from conditions B and D were
insignificantly different.

percentage TCE removal from using recycled
iron is closed to %TCE removal from using fresh
reagent, However, cost of using recycled sludge,
which include sludge separation, iron
transformation, pH control, should compared
with using fresh reagent when applied to us€ in
the real wastewater treatment.

From cost estimation, using of Fenton’s reagent
without TiO, was preferred t0 other alternatives.
Methanol and ethanol, which were used as co-
solvent for TCE, were identified as the inhibitors
of Fenton’s reaction. This work indicates that
wastewater characterization must take in account
before using Fenton’s reagent to treat the water.

Acknowledgements The authors would like to
thanks the National Research  Center for
Environmental and Hazardous Waste
Management (NRC-EHWM) for the financial
support of Mr. Ronnachai Tiyarattanachai and
partially support from the Postgraduate
Education and Research Program in Chemistry
(PERCH), Ministry of University Affairs,
Thailand. Biophysics Research Unit: Biocurrents
and Biosensors, Prince of Songkla University,
Thailand and Mr. Chandrakant Patel and Mr.

Frank Johansson, Assistant Director of the Geo-
Ergvironmental Laboratory and Director of
Material Laboratory at the New Jersey Institute
of Technology, NJ for fruitful cooperation in gas
chromatography analysis and other laboratory
instruments. Special thanks to Professor Daniel J.

Waits for his valuable suggestions.
REFERENCES

Agency for Toxic Substances and Disease
Registry [ATSDR]. Public Health Statement
for  Trichloroethylene. ATSDR. (1997)
[Online]. Available from:
http://www.atsdr.cdc.gov/ToxProﬂles/phsSSZ ;
4 html [2002, April 6]. -
U.S. Department of Health & Human Service
[HHS]. Trichloroethylene. 1 0" Report
Carcinogens. HHS (National Toxicols
Program). (2002) [Online]. Available fi
http://ehp.niehs.nih.gov/roc/toclo.htmll
January 10]. ‘

Tang, W. Z. and Huang, C. P, (199
oxidation kinetic model of  unsa
chlorinated aliphatic compounds by

reagent. Journal of Environment

and Health Part A-Environment Sci
Engineering & Toxic and

Substance Control, 31(10): 2755

Siegrist, R. L. and West, O. R, (

chemical oxidation for . re

contaminated soil and ground

Water Currents, 37 9).

US Peroxide. Fenton’s

catalyzed hydrogen ~ pero
Library/Applications: Indust

US Peroxide. (2001) [On

from:
http://www.h202.com/app\:i
wastewater/fentonsr’eagén

241. ~

Arafia, J., Gonzélez, D.;

Rodriguez, JMD., @

degradation of formic

catalysts: the role of

degradation mechanisn

Environmental, 32: 4

Arslan, 1., Balcioglu

of reactive dyes sim
by ferrioxalate-Fcnt
processes. Dyes a
Butler, E. C. and D
catalytic oxidati
dioxide  suspen




Malaysian Journal of Science (23): 167-175 (2004)

dissolved transition metals.
Photochemistry
Chemistr, 70: 273-283.

9. Hirakawa, T., and Nosaka, Y.,

Aqueous  suspensions by
reaction and the influence of

ions. Langmuir, 18: 3247-3254.
10.

treatment. Chemical Reviews, 93: 671-698,
11. Pefiuela, G. A., and Barcels, D.,

Photosensitized degradation

pollutants in water: processes a

17 (10): 605-612.
12.

Chemical B, 102: 9397-9403.

Sclafani, A., Palmisano, L., and Davi, E,,
(1991). Photo catalytic degradation of phenol
in aqueous polycrystalline TiO, dispersions:
the influence of Fe**, Fe?* and Ag® on the
reaction rate. Jowrnal of Photochemistry and
Photobiology A: Chemistry, 56: 113-123,
Weeks, K. R,, Bruell, C. J., and Mohanty, N,
R., (2000). Use of Fenton’s reagent for the

13.

14,

soil slurries. Soil & Sediment Contamination,
9 (4): 331-345,
- Wei, T. Y, Wang, Y. Y., and Wan, C. C,,
(1990). Photo catalytic oxidation of phenol in
the presence of hydrogen peroxide and
titanium  dioxide powders. Journal of
Photochemistry  ang Photobiology A
Chemistry, 55: 115-126.
. Aviado, D, M., Zakhari S., Simaan, J. A,
Ulsamer, A. G., 1973 - Methyl Chloroform and
Trichloroethylene  in the  Environment,
Solvents in the environment series Cleveland,
Ohio: CRC Press.
- Chen, G,, Hoag, G.E., Chedda, P., Nadim, F,,
Woody, B. A., and Dobbs, G. M., (2001). The
mechanism and applicability of in situ
_Oxidation of trichloroethylene with Fenton’s

Journal of
and Photobiology  4:

(2002).
Properties of 0, and OH- formed in TiO,
photo catalytic
H,0, and some

Legrini, O., Oliveros, E., and Braun, A, M.,
(1993). Photochemical process for water

(1998).
of organic
nd analytical
applications. Trends in Analytical Chemistry,

Ranjit, K. T., Willner, 1, Bossmann, S., and
Braun, A., (1998). Iron (ITT) phthalocyanine-
modified titanium dioxide: A novel photo
catalyst for the enhanced photo degradation of
organic pollutants. Journal of Physical and

degradation of TCE in aqueous systems and

reagent. Journal
B87: 171-186.

18. American Public Health
Environment Federation,
Works  Association.
Methods for the Examin

of Hazardous Materials

Associations, Water
and American Water
(1998).  Standarqd
ation of Water and

Wastewater, 20" 4. Washington, DC:
American Public Health Association, 6-37 to
6-41.

19. Ox pure online, Method for high level
Peroxide concentrations. Product J,

nformation,
(2002) [Online]. Available from:

http://oxypure.h202.com/productinfo/highleve
Lhtml [2002, August 9].
20. Anna, G. and Marina, T, (2002). Hydrogen
peroxide photolysis, Fenton reagent and
photo-Fenton  for the degradation  of
nitrophenols: a  comparative study.
Chemosphere. 46: 913-922.
Sigma-Aldrich Corporation, Handbook of

Fine Chemical and Laborarory Equipment,
(2002).

22. Konnov,

21.

A. A, Reactions 301-450.
Mechanism of 4. 4 Konnov, (1996)
[Online]. Available from:
http://gopher.ulb.ac.be/~akonnov/science/m
echanism/tab_301_450.html [2003, Feb
10].

23. Madden, K., P., Hydroxyl Radical Reaction |
Rates.

NDRL  Radiation Chemistry Data “
Center. [Online]. The radiation chemistry }
data center of the Notre . Dame Radiation
Laboratory., (2003) [Online). Available from: |
http://www.rcdc.nd.edu/compilations/Hydrox |
YI/OH.HTM[2003, Feb 21].
24, Vault, E, C., how to grow weed at home, The
Vaults of Erowid, Hyperreal Drug Archives.
(2001) [Online]. Available from:
http://www.erowid.org/plants/cannabis/canna
bis_cultivation11.shtm] [2003, January 16].
25. Frenklach, M., Bowman, T., Smith, G., and
Gardiner, B., C-H-0O reactions. GRI-Mech,
Gas Research Institute (GRI).  (2002) |
[Online]. Available from:
http://www.me.berkeley‘edu/gri_mech/data/r
xn_table.html [2003, February 10].




