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h i g h l i g h t s
� Optimal reduction/oxidation temperatures for the micro-channel reactor is 700 �C.

� H2O splitting was more favored, compared to CO2 splitting, in the presence of LSCF.

� Activation energy of H2O spitting and CO2 splitting was estimated at 87.33 kJ/mol, and 102.85 kJ/mol.

� The pre-exponential factor of H2O splitting and CO2 splitting was 595.24 s�1 and 698.79 s�1, respectively.
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A stainless steel micro-channel reactor was tailor-made to an in house-design for process

intensification propose. The reactor was used for a two-step thermochemical cycles of H2O

and CO2 co-splitting reaction, in the presence of La0.3Sr0.7Co0.7Fe0.3O3 (LSCF). LSCF was

coated inside the reactor using wash-coat technique. Oxygen storage capacity of LSCF was

determined at 4465 mmol/g, using H2-TPR technique. H2O-TPSR and CO2-TPSR results

suggested that a formation of surface hydroxyl group was the cause of H2O splitting

favorable behavior of LSCF. Optimal operating reduction/oxidation temperature was found

at 700 �C, giving 2266 mmol/g of H2, 705 mmol/g of CO, and 67% of solid conversion, when the

H2O and CO2 ratio was 1 to 1, and WSHV was 186,000 mL/g.h. Activation energy of H2O

spitting and CO2 splitting was estimated at 87.33 kJ/mol, and 102.85 kJ/mol The pre-

exponential factor of H2O splitting and CO2 splitting was 595.24 s�1 and 698.79 s�1,

respectively.
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Introduction

Thermochemical cycles of water (H2O) and carbon dioxide

(CO2) co-splitting is one of the most green syngas production

technologies compare to others [1e9]. It does not only require

abundant, available and non-toxic H2O as a feedstock; but also

utilize CO2, the world most concerned greenhouse gas [10].

The process consists of two separate but consecutive endo-

thermic reduction and exothermic oxidation steps in the

presence of high oxygen storage capacity (OSC)material. Main

challenges for this reactions are (1) the need of the process

cycling between reduction and oxidation step (2) if both

reduction and oxidation steps are separately operated in one

chamber of reactor, thus, a fast sophisticated feed switching

system is requisition (3) because both steps have different

optimal temperature (700e1700 �C for reduction step and 400

to 1200 �C for oxidation step, depending on the selected oxy-

gen carrier material), therefore, the temperature switching is

also mandatory. This leads to a loss in overall efficiency of the

process, because of the time required during the temperature

switching. The micro-channel reactor was designed to mini-

mize this problem due to its well-known rapid heat and mass

transfer. These characteristics also advantage in narrow

product distribution according to homogeneous temperature

gradient within the reactor and shorter resident time [11e16].

In terms ofmaterial development worldwidemilestone,metal

oxides such as ZnO/Zn, SnO2/SnO, Fe3O4/FeO, CoFe2O4/Al2O3,

ceria, dope-ceria, La1-xSrxMnO3-d, La1-xSrxMnAl1-yO3-d, and La1-

xAxByFe1-yO3-d were studied in the past decades [17e25].

Perovskites (ABO3-d) are one of the most promising oxygen

carriers. Its oxygen vacancies can be intrinsically formed

when calcined at high temperature, offering high oxygen

storage capability (OSC) and, therefore, high reducibility. A

and B site in the perovskite compounds can be substituted to

improve its specific properties i.e. electronic conductivity,

oxygenmobility and oxygen exchange rate [26e28]. La1-xSrxO3

(LSO) perovskite family was widely researched due it its

thermal stability and oxygen storage capacity [29e31]. Cobalt

(Co) as a B-site substitute in LSO was found to enhance its

reducibility and catalytic performance, yet allow the reaction

to occur at considerable low temperature due to its weak

CoeO bond. La1-xSrxCoyO3 (LSC) can be partially reduced/

oxidized at different degree depending on the applied tem-

peratures, where its oxidation states alter between Co2þ, Co3þ,
and Co4þ [29,30]. Moreover, doping Fe in the LSC was found to

reduce the material’s thermal expansion and increase ther-

mal stability [31]. Amount of the A- and B- site substitution

also influences the perovskite’s characteristics. For La1-

xSrxCo1-yFeyO3-d, the best stoichiometric ratio between La, Sr,

Co and Fe were found to be 0.3, 0.7, 0.7 and 0.3, respectively,

where x ¼ 0.7 and y ¼ 0.3. La0.3Sr0.7Co0.7Fe0.3O3-d (LSCF3773)

showed highest stoichiometric reduction (Dd ¼ 0.4) amongst

other perovskites in the same family such as La0.3Sr0.7Co0.9-
Fe0.1O3-d (LSCF3791, Dd ¼ 0.38) or La0.2Sr0.8Co0.2Fe0.8O3-

d (LSCF2828, Dd ¼ 0.35) [32]. LSCF3773 could be synthesized to

achieved a pure cubic structure with Goldschmidt’s tolerance

factor ranging from 0.9 to 1, leading to a high redox capacity

[33,34]. In this work, LSCF3773 was in-house prepared using

EDTA-CA-EG method [35,36]. The material was characterized
Please cite this article as: Ngoenthong N et al., Application of a micro
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by relevant techniques i.e. XRD, H2-TPR, H2O-TPSR, and CO2-

TPSR. Catalytic performance of LSCF3773 towards H2O and

CO2 co-splitting was studied in a lab-designed micro-channel

reactor. Both reduction and oxidation steps were operated at

the same temperature, to minimize the time required for

temperature switching, increase the overall efficiency, and to

minimize the thermal stress of the reactor. Gas-solid reaction

model was predicted. The kinetic parameters i.e. activation

energy and pre-exponential factor were estimated.
Experimental procedures

Synthesis of LSCF powder and LSCF suspended solution

LSCF was synthesized using EDTA-CA-EG method [35,36]. The

amount of relevant metal precursors were prepared from

metal precursors (M), citric acid (CA), ethylenediaminetetra-

acetic acid (EDTA) and ethylene glycol (EG) at the mole ratio of

1:1.5:1:1, respectively. Nitrate precursors of the metals;

lanthanum (III) nitrate hexahydrate (La(NO3)3�6H2O, 99%,

Himedia); strontium (II) nitrate (Sr(NO3)2,99%, Himedia); cobalt

(II) nitrate hexahydrate (Co(NO3)2�6H2O, 99%, Ajax finechem);

iron (III) nitrate nonahydrate (Fe(NO3)3�9H2O, 98%, Ajax fine-

chem); were dissolved in deionized water. EDTA (C10H16N2O8,

99.4%, Ajax finechem) was added into 2 M ammonium hy-

droxide solution (NH4OH, 28%wt, J.T.Baker) and stirred until

EDTA was completely dissolved. EDTA-NH4OH solution was

dropped into the mixed metal nitrate solution and added CA

(C6H8O7�H2O, 99.5%, Lobachemie) and EG (C2H6O2, 99.5%, Ajax

finechem) until a clear homogeneous solution was achieved.

The solution’s pH was maintained at 6 using NH4OH solution,

while heated to 90 �C and stirred until becoming gel. The gel

was dried at 180 �C overnight, then crushed, and calcined in

air at the best calcination temperature function studied,

shown in Section Effect of calcination temperature profile on

the physical properties of LSCF. The resulting LSCF was

sieved to less than 38 mm particle size. The LSCF sieved par-

ticles were then suspended in a mixture of water, polyvinyl

alcohol and acetic acid at the ratio of 10e84: 5: 1 by weight.

Polyvinyl alcohol ((C2H4O)x, Chem-supply) was dissolved in

deionizedwater while stirred at 65 �C for 3 h. The solutionwas

left overnight before the catalyst and acetic acid were added

into. The obtained suspension was stirred at 65 �C for 3 h

before cooled down to room temperature and stirred contin-

uously for 72 h.

Surface pre-treatment and catalyst coating process

Micro-structured stainless-steel (grade 316L) plates were

fabricated to lab-designed, shown in Fig. 1, by Thai German

Institute (TGI, Thailand). The substrates were cleaned with

20% v/v of citric acid in the ultrasonic bath for 30 min. They

were annealed at 800 �C with 1 �C/min of heating rate for 2 h,

to form mixed-oxides layer on the stainless steel surface for

the better adhesion ability. The prepared LSCF suspension

solution was then wash-coated on the micro-channels inside

each plate. The coated plates were left at room temperature

until dried. The substrateswere heated up to 120 �C in an oven

overnight and calcined at 500 �C for 3 h at 1 �C/min of heating
-channel reactor for process intensification in high purity syngas
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Fig. 1 e Micro-channel plates with 14 channels with

300 mm depth, 370 mm width, and 50 mm length (left) and

the laser-welded micro-channel reactor (right).
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rate. The two coated substrates were laser-welded together as

shown. 1/8-inch stainless steel tubing (Swagelok) was as well

welded to the top and bottom of the reactor and used for

gaseous inlet and outlet.

Characterizations

Physical properties of LSCF
The catalyst’s crystal structure was observed using XRD

(Rigaku TTRAX III model) with CuKa as x-ray source and

wavelength 1.5418 �A, the angle range 5e80�, and rate 5�/min.

Transient experiments
Fig. 2 shows the rig that used for both transient and stead-

state experiments. Transient experiments were carried out

in a quartz tube packed ebed reactor (i.d. ¼ 10 mm,

o.d. ¼ 13 mm, length ¼ 25 cm), to characterize catalytic be-

haviors of LSCF while the steady-state experiments were

performed in a micro-channel reactor, to determine optimal

operating conditions and kinetic parameters. An electrical

furnace (Inconel, heating zone ¼ 20 cm) was used as an

external heat supply for all the experiments. Hydrogen tem-

perature programmed reduction (H2-TPR), H2O temperature

programmed surface reaction (H2O-TPSR), and CO2 tempera-

ture programmed surface reaction (CO2-TPSR) were carried

out separately to investigate the oxygen release behavior

versus time, the oxygen uptake behavior by H2O and CO2 on

the LSCF surface, respectively. Feed molar ratio was fixed at 1

to 1. Ar, as a make-up gas, was used to control the total flow

rate at 200 mL/min. Steamwas produced using a combination

of a peristaltic pump and an evaporator before introduced into
Please cite this article as: Ngoenthong N et al., Application of a micro
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the system via 170 �C trace-heated piping system. For the

transient experiments, the weight of the catalyst was main-

tained at 0.5 g for all experiments. During the H2-TPR, 10%H2/

Ar was passed through the catalyst’s bed in the reactor. The

temperature was then increased from room temperature to

950 �C and hold for 30min. For TPSR, LSCFwas reduced by 10%

H2/Ar at 700 �C for 30 min before each experiment. The cor-

responding reactant, either H2O or CO2 was fed through the

reactor while the temperature increased from room temper-

ature to 950 �C at 5 �C/min of heating rate. The gaseous

products were analyzed using on-linemass spectrometer (MS,

GSD 320 O1, OmniStar gas analysis) for all experiments.

Steady-state experiments

All steady-state experiments were carried out in a micro-

channel reactor as mentioned in the previous section,

although using the same rig, shown in Fig. 2. Before each

experiment, the system was purged by Ar using a mass flow

controller at room temperature for 1 h. The catalyst was

reduced at either 500, 600 or 700 �C for 30 min before the

oxidation step was carried out at 500, 600, 650, and 700 �C for

15 min. Ar was purged through the system between each step

every time. The gaseous products were intervally collected

every single minute using gas bags and analyzed by a gas

chromatography (Shimadzu GC-2014ATF, Thermal Conduc-

tivity Detector (TCD)). Solid conversion was calculated using

the following equation;

XðtÞ¼ n0reacted
n0avialable

¼

Z t

0

nH2 ;COdt

nO2 ;Tred

(1)

where X(t) is the solid conversion, n0 reacted is the amount of

H2 and CO production and n0 available is the amount of

released oxygen of LSCF at the selected reduction tempera-

ture, received from the H2-TPR result.

Kinetics analysis

The kinetic parameters were estimated using Arrhenius

equation, shown in Eq. (2);

dX
dt

¼kðTÞ$fðxÞ (2)

f(x) is a solid conversion model which was applied from

Bolzmann model [37] as following;

XðtÞ¼Xu � Xu

1þ exp

"
ðt�t0Þk0

Xu

# (3)

where Xu is the ultimate conversion, k’ is the reaction rate

constant (s�1), t is time at conversion and t0 is time at 0.5Xu

kðTÞ¼ k0$e
�Ea
RT (4)

The equation was rearranged as;

ln kðTÞ¼ lnk0 � Ea

RT
(5)
-channel reactor for process intensification in high purity syngas
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Fig. 2 e Rig schematic diagram for transient and steady-state experiments.
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The activation energy (Ea) and the pre-exponential factor

(k0) were achieved by plotting ln k versus 1/T.
Result and discussion

Effect of calcination temperature profile on the physical
properties of LSCF

From Fig. 3, it can be seen that LSCF formed a pure cubic

structure when temperature profile (2) was applied. Tempera-

ture profile (2) consistedof 4 stepped temperatures;whichwere

325, 400, 600 and 900 �C; at 2 �C/min of heating whereas profile

(1) had 2 stepped temperatures at 600, and 900 �C with a much

higher heating rate at 10 �C/min. Both LSCF calcined using

either calcination profile (1) or (2) showed cubic structure, cor-

responding to the atomic plane {012}, {110}, {202}, {024}, {214},

{208} and {128}. The result was agreeable with previous reports

[32,38]. The cubic structure perovskites were well-known to

have larger unit cell compared to other structures, leading to a

wider space and resulting in a faster oxygen transfer rate

[39,40]. LSCF which calcined using temperature profile (1) was

found to form an incomplete/contaminated cubic structure.

This was possibly due to its fast heating rate, leading the re-

siduals contamination. Slow heating rate during the calcina-

tion process was found to enhance the purity of the material.
Please cite this article as: Ngoenthong N et al., Application of a micro
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Transient experiments

H2-TPR
H2-TPR was carried out to investigate reduction behavior of

LSCF. Fig. 4 shows reduction profile of LSCF when the tem-

perature ramped from 100 to 950 �C. The first reduction peak

occurred at 345 �C where Co3þ was reduced to Co2þ, giving H2

consumption at 1265 mmol/g (presumably equivalent to oxy-

gen atom release). The second peak was presented at 575 �C
where there was the reduction of Fe4þ to Fe3þ and Fe3þ to Fe2þ.
This peak contributed to 2030 mmol/g of H2 consumption. Co2þ

was reduced to Co at 700 �C, giving H2 consumption of

1170 mmol/g. The reduction peaks occurred at 815 and 920 �C,
giving overall H2 consumption of 1655 mmol/g, were corre-

sponded to partial reduction of Fe2þ to Fe. The result was

agreed with other works, reporting the change of B-site’s

oxidation state [41e45].

H2O-TPSR and CO2-TPSR
Temperature programmed surface reaction of H2O splitting

(H2O-TPSR), and CO2 splitting (CO2-TPSR) were separately

carried out over LSCF. H2O-TPSR profile, shown in Fig. 5(a),

illustrated 4266 mmol/g of H2 production at 725 �C, estimated at

95% of solid conversion. CO2-TPSR profile was shown in

Fig. 5(b), where it represented 725 mmol/g of CO production at

805 �C, equivalent to 16% of solid conversion. From the result,
-channel reactor for process intensification in high purity syngas
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Fig. 3 e The effect of calcination temperature profile on phase structure of LSCF; (a) diffractograms of LSCF calcined under

calcination profile illustrated in (b) where profile (1) represented in green and (2) represented in blue (For interpretation of

the references to colour in this figure legend, the reader is referred to the Web version of this article).
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it can be concluded that the majority of H2O splitting and CO2

splitting occurred at similar temperature range (600e850 �C),
although CO2 splitting started to occur at slight higher tem-

perature (600 �C) than H2O splitting (520 �C) (see Fig. 6).

LSCF activity on micro-channel reactor

The effect of reduction temperature on oxygen vacancy
concentration and syngas productivity
The reduction temperature was varied at 500, 600, and 700 �C
while the oxidation temperature was fixed at 700 �C, to study
Fig. 4 e H2-TPR pr

Please cite this article as: Ngoenthong N et al., Application of a micro
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the effect of reduction temperature on the oxygen release

(during reduction step) and syngas productivity (during the

oxidation step). Total flow rate was adjusted to 200 mL/min,

and H2 to CO2 ratio was kept at 1 to 1, for all experiments.

The result showed that when the reduction temperature

was higher, the oxygen vacancy concentration was increased,

leading to the better performance during the oxidation step.

However, the syngas productivity was remained similar when

the reduction temperature increased from600 to 700 �C, due to

the thermodynamic limitation during the oxidation step,

meaning that he higher syngas productivity would be higher if
ofile of LSCF.
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Fig. 5 e H2O-TPSR (a) and CO2-TPSR (b) profile of LSCF.

Fig. 7 e The effect of oxidation temperature on syngas
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the oxidation temperature is higher than 700 �C. H2O was

favored over CO2 splitting on LSCF for all temperatures. The

result agreed with H2O-TPSR and CO2-TPSR result from the

previous section.

The effect of oxidation temperature on the syngas productivity
The result from Fig. 7 showed that syngas productivity was

increased when the oxidation temperature increased for all

temperature range. The result suggested that the optimal

oxidation temperature, where it offers the maximum syngas

productivity, could be higher than 700 �C. At such tempera-

ture, all the oxygen vacancies are supposed to be used up for

either H2O and/or CO2 splitting, although it is like to be CO2

splitting rather than H2O splitting due to its higher activation

energy, evidenced in Fig. 5. However, since the reactor was

made of stainless steel (316L), thus, would not be able to

tolerate temperature higher than 700 �C due to the thermal
Fig. 6 e The effect of reduction temperature on oxygen

vacancy concentration and syngas productivity during

reduction and oxidation step, respectively.

productivity. The reduction temperature was 700 C for all

experiments.

Please cite this article as: Ngoenthong N et al., Application of a micro
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limitation of the reactor. In addition, CO production was not

detected at 500 �C, and only slightly found at 600 �C. The result

was also corresponded with H2O-TPSR and CO2-TPSR

mentioned in the previous section.

Oxygen vacancy concentration and syngas production when the
same reduction and oxidation temperatures were paired and
applied at 500/500, 600/600 and 700/700 �C
The same reduction and oxidation temperature were selected

at 500/500, 600/600 and 700/700 �C, to reduce the time required

for switching reduction temperature to oxidation tempera-

ture. This approach aimed to increase the overall efficiency of

the redox process and decreased the thermal stress of the

reactor. Fig. 8 showed that the highest syngas productivity

was achieved at 700/700 �C.
-channel reactor for process intensification in high purity syngas
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Fig. 8 e Syngas productivity by setting the same reduction/

oxidation temperature at 500/500, 600/600 and 700/700 �C.
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Kinetics study

Activation energy and pro-exponential factor were estimated

using Boltzmann equation. Fig. 9 showed the solid conversion

of LSCF at any time during the oxidation step while H2O/CO2

was co-fed. From Fig. 9, both H2O and CO2 splitting were found

to be favored at higher temperature. All the results from each

experiment showed the same trend where the reaction con-

trol regime took place after the diffusion control regime was

overcome, at aroundminute 8th to 10th. The solid conversion

of LSCF oxidation using H2O was found to be much higher

than that using CO2 at all temperatures. Thus, LSCF was more

selective to H2O splitting than CO2 splitting.

Fig. 10 illustrated kinetic prediction using Arrhenius plot.

The activation energy of H2O and CO2 splitting over LSCF was

estimated at 87.33 and 102.85 102.85 kJ/mol, respectively. The

pre-exponential factor was determined at 595.24 s�1 of H2O

and 698.79 s�1 of CO2.

Mechanism of H2O/CO2 thermochemical cycles via LSCF

The mechanism of LSCF reduction using H2 were proposed as

shown in Eqs. (6)e(8). H2 started to be adsorbed on lattice
Fig. 9 e Comparison of experimental and solid conversion mod

and 700 �C.

Please cite this article as: Ngoenthong N et al., Application of a micro
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oxygen on LSCF’s surface (Osurf ), creating surface hydroxyl

radical (OH�
surf ). The hydroxyl radicals donate electrons to the

surface lattice oxygen and the bulk lattice oxygen (Obulk),

creating surface vacancy (V$$
surf ) via the charge transfer process

[46]. An active low electron charge (Osurf ) is then formed via Eq.

(7), giving surface H2O as a product in which it is desorbed

afterwards. While the concentration of surface lattice oxygen

becomes lower, the concentration of the bulk lattice oxygen

(Obulk) is still relative high and therefore solid-state diffuses to

fill the surface oxygen vacancy (V$$
surf ), creating V$$

bulkand the

low electron chargeObulk, shown in Eq. (8). The high electron

chargeOsurf then receives the electron, recycling back to Eq. (6).

H2 þ 2Osurf#2OH�
surf (6)

2OH�
surf#Osurf þV$$

surf þH2O (7)

2Obulk þV$$
surf#2Osurf þ Obulk þ V$$

bulk (8)

where Osurfand Obulk represents low charge site (electron

donor) on LSCF’s surface and bulk, respectively. Osurfand Obulk

stands for high charge site (electron acceptor) on LSCF’s sur-

face and bulk, respectively. V$$
surfand V$$

bulkis a charged oxygen

vacancy on LSCF’s surface and bulk, respectively, while

OH�
surf is a hydroxyl radical on an oxygen surface site. The

oxidation step of LSCF in the presence of H2O and CO2 is

modeled using a two-step mechanism [47], shown as Eqs.

9e12. The bulk oxygen formation (Obulk) is formed via the

surface-to-bulk transport of the oxygen vacancy defect. The

oxidation reaction of LSCF by H2O was presumably favored

according to the results from other parts. The H2O is then

adsorbed and dissociated on the oxygen vacancy active sites

and incorporated with low electron charge lattice oxygen. The

gaseous H2 is then desorbed from the hydroxyl radical (OH�
surf ).

CO2 is also adsorbed on the LSCF’s surface, resulted in a sur-

face carbonate (CO3
��
surf ) formation. However, CO2 splitting and

CO desorption is merely occurred at this range of operating

temperature, according to the results in previous section. The

charge exchange is then occurred between the subsequent

charge-transfer of hydroxyl radical (OH�
surf ) and/or carbonate

surface adsorbate (CO3
��
surf ), followed by the association and

desorption of H2 and/or CO in Eq. (10) and Eq. (12). The lattice
el of LSCF for H2 (a) and CO (b) production at 500, 600, 650,

-channel reactor for process intensification in high purity syngas
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Fig. 10 e Arrhenius equation graph of LSCF for H2 (a) and CO (b) production at 500, 600, 650, and 700 �C.
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oxygen will diffuse from surface to bulk, shown in Eq. (13)

until reaching its equilibrium.

H2OþOsurf þ V$$
surf#2OH�

surf (9)

2OH�
surf#2Osurf þH2 (10)

CO2 þOsurf þ V$$
surf#CO��

3 surf (11)

CO��
3 surf#2Osurf þ CO (12)

2Osurf þV$$
bulk#2Obulk þ Osurf þ V$$

surf (13)

Conclusions

La0.3Sr0.7Co0.7Fe0.3O3 (LSCF) was successfully synthesized

using EDTA-CA-EG method. A pure cubic structure; known to

possess high oxygen mobility, oxygen exchange rate at low

temperature; was achieved when calcined at 2 �C/min of

heating rate where the temperature was increased from room

temperature to 325, 400, 600 and 900 �C. In terms of B-site

substitute oxidation state, Co3þ was (evidenced by H2-TPR)

reduced to Co2þ at 345 �C, then the Co2þ was further reduced

to Co at 700 �C. Whereas the reduction of Fe4þ to Fe3þ and that

of Fe3þ to Fe2þ occurred at 575 �C. The Fe2þ was fund to be

further reduced to Fe at 815 and 920 �C. The two-step ther-

mochemical cycles of H2O and CO2 co-splitting was success-

fully carried out in a lab-designed micro-channel reactor. H2O

splitting was favored over CO2 splitting when using LSCF as an

oxygen carrier material. CO2 splitting was not traced at 500 �C
due to its thermodynamic limitation, although it was likely to

compete H2O splitting at higher temperature. Both H2O and

CO2 splitting were favored by the risen temperature. The

oxidation temperature had a stronger influence on syngas

production compared to the reduction temperature, during

the studied temperatures, ranging from 500 to 700 �C. Reduc-
tion and oxidation temperature was paired at the same tem-

perature, to increase the overall efficiency and reduce the

thermal stress of reactor. The result showed that the syngas

productivity reached maximum at 700/700 �C of reduction/
Please cite this article as: Ngoenthong N et al., Application of a micro
production via H2O/CO2 co-splitting, International Journal of Hydrog
oxidation temperature. The experimental results were well

validated by the computational results. Activation energy of

H2O and CO2 splitting over LSCF was estimated at 87.33 and

102.85 102.85 kJ/mol, respectively. The pre-exponential factor

was determined at 595.24 s�1 of H2O and 698.79 s�1 of CO2.
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