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a b s t r a c t

The synthesis of ethyl nitrite by the reaction of C2H5OH, O2, and NO, called the regeneration reaction in
the synthesis of ethylene glycol (EG) by the coupling reaction-hydrogenation process, is carried out in
a trickle bed reactor filled with �-mesh rings at 313–343 K and atmospheric pressure. It is shown that
ccepted 26 July 2010
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the conversion of O2 increases with the NO/O2 and the EtOH/NO molar ratios, and decreases with the N2

volume fraction and the liquid hourly space velocity (LHSV). O2 conversion reaches a maximum (∼90.9%)
at 333 K, NO/O2 molar ratio of 6:1, EtOH/NO molar ratio of 3:1, N2 volume fraction of 50%, and LHSV of
2.65 h−1. The synthesis reaction is a fast one and takes place in a liquid film. A kinetics model based on
the two-film model of gas–liquid reaction is proposed. The experiment data fit the kinetics model very

lso s
inetics
wo-film model

well and statistical tests a

. Introduction

Ethylene glycol (EG) is an important material for the synthesis
f many kinds of chemicals, such as polyester fiber, antifreeze, and
o on. Commercially, it is synthesized by the hydration of ethylene
xide, which is produced in the petrochemical industry. Taking into
ccount the current shortage of petroleum resources, many efforts
ave been made to develop new and alternative processes for the
ynthesis of EG. Among these approaches, the Ube process, which is
ased on C1 chemistry, is a promising one [1–3]. In this process, EG

s synthesized by the hydrogenation of diethyl oxalate (DEO), which
s produced from the catalytic coupling reaction of ethyl or methyl
itrite (EN/MN) and carbon monoxide. In the catalytic coupling pro-
ess, two chemical reactions, including the coupling reaction (1)
nd the regeneration reaction (i.e. the synthetic reaction of EN) (2),
ake place simultaneously as follows [2]:

CO + 2C2H5ONO → (COOC2H5)2 + 2NO (1)

+ 4NO + 4C H OH → 4C H ONO + 2H O (2)
2 2 5 2 5 2

In the coupling reaction, EN produced in the regeneration reac-
ion reacts with carbon monoxide to form DEO, while in the
egeneration reaction, NO produced in the coupling reaction reacts

Abbreviations: DEO, diethyl oxalate; EG, ethylene glycol; EN, ethyl nitrite; EtOH,
thanol; LHSV, liquid hourly space velocity (h−1); GHSV, gas hourly space velocity
h−1); RE, relative error.
∗ Corresponding author. Tel.: +86 27 87543732; fax: +86 27 87543632.
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with EtOH and O2 to form EN. Studies on the catalysis of the cou-
pling reaction (1) and the hydrogenation of DEO have attracted
increased attention [4,5]. Studies on the regeneration reaction (2),
however, have not been studied in detail.

Generally, the regeneration reaction (2) is carried out in either
a bubble column reactor or a distillation column reactor [6–8]. In
these reactors, however, the feed amount of EtOH is much larger
than the stoichiometry of the other reactants and some disadvan-
tages are found: the purification of EtOH is very complicated due
to the formation and accumulation of byproducts, such as ethanal,
nitric acid, and water; furthermore, the running for the cycle pro-
cesses of the coupling-regeneration reaction is unfavorable due to
the solution of EN in EtOH. Chen [9] studied the kinetics of the
regeneration reaction in a bubble column reactor and pointed out
that the liquid drop type or liquid film type reaction model was suit-
able for the regeneration reaction. Considering that, in the trickle
bed reactor, the accumulation of byproducts in the EtOH solution
can be avoided, Li [10] suggested the use of the trickle bed reactor
for the regeneration reaction.

The regeneration reaction is a gas–liquid heterogeneous reac-
tion without any catalyst. The relationship between the reaction
rate and mass transfer is very complicated. The mass transfer
between the gas and liquid phases is the controlling step for the fast
reaction [11,12]. The kinetics of the regeneration reaction is neces-

sary for the design of the trickle bed reactor. However, the kinetics
published in the literature so far is for regeneration reactions in
a bubble column reactor at temperature ranges of 288–333 K [9].
The mass transfer behaviors of reactants in a bubble column reac-
tor are significantly different from those in a trickle bed reactor

dx.doi.org/10.1016/j.cej.2010.07.055
http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:ligxabc@163.com
dx.doi.org/10.1016/j.cej.2010.07.055
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Nomenclature

a effective gas–liquid interfacial area (m2/m3)
Ci molar concentration of component i in liquid phase

(mol/m3)
CAG, CBG molar concentration of O2 and NO in gas phase,

respectively (mol/m3)
CCL liquid bulk concentration of EtOH (mol/m3)
DLA, DLB diffusion coefficient of O2 and NO in liquid, respec-

tively (m2/s)
F F-test function
FT tabulated value of F distribution
G gas flow rate, m3/s, in Eq. (26)
G′ gas flow rate, kmol/(m2 s), in Eq. (20)
HA, HB Henry’s constant of O2 and NO, respectively

(Pa m3/mol)
Ha Hatta number, defined by Eq. (17)
�rH�m standard molar enthalpy of reaction (kJ/mol)
h height of the �-mesh rings packing bed (m)
k reaction rate constant (m6/(mol2 s))
kLA mass transfer coefficient of liquid film (m/s)
L liquid flow rate (m3/s), in Eq. (26)
L′ liquid spray density (m3 m−2 h−1), in Eq. (19)
MB molar mass of solvent B (g/mol)
N number of experimental runs
NA mass transfer rate (mol/(m2 s))
p number of parameter
RA reaction rate (mol/(m3 s))
R gas constant, 8.314 J/(mol k)
T temperature (K)
uOG1 gas inlet flow rate (m/s)
VA molecular volume of solute A at normal boiling point

(cm3/mol)
XA conversion of O2 (%)
yi molar fraction of component i
z coordinate

Greek letters
ˇ enhancement factor
ıR, ıL thickness of reaction film and liquid film, respec-

tively (m)
� liquid viscosity (mPa s)
�i stoichiometric coefficient of component i

[
u
t
fi
p
o
T
t

2

2

u
M
E
o

�A expansion factor to component A
 objective function

13,14]. As such, the kinetic behavior obtained in the bubble col-
mn reactor is not suitable for use in the trickle bed reactor. In
his work, experiments were carried out in a trickle bed reactor
lled with �-mesh rings to investigate the effects of the operation
arameters. The kinetic model of the regeneration reaction based
n the two-film model in the trickle bed reactor was established.
he rate parameters of the kinetic model are determined by fitting
he model predictions to the experiments.

. Experimental

.1. Materials
The NO (Tianjin Summit Specialty Gases Co., Ltd., Tianjin, China)
sed was of 99.9% purity. The purities of both O2 and N2 (Wuhan
ing Hui Gas Technology Co., Ltd., Wuhan, China) were 99.999%.

tOH (A.R., Sinopharm Chemical Reagent Co., Ltd., China) was
f 99.7% purity. Stainless steel �-mesh rings of Ø2 mm × 2 mm
Fig. 1. Experimental setup (1, N2; 2, O2; 3, NO; 4, rotameter; 5, mixer; 6, preheater;
7, thermocouple; 8, tubular reactor; 9, cold trap; 10, gas sample; 11, NaOH solution;
12, metering pump; 13, EtOH).

with large specific surface areas (3150 m2/m3) and a high porosity
(0.92 m3/m3) (Tianjin Beiyang Qiushi Apparatus Co., Ltd., Tianjin,
in China) were purchased and used in this work.

2.2. Experimental setup and procedure

The experimental setup is schematically shown in Fig. 1. The
tubular reactor, which was made of glass, was 300 mm long and
13 mm I.D. The �-mesh rings were packed in the middle-upper
part of the reactor. A stainless steel tube of 2 mm diameter with
a thermocouple was embedded in the reactor to determine the
temperature. The reactor temperature was controlled by a ther-
mostatic circulating water bath, and the temperature difference
along the reactor was less than 0.5 K. The gas feeding lines were
equipped with a mixer and a heater. In each experimental run, an
EtOH solution with a flow rate of 2.0 mL/min was introduced into
the reactor for 30 min to ensure that the �-mesh ring packing was
fully wet. Then, NO, O2, N2, and EtOH were introduced into the
reactor, where the products entered into the cold trap, while the
non-condensable gas was passed through the alkali liquor to absorb
NOx, and then into the atmosphere. The concentrations of the prod-
ucts in the liquid sample in the cold trap and the non-condensable
gas were analyzed separately.

2.3. Product analysis

The reaction products were analyzed by gas chromatography
(Fuli 9790) equipped with a thermal conductivity detector (TCD).
The external standard method was used. The water and EtOH con-
centrations in the liquid sample were analyzed by a Porpack-Q
packed column. Hydrogen (99.999% pure, Sichuan Tianyi Science
& Technology Co., Ltd., Sichuan, China) was used as the carrier
gas with a flow rate of 30 mL/min at 0.3 MPa. The temperatures
of injection, column, and detector were 110 ◦C, 90 ◦C, and 180 ◦C,
respectively. The EN concentrations of the liquid sample and the
non-condensable gas sample were analyzed by an oxydipropionyl-
nitrile (ODPN) packed column and a 5A molecular sieve packed
column, respectively.

2.4. Calculation and material balance
It is well known that analysis of O2 in the non-condensable gas
is difficult as there is NO in the non-condensable gas, which reacts
easily with O2. It was found that, in the trickle bed reactor, the
regeneration reaction has very high selectivity and the reaction
products are EN and water. On one hand, the boiling point of EN
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regeneration reaction may change from liquid film-controlling to
gas film-controlling when the EtOH/NO molar ratio is higher than
3.0. On the other hand, in the regeneration reaction, EtOH not only
acts as a reagent, but also as a solvent and diluent of water. A
larger EtOH/NO molar ratio is favorable to the regeneration reac-
24 H. Wang, G. Li / Chemical Engin

s only 17 ◦C, and the EN produced in the reaction is difficult to
nalyze because a portion of the EN is in the cold trap and another
ortion of the EN is in the non-condensable gas. On the other hand,
owever, almost all of the water produced in the reaction is con-
ensed to liquid form in the cold trap. Thus, the concentration of
ater can be accurately analyzed, and the conversion of O2 can be

alculated according to the following expression:

A = (The mole of H2O produced in the reaction for t min) × 1/2
The mole of O2 feed for t min

× 100% (3)

o validate the reproducibility and the material balance of the
xperiment, each experiment was repeated three times under the
ame reaction conditions. The relative error was less than 1.7%. The
elative error of the material mass between the inlet and the outlet
f the reactor was found to be within 2.0%.

. Results and discussion

.1. Analysis of the regeneration reaction

It is well known that the regeneration reaction of EN involves
he following reactions [6]:

NO + O2 → 2NO2 (4)

O2 + NO → N2O3 (5)

2H5OH + N2O3 → C2H5ONO + HONO (6)

2H5OH + HONO → C2H5ONO + H2O (7)

2O3 + H2O → 2HONO (8)

NO2 ↔ N2O4 (9)

2H5OH + N2O4 → C2H5ONO + HNO3 (10)

2O4 + H2O → HONO + HNO3 (11)

C2H5OH + O2 → 2CH3CHO + H2O (12)

2H5OH + NO2 → CH3CHO + NO + H2O (13)

rom these reactions, it was found that the regeneration reaction is
very complicated process that involves many parallel and tandem

eactions. Ethanal and nitric acid are also produced as byproducts.
ecause the regeneration reaction involves complicated elemen-
ary reactions, precise control of the reaction is required to increase
he selectivity of EN and suppress the formation of nitric acid, which
nterrupts the desired reaction. To reduce the formation of byprod-
cts, the concentration of N2O3 in the gas phase should be high.
herefore, a higher NO/O2 molar ratio and a lower reaction pres-
ure are necessary. Furthermore, the water in liquid phase should
e maintained to as minimal as possible to inhibit the formation of
itric acid. The EtOH/NO molar ratio should also not be too small.

.2. Effect of temperature

Fig. 2 shows that O2 conversion increases with temperature in
ower temperature ranges, but decreases when the temperature is
igher than 323 K. The regeneration reaction for EN is an exother-
ic one (�rH�m,298 K = −121.11 kJ/mol). The reaction is controlled

y kinetic effects under 323 K, so the reaction rate increases with

he temperature. However, the reaction is also controlled by ther-

odynamic effects, and O2 conversion decreases at temperatures
bove 323 K. On the other hand, the solubilities of O2 and NO in
tOH solution decrease with the increase in temperature, which is
nfavorable to the reaction.
Fig. 2. Effect of temperature on O2 conversion (reaction conditions: NO/O2: 6:1
(mol); C2H5OH/NO: 3:1 (mol); N2: 50% (vol). �-mesh rings: 8 mL).

3.3. Effect of NO/O2 molar ratio

It is shown, in Fig. 3, that O2 conversion increases with the
NO/O2 molar ratio. According to the analysis of the reaction, a
large amount of NO in the gas phase is necessary to reduce the
formation of byproducts. O2 should be fully consumed in the regen-
eration reaction because the catalyst used in the coupling reaction
in the Ube process is easily deactivated by O2. Therefore, the
NO/O2 molar ratio must be higher than the stoichiometric ratio
4:1. Hence, an NO/O2 molar ratio of 6:1 is suitable for the reac-
tion.

3.4. Effect of EtOH/NO molar ratio

The changes in O2 conversion with EtOH/NO molar ratios are
listed in Fig. 4. In these experiments, the gas flow rates of O2,
NO, and N2 were kept constant, while the feed flow rate of EtOH
was varied. O2 conversion increases significantly from 71.68% to
85.05% as the EtOH/NO molar ratio increases from 2.0 to 3.0, but
increases minimally as the EtOH/NO molar ratio is further increased
to above 3.0. The gas hourly space velocity (GHSV) in these exper-
iments remains constant because the gas flow rates are fixed.
Thus, the increase in O2 conversion means that the reaction rate
increases. The above results indicate that, on the one hand, the
Fig. 3. Effect of NO/O2 molar ratio on O2 conversion (reaction conditions: T = 333 K;
EtOH/NO: 3:1 (mol); N2: 50% (vol). �-mesh rings: 8 mL).
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Fig. 4. Effect of EtOH/NO molar ratio on O2 conversion (reaction conditions:
T = 333 K; NO/O2: 6:1 (mol); N2: 50% (vol). �-mesh rings: 8 mL).
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stoichiometric coefficient of NO, and k , H , H , D , and D are
ig. 5. Effect of N2 volume fraction on O2 conversion (reaction conditions: T = 333 K;
O/O2: 6:1 (mol); EtOH/NO: 3:1 (mol). �-mesh rings: 8 mL).

ion. Therefore, an EtOH/NO molar ratio of 3:1 would be suitable
or the reaction.

.5. Effect of N2 volume fraction

O2 conversion decreases slightly from 85.75% to 85.05% as the
2 volume fraction initially increases from 30% to 50%. It then
ecreases more significantly from 85.05% to 62.98% when the N2
olume fraction reaches 50% (Fig. 5). In these experiments, the feed
ow rates of EtOH, NO, and O2 were kept constant, while the feed
ow rate of N2 was varied. N2 is favorable for the regeneration
eaction because it promotes the diffusion of NO and O2. However,
xcessive N2 is unfavorable to the reaction due to the dilution of
eactive gases. The LHSV in these experiments remained constant
ecause the feed flow rate of EtOH was fixed. So, the change in
2 conversion means that the reaction rate became slower under

he experimental conditions. This result indicates that the regen-
ration reaction may change from liquid film-controlling to gas
lm-controlling when the N2 volume fraction exceeds 50%. There-

ore, an N2 volume fraction of 30–50% would be suitable for the
eaction.

.6. Effect of LHSV
The effect of LHSV on the conversion of O2 is also very important.
s shown in Fig. 6, it is found that O2 conversion decreases with
HSV. As expected, higher O2 conversion can be achieved at lower
HSV, however, the space-time yield of EN would also decrease.
Fig. 6. Effect of LHSV on O2 conversion (Reaction condition: T = 333 K; NO/O2: 6:1
(mol); EtOH/NO: 3:1 (mol); N2: 50% (vol). �-mesh rings: 8 mL).

The O2 conversion reached 90.9% under conditions of 333 K, NO/O2
molar ratio of 6:1, EtOH/NO molar ratio of 3:1, N2 volume fraction
of 50%, and LHSV of 2.65 h−1.

3.7. Kinetic model

3.7.1. Reaction rate
On the basis of the experiment results, the reaction kinetics

of the regeneration reaction was studied. The experimental data
of the reaction kinetics are listed in Table 1. The two-film model
is used to establish the kinetic model due to its applicability and
simplification. Some assumptions are made as follows: (1) The
regeneration reaction is a fast reaction and takes place in the liquid
film. (2) The concentration of EtOH in the liquid film is a constant
and its saturated vapor pressure is neglected. (3) EN generated
from the regeneration reaction rapidly diffuses into the gas phase.
The power-law expression is usually used to calculate the intrinsic
reaction rate of the gas–liquid reaction as it is accurate enough to
estimate the reaction rates reported in the literature [15]. In this
work, the intrinsic reaction rate of the regeneration reaction (2) is
calculated by the following expression:

RA = kCACBCC (14)

where k is the rate constant, Ci is the molar concentration of com-
ponent i in the liquid phase, and subscripts A, B and C denote O2,
NO, and EtOH, respectively.

The oxygen in the reaction is selected as a key component
because it should be completely consumed in the regeneration
reaction. When the resistance in the gas film is neglected, the mass
transfer rate through the gas–liquid phase interface can be obtained
as:

NA|z=0 = kLAˇ
RTCAG
HA

(15)

ˇ =
√
DLAkCCRT(CBG/HB − (|vB|DLA/3DLB)(CAG/HA))

kLA
(16)

and the Hatta number, Ha, is defined as:

Ha =
√
DLAkCBG1CCL
kLA

(17)

Here, ˇ is the enhancement factor, CAG and CBG are the molar con-
centrations of O2 and NO in the gas phase, respectively, �B is the
LA A B LA LB

the mass transfer coefficient of liquid film, the Henry’s constants
of O2 and NO, and the diffusion coefficients of O2 and NO in liquid,
respectively. CBG1 and CCL are the inlet concentration of NO and the
liquid bulk concentration of EtOH, respectively.
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Table 1
Experimental data of the reaction kinetics and calculated O2 conversion (�-rings: 6 mL).

No. T (K) FEtOH (mol/h) NT (mol/h) yNO (%) yO2 (%) yN2 (%) Xexp
O2

(%) XcalO2
(%) REa (%)

1 313 0.366 0.2814 43.21 6.38 50.41 84.38 85.44 −1.26
2 313 0.444 0.3446 42.9 7.06 50.05 73.81 78.23 −5.99
3 313 0.516 0.3996 42.8 7.27 49.93 72.82 73.03 −0.29
4 313 0.444 0.2432 40.0 10.0 50.0 76.18 77.17 −1.30
5 313 0.612 0.3127 62.22 7.78 30.0 93.27 89.26 4.30
6 323 0.366 0.2814 43.21 6.38 50.41 90.89 91.94 −1.16
7 323 0.444 0.3446 42.9 7.06 50.05 90.44 86.17 4.72
8 323 0.516 0.3996 42.8 7.27 49.93 77.01 76.67 0.44
9 323 0.444 0.2432 40.0 10.0 50.0 79.91 82.92 −3.77

10 333 0.366 0.2814 43.21 6.38 50.41 87.96 90.69 −3.10
11 333 0.444 0.3446 42.9 7.06 50.05 84.56 84.41 0.18
12 333 0.516 0.3996 42.8 7.27 49.93 80.46 79.63 1.03
13 333 0.444 0.2432 40.0 10.0 50.0 76.06 75.60 0.60
14 343 0.366 0.2814 43.21 6.38 50.41 87.58 91.25 −4.19
15 343 0.444 0.3446 42.9 7.06 50.05 84.38 84.98 −0.71
16 343 0.516 0.3996 42.8 7.27 49.93 80.68 80.17 0.63
17 343 0.444 0.2432 40.0 10.0 50.0 77.57 79.69 −2.73

F 2.01 × 104
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which is the squared sum of the residuals between the experimen-
tally determined O2 conversion,Xexp

A , and the model predicted,XcalA .
Table 2 lists the rate constants that were determined by minimiz-
ing the residuals. The Hatta number and the enhancement factor

Table 2
The rate constant, the Hatta number and the enhancement factor at different
temperature.
EtOH: EtOH feed flow rate; NT: total gas feed flow rate.
a RE = (Xexp

O2
− XcalO2

)/Xexp
O2

× 100%.

In Eq. (15), the O2 conversion, XA, is used instead of the
omponent concentration, Ci, the mass transfer rate through the
as–liquid phase interface is expressed as follows:

A|z=0a =
(RT)3/2aCAG1

√
DLAkCC

HA

× 1 − XA
(1 + yA1XA�A)3/2

√
CBG1 − (�B/�A)CAG1XA

HB
− |�B|DLACAG1(1 − XA)

3DLBHA

(18)

here a is the effective gas–liquid interfacial area. CAG1, yA1, and
A are the inlet concentration of O2, the initial molar fraction of O2,
nd the expansion factor to O2, respectively (the derivation of Eq.
18) is supplied in Appendix A).

The mass transfer coefficient of the liquid film and the effective
as–liquid interfacial area of the packed column with �-mesh rings
ere determined by Luo et al. [16] using the method of CO2 absorp-

ion into aqueous solutions of sodium hydroxide and are used in
his work. The mass transfer coefficient is expressed as:

LA = 9.0 × 10−5L′0.45 (19)

he effective gas–liquid interfacial area is expressed as:

= 522.6G′−0.0657 (20)

he diffusion coefficients of O2 and NO are calculated according to
he following [17]:

AB = 7.4 × 10−8(˛MB)0.5T

�V0.6
A

(21)

The Henry’s constants of O2 and NO are given in the literature
18,19].

.7.2. Reactor model
The plug flow model is used for the trickle bed reactor. The fol-
owing expression for O2 conversion, XA, can be obtained through
he gas phase mass balance:

dXA
dh

= P
√
k

1 − XA
(1 + yA1XA�A)3/2

√
Q +WXA (22)
10 × FT 44.9

Here:

P = (RT)3/2a
√
DLACC

HAuOG1

√
3DLBHAHB

(23)

Q = 3DLBHACBG1 − |�B|DLAHBCAG1 (24)

W = |vB|DLAHBCAG1 − 3DLBHA|vB|CAG1

|�A|
(25)

The total mass balance of gas phase and liquid phase is expressed
as:

GCAG1
yA1�A + 1

1 + yA1XA�A
XA = 1

|�C |
L(CC1 − CC ) (26)

The boundary conditions are:

h = 0, XA = 0, CC = CC1 (27)

In Eq. (23), uOG1 is the gas inlet flow rate. In Eq. (26), CC1 is the inlet
concentration of EtOH.

3.7.3. Kinetic parameters estimation
The reactor model, which is an initial value problem of the ordi-

nary differential equations, is solved by the four-order Runge–Kutta
method. The calculation program is compiled by MATLAB lan-
guage. The rate constant is determined by minimizing the following
expression:

 =
N∑
j=1

(Xexp
A,j

− XcalA,j )
2

(28)
T (K) k (m6/(mol2 s)) Ha ˇ

313 0.0126 87.4516 36.6777
323 0.0183 115.5759 45.8528
333 0.0221 143.5418 53.4014
343 0.0268 174.0201 59.9104



H. Wang, G. Li / Chemical Engineerin

F
i

w
r

k

T
2
2
s
a
c
t

ı

ı

w
1
t
ı

v
o
m
t
F
v
k

i
o
s

F

w
o
r
[
r
2
t

gas–liquid phase interface, respectively. Introducing Eq. (A.7) into
Eq. (A.3), we have:[ ]
ig. 7. Comparison of O2 conversion calculated from the kinetics model with exper-
mental data.

ere calculated and are also listed in Table 2. The expression of the
ate constant is obtained from the Arrhenius equation as:

= exp
(

4.121 − 2645.7
T

)
(29)

he correlation coefficient is 0.9755. An activation energy of
2.0 kJ/mol was obtained and it is consistent with the value of
2.9 kJ/mol in the literature [9]. As shown in Table 2, the Ha � 3,
o the above assumption that the reaction is a fast one is accept-
ble. If the concentration of NO in the liquid film is assumed to be
onstant, the thickness of the reaction film, ıR, and the thickness of
he liquid film, ıL, can be calculated as [20]:

R =
[

(m+ 1)DLA
2kCBCC (C∗

A)m−1

]1/2

(30)

L = HaıR (31)

here m = 1, is the reaction order of O2. At 313.15 K, ıR and ıL are
.035 × 10−6 and 9.05 × 10−5 m, respectively. The result indicates
hat the regeneration reaction takes place in the liquid film because
R < ıL.

With the kinetic parameters in this work, the outlet O2 con-
ersions were calculated and are listed in the ninth column
f Table 1. The relative errors between the experimental- and
odel-predicted conversions are below 6%. These indicate that

he calculated O2 conversions are consistent with the experiments.
ig. 7 shows that the distributions of experimental and calculated
alues around the diagonal line are random. This suggests that the
inetics model described the experimental results well.

The results of statistical tests for the rate expression are reported
n Table 1. As shown in the ninth column of Table 1, F is the ratio
f the mean regression sum of squares to the mean residual sum of
quares, which is calculated by:

=
∑N

j=1(Xcal
A,j

)
2
/p∑N

j=1(Xexp
A,j

− Xcal
A,j

)
2
/(N − p)

(32)

here N is the number of experimental runs and p is the number
f parameters in the model. FT represents the tabulated values cor-
esponding to free degrees at the 5% level of degree of confidence

21]. Generally, a model is considered acceptable if F > 10FT. The
esults listed in the ninth column of Table 1 imply that the F value is
.01 × 104 � 10 FT (=44.9). Thus, the kinetic model well represents
he behaviors of the regeneration reaction.
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4. Conclusions

It was found that the synthetic reaction of EN is a fast one and
takes place in a liquid film. O2 conversion increases with the NO/O2
and EtOH/NO molar ratios, and decreases with the N2 volume frac-
tion and the LHSV. The effect of temperature on O2 conversion was
also discussed in detail. A kinetics model based on the two-film
model was proposed and the plug flow model was developed for
the gas–liquid phase reactor. It was shown that the kinetics model
fits the experimental data very well at different temperatures and
residence times.
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Appendix A. Derivation of Eq. (18)

Here the two-film model is used to establish the kinetic model.
To obtain the mass transfer rate of A (O2) through the gas–liquid
phase interface, the mass balance for O2 about a differential ele-
ment of volume (the thickness is dZ and the area of the mass transfer
is 1.0) in the liquid film is given as the following:

[
−DLA

dCA
dZ

]
−

[
−DLA

(
dCA
dZ

+ d2CA
dZ2

dZ

)]
− RA · dZ = 0 (A.1)

Simplifying Eq. (A.1), we have:

DLA
d2CA
dZ2

= RA = kCACBCC (A.2)

Equating � = dCA/dZ, and introducing it into Eq. (A.2), we obtain:

�
d�

dCA
= kCC
DLA

CACB (A.3)

The boundary conditions of Eq. (A.3) are:{
Z = 0, CA = CAi, CB = CBi,

dCC
dZ

= 0

Z = ıL, CA = 0, CB = CBL, � = 0
(A.4)

In the same way, we can obtain the following expression for B (NO):

DLB
d2CB
dZ2

= |�B|RA (A.5)

So, we have

DLB
d2CB
dZ2

= |�B|DLA
d2CA
dZ2

(A.6)

We can obtain following expression through an integral operation
for Eq. (A.6):

CB = CBi −
|�B|DLA
DLB

(CAi − CA) (A.7)

where CAi and CBi are the molar concentrations of O2 and NO in the
�
d�

dCA
= kCC
DLA

CA CBi −
|�B|DLA
DLB

(CAi − CA) (A.8)

We can obtain following expression through an integral operation
for Eq. (A.8):
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2 = 2kCC
DLA

[(
CBi −

|�B|DLA
DLB

CAi

) C2
A

2
+ |�B|DLA

DLB
× C3

A

3

]
+ C ′ (A.9)

ntroducing the boundary conditions (A.4) into Eq. (A.9), we have:

′ = 0 (A.10)

ecause �≤ 0, we can obtain following expression:

= −
√

2kCC
DLA

[(
CBi −

|�B|DLA
DLB

CAi

) C2
A

2
+ |�B|DLA

DLB
× C3

A

3

]
(A.11)

he mass transfer rate of O2 through the gas–liquid phase interface
s:

NA
∣∣
Z=0

= −DLA
(
dCA
dZ

)
Z=0

= −DLA(�)Z=0 (A.12)

ntroducing Eq. (A.11) into Eq. (A.12), we have:

NA
∣∣
Z=0

=
[√

DLAkCC

(
CBi −

|�B|DLA
3DLB

CAi

)]
CAi = kLAˇCAi (A.13)

here:

=
√
DLAkCC (CBi − (|�B|DLA/3DLB)CAi)

kLA
(A.14)

hen the resistance in gas film is neglected, according to Henry’s
aw and the ideal gas equation, we have:

Ai =
pA
HA

= RTCAG
HA

(A.15)

Bi =
pB
HA

= RTCBG
HB

(A.16)

here pA and pB are the partial pressures of O2 and NO in the gas
hase, respectively. Introducing Eqs. (A.15) and (A.16) into Eqs.
A.13) and (A.14) to eliminate the unknown interface concentra-
ions CAi and CBi, we have:

NA
∣∣
Z=0

= klAˇ
RTCAG
HA

(A.17)

=
√
DLAkCCRT(CBG/HB − (|vB|DLA/3DLB)(CAG/HA))

kLA
(A.18)

Eqs. (A.17) and (A.18) are simply Eq. (15) and Eq. (16), respec-
ively. According to the definition of O2 conversion, XA, we have:

AG = CAG1(1 − XA)
1 + yA1XA�A

(A.19)
BG = CBG1 − (�B/�A)CAG1XA
1 + yA1XA�A

(A.20)

inally, introducing Eqs. (A.19) and (A.20) into Eqs. (A.17) and
A.18), we have:

[
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NA|z=0a =
(RT)3/2aCAG1

√
DLAkCC

HA

× 1 − XA
(1 + yA1XA�A)3/2

√
CBG1 − (�B/�A)CAG1XA

HB
− |�B|DLACAG1(1 − XA)

3DLBHA

(A.21)

Here, Eq. (A.21) is simply Eq. (18).
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