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反映工艺条件对管式反应器催化反应影响的转化率方程 
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摘要： 根据幂指函数 a+b( ) ug u u= 的特点, 借用“虚拟反应组分”和“变动级数”的概念, 提出了管式反应器系统中反应转化率
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= − − + ∏ .  为了验证该转化率方程的普适性, 考察

了二乙苯催化脱氢、乙苯加氢和噻吩加氢脱硫等, 并利用 Matlab 软件分别对这三个催化体系的实验数据进行拟合.  结果表明, 此

方程在较宽的范围内均能很好地反映温度、反应压力、空速和物料比对转化率的影响.  预测结果与实验数据之间的总平均相对

偏差均小于 2%, 说明该方程并不是针对某一特定的催化反应或催化剂, 可用于大多数的管式反应器催化反应系统中.    
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Abstract: A comprehensive conversion equation was developed to simulate the catalytic reaction conditions (include temperature, pressure, 

residence time, and reaction composition) in tubular reactors: 0 10 1 r 0 1 r
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This conversion equation is based on the characteristics of the power-exponential function a+b( ) ug u u=  as well as the “variable reaction 

order” and “virtual reactant” concepts. Its validity was verified by fitting experiment data from three different catalytic systems such as the 
dehydrogenation of diethyl benzene, the hydrogenation of ethylbenzene, and the hydrodesulfurization of thiophene. The results show that the 
influences of reaction temperature, pressure, residence time, and reactant composition on the conversion of the reactant can be determined 
within a wide range of values. By comparison with the experimental data, the calculated conversions were all found to have a total average 
relative deviation of less than 2%. This suggests that the conversion equation is not limited to a specific catalyst system but could be suitable 
for various catalyst systems in tubular reactors. 
Key words: conversion equation; reaction kinetics; hydrogenation; dehydrogenation; hydrodesulfurization; Arrhenius law 

 
Much effort has been directed toward producing macro-

scopic kinetic models for various catalyst systems in indus-
try [1–10]. For example, Hoang et al. [11] studied the in-
fluence of reaction conditions on the yield of hydrogen for 
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the steam reforming of methane using a commercial 
γ-alumina supported sulfide nickel catalyst and they devel-
oped a two-dimensional model of the catalytic fixed-bed 
reformer. The predicted results from the reformer model 
agreed reasonably with the experimental data. This indi-
cated that the kinetic data and the reforming model are reli-
able and can be used in the simulation and comprehensive 
analysis of an industrial reformer loaded with the same 
catalyst. A one-dimensional model for the oxidative cou-
pling of methane (OCM) over a La2O3/CaO catalyst in a 
fixed-bed reactor has been developed by Tye et al. [12]. 
They tested their model under different operation modes 
and found that the OCM process that operates at a low 
CH4/O2 ratio and at an optimum temperature does not give a 
C2 (ethylene and ethane) product yield higher than 25%. 
Therefore, other catalysts and reactor configurations should 
be investigated to obtain C2 products at higher yields. Alves 
et al. [13] proposed a mechanistic kinetic expression for the 
liquid-phase hydrogenation of 1-butyne over a commercial 
palladium-based catalyst. It was an eggshell type reaction 
under the chosen experimental conditions and this is close 
to the operating conditions in an industrial hydrorefining 
reactor. Based on the kinetic expression, the predicted data 
had a precision of 2.1%. The kinetic parameters at 317 K 
and the activation energy were estimated with relative pre-
cision levels of ± 2.1% and ± 3.8%, respectively. Although 
the macroscopic kinetic models mentioned above could 
successfully simulate practical operations they are only 
suitable for a specific catalyst system or a specific catalyst. 
Therefore, Zheng et al. [14] developed a general kinetic 
model for catalytic reaction conditions in tubular reactors 
and obtained satisfactory fitting results. However, they just 
considered the effect of temperature and residence time on 
conversion.  

A novel conversion equation for use in most catalyst sys-
tems in tubular reactors is proposed in this article and the 
relationship between the conversion and temperature, pres-
sure, residence time, and reactant composition is estab-
lished. 

1  Kinetic model development 

For reactions that are isothermal, isochoric, plug-flow, 
and first-order irreversible, the conversion equation for a 
reactant M can be described as: 
 ( )M 1 expX kτ= − −  (1) 

where k is the rate constant and τ is the residence time. For 
most catalytic reaction systems, k is related to the Arrhenius 
formula: 
 ( )0 r rexp /k k E T= −  (2) 

where Er is the relative activation energy and Tr is the rela-

tive temperature. 
When the catalyst system does not meet the above four 

requirements completely, the conversion equation can be 
written as: 
 [ ]M r r1 exp ( , , )iX k f y p τ= − − ×  (3) 

where yi denotes the mole fraction of the different reactants, 
pr represents the relative pressure, and τr is the relative resi-
dence time. The relativization of these variables makes the 
calculation more convenient. 

Because of the complexity of heterogeneous catalyst sys-
tems, it is necessary to transform the Arrhenius formula to: 
 r rA+B/ Cexp T Tk +=  (4) 
When C = 0 and B < 0, Eq. (4) reduces to the Arrhenius 
formula. 

The following discussion is concerned with the specific 
expression for the function ƒ(yi, pr, τr). For simplification, 
we assume that each variable in the function ƒ(yi, pr, τr) can 
be separated and we thus obtain: 
 ( ) ( ) ( )r r 1 2 r 3 r( , , )i if y p f y f p fτ τ=  (5) 

In terms of the reaction order, when m kinds of substances 
exist in the reaction system the function ƒ1(yi) can be ex-
pressed as: 
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However, in the practical application of Eq. (6) two prob-
lems exist: one is that in

iy  can be multiplied by k only 
when the concentration of reactant i is constant at different 
positions in the catalyst bed. The other is that the reaction 
order ni will not remain constant in some complex catalytic 
reaction systems and, therefore, ni should be adjusted. If ni 
changes linearly with yi, we obtain: 
 0 1i i i in n n y= +  (7) 
Therefore, Eq. (6) can be rewritten as: 
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The two other functions, ƒ2(pr) and ƒ3(τr), can be ex-
pressed in a similar manner by regarding variables pr and τr 
as virtual reactants: 
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Hence, the conversion equation with respect to reaction 
conditions can be rewritten as: 

r r(A+B/ C )
M 1 exp[ exp T TX += − −  
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The derivation process for this new conversion equation is 
general, consequently, it can be applied to various catalytic 
reaction systems. 
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2  Application examples 

2.1  Catalytic dehydrogenation of diethylbenzene 
(DEB)  

The catalyst used in this experiment was the commercial 
iron-based XH catalyst and it was supplied by the chemical 
factory at Xiamen University. The dehydrogenation reaction 
of DEB was carried out at atmospheric pressure (pr is con-
stant) in a tubular reactor containing 10 ml of the catalyst 
and the other experimental conditions were: temperature 
from 898–938 K, residence time from 2.34×10–2–11.72× 
10–2 min, reactant composition H2O/DEB volume ratio from 
1–5. The experimental results are shown in Table 1, where 
Xexp and Xcal denote the experimental conversion and the 
calculated conversion, respectively, and RD is the absolute 
relative deviation. 
 
Table 1  Effect of reaction conditions on conversion during the cata-
lytic dehydrogenation of DEB 

Tr λr τr Xexp/% Xcal/% RD/% 
0.9574 0.8 0.25 75.3 73.2 2.86 
0.9680 0.8 0.25 78.2 80.1 2.47 
0.9787 0.8 0.25 83.2 86.2 3.62 
0.9893 0.8 0.25 89.6 91.1 1.62 
1.0000 0.8 0.25 96.1 94.7 1.48 
0.9680 0.2 0.25 44.3 43.6 1.57 
0.9680 0.4 0.25 51.2 53.1 3.72 
0.9680 0.6 0.25 65.2 65.5 0.48 
0.9680 0.8 0.25 82.0 80.1 2.27 
0.9680 1.0 0.25 91.9 92.8 0.98 
0.9680 0.8 0.20 75.9 75.7 0.26 
0.9680 0.8 0.25 82.0 80.1 2.27 
0.9680 0.8 0.33 86.4 85.1 1.55 
0.9680 0.8 0.50 90.3 90.8 0.54 
0.9680 0.8 1.00 95.6 95.7 0.03 

 
Because an increase in temperature is beneficial to this 

endothermic reaction in terms of kinetics and thermody-
namics, k is accorded with the Arrhenius formula and Eq. 
(11) can be simplified to: 
 0 1 r 0 1 rr(A+B/ )

DEB r r1 exp[ exp ]n n n nTX τ τ λ λτ λτ λ+ += − −  (12) 
Using Matlab software to fit the experimental data, we ob-
tain: 

r(20.2649 18.0374/ )
DEB 1 exp[ exp TX −= − −  

 r r0.5613 0.3295 0.5352 2.0601
r r ]τ λτ λ− +  (13) 

The simulation program was run with different input data 
for one variable to validate the model. The other two vari-
ables were kept constant. Typical modeling results and a 
comparison with the experimental data at different tem-
peratures, H2O/DEB volume ratios and residence times are 
shown in Figs. 1–3. These figures show the good predictive 

ability of this equation with an average relative deviation 
(ARD) of 1.72%. It is also clear that temperature, residence 
time, and H2O/DEB volume ratios have a positive effect in 
improving DEB conversion, and this is consistent with the 
results reported by Bai [15]. 
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Fig. 1.  Comparison of the predicted and measured conversion vs 
temperature at different residence time with a H2O/DEB volume ratio 
of 4. 
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Fig. 2.  Comparison of the predicted and measured conversion vs the 
H2O/DEB volume ratio at different temperatures. The residence time 
was 2.93×10–2 min. 
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was 908 K. 
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2.2  Catalytic hydrogenation of ethylbenzene (EB) 

The kinetics of aromatic hydrogenation has been reported 
previously [16,17], however, our experiment was only con-
cerned with the catalytic hydrogenation of EB. The catalyst 
used in our experiment was 0.13 g of unsupported MoWNi, 
and the experimental apparatus used has been reported pre-
viously [18]. The H2 flow rate was maintained at a constant 
100 ml/min, the temperature ranged from 373–573 K, and 
the pressure ranged from 0.1–4 MPa. The residence time 
varied from 9.2037×10–4 to 9.7197×10–4 min and the ethyl-
cyclohexane/EB molar ratio was 0.2–1. The experimental 
results are listed in Table 2. 

 
Table 2  Effect of reaction conditions on conversion in the catalytic 
hydrogenation of EB 

Tr pr λr τr Xexp/% Xcal/% RD/%
0.6509 0.25 0.6 0.6602 23.0 23.6 2.43 
0.7382 0.25 0.6 0.6602 50.3 50.4 0.10 
0.8255 0.25 0.6 0.6602 68.1 68.2 0.18 
0.9127 0.25 0.6 0.6602 71.4 74.0 3.64 
1.0000 0.25 0.6 0.6602 72.5 71.0 2.01 
0.7382 0.025 0.6 0.6602 29.3 29.1 0.76 
0.7382 0.25 0.6 0.6602 50.3 50.4 0.09 
0.7382 0.50 0.6 0.6602 59.5 58.6 1.48 
0.7382 0.75 0.6 0.6602 65.4 64.6 1.32 
0.7382 1.00 0.6 0.6602 69.3 69.9 0.82 
0.7382 0.25 0.2 0.6602 69.5 69.7 0.32 
0.7382 0.25 0.4 0.6602 58.4 57.6 1.44 
0.7382 0.25 0.6 0.6602 50.3 50.4 0.10 
0.7382 0.25 0.8 0.6602 45.4 45.2 0.37 
0.7382 0.25 1.0 0.6602 41.3 41.2 0.16 
0.7382 0.25 0.6 1.0000 70.1 70.2 0.12 
0.7382 0.25 0.6 0.8118 61.2 61.0 0.28 
0.7382 0.25 0.6 0.6602 50.3 50.4 0.09 
0.7382 0.25 0.6 0.5387 39.4 39.7 0.66 
0.7382 0.25 0.6 0.4411 30.2 30.1 0.37 

 
Using Matlab software to fit the experimental data, we 

obtained: 
r r(27.3639 12.1125/ 14.227 )

EB 1 exp[ exp T TX − −= − −  

 r r r0.3334 0.2193 1.8318 0.7792 0.4851 0.0901
r r r ]pp τ λτ λ+ − − −  (14) 

here, the ARD was 0.84% suggesting that a high fitting ac-
curacy was obtained. Equation (14) shows that the conver-
sion decreased significantly when the residence time was 
shorter and increased with temperature and pressure. More-
over, the ethylcyclohexane/EB molar ratio (λ) also influ-
enced the conversion but not as remarkably as the other 
factors. Additionally, an increase of ethylcyclohexane in the 
inlet mixture led to a decrease in conversion suggesting that 
λ inhibits the forward reaction. Therefore, the λ fitting in-
dexes in Eq. (14) are negative (nλ0 < 0, nλ1 < 0). 

2.3  Catalytic hydrodesulfurization of thiophene (TP) 

For environmental protection the requirement to produce 
high-quality gasoline and diesel oil by especially reducing 
the sulfur content in oil products is of interest. Conse-
quently, research is required on the quantitative relationship 
between the conversion of sulfur-containing compounds and 
the operating conditions chosen. Wang et al. [19] studied the 
HDS of benzothiophene and dihydrobenzothiophene over 
sulfided Mo/Al2O3. The catalyst used in our experiment 
consisted of 500 mg of MoNiP/Al2O3 and the experimental 
apparatus has been reported elsewhere [20]. The reaction 
conditions were as follows: temperature from 513 to 573 K, 
hydrogen partial pressure from 0.5 to 2.2 MPa, residence 
time from 8.46×10–3 to 67.7×10–3 min and hydrogen/TP 
volume ratio from 225 to 700. The experimental results are 
shown in Table 3. 

 
Table 3  Effect of reaction conditions on conversion in the catalytic 
hydrodesulfurization of TP 

Tr pr λr τr Xexp/% Xcal/% RD/%
0.8953 0.5 0.5 0.25 22.4 22.1 1.17 
0.9300 0.5 0.5 0.25 53.1 54.6 2.74 
0.9651 0.5 0.5 0.25 88.6 89.6 1.17 
1.0000 0.5 0.5 0.25 99.6 99.7 0.03 
0.9651 0.2272 0.5 0.25 87.3 86.6 0.84 
0.9651 0.5 0.5 0.25 92.1 89.9 2.38 
0.9651 0.6818 0.5 0.25 95.9 93.4 2.59 
0.9651 1.0 0.5 0.25 98.1 98.4 0.29 
0.9651 0.5 0.3214 0.25 74.1 74.0 0.18 
0.9651 0.5 0.6429 0.25 90.0 95.6 6.17 
0.9651 0.5 0.7857 0.25 99.5 98.1 1.38 
0.9651 0.5 1.0 0.25 99.3 99.5 0.23 
0.9651 0.5 0.5 1.00 99.6 99.6 0.00 
0.9651 0.5 0.5 0.25 87.3 89.9 2.99 
0.9651 0.5 0.5 0.17 80.2 78.3 2.42 
0.9651 0.5 0.5 0.125 65.4 66.6 1.82 

 
Using Matlab software to fit the experimental data, we 

obtain: 
r r(46.8584 34.4611/ 8.3094 )

TP 1 exp[ exp T TX − −= − −  

 r r r0.1855 1.3244 0.921 1.1499 1.2048 0.0355
r r r ]pp τ λτ λ+ − +  (15) 

here, the ARD was 1.65%. In this case, a higher conversion 
of TP was obtained at higher temperature, which improved 
by nearly 10% and even 35% as the temperature was in-
creased by 20 K implying that the MoNiP/Al2O3 catalyst 
had superior performance. The short residence time resulted 
in a decrease in the conversion. A positive effect was no-
ticed for an increase in the hydrogen partial pressure and 
increasing the H2/TP volume ratio favored TP conversion. 
However, when the conversion was high the effect of the 
H2/TP volume ratio was weak. 
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3  Conclusions 

A novel conversion equation is proposed based on the 
“variable reaction order” and “virtual reactant” concepts. 
Three examples of catalytic reactions are given and the av-
erage relative derivation after fitting the experimental data 
was less than 2%. This indicates that the new equation can 
be used to describe the quantitative relationship between 
reactant conversion and reaction conditions with satisfac-
tory precision for various catalytic reaction systems. 

Nomenclature 

A: model parameter 
ARD: average relative deviation, % 
B: model parameter 
C: model parameter 
Er: relative activation energy 
k: rate constant 
ni0, ni1, np0, np1, nτ0, nτ1: model parameters 
p: pressure, MPa 
pr: relative pressure (pr = p/pmax) 
RD: relative deviation, % 
T: temperature, K 
Tr: relative temperature (Tr = T/Tmax) 
XM: conversion of reactant M, % 
yi: molar fraction of species i, % 
τ: residence time, min 
τr: relative residence time (τr = τ/τmax) 
λ: material ratio 
λr: relative material ratio (λr = λ/λmax) 

Subscript 

cal: calculated value 
exp: experimental value 
r: relative value 
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