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Abstract 

This paper considers the process of catalytic dewaxing of petroleum derived middle distillates on the 

bifunctional Ni-based catalyst. The process is aimed at production of low-freezing, low-sulfur diesel 
fuels suitable for application in cold weather conditions. The method of mathematical modelling is 

applied in the current research. The mathematical model was developed taking into account thermos-

dynamic and kinetic laws of the dewaxing process as well as factors influencing catalyst deactivation. 
The model is sensitive to the feedstock composition and technological conditions change in a wide 

range. The dewaxing catalyst deactivation degree was estimated using the operational data of the 

industrial catalytic dewaxing unit, and the calculations were conducted with the developed non-
stationary mathematical model of the catalytic dewaxing process. The mechanism of bifunctional 

dewaxing catalyst deactivation was described. With the non-stationary mathematical model, the fore-

cast accuracy and optimizing calculations of the dewaxing process temperature mode were carried out 
depending on the feed composition and catalyst activity. 
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1. Introduction 

The considered in this paper industrial unit is used to produce diesel fuel components for 
cold and arctic climate. A mixture of straight-run diesel fractions, atmospheric gasoil and vis-

breaking gasoline is applied as feedstock of the unit [1-4]. Dewaxing technology consists of 
several stages: hydrotreating, hydrodewaxing, stabilization and fractionation. Diesel fractions 
with better low-temperature properties and gasoline fraction are produced during this process [5-7]. 
Dewaxing process catalysts consist of three components: acid for cracking and isomerization 
functions (zeolites, alumina silicates, alumina), dehydrogenating-hydrogenating (metals such 

as nickel, cobalt, platinum, palladium, molybdenum, tungsten) and binding (alumina or 
aluminosilicates) [8-11]. Ni-containing zeolite catalyst is used for dewaxing process at the des-
cribed in this paper unit. 

Catalyst deactivation is one of the main problems of catalytic industrial processes. A 
catalyst activity decrease is equivalent to a unit capacity and selec tivity reduction – energy 

and feedstock overconsumption, a desired product quality fall. Experimental solution of the 
deactivation problem is difficult because of high financial and time costs. A reduction in terms 
and resources to decrease the rate of industrial catalysts deactivation, selection of the catalyst 
optimum operating conditions depending on feed composition and product quality require-
ments are possible when the method of mathematical modelling is applied. 

In this paper, the industrial dewaxing unit catalyst deactivation degree has been estimated 
using literature, industrial data and mathematical model calculations. The dewaxing catalyst 
deactivation mechanism has been proposed and forecasted, and optimization dewaxing 
process temperature has been calculated depending on feed composition and catalyst activity. 
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2. Materials and methods  

In this article the experimental data throughout the period of industrial hydrodewaxing unit 

operation was used. Particularly, this data includes the technological conditions of the process: 
feed and hydrogen-containing gas flow rate, feed and product fractional composition, pressure 
and temperature in the reactor, product low-temperature properties. 

For the forecast calculations non-stationary mathematical model, previously developed by 
the authors, was used [12]. 

3. Results and discussion  

3.1. Estimation of dewaxing catalyst deactivation degree  

 

Fig. 1. Dewaxing catalyst activity depending on 

the volume of processed feed during the period 
from 01.01.2012 to 31.01.2017 

The authors’ dewaxing process mathe-

matical model based on physical and 
chemical laws of the industrial reactor pro-
cess [12] has been advanced by adding the 
catalyst deactivation function. The dynamics 
of the catalyst activity reduction depending 
on the volume of processed feed during the 

period from 01.01.2012 to 31.01.2017 is 
shown with the non-stationary mathematical 
model (Fig. 1). 

Therefore, catalyst deactivation within the 
period from 01.01.2012 to 31.01.2017 has 

amounted to 32 %.  
One of the deactivation features is an 

increasing reactor temperature, which 
compensates deactivation. The degree of de- 

waxing catalyst deactivation was evaluated from the date of the industrial unit starting in 2012 
to 2016 (Fig. 2). 

 

Fig. 2. Estimation of dewaxing catalyst deactivation degree from 2012 to 2016 using the industrial data  

The dates when the feedstock consumption was equal to 272 t/h (320 m3/h) were selected 
from the unit performance data and the product CFPP (cold filter plugging point) was -27°C. 

To produce diesel fuel with CFPP equal to -27°C, the reactor temperature was being main-
tained at 337°C (2012), 354°C (2014), 352°C (2015), and 355°C (2016). A temperature 
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increase in the dewaxing reactor to compensate catalyst deactivation from 2012 to 2016 
amounted to 18°C. A temperature decrease in the reactor by 2°C in 2015 was caused by 
partial replacement of the catalyst in the hydrotreating reactors. 

3.2. Dewaxing catalyst deactivation mechanisms  

Selective hydrocracking of the feed hydrocarbons occurs on the catalyst surface during 

dewaxing process. Only linear and slightly branched paraffins may penetrate catalyst pores 
and crack to low molecular weight paraffins [13-14]. Due to "geometrical" catalyst selectivity 
while cracking long-chain slightly branched and unbranched paraffins, the reactions proceed 
via the bifunctional mechanism with the dehydrogenation, intermediate carbenium ion forma-
tion and hydrogenation [15-16].  

During dewaxing catalyst deactivation, a ratio of acid and metal active sites changes [17]. 
It affects the speed of cracking and hydrogenation reactions and leads to changing ratio of 
diesel and gasoline fractions in the dewaxing unit product (Tab. 1). 

Table 1 Fractions yield during dewaxing process from 2012 to 2016 year (unit performance data) 

Year 2012 2013 2014 2015 2016 

Diesel fraction yield, % 74 – 90 63 – 88 52 – 65 54 – 60 44 – 52 
Gasoline fraction yield, % 8 – 10 10 – 12 15 –18 18 – 20 20 – 21 

Residue yield >340оС 5 – 15 10 – 25 25 – 30 30 –35 35 – 40 

Within the period from 2012 to 2016 there was a gradual reduction in the yield of diesel 
fractions from 90% to 44% with a simultaneous increase in the yield of gasoline fraction from 

8% to 20%. It indicates a rise in the ratio of acid catalyst active sites to metal ones, i.e., a 
more rapid deactivation of metal sites and, as a consequence, cracking reaction predominance 
on the acid sites to form gasoline fraction hydrocarbons to hydrogenation reaction [18], it leads 
to a decrease in the yield of diesel frac tion and an increase in the yield of gasoline fractions. 
A residue yield increase (fraction> 340°C) from 5% to 40% indicates a descent in the general 

catalyst activity in "geometrical" catalyst selectivity and chemical mechanism of the process.  
The quantitative ratio of acid catalyst active sites to metal ones is evaluated by the ratio of 

the yields of diesel and gasoline fractions (Fig. 3). 

 

Fig. 3. Ratio of acid catalyst active sites to metal active sites 

Thus, the amount of metal catalyst active sites decreased four-fold relative to the number 
of acid active sites. 

Deactivation of Ni-containing catalyst metal sites with coke occurs according to several 
mechanisms [19]: 
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1. Chemisorption of a monolayer or physical adsorption of carbon multilayers, which blocks 
the access of reactants to the catalyst centers on the metal surface; 

2. Blocking and complete deactivation of Ni metal particle; 
3. Catalyst deposition in the pores, which prevents access of the reactants to the catalyst active 

sites; 

4. Formation of carbon crystals. 
There is a tendency of rising degree of catalyst coking with increasing content of 

unsaturated hydrocarbons and aromatics in the feed, as well as its molecular weight. Thus, 
olefins and aromatics are the major coke precursors. In addition, growing coke crystals on the 
catalyst surface destroy the catalyst; it leads to the increasing pressure drop of the dewaxing 

reactor [20] (Tab. 2). 

Table 2. Pressure drop of the dewaxing reactor during the period from 2012 to 2016 (unit monitoring  data) 

Year 2012 2013 2014 2015 2016 

Pressure drop of the dewaxing 
reactor, MPa 

0.05 ÷ 0.26 0.00 ÷ 0.30 0.15 ÷ 0.31 0.21 ÷ 0.32 0.18 ÷ 0.32 

Deactivation of Ni-containing catalysts also occurs due to sulfur poisoning. Despite the fact 
that bulk of sulfur is removed (98 – 99 %) during hydrotreatment process taking place before 
dewaxing; sulfur residues accumulate over time leading to catalyst deactivation. Sulfur is 

adsorbed on the surface of Ni-containing catalyst; sulfides are not detected, because sulfur is 
much more stable than sulfides. 

Furthermore, the presence of sulfur in the processed feed increases the rate of coke 
deposition on the Ni-containing catalyst. It results from the following: coke is distributed almost 
uniformly over the catalyst surface; this suggests that the hydrocarbon adsorbed on the 

surface of Ni, poisoned with sulfur, migrates to the aluminum-containing carrier where it is crac-
ked on the acid sites. When Ni surface saturates with sulfur, Ni becomes less effective in hydro-
carbon conversion. Hydrocarbons adsorbed on Ni-S centers migrate to the aluminum-contai-
ning media, where they undergo acidic cracking to form cracking products. The cracked pro-
duct is gradually accumulated on the surface of the carrier and may turn into aromatic  or 

polymeric compounds, and ultimately form a significant amount of carbon on the carrier.  
Ni-containing catalyst deactivation is accompanied by Ni particles sintering; it reduces the 

catalyst active surface [20]. 
Thus, a more rapid deactivation of metal sites compared with the acid ones occurs due to 

coke deposition, sulfur poisoning, and Ni-containing catalyst particle sintering. Deactivation of 
acid sites results only from coking. 

3.3. Forecasting temperature in the dewaxing reactor depending on the feed compo-
sition and catalyst activity 

The optimum temperature for refining feed of different composition has been calculated 
using the mathematical model to obtain a product with CFPP equal to -26°C at the product 
yield of 86%. The feed compositions and technological parameters for calculations are pre-

sented in Tab. 3, 4. 

Table 3. Feed compositions  Table 4. Technological parameters 

Fraction 
composition, oС  

Raw 
material-1 

Raw 
material-2 

10 % 256 263 

50 % 307 314 

90 % 360 353 
Density at 20 ºС  852 831 

N-paraffins, wt. 

%. 
16.10 21.24 

 

Parameter Value 

Feedstock consumption, m3/h 280 
HCG quench in R-3, m3/h 15000 

Pressure in R-3, MPa 6.799 
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The calculation results are presented in Fig. 4, 5. An increase in temperature of the dewa-
xing reactor during the period from 2012 to 2016 due to catalyst deactivation has equaled to 
10°C with the product yield equal to 86% and CFPP -26°C. 

 
 

Fig. 4. Temperature in the dewaxing reactor depen-

ding on the feed composition and catalyst activity 

Fig. 5. Dewaxing catalyst activity 

3.4. Temperature optimization in the dewaxing reactor 

Temperature in the dewaxing reactor was optimized for the unit winter mode applying the 
mathematical model of dewaxing process. The optimization criterion was a product with CFPP= 
-26°C (Fig. 6). At the optimum temperature calculated on the model, the product properties 
meet the requirements (CFPP=-26°C) at a high yield of 85 – 86 %. The optimum temperature 
is 4 - 8°C lower than the current one for the raw materials with medium and high content of 
n-paraffins.  

 

Fig. 6. Current and optimum temperature in the dewaxing reactor depending on the amount of processed feed 

4. Conclusion 

Dewaxing catalyst deactivation for the period from 2012 to 2016 was 32 %. This led to a 
decrease in the yield of diesel fractions from 90% to 44% with a simultaneous growth in the 
yield of gasoline fraction from 8% to 20%, a rise in the temperature in the dewaxing reactor 

by 18°C, as well as an increase in the pressure drop of the dewaxing reactor from 0.05 MPa 
to 0.32 MPa. 

Deactivation of metal sites results from coke deposition, sulfur poisoning, and Ni-containing 
catalyst particle sintering. Deactivation of acid sites results only from coking. 
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The optimum temperature of dewaxing process was calculated with the mathematical model 
for the feed of different composition taking into account catalyst activity to obtain a high product 
yield (86 %) with CFPP corresponding to the winter diesel fuel component CFPP (-26°C). 

The model calculations show that temperature in the dewaxing reactor should be 
maintained at the optimum level depending on the feed composition. This will ensure the 

maintenance of the catalyst resource at the lower (optimum) temperature than the current 
one and a high product yield of the specified quality. The optimum temperature is appeared 
to be 4 – 8°C lower than the current one with the product yield equal to 85 – 86 % and CFPP 
-26°C. 
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