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ABSTRACT 
 The removal of organic sulfur compounds from diesel fuel by activated 
carbon was investigated in a fixed bed column. The experiments were conducted to 
study the effects of process parameters such as flow rate, bed depth and temperature. 
Sulfur content of less then 0.7 mg/kg (the lowest level of detection of WD-XRF 
spectrometer used for analysis) was achieved for the lowest flow rate of 1 mL/min 
and highest bed depth of 28,4 cm at 50 °C. In all the experiments at least one sample 
contained less then 10 mg/kg of sulfur with the largest achieved breakthrough volume 
of 660 mL. A mathematical model of the fixed bed adsorber was developed to 
describe the kinetics and to estimate the breakthrough curves. The model equations 
included the material balance for solute in liquid phase and the mass transfer rate 
expression. The ability of the model to fit the experimental data was satisfactory. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



INTRODUCTION 
Sulfur from transportation fuels is a major source of air pollution and its 

concentration in the transportation fuels should preferably be ultra-low.(1) The 
lowering of sulfur content, i.e. the removal of sulfur compounds from liquid fuels in 
refineries is for the most part carried out by hydrodesulfurization (HDS) at high 
temperatures and pressures with high consumption of hydrogen.(2) Employing 
conventional HDS process for removing refractory sulfur compounds, such as 
benzothiophenes, dibenzothiophenes and their alkylated derivatives which are 
usually, in large amounts, present in diesel fuel, is met with high degree of difficulty. 
This is why alternative, modern processes of desulfurization are being considered. 
Separation processes that are being applied for desulfurization of different petroleum 
fractions include adsorption, extraction and combined process of oxidation and 
extraction.(3-8)  

Adsorption is one of the most promising processes for deep desulfurization of 
diesel fuels. This process is effective in the selective removal of low-concentration 
materials from liquids. The fuel is brought in contact with a solid adsorbent which 
selectively adsorbs sulfur containing compounds. It enables achievement of ultra-low 
sulfur concentration while incurring the least amount of negative effects on other fuel 
properties and it does not consume H2 and can be operated at ambient or rather low 
temperature and pressure.(9-13) 

Several different aspects of the adsorption process are being intensely 
investigated. The bulk of the research is directed towards finding high capacity 
adsorbents that selectively adsorb the sulfur compounds which are mainly aromatic, 
over other aromatic compounds and olefinic compounds present in the fuel. The new 
or modified adsorbents are then, for the most part, tested in purely experimental 
conditions meaning in batch adsorbers or very small adsorption columns using model 
hydrocarbon solutions acting as actual fuel.(9-11, 14-20) Also, very few attempts 
were made to model the process its self, including our previous work (21) with batch 
adsorption system and that of Bakr et al.(22) 

In this work adsorptive desulfurization of a commercial diesel fuel was 
carried out in a relatively large, in comparison to the previously referenced work, 
fixed bed adsorption column. Investigation of adsorptive desulfurization of diesel fuel 
in larger columns is important because of the practical role of this process, which is 
envisioned as a HDS down stream process. It is presumed that integrating adsorption 
column system as an upgrade to the existing HDS unit would not be complicated and 
would not raise the investment and operating costs as much as upgrading the HDS 
unit itself in order to achieve the desired ultra-low sulfur levels. It has been reported 
that this would require more than three-fold increase in the HDS catalyst 
volume/reactor size, resulting in an enormously high cost of operation.(23, 24) 

Adsorption column experimental data was analyzed regarding the influence 
of process parameters on the output sulfur concentration and a model, that includes 
adsorbing matter, i.e. adsorbate fluid balance equation and adsorbed matter balance 
equation, was developed. 
 

 

 



Theory – Fixed bed adsorption model 

Adsorption in a fixed bed column can be described with mass balance 
equation in the following general form (25):  
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where v is the average axial velocity of the flowing fluid in interstitial spaces, Z is 
axial distance coordinate, taken as positive in the flow direction, CA is concentration 
of the solute in the fluid faze, t is time, �  is void fraction of the bed and q average 
concentration of the solute in the solid faze, i.e. the sorption capacity. The ability of 
Eq. (1) to show how the concentration of the solute in both the fluid and solid phases 
varies with time and position, and to show, more specifically, how the fluid-phase 
concentration at the adsorber outlet varies with time, depends on whether or not 
several assumptions could be made about the investigated system. It is assumed that 
the system involved is isothermal, that the compounds present in the system can be 
presented as one adsorbable solute in the liquid, and that the concentration of the 
solute in the feed is small enough so that when much or most of the solute has 
adsorbed, the liquid velocity does not change significantly. Also, it is assumed that 
there is no variation of the axial liquid velocity in the radial direction (this is often 
called the uniform flow or plug flow assumption). Further, consistent with the notion 
of plug flow; it assumed that there is no variation of solute concentration in either 
phase in the radial direction. In addition, whenever the ratio of the column diameter 
to the particle diameter is on the order of 20 or greater the effects of channeling at the 
wall (higher velocity due to a local void fraction of essentially 1,0), and of random 
variations in the interstitial velocity in the bed interior, have a negligible effect.(25)  

In order to solve the Eq. (1) the main effect on the overall adsorption rate, ra,  
must be determined end experimental batch data is very helpful in that regard.  

There are two major stages in the adsorption process that could be identified 
as having the biggest influence on the overall adsorption rate, i.e. the change in 
adsorption capacity with time can be govern by the mass transfer of solute from the 
liquid to the surface of the adsorbent and the deposition or weak bonding of solute 
molecules to the surface of the adsorbent.  

The change in adsorption rate, when governed by the mass transfer rate, can 
be described by linear driving force model in terms of the overall liquid-phase mass 
transfer coefficient (26): 
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where *
AC  is the mobile-phase concentration in equilibrium with the stationary-phase 

concentration q, a the mass-transfer area per unit volume of the bed and KL the 
overall liquid-phase mass transfer coefficient.  

 



The *
AC  can be determined from Langmuir equilibrium model: 
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where Qm is saturation capacity and K the Langmuir constant. Eq. (3) can be 
rearranged to form: 
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Substituting Eq. (4) into Eq. (2) leads to: 
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In the case when the overall adsorption rate is governed by the adsorption 
process per se, meaning that the deposition or the weak bonding of the solute 
molecules to the surface of the adsorbent is the slowest stage and the influence of 
mass transfer is not prevailing, the adsorption kinetics must be determined. The 
adsorption kinetics could be described by the general Langmuir model: 
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where ka is the local adsorption rate constant, kd is desorption rate constant and qe 
equilibrium adsorption capacity. The Langmuir constant is defined as: 
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and substituting Eq. (7) to Eq. (6) leads to 
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MATERIALS AND METHODS 
 
Adsorbent and Diesel Fuel 

 The adsorbent was Chemviron Carbon SOLCARBTM C3 activated carbon 
whose initial characteristics were: particle size, 1.0-2.0 mm, bulk density, 0.48 g cm-3, 
surface area, 936 m2 g-1, pore volume, 0.53 cm3 g-1. Activated carbon was grinded and 
sieved to the particle size between 0.40-0.80 mm. Typical physical and chemical 
properties of diesel fuel that was used are presented in Tab. 1. The input sulfur 
concentration of diesel fuel was 27.0 mg kg-1 and held constant for all the column 
adsorption experiments. 



Adsorption Experiments 

Desulfurization of diesel fuel was carried out in a custom-made adsorption 
apparatus, shown in Fig. 1, fitted with a column having internal diameter of 2.2 cm 
and maximum effective length of 28.4 cm. The experiments can be carried out with 
three different bed depths. The features specifically developed for this apparatus 
include: (i) process control software and interface, (ii) fully integrated, made from 
scratch, 20 point auto-sampler, (iii) optic sensor for indicating the fulfillment of the 
column, (iv) cooling system for temperatures raging from 5 °C to room temperature, 
(v) piezoelectric pressure sensor and (vi) air coolers for the liquid in circulation and 
the product output. The standard, commercially available, equipment the apparatus 
was fitted with includes: (i) membrane pump with the pumping range of 0.01-30.00 
cm3 min-1 whose control is fully integrated in the developed software, (ii) Pt100 and 
LM 135 (integrated circuit precision) temperature sensors, (iii) electronic valves and 
(iv) digitally controlled water bath. Control points, adjustable trough software 
interface, were flow, working temperature and sampling, including the total number 
of samples, the volume of the sample itself and the volume throughput difference 
between samples. The software enables full automatic operation and time 
measurement of whole and each phase of the process as well as graphical monitoring 
of the process parameters in real time. The experiment and process data is stored 
accordingly in text files. The software contains safety protocols including automatic 
switching from process to circulation mode and emergency shutdown. 

Experimental work was comprised of 8 runs and the conditions are presented 
in Table 2. 
 
Kinetic analysis of the fixed bed adsorption model 

The kinetic analysis of the fixed bed adsorption model begins with the setting 
of the initial and boundary conditions. Based on the physical nature of the chemical 
processes taking place in a column the following initial and boundary conditions were 
set for time, t = 0: 

 CA = 0 and q = 0, for 0 < Z < L; 

and for all times, t > 0,: 

 CA = *
AC  for Z = 0. 

The kinetic analysis was carried out by applying ID algorithm which is 
suitable for solving differential model equations. The ID algorithm, in general, is 
comprised of two parts: method for estimating kinetic constants, in this case Nelder-
Mead method, and the method for numerically solving differential equations, in this 
case Runge-Kutta method. The schematic of the developed ID algorithm is presented 
on Fig. 2. Partial differential equations (PDE) representing the fixed bed adsorption 
model, Eqs. (1), (2), (5) and (8), are hyperbolic first order PDE-s, because of the 
assumption of ideal plug flow. In order to enable the application of Runge-Kutta 
method, the PDE-s were reduced to ordinary differential equations (ODE) by 
introducing new independent dimensionless variable, viz. retention time, which 
replaced the length of the column and adsorption time. 
 

 



RESULTS AND DISCUSSION 
The experimental column adsorption data, showing the effects of three 

process parameters: feed flow, Q, working temperature, T, and bed depth, L, on 
output sulfur concentration, are presented in Figs. 3–6. The breakthrough sulfur 
concentration was set at 10.0 mg kg-1 and is highlighted with an additional horizontal 
line. The change in feed flow has a major influence on output sulfur concentration; 
viz. on Figs. 3 and 4 it can bee seen that the lowering of feed flow is causing the 
lowering of initial output sulfur concentration and the extension of breakthrough 
time. Ma et al. (18) determined the same effects of feed flow on desulfurization of 
commercial gasoline and model solution of tiophene in n-decane in a fixed bed 
adsorption column with Ni/SiO2–Al2O3 and Cu(II)Y-zeolite adsorbents.  

The results that stand out are those achieved for the lowest feed flow (Fig. 4) 
of 1.0 cm3 min-1 (L = 28.4 cm, T = 50 °C) when first four output sulfur concentrations 
of less then 0.7 mg kg-1 and breakthrough time of 708.9 min were attained. In 
addition, the difference in magnitude of how feed flow affects the breakthrough time 
was identified. The decrease in feed flow from 5.0 to 1.0 cm3 min-1, the reduction on 
the order of 5.0, incurred 51.8 times longer breakthrough time, while the decrease 
from 15.0 to 5.0 cm3 min-1, the reduction on the order of 3.0, incurred only 6.5 times 
longer breakthrough time. 

The temperature effects on the removal of sulfur from diesel fuel by column 
adsorption can be seen on Fig. 5. The increase in temperature from 30 °C to 50 °C 
caused the decrease in initial output sulfur concentration and the extension of 
breakthrough time, while further increase to 70 °C caused the lowering of initial 
output sulfur concentration and the reduction of breakthrough time. It is therefore 
clear that extremities in values for both responses are reached at 50 °C. The same 
temperature dependence of output sulfur concentration was determined in our 
previous work (Muzic et al. (27)) where batch adsorptive deulfurization of diesel fuel 
on activated carbon was investigated and optimized applying response surface 
methodology (RSM). In addition, the results of experiments that Sano et al. (17) 
conducted on adsorptive desulfurization of straight run gas oil on activated carbon in 
a column adsorber, showed that, although in general the adsorption effectiveness 
dropped with the increase in temperature, the refractory sulfur species, such as 4,6-
dimethyl-dibenzothiphenes, were found to be more selectively removed at the higher 
temperatures. It is a well known fact that diesel fuel, such as the one used in this 
work, after hydrodesulfurization and with less then 500 mg kg-1 sulfur, contains 
mainly the refractory sulfur compounds. (11, 23, 28-31) 

The bed depth’s influence on output sulfur concentration and breakthrough 
time was determined to be, as expected, significant. It was found (Fig. 6) that the 
increasing bed depth causes the lowering of initial output sulfur concentration and the 
extending of breakthrough time. 

The results of modeling for runs No. 1, 2, 5 and 6 are presented on Figs. 7-10, 
in the form of breakthrough curves in comparison to experimental data, and in Table 
3. It is clear that the best fitting, for both cases of adsorption rate controlling 
mechanisms, was achieved for run No. 1 presented on Fig. 7. However, slightly better 
fit (Fig. 7) can be seen to have been achieved for the case when mass transfer rate 
was presumed to be the slowest stage and Langmuir equilibrium model was applied.  

 



This is in line with generally accepted boundary layer theory which states that the 
thickness of the boundary layer increases with the decrease in flow rate which is 
hindering the mass transfer rate hence making it the prime suspect for the slowest 
stage in a situation such as this one. The fitting of the predicted breakthrough curves 
to experimental data for higher flow rates shown on Figs. 8-10 is reasonable if not as 
good as on Fig. 7. Also, the comparison of fitting ability between breakthrough 
curves, attained by applying either Langmuir equilibrium or kinetic model, for each 
of the remaining runs (No. 2, 5 and 6), did not yield a clear favorite. One of the 
reasons for this is the fact that boundary layer thickness is decreasing with the 
increasing flow rate and because the general slowness of the adsorptive diesel fuel 
desulfurization process it self, is becoming a factor, as determined in our previous 
work (21, 27).  

The statements, regarding the influence of the mass transfer rate on the 
overall adsorption rate for run No. 1, can be reaffirmed by comparing values of model 
constants in Table 3. The mass transfer coefficient, KL, value for run No. 1 is much 
smaller then the values for other three presented runs and the standard deviation, SD, 
when Langmuir equilibrium model was applied for run No. 1 is smaller then the SD 
value when Langmuir kinetic model was applied. 

The experimental data as well as results of the modeling can be used for 
predicting/simulating the dimensions of a potential industrial column for adsorptive 
desulfurization of diesel fuel. The assumed capacity of an industrial adsorption 
column was taken to be equal to the gas oil feed being processed in an hour, QGO, in 
INA – Rijeka Refinery hydrodesulfurization unit. The column internal diameter, dIC, 
was assumed to be 4.0 m, which according to Celenza(32) is the maximum internal 
diameter for a conventional industrial adsorption column. The equilibrium sorption 
capacity, qe, for diesel fuel sulfur concentration of 27.0 mg kg-1, was determined in a 
batch experiment to be 350.6 mg kg-1. The adsorption equilibrium experiment was 
carried out in LAM-A1 batch adsorption apparatus described in detail in our previous 
work (21, 27). The time on stream was taken to be the longest breakthrough time of 
11.8 hours determined in fixed bed experiment with the lowest feed flow of 1.0 cm3 
min-1 and the biggest bed depth of 28.4 cm. Table 4 shows the results of the 
calculation and the applied equations given by Seader and Henely.(33) It was 
calculated that for treating of around 105 kg h-1 of hydrodesulfurizied gas oil in 
11.8 hours, the adsorption column of 17.32 m in height and with one load of 
93.5 t of activated carbon SOLCARB C3, is needed. The calculated column 
height is within the limits for a typical industrial adsorption column given by 
Celenza(32). In order to enable continuous 24 hour processing an additional 
column of the same dimensions and adsorbent load would have to be used and 
the schematic of the simulated industrial adsorption unit is shown on Fig. 11. 
It is assumed that during down process time the saturated adsorbent would be 
regenerated by thermal treatment at high temperatures (800-1000 °C) and in 
presence of steam and/or carbon dioxide.(34) 

CONCLUSIONS 
The adsorptive desulfurization experiments carried out in a fixed bed 

adsorption column were used to investigate the influence of feed flow, working 
temperature and bed depth on output sulfur concentration and breakthrough time, as 
well as for checking the fixed bed adsorption model’s adequacy for predicting 
breakthrough curves. 



It was determined that by decreasing the feed flow and increasing the bed 
depth, the output sulfur concentration is decreased and the breakthrough time is 
extended. Furthermore, as in our previous batch adsorptive desulfurization 
experiments (21, 27), the temperature increase from 30 to 50 °C caused the lowering 
of output sulfur concentration and the extension of breakthrough time, but the further 
increase to 70 °C caused the increase in output sulfur concentration and the 
shortening of breakthrough time.  

The best results, i.e. the lowest output sulfur concentration of less then 0.7 mg 
kg-1 and the longest breakthrough time of 11.8 h were achieved for the feed flow of 
1.0 cm3 min-1, bed depth of 28.4 cm and temperature of 50 °C. 

The kinetic analysis of the fixed bed adsorption model, resulting in predicted 
breakthrough curves and pertaining constants, showed that the best fit was achieved 
for the experimental data collected for the lowest feed flow of 1.0 cm3 min-1 when the 
model took in to account the mass transfer rate as the slowest process. The predicted 
breakthrough curves, both those taking in to account the mass transfer rate and the 
deposition of the molecules on adsorbent surface as the slowest process, for higher 
feed flows, showed somewhat lesser but still reasonable fit to the experimental data. 
However, the difference in fitting ability between them being inconclusive incurred 
the conclusion that by increasing values of feed flow the influence of mass transfer 
rate on overall adsorption rate is decreasing and the influence of direct adsorption is 
increasing. This was confirmed by analyzing values of constants calculated for given 
fixed bed adsorption model. 

The investigation of the potential of commercial application of the fixed bed 
adsorptive desulfurization, carried out by simulation of an industrial adsorption 
column, resulted with the typical column dimensions and adsorbent load. These 
values were determined to be supported by literature indicating that there is a real 
possibility for this process finding actual application in the refining industry. 
However, further research, particularly towards increasing adsorbent effectiveness, 
selectivity and applicability, as well as additional work on modeling, optimization 
and scale-up of the fixed bed adsorption system, is needed. 

NOMENCLATURE  

a  - mass-transfer area per unit volume of the bed, m-1 

C - output sulfur concentration, mg kg-1 

C0 - input sulfur concentration, mg kg-1 

CA -  concentration of solute in fluid faze, mg kg-1 

*
AC  -  fluid faze concentration of solute in equilibrium with concentration of 

solute in the solid faze, mg kg-1 

CB - breakthrough sulfur concentration, mg kg-1 

CE - output sulfur concentration at the time of lower column effectiveness, mg 
kg-1 

dIC -  internal diameter of the industrial adsorption column, m 



GGO - feed flow per unit area of industrial column cross section, kg h-1 m-2  

K -  Langmuir constant, kg mg-1 

KL  -  overall liquid faze mass transfer coefficient, cm min-1 

ka -  local adsorption rate constant, kg mg-1 min-1 

kd -  desorption rate constant, min-1 

L - bed depth, cm 

LES  - predicted effective length of the bed, m 

LIC - predicted length of an industrial column, m 

LUB - predicted unused length of the bed, m 

MC3 - predicted adsorbent load for an industrial column, kg 

MTZ - mass transfer zone, m 

Q - feed flow, cm3 min-1 

QGO - gas oil feed flow, kg h-1 

Qm -  saturation sorption capacity, mg kg-1 

q -  sorption capacity, mg kg-1 

qe -  equilibrium sorption capacity, mg kg-1 

ra -  adsorption rate, mg kg-1 min-1 

t - time, min 

tB - breakthrough time, min 

tE - time of lower industrial column effectiveness, h 

tS - mean time of adsorptive deulsurization in an industrial column, h 

v - average axial velocity, cm min-1 

vi - predicted axial velocity in an industrial column, m h-1 

XB - portion of the removed sulfur at breakthrough time for an industrial 
column, - 

XE - portion of the removed sulfur at the time of lower industrial column 
effectiveness, - 

Z - axial distance coordinate, cm 
 
 



Greek characters 

�  - void fraction of the bed, - 

� GO -  density of the gas oil, - kg m-3 
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Table 1. Physical and chemical properties of diesel fuel. 
Property Value 

Cetane nuber 51.0  

Cetane index 46.0  

Density at15°C, kg m-3 820.0  

Polycyclic aromatic hyadrocarbons, wt.%  2.1 

Total sulfur, mg kg-1 27.0  

Ignition point , °C >55  

Kinematic viscosity at 40°C, mm2 s-1 3.98  

vol.%  distiled until 250 °C <40  
vol.%  distiled until 300 °C 75  Distilation: 
end of distilation. °C 342  

 

Table 2. Column adsorber experimental run data 
Run No. Feed flow, 

cm3 min-1 
Bed depth, cm Temperature, °C Total run time, 

min 
1 1.0 28.4 50 1395 
2 5.0 9.6 50 455 
3 5.0 9.6 30 390 
4 5.0 9.6 70 365 
5 10.0 9.6 50 360 
6 15.0 9.6 50 380 
7 15.0 18.8 50 695 
8 15.0 28.4 50 395 

 

Table 3. Results of kinetic analysis of the fixed bed adsorption model 
 Langmuir equilibrium model Langmuir kinetic model 

Run 
No. 

K*10-2,  
kg mg-1 

KL*10-2,  
cm min-1 

SD*10-2, - ka*10-2, 
mg kg-1 min-1 

kd*10-2,  
mg kg-1 min-1 

SD*10-2, - 

1 3.72 0.32 1.93 0.12 0.13 3.63 
2 2.25 1.40 8.87 1.44 0.24 7.91 
5 1.72 2.35 4.43 1.3 2.70 8.89 
6 1.48 2.67 5.52 1.42 4.27 8.57 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Table 4. Simulation of an industrial adsorptive desulfurization unit 
Prameters/Variables Values 
C0 *10-6, kg kg-1 27,0 
qe *10-6, kg kg-1 350,6 
tB, h 11,8 
QGO, kg h-1 102248,4 
� GO, kg m-3 430,0 
dIC, m 4,0 

GGO = 2

4

IC

GO

d
Q

p
, kg h-1 m-2 8140,8 

LES = 
GOe

BCO

q
tGC

r
0 , m 17,2 

L, m 0,284 
CB, mg kg-1 10,0 

XB = 
0C

CB , - 0,3704 

XE = 1 – XB, - 0,6296 
CE = C0XE, mg kg-1 17,0 

tE = 17,5 + 
8,163,17
5,171,18

-
-

(17,0 – 16,8), h 17,7 

tS = 
2

EB tt +
, h 14,8 

vi = 
St
L

, m h-1 
0,02 

LUB = vi(tS – tB), m 0,06 
MTZ = 2LUB, m 0,12 
LIC = LES + MTZ, m 17,32 

MC3 = 
4

2
ICICGO dL pr

, kg 93541,9 

 



 
Figure 1. Column adsorption apparatus. 

 
 
 
 
 
 
 
 
 
 
 
 
 



 
Figure 2. The schematic of the ID algorithm. 

 
 
 
 
 
 
 



 
Figure 3. The effect of feed flow on output sulfur concentration for 

bed depth of 9.6 cm. 
 

 
Figure 4. The effect of feed flow on output sulfur concentration for  

bed depth of 24.8 cm. 
 
 
 
 
 
 
 
 



 
Fgure 5. The effect of temperature on output sulfur concentration. 

 

 
Figure 6. The effect of bed depth on output sulfur concentration. 

 
 
 
 
 
 
 
 



 
Figure 7. Experimental data and predicted breakthrough corves for run No. 1. 

 

 
Figure 8. Experimental data and predicted breakthrough corves for run No. 2. 

 
 
 
 
 
 
 
 



 
Figure 9. Experimental data and predicted breakthrough corves for run No. 5. 

 

 
Figure 10. Experimental data and predicted breakthrough corves for run No. 6. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
Figure 11. Schematic of the simulated industrial adsorption unit. 
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Figure 11. Schematic of the simulated industrial adsorption unit. 
 


