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Abstract - This paper presents a new reactive adsorbent used to effectively remove 4,6-
dimethyldibenzothiophene (4,6-DMDBT) from model transportation diesel fuels. This reactive adsorbent was 
composed of formaldehyde, phosphotungstic acid and mesoporous silica gel. The experiment was based on an 
assumed condensation reaction of 4,6-DMDBT with formaldehyde using phosphotungstic acid as catalyst in 
pore spaces. The effect of temperature and the amount of formaldehyde and phosphotungstic acid loaded on 
the substrate were investigated in a batch system. In the breakthrough experiment, three different model diesel 
fuels containing 1000 mg/kg 4,6-DMDBT were pumped through a fixed-bed reactor packed with reactive 
adsorbent at constant temperature and atmospheric pressure, respectively. The experimental results showed 
that sulfur-free model fuel was obtained at 80°C despite the presence of aromatics. The sulfur capacity of 
regenerated reactive adsorbent was almost totally recovered. 
Keywords: Desulfurization; 4,6-Dimethyldibenzothiophene; Diesel Fuel; Phosphotungstic Acid; Reactive Adsorbent. 

 
 
 

INTRODUCTION 
 

The issue of atmospheric pollution and acid rain 
has drawn growing concern in recent years across the 
globe. Diesel-powered vehicles contribute to it in the 
form of exhaust gases, especially SOx. The 
mandatory rules of law have been brought into effect 
in some developed countries on the aspect of the 
sulfur content in transportation diesel fuels. Thus, 
ultra-low sulfur fuels will become a tendency in the 
years to come. Removal of sulfur compounds is a 
crucial factor to fulfill the demand for ultra-low 
sulfur fuels. Thiophenic compounds in diesel fuels 
are the most difficult to be disposed of by traditional 
hydrodesulfurization (HDS) processes. Much work 
has been devoted to the removal of them from 

transportation fuels (Ito and Rob van Veen, 2006; 
Babich and Moulijn, 2003; Ma et al., 2002; Song, 
2003; Breysse, et al., 2003).  

Desulfurization technologies can be summarized as 
HDS and non-HDS. The former has been widely 
applied in the petrochemical industry. The latter needs 
to be further developed. HDS shows high capacity in 
removing thiols, sulfides, disulfides and partial 
thiophenes. However, some dibenzothiophenes and 
their derivative compounds such as 4,6-DMDBT, still 
remain after the HDS treatment because the alkyl 
groups at the 4- and/or 6-positions strongly inhibit 
the HDS of alkyl DBT compounds. The technology 
of non-HDS opens a new window for fuel 
desulfurization, such as oxidation, extraction, 
adsorption, alkylation and biodesulfurization. Among 
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these, adsorption and selective oxidation (oxidation-
adsorption or oxidation-extraction) are the most 
promising due to their high selectivity. The advantage 
of selective oxidation desulfurization lies in its high 
selectivity aided by extraction or adsorption in the 
absence of hydrogen under mild conditions (Yang, et 
al., 2007, Ma, et al., 2007, Eber and Wasserscheid, 
2004). Adsorption desulfurization has the advantage of 
high selectivity in the removal of thiophenic 
compounds from diesel fuels and can be performed at 
mild temperatures and atmospheric pressure. 
Adsorption desulfurization is subdivided into physical 
adsorption desulfurization and chemical reaction 
adsorption desulfurization. S-Zorb (Silica Zinc Oxide 
Removal Beused) (Gislason, 2002), a chemical 
adsorption desulfurization technology, requires the 
fuels to be gasified and fully contacted with adsorbent 
regardless of the quantity and purity of hydrogen. It is 
characterized by low pressure and high desulfurization 
efficiency. IRVAD (Irvine Robert Varraveto 
Adsorption Desulfurization) (Irvine, 1998) can 
effectively remove the sulfur in liquid fuels and satisfy 
the demand for ultra-low sulfur fuels. However, the 
adsorbent needs to be regenerated and recycled 
frequently. Hernández-Maldonado and Yang (2004) 
and Yang et al. (2003) reported that Cu (I)-Y surpasses 
Ni (II) and Zn (II) in terms of selectivity and 

breakthrough capacity, which reaches the level of 
1.00% by weight However, the adsorption 
performance declines to a great extent when aromatics, 
oxidation and moisture are present in the fuels (Li,     
et al., 2006). In terms of Song’s SARS (selective 
adsorption for removing sulfur) technology (Song, 
2003), the breakthrough capacity of Ni/SiO2-Al2O3 
reaches the level of 1.26% by weight, a slight 
improvement compared with Cu(I)-Y of Yang et al. 
(2003). Therefore, the issues of sulfur selectivity and 
breakthrough capacity deserve more investigation. In 
addition, the regeneration capacity and recycling 
performance of the adsorbent requires improvement. 

Our previous work demonstrated the potential 
feasibility of the condensation mechanism (Caesar 
and Sachanen, 1948) related to the removal of 
thiophenic compounds from transportation fuels 
(Wang et al., 2008; Zhou et al., 2008). The 
condensation reaction in the adsorbent between 
formaldehyde and 4,6-DMDBT, catalyzed by 
heteropoly acid, is assumed as the following: as 
shown in Scheme 1, an electrophilic substitution 
reaction occurs between protonated formaldehyde 
and 4,6-DMDBT to form hydroxymethyl 4,6-
DMDBT, which generates the corresponding 
carbocation under acidic condition, which continues 
to react with 4,6-DMDBT to yield polymers.

 

 
Scheme 1: The assumed mechanism of the condensation 
reaction occurring in the pore spaces for fuel desulfurization. 
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The effectiveness of a porous adsorbent composed of 
substrate, formaldehyde and acid in desulfurization 
has been described in our previous work (Zhou et al., 
2008). On the other hand, the high cost of the 
substrate hinders the use of reactive adsorbent in 
industrial applications. Thus, mesoporous silica gel 
was used as the substrate for loading formaldehyde 
and environmentally-friendly phosphotungstic acid 
(PTA) to reduce the cost of fuel desulfurization. The 
effect of aromatics on the sulfur conversion rate in a 
model diesel fuel was also studied. 
 
 

EXPERIMENTAL SECTION 
 
Preparation of Reactive Adsorbent 
 

The reactive adsorbent was composed of 47.6% 
Silica Gel C (SGC), 33.3% PTA and 19.1% 
formaldehyde in mass proportion. The substrate SGC 
was impregnated with an 8% aqueous solution of 
PTA. The mixture of SGC (0.154 mm-0.180 mm) 
was stirred for an hour and dried at 100°C for         
12 hours before being placed into the vacuum oven 
at 120°C for 5 hours. Thus, PTA/SGC came into 
being. Carried by nitrogen gas, formaldehyde vapor 
passed through a fixed bed filled with PTA/SGC at 
room temperature. We monitored the total weight of 
the reactive adsorbent before and after adsorbing 
formaldehyde vapor at different times until the 
proportion of the loaded formaldehyde vapor in the 
reactive adsorbent reached 19.1%. SGC and 
PTA/SGC were characterized by using N2 
adsorption-desorption isotherms at -196°C in the 
High Pressure Adsorption Laboratory at Tianjin 
University. 
 
Reagents and Standards 
 

4,6-DMDBT of analysis grade was purchased 
from J&K Chemical Ltd. (Beijing, PRC). Benzene, 
naphthalene and n-dodecane of chromatographic 
grade were purchased from Kemiou Chemicals 
Center (Tianjin, PRC). PTA of analysis grade was 
purchased from Kewei Company (Tianjin, PRC). 
Formalin of analysis grade was purchased from 
Sanhe Chemicals (Yantai, PRC). 
 
Preparation of Fuels 
 

Thiophenic compounds are the main sulfur 
compounds remaining in transportation diesel fuels 
after HDS. 4,6-DMDBT was used to represent one of 

the refractory sulfur compounds in diesel fuels. In this 
work, three types of model fuels were prepared to 
examine the effect of aromatics on sulfur conversion 
as follows: (1): 100 % n-dodecane, (2): 10% benzene 
and 80% n-dodecane plus 10% naphthalene, (3): 90% 
benzene plus 10% naphthalene, which represented 
Aliphatic Fuels (ALF), Mixed Fuels (MXF) and 
Aromatic Fuels (ARF), respectively. The 4,6-
DMDBT concentration in all three model diesel fuels 
was 1000 mg/kg and the corresponding sulfur 
concentration was 151.0 mg/kg. The sulfur 
concentration in model fuels was detected by a 
model WK-2D total sulfur analyzer. Details of the 
sulfur concentration analysis are given in our 
previous work (Wang et al., 2009). 
 
Batch Tests and Fixed Bed Breakthrough 
Experiments 
 

Batch tests were performed in a flask equipped 
with a thermostat, which provided circulating water 
to keep the temperature constant. In batch tests, the 
effect on desulfurization reaction rate of temperature 
and the amount of formaldehyde and PTA loaded on 
the substrate were investigated. The mixture of 2.1 g 
reactive adsorbent and 20 g 4,6-DMDBT model fuel 
in a 250 mL flask was stirred by a mixer for three 
hours. The sulfur concentration was detected every 
15 minutes.  

The breakthrough experiments were carried out in 
a vertical glass column (length 250 mm, diameter   
10 mm) filled with the reactive adsorbent at constant 
temperature. The breakthrough capacity and 
saturation capacity of the adsorbent decreased slowly 
with increasing flow rate. On the other hand, much 
more time was needed to deal with the same volume 
of fuel if the flow rate decreased. The fuels were 
pumped up through the column in piston flow at the 
velocity of 0.5 mL/min. The contact time of the fuel 
with adsorbents was 30 min. In terms of the 
breakthrough experimental data, a plot was made of 
the transient total sulfur concentration against 
cumulative fuel. The transient total sulfur 
concentration was normalized by the feed total sulfur 
concentration and cumulative fuel by the total 
substrate weight. 

The following equations were employed to 
calculate the normalized breakthrough capacity Qb 
and the normalized saturation capacity Qs. 
 

i
b b

v xQ t 100%
m
ρ⎛ ⎞= × ×⎜ ⎟

⎝ ⎠
           (1) 
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sti t
s

0 i

v x cQ 1 dt 100%
m c

⎡ ⎤ρ⎛ ⎞= − ×⎜ ⎟ ⎢ ⎥⎝ ⎠ ⎣ ⎦∫         (2) 

 
in which Qb and Qs are the normalized sulfur 
breakthrough and saturation capacities, respectively, 
in wt%; υ is the fuel volumetric flow rate in mL/min; 
ρ is the fuel density in g/mL; ci is the initial total 
sulfur concentration in the fuel in mg/kg; m is the 
total weight of substrate in the fixed bed in g; ct is 
the transient sulfur concentration at any time t in 
mg/kg; xi is the sulfur concentration in the model 
fuel by weight in %; tb is the breakthrough time of 
sulfur in min;  ts is the sulfur saturation time when 
ct/ci=1, in min. 
 
Regeneration and Recycle of Reactive Adsorbent 
 

Recycle work was performed when the reactive 
adsorbent was regenerated at the temperature of 
400°C in air for three hours and formaldehyde 
adsorbed at room temperature. Then, the reactive 
adsorbent was used to remove 4,6-DMDBT from 
model transportation diesel fuels again. 
 
 

RESULTS AND DISCUSSION 
 
Characterization of SGC and PTA/SGC 
 

Pore Structure Parameters of SGC and PTA/SGC 
are shown in Table 1. The nitrogen adsorption-
desorption isotherms of SGC and PTA/SGC belong 
to type IV according to International Union of Pure 
and Applied Chemistry (IUPAC) classification, 
which confirmed the existence of a mesoporous 
character. Brunauer-Emmett-Teller (BET) was used 
to calculate the specific surface area on the basis of 
N2 adsorption isotherm curves (Brunauer, et al., 
1938). The pore size distribution of SGC and 
PTA/SGC was calculated according to the Barrett-
Joyner-Helena (BJH) method (Barrett, et al., 1951). 
The specific surface area, pore volume and pore 
diameter of PTA/SGC decreased a great deal 
compared with those of SGC. However, the 
normalized pore diameter of PTA/SGC still 
corresponded to a mesoporous structure and was in 
the range of 2-50 nm. 
 
Table 1: Pore Structure Parameters of SGC and 
PTA/SGC. 
 

Name SBET  m2/g Vpore  cm3/g dnorm  nm 
SGC 315 0.88 5.6 
SGC after loading PTA 136 0.52 3.8 

Desulfurization of 4,6-DMDBT Model Fuels 
 

The batch tests and breakthrough experiments 
demonstrated the different and important roles that 
formaldehyde played in the reactive adsorbent. As 
shown in Figure 1, the desulfurization efficiency 
increased when the temperature ranged from 50°C to 
80°C. The presence of formaldehyde caused 100% 
removal of 4,6-DMDBT in 90 min at 80°C but only 
8.14% in three hours in its absence. As can be seen 
from Figure 2, the highest reaction rate for 
desulfurization was shown when formaldehyde reached 
its maximum loading amount in the reactive adsorbent. 
Heteropoly acid also played important roles in the 
removal of 4,6-DMDBT from model diesel fuels. As 
shown in Figure 3, a higher desulfurization rate required 
more heteropoly acid, which resulted in the shrinkage 
of the reaction interface and pore volumes. The highest 
desulfurization rate appeared when the loading of 
heteropoly acid reached 0.7 g per unit mass substrate. 
The desulfurization rate of substrate benefits from the 
large specific surface area as well as pore diameter. As 
presented in Figure 4 and Figure 5, the sulfur capacities 
of the reactive adsorbent were closely related to 
formaldehyde as well as the type of fuel. The presence 
of formaldehyde in the adsorbent makes a difference to 
the desulfurization capacity, which results from the 
polymerization degree of the sulfurs. The sulfur 
breakthrough capacities decreased as follows: 
ALF>MXF>ARF due to the inhibitive effect of 
aromatics, which can competitively adsorb on active 
sites. However, they did not react with formaldehyde in 
the pores of the substrate at 80oC and atmospheric 
pressure. The batch test and breakthrough experiment 
demonstrated the different and important roles that 
heteropoly acid and formaldehyde play in the reactive 
adsorbent. 

The regenerated condensation adsorbent was 
recycled two times in the desulfurization of MXF 
and the breakthrough curves are illustrated in Figure 6. 
As can be seen from Table 2, the sulfur breakthrough 
capacities of the regenerated adsorbent accounted for 
98.4%, 97.8% of the original one and the sulfur 
saturation capacities recovered 98.8%, 97.4% of the 
original one, respectively. As is known, the 
aromatics have a great influence on the breakthrough 
capacity of adsorbent based on π-complexation in the 
desulfurization of transportation fuels containing 4,6-
DMDBT (Bhandari, et al., 2006). In our experiment, 
the sulfur breakthrough capacity per gram of 
substrate changed from 4.64 mg S to 4.59 mg S and 
4.51 mg S when the aromatics went up from 0% to 
20% to 100%. It is evident that the aromatics had 
less of an adverse effect on the reactive adsorbent 
than on an adsorbent based on π-complexation in the 
desulfurization of ARF. 
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Figure 1: Effect of temperature on sulfur 
conversion over the reactive adsorbent. 

Figure 2: Effect of the amount of formaldehyde 
loaded on the substrate on sulfur conversion at 
80°C. 

  
Figure 3: Effect of the amount of PTA loadedon 
the substrate on sulfur conversion at 80°C. 

Figure 4: Breakthrough curves for three model 
fuels over PTA/SGC adsorbent without loading 
formaldehyde at 80°C. 

 
Figure 5: Breakthrough curves for three model fuels over reactive adsorbent at 80°C. 
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Figure 6: Breakthrough curves for MXF over the 
regenerated reactive adsorbent at 80°C. 

 
Table 2: Sulfur breakthrough and saturation capacities of the reactive adsorbents for 4,6-DMDBT model 
diesel fuels 

 
Name 4,6-DMDBT 

content  mg/kg 
Sulfur content 

mg/kg 
Fuel  
type 

Qb  
(%) 

Qs  
(%) 

PTA/SGC 1000 151 ALF - 0.0102 
PTA/SGC+HCHO 1000 151 ALF 0.464 0.835 
PTA/SGC 1000 151 MXF - 0.0089 
PTA/SGC+HCHO 1000 151 MXF 0.459 0.828 
PTA/SGC 1000 151 ARF - 0.0076 
PTA/SGC+HCHO 1000 151 ARF 0.451 0.824 
Recycled first time  1000 151 MXF 0.452 0.818 
Recycled second time  1000 151 MXF 0.449 0.806 

 
Formaldehyde plays a key role in desulfurization. 

Both the desulfurization rate and the breakthrough 
capacity of the substrate benefit from the existence of 
formaldehyde, which expanded the polymerization 
degree of sulfur compound. The desulfurization of fuels 
is in accord with first order reaction dynamics, as been 
proved in our previous work (Zhou et al., 2008). At the 
initial stage, the assumed condensation reaction 
occurred in the pores, where the concentration of 
formaldehyde was in excess compared with that of 4,6-
DMDBT. The reaction continued with the continuous 
diffusion of 4,6-DMDBT molecules into the pores 
because of the concentration difference. The 
polymerization degree of sulfur compounds rose, while 
the concentration of formaldehyde and the reaction rate 
declined until all formaldehyde was consumed. The 
desulfurization rate of the adsorbent in the absence of 
formaldehyde was much less than that in the presence 
of it. The saturation of the adsorbent appeared soon 
after 4,6-DMDBT reached protonation equilibrium due 
to the interaction between the heteropoly acid and    
4,6-DMDBT. 

Heteropoly acids also produced a dramatic effect 
on the desulfurization rate. The rapidity of the 

reaction required more heteropoly acid, which 
resulted in a shrinkage of the specific surface area, 
pore diameter and pore volume. The corresponding 
reduction of adsorbed formaldehyde brought about a 
decrease of the desulfurization rate. Therefore, an 
optimum load of heteropoly acid was necessary.   

Aromatics interfere with the assumed condensation 
reaction between 4,6-DMDBT and formaldehyde 
because of competitive adsorption on active sites 
between aromatics and 4,6-DMDBT diffused into the 
pores. Water produced by the condensation reaction in 
the pores can dilute the concentration of formaldehyde 
and protons. Consequently, the increase of the 
polymerization degree was inhibited and the reaction 
rate slowed down. 

The sulfur breakthrough curves of regenerated 
reactive adsorbent agreed well with the original one 
and the decline of the capacity arose from the loss of 
catalyst in the recycling process, which can be 
avoided by combining desulfurization with 
regeneration in the same fixed-bed reactor. 

The reactive adsorbent can efficiently remove 
4,6-DMDBT from model transportation fuel while 
HDS technology is very effective for the removal of 
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thiols, sulfides, disulfides and partial thiophenes. 
Thus, HDS and the reactive adsorbent are feasible 
and very promising technologies to satisfy the ultra-
low sulfur fuel demands. 
 
 

CONCLUSIONS 
 

This work has demonstrated that reactive 
adsorbent can effectively remove 4,6-DMDBT from 
model transportation fuels at mild temperatures and 
atmospheric pressure independent of aromatics. The 
feasibility of this approach was demonstrated by 
three model diesel fuels from which 4,6-DMDBT 
was removed. The objective of obtaining ultra-low 
sulfur model transportation diesel fuels was 
achieved. The capacity of the regenerated reactive 
adsorbent is almost completely recovered and the 
adsorbent still has high efficiency after being 
recycled two times. The reactive adsorbent will find 
more applications in deep desulfurization if it is 
linked with HDS technologies. 
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NOMENCLATURE 
 
ci  the initial total sulfur 

concentration in fuels 
mg/kg

ct the transient sulfur 
concentration at any time t 

mg/kg

m the total weight of substrate 
in the fixed bed 

g

Qb  the normalized sulfur 
breakthrough capacity  

wt%

Qs the normalized sulfur 
saturation capacity 

wt%

tb the breakthrough time of 
sulfur 

min

ts the sulfur saturation time 
when ct/ ci=1 

min

υ  the fuel volumetric flow rate mL/min
xi the sulfur concentration in 

the fuels by weight   
%

ρ the fuel density g/mL
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