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roll-up ratio (η) for LTA 5A and FAU 13X are, respec-
tively, 1.23 and 2.55 within the water vapor content range 
of 0.9–2.4%. Moreover, η of FAU 13X tends to decrease 
more rapidly than that of LTA 5A with increasing tempera-
ture or decreasing adsorption gas pressure. The presence of 
oxygen inhibits the roll-up effect and increases the break-
through time of  SO2. For the acid-modified zeolite, there is 
a positive correlation between η and concentration of  Ca2+ 
or  Na+ on zeolite surface, indicating obvious impact of cat-
ions on the roll-up effect.

Abstract The roll-up effect occurs as a result of the dis-
placement of  SO2 with  H2O(g) when sulfur dioxide from 
humid flue gas is adsorbed by zeolites. It is mainly affected 
by  SiO2/Al2O3 ratio (S/A) of zeolites, despite lack of 
detailed studies on use of hydrophilic zeolite. In this study, 
two zeolites of FAU 13X (S/A of 1.77) and LTA 5A (S/A 
of 1.51) were used to explore their roll-up effects using 
the breakthrough curve method. It is shown that the zeo-
lite structure significantly influences the roll-up effect. The 
roll-up effect of FAU 13X is more significant than that of 
LTA 5A at the same water vapor content. The maximum 
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1 Introduction

SO2 emission is an important precursor of both acid rain 
and smog, which pose a great threat to human health 
and the natural environment (Aunan and Pan 2004). It is 
reported that China’s industrial  SO2 emission was more 
than 18.59  million tons in 2015 (NBS 2016). A large 
number of technologies have been proposed and applied 
for mitigating  SO2 emission, including wet flue gas desul-
furization, semi-dry flue gas desulfurization, dry flue gas 
desulfurization and flue gas circulation sintering (Ishi-
zuka et al. 2001; Xiong et al. 2014; Chang et al. 2011; Li 
et  al. 2014). Due to advantages of low energy consump-
tion, relatively simple technical preparation and alleviative 
waste disposal issues, dry sorption processes have attracted 

intensive attention for  SO2 removal (Marcu and Sandulescu 
2004).

Two categories of solid sorbents are commonly used 
in controlling  SO2 emissions, including non-regenerative 
sorbents, such as calcium oxide and magnesium oxide (Al-
Harahsheh et al. 2014), and regenerative sorbents, such as 
zeolites, silica gel, and charcoal (Zhou et  al. 2012; Bruce 
et al. 1989). For the non-regenerative sorbents, the prema-
ture termination of the sorption process remains their major 
inherent drawback, due to pore blocking by layers of sul-
phate product (Gupta et al. 2004). Among the regenerative 
sorbents, zeolite is the most popular one which has been 
widely used in adsorption, gas separation and so on, due 
to its unique channel structure, high thermal stability and 
huge adsorption capacity (Deng et  al. 2012; Sotelo et  al. 
2007; Mofarahi and Gholipour 2014; Izumi and Suzuki 
2001).

The presence of water vapor affects the dry adsorp-
tion process of zeolite. Studies on hydrophobic zeolites 
showed that mordenite (MOR type) and pentasil (MFI 
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type) zeolites have a unique dynamic breakthrough 
curve called roll-up effect in the presence of water vapor 
(Stenger et  al. 1993a, b; Tantet et  al. 1995; Dunn et  al. 
1996; Rouf and Eić 1998; Mello and Eić 2002). The simi-
lar roll-up effect has also been found in adsorption pro-
cess of zeolite in solutions (Barros et al. 2006). Once the 
adsorption bed becomes saturated with  SO2, the adsorbed 
 SO2 is spontaneously displaced (roll-up) by water driven 
from desorption, yielding an exhaust gas enriching  SO2. 
The overshooting peak increases in height with decreas-
ing  SO2 concentration and increasing water vapor content 
in the feed mixture (Rouf and Eić 1998). The adsorption 
of  SO2 on mordenites and pentasil zeolites showed that 
the presence of water in the gas reduces the adsorption 
capacity of  SO2 to varying degrees, depending on the 
 SiO2/Al2O3 ratio (S/A) (Tantet et al. 1995).

Most previous studies focused on the roll-up effects 
of hydrophobic zeolites with S/A of above 20. It was 
revealed that the roll up effect is mainly affected by S/A 
(Rouf and Eić 1998). With increasing S/A, the attrac-
tive force between zeolite and  SO2 gradually converts 
from static electricity into the Van Der Waals force (Rouf 
and Eić 1998). This conversion determines the adsorp-
tion capacity of zeolite. It means that low S/A zeolites 
should have high adsorption capacity. Moreover, it was 
shown that the adsorption capacity and the affinity of 
 SO2 with natural zeolite samples depend mainly on the 
type of exchanged cations and decreased in the order 
 Na+ > K+ > Mg2+ > Ca2+(Sakizci et  al. 2011). Therefore, 
it is important to study the roll-up effect of zeolite with 
low S/A.

In this study, large adsorption capacity zeolite 13X (Yi 
et  al. 2012) with S/A of 1.77 and zeolite 5A (Mofarahi 
and Gholipour 2014) with S/A of 1.51 were used to study 
their roll-up effects by examining the effects of water 
vapor content, adsorption temperature, gas pressure, 
presence of oxygen and pre-modification.

2  Experimental

2.1  Materials

Zeolite (13X, 5A) pellets with the size of 2.5–5 mm were 
taken from the National Pharmaceutical Group Chemical 
Reagent Co., Ltd of China. The chemical compositions 
are presented in Table 1. It shows that their S/A ratios are 
similar. The zeolite had similar values of S/A: 1.51 for 
5A and 1.77 for 13X. Besides, there is a significant dif-
ference in their cations. The zeolite 5A contained higher 
CaO (11.84 wt%) while zeolite 13X had higher content of 
 Na2O (13.39 wt%).

To obtain suitable breakthrough curves, the zeolite 
samples were crushed to particle size of 0.26–0.43  mm 
and then activated at 300 °C for 2 h in a muffle furnace. 
After activation, the zeolite samples were quickly placed 
in weighing bottle and cooled to room temperature in a 
glass plate filled with silica gel. Finally, the material was 
filled in an adsorption column. In order to study the effect 
of structure and cations on the roll-up effect, zeolite was 
pretreated by acid leaching.

The specific surface areas of zeolite 5A and 13X were 
determined by BET method. The adsorption gas was nitro-
gen, the adsorption temperature was 77 K, and the charge 
gas was helium (He). Samples were treated at 90 °C under 
the vacuum treatment for 1 h, then 300 °C under the vac-
uum treatment for 10 h. The nitrogen adsorption desorption 
isotherms of the 13X and 5A samples are shown in Fig. 1. 

Table 1  Chemical composition 
of zeolite samples

Zeolite 5A (wt%) 13X (wt%)

Fe2O3 0.97 1.22
Al2O3 23.75 21.33
SiO2 35.75 37.79
CaO 11.84 0.94
MgO 2.08 2.05
Na2O 2.95 13.39
K2O 0.3 0.26

Fig. 1  N2 adsorption–desorption isotherms of the zeolites

Table 2  The textural parameters of zeolite samples

Zeolite 13X 5A

Specific surface area  (m2 g−1) 472 411
Total pore volume  (cm3 g−1) 0.27 0.33
Micropore volume  (cm3 g−1) 0.21 0.15
Average pore diameter (nm) 2.82 2.31
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It shows that both materials present a type H4 isotherm 
(Sing 1985). The textural properties of 5A and 13X are pre-
sented in Table 2. It shows that the specific surface areas of 
zeolite 5A and 13X were 411 and 472 m2/g, respectively. 
Although zeolite 5A has a larger total pore volume, the 
average pore diameter and the micropore volume of 13X 
are greater than those of 5A.

The pore distribution of zeolite 5A and 13X was deter-
mined by BJH method. The results in Fig. 2 show that both 
zeolites are rich in microporous structure and LTA 5A con-
tains a small amount of mesoporous structure. The data of 
specific surface area and pore distribution reveals that FAU 
13X has more microporous than LTA 5A.

2.2  Methods

2.2.1  Experimental procedure

The experimental apparatus is shown in Fig. 3. The adsorp-
tion test was conducted in a U-type tube with a diameter 
of 10  mm, a layer of nickel foam (diameter less than or 
equal to 0.5 mm) which was placed at the bottom of tube 
and another layer of nickel foam which was also placed 
after charging to fix the bed. The detection system mainly 
consisted of two parts: determination of  SO2 and rela-
tive humidity. The gas of  SO2 was detected by enhanced 
type flue gas analyzer (MGA-5, YORK Instrument Ltd., 
Germany), and the measurement accuracy of the  SO2 is 
±1  ppm. The analyzer MGA-5 was connected with the 
exhaust end of the fixed bed and part of the outlet gas was 
pumped into the flue gas analyzer for analysis, and the data 
were transferred to the computer and recorded. Besides, 
the relative humidity was detected by the temperature and 
humidity recorder and the measurement accuracy of rela-
tive humidity and temperature was ±2% RH and 0.1 °C, 

respectively. The outlet gas was mainly absorbed using a 
washing bottle contained sodium hydroxide solution.

At the beginning of the experiment, the cylinders with the 
mass flow meters were controlled for certain gas mixing. The 
gas was mixed evenly in the mixing chamber and the mixed 
gas bypassed the fixed bed before the gas concentration and 
relative humidity were detected. When low water vapor 
content needed, the nitrogen can be dried by water absor-
bent (silica gel). When high water vapor content needed, the 
nitrogen could pass through the water washing cylinder. The 
water vapor content was mainly controlled by the flow rate of 
nitrogen which had been loaded with water vapor. The con-
centration and relative humidity of the mixed gas were meas-
ured by the gas analyzer and the temperature and humidity 
recorder. Finally, the mixed gas was introduced into the fixed 
bed and start timing. The required adsorption temperature 
was controlled by a water bath (KW1000-DC). The negative 
pressure was provided by a vacuum pump (when needed), 
and the adjustment of the negative pressure was adjusted 
by a self-made valve with precision of 1 KPa. The pressure 
of the fixed bed was measured by a negative pressure meter 
and with the accuracy of 1 KPa. The relative humidity could 
be transformed into water vapor content by the software of 
Vaisala Humidity calculator. Then the real-time content of 
water vapor was detected via the temperature and humidity 
recorder. The time was recorded when the concentration of 
 SO2 in the flue gas analyzer started to rise, and the experi-
ment was completed with stable concentration of the exhaust 
gas equal to the inlet  SO2 concentration.

2.2.2  Evaluation index

The adsorption property of  SO2 was determined using the 
breakthrough curve method, and the adsorption capacity (A), 
the breakthrough time (t) and the roll-up ratio (η) were used 
to characterize adsorption characteristics of zeolites.

Adsorption capacity (A) was defined as Eq. (1).

where A is the unit zeolite mass of adsorption gas mass 
(mg/g); Q is the total gas flow rate  (m3/s); m is the mass 
of the adsorbent (g); M is the molar mass of the adsorbed 
gases (g/mol); Vm is the standard molar volume  (m3/mol); 
t1 is the start time of adsorption (s); ti is the arbitrary time 
of adsorption process which is used as a variable in the 
integration process (s); C0 is the inlet  SO2 concentration 
(ppm); and C is the outlet  SO2 concentration at arbitrary 
time during the adsorption process (ppm).

Breakthrough time (t) was defined as Eq. (2).

(1)A = MQ
ti

∫
t1

(

C0 − C
)

dt∕(m ⋅ V
m
)

(2)t = t
2
− t1

Fig. 2  Pore distribution of the zeolites
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where  t1 is the start time of the experiment and  t2 is the 
time when the concentration of the exhaust gas is equal to 
1% of the inlet concentration.

Roll- up ratio (η) was defined as Eq. (3).

where  Cm is the maximum outlet  SO2 concentration.

3  Results and discussion

3.1  Characterization of roll-up effect of  SO2 adsorption

3.1.1  Effect of water vapor

N2,  SO2 and  O2 were supplied by gas cylinders. The purity 
of  N2 and  O2 were 99.99 vol% and the concentration of  SO2 
was 2.04 vol% balanced by  N2. The relative humidities of 
 N2,  SO2 and  O2 fluctuated between 20 and 30% at 30 °C.

The  SO2 breakthrough curves were studied under condi-
tions: adsorbent mass 1 g, flow rate 1 L/min,  SO2 concen-
tration 500 ppm, adsorption temperature 30 °C and at pres-
sure 1 atm. Figure 4 shows an overshooting shape on zeolite 
samples under a certain water vapor content ranging from 

(3)� =
C
m

C0

0.9 to 2.4%. The breakthrough time of zeolite 5A decreases 
from 2520 to 420 s and that of zeolite 13X decreases from 
4080 to 540 s, when the water vapor content increases from 
0.9 to 2.4%. In addition, when the water vapor content is 
less than 1% for zeolite 5A and 2% for zeolite 13X, the roll-
up effect appears.

Figure 5 presents an obvious difference in roll-up effect 
between zeolite 13X and zeolite 5A. The roll-up ratio (η) 
decreases from 1.23 to 1 for zeolite 5A as water vapor con-
tent increases. Moreover, the roll-up effect disappears when 
the water vapor content is higher than 1%. For zeolite 13X, 
the value of η increases first from 1.74 to 2.55 and then 
decreases to 1 with increasing water vapor content. Subse-
quently, the roll-up effect disappears when the water vapor 
content is higher than 2%. The results indicate that FAU 
13X is more likely to generate roll-up effect compared with 
LTA 5A.

3.1.2  Effect of adsorption temperature

Previous studies indicated that adsorption temperature 
has an important effect on the adsorption of pure dry gas 
(Gupta et al. 2004). To clarify similar laws in the presence 
of water vapor on zeolite, the adsorption characteristics of 
 SO2 with water vapor were studied under the conditions: 
1 g adsorbent, 1 L/min flow rate, 500 ppm  SO2, 0.9% water 

Fig. 3  Schematic diagram 
of experimental apparatus for 
breakthrough curve measure-
ments
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vapor and at pressure 1 atm. Figure 6 shows that the break-
through time is influenced strongly by adsorption tempera-
ture, and the breakthrough time gradually decreases from 
2520 to 900 s (by 64%) with increasing adsorption temper-
ature from 30 to 100 °C for zeolite 5 A. Besides, the break-
through time decreases from 4080 to1080 s (by 74%) with 
increasing adsorption temperature from 30 to 100 °C for 
zeolite 13X.

Figure 7 shows the trend of η at different adsorption tem-
peratures. The η of zeolite 5A decreases from 1.23 to 1.02 
(decreased by 17%) with increasing adsorption tempera-
ture from 30 to 100 °C, while the η of zeolite 13X shows 
an increasing trend first and then decreases, the value of 
η decreases from 1.74 to 1.29 (by 26%) with increasing 
adsorption temperature from 30 to 100 °C. This observation 
confirms that the adsorption temperature has greater influ-
ence on breakthrough time and roll up ratio of FAU 13X 
than that of LTA 5A.

(a)

(b)

Fig. 6  Effect of adsorption temperature on  SO2 breakthrough curves 
a zeolite 5A; b zeolite 13X

(a)

(b)

Fig. 4  Effect of water vapor content on  SO2 breakthrough curves a 
zeolite 5A; b zeolite 13X
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3.1.3  Effect of gas pressure

Effect of gas pressure were studied under the conditions: 
1 g adsorbent, 1 L/min flow rate, 500 ppm  SO2, adsorption 
temperature 30 °C, water vapor 0.9% for zeolite 5A and 1% 
for zeolite 13X. Figure  8 indicates that the breakthrough 
time decreases with the decrease of gas pressure from 1 to 
0.7 atm and the breakthrough time of zeolite 5A decreases 
from 2400 to 1550 s, while the breakthrough time of zeo-
lite 13X decreases from 3120 to 1920 s. The reduction of 
the breakthrough time by decreasing gas pressure reflects 
reduction in adsorption, which also caused weakened roll-
up effect.

Figure  9 shows that the value of η reduces from 1.23 
to 1.05 (by 15%) and from 1.92 to 1.59 (by 17%) with 
decreasing gas pressure from 1 to 0.7  atm for zeolite 5A 
and 13X, respectively. Increasing gas pressure is beneficial 
to roll-up effect. The gas pressure has greater influence on 
roll-up ratio and the breakthrough time of FAU 13X than 
that of LTA 5A.

3.1.4  Effect of oxygen gas

The flue gas usually contains oxygen (Zhang et al. 2012). 
To study the relationship between the roll-up effect and 
oxygen, zeolite 13X was chosen and tested at 70 and 
100 °C because the roll-up effect on LTA 5A was very 
weak under this condition. Figure 10 shows that the pres-
ence of oxygen reduces the roll-up effect. When the oxygen 
content in mixture gas increases from 0 to 10% at 70 and 
100 °C, the value of η decrease from 1.29 to 1.06 and from 
1.26 to 1.02, respectively. The breakthrough time gradually 
increases from 1920 to 2040 s at 70 °C in the presence of 
10% oxygen and increases from 1500 to 1680 s at 100 °C 

in the presence of 10% oxygen. The result shows that the 
presence of oxygen will increase the breakthrough time and 
decrease the roll-up effect.
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Fig. 7  Effect of temperature on η
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3.2  Formation mechanisms on roll-up effect of  SO2 
adsorption on zeolites

3.2.1  Competitive adsorption between  SO2 and  H2O(g)

The roll-up effect is caused by the competition between 
 H2O(g) and  SO2 (Tantet et  al. 1995). In order to explain 
the mechanism of generation and change of roll-up effect, 
the  SO2 equilibrium data was determined from the break-
through curves using Eq. (1).

Figure 11 shows that the adsorption capacity decreases 
with increase of water vapor content. Meanwhile, the 
adsorption capacity of  SO2 increases first and then 
decreases to an equilibrium value. The  SO2 adsorption 
capacities decreases from 87.63 to 15.75  mg/g for zeo-
lite 5A and decreases from 87.91 to 20.94  mg/g for zeo-
lite 13X, respectively, when the adsorption finally reaches 
equilibrium. The existence of  H2O(g) leads to an obvious 
decrease in adsorption capacity, indicating the competition 
between  H2O(g) and  SO2.

The relationship between breakthrough time of  SO2 and 
 H2O(g) of the zeolite is shown in Fig. 12. When the break-
through time of  H2O(g) is close or essentially the same 
to that of  SO2, the breakthrough curve of  SO2 is normal. 
When  H2O(g) breakthrough time is greater than that of 
 SO2, the breakthrough curve presents a strange shape (seen 
in Fig. 4). The outlet concentration is greater than the inlet 
concentration and the roll-up effect appears. For example, 
zeolite 13X with water vapor content of 1.2% has shorter 
breakthrough time of  SO2 than that of  H2O(g), causing roll-
up effect. For zeolite 5A, because the breakthrough time 
of  SO2 is close to that of  H2O(g) at water vapor content 
of 1.2%, the roll-up effect disappears. These phenomena 

further present the competitive adsorption between  H2O(g) 
and  SO2 on the zeolites. When  H2O(g) breakthrough rate 
is slower than the  SO2 breakthrough rate, the adsorption 
of  SO2 tended to be saturated. However, as the  H2O(g) 
adsorption continues, the  H2O(g) replaces a part of the 
adsorbed  SO2. Due to desorption of  SO2, the  SO2 concen-
tration increases, presenting roll-up effect.

The  SO2 breakthrough curves in Figs.  6 and 8 shows 
that the η changes with different adsorption temperatures 
and gas pressures. These changes are associated with 
physical adsorption of gas. Deng et  al. (2012) researched 
equilibrium isotherm data for  SO2 on 13X and 5A zeo-
lite and pointed out that adsorbate molecule will contact 
with strong cation center on the zeolite surface first, caus-
ing immobilized molecules. When all cation centers are 
occupied, adsorbate molecule will be affected by a weak 
electric field including electric field gradient. Weak elec-
tric field were unstable and easily desorbed with decreas-
ing gas pressure or increasing adsorption temperature. The 

(a)

(b)

Fig. 11  Equilibrium capacities of zeolites under different water 
vapor contents a zeolite 5A; b zeolite 13X

Fig. 10  Effect of oxygen on  SO2 breakthrough curves
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unstable physical adsorption resulted in the reduction of the 
adsorption capacity and η.

Figure 5 shows the η of 13X increases first from 1.74 to 
2.55 and then decreases to 1 with increasing water vapor 
content. Some researches (Stenger et  al. 1993a; Rouf and 
Eić 1998) show that the roll-up effect is enhanced with an 
increase of water vapor concentration. The law could apply 
to the lower water vapor concentrations (0.9–1.2%) for zeo-
lite 13X (Fig. 4). This is also in line with the data shown 
in Fig.  12, e.g., breakthrough times of  H2O(g) is greater 
or significantly greater than  SO2 for 0.9–1.2% concentra-
tion range. For zeolite 13X, only at water concentrations of 
1.6% or higher the breakthrough times become very close 
or essentially the same to that of  SO2, which change the 
trend of  SO2 roll-up effects. It may be that the closeness 
of breakthrough times, the  SO2 can only partially saturate 
adsorption sites before being displaced, thus leading to 
reduced or no roll-up effect. For zeolite 5A, water concen-
trations of 0.9% or higher, the breakthrough time of water 
and  SO2 become more and more close, thus leading to 
reduced or no roll-up effect, this is also in line with the data 
shown in Fig. 12.

The presence of oxygen leads to a weaker roll-up effect. 
It might be in association with chemical adsorption. The 
study (Deng et al. 2012) on FAU 13X and LTA 5A found 
S on the surface of zeolitein form of  SO4

2− after adsorp-
tion, indicating potential role of the chemical adsorption. 
This result accounts for the reduced roll-up effect in pres-
ence of oxygen. The oxygen may elevate  SO2 chemical 
adsorption at high temperature. However, chemical adsorp-
tion is strong adsorption. As a result,  SO2 is difficult to be 
replaced by water vapor. Eventually, there is a weakened 
roll-up effect.

3.2.2  Effect of zeolite structure on roll‑up

There are obvious differences in roll-up effect between 
FAU 13X and LTA 5A, although the two zeolites had 
close S/A ratio and specific surface area. Figures  5 and 
7 show that zeolite 13X has higher roll-up ratio than 5A. 
Two reasons may account for this phenomenon: On one 
hand, FAU 13X has a larger ring window size (Yi et al. 
2012) and average pore diameter than LTA 5A. Both 
zeolites were crystalline microporous materials with uni-
formed aperture size. FAU 13X has 12-oxygen ring win-
dow with a free diameter of 0.74  nm and  Na+ balances 
the negative charge induced by  Al3+, while LTA 5A has 
8-oxygen ring window with a size of 0.43 nm and  Ca2+ 
which balances the negative charge (Yi et al. 2012), and 
the average pore diameter of zeolite 13X is 2.82  nm 
while the average pore diameter of zeolite 5A is 2.31 nm. 
The kinetic diameters for  SO2, and  H2O are 0.36 and 
0.30 nm, respectively. The different sizes of ring window 
and average pore diameter led to different space resist-
ance when  SO2 adsorbed on zeolite and  H2O(g) replac-
ing the adsorbed  SO2. FAU 13X has larger ring window 
size and average pore diameter than LTA 5A. It was eas-
ier for water vapor to replace  SO2 adsorbed on 13X than 
5A. On the other hand, cations of zeolite 13X are mainly 
 Na+ while cations of zeolite 5A are mainly  Ca2+. Existing 
studies has shown the affinity of  SO2 follows a decreasing 
order as  Na+ >  K+ >  Mg2+ >  Ca2+ (Sakizci et al. 2011). 
The two aspects are why different amounts of  SO2 can be 
replaced and thereby the roll-up effect on zeolite 5A is 
weaker than zeolite 13X. In other words, FAU 13X has a 
stronger roll-up effect than LTA 5A with the same water 
vapor content.

It has shown that the adsorption capacity and the affin-
ity of  SO2 depend mainly on exchanged cations of zeolite 
(Sakizci et al. 2011). At the same time, adsorbate molecule 
will contact with strong cation center on the zeolite surface 
first during the adsorption process (Deng et  al. 2012). To 
characterize whether cations and zeolite structure had same 
impact on roll-up effect, FAU 13X was used for its obvious 
roll-up effect. According to the different ability to remove 
cation, hydrochloric and hydrofluoric were used to modify 
the zeolite at leaching temperature of 30 °C, modification 
time of 4  h and stirring speed of 100  rpm. The modified 
zeolite was activated at 300 °C for 2  h. The adsorption 
characteristics of  SO2 were studied under the conditions: 
adsorbent 1  g, flow rate 1  L/min,  SO2 500  ppm, adsorp-
tion temperature 30 °C, water vapor 0.9% for HCl-modified 
zeolite and water vapor 1% for HF-modified zeolite and at 
1 atm. The experimental results are shown in Fig. 13. The 
breakthrough time of modified zeolite decreases with the 
increase of acid concentration, indicating negative effect 
of increasing acid concentration on the breakthrough time. 

Fig. 12  Breakthrough time for different water vapor contents
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In order to explain this phenomenon, the 13X zeolite was 
analyzed by XRD. The results shown in Fig. 14 show that 
acids cause the destruction of crystal structure and the 
decrease of crystal order. The addition of acid destructed 
zeolite structure, which leads to the decrease of the break-
through time.

However, Fig.  13 shows that hydrochloric and hydro-
fluoric acid has a different impact on roll-up effect. With 
increasing acid concentration from 0 to 1 mol/L, the roll-up 
ratio decreases from 1.74 to 1.07 for HCl-modified zeolite 
and declines from 2.45 to 1.87 for HF-modified zeolite.

In order to explain the reason of this difference, the 
13X zeolite was analyzed by XRF and the results are 
shown in Fig. 15. It shows the correlation between η and 
A/S ratio and CaO and  Na2O contents of modified zeo-
lite. The variation of η shows an evident changing trend. 
When the HCl concentration increases, the S/A increases 
from 1.77 to 1.88. Conversely, the value of η decreases 
from 1.73 to 1.07 and the content of CaO decreases 
from 0.94 to 0.88  wt% and  Na2O decreases from 13.40 
to 4.37  wt%, respectively. When the HF concentration 

increases, the S/A decreases from 1.77 to 1.61 and the 
η decreases from 2.45 to 1.87. Also, the content of 
CaO increases from 0.94 to 1.01  wt% and that of  Na2O 
increases from 13.40 to 13.45  wt%. The results show a 
positive correlation between η and contents of  Ca2+ or 
 Na+. Hence, the cations of zeolite also play an important 
role in the roll-up effect.

4  Conclusions

FAU 13X and LTA 5A have similar S/A and specific sur-
face areas. Experimental results showed that the roll-up 
effect is caused by the competitive adsorption of  SO2 and 
 H2O(g), revealed by different breakthrough rates between 
 H2O(g) and  SO2. FAU 13X presents a stronger roll-up 
effect than LTA 5A within the water vapor content range 
from 0.9 to 2.4%. The minimum water vapor content 
causing roll-up effect is 1% for LTA 5A and 2% for FAU 
13X. The η decreases from 1.23 to 1.02 for LTA 5A and 
decreases from 1.74 to 1.29 for FAU 13X with the adsorp-
tion temperature changes from 30 to 100 °C. Besides, the 
decrease of gas pressure leads to a reduction in roll-up 
ratio from 1.23 to 1.05 for LTA 5A and from 1.92 to 1.59 
for FAU 13X. The presence of oxygen could increase the 
 SO2 breakthrough time and diminish the roll-up effect. 

Fig. 14  XRD patterns of zeolite 13X treated by different acid liquor(a)

(b)

Fig. 13  Effect of acid-treated of zeolites on  SO2 breakthrough 
curves. a Modified 13X by HCl; b Modified 13X by HF
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Acid-modified zeolites showed that there is a positive cor-
relation between roll-up effect ratio and content of  Ca2+ or 
 Na+ of zeolites, demonstrating an important role of that 
cations in the roll-up effect.
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