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The dynamic adsorption/desorption performances of modified hierarchical USY zeolites treated with an

ammonia solution (NH4OH) at different concentrations were investigated using gas-phase toluene as an

indicator. The characterization results indicated that the ammonia treatment could result in the

expansion of microporous channels and the formation of a mesoporous structure without evident

decrease in crystallinity. The experiment results regarding dynamic adsorption/desorption performances

revealed that the mass transfer resistance of modified USY adsorbents were greatly reduced treating with

NH4OH. Among the modified samples, the 0.1 mol L�1 NH4OH treated USY adsorbent exhibited large

adsorptive capacity and highest desorption rate, which show good cyclic performance that could

preserve its adsorbent capacity after 20 cycles. In contrast, pristine USY samples had lost around 28% of

the initial adsorption capacity after 20 cycles. Moreover, the NaOH-treated sample showed great

crystallinity decline compared to the NH4OH-treated samples due to excessive silicon atom leaching

from the USY framework, and had lower adsorption capacity under humid conditions. Therefore,

NH4OH-modified USY zeolites could be promising adsorbents for the adsorption/desorption process of

volatile organic compounds (VOCs).
Introduction

Volatile organic compounds (VOCs) are known as one of the
major causes of the formation of photochemical ozone and
secondary organic aerosol (SOA), which could result in harmful
health effects and serious environmental problems.1,2 VOCs
emission control has become one of the thorniest environ-
mental challenges in numerous industrial processes. There are
numerous technologies available for eliminating VOCs, among
which adsorption enrichment-combustion technology has been
considered as a reliable method owing to the advantages
including high efficiency, energy saving and relatively low
operating cost for industrial source, and adsorption enrich-
ment-combustion is especially suitable for treating VOCs
emissions with low concentration and large gas ow rate.3–6

For the VOC adsorption enrichment process, activated
carbon is one of the widespread sorbents due to its developed
microporosity, which ensures excellent adsorption capacities.4
, Zhejiang University, 866 Yuhangtang

E-mail: yueliu@zju.edu.cn; Fax: +86

enter of Industrial Boiler & Furnace Flue

d, Hangzhou, 310058, P. R. China

ation (ESI) available: Nitrogen
reakthrough curves. See DOI:

157
However, the limitation of activated carbon applications is its
sensitivity towards high temperatures, difficult regeneration
and hygroscopicity.7 Therefore, developing different alternative
adsorbents is desirable to overcome these problems. Zeolites as
sort of aluminosilicates, possessing unique physiochemical
properties, such as ordered porosity, thermal stability, and non-
ammable, and show promising potential for adsorption
applications.8 Metal–organic frameworks (MOFs) and zeolitic
imidazolate frameworks (ZIFs) are new and advanced porous
materials for adsorbents, with tremendous exibility in equip-
ping the porous material with specic physical characteristics
and chemical functionalities.9–11 Taking into consideration both
the functionality and the cost, USY (ultra-stable Y) zeolites are
highly dealuminated with a stable siliceous 12-membered ring
framework, which has been proved to have a great affinity
towards various VOCs.12 However, the complete desorption
temperature of Y zeolites was reported over 350 �C for toluene,13

which could be attributed to the diffusion limitation due to the
high proportion of microspores. This would result in the inhi-
bition of its real application.

It was pointed out by the previous study that expanding the
pore diameter of zeolites can effectively reduce the diffusion
resistance and thus decrease the desorption regeneration
temperature.14,15 Currently, a series of synthetic approaches are
available to reduce the diffusion restriction of absorbents,
where post-synthesis modication particularly the alkaline
treatment has been found to be a convenient and efficient way
© 2021 The Author(s). Published by the Royal Society of Chemistry
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to generate intracrystalline mesopores by the hydrolysis of Si
atoms.16–18 However, for VOC adsorption, the over-desilication
of zeolites may somewhat lower its adsorption capacity, for
excessive desilication would do harm to the structure of the
framework.19 As such, synthesis parameters during the modi-
cation process should be carefully tuned to obtain the superior
comprehensive performance for VOC adsorption/desorption
enrichment.

In this study, we focused on the synthesis of hierarchical USY
zeolites using an ammonia solution at different concentrations
as well as NaOH solution for a comparison. Also, toluene
(typically seen in VOCs emission) was employed herein for
experimental dynamic adsorption/desorption experimental
tests. The relative characterizations were also performed to
reveal the structure–performance relationship. The aim of this
study is to explore the promising adsorbent with both large
adsorption and well desorption capabilities.

Experimental
Synthesis procedure

A pristine USY zeolite (bulk Si/Al ¼ 22, Na-form) was purchased
from Tianjin Yuan Li Chemical Co., Ltd. The solid (1.0 g) was
added to an aqueous ammonia or sodium hydroxide solution
(0.1 mol L�1, 100 mL g�1) and the solution was mechanically
stirred at 250 rpm for 1 h. The mixture was immediately ltered
and washed (three times) with distilled water, the retained solid
was dried overnight at 80 �C, and then the dried solid was
weighed to calculate the mass loss. Subsequently, the samples
were calcined under a nitrogen ow (2 mL s�1 g�1) at 350 �C for
2 h at the heating rate of 2 �C min�1. The samples are denoted
as 0.02NH4OH, 0.1NH4OH, 0.2NH4OH, 0.1NaOH for the USY
zeolite treated with 0.02mol L�1 aqueous ammonia, 0.1 mol L�1

aqueous ammonia, 0.2 mol L�1 aqueous ammonia and
0.1 mol L�1 sodium hydroxide solutions, respectively.

Materials characterizations

Powder XRD patterns were recorded on Rigaku D/MAX RA X at
40 kV and 40 mA using a Cu Ka radiation at the 2q range from
0.5 to 50�. The adsorption–desorption isotherms of nitrogen
were obtained at 77 K using the surface area and porosity
Fig. 1 Schematic of adsorption (left) and desorption (right) experimenta

© 2021 The Author(s). Published by the Royal Society of Chemistry
measurement system (JW-BK132F, Beijing JWGB Sci.& Tech.
Co., Ltd, Beijing, China), and the samples were degassed under
vacuum conditions at 200 �C for 2 h before measurements. The
specic surface areas of the samples were calculated using the
multiple-point Brunauer–Emmett–Teller (BET) method with P/
P0 range from 0.01 to 0.2. The total pore volumes (Vtotal) were
calculated at a relative pressure of 0.99, and the pore size
distributions were determined using the Barrett–Joyner–
Halenda (BJH) method. The micropore volumes (Vmicro) and
micropore surface areas (Smicro) were calculated using the t-plot
method.
Measurements for adsorption–desorption performances

Dynamic adsorption experiments were carried out by the
following steps: the as-synthesized powder samples were rst
crushed and sieved from 40 to 60 mesh, and then 100 mg
sample was put in a xed adsorbent bed with an inner diameter
of 6 cm and height of 230 cm, as shown in Fig. 1. Aer that, the
sample was pre-treated at 300 �C for 1 h under N2 ow before
test to degas contaminants (e.g., water, organic residues) from
the solid surface. The adsorption tests were then performed
with a gas ow of 500 ppm toluene (balanced with N2) at 30 �C.
The total gas ow rate was kept at 50 sccm (standard cubic
centimeters per minute). The dynamic equilibrium adsorption
capacity (q) was calculated by integrating breakthrough curves
as the equation20 shown below:

q ¼ F � C0 � 10�6

m

�
ts �

ðts
0

Ci

C0

dt

�
(1)

where F (sccm) is the gas ow rate and m (g) is the mass of
sample. ts is the adsorption equilibrium time, which was the
adsorption time when outlet concentration reached 5% of inlet
content. The concentration of toluene was detected by gas
chromatography equipped with an FID detector.

The desorption measurement was carried out in a constant-
temperature hot-air desorption facility (as shown in Fig. 1). The
samples aer saturated adsorbed were added into the sample
crucible hanging in a hot chamber equipped with an analytical
balance. Also, the hot chamber was put in an oil bath to keep
the temperature at 200 �C. During the test, a nitrogen ow (20
sccm) controlled via the mass ow meter was introduced into
l set-up.

RSC Adv., 2021, 11, 32152–32157 | 32153
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Fig. 2 XRD patterns of USY samples before (pristine USY) and after
alkali treatment.

Fig. 3 SEM images of USY samples before (pristine USY) and after the
alkali treatment at different concentrations. ((a) Pristine USY; (b)
0.1 mol L�1 NH4OH; (c) 0.2 mol L�1 NH4OH; (d) 0.1 mol L�1 NaOH).
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the heating chamber through a gas heating pipe for preheating.
The desorption rate was obtained by measuring the real-time
weight loss of the samples via an analytical mass balance.
Fig. 4 The micropore and mesoporous pore size distributions of USY
samples before (pristine USY) and after the alkali treatment at different
concentrations.
Results and discussion
Characterizations of the adsorbents

The XRD patterns of the NH4OH-treated adsorbents together
with pristine USY and NaOH-treated sample are shown in Fig. 2.
Table 1 Physical properties of USY samples before (pristine USY) and af

Sample SBET (m2 g�1) Vmicro (cm
3 g�1)

USY-22 627.5 0.248
0.02NH4OH 730.2 0.287
0.1NH4OH 781.4 0.306
0.2NH4OH 711.8 0.279
0.1NaOH 730.8 0.287

a Determined by XRD.

32154 | RSC Adv., 2021, 11, 32152–32157
The XRD peaks indicated a typical faujasite topology of the USY
structure for all the samples.21,22 Also, it could be also obtained
that the peak intensity gradually decreased with an increase in
the ammonia content, which indicated that the loss of crystal-
linity is due to the desilication process with the alkaline treat-
ment. The NaOH-treated sample showed a more serious
damage in the crystal structure compared to NH4OH treated one
at the same content. For instance, aer the 0.1 mol L�1 NaOH
treatment, more than 70% relative XRD crystallinity reduction
was detected, while that was around 15% for the 0.1 mol L�1

NH4OH treated sample. The morphologies of the samples were
then characterized by scanning electron microscopy (SEM)
(Fig. 3). It could be found that the particle shape and size were
well preserved, even aer the NaOH solution treatment.
However, the occurrence of corrosive ‘pits’ could be observed,
particularly aer the NaOH solution treatment. This should be
the results from the dissolution of the silicon atoms in the
framework aer the alkaline treatment.23–25

The textural properties of all the samples are listed in Table
1. It could be seen that the specic surface area and pore
volume of each sample aer the alkali treatment improved
compared with pristine USY zeolite. Among all the samples, the
0.1 mol L�1 NH4OH treated samples possessed the largest
surface area and pore volume. Furthermore, the mass loss rate
of the sample was less than 3 wt% aer the ammonia treatment,
ter the alkali treatment

Vtotal (cm
3 g�1) Relative crystallinitya (%)

Mass loss
(wt%)

0.312 100 —
0.396 98 1.8
0.402 86 2.1
0.363 82 2.4
0.388 22 12.3

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Breakthrough curves and mathematic model for USY samples
before (pristine USY) and after the alkali treatment.

Table 3 Simulated parameters of USY samples before (pristine USY)
and after the alkali treatment

Sample s0 (min) k0 (min�1) R2a
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indicating the preservation of the USY crystal structure.
However, the NaOH-treated sample showed a much higher
mass loss (more 10%) owing to the excessive silicon leaching.
The pore size distribution (shown in Fig. 4) further revealed that
the alkali treatment has a signicant pore-enlarging effect on
the USY zeolite, and mesopores can be introduced successfully.
The pores of the pristine USY zeolites are mainly distributed at
around 0.56 nm. Aer treatment with alkali solutions, the size
of micropores signicantly shied to a higher scale (ranged
from 0.6 to 0.7 nm) with the pore volume increased as well.
Simultaneously, numerous mesopores (2–5 nm) emerged in the
sample with the alkaline treatment. The N2 adsorption–
desorption isotherms (see Fig. S1†) showed that the alkaline-
treated samples except pristine USY zeolite exhibit type IV
isotherms, indicating their mesoporous structure.26 Moreover,
it could be seen that the NaOH treated sample showed a little bit
lower pore size compared to ammonia treated ones. This could
be attributed to the reason that the increase in the silicon
dissolution rate in the framework may block the micropore
channels to a certain degree.27
USY-22 191.5 0.032 0.988
0.02NH4OH 172.6 0.121 0.998
0.1NH4OH 181.1 0.122 0.999
0.2NH4OH 159.3 0.158 0.999
0.1NaOH 187.0 0.082 0.998

a R2 is the coefficient of determination.
Dynamic adsorption performances

Fig. 5 presents the breakthrough curves of different samples to
clarify the dynamic performances of toluene adsorption. The
effects of the NH4OH treatment on the adsorption capacity
showed two different aspects. First, the improved textural
Table 2 The adsorption capacities under dry and humid conditions

Samples
Adsorption capacity
(mg g�1)

Adsorptio
under hu

USY-22 169.3 142.6
0.02NH4OH 157.0 139.2
0.1NH4OH 164.3 146.6
0.2NH4OH 147.6 140.7
0.1NaOH 167.0 127.6

© 2021 The Author(s). Published by the Royal Society of Chemistry
properties would increase the adsorption sites, thereby
promoting toluene adsorption. On the other hand, the disso-
lution of Si atoms with the alkaline treatment weakened the
affinity between toluene and the adsorbent framework, which
thereby decreasing the adsorption capacity of toluene. There-
fore, the samples aer the alkaline treatment did not show
evident changes in saturated adsorption capacity compared to
pristine USY adsorbent (147.6–169.3 mg g�1, see Table 2).
Furthermore, it could be clearly seen in Fig. 5 that there are
more number of narrow adsorption zones for alkali-treated
adsorbents than that for the pure USY zeolite, indicating
a decrease in the mass transfer resistance. As interpreted above,
the alkali treatment would result in the expansion of micro-
pores and introduction of mesopores. Hence, the adsorption
diffusion rate of toluene molecule over adsorbent particles was
greatly increased. In order to better understand the adsorption
behaviors, the experimental results in Fig. 5 were further tted
by a mathematic adsorption model proposed by Yoon and
Nelson28 according to the following equation:

qt

q0
¼ 1

1þ exp½k0ðs0 � tÞ� (2)

where qt and q0 are the concentrations of the outlet and inlet
stream through the adsorbent bed, respectively. s0 is the stoi-
chiometric time, when the outlet concentration is 50% of that in
the inlet stream and k0 is the rate velocity constant, which
represents the diffusion characteristics of the mass transfer
zone. It can be observed that this model was in well agreement
with the breakthrough curves for modied USY samples. The
resulting parameters of s0 and k0 and the relative coefficient R2

are provided in Table 3. Among three samples treated by
NH4OH, the 0.1 mol L�1 NH4OH sample has the largest s0 value
(181.1 min), being consistent with its highest dynamic
n capacity
mid condition (RH ¼ 30%) (mg g�1)

Decline percentage
(%)

15.8
11.3
10.7
4.7

23.6

RSC Adv., 2021, 11, 32152–32157 | 32155
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Fig. 7 Cyclic adsorption/desorption performances of the NH4OH-
treated and pristine USY zeolites.
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adsorption capacity. Furthermore, all the k0 values of the
alkaline-treated samples were larger than that of pristine USY,
which indicated that the mass transfer resistance of adsorbents
was greatly reduced aer modications. Moreover, the k0 value
of the NaOH-treated samples was found to be relatively lower
than those of NH4OH modied adsorbents, which conrmed
the collapse of the microporous structure.

In actual industrial conditions, the presence of water vapor is
unavoidable. As it was reported, there would be competitive
adsorption between water vapor and VOCs over zeolites.20,29,30

Therefore, the adsorption performance of alkali-treated
samples under humid conditions was also investigated (see
Fig. S2†), and their relative saturated adsorption amounts are
given in Table 2. It could be seen that the adsorption capacity of
all the samples decreased with water vapor addition. Actually,
the dissolution of silicon enhances the polarity of the adsor-
bent, leading to its enhanced affinity to water and the decline in
the toluene adsorption capacity. Moreover, the adsorption
capacity of the NaOH-treated sample dropped most obviously
(decreased by ca. 20.7%, as shown in Table 2), which is attrib-
uted to the excessive dissolution of silicon.
Dynamic desorption performances

Regeneration ability is of great importance for evaluating
adsorbents' practical performances in adsorption–desorption
enrichment applications. To identify alkali-treated USY samples
desorption capabilities, constant thermal ow desorption
experimental tests were conducted, and the results are pre-
sented in Fig. 6. It could be clearly found that the pristine USY
zeolite sample exhibited longer regeneration time and lower
desorption rate at 200 �C than the alkaline treated samples.
Aer the alkaline treatment, the toluene elution time of each
sample was brought forward, the peak of desorption rate was
increased and the width of desorption peak was narrowed. This
fact indicated that their thermal desorption performance at
200 �C was signicantly improved. For example, the 0.1 mol L�1

NH4OH-treated sample could be recovered completely within
Fig. 6 Desorption performances of the pristine USY zeolite and alkali-
treated samples.

32156 | RSC Adv., 2021, 11, 32152–32157
5 min, while that would be extended to around 10 min for the
pristine USY zeolite. The main reason of the improved desorp-
tion rate could be attributed to the reduction of mass transfer
resistance by introducing mesoporous channels and especially
enlarging the pore size of micropores with alkali treatment.
Moreover, the desilication process with the alkali treatment led
to the decline of affinity between toluene and USY framework,
which would also facilitate the desorption process. The
0.1 mol L�1 ammonia solution treated sample exhibited the
highest desorption rate, whichmight be due to its relative larger
size of microscale pores (see Fig. 4), as the mass transfer inner
micropores is the rate controlling step of adsorption.
Adsorption/desorption cyclic performances

Stable cyclic performance was crucial for practical use. To
investigate the multi-cycle behaviors of the 0.1NH4OH sample,
20 adsorption/desorption cycles were employed. Each cycle was
conducted in two stages, with a toluene adsorption step under
50 sccm 500 ppm toluene feed gas at 30 �C until saturation and
regeneration step under N2 ow at 200 �C for 5 min. The
amount of the toluene adsorption capacity for each cycle is
shown in Fig. 7. It revealed that the 0.1 mol L�1 NH4OH-treated
sample showed a well cyclic stability in comparison with the
pristine USY zeolite. For the pristine USY sample, the toluene
capacities decreased gradually and showed a loss of more than
28% aer 20 cycles. In contrast, the NH4OH-treated adsorbent
exhibited much better reversible adsorption performance,
almost preserving its initial capacity. This was obviously the
result from the speed up of mass transfer rate owing to the
improved pore-structure aer the ammonia solution treatment.
Conclusions

In this study, the dynamic toluene adsorption–desorption
behaviors over modied hierarchical USY zeolites via the
ammonia solution treatment were investigated. The main
conclusions could be drawn as follows:
© 2021 The Author(s). Published by the Royal Society of Chemistry
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(1) NH4OH treatment could introduce the mesoporous
structure into USY samples and enlarge the micropore size
without destroying their main crystal structure, where the
specic surface area, pore volume and pore size all increased. In
contrast, the NaOH treatment would somewhat damage the
crystal structure of USY due to over dissolution of the silicon
atoms from the framework.

(2) The effects of the NH4OH treatment on adsorption
capacity showed two different aspects. First, the improved
textural properties raised the adsorbed sites, thereby promoting
the toluene adsorption. Second, the dissolution of silicon
weakened the affinity between toluene and adsorbent frame-
work, leading to the decrease in adsorption capacity. As such
there are no evident changes in adsorption capacity aer the
NH4OH treatment. In addition, the second effect would bemore
serious for the NaOH-treated sample particularly under humid
conditions with a decrease in more than 20% in adsorption
capacity.

(3) The mass transfer resistance was found greatly reduced
aer the NH4OH treatment owing to the improved micro- and
meso-structure. As such, the adsorption–desorption process
could be accelerated. For instance, the adsorbed capacity of the
0.1 mol L�1 NH4OH treated sample could be regenerated within
5min and revealed superior cyclic stability. Aer 20 adsorption–
desorption cycles, its adsorptive capacity could almost be
preserved, while more than 28% of the initial capacity was lost
for the pristine USY zeolite.
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