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A B S T R A C T

Removal of contaminants of emerging concern (CECs) from municipal wastewater is becoming more and more
important. On-site regeneration of exhausted adsorbents can be the key to practical applications. In this study,
ozone-based regeneration of granular zeolites loaded with acetaminophen (ACE) was investigated. The ad-
sorption capacity of ACE was 90mg/g. After adsorption and breakthrough in column tests, granular zeolites
were drained and dried for regeneration. Water content in granules is the main factor that limits the regeneration
performance by affecting the gaseous ozone transfer rate. Ozone-based regeneration of fully dried granular
zeolites (0% water content) is the most efficient, whereas fully wet granules (40% water content) have poor
regeneration efficiency. Various ozone concentrations and gas flow rates were applied. With the same total mass
of ozone dosed (900mg), the regeneration efficiency increased by increasing the ozonation duration up to
50min. The longer the regeneration time, the deeper the gaseous ozone can diffuse into the inner pores of
zeolites to decompose the adsorbed ACE. The effect of gaseous ozone on the adsorption capacity of zeolites and
the effect of the intermediates accumulation on the long-term adsorption capacity recovery rate were also in-
vestigated. It was found that gaseous ozone did not influence the adsorption of ACE on zeolites. The adsorption
capacity of ACE decreased 7% after three adsorption-regeneration cycles. This can be explained by the accu-
mulation of undissolved intermediate breakdown products adsorbed on the granules.

1. Introduction

Contaminants of emerging concern (CECs), especially pharmaceu-
ticals used in households and hospitals, mostly end up in the environ-
ment via municipal wastewater treatment plants (WWTPs). The accu-
mulation of CECs can cause potential environmental and health risks
[1]. Acetaminophen (ACE) is a common pharmaceutical mostly used in
households to treat pain and fever. As one of the aniline analgesics
drugs, ACE is widespread used today. Since ACE is often purchased
from pharmacies, it has become one of the most prevalent pharma-
ceuticals in treated wastewater. The frequent occurrence has raised
people’s concern about its potential impact on the environment and
human health [2]. However, a conventional municipal WWTP is not
designed to remove the CECs [3]. For this purpose, an effective barrier
is needed. The current treatment methods of CECs mainly include
physical separation (adsorption and membrane technology), chemical
oxidation (ozonation and advanced oxidation processes) and biode-
gradation. Due to the diverse properties of CECs, none of these methods
can guarantee the complete removal of them [4].

Adsorption is a widely applied separation process to remove certain
classes of pollutants from wastewater [5]. Activated carbons are the

most commonly used adsorbents for treatment of secondary effluent to
remove micropollutants [4,5]. In the last decades, hydrophobic zeolites
have been evaluated as alternative adsorbents for CECs removal from
wastewater [6]. Zeolites are porous crystalline aluminosilicates with
various frameworks formed by SiO4 and AlO4 tetrahedrons connected
by oxygen atoms. This crystalline structure gives zeolites a uniform
pore size, making zeolites different from other microporous adsorbents.
Pore sizes are in the range of a few Å, allowing small molecules (e.g.
pharmaceuticals) to enter the solid frame and excluding large molecules
(especially natural organic matter), thus making zeolites selective ad-
sorbents [6,7]. Chemical oxidation is an important technology to
eliminate organic pollutants from wastewater [8]. Ozone is the most
commonly used oxidant due to its strong oxidation potential [9].
Ozonation is also a conventional treatment that is applied for disin-
fection of drinking water [9]. Despite the advantages of ozonation, the
ozone consumption is high because natural organic matter (NOM),
present in the wastewater, competes with the desired target micro-
pollutants [10]. Furthermore, harmful by-products, such as bromate,
may be generated during ozone treatment [11].

After saturation with CECs, the exhausted zeolites should be re-
generated. The reuse of the zeolites can avoid secondary environmental
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problems due to the disposal of contaminated adsorbents and avoid
high operational costs due to one-time use of the adsorbent. The re-
sistance of zeolites to chemical reactions allows the adsorbents for
chemical regeneration by ozone [6]. As the ozone is generated on-site,
the ozone-based regeneration can be performed on-site. Compared with
off-site regeneration by thermal methods, on-site regeneration will
probably be less expensive due to the absence of costs for transportation
and replacement [12]. Compared with direct oxidation of wastewater
effluent, there are two advantages:

• As the NOM is not adsorbed on zeolites, the dosed ozone is only used
for oxidizing the adsorbed CECs. In theory, the oxidation of CECs by
ozone is more efficient.
• Ozone-based regeneration is operated in a side stream, and thus
possible oxidation by-products are not produced in the main stream
and no by-products will end up in the effluent.

The removal of CECs from water by zeolite powders, and subsequent
ozone-based regeneration is not fully studied and only a few studies are
reported [13,14]. Meanwhile, there is an intrinsic drawback applying
powder-form adsorbents. After the adsorption of CECs, it is difficult to
remove the powder-form adsorbents from water for recycling [15]. In
practical applications, the drawback can be avoided by applying fixed-
bed reactors packed with granular adsorbents. However, the re-
generation of zeolite granules loaded with CECs via ozone-based
treatment has rarely been reported. Zhang et al reported the re-
generation of zeolites loaded with 2,4,6-trichlorophenol (TCP) was ef-
fective [16]. The ozone consumption in regeneration was approxi-
mately 10 times lower than that of the ozonation in bulk water at
neutral pH. In the study, the zeolites were dried before regeneration.
Dried adsorbents could be beneficial for the mass transfer of ozone and
thus promote the reaction of ozone with TCP. However, the influence of
the water content in granules on the regeneration performance was not
investigated. It can be assumed that, with less water content, the gas-
eous ozone may diffuse into the granules faster and thus improve the
regeneration efficiency. Optimal applied ozone conditions (ozone gas
flow, ozone concentration and ozonation duration) were also missing.

Furthermore, the regeneration of zeolite granules loaded with ACE
has not yet been reported. Therefore, the first objective of this study
was to investigate the adsorption isotherms of ACE onto zeolites.
Secondly, the ozone-based regeneration variables, including water
content, ozone gas flow, ozone concentration, and ozonation duration
were determined. Among the variables, water content probably is the
main factor that influences regeneration performance by limiting the
gaseous ozone transfer rate in granules. The degradation pathway of
ACE on granules was discussed. Finally, the long-term effects (multiple
adsorption-regeneration cycles in sequence) were investigated. The ef-
fect of gaseous ozone on zeolites and the effect of the accumulation of
intermediates on the long-term adsorption capacity recovery were
discussed.

2. Materials and methods

2.1. Materials

High-silica zeolite Beta (HSZ-980HOA) was supplied by Tosoh
Corporation, Japan. Its chemical formula is HO·Al2O3·xSiO2·nH2O
(x=500). The characterization of high-silica zeolite Beta was studied
in a previous research [17]. The structural and chemical characteristics
of high-silica zeolite Beta are listed in Table 1. The granulation proce-
dure is part of this research. Beta zeolite powders were firstly mixed
uniformly with bentonite (15% by weight, Sigma-Aldrich). After adding
water to the mixture, the mixed paste was extruded out in stripe form
by an extruder. Then the extruded stripes were cut into small granules
with size of 2mm in diameter and 4–5mm in length. After drying in the
oven at 105 °C overnight, the granules were transferred to a furnace and

sintered under 850 °C for 2 h. Acetaminophen and methanol were
purchased from Sigma-Aldrich, Germany.

2.2. Adsorption

The adsorption isotherms of ACE by zeolites were studied in batch
mode at 20 °C. 200mg/L ACE solution was prepared with deminer-
alized water. Varied amounts of high-silica zeolite Beta powders were
dosed into 100mL prepared ACE solution. After reaching equilibrium
(48 h), samples were taken and filtered over 0.2 μm polycarbonate
syringe filters. To obtain ACE loaded granular zeolites for regeneration,
first the zeolite had to be loaded. The ACE adsorption was conducted in
a column (4 cm in diameter, 1 m in length). 100 g of granular zeolites
were packed in the column. 200mg/L of ACE solution was prepared
with demiwater. The empty bed contact time was 11min. The feed flow
rate was 0.74m/h. The adsorption process was running for 120 h.
Samples were taken from the outflow at different time intervals. ACE
concentration in the samples were measured by HPLC.

2.3. Ozone-based regeneration

Ozone-based regeneration was carried out using ozone in the gas
phase. Gaseous ozone was introduced to the column packed with zeolite
granules. Two types of columns, made from glass, were used for these
experiments. The small column was 10mm in diameter and 25 cm in
length. The big column was 4 cm in diameter and 1m in length. Ozone
equipment was provided by Wedeco (Xylem Water Solutions Herford,
GmbH). Ozone was produced from pure oxygen with an ozone gen-
erator (Modular 4 HC, with the nominal ozone production of 4 g/h).
Two ozone analysers (BMT 964, Messtechnik, GmbH) were used to
measure in-gas and off-gas ozone concentrations. The off-gas was des-
tructed by a catalytic ozone destructor before venting out. Ozonation
set-up was installed inside a fume hood at room temperature.

2.3.1. Small column tests
To optimize the regeneration conditions, 5 g of granular zeolites

saturated with ACE was transferred into a small column. Ozone/oxygen
gas mixture was directly introduced in the column from top to bottom
at various ozone concentrations and gas flow rates. To investigate the
influence of the water film on the granules, the loaded granules were
firstly dried in the oven at 60 °C. After different time intervals, different
water contents (0%, 21%, 30% and 35% by weight) were reached. The
water content before drying but after draining the water in between the
particles was 40% by weight. The regeneration conditions were set at
an ozone concentration in the gas phase of 90mg/L and a gas flow of
0.8 L/min (0.04m/s in the column). The experiments were stopped
after 30min. The total mass of ozone dosed was 2160mg. To in-
vestigate the influence of gas flow and ozone concentration, two sets of
experiments were conducted. Loaded granules were completely dried in
the oven at 60 °C overnight to avoid the influence of water films on
granules. The total mass of ozone dosed was constant by changing the
exposure time for all of the experiments. The reason for this is that
ozonation efficiency depends on the ozone consumption during the
reaction [18]. One set of experiments was conducted at various ozone
gas flow rates (0.2, 0.4, 0.6 and 0.8 L/min). An ozone concentration in
the gas phase was set at 90mg/L, and the total mass of ozone dosed was
900mg in all experiments by varying the duration. The other set of
experiments was conducted at various ozone concentrations (50, 90,
120 and 150mg/L) in the gas phase. A gas flow of 0.2 L/min was ap-
plied, and the total mass of ozone dosed was 540mg in all experiments
by varying the duration. Before and after each regeneration experiment,
approximately 0.2 g of granules was sampled and ground into powders
and put into 100mL pure methanol for 30min to extract the remaining
ACE (extraction efficiency 80%, taken into account in the calculations).
ACE concentration in methanol was measured with HPLC and re-
presented the amount of ACE on the zeolite. The ACE regeneration

M. Fu, et al. Separation and Purification Technology 256 (2021) 117616

2



efficiency was calculated according to the remained and initial ACE
mass in the granules.

2.3.2. Big column tests
To upscale the ozone-based regeneration process, a big column

(4 cm in diameter, 1 m in length) was applied. The experimental setup
is shown in Fig. 1. After adsorption, which was conducted with 100 g of
granular zeolites in the packed column, the regeneration was carried
out in both drained bed (40% water) and dried bed (0% water) by in-
troducing gaseous ozone from top to bottom. The regeneration condi-
tions were set at an ozone concentration in the gas phase of 90mg/L
and a gas flow of 0.8 L/min (0.01m/s in the column).

The drained-bed experiments were conducted after backwash.
During the backwash, the not adsorbed ACE was flushed away. In the
regeneration, ozone only reacted with the ACE adsorbed on granules.
Before dried-bed experiments, the granules were transferred out of the
column and dried in the oven at 60 °C overnight. After drying, the
granules were packed back to the column.

During the regeneration, approximately 0.2 g of granules were
taken from the sampling point at different time for ACE extraction. The
ACE regeneration efficiency was calculated. The sampling process took
15min. The sampling port is shown in Fig. 1. Before sampling, oxygen
was introduced to the column to vent out the residual gaseous ozone.
Then, in the drained-bed experiments, the samples were taken after
backwash of the column by demiwater. During the backwash, the
granules in the column were mixed uniformly, whereas in the dried-bed
experiments, the granules were taken directly from the sampling port
without backwash.

2.3.3. Long-term adsorption-regeneration tests
Three cycles of adsorption and regeneration were conducted. 100 g

of granular zeolites were packed in the big column (4 cm in diameter,
1 m in length). In the adsorption phase, 200mg/L of ACE solution was
lead through the column at an empty bed contact time of 11min for
120 h. Dried-bed regeneration was carried out. The regeneration con-
ditions were set at an ozone concentration in the gas phase of 90mg/L,
a gas flow of 0.8 L/min (0.01m/s in the column) and an ozonation
duration of 7.5 h. Samples were taken before and after regeneration.

The adsorption capacity recovery rate was applied to define the long-
term adsorption-regeneration performance. At the start of the experi-
ment, and after each regeneration cycle, adsorption capacity measure-
ments were conducted. 0.7 g of granules were taken, dried and ground
into powders for batch adsorption tests by adding the powders to 1 L,
200mg/L ACE solution and stirring for 5 days to reach the adsorption
equilibrium. Samples were taken from the solution once per day and
analysed by HPLC to determine the concentration of ACE in the water.
The adsorption capacity recovery rate was calculated by:

= ×R
q
q

100%en

e0

where R is the recovery rate (%); qen is the adsorption capacity of
granules after the nth regeneration (mg/g); qe0 is the adsorption capa-
city before long-term test (mg/g).

2.3.4. Effect of ozone on adsorption capacity
To investigate the effect of gaseous ozone on the ACE adsorption

capacity of zeolites, 5 g of fresh granules were treated by gaseous ozone
for one, two and three times without adsorption in between. The ozone
conditions for each time were set at an ozone concentration in the gas
phase of 90mg/L, a gas flow of 0.8 L/min (0.01m/s in the column) and
an ozone treatment duration of 30min. The adsorption capacity of fresh
granules and the granules after each gaseous ozone treatment were
measured. The adsorption experiments were conducted the same as the
adsorption capacity measurement in long-term tests. The samples were
taken and measured with HPLC.

2.4. Analytical procedure

The concentrations of ACE in both demi-water and methanol were
measured by a HPLC system (SHIMADZU 74909) equipped with a
Kinetex 2.6 μm C18 column. 50 μL of each sample was injected to the
column. The flow rate of the elution, which was prepared with 40%
acetonitrile and 60% ultrapure water, was set at 0.6 mL/min. The oven
temperature was 40 °C. ACE in the elution was detected by a UV de-
tector at the wavelength of 215 nm. LOD and LOQ were found to be
20 µg/L and 100 μg/L, respectively.

3. Results and discussion

3.1. Adsorption isotherms

The adsorption isotherms of ACE by zeolites were interpreted with
the Langmuir model (Fig. 2). All the isotherm constants are listed in
Table 2. Results indicated that the adsorption of ACE correlated well
with the Langmuir model. The maximum adsorption capacity obtained
from the Langmuir model fitting was 104mg/g. Considering about that
15% bentonite was added to the granules as binders, the maximum
adsorption capacity of granular zeolites should be around 90mg/g.

3.2. Influence of water content, ozone gas flow and ozone concentration on
regeneration efficiency

The influence of water content in granules on the ACE regeneration

Table 1
The structural and chemical characteristics of high-silica zeolite Beta.

Type Pore opening size
(Å * Å)

Surface area
(m2/g)

Micropore surface area
(m2/g)

Pore volume
(cm3/g)

Micropore volume
(cm3/g)

Si/Al ratio
(XRF)

BASa (μmol/
g)

LASb (μmol/
g)

Reference

Beta 6.6 * 7.7
5.6 * 5.6

516 351 0.3022 0.1557 286 16 7 Jiang et al. [17]

a Brønsted acid sites.
b Lewis acid sites.

Fig. 1. Experimental setup of big column experiments.
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efficiency of 2160mg of ozone exposure is shown in Fig. 3. The ACE
regeneration efficiency increased from 16% to 81% when the water
content decreased from 40% to 0% (percentage by weight). 40% is the
water content in wet granules after draining the column. The ACE re-
generation efficiency was only 39% at 35% water content. However,
the regeneration efficiency at 30% water content was almost double,
reaching 74% when only an additional 5% of water was removed. The
ACE regeneration efficiency of granules with 0% and 21% water con-
tent were both 81%. It was remarkable that when the granules were
partially dried (water content 30%), the ACE regeneration efficiency
was 74%, which was close to the level of regeneration efficiency of
totally dried granules. Ozone concentration of in-gas and off-gas against
time at various water contents is shown in Fig. 4. The ozone con-
centration in the off gas increased along with the time. Compared with
the off-gas ozone concentration at 35% water content, the off-gas ozone
concentration at 30% water content was lower. It indicated that more
ozone was consumed. When only 5% more water was removed, more
outer space in granules was dry, and the gaseous ozone could easily
diffuse into the granules to degrade the adsorbed ACE. Meanwhile, the
heat releasing in the reaction between ozone and ACE could further dry
the granules. Along with the time increase, the used gas could also

transport the water from the granules. Thus, the degradation of ACE
was promoted. This may explain the doubled regeneration efficiency at
30% water content compared to 35% water content. It suggests that the
water content significantly influenced the ACE degradation on granules.
Furthermore, there was a significant difference between the ozone
consumption of granules with 0% and 21% water content. More ozone
(approximately 900mg, calculated from the blue area) was consumed
in the regeneration of granules with 0% water content. After re-
generation, the remained ACE and generated substances in the granules
were extracted by pure methanol, and samples were taken and analysed
with HPLC. HPLC peaks of the samples extracted from the granules with
0% and 21% water contents are shown in Fig. 5. In contrast to Fig. 5b
(21% water content), a broad peak was observed at the retention time
of 2.8min in Fig. 5a (0% water content). It indicates the presence of an
intermediate product generated by ozonation. This intermediate had a
longer retention time than ACE in the chromatographic column.
Therefore, it is probably more apolar compound compared to ACE.
According to the ACE degradation pathway [19], there is only one
apolar compound, benzoquinone, formed during ozonation. HPLC
peaks of only ACE and benzoquinone are shown in Fig. 5c. Benzoqui-
none had a peak at the retention time of 2.4min. It might be possible
that a mixture of benzoquinone-type intermediates was generated
during the regeneration of granules with 0% water content.

The influence of gas flow and ozone concentration on ACE re-
generation efficiency are shown in Figs. 6 and 7, respectively. It can be
seen that the ACE regeneration efficiency decreased from 95% to 56%
as the gas flow rate increased from 0.2 to 0.8 L/min. Furthermore, the
ACE regeneration efficiency decreased from 74% to 46% as the con-
centration increased from 50 to 150mg/L. The total dosing of ozone
was constant in these experiments. Therefore, at a higher gas flow or
gas concentration, the exposure time is shorter. Considering the ozo-
nation duration was longer at low gas flow rate and concentration, it
can be inferred that ozone had more time to diffuse into the inner pores
of zeolites. Therefore, more ACE adsorbed on granules was degraded.
This result suggests that a completely degradation of ACE can be
reached if the ozonation duration is long enough.

3.3. Influence of drained-bed and dried-bed regeneration on regeneration
efficiency and intermediate product formation

Ozone concentrations in in-gas and off-gas as a function of time for
drained-bed and dried-bed regeneration tests are shown in Figs. 8 and
9, respectively. The concentration difference between in-gas and off-gas
is contributed by the decay of ozone, the dissolving of ozone in the
water films on granules and the consumption of ozone by the ACE
adsorbed on granules. In addition, the ACE regeneration efficiency as
measured by extraction is shown. The breaks are the sampling time
interval, approximately 15min. The ozone concentration in the off-gas
in the drained-bed test (Fig. 8) increased rapidly and reached a level of
82mg/L after running for 3 h. The degradation of ACE only happened
when the ozone dispersed in the water films on granules. The ACE re-
generation efficiency was below 10%. These results suggest that
drained-bed regeneration is not effective to regenerate granules. By
comparison, in dried-bed regeneration, as shown in Fig. 9, the ozone
concentration in the off-gas increased after 3 h. The ACE regeneration
efficiency reached 100% after introducing ozone to the dried-bed
column for 6 h. When ACE in granules was decomposed completely, the
ozone concentration in the off-gas increased rapidly and approached
the level of the in-gas concentration (90mg/L). The increase of re-
generation efficiency happened earlier than that of ozone concentration
in off-gas, because after decomposing all the ACE more ozone was
consumed for the degradation of intermediates. The reaction phenom-
enon of dried-bed regeneration is presented in Fig. 10. The degradation
of ACE adsorbed on granules by ozone occurred layer by layer from the
top to the bottom in the packed column. A yellowish layer was gener-
ated along with a formation of water vapour (near the layer) and a heat

Fig. 2. The adsorption isotherms of ACE by Beta zeolite, Langmuir model fit-
ting.

Table 2
Isotherm constants for ACE adsorption by Beta zeolite.

CECs Langmuir model

KL(L/mg) Q0
max (mg/g) R2

ACE 0.035 104 0.99

Fig. 3. The influence of water content in granules on the ACE regeneration
efficiency of 2160mg ozone dose.
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release (around 60 °C) during the reaction of ozone and ACE. When the
yellowish layer moved to the sampling point at the bottom of the
column (Fig. 10c, ozonation duration 3 h), the ACE regeneration effi-
ciency started increasing (as shown in Fig. 9). According to the ACE
degradation pathway [19], its degradation is initiated by the attack of
ozone on C(4)-position forming hydroquinone with release of

acetamide. Further oxidation of hydroquinone generates benzoquinone.
This product is degraded to a mixture of glyoxylic acid, ketomalonic
acid and maleic acid in consecutive steps. The mixture is converted into
oxalic acid as the ultimate product. In the degradation pathway, ben-
zoquinone is the only intermediate with yellowish colour. Therefore,
when the yellowish layer disappeared, the degradation of ACE came to

Fig. 4. Ozone concentration of in-gas and off-gas as a function of time under different water content.

Fig. 5. HPLC peaks: a. extraction from granules with 0% water content; b. extraction from granules with 21% water content; c. samples of ACE and benzoquinone
prepared with methanol.
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the next step. This phenomenon matches well with the results of the
small column tests. These results also indicated that dried-bed re-
generation was effective to degrade the ACE on granules. It is worth
mentioning that there was no desorption during regeneration, which
was confirmed by the same removal efficiency in the first 2 h (Fig. 9).
The mass of ACE extracted from the samples by methanol was the same.

3.4. Influence of adsorption-regeneration cycles on adsorption capacity

ACE adsorption capacity recovery rate decreased by 7% from 93%
to 86% after three adsorption-regeneration cycles with ozone (Fig. 11).
A hypothesis may be that some undissolved intermediates generated
from an incomplete degradation were remained in the granules.
Thereafter, the accumulation of the undissolved intermediate break-
down products adsorbed on the granules resulted in a slight decrease in
the recovery rate after each regeneration cycle. The adsorption capacity
of fresh granules and the granules after sequential gaseous ozone
treatment cycles is shown in Fig. 12. ACE adsorption capacity only
decreased by 3% from 91mg/g to 88mg/g. This result indicated that
gaseous ozone did not influence the adsorption of ACE on zeolite
granules.

4. Conclusions

The aim of this study was to investigate the regeneration of granular
zeolites loaded with ACE by applying gaseous ozone. The conclusions
derived from this study are:

• Ozone-based regeneration of totally dried zeolite granules (0%
water content) is more efficient than of drained granules (40% water
content).
• A higher total ozone dose (g/h) results in a higher regeneration
efficiency. A complete degradation of adsorbed ACE can be reached
if the ozonation duration is long enough.
• Gaseous ozone does not influence the adsorption capacity of zeolites
for ACE. The accumulation of intermediates in granules has a minor
influence on the adsorption capacity recovery in the long run.
• Considering that ACE is an easy organic compound, which can be
easily degraded by ozone, further research should be carried out
with different organic micropollutants. Moreover, the study on a
complex wastewater matrix is also of great interest for practical
applications.
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