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A B S T R A C T

Breaking down the structural bonds and eliminating the functional groups are more efficient than destroying the
whole molecule in antibiotic production wastewater (APW) pretreatment before further biotreatment. Two
sulfated titania (TiO2/SO4) solid superacids, SSA1 and SSA2 were synthesized, characterized and used for hy-
drolytic pretreatment of spiramycin in APW. Spiramycin removal followed an order of
SSA2>SSA1>TiO2≈pH=3> control. The hydrolytic efficiencies increased at elevated temperature from
25 °C to 65 °C. The hydrolytic kinetics followed a first-order model and SSA2 performed the fastest. The per-
formances were positively correlated with both the total acidity determined by n-butylamine titration and the
strength of acid sites measured by NH3-temperature-programmed desorption (TPD). The residual solution for
SSA2 presented the least antibacterial potency and anaerobic inhibition among all treatments. The hydrolyzed
product was identified as the m/z 699.4321 fragment using UPLC-Q/TOF-MS, which was formed after losing a
functional mycarose moiety from the parent molecular. The solid superacids were effective in selectively
eliminating 433mg/L of spiramycin and the antibacterial potencies of the spiramycin production wastewater,
which contained very high concentrations of COD (33,000mg/L). This hydrolytic method avoids using and
handling hazardous and corrosive mineral acids on site. It is attractive as a selective catalytic pretreatment
method to cleave antibiotics’ functional groups and to reduce its inhibitory effects before sequential biotreat-
ments.

1. Introduction

Antibiotics are extensively used in human and veterinary medicines
and their benefits have also been recognized in agriculture, aqua-
culture, bee-keeping, and livestock-breeding as growth promoters
(Gothwal et al., 2015). China is the largest producer and consumer of
antibiotics in the world (Richardson et al., 2005). In 2013, 92,700 tons
of 36 most frequently detected antibiotics were consumed in China
(Zhang et al., 2015b). Among the massive used antibiotics, spiramycin
is a widely used macrolide antibiotic with high production and con-
suming quantity (Calza et al., 2010). It is active against gram-positive,
some negative and other organisms, and is used to treat toxoplasmosis
and various other infections of soft tissues (Kümmerer et al., 2000).

Spiramycin is commercially produced by strains of Streptomyces ambo-
facien in a fermentation process (Deng et al., 2014). During the fer-
mentation, separation and purification processes, wastewater con-
taining high concentrations of spiramycin are inevitably produced and
discharged. Approximately 150-200m3 of antibiotic production was-
tewater is produced for 1 ton of antibiotic products (Yu et al., 2014).
Antibiotic production wastewater (APW) usually contains very high
concentrations of residual antibiotics. Up to 844–1077mg/L of oxyte-
tracyline (OTC) were observed in a pharmaceutical factory in Hebei
Province, China (Li et al., 2008b). Up to 433mg/L of spiramycin was
detected in APW from a factory in Wuxi, Jiangsu Province, China, and
the water quality of this APW was presented in Table S1. High con-
centrations of antibiotics residual in wastewater have to be adequately
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removed since they can result in serious environmental issues and
ecological threats in potential.

High concentration of antibiotic residuals disturb the stability of
biological treatments and decreases the removal efficiencies (Xiong
et al., 2017). Serious concerns arise from issues including the evolution
of resistant bacteria and related antibiotic resistance gene proliferation
in biological wastewater treatments. Several pretreatment techniques
including advanced oxidation processes (AOPs) (Sannino et al., 2011),
anaerobic treatment (Zhu et al., 2014) and enhanced hydrolysis have
been suggested for APW pretreatment. AOPs by photo-catalysis, ozone,
Fenton's reagent (Catalkaya and Kargi, 2007), persulphate etc. and two
or three of their combinations did work effectively on mineralizing and
reducing the concentrations of target antibiotics. However, too much
energy input and chemical consumptions are the challenging aspects.
Due to lack of selectivity in oxidation, high concentrations of co-ex-
isting organic matters may consume oxidizer and limit the efficiency of
AOPs (Alinezhad et al., 2009). In addition, the antibacterial potency or
toxicity of the treated solution was unpredictable and unexpected.

Hydroxylation and hydrolysis were considered the two metabolic
ways for spiramycin in anaerobic digestion. Within 32 days, more than
95% of spiramycin I, II or III was degraded (Zhu et al., 2014). Anaerobic
treatment of high concentrations of antibiotics effluent was feasible but
a long retention time (e.g. more than 30 days) was needed and the
proliferation of antibiotic resistant microorganisms was unclear.

Enhanced hydrolyses through solution pH and temperature adjust-
ments were reported to be effective recently. Acid-catalyzed hydrolyses
of spiramycin, tylosin, chloramphenicol and florfenicol were ac-
celerated when solution pH was decreased from 7.0 to 4.0 at both 25 °C,
50 °C and 65 °C, and the hydrolysis rates increased approximately 1.5-
fold for each 10 °C increase in temperature (Schwarzenbach et al.,
2005). The transformation of spiramycin to neospiramycin occurred
when pH dropped to 2.0 at room temperature (Ramu et al., 1995), and
other transformation products could be observed when pH was 1.3 at
37 °C within 2 h (Shi et al., 2004), while no degradation occurred when
pH was 6.3 at 25±2 °C (Calza et al., 2010). However, acid-catalyzed
hydrolysis under mild reaction conditions is a promising way to pursue
ultimately.

Solid acids can be good candidates for enhancing the hydrolytic
removal of antibiotics under mild conditions with more safety features
when handling the chemicals. Following both the Brønsted and Lewis
definitions, a solid acid in terms as a solid which shows a tendency to
donate a proton or to accept an electron pair. A family of silica-, zeo-
lite-, hydroxyapatite-, zirconia-, carbon- and polymer-based solid acids
were reported as green alternatives for acid catalysis. Using solid acids
could avoid transporting, storing and operating highly corrosive and
hazardous mineral acids (e.g. H2SO4) on site. The SO4/MxOy (M=Zr
and Fe) type solid superacids and sulphated carbons were both effective
in hydrolytic breaking of glycosidic bond (Kitano et al., 2009; Nata
et al., 2015) and amide bond (Absillis and Parac-Vogt, 2012), which are
important structural linkages of macrolide, aminoglycosides and β-
lactam antibiotics, respectively. In addition, zirconium(IV)- and cae-
sium(I)-substituted heteropoly acids were effective in cleaving ester and
peptide bonds (Santos et al., 1997; Yang et al., 2019). Therefore, solid
acids have the potential to enhance the hydrolytic mitigation of anti-
biotics (e.g. spiramycin) containing glycosidic bond and amido bond,
and work for the pretreatment of antibiotics production wastewater.
Four SO4/MxOy (M=Ti, Zr, Ce and Fe) composites were tested in a
primary experiment (Fig. S1) and solid acids TiO2/SO4 was selected for
further evaluations based on two reasons. First, the steady spiramycin
concentration decay for TiO2/SO4 was contributed by hydrolysis rather
than adsorption, although a quick spiramycin concentration drop for
ZrO2/SO4 was observed in the initial 45min and a similar removal ratio
was achieved at 360min (Figs. S1 and S2). Second, Higher acid site
density and larger acidity were achieved for TiO2/SO4 than ZrO2/SO4

by the same sulfonation procedure (Santos et al., 1997).
In this study, TiO2/SO4 solid superacids were prepared and

evaluated for spiramycin mitigation from APW. The acid properties of
the solid superacids were determined. The hydrolytic kinetics, the an-
tibacterial potency and the anaerobic inhibition of the residual solution,
and the possible decomposition pathway of spiramycin were revealed.
The aims of this study are: (1) to determine the effectiveness and the
efficiency of solid superacids in hydrolyzing of spiramycin, (2) to ex-
amine the effect of acidic properties of solid superacids on the hydro-
lysis kinetics, (3) to determine the antibacterial potency and the
anaerobic inhibition of the hydrolyzed solution and (4) to figure out the
hydrolysis pathway of spiramycin in the presence of solid superacids.

2. Materials and methods

2.1. Materials

Analytical grade Ti(SO4)2, concentrated sulfuric acid, aqueous am-
monia were ordered from Sinopharm Chemical Reagent Co, Ltd, China.
Spiramycin (98%, HPLC standard) was purchased from Dr. Ehrenstorfer
GmbH (Germany). HPLC grade acetonitrile and ammonium acetate
were ordered from Thermo Fisher (USA). Ultrapure water purified to
18.2 MΩ· cm was supplied from a Milli-Q purifier (Millipore, Billerica,
MA, USA). Spiramycin stock solutions were prepared by dissolving
spiramycin in a methanol-ultrapure water (1:99) mixing solution.
Solutions containing spiramycin were freshly prepared before each
experiment.

2.2. Solid superacids preparation

Solid superacids were prepared following a procedure modified
from that reported by Zhang et al. (2006). Ti(SO4)2 (25 g) was dissolved
in 225mL deionized water. Aqueous ammonia (25%) was added into
the dispersion quickly until the solution pH was adjusted to 8.0 under
magnetic stirring at room temperature. A white precipitate formed
gradually. Then the precipitate was filtered and washed 3 times using
300mL deionized water once, and then dried at 110 °C for 12 h. The
dried TiO2 was ground manually in an agate mortar for 10min and
divided into two equivalent fractions. H2SO4, 1.5M and 2.0M, re-
spectively, were added at a fixed solution-to-solid dose of 10mL/g. The
two suspensions were mixed intensively for 30min under magnetic
stirring at room temperature. Then the solids were filtered and washed
once with 300mL deionized water, then dried at 80 °C for 8 h. The
samples were transferred into a furnace oven and heated from room
temperature to 550 °C at a rate of 10 °C/min and maintained at 550 °C
for 2 h. The calcined samples (SSA1 and SSA2) were manually ground
in the agate mortar and collected for characterization and further use.
The final yield of each sample was ca. 6.5 g.

2.3. Solid superacid characterization

The solid superacids were characterized using multiple techniques
including NH3 temperature-programmed desorption (NH3-TPD) tests,
N2 adsorption-desorption measurements, SEM observations, XRD ana-
lyses, thermogravimetry (TG) and differential scanning calorimetry
(DSC) analyses, FTIR and Raman spectra recordings. The detailed
procedures and methods for these techniques are provided in the sup-
plementary materials (S1).

2.4. Hydrolysis experiments

Spiramycin hydrolysis in the presence and absence of solid super-
acids were carried out in serials of 500mL beakers with a total volume
of 500mL each. The initial concentration of spiramycin was 20mg/L
and the catalyst dose was 1 g/L. The solutions were incubated in
darkness at 35 °C in a water bath for 16 h and shaken at 170 rpm. The
solutions were sampled and filtered through 0.22 μm membranes, and
then stored at−20 °C immediately. Samples were analyzed within 36 h.
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All experiments were performed in duplicate and the average was re-
ported. The effect of incubation temperature on spiramycin hydrolysis
was investigated in a range from 25 °C to 65 °C with all conditions
maintained the same except for temperature.

2.5. Analytical methods

2.5.1. Spiramycin concentration quantification
Spiramycin was quantified using an Agilent 1200 high performance

liquid chromatograph (HPLC) fitted with a C-18 reverse phase column
(4.6×250mm, 5 cm; Agilent, USA). The samples were initially filtered
using micro-syringe filters (0.22 μm). The mobile phase was consisted
of 50mM ammonium acetate and acetonitrile with a volume ratio of
63:37 (Zhu et al., 2014). The injection volume was 10 μL each time.
Spiramycin was detected at 232 nm by a photodiode array detector
(Agilent, USA).

2.5.2. Hydrolysis product identification
Hydrolysis products was analyzed on an ultra-performance liquid

chromatography coupled with quadrupole-time of flight mass spectro-
meter (UPLC-Q/TOF-MS). A Dionex Ultimate 3000 UPLC equipped with
an Agilent SB-C18 column (4.6× 150 nm, 5 cm) was used to separate
the hydrolysis products. A Bruker micrOTOF QII quadrupole-time of
flight mass spectrometer was employed to identify the structures of
these products. The UPLC-Q/TOF-MS was operated under conditions
including: source temperature, 100 °C; desolvation temperature, 250 °C;
cone voltage, 30 V; and capillary voltage, 3.5 kV. The gas flows of cone
and desolvation were both 50 L/h (Shi et al., 2004). The ion source was
operated in a positive ion scan mode with electrospray ion source to
detect the produced [M+H]+ and [M+2H]2+ ions.

2.5.3. Total organic carbon analysis
The total organic carbon (TOC) concentrations of hydrolyzed solu-

tions were measured at a multi N/C® 3100 analyzer (Jena, German),
which was used to determine if spiramycin or its hydrolysis products
were adsorbed by the TiO2/SO4 solid acids.

2.5.4. Antibacterial potency assay
Antibacterial potency was determined by comparing the inhibition

effects between a sample and a standard reference to a sensitive stan-
dard microorganism using turbidimetric methods (Zhang et al., 2015a).
It is measured on a microbiological turbidimetric apparatus (WBS-100,
XQWF, Beijing, China) following the procedures by Zhang et al. (2015a)
and the turbidimetric technique in Chinese pharmacopoeia (Chinese
Pharmacopoeia Commission, 2015). The linear range of the standard
curve for the antibacterial potency of spiramycin was 4.5-17 u/mL.

2.5.5. Anaerobic inhibition test
An anaerobic inhibition test was performed according to the re-

ported method (Kim et al., 2003; Lu et al., 2016). Detailed procedures
on the anaerobic inhibition test are provided in S2 in the supplementary
materials.

3. Results and discussions

3.1. TiO2/SO4 solid acid characterization

The SEM images and EDS spectra of the reference (TiO2) and su-
peracids (SSA1 and SSA2) are shown in Fig. 1. The aggregates of TiO2

present irregular shapes with crumbs-like structures, while the ag-
gregates of SSA1 and SSA2 are uniform and porous, and they have near
spherical shapes assembled by particles of 1.3-2.5 μm and 4.6–7.9 μm,
respectively. After sulphonation, S appeared in the EDX spectra and its
content positively increased with the loadings of H2SO4.

The specific surface areas of reference TiO2, SSA1 and SSA2 are
147.0 m2/g, 155.3 m2/g and 187.3 m2/g, respectively (Table 1). The

increase of surface areas for SSA1 and SSA2 in comparison to TiO2

might be resulted from the interaction between SO4
2− and TiO2 (Elodie

et al., 2005), which reduced the particle size and led to the increase of
BET area (Jung and Grange, 2000). The reference TiO2 and sulfated
titania (SSA1 and SSA2) both exhibit narrow average pore size dis-
tributions in a range of 4.8-5.8 nm, and the pore diameter increases
slightly with the increment of the sulfuric acid content.

The XRD patterns of the three samples are presented in Fig. S3. All
samples show similar diffraction patterns with characteristic peaks at
25.3°, 37.8°, 48.0°, 53.9°, 62.5°, 55.1°, 62.7°, 70.3° and 75.0°, which are
attributed to anatase according to PDF 83–2243. The intensity of peak
at 25.3° apparently weakened after TiO2 sulfonation, which indicates
that TiO2 was partially dissolved by H2SO4 and the phase was slightly
converted into its amorphous counterpart.

The FTIR spectra of the reference (TiO2) and sulfated titania (SSA1
and SSA2) are presented in Fig. 2 (a). Peaks at 553 cm−1 and 798 cm−1

were assigned to the stretching vibration of Ti–O (Erdem et al., 2001).
The peak at 1045 cm−1 was attributed to the S–O stretching in S–O–Ti
(Niu et al., 2012). Peaks at 1130 cm−1 and 1205 cm−1 were due to the
symmetric stretching and asymmetric stretching of S–O, respectively
(Yuan et al., 2017), while these peaks weren't observed for TiO2. The
peaks at 3140 and 1650 cm−1 were due to the bending vibrations of the
–OH group related to free water and the bending mode of H–O–H
bound, respectively (Kumar et al., 2000). The Raman spectra of the
reference (TiO2) and sulfated titania (SSA1 and SSA2) are presented in
Fig. 2(b). Similar Raman shifts at 145, 398, 512 and 642 cm−1 were
observed for all the three samples except for the obviously weakened
intensity at 145 cm−1 for SSA2. The Eg peaks at 145 and 642 cm−1 were
attributed to the symmetric stretching vibration of O–Ti–O in TiO2. The
B1g peak at 398 cm−1 was according to the symmetric bending vibra-
tion of O–Ti–O, and the A1g peak at 512 cm−1 was caused by the
asymmetric bending vibration of O–Ti–O (Tian et al., 2012). The in-
tensity drop at 145 cm−1 evidenced the breaking of O–Ti–O bond and
the partial dissolution of TiO2.

The NH3-TPD test was performed from 100 to 1100 °C to examine
the acid strength and distribution of acidic sites. The results are pre-
sented in Fig. 3. Theoretically, the NH3 desorption temperature is cor-
related with the acid strength of the surface sites (Wang et al., 2015).
The higher the desorption temperature is, the stronger the acid strength
of the acidic site will be. Three peaks at 161 °C, 540 °C and 743 °C were
observed, which indicated the existence of weak, medium to strong,
and very strong acidic sites, respectively (Atia et al., 2008; Yori et al.,
2005). Structures for the three sites are suggested in Fig. S4. The
Brønsted acid site Ti-OH is corresponding to the weak site. The SO4

Brønsted site is the medium site. The Lewis acid center contributes to
the strong acidic site. SSA2 has higher abundances of the three kinds of
acidic sites than SSA1, especially for the weak acidic sites, which sug-
gested a higher catalysis activity. In addition, the very strong site of
SSA2 slightly shifted towards higher temperature comparing to SSA1,
indicating the stronger nature of the very strong acidic site on SSA2
than SSA1. These differences might be caused by the higher H2SO4

loadings on SSA2 than SSA1 during preparation.
The total acidities of the two solid superacids were determined

using a n-butylamine titration method (Deeba and Hall, 1979). They
were 1.004mmol/g and 1.161mmol/g for SSA1 and SSA2, respec-
tively. The total acid acidity of SSA2 is higher than SSA1 since more
sulphate were loaded on SSA2 during preparation.

The TG and DSC curves of TiO2, SSA1 and SSA2 (Fig. S5) were di-
vided into three main regions (1) 25–170 °C, (2) 170–550 °C and (3)
550–800 °C. The corresponding weight losses were 1.56-4.2%,
12.5–16.3% and 7.7–8.2%, respectively. The endothermic peak around
180–200 °C associated with the first weight loss region was attributed to
the loss of the physically adsorbed water and the hydration water.
There was another medium strong peak around 630–650 °C corre-
sponding to the decomposition of sulphate in solid acids. For the DSC
curves of TiO2, the second endothermic peak was not so obvious, since
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no decomposition of sulphate occurred on referenceTiO2.

3.2. Spiramycin hydrolysis

3.2.1. Hydrolysis kinetics
The kinetics of spiramycin hydrolysis were evaluated at elevated

temperatures (25–65 °C) in the presence of SSA2 (Fig. S5 (a) and (b) and
Table S2). After 12 h, up to 62.5%, 87.1%, 99.8%, 100% and 100% of
spiramycin were removed by SSA2 at temperatures ranged from 25 °C
to 65 °C, respectively. The removal efficiency positively correlates with
the hydrolysis temperature. Considering this fact and the cost to raise
water temperature, a hydrolysis temperature of 35 °C was set for further
experiments.

Spiramycin hydrolysis in the presence of SSA1 SSA2, TiO2 and in
pH=3 solution, separately, are provided in Fig. 4(a). Less than 12.6%
of spiramycin decreased after 16 h in the control condition at 35 °C, in
which there was no solid acid or TiO2 addition or pH adjustment. By
contrast, nearly 70.6%, 97.7% and 100% of spiramycin were removed
by TiO2, SSA1 and SSA2, respectively. The three could effectively de-
crease the concentrations of spiramycin, but the two solid superacids
obviously reacted faster and performed better than TiO2. Since the so-
lution pH dropped to ca. 3.0 after adding SSA1 or SSA2 (Fig. S7), the
hydrolysis of spiramycin at pH=3.0 was evaluated also, in which H+

acted as a homogeneous catalyst. Spiramycin gradually reduced 67.5%
after 16 h, which performed like TiO2 adding during this period. Ap-
parently, SSA2 performed the best in the hydrolysis of spiramycin in all
conditions. To compare the hydrolysis kinetics between different con-
ditions, the kinetics parameters were resolved as described below.

According to Fig. S8, the degradation of spiramycin follows a first-
order kinetics model, which is expressed by Eq. (1) (Mitchell et al.,
2014) with the observed first-order rate constant, k (h−1).

= −
dc
dt

kc (1)

The differential equation was integrated and transformed to Eq. (2),

− = +ln c
c

kt bt

0 (2)

where c0 is the initial concentration of spiramycin (mg/L), ct is the
concentration of spiramycin at time t (mg/L) and k is rate constant
(min−1).

Half-life (t1/2) represents the time required for a compound to de-
crease to half of its initial concentration. The value of half-life was
determined based on the hydrolysis rate constants under each condition
according to Eq. (3) (Li et al., 2008a)

=t ln
k
2

1/2 (3)

The first-order kinetics equation fitted the concentration decay
curves reasonably well with correlated constants R2 > 0.89 (Fig. S8).
The rate constants derived from Eqs. (2) and (3) for the homogeneous
hydrolysis by H+ (pH=3), heterogeneous hydrolyses using SSA1 and
SSA2 and the interaction with TiO2 are listed in Table S3. The values of
k followed an order of SSA2 > SSA1 > H+ > TiO2 > control solu-
tion, and in nature the half-life t1/2 presented an inverse trend. Spir-
amycin exhibited no observable hydrolysis under ambient conditions in
aquatic ecosystems (25± 2 °C) (Calza et al., 2010). Acid (H+)-cata-
lyzed hydrolysis of spiramycin occurred at elevated temperatures
(50–60 °C), and the hydrolysis rate k increased considerably below pH
5.0 (Mitchell et al., 2015). The acid (H+)-catalyzed hydrolytic half-life
t1/2 for spiramycin were shortened from 33.1 d to 1.0 d in the pH=4
buffer in comparison with the pH=7 buffer at 60 °C (Mitchell et al.,
2015). In the present study, the first-order kinetics rate constants k were
0.14 and 0.15 h−1, and the half-lives t1/2 were 5.06 and 4.65 h for SSA1
and SSA2 at 35 °C, respectively. A summary of spiramycin removal by

Fig. 1. SEM images of (a) TiO2, (b) SSA 1, (c) SSA 2 and (d) EDX spectra of TiO2 and the sulfated titania solid acids.

Table 1
BET areas, pore volumes and pore diameters of TiO2, SSA1 and SSA2.

Samples SBET (m2/g) Pore volume (cc/g) Pore diameter (nm)

TiO2 147.2 0.1890 5.51
SSA1 155.3 0.2233 4.81
SSA2 187.3 0.2671 5.80
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different methods was shown in Table S4. It indicates that this method
is attractive.

To determine if adsorption contributes to the removal of spir-
amycin, the TOC concentrations of the solutions for all treatments were
measured (Fig. S9). After 16 h, the TOC concentration of the control
solution slightly decreased (ca. 6.8%), which was consistent with the
spiramycin concentration variation against time. For pH =3 solution or
for the hydrolyzed solution by SSA1 or SSA2, the TOC concentrations
lowered down less than 16.0%, while a significant drop (ca. 60.6%) in
TOC concentration was observed for TiO2 addition. Two pKa values,
pKa1= 8.44 and pKa2=7.49, were reported corresponding to the two
tertiary amino groups in forosamine and micaminose moieties of spir-
amycin, respectively. That means spiramycin is positively charged
when solution pH is less than 7.49. In addition, TiO2, SSA1 and SSA2
have point of zero charge (pHpzc) values of 5.80, 3.85 and 3.67 re-
spectively (shown in Fig. S10). When TiO2 was added, the spiramycin
solution maintained a pH value at 7.0+0.5. Negative charges occur on
the surface of TiO2. Electrostatic attraction evidently promoted the
adsorption of spiramycin on TiO2. But in the presence of SSA1 or SSA2,
solution pH was observed to be around 3.0. Electrostatic repulsion force
between positively charged solid acids and tertiary amino groups

obviously inhibited the adsorption of spiramycin as revealed by the
TOC concentration variations. Furthermore, mineralization did not
expect to occur under such circumstances. In short, adsorption was not
the main mechanism for spiramycin removal by SSA1 and SSA2, but it
was for TiO2.

The UPLC peak areas at ca. 10.5 min (corresponding to the m/z
699.4321 fragment, refer to section 3.3) represented the relative
abundances of the main product of hydrolysis (Fig. 4(b)). They were
integrated and plotted against time, which was used to indicate the
hydrolysis efficiencies indirectly. This hydrolysis product was not ob-
served in the control solution and for TiO2 addition. It further con-
firmed that spiramycin was not hydrolyzed but adsorbed on TiO2. In-
creased amounts of the m/z 699.4321 fragment were observed within
16 h in pH=3 solution and for SSA1 or SSA2. The abundances of m/z
699.4321 for solid superacids (SSA1 and SSA2) were almost three times
of that for the pH=3 solution, which firmly evidenced that solid acids
(SSA1 or SSA2) were remarkably more effective in hydrolyzing spir-
amycin than the pH=3 solution. In addition, the quantity of the m/z
699.4321 fragment was higher for SSA2 than for SSA1, since the former
has higher abundances of the three kinds of acidic sites and the total
acidity than the latter.

3.3. Transformation products and pathways

The spiramycin’ transformation products were analyzed using
UPLC-Q/TOF-MS. Two obvious liquid chromatographic peaks with re-
tention time of ca. 10.5 and 25.4min were observed in UPLC in
Fig. 5(a). The peak centered at 10.5 min was corresponding to the hy-
drolysis product of spiramycin. Its full scan mass spectrum was shown
in Fig. 5(b), from which a pseudo-molecular ion (m/z=699.4321) and
a doubly charged ion (m/z=350.2226), indicating a molecular weight
of 698 amu, were observed. The peak centered at 25.4min was corre-
sponding to the parent spiramycin (Fig. 5(c)). A pseudo-molecular ion
(m/z=843.5096) and a doubly charged ion (m/z=422.2632), in-
dicating a molecular weight of 842 amu. The pseudo-molecular ion of
the main hydrolysis product was 146 amu lower than the parent spir-
amycin, indicating the loss of a mycarose moiety. The chemical and
molecular structures of the main fragment (m/z) are summarized in
Table S5. The degree of unsaturation between the chemical and mole-
cular structure was well matched. The possible hydrolysis pathway as
describe above is summarized in Fig. 6.

The 14 and 15-member ring macrolides like spiramycin,

Fig. 2. (a) FTIR and (b) Raman spectra of TiO2 and the sulfated titania solid
acids SSA1 and SSA2.

Fig. 3. NH3-TPD profiles of TiO2 and the sulfated titania solid acids SSA1 and
SSA2.
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erythromycin and presumably other macrolides, act as inhibitors during
the early stages of protein synthesis, during which they block elonga-
tion of the nascent peptide and cause the premature release of peptidyl-
tRNA from the ribosome (Feng et al., 2015). The macrolides were ef-
fective in blocking the formation of 50 S ribosomal subunits and my-
carose was identified as the moiety binding with P-site tRNA in ribo-
some (Starosta et al., 2010; Suresh et al., 2013). Removing mycarose
from the disaccharide of spiramycin can suppress the inhibition effect
in poly(U)-directed polyphenylalanine synthesis. Thus, the loss of my-
carose can reduce the drug activity of spiramycin (Anthony, 1996).
That means the hydrolytic removal of mycarose can decrease the an-
tibacterial potency of the treated water. The hydrolytic breakage of the
functional group, mycarose, was catalyzed by both the Lewis acid site
and Brønsted acid sites in water. All these sites were simultaneously
reacted with water first and released H+ into solution or with proto-
nated H+ at surface depending solution pH. Finally, these sites acted
like protonic acid and catalyzed the hydrolytic removal of the func-
tional mycarose moiety.

Fig. 4. (a) Concentration decay curves of spiramycin and (b) the abundances of
the primary transformation product in the hydrolyzed solutions with and
without TiO2, super solid acids SSA1 and SSA2 and with pH adjustment
(pH=3). Initial spiramycin concentrations, 20.0 mg/L; super solid acid dose,
1.0 g/L; total solution volumes, 500ml; temperature, 35 ± 1 °C, and shaking
time, 16 h.

Fig. 5. (a) Total ion chromatograms of the hydrolysis product of spiramycin
after hydrolysis with SSA1 and SSA2 for 16 h, (b) first-order mass spectra at
retention time 10.5min, (c) first-order mass spectra at retention time 25.4min.
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3.4. Antibacterial potencies of the hydrolyzed solutions

The residual antibacterial potencies of the hydrolyzed solutions
yielded from different hydrolysis conditions were evaluated. The results
are presented in Fig. 7. The antibacterial potencies followed an order of
the control solution > pH =3≈ TiO2> SSA1 > SSA2. The solutions
hydrolyzed by SSA1 (5.6 u/mL) and SSA2 (3.0 u/mL) showed the least
antibacterial potencies, which indicated they were less inhibitory to
successive bio-treatment units. The antibacterial potency for the
pH=3 solution (9.8 u/mL) also decreased by 66.9%, since H+ effec-
tively functioned in hydrolyzing and 67.6% of spiramycin was re-
moved. The antibacterial potency drop for TiO2 addition was mainly
caused by adsorption, in which 70.0% of spiramycin were adsorbed
from solution after 16 h. The antibacterial potency decrease is more
practical, meaningful, and expectable than concentration drop when
treating pharmaceutical wastewater, which will promote the perfor-
mances of the following biological treatment units and reduce the risk
of antibiotic resistance gene proliferation. These results shed light on
the pretreatment of spiramycin-contained APW. When antibacterial
potency of APW is effectively reduced, the successive biological treat-
ment units will be less vulnerable.

3.5. Anaerobic inhibition with/without hydrolysis by solid acid

Specific methanogenic activity (SMA) determines the methane-
producing capability of sludge for a specific substrate (Bougrier et al.,
2006). SMA test can be used for assessing the remaining inhibition ef-
fect of treated APW to successive anaerobic degradation units. A higher
methanogenic activity means less anaerobic inhibition to the anaerobic
units, and vice versa. The SMA results in Fig. S11 are for the incubation
control without any addition or pretreatment, and for 100mg/L spir-
amycin without and with hydrolysis by SSA1 or SSA2. An addition of
100mg/L spiramycin decreased SMA by 57.5% in comparison to the
incubation control in a period of 22 d, while the SMA of the SSA2 hy-
drolyzed solution only dropped 7.9%. That meant 92.1% of specific
methanogenic activity retained for the residual solution after the spir-
amycin-contained solution was treated by SSA2. It also indicates that
the succeeding anerobic treatment is less vulnerable to being inhibited
by the transformed products in the hydrolyzed solution. In short, the
hydrolysis pretreatment using solid superacids can effectively reduce
the anaerobic inhibition to following anaerobic digestion units.

3.6. Antibiotic production wastewater treatment

Antibiotic production wastewater from a pharmaceutical factory
(Wuxi, Jiangsu Province, China) was treated by SSA1 and SSA2, re-
spectively, at both 35 °C and 45 °C. The water quality of this APW is
provided in Table S1. Considering the high concentration of spiramycin
(433mg/L) existed with 33,000mg/L of CODcr, a 20 g/L superacid
dosage was used. The results are presented in Fig. 8 (a) and (b). After
48 h, spiramycin in APW was lowered by 58.8% and 99.0% at 35 °C by
SSA1 and SSA2, respectively, while the antibiotics potencies were de-
creased by 56.2% and 94.8%, accordingly. When the hydrolysis tem-
perature was raised to 45 °C, 100% of both the residual spiramycin and
the antibacterial potencies were mitigated at 38 h by SSA2. After 48 h,
88.1% of spiramycin and 88.7% of the antibacterial potencies were also
removed by SSA1. These results indicated that a hydrolysis treatment
by SSA2 was very effective in mitigating both the concentrations and
the antibacterial potency of spiramycin in real wastewater. The hy-
drolytic kinetics and mitigation efficiency can be dramatically en-
hanced at elevated temperature, e.g. 55 °C or 65 °C (Fig. S6). The op-
erating conditions in Fig. 8(a–b) can be further optimized, and thus
same efficiency can be achieved with a small solid-acid dosage. In ad-
dition, the other pretreatment or treatment methods on dealing with
such high concentrations of spiramycin and organic matters (OMs) were
summarized and compared in Table S6. Each of the four methods have
attractive features and insufficient aspects when pursuing all of the
technical, economic and ecological benefits. Enhanced hydrolysis by

Fig. 6. The proposed hydrolysis pathway of spiramycin at 35 °C by using solid acid TiO2/SO4.

Fig. 7. The antibiotic potencies of the hydrolyzed spiramycin solutions with
and without TiO2, SSA1 and SSA2 and with pH adjustment (pH=3). Initial
spiramycin concentrations, 20.0 mg/L; super solid acid dosage, 1.0 g/L; total
solution volumes, 500ml; temperature, 35 ± 1 °C, and shaking time, 16 h.
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solid acids can be a good pretreatment candidate to fully mitigate the
ecological risks under mild, green and health-friendly conditions. The
side effects of using TiO2/SO4 may come from leaching losses of solid
acid powders in the hydrolytic process. The effects of leached TiO2/SO4

on the activities of bacteria in succeeding biotreatment units are not
clear. More work needs to be carried out to investigate such effects in
future studies.

4. Conclusions

TiO2/SO4 solid superacids SSA1 and SSA2 were fabricated through
calcination the reacting products of H2SO4 and TiO2. They were further
successfully used for spiramycin hydrolysis. The two superacids per-
formed better than the homogeneous catalytically hydrolytic process by
sulphate acid (pH=3) or by TiO2 adsorption. The hydrolyzing effi-
ciencies were positively correlated with both the acid strength and the
total acidity of the superacids. Elevated temperature facilitates the
hydrolyzing kinetics. The kinetics were well described using a pseudo-

first-order model. The main hydrolysis product was identified as the m/
z 699.4321 fragment, which was formed by losing a mycarose moiety
from the parent spiramycin molecule. The least antibacterial potency
and anaerobic inhibition for treated solution had been achieved by
SSA2. Solid superacids showed effective and reliable abilities to de-
crease both the concentration and the antibacterial potency of spir-
amycin in antibiotics production wastewater. The hydrolytic method
using solid superacids avoid using and handling dangerous and corro-
sive mineral acids on site. It can decrease the health risk to operator and
reduce corrosion damage to facilities. Our results demonstrate that the
enhanced hydrolysis by TiO2/SO4 superacids can be used as a pro-
mising and attractive method to pretreat antibiotics production was-
tewater. To understand the reactions occurred on the surface of TiO2/
SO4, more work still need to be carried out in near future.
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