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ABSTRACT

To investigate the fate of penicillin G (PEN G) in the wastewater from a PEN G production
facility and the receiving river, an analytical method was developed for the simultaneous
detection of PEN G and five degradation products using liquid chromatography-electros-
pray ionization mass spectrometry (LC-ESI/MS). PEN G had already undergone transforma-
tion before entering into the wastewater treatment plant (WWTP), with concentrations of
15344 pg/L in raw wastewater. Most of the PEN G could be eliminated following successive
treatments of anaerobic, hydrolysis, and two aerobic units under a hydraulic residence
time (HRT) of 30h, and the final concentrations were 1.68+0.48 pg/L in treated water. In the
receiving river, the concentration of PEN G decreased from 0.314+0.04ug/L at the
discharging point to under the detection limit (0.03 ug/L) at the last sampling site (about
30km from the discharging point). The main PEN G degradation products in surface water
were found to be penilloic acid, penicilloic acid and isopenillic acid, which occupied 65.8%,
20.4% and 12.9%, respectively, of the total concentration at the last site. This is the first
study on the behaviors of PEN G and its main degradation products in wastewater
treatment processes and the aquatic environment.

© 2007 Elsevier Ltd. All rights reserved.

1. Introduction

et al., 2003), surface water, groundwater (Batt and Aga, 2005),
sludge and sediments (Lindberg et al., 2005).

Large amounts of antibiotics are produced, consumed and
applied to treat bacterial diseases in humans and to promote
animal growth (Kiimmerer, 2003), and bacterial resistance to
antibiotics has become a serious problem encountered
frequently in clinical treatment (Fluit et al., 2000). Abuse of
antibiotics and the existence of residual antibiotics in the
environment have been linked with the formation of anti-
biotic resistance (Boxall et al., 2003; Silver and Bostian, 1993).
The occurrences of several kinds of antibiotics like macro-
lides and sulfonamides have been reported in many environ-
mental samples such as municipal wastewater (McArdell
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Penicillin G (PEN G) (pK, = 2.75) was the first antibiotic
found by humans and applied for human bacterial disease
(Clarke et al., 1949), as it could bind to penicillin-binding
proteins (PBPs) of bacteria which are involved in cell wall
synthesis and thus inhibit bacterial cell wall synthesis (Hou
and Poole, 1971). It belongs to the p-lactam class of
antibiotics, which all contain a -lactam ring, and is a cause
for concern due to its large production, mostly common usage
in clinical treatment and widely appearing PEN G-resistant
bacteria in medical treatment and the environment (Hou and
Poole, 1971; Bush et al., 1995). However, in most surveys until
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now, PEN G and many other g-lactam antibiotics have not yet
been detected in environmental samples (Hirsch et al., 1999;
Sacher et al,, 2001), mainly due to the chemically unstable
p-lactam ring, which is highly sensitive to pH, heat and
p-lactamase enzymes (Clarke et al., 1949; Hou and Poole, 1971;
Bush et al,, 1995). Laboratory experiments have shown that
with the opening of the -lactam ring through an intermedi-
ate of penicillenic acid in weak acidic or neutral solutions
(Blaha et al., 1976), PEN G quickly transforms to penicilloic
acid, which is also the degradation product of PEN G in
alkaline media (Clarke et al., 1949) and can easily convert to
penilloic acid under acidic conditions (Clarke et al., 1949;
Blaha et al., 1976), or penillic acid, which could be formed
from PEN G in strong acid and convert to isopenillic acid in
alkaline media (Clarke et al., 1949), depending on the pH of
the solutions. The end hydrolytic degradation products of PEN
G are reported to be penicilloaldehyde and penicillamine (Hou
and Poole, 1971; Blaha et al., 1976). Besides the chemical
degradation process, B-lactamase enzymes released from
resistant bacteria can also transform PEN G to penicilloic
acid by opening the -lactam ring (Bush et al., 1995), and some
products like penicilloic acid have been detected in human
bodies as the metabolites of PEN G after taking medicine
(Pcole et al., 1973). These PEN G degradation products have
not been detected in the environment until now, and most of
theirantibiotic abilities have been lost as the f-lactam ring is
opened (Hou and Poole, 1971); however, it has been reported
that penicillin allergic reactions in 3-5% of patients are linked
with these compounds to some extent (Blaha et al., 1976),
with their environmental influence still unknown.

From the view of discharging sources, antibiotic production
wastewater cannot be neglected because it contains high
concentrations of antibiotics, as exemplified by the sulfona-
mide contamination in groundwater under the former waste
dumpsite of a pharmaceutical production facility (Holm et al.,
1995), and up to 50 mg/L oxytetracycline in the outflow of an
oxytetracycline production facility (Qiting and Xiheng, 1988),
which was 4-6 orders higher than those reported in the
secondary effluents from municipal wastewater treatment
plants (WWTPs) (Kolpin et al., 2002). Such high concentra-
tions of antibiotics in production wastewater have been
reported to significantly influence the treatment of waste-
water, and improving the removal efficiency of antibiotics in
WWTPs has also attracted increased emphases now (Kim et
al., 2005). The fates of antibiotics during different treatment
processes and their environmental behaviors should be
illuminated first.

China has become a top maker and consumer of many
antibiotic classes, and in 2004 the output of PEN G reached
35.6 thousand tons. In this study, to determine the occur-
rences and fates of PEN G and its degradation products in
production wastewater and receiving surface water, a liquid
chromatography-electrospray ionization mass spectrometry
(LC-ESI/MS) method for simultaneous identification of PEN G
and its five main degradation products, penicilloic acid,
penilloic acid, penillic acid, isopenillic acid, and penicilloal-
dehyde, had been developed and applied in a biological
system for treating wastewater from the PEN G production
facility of the North China Pharmaceutical Group Corporation
(NCPGC) and the receiving river, the Wangyang River in Hebei

Province, China. To the best of our knowledge, this is the first
description of a methodology for simultaneous quantitative
analysis of PEN G and its five degradation products in
environmental samples, and the first instance where PEN G
and its degradation products were observed in the aquatic
environment.

2. Materials and methods
2.1. Chemicals and materials

PEN G (sodium salt) and penicillin V (PEN V) (potassium salt)
were purchased from Sigma Chemical Co. (St. Louis, MO,
USA). Benzylpenicilloic acid, benzylpenilloic acid and benzyl-
penillic acid were bought from Sandoz (Sandoz GmbH, Kund],
Austria). Benzylpenicilloaldehyde and benzylisopenillic acid
were prepared by recrystallization according to the methods
described previously (Clarke et al., 1949). Stock solutions of all
standards were made by dissolving 1 mg of each compound in
1mlL of water/acetonitrile (1:1, v/v). The stock solutions were
stored at 4°C in the dark and were prepared monthly.
Working dilutions were prepared freshly on the day of use.

Formic acid of p.a. grade and ammonium acetate of HPLC
grade were purchased from Merck (Darmstadt, Germany) and
Fluka (Steinheim, Germany), respectively. Purified water
(18.2MQcm) was prepared by PURIC-MXII (Organo, Japan).
Acetonitrile of HPLC grade was from Fisher Scientific (Fair
Lawn, NJ, USA). Oasis HLB solid extraction cartridges (500 mg)
were obtained from Waters (Milford, MA, USA).

2.2. Sample collection

NCPGC is the top producer of PEN G in Asia, with the annual
production of about 7000 tons ranging around 20% of China’s
total output. PEN G production wastewater from its factory in
the city of Shijiazhuang is discharged into the Wangyang
River following successive biological treatments: anaerobic
treatment, hydrolyzation and acidification, primary aerobic
treatment and secondary aerobic treatment. Prior to these
treatments, raw wastewater is stored in a tank with the
temperature raised to 75 °C to recover the extraction solvent
of PEN G, and then diluted with sewage wastewater and some
other chemical production wastewater including avermec-
tins, ivermectin and several kinds of semisynthetic antibio-
tics before and after the anaerobic treatment. In the two
aerobic systems, short fibers fixed on plastic rings are used as
biological support media. The average hydraulic residence
time (HRT) for each unit is about 30h. The annual output of
excess sludge from the WWTP, which has been in operation
since the 1990s, is 1200 tons in dry weight.

Wastewater and river water samples were taken in Decem-
ber 2004, April and August 2005, with the sampling sites in the
WWTP (W1-W5) and the Wangyang River (R1-R5) shown in
Fig. 1. Wastewater samples included raw wastewater and the
effluent of each treatment unit, and river water samples were
taken from five sites distributed along the river (R1 at the
upstream). For each season, the sampling campaign lasted 3
successive days and triplicate samples were taken from each
site every day. No rain event had taken place in the previous
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Fig. 1 - Sampling sites of Wangyang River and schematic diagram of the WWTP. Sites W1-W5 were in the WWTP for the PEN
G production wastewater treatment and sites R1-R5 were distributed along Wangyang River, with R1 located at about 5km

upstream of the discharge point of the WWTP.

week of the campaign or during sampling days. Water
samples were collected in 4-L brown glass bottles that had
been successively washed with tap water, ultrapure water
and hexane, and then kept at 4°C in the dark for at most 2
days. The degradation of the target analytes during storage
has been checked in triplicate by the analysis of the
compounds in raw wastewater, the effluent of the WWTP
and river water taken from R2 at an interval of 2 days kept at
4°C on the dark in the laboratory. PEN G had been spiked to
the river water sample at 20pg/L because of its low
concentration in river water samples. The detailed character-
istics of water samples with standard deviations are sum-
marized in Table S1 (Supporting Information).

2.3.
water

Sample preparation for wastewater and surface

Prior to analysis, 10-fold serial dilutions of the water samples
had been made with ultrapure water, as the concentrations of
most analytes in raw samples had exceeded the higher limits
of their calibration curves (100 pg/L for PEN G and 500 pg/L for
other analytes, as described in Section 2.5). The samples were
then analyzed with LC-ESI/MS after being filtered through
0.2-um polyethersulfone syringe filters (Whatman, Puradisc,
25 AS, England) and added with PEN V as an internal standard
(IS) at a concentration of 10 pg/L. PEN V is usually used as IS
for determining p-lactam antibiotics in some analytical
methods (Fagerquist et al., 2005; Sgrensen et al., 1999), and
it has been confirmed to be undetectable in all water samples
of this study.

Because of the low concentrations in all river water samples
(lower than 0.93 ug/L, the instrumental limit of quantification,
LOQ, of PEN G), enrichment with SPE was performed for PEN G
in all of the river water samples after spiking with PEN V at a
concentration of 1.0ug/L, using a procedure described by
Holstege et al. (2002) in which the stability of PEN G was
carefully monitored during extraction: briefly, 0.1L of water
sample filtered through a 0.45-um polyethersulfone syringe
filter (Whatman, England) was extracted by an Oasis HLB SPE
column. The analytes were eluted with 6 mL of 40% acetoni-
trile in water and evaporated with a nitrogen stream, and
then 2mL of ammonium acetate buffer (pH=6.7) was
immediately added to avoid the degradation of PEN G.

2.4. Chemical analysis

The HPLC system consisted of an Alliance liquid chromato-
graphy 2695 (Waters, USA) and a Waters SymmetryShield™
RP18 column (150 x 2.1 mm i.d., particle size 5 um) operated at
25°C, and the flow rate was 0.2mL/min. The mobile phase
consisted of 0.1% formic acid in water with 1 mM ammonium
acetate (solvent A, pH 2.7) and acetonitrile (solvent B).
The initial composition was 100% B and was linearly
decreased to 50% in 9min, held for 2min and then brought
to 100% in 3min. The injection volume was 20uL for each
sample.

Mass spectrometry was carried out with a single-quadruple
mass spectrometer ZQ 4000 (Micromass, Manchester, UK).
Electrospray ionization (ESI) was conducted in the negative
ion mode. The capillary voltage was 3.5kV, and the cone
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voltage was set at 20 and 60V in the multi-channel mode.
Source and desolvation temperatures were set at 105 and
250°C, respectively. Nitrogen gas was used as the desolvation
gas with a flow rate of 300L/h and as cone gas with a flow rate
of 50L/h. Selected ion recording (SIR) mode was chosen for
quantification of the analytes using [M-H]~ ions recorded in
each case.

2.5. Quantification and quality assurance

The five-point matrix-matched internal standard calibration
curve for each analyte was established by fortifying blank
river water from site R1 with different levels of the analyte (1,
10, 20, 50, 100, 150 and 200 pg/L for PEN G and 10, 100, 200, 300,
500, 700 and 1000ug/L for the other analytes), which could
compensate for potential signal loss due to matrix-induced
ion suppression. The blank river water had been checked
without containing any detectable target analytes (less than
LOQ) using LC-ESI/MS. The area ratios of the SIR signal
response for the target analytes versus IS were plotted against
their respective concentration ratios (Fig. S1, Supporting
Information), and higher limits of the linear range of the
ratios were found to be 100 pg/L for PEN G and 500 pg/L for
the other analytes, which were used as higher limits of the
calibration curves for the analytes. Recovery studies were
carried out for PEN G and PEN V using blank river water from
site R1 fortified at the 0.1, 1 and 10pg/L levels. For each
concentration six replicates were injected and the recovery
was their average.

Matrix effects, which have been found in complex samples
and lead to ion signal suppression or enhancement especially
in the ESI mode (Lindberg et al., 2004), were investigated for
water samples of this study using standard addition. Raw
wastewater and the effluent of the WWTP were first diluted
with ultrapure water 1000 times, and river water from site R5
was diluted 100 times, in which the procedure was the same
as that for detecting PEN G degradation products in real water
samples. Then the analytes were spiked in the diluted water
samples at concentrations more than 3 times those already in
the samples, and determined with LC-ESI/MS before and after
fortification. We have measured the matrix effects by
determining the ratio of the SIR trace area for each analyte

added in wastewater and river water samples versus that for
standards in ultrapure water at the same concentration level
with each sample injected 6 times.

3. Results and discussion
3.1.  Qualification and quantification

Of the operational conditions of the ESI interface for
analyzing analytes, cone voltage is the most important
parameter influencing the fragmentation of the analytes.
We have set the cone voltage from 20 to 80V at an interval of
20V, and the maximum structural information was obtained
at 60V for all the analytes except for penilloic acid and
penicilloaldehyde, which were obtained at 80V as shown in
Table 1. It has been reported that fragmental ions of PEN G
were m/z 160 and 176 in the positive ion mode (Riediker and
Stadler, 2001), and m/z 192 and 289 in the negative mode
(Becker et al., 2004) using LC-ESI/MS/MS. In this study,
fragmental ions were found to be m/z 192 and 289 for PEN
G, the same as that reported using LC-ESI/MS (Straub and
Voyksner, 1993). The sensitivity at 20V was about 6 times
higher than that at 60V, considering the maximum structural
information obtained at 60V for most of the analytes; all the
water samples were subsequently analyzed in multi-channel
mode, with quantification performed at 20V using [M-H]|~
ions and qualitative analysis performed simultaneously at
60V for all the analytes. To make sure that no overlapping
peaks from other components in water samples exist, the
confirmation ratio of the peak areas of molecular ion and two
fragment ions has been evaluated for each analyte in
standards and in all water samples including each waste-
water compartment and river water samples, and the
variability of the ratio between water samples and standards
was all within 15% as shown in Table S2 (Supporting
Information).

It has been reported that LOQ for PEN G was 15-20ng/L
using LC-ESI/tandem MS (Hirsch et al., 1999; Sacher et al.,
2001), while in this study the instrumental LOQ for PEN G
fortified in ultrapure water was estimated to be 0.93pug/L as
shown in Table 2, based on the concentration corresponding

Table 1 - Structural information of PEN G and its degradation products in standard solutions in negative ion mode

Analyte MW m/z (%, relative abundance)?®
20V 60V 80VP°

PEN G 334 192(15), 333(100) 192(100), 289(35), 333(25)

Penicilloic acid 352 307(75), 351(100) 229(85), 307(100), 351(70)

Penilloic acid 308 229(20), 307(100) 229(70), 233(20), 307(100) 134(60), 229(100), 233(35), 307(70)
Penillic acid 334 289(20), 333(100) 157(30), 289(100), 333(50)

Isopenillic acid 334 255(20), 333(100) 211(80), 255(100), 333(65)

Penicilloaldehyde 177 146(40), 176(100) 134(75), 146(55), 176(100) 119(65), 134(100), 146(60), 176(75)

# Ions with relative abundance lower than 10% are not listed in this table. The molecular ions are shown in italics.
> The maximum structural information was obtained at 60V for PEN G, penicilloic acid, penillic acid and isopenillic acid, and at 80V for

penilloic acid and penicilloaldehyde.
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ble 2 - Summary of the recoveries during sample storage, matrix effects of wastewater and river water, and the LOQs for

PEN G and its degradation products

Analyte Sample storage®, recovery, % (n = 6) Standard addition,” ratio,® % (n = 6) LOQ? (ug/L)
Raw wastewater Effluent River water Raw wastewater Effluent River water
PEN G 69+7 73+8 78+7 71+9 87+7 91+8 0.93¢
0.031f
Penicilloic acid 82+8 86+6 85+5 74+8 7949 88+6 0.64
Penilloic acid 94+6 95+7 97+5 86+9 85+8 96 +4 1.05
Penillic acid 91+7 88+5 86+5 7216 84+5 90+7 0.41
Isopenillic acid 95+9 98+8 102+7 78+8 80+9 95+5 0.96
Penicilloaldehyde 96+10 97+6 95+8 81+7 84+6 89+8 1.36

% Raw wastewater, the effluent of the WWTP and river water taken from R2 were kept at 4°C in the dark in the laboratory for 2 days to
determine the degradations of the analytes during storage. PEN G had been only spiked to the river water sample at 20 pg/L because of its low
concentration in river samples.

b Standard additions were performed to determine the matrix effects of raw wastewater, the effluent and river water.

¢ The ratio was calculated by deducting the SIR trace area of the analytes in non-spiked water samples from the SIR trace area of the analytes
after fortification, and then comparing it to the area of standards in ultrapure water at the same concentration as the fortification.

4 L0Q was defined as the concentration corresponding to the signal at the y-intercept plus 10 times its standard deviation, with all the

analytes fortified in ultrapure water.
¢ The instrumental LOQ.
f LOQ after enrichment.

to the signal at the y-intercept plus 10 times its standard
deviation (Batt and Aga, 2005; Lindberg et al., 2005). The LOQs
for all the analytes in river water were also determined in the
same way by fortifying all the analytes in blank river water
from R1. Since LOQs were derived from calibration solutions
of ultrapure and blank river water, a signal-to-noise ratio
of 10 was used for all the analytes in wastewater samples
according to the American Chemical Society (ACS) Committee
on Environmental Improvement (1980). The recoveries for
extracting PEN G spiked at 0.1, 1 and 10pg/L in the blank
river water samples with HLB columns were 93+6%,
98+5% and 974+5%, respectively, and 944+6%, 99+8%
and 93+7% for extracting PEN V at the corresponding levels,
and the LOQ for PEN G after enrichment with SPE was
0.031 pg/L.

Matrix effects were observed in the analysis of the samples
as shown in Table 2. The signal suppressions were found to be
more significant for all analytes in raw wastewater, and the
ratio of the SIR trace area for each analyte added in waste-
water and river water samples versus that for standards in
ultrapure water ranged from 71+9% to 96+4% for all
objective compounds. In this study, the use of matrix-
matched calibration curves could compensate the ion sup-
pression of the analytes in river water samples. For waste-
water samples, the analytical results have not been modified
with the matrix factors.

Significant degradations of f-lactam antibiotics such as PEN
V, amoxicillin and ampicillin during sample storage have
been reported by Lindberg et al. (2005) with in-field fortifica-
tions. In this study, during sample storage at 4°C for 2 days,
all of the PEN G degradation products demonstrated a
relatively high recovery (82+8%-102+7%) except for
PEN G, whose recoveries were 69+7%, 73+8% and 78+7%
in raw wastewater, effluent and river water, respectively
(Table 2).

3.2.  Determination of analytes in the WWTP

PEN G and its degradation products were detected in all
wastewater samples, and typical SIR LC-ESI/MS chromato-
grams for the influent and effluent of the WWTP are shown in
Figs. 2(a) and (b). Considering the dilution of the wastewater
at sites W2 and W3, the load of each analyte was obtained by
multiplying the concentration with the flow rate at each
sampling site (Table S1, Supporting Information), and the role
of each wastewater treatment process in the removal of the
analytes from wastewater was investigated by percent
removal calculation, which was obtained as the ratio of the
load of each analyte in the effluent versus that in the influent
of each treatment process. The median results with standard
deviations for three sampling campaigns are shown in
Table 3. In raw wastewater, the concentration of PEN G was
153+4pg/L, and the concentrations of its degradation pro-
ducts were 389+10, 75.3+0.6, 23.5+2.0, 849+0.61 and
1.05+0.09mg/L for penilloic acid, penicilloaldehyde, penillic
acid, penicilloic acid and isopenillic acid, respectively.
The molar concentration of PEN G (0.458+0.01pumol/L)
only accounted for about 0.03% of the total molar concentra-
tion of all analytes including PEN G and five degradation
products (1786+44umol/L). Compared with its degradation
products, such a low concentration of PEN G in raw waste-
water indicated that before entering the WWTP, most of the
PEN G had undergone chemical degradation processes at 75 °C
and a pH of 3.940.3 during solvent recovery (Table S1).
Penilloic acid, which was reported to be easily transformed
from penicilloic acid under acidic conditions (Clarke et al.,,
1949), was found to be the dominant compound, with the
molar concentration (1263+32pumol/L) accounting for 70.7%
of the total molar concentration in raw wastewater, and
this result was in accordance with that obtained by Blaha
et al. (1976) in which penilloic acid was also the main



312 WATER RESEARCH 42 (2008) 307-317

100

o

100 1

Relative response abundance (%)

—
(=]
o o
]

8.00 10.00 12.00

Time/min

14.00 16.00

Fig. 2 - Time-scheduled SIR chromatograms of all the analytes in water samples collected in December 2004: (a) raw
wastewater; (b) effluent of the WWTP; and (c) river water. (1) Penicilloaldehyde; (2) penillic acid; (3) penilloic acid; (4) isopenillic

acid; (5) penicilloic acid; (6) PEN G; and (7) PEN V: IS.

Table 3 - Concentrations and percent removals of PEN G and its degradation products in the WWTP

Analyte Concentration (mg/L) Percent removal (%)
Site W12 Site W5P Anaerobic Hydrolysis Two aerobic Total®
treatment® treatment® treatments®

PEN G 0.153+0.004 0.00168 +0.00048 26.1+5.3 41.5+1.9 92.7+1.6 96.8+1.0
Penicilloic acid 8.49+0.61 3.70+0.43 —61.5+3.4¢ 20.1+6.2 2.4+1.0 —25.949.5¢
Penilloic acid 389+10 445+25 32.2+3.0 36.3+6.2 22.9+45.0 67.0+0.9
Penillic acid 23.5+2.0 5.49+0.68 17.8+3.0 0.1+8.5 17.8+2.9 32.5+6.1
Isopenillic acid 1.05+0.09 0.146 +0.105 —46.6+6.1¢ 61.4+24.7 30.9+4.5 60.9+25.0
Penicilloaldehyde 75.3+0.6 6.77+1.91 6.5+1.9 89+3.8 69.4+8.9 74.0+7.3

& The temperature was 75 °C.
b These treatments were at ambient temperatures.
¢ The removal of the overall process.

4 The minus values indicate the increase of the loads of the analytes.

degradation product and was identified to be transformed
from PEN G through the intermediate of penicilloic acid
under acidic conditions in laboratory experiments. Addition-
ally, it was reported that penicilloaldehyde could be formed
from penilloic acid as the end hydrolytic degradation
product of PEN G (Hou and Poole, 1971; Blaha et al., 1976),
and this was partly supported by the fact that penicillo-
aldehyde was the second most abundant product in raw
wastewater, with the molar concentration (42543 pumol/L)

accounting for more than 23% of the total molar concentra-
tion. On the other hand, the existence of penillic acid in raw
wastewater, whose molar concentration (70.4+6.0umol/L)
ranged up to 3.94% of the total concentration of all the
analytes, was also in accordance with the report that a low
percent of PEN G would also convert to penillic acid as the
other degradation pathway of PEN G in acidic media
simultaneously with the transformation to penilloic acid
(Blaha et al., 1976).
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During the treatment of wastewater, it should be noted that
the load of isopenillic acid increased significantly by
46.6+6.1% during the anaerobic treatment process as shown
in Table 3. The fact that isopenillic acid can be formed from
penillic acid at alkaline conditions (Clarke et al., 1949), while
the pH of wastewater was 7.4+0.2 during the anaerobic
process (Table S1), suggested that isopenillic acid was mainly
formed from penillic acid under anaerobic conditions. In the
hydrolysis process, the loads of isopenillic acid and penicilloic
acid decreased with percent removals of 61.4+24.7% and
20.1+6.2%, respectively, indicating that the hydrolysis pro-
cess was more efficient for the removal of these two
compounds compared with biological treatment processes,
including anaerobic and aerobic treatments, with percent
removals also shown in Table 3. PEN G was also obviously
removed during this process (percent removal of 41.5+1.8%),
while the load of penillic acid was found to be almost steady
with a percent removal of only 0.14+8.44%, indicating that
little chemical degradation of penillic acid occurred during
the hydrolysis process. Then aerobic treatments were found
to be especially efficient for removing PEN G and penicilloal-
dehyde from wastewater, with percent removals up to
92.7+1.6% and 69.4+8.9%, respectively. f-Lactamase en-
zymes released from resistant bacteria should significantly

contribute to the degradation of PEN G in aerobic biological
processes, and the efficient removals of PEN G by hydrolysis
and aerobic treatments were matched with the removing
results for amoxicillin, another kind of g-lactam antibiotic, in
batch experiments (Andreozzi et al., 2004). For penicilloalde-
hyde, the high removal suggested that it can be further
degraded under aerobic conditions compared with the slight
removals during anaerobic and hydrolysis processes. On the
other hand, it was found that penicilloic acid increased
during anaerobic processes; one possible reason may be due
to the transformation from its isomeric form, penamaldic
acid, which was reported to chemically equilibrate with
penicilloic acid by the reaction of isomerization (Blaha et al.,
1976). Unfortunately, penamaldic acid was not the target
analyte in this study, and further study is necessary. On the
basis of the above results, degradation pathways for PEN G in
wastewater treatment processes are proposed, as shown in
Fig. 3, which include hydrolyzation and biotransformation,
and the pathways due to thermal treatment (75°C) before
biological treatments or at ambient temperatures were also
indicated. As raw wastewater was treated thermally as a very
first step, the investigation of degradation processes at the
ambient temperature in the environment was limited, and
the significance of degradation processes at the ambient
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Fig. 3 - Proposed degradation pathways of PEN G during the wastewater treatment processes. The main degradation pathway

in raw wastewater is shown by the bold arrows.
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was undetectable.

temperature cannot be assessed; however, some degradation
products in this study should help to elucidate the fate of PEN
G in the environment.

About 96.7% of PEN G had been eliminated in the WWTP,
with the concentration of 1.68+0.48ug/L in the effluent
discharged into the receiving surface water. Penilloic acid
was still the dominant compound in the effluent at up

to 44.5+2.5mg/L, the molar concentration of which
(145+8pumol/L) accounted for 68.8% of the total molar
concentration (210422 pmol/L). While, due to the comparably
efficient removal in aerobic treatments, the abundance of
penicilloaldehyde became a little lower in the effluent,
about 18.2% of the total molar concentration, it still was the
second abundant degradation product (Fig. S2, Supporting
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Information). Considering the sum of molar amounts of PEN
G and its five degradation products in the raw wastewater and
the effluent, the removal efficiency for PEN G and its five
degradation products during the WWTP was calculated to be
66.0%. The residues of the analytes discharged into the
environment via the effluent were estimated to be annually
about 4.78, 127,000, 19,300, 15,600, 10,500 and 415 kg for PEN G,
penilloic acid, penicilloaldehyde, penillic acid, penicilloic acid
and isopenillic acid, respectively.

3.3.  Determination of analytes in the receiving river

The Wangyang River receives effluent from the WWTP, and all
the analytes in river water samples were determined using
LC-ESI/MS, with the results shown in Fig. 4. Except for
isopenillic acid, the concentrations of all analytes decreased
obviously in surface water with increasing distance from the
discharging point, and the total concentrations of all analytes
were calculated to be 14.2+0.8, 12.7+1.3, 11.0+1.8 and
9.2+3.6 mg/L from sites R2 to R5, respectively, while the fate
for individual compounds showed divergent behavior. PEN G
was detected with the maximum concentration of 0.35pg/L
at R2 in April, and was undetectable (less than the LOQ,
0.031pg/L) at RS for all three seasons. The dominant species
was still penilloic acid in all river water samples, with the
mean concentration ranging from 10.54 to 7.14 mg/L; the ratio
of its molar concentration versus the total molar concentra-
tion remained at 69.8-77.9%, similar to that in the WWTP.
However, the ratios of the molar concentrations of isopenillic
acid and penicilloic acid increased significantly along the
river from 2.7% to 10.1% and from 10.5% to 17.4%, respectively,
suggesting that these two compounds are also important PEN
G degradation products in aquatic environment. It should be
noted that the increase of isopenillic acid was due to its
concentration increase along the river, from 0.263+0.25mg/L
at R2 to 0.935+0.057 mg/L at R5, which was possibly due to
the conversion of penillic acid. While the increase of
penicilloic acid was possibly the result of its relatively tardy
removal (percent removal of 24.6+2.7%) in surface water
compared with other compounds like penicilloaldehyde, the
ratio of its molar concentration versus the total molar
concentration decreased fast along the river (from 12.7% at
R2 to 1.5% at R5) and percent removal was up to 85.9+8.8%,
just like the result in aerobic treatment processes.

Predicted environmental concentration (PEC) of PEN G in
this study was also calculated to compare with the actual
measured environmental concentration (MEC) in the receiv-
ing river. During the production in NCPGC, PEN G was
extracted from the production solution using butyl acetate,
and about 10% of PEN G still remained in the fermentation
solution after the extraction. Considering the annual produc-
tion quantity of 7000 tons, PEN G residues discharged into
wastewater were about 700 tons/year. By assuming that PEN G
only has the five hydrolysis products investigated in this
study and more than 99.9% of PEN G had been transformed to
the five degradation products at site W1 (Table 3), only about
0.215 tons of PEN G still remained in the raw wastewater per
year and about 0.218 mg/L of PEN G was expected in the raw
wastewater, which was in a comparable range with the
measured concentration (about 0.153 mg/L shown in Table 3).

PEC of PEN G in the receiving river was calculated according to
the following equation (EC, 2003):

PEC (g/L) = [A(100 — R)]/(365PVD x 100),

where A is the quantity of PEN G residues in raw wastewater,
which was calculated to be 0.215 ton/year; R is the removal
percentage during wastewater treatment, which is about
96.7% (Table 3); PV is the volume of wastewater per day, which
is around 7800m?/d (Table S1); and D is the dilution factor of
final effluent to receiving river water, which is about 3.85
(Table S1). Thus, PEC of PEN G in this study was 0.65pg/L, in a
comparable range with MEC of PEN G, which was from 0.26 to
0.35ug/L obtained at site R2, about 5km from the discharging
point (Fig. 1), and PEC of PEN G could be more closely matched
with MEC of PEN G considering the degradation of PEN G in
the surface water and the existence of other hydrolysis
products of PEN G, which were not target analytes of this
study.

The minimal inhibition concentration (MIC) of PEN G has
been reported to be lower than 60 ug/L for 30.1% susceptible
clinical isolates of Streptococcus pneumoniae collected from all
over Lebanon (Uwaydah et al., 2006), lower than 30pg/L for
Staphylococcus aureus isolates (Bonfiglio and Livermore, 1994),
and 15pg/L for mode-sensitive Streptococcus pneumoniae
strains (Schito and Felmingham, 2005). These MICs of PEN G
were in a comparable range with the concentration levels of
PEN G detected in this study. For PEN G degradation products,
most antibiotic abilities have been lost as the -lactam ring is
opened (Hou and Poole, 1971); however, it has been reported
that these compounds are linked with penicillin allergic
reactions to some extent in patients, as these degradation
products may react with the amino group of the macro-
molecular carrier protein of the human body to form haptens
of antigens, giving rise to sensitizing conjugates that are
responsible for sensitization (De weck, 1962; Klaus and
Fellner, 1973). The biodegradability and environmental toxi-
city of these degradation products have not been investigated
until now. Considering the high concentrations and relative
environmental persistence of some compounds like penilloic
acid, penicilloic acid and isopenillic acid compared with PEN
G in the receiving surface water of this study, more research
about the degradation products is needed.

4, Conclusions

Most of the PEN G could be eliminated following successive
treatments of anaerobic, hydrolysis, and two aerobic units
under a HRT of 30h in the WWTP, and the concentration of
PEN G decreased in the receiving river along with the distance
from the discharging point. Of the PEN G degradation
products, penilloic acid was the dominant species in all water
samples. High concentrations of the PEN G degradation
products were discharged into the surface water, some of
which, like penilloic acid, penicilloic acid and penillic acid,
were found to be relatively environmental persistent in this
study. These results suggest the PEN G production wastewater
as an important source of PEN G and its degradation product
residues in the environment, with potential environmental
risks, be evaluated in future.



316 WATER RESEARCH 42 (2008) 307-317

Acknowledgments

Financial support from the National Natural Science Founda-
tion of China (20477056, 20610103 and 50525824) is gratefully
acknowledged. We are particularly grateful to anonymous
reviewers for helpful comments to improve the manuscript.

Appendix A. Supporting Information

Supplementary data associated with this article can be found
in the online version at doi:10.1016/j.watres.2007.07.016.

REFERENCES

ACS Committee on Environmental Improvement, 1980. Anal.
Chem. 52, 2242.

Andreozzi, R., Caprio, V., Ciniglia, C., Champdoré, M.D., 2004.
Antibiotics in the environment: occurrence in Italian STPs,
fate, and preliminary assessment on algal toxicity of amox-
icillin. Environ. Sci. Technol. 38, 6832-6838.

Batt, A.L., Aga, D.S.,, 2005. Simultaneous analysis of multiple
classes of antibiotics by ion trap LC/MS/MS for assessing
surface water and groundwater contamination. Anal. Chem.
77, 2940-2947.

Becker, M., Zittlau, E., Petz, M., 2004. Residue analysis of 15
penicillins and cephalosporins in bovine muscle, kidney and
milk by liquid chromatography-tandem mass spectrometry.
Anal. Chim. Acta 520, 19-32.

Blaha, J.M., Knevel, A.M., Kessler, D.P,, Mincy, ] W.,, Hem, S.L.,
1976. Kinetic analysis of penicillin degradation in acidic
media. J. Pharm. Sci. 65, 1165-1170.

Bonfiglio, G., Livermore, D.M., 1994. f-Lactamase types amongst
Staphylococcus aureus isolates in relation to susceptibility to
B-lactamase inhibitor combinations. J. Antimicrob. Che-
mother. 33, 465-481.

Boxall, A.B.A., Kolpin, D.W., Halling-Sgrensen, B., Tolls, J., 2003.
Are veterinary medicines causing environmental risks?
Environ. Sci. Technol. 37, 286A-294A.

Bush, K., Jacoby, G.A., Medeiros, A.A., 1995. A functional classi-
fication scheme for p-lactamases and its correlation with
molecular structure. Antimicrob. Agents Chemother. 39,
1211-1233.

Clarke, H.T., Johnson, J.R., Robinson, R., 1949. The Chemistry of
Penicillin. Princeton University Press, Princeton, NJ, pp. 134,
482, 573.

De weck, A.L., 1962. Studies on penicillin hypersensitivity. I. The
specificity of rabbit “anti-penicillin” antibodies. Int. Arch.
Allergy Appl. Immunol. 21, 20-37.

EC, 2003. Technical Guidance Document on Risk Assessment: Part
II. European Commission, Joint Research Centre, Ispra, Italy.

Fagerquist, C.K., Lightfield, A.R., Lehotay, S.J., 2005. Confirmatory
and quantitative analysis of f-lactam antibiotics in bovine
kidney tissue by dispersive solid-phase extraction and liquid
chromatography-tandem mass spectrometry. Anal. Chem. 77,
1473-1482.

Fluit, A.C., Jones, M.E., Schmitz, FJ., Acar, J., Gupta, R., Verhoef, J.,
2000. Antimicrobial susceptibility and frequency of occurrence
of clinical blood isolates in Europe from the SENTRY Anti-
microbial Surveillance Program, 1997 and 1998. Clin. Infect.
Dis. 30, 454-460.

Hirsch, R., Ternes, T., Haberer, K., Kratz, K.-L., 1999. Occurrence of
antibiotics in the aquatic environment. Sci. Total Environ. 225,
109-118.

Holm, J.V,, Ruegge, K., Bjerg, P.L., Christensen, T.H., 1995.
Occurrence and distribution of pharmaceutical organic com-
pounds in the groundwater downgradient of a landfill
(Grindsted, Denmark). Environ. Sci. Technol. 29, 1415-1420.

Holstege, D.M., Puschner, B.,, Whitehead, G., Galey, F.D., 2002.
Screening and mass spectral confirmation of -lactam anti-
biotic residues in milk using LC-MS/MS. J. Agric. Food Chem.
50, 406—411.

Hou, J.P, Poole, J.W., 1971. f-Lactam antibiotics: their physico-
chemical properties and biological activities in relation to
structure. J. Pharm. Sci. 60, 503-532.

Kim, S., Eichhorn, P, Jensen, J.N., Weber, A.S., Aga, D.S., 2005.
Removal of antibiotics in wastewater: effect of hydraulic
and solid retention times on the fate of tetracycline in the
activated sludge process. Environ. Sci. Technol. 39, 5816-5823.

Klaus, M.V,, Fellner, M.J., 1973. Penicilloyl-specific serum anti-
bodies in man. Analysis in 592 individuals from the newborn
to old age. J. Gerontol. 28, 312-316.

Kolpin, D.W., Furlong, E.T.,, Meyer, M.T., Thurman, E.M.,
Zaugg, S.D., Barber, L.B., Buxton, H.T., 2002. Pharmaceuticals,
hormones, and other organic wastewater contaminants in US
streams, 1999-2000: a national reconnaissance. Environ. Sci.
Technol. 36, 1202-1211.

Kiimmerer, K., 2003. Significance of antibiotics in the environ-
ment. J. Antimicrob. Chemother. 52, 5-7.

Lindberg, R., Jarnheimer, P.-A., Olsen, B., Johansson, M., Tysklind,
M., 2004. Determination of antibiotic substances in hospital
sewage water using solid phase extraction and liquid chro-
matography/mass spectrometry and group analogue internal
standards. Chemosphere 57, 1479-1488.

Lindberg, R.H., Wennberg, P, Johansson, M., Tysklind, M.,
Andersson, B.A.V., 2005. Screening of human antibiotic sub-
stances and determination of weekly mass flows in five
sewage treatment plants in Sweden. Environ. Sci. Technol. 39,
3421-3429.

McArdell, C.S., Molnar, E., Suter, M.J.-F., Giger, W., 2003. Occur-
rence and fate of macrolide antibiotics in wastewater treat-
ment plants and in the Glatt Valley watershed, Switzerland.
Environ. Sci. Technol. 37, 5479-5486.

Pcole, M., Kenig, M.D., Hewitt, V.A., 1973. Metabolism of penicil-
lins to penicilloic acids and 6-aminopenicillanic acid in man
and its significance in assessing penicillin absorption. Anti-
microb. Agents. Chemother. 3, 463-468.

Qiting, J., Xiheng, Z., 1988. Combination process of anaerobic
digestion and ozonization technology for treating wastewater
from antibiotics production. Water Treat. 3, 285-291.

Riediker, S., Stadler, R.H., 2001. Simultaneous determination of
five p-lactam antibiotics in bovine milk using liquid chroma-
tography coupled with electrospray ionization tandem mass
spectrometry. Anal. Chem. 73, 1614-1621.

Sacher, F, Lange, ET., Brauch, H.-J, Blankenhorn, I, 2001.
Pharmaceuticals in groundwaters analytical methods and
results of a monitoring program in Baden-Wiirttemberg,
Germany. J. Chromatogr. A 938, 199-210.

Schito, G.C., Felmingham, D., 2005. Susceptibility of Streptococcus
pneumoniae to penicillin, azithromycin and telithromycin
(PROTEKT 1999-2003). Int. J. Antimicrob. Agents 26, 479-485.

Silver, L.L., Bostian, K.A., 1993. Discovery and development of new
antibiotics: the problem of antibiotic resistance. Antimicrob.
Agents Chemother. 37, 377-383.

Sgrensen, L.K., Snor, LK., Elkeer, T., Hansen, H., 1999. Simulta-
neous determination of seven penicillins in muscle, liver and

kidney tissues from cattle and pigs by a multiresidue high-
performance liquid chromatographic method. J. Chromatogr. B
734, 307-318.


dx.doi.org/10.1016/j.watres.2007.07.016

WATER RESEARCH 42 (2008) 307-317 317

Straub, R.F, Voyksner, R.D., 1993. Determination if penicillin G, Uwaydah, M., Mokhbat, J.E., Karam-Sarkis, D., Baround-Nassif, R.,
ampicillin, amoxicillin, cloxacillin and cephapirin by high- Rohban, T., 2006. Penicillin-resistant Streptococcus pneumoniae
performance liquid chromatography-electrospray mass spec- in Lebanon: the first nationwide study. Int. J. Antimicrob.
trometry. J. Chromatogr. 647, 167-181. Agents 27, 242-246.



	Determination of penicillin G and its degradation products in a penicillin production wastewater treatment plant and the receiving river
	Introduction
	Materials and methods
	Chemicals and materials
	Sample collection
	Sample preparation for wastewater and surface water
	Chemical analysis
	Quantification and quality assurance

	Results and discussion
	Qualification and quantification
	Determination of analytes in the WWTP
	Determination of analytes in the receiving river

	Conclusions
	Acknowledgments
	Supporting Information
	References


