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ABSTRACT

A full-scale novel combined anaerobic/micro-aerobic and two-stage aerobic biological process is used
for the treatment of an actual chemical synthesis-based pharmaceutical wastewater containing amoxi-
cillin. The anaerobic system is an up-flow anaerobic sludge blanket (UASB), the micro-aerobic system is
a novel micro-aerobic hydrolysis acidification reactor (NHAR) and the two-stage aerobic process com-
prised cyclic activated sludge system (CASS) and biological contact oxidation tank (BCOT). The influent
wastewater was high in COD, NH3-N varying daily 4016-13,093 mg-CODL-! and 156.4-650.2 mg-NH3s-
NL-1,amoxicillin varying weekly between 69.1 and 105.4 mg-amoxicillin L-', respectively; Almost all the
COD, NH3-N, amoxicillin were removed by the biological combined system, with removal percentages
97%, 93.4% and 97.2%, respectively, leaving around 104 mg-COD L', 9.4 mg-NH3-N L' and 2.6 + 0.8 mg-
amoxicillinL-! in the final clarifier effluent. The performance evaluation of the wastewater treatment
plant (WWTP) by mathematical statistic methods shown that at most of time effluent can meet the
higher treatment discharge standard. In addition, the fate of amoxicillin in the full-scale WWTP and the
amoxicillin removal rate of each different removal routes in UASB, NHAR, CASS, BCOT and final clarifier
processes are investigated in this paper. The results show that biodegradation, adsorption and hydrolysis
are the major mechanisms for amoxicillin removal.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

In recent years, the rapid development of chemical synthesis-
based pharmaceutical industry of China leads the treatment of
chemical synthesis-based pharmaceutical wastewater to emerge
as animportant concern. Chemical synthesis-based pharmaceutical
wastewaters contain such a variety of organic and inorganic con-
stituents including spent solvents, catalysts, additives, reactants
and amounts of intermediates and products (amoxicillin), that with
high COD and NH3-N concentration, low biodegradation, bacte-
rial toxicity and recalcitrance [1,2]. Therefore, effective removal of
substances included in pharmaceutical residual effluents is a chal-
lenging task [3,4]. It has been reported that approximately half the
pharmaceutical wastewaters containing lots of organic and inor-
ganic pollutants such as antibiotics are discharged without any
specific treatment; this behavior will leads large numbers of drugs
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enter into the natural environment and causes various environ-
mental problems [5-7].

Amoxicillin, a semi-synthetic B-lactam antibiotic, is the most
common featured pollutant in the fermentation and chemical
synthesis-based pharmaceutical wastewater [8,9]. Its bacterial
toxicity and recalcitrance may play an important role in decreasing
the chemical oxygen demand (COD) removal efficiency in biolog-
ical treatment systems [9]. Furthermore, from an environmental
engineering point of view, the health effects of pharmaceutical
wastewater containing amoxicillin on human and animals are
unknown, and stricter discharge standard of water pollutants
for pharmaceutical industry also needs an approach towards
appropriate technology for the treatment of pharmaceutical
wastewater
containing amoxicillin.

The present studies to treat the chemical synthesis-based phar-
maceutical wastewaters containing amoxicillin mainly focused on
physical and chemical treatment, such as UV/ZnO photo-catalytic
process [10], photo-Fenton process [11], ultrasonic process [12],
advanced oxidation processes (AOPs) and so on [13-15]. Though
high COD and amoxicillin removal rates were observed in these
bench-scaled experiments, they are not suitable for full-scale
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wastewater treatment plant (WWTP) due to their high cost[16,17].
Therefore, it is urgent to request a cost-effective and efficient tech-
nique to deal with the wastewater. Adopting biological processes
as a treatment alternative of the chemical synthesis-based phar-
maceutical wastewaters should be an economical choice.

In this study, a practical application of up-flow anaerobic sludge
blanket (UASB) process (a pre-treatment unit), novel micro-aerobic
hydrolysis acidification reactor (NHAR), two-stage aerobic biolog-
ical system composed cyclic activated sludge system (CASS) and
biological contact oxidation tank (BCOT), and a final clarifier as a
combined biological wastewater treatment technique was used for
upgrading and retrofitting a full-scale WWTP in Inner Mongolia of
China to meet the higher treatment discharge standard due to a
change of legal framework in 2010. Several aspects were consid-
ered when employed the anaerobic/micro-aerobic and two-stage
aerobic biological system to treat the chemical synthesis-based
pharmaceutical wastewaters.

(1) High COD concentration in pharmaceutical wastewaters makes
anaerobic/micro-aerobic process become a potential candi-
date [18,19]. Moreover, UASB (anaerobic process) with simple
design, easy construction and maintenance, low operating cost,
ability to withstand fluctuations in pH, temperature and influ-
ent substrate concentration [20-22]. It should be a wise option
to employ UASB treat the high-strength wastewater in this
WWTP. NHAR (micro-aerobic process) can provide a favorable
condition for the subsequent aerobic processes, especially the
micro-aerobic condition can enhance the physiological metab-
olizability of facultative hydrolytic and acidogenic bacteria, and
aerating stirring can improve the gas-liquid-solid exchange
condition [23].

(2) Although anaerobic digestion and hydrolysis acidification were
effective means for decreasing the organic content in phar-
maceutical wastewaters through the use of a consortium of
heterotrophic microorganisms capable of utilizing a wide spec-
trum of substrates, in the absence of oxygen, high COD, NH3-N
and amoxicillin still reside in the effluent. To meet the purpose
of direct discharge, the two-stage aerobic biological system
which has a high potential of pollutants removal employed to
treat the effluent of the anaerobic/micro-aerobic process.

(3) Up to now, no laboratory, pilot-scale or full-scale experiment
has been reported exploiting combined anaerobic/micro-
aerobic and two-stage aerobic process to treat pharmaceutical
wastewaters containing amoxicillin, to authors’ knowledge.
Therefore, the suitability of using this type of system for the
treatment of amoxicillin pharmaceutical wastewaters requires
investigation.

(4) Last but not the least, the combined process has less energy
consumption and the effluent can readily attain the discharge
standards without only costly chemical or physical-chemical
process.

(5) In addition, this research evaluates the performance of WWTP
by mathematical statistic methods and investigated the fate of
amoxicillinin the full-scale WWTP and quantified each removal
rate of amoxicillin in UASB, NHAR, CASS, BCOT and final clarifier,
respectively.

2. Materials and methods
2.1. Wastewater source and characteristics

As the largest pharmaceutical production bases in north-
western China, United Laboratories (Inner Mongolia) Co. Ltd. is
located at Inner Mongolia China. The main products of this pharma-
ceutical enterprise are 6-APA (one of most important intermediates

for amoxicillin synthesis) and amoxicillin. During 6-APA and amox-
icillin manufacturing, many kinds of wastewaters were generated.
Such as, the production of penicillin G sylvite which is the raw mate-
rials of 6-APA could generate the waste acid wastewater, ethanol
stillage residue, filter cloth washing wastewater and low-strength
wastewater which containing corn syrup, corn gluten meal and glu-
cose; the production of 6-APA could generate phenyl acetic acid
and wastewater containing 6-APA; the production of amoxicillin
could generate amoxicillin workshop flush wastewater and amox-
icillin liquid. So, the pharmaceutical wastewater was mixture of
waste acid, phenyl acetic acid, stillage residue of ethanol, discharge
wastewater of amoxicillin workshop and domestic sewage of staff,
containing a variety of organic and inorganic constituents, such as
spent solvents, catalysts, reactants and amounts of intermediates
(6-APA) and products (amoxicillin).

In this paper, amoxicillin is carefully and further studied
while 6-APA just regard as a kind of organic substrate with-
out only further describe and study. The characteristics of the
amoxicillin pharmaceutical wastewater are presented in Table 1.
As shown in Table 1 the average influent flow, filtered COD,
COD loading rate, NH3-N, amoxicillin and pH of UASB are
2031.2m3d-1, 7404 mg-CODL-!, 15.6 kg-CODm—3d~!, 363.8 mg-
NH3-NL-1, 92.2 mg-amoxicillinL-! and 7.4, respectively. Because
sedimentation tank, pre-aeration tank, buffer pool were designed
between UASB and NHAR, UASB effluent water characteristics are
different from NHAR influent. Table 1 demonstrate that the average
influent flow, COD, COD loading rate, NH3-N, amoxicillin and pH of
NHAR are 11,150 m3d~!, 4518 mg-CODL-1, 11.7 kg-CODm—3d 1,
212.1 mg-NH3-NL-1,70.2 mg-amoxicillin L-! and 6.7, respectively.
The operational conditions of the combined processes are also
shown in Table 1.

2.2. Combined anaerobic/micro-aerobic and aerobic process

A schematic flow chart of the combined anaerobic/micro-
aerobic and two-stage aerobic biological wastewater treatment
system is shown in Fig. 1. The UASB, NHAR and BCOT are new-
built processes which are based on the primary process. Four types
of wastewater are separately treated through the preliminary and
primary treatment steps. First, the waste acid wastewater, after
the treatment of flocculation sedimentation pool (I) and buffer
pool (I) is fed to the UASB, and the effluent of UASB flows into
the sedimentation tank (I), pre-aeration tank and buffer pool (II)
in sequence. Second, the high concentration wastewater mixed of
ethanol stillage residue, phenyl acetic acid and amoxicillin liquor
is fed to the four-effect evaporator (four-effect evaporator is one
of evaporator which composed by four stage evaporators. When
operation, after pressurize the vapors generated by the first evap-
orator is transferred to the second evaporator as its heat source,
the vapors generated by the second evaporator is transferred to
the third evaporator, and the vapors generated by the third evap-
orator is transferred to the last stage evaporator as its heat source)
employed in reusing the amoxicillin and other materials, the efflu-
ent of four-effect evaporator enters buffer pool (II). Third, after
treated in the sedimentation tank, the filter cloth washing wastew-
ater is introduced into the buffer pool (II). Last, after mixed with
the domestic wastewater, corn syrup, corn gluten meal and glucose
wastewater, fermentation and amoxicillin workshop flush wastew-
ater, the low-strength concentration wastewater is introduced to
grid screen and water-collecting well, the effluent of which also
enters the buffer pool (II). Finally, the mixed effluent from the buffer
pool (II) is treated by the biological treatment technology: NHAR,
CASS and BOCT. The effluent of NHAR flows to CASS, and then the
effluent of the CASS is inputted to the BCOT process. Finally, the
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Table 1

Influent wastewater characteristics and the operational conditions of the combined processes.

UASB NHAR CASS BCOT Final clarifier
Influent wastewater characteristics
Soluble COD/mg-CODL! 4016-13,093 2398-11,505 1868-9951 230-1768 63-1589
Average soluble COD/mg-CODL! 7404 4518 3872 415 183
NH;-N/mg-NH3-NL~! 156.4-650.2 145.2-318.5 164.4-351.4 70.6-175.6 2.9-126.9
AverageNH;-N/mg-NH3-NL~! 363.8 212.1 2279 112.4 18.1
Amoxicillin/mg-amoxicillin L-! 69.2-105.4 48.7-92.2 34.9-67.5 7.1-28.3 1.3-5.5
Average amoxicillin/mg-amoxicillin L~! 92.2 70.2 56.1 17.7 3.4
Operational conditions
Dimension (m) 38x86x6 48 x 15 x 6 56x23x6 56 x23x6 @20 x5
Volume (m?) 1960.8 4320 6900 6900 628
HRT (h) 235 9.3 14.9 14.9 1.35
Flow (m3d-1) 2031.2 11,150 11,150 11,150 11,150
Ph 5.6-8.3 5.3-7.1 6.8-7.6. 7.0-7.8 7.1-7.6
T(°C) 30-38 11-32 11-32 11-32 11-32
DO (mgL-1) 0.2-0.3 0.4-1.2 1.5-2.5 1.5-2.5 ND?
2 No-detect.

sludge and wastewater are separated by the final clarifier, and the
effluent is directly discharged into natural waters.

2.2.1. UASB process

The UASB reactor is a new-built anaerobic biological treatment
process which employed in treating the wastewater with high COD
and amoxicillin concentrations in the condition of high COD load-
ing rate ranging between 12.57 and 21.02kgm~3 d~! and wide pH
between 5.6 and 8.3. The UASB reactor has a volume of 1960.8 m3,
height of 38 m, length of 8.6 m, and width of 6 m, ten sludge ports
are arranged along the height of the reactor, the first one at 2m
above the UASB bottom and the others distribute equally along the
height of the reactor. The reactor contains a three identical conical
gas solids separator at the top of the tank with a height of 3.8 m.

2.2.2. NHAR process
As the first stage of anaerobic digestion process, the tradi-
tional hydrolysis acidification reactor (THAR) is designed mainly for

Canadian medical kit

providing the substrates for the methanogen. In this study, NHAR
which was an improved UASB without the three identical conical
gas solids separator employed as an independent process for pro-
viding a favorable condition for the subsequent aerobic processes.
The NHAR is also a new-built treatment process, and compared
with the THAR, it has more effectively in organic substrates removal
and wastewater biodegradability improvement, leading as the fol-
lowing reasons:

(1) Facultative anaerobes are the dominated bacterium of the
hydrolysis acidification reactor. The presence of oxygen will
reduce biochemical reaction activation energy value of fac-
ultative anaerobes, and more energy would be obtained by
facultative anaerobes under a micro-aerobic condition of DO
ranging between 0.4 and 1.2mgL-! and ORP between —30
and +80mv. The micro-aerobic condition in the NHAR can
promote the facultative anaerobes growth and reproduction,
increase the sludge activity and strengthen the efficiency of
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Fig. 1. Process flow diagram of the full-scale WWTP of United Laboratories Co. Ltd. (UASB, NHAR and BCOT were the new-built processes.)
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wastewater acidification. What's more, the value of —30 mv to
+80mv ORP which achieved by aeration is most suitable for
facultative anaerobe growth and acidification.

(2) On the other hand, aerating stirring have many advantages,
such as, improve the gas-liquid-solid hydraulic conditions,
enhance the mass transfer between hydrolysis sludge and
organic substrates, accelerate the organic substrates transfer
to the microbial cells from wastewater, increase the spread
strength of organic substrates to activity sludge, improve the
concentration gradient of organic substrates, also evacuate the
VFA which generate in the hydrolysis acidification process to
the liquid phase to reduce the feedback inhibition, thereby
enhancing the rate of biochemical reactions.

There are two NHARs, and each has dimensions of
48 m x 15m x 6 m, with an average HRT of 9.3 h.

2.2.3. CASS process

The CASS, which is the former treatment process, provides aer-
obic treatments in the WWTP. As a result, the CASS has great
capability to minimize the organic substrates in the treatment
of wastewater. After upgrading and retrofitting the WWTP, there
are eight CASS reactors, and each reactor has dimensions of
50m x 23 m x 6 m. When the system is under the normal opera-
tion, five CASS pools work, three CASS pools idle, holding a working
volume of approximately 6900 m? and a HRT of 14.9 h.

2.2.4. BCOT process

The primary aerobic system of the WWTP were 12 CASS reac-
tors, and the performance of the primary process demonstrated
that the primary aerobic biological process (CASS) has a well per-
formance of COD removal (the average effluent COD concentration
was 313mgL-! with an 88.7% COD removal percentage), while
the performance of the NH3-N removal was unsatisfactory (the
average effluent NH3-N concentration was 214.7mgL-! with a
48.7% NH3-N removal percentage). In order to improve the per-
formance of aerobic biological system in this full-scale WWTP to
meet the higher treatment discharge standard due to a change of
legal framework in 2010, the two-stage aerobic biological system
are considered to make the aerobic biological system be operated
at its optimum level.

BCOT, the second-stage of the two-stage aerobic biological sys-
tem, was new-built, a completely mixed and continuously operated
process. There are four series of BCOTs in parallel with dimensions
of 50 m x 23 m x 6 m, providing a total working volume of 6900 m3
and a HRT of 14.9 h.

In the two-stage aerobic biological system, CASS is expecting
to reduce the COD mainly as the heterotrophic aerobic bacteria
dominated, and the BCOT is expecting to remove NH3-N mainly
as the autotrophic aerobic bacteria dominated. What’s more the
two-stage aerobic biological system can make the aerobic microbe
more diversity than one aerobic step.

What's more, lots of studies reports employ the two-stage aer-
obic biological systems in different wastewater treatment, such as
coke plant wastewater [24], domestic wastewater [25], and PTA
wastewater [26].

2.2.5. Final clarifier

As the quality of effluent from BCOT is still far from the
required standard for discharge, two final clarifiers (920 m x 5m)
are designed for sedimentation active sludge.

2.3. Analytical methods

The WWTP was daily sampled during the 109 days from May
1stto August 17th, 2010. UASB influent and effluent, NHAR influent,

NHAR effluent, CASS effluent, BCOT effluent and final clarifier efflu-
ent were collected at fixed sampling sites between 10 and 11 am
daily for the analysis of soluble COD (sCOD), NH3-N (ammonium-
nitrogen) and pH. Measurement of sCOD and NH3-N was performed
directly on the sampled slurry according to Standard Methods
[27]. DO and pH were monitored daily by a hand-held oxygen
meter (COM 381, Shanghai Light Industry Research Institute, China)
equipped with a DO probe (COS 381, Shenzhen Futai Instrument Co.
Ltd, China) and a portable pH meter (sensionl, HACH), respectively.
A high performance liquid chromatography (Prominence LC-20
A, SHIMADZM, from Waters) which equipped with a guard col-
umn (Waters Sunfire C18 (5 m x 20mm x 4.6 mm)), an Alltech
C18 (250 mm x 4.6 mm) column and a Jasco ProSar/Dynamax UV
detector was used to measure amoxicillin concentration in the
wastewater. The mobile phase was a mixture of phosphate buffer
(0.01 mol L1, pH 4.8) and acetonitrile (95:5 v/v) pumped at a flow
rate of 1.3 mLmin~! through the column. Peaks were monitored by
UV absorbance at 229 nm with a sensitivity of 0.005 AUFS. Quan-
tification of amoxicillin was obtained by comparison to the internal
standard peak height ratios as a function of concentration [7].

2.4. Experimental

The experiment of amoxicillin fate investigation contain two
parts: (1) to research which treatment processes in the full-scale
WWTP are capable of removing amoxicillin from pharmaceu-
tical wastewater and the removal efficiency of each treatment
process; (2) to determine the removal routes of amoxicillin in
the anaerobic/micro-aerobic and aerobic combined process by
investigating both abiotic (hydrolysis and adsorption) and biotic
(biodegradation) processes. Amoxicillin removal due to volatiliza-
tion is considered insignificant due to its low volatility.

2.4.1. Amoxicillin removal in the full-scale WWTP

To study the removal of amoxicillin in the full-scale WWTP, 24-
h composite samples were collected at Monday of each week of
the experimental period from the WWTP at the following locations
(Fig. 1): influent to UASB, effluent of UASB, influent to NHAR, influ-
ent to CASS (effluent of NHAR), influent to BCOT (effluent of CASS),
influent to final clarifier (effluent of BCOT), and effluent of the final
clarifier. One litre grab samples were collected at each of these loca-
tions. To prevent cross contamination of samples, the tubing was
changed prior to each new sample collection.

All collected samples were placed on ice in a cooler and
transported back to the lab. Upon arriving at the lab, they were
immediately filtered, acidified, covered, and stored in a refrigera-
tor for analysis. Each sample was done three parallel experiments
for ensure the accuracy of the experiments.

2.4.2. Amoxicillin fate in the full-scale WWTP

As described above, batch experiments investigating amoxicillin
degradation mechanisms were done once a week during the exper-
iment period.

2.5. Hydrolysis experiments

Fifteen flasks were separated into three parallel groups and the
five flasks of each group, the five flasks of each group were dosed
amoxicillin solution which solvent is in sterile, aerated deionized
water and concentration same with the influent of UASB, NHAR,
CASS, BCOT, and final clarifier, respectively. They were kept in test
glass tubes covered by aluminum foil and the experiment was
operated in the dark to avoid photolysis. The temperature was
maintained constant at 25°C. Amoxicillin hydrolysis was deter-
mined by measured the concentration of amoxicillin in sterile,
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aerated deionized water at appropriate intervals (the correspond-
ing HRT of each treatment process) and analyzed by HPLC in order
to monitor the amoxicillin decay. The reduction of amoxicillin in
these flasks was contributed by hydrolysis.

2.6. Biodegradation and adsorption experiments

Another thirty flasks were separated into three parallel groups.
Ten flasks of each group were marked with “UASB;”, “NHAR;",
“CASS:”, “BCOT;", “Final clarifier;”, “UASB,”, “NHAR,", “CASS,",
“BCOT,” and “Final clarifiery”, respectively. 200 mL suspension
of sludge was removed from each treatment process, and then
injected to its corresponding flask.

The DO of each flask with subscript number “1” was kept at
the same condition with its corresponding process, such as UASB;
was kept at an anaerobic condition, NHAR; was kept at a micro-
aerobic condition, CASS; and BCOT; were kept at aerated and
stirred condition over the whole investigation period in order to
ensure microbes of each process maintained the original biological
activity, and the temperature was maintained constant at 25 °C by
means of water bath. After the suspension of sludge was injected,
100 mL sodium azide was added to these flasks with subscript num-
ber “2”, these flasks were maintained in the same condition with
flasks with subscript number “1”. Aliquots of the homogeneous
suspension were withdrawn at different reaction time (the cor-
responding HRT of each treatment process) and filtered through
cellulose disks before the HPLC analysis to monitor the amoxicillin
decay.

The removal of amoxicillin determined by killing the micro-
bial population in bioreactor with 100mgL-! sodium azide was
attributed to hydrolysis and adsorption. The decay rates in the
flasks with subscript number “1” were attributed to hydrolysis,
sorption, and biodegradation. The difference of the removal rates
between the bioreactors with sodium azide and aerated deion-
ized water (i.e., hydrolysis) were attributed to sorption and that
between the bioreactors with and without the sodium azide addi-
tion was attributed to biodegradation [7].

3. Results and discussion
3.1. UASB performance

UASB is anaerobic biological reactor in which the anaerobic
digestion contributes to the pollutants removal, and the organic
pollutants are degraded by microbial populations through multiple
degradation steps contain hydrolysis/fermentation, acetogenesis
and methanogenesis. Figs. 2 and 3a illustrated the influent, effluent
COD, NH3-N concentration and COD, NH3-N removal efficiency of
UASB during the experiment period. COD was detected every day
during the 109 days, while NH3-N was detected once 3 days from
the 33rd day until the combined system began to run on the 93rd
day, and a total of 20 groups of data about NH3-N in each unit are
illustrated in this paper.

As shown in Figs. 2 and 3a, we can observe results as fol-
lows: the fluctuation of pollutants in influent varied between
4016 and 13,093 mg-CODL-! and between 156 and 650 mg-NHs-
NL-1, with average COD and NH3-N concentration at 7504 and
363mgL-1, respectively. From Fig. 2a, we can observe that, in
the initial 53 days, UASB influent COD concentration fluctuated
substantially from 4726 to 13,093 mg-COD L~!; paralleling to this
variation, the UASB effluent varied from 2175 to 5936 mg-COD L-!
and COD removal percentage from 29% to 71%, with an average
of 49.6%. At days 54-58, there were more organic residual sol-
vents, butyl, toluene, and mycelium at low pH in flocculation enter
into sedimentation pool (I) and buffer pool (I) as more 6-APA and

amoxicillin were product in theses day. The average values of influ-
ent, effluent and COD removal percentage were 7709 mg-CODL!,
6372mg-CODL-! and 15.2% at Stage 2, respectively. It is worth to
mention that the effluent COD decreased from Day 69 to Day 110,
varied between 2260 mg-CODL-! and 4653 mg-CODL-! despite
the UASB influent concentration stabilized at a average 6523 mg-
CODL-1. This indicated that the UASB has potential for treating
high-strength pharmaceutical wastewater. The COD removal effi-
ciency in this UASB is lower than in another UASB study reporting
COD removal percentage in range of 86.2%-91.6% in treating herbal
pharmaceutical wastewater at HRT fluctuating between 33 and 43 h
[28].

It is significant to point out that almost during the full-scale
experiment the effluent NH3-N concentration (423.7-821.7 mg-
NH3-NL-1) was higher than the influent, with an average removal
efficiency of —68.75% (Fig. 3a). This outcome was resulted from the
breakdown of the total organic nitrogen in the raw wastewater
under anaerobic condition.

3.2. NHAR performance

It is reported that hydrolysis/acidification is the rate limiting
step of anaerobic digestion performed by the facultative hydrolytic
and acidogenic bacteria; in the previous study hydrolysis and acidi-
fication reactor was employed to wastewater treatment as an initial
process of anaerobic digestion. In this paper, we used a micro-
aerobic hydrolysis and acidification reactor as the pretreatment
unit to enhance the biodegradability of pharmaceutical wastew-
ater, offer good substrate for subsequent aerobic treatment and
optimize the hydrodynamic condition of the reactor [23].

Though NHAR can remove some pollutants by the biodegra-
dation and interception of sludge and sedimentation of large
particles, NH3-N and the COD removal efficiency decreased com-
pared with UASB. The influent concentrations fluctuated from 2398
to 11,505 mg-CODL-! and from 145.2 to 318.5mg-NH3-N L1, the
effluent varied from 1858 to 9951 mg-CODL-! and from 164.4 to
351.4mg-NH3-N L1 (Figs. 2 and 3b). The average COD removal per-
centages were 7.6%, —24.7% and 20%, and corresponding organic
loading rates (OLR)4.78 kg-CODm~3d~!,3.64 kg-CODm~3d-! and
2.75kg-CODm~3d~1, respectively in the three stages. During the
full-scale experiment NH3-N removal rate was —9.3%. The increase
of NHAR effluent NH3-N provided sufficient nitrogen to the follow-
up aerobic operations, made up for the poverty of nitrogen in
the pharmaceutical wastewater, and thus avoided adding nitrogen
to wastewater to meet the need of the following aerobic pro-
cess.

The average BOD5/COD ratio of the wastewater was raised from
0.20 to 0.36 via NHAR treatment, but the THAR raised the ratio
from 0.20 to 0.30 when it employed to treat this kind of pharma-
ceutical wastewater, which indicating that the biodegradability of
the pharmaceutical wastewater could be greatly improved via the
treatment of NHAR. The improvement of wastewater biodegrad-
ability could offer a favorable condition for the subsequent aerobic
treatment process.

3.3. CASS performance

Though the NHAR greatly improved the biodegradability of
pharmaceutical wastewater and some organic content were
removed from the wastewater, lots of COD and NH3-N still resides
within NHAR effluent. To meet the purpose of direct discharge, a
sub-sequential aerobic process is thus required. Recently, the aer-
obic treatment of pharmaceutical wastewater has been reported
[29-32]. However, up until the present, no laboratory or pilot-
scale experiments have been reported exploiting a process based
on the CASS and BCOT technology to remediate high-strength
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Fig. 2. (a) COD removal in the full-scale UASB during the 1-3 stages, (b) COD removal in the full-scale NHAR during the 1-3 stages, (c¢) COD removal in the full-scale CASS
during the 1-3 stages, (d) COD removal in the full-scale BCOT during the 1-3 stages, (e) COD removal in the full-scale final clarifier during the 1-3 stages.

pharmaceutical wastewaters. We put forward to combining CASS
and BCOT as a two-stage aerobic biological system to treat the
pharmaceutical wastewater.

Performances of the CASS are illustrated in Figs. 2 and 3c. As
shown in Fig. 2c, we can observe the results as follows; most of
COD was removed in CASS, except Day 54 to Day 68 pollutants
in influent, effluent and removal efficiency were kept at a sta-
ble level. CASS influent was the NHAR effluent which flocculated

substantially from 1858 to 9951 mg-COD L-1and 164.3 to 351.4 mg-
NH3-NL-!; paralleling to this variation, the CASS effluent varied
from 230 to 1768 mg-CODL-! and 70.6 to 175.6 mg-NH3-NL!,
obtain COD removal percentage from 37% to 95% with an average
of 88.4%, NH3-N removal percentage from 35% to 65% with an aver-
age of 51.2%. The performances of CASS were significantly higher
than reported previously. For example, Lapara et al. reported COD
removal rate values of 38%-62% at temperature from 30°C to 60 °C
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Fig. 3. (a) NH3-N removal in the full-scale UASB during the experiment, (b) NH3-N removal in the full-scale NHAR during the experiment, (c) NH3-N removal in the full-scale
CASS during the experiment, (d) NH;-N removal in the full-scale BCOT during the experiment, (e) NH3-N removal in the full-scale final clarifier during the experiment.

during the aerobic biological treatment of pharmaceutical wastew-
ater [29]; Wu et al. reported values of 30%-60% COD removal rate
in a combined process of micro-aerobic baffled reactor-biological
contact oxidation treating printing and dyeing wastewater [33].

3.4. BCOT performance

As the second-stage system of the two-stage aerobic biological
system, BCOT play a crucial role in pollutants removal. The results
presented in Figs. 2 and 3d reveal that during the experiment,
the BCOT influent concentration fluctuated from 230 to 1728 mg-
CODL-! and 70.6 to 175.6mg-NH3-NL-!, with an average of
415mg-COD L1 and 112.4 mg-NH3-N L1, the BCOT effluent varied
from 63 to 1589 mg-CODL-! and 2.9 to 126.9 mg-NH3-NL-!, COD
removal percentage was fluctuated between —2.9% and 82% with an
average of 61.8%. It is worth to mention that during the experiment
BCOT obtained a high NH3-N removal efficiency at 84.5%.

It is clear that, the COD removal efficiency of the first-stage
aerobic biological unit was higher than that of the second-stage aer-
obic biological unit, while BCOT obtained a better NH3-N removal
efficiency (Figs. 2 and 3c,d). The reasons for this result are stated

as follows. First, aerobic heterotrophic bacterium which has a
very short generation time and a fast proliferation rate were the
dominant species in the CASS reactor, while aerobic autotrophic
bacterium with a longer generation time were the dominant
species in BCOT; second, COD degradation heterotrophic aerobic
bacteria and NH3-N degradation autotrophic aerobic bacteria that
compete DO and space fiercely in CASS; third, in the first stage of
the aerobic system, the influent COD concentration is very high,
that is, CASS is operated with a high organic loading rate, which
offers a comfortable condition for the heterotrophic bacteria, while
inhibits the removal of NH3-N by restraining growth of nitrifying
bacteria, so that high COD removal rate and low NH3-N removal rate
showed in CASS. On the contrary, the influent COD of the second
stage of the aerobic system (BCOT) is low, while NH3-N concen-
tration in pharmaceutical wastewater was kept at a relatively high
level, so from the perspective of biochemical reaction kinetics, the
inhibitory effect of heterotrophic bacteria to autotrophic bacteria
was weakened, the driving force of nitrification was strengthened,
nitrifying bacteria got rid of slow proliferation rate and became
the dominant species of BCOT, and therefore nitrification showed
a strong effect.
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Table 2
Amoxicillin concentration of each process during the experiment period.
Camoxicil]in max (mg L71 ) Camoxicilli ave (mg Li] ) Camoxici]lin min (mg Lq ) SD

Influent to UASB 105.4 92.2 69.2 6.3
Effluent of UASB 86.1 73.5 51.6 10.5
Influent to NHAR 92.2 70.2 48.7 9.4
Influent of CASS 67.5 56.1 34.9 7.6
Influent of BCOT 28.3 17.7 71 42
Influent of final clarifier 5.5 34 13 2.8
Effluent of final clarifier 3.6 2.6 1.5 0.8

Camoxicillin max» the maximal value of amoxicillin concentration during the experiment period; Cimoxicillin max» the average value of amoxicillin concentration during the
experiment period; Camoxicilin max» the minimal value of amoxicillin concentration during the experiment period; SD, standard deviation.

3.5. Final clarifier performance

The UASB+NHAR+CASS+BCOT obtained a perfect COD and
NH3-N removal efficiency of pharmaceutical wastewater during
the full-scale experiment. Though the influent of this combined
system was high in 7404 mg-CODL-! and 363.8 mg-NH3-NL1,
the effluent decreased to 183 mg-CODL~! and 18.1 mg-NH3-NL- !,
Inspite of the excellent COD and NH3-N removal rate, the effluent
COD and NH3-N concentration could not meet the higher pharma-
ceutical treatment discharge standard of China (COD<120mgL"1,
NHs-N < 10 mg L~1)which will be enforced in 2010, thus a final clar-
ifier is needed to separate sludge and water. As shown in Fig. 2e,
the effluent COD fluctuated from 51 to 1429 mgL-!, and the corre-
sponding COD removal rate was —30.7% to 58.0%, with an average
of 13.2%. During Stage 1 and Stage 3, the average COD of the phar-
maceutical wastewater was 118 and 129 mgL-! after treated by
this unit, giving an average COD removal rate of 20.8% and 6.2%,
respectively, higher than 4.7% in Stage 2.

In general, the effluent NH3-N of the final clarifier varied
between 2.85 and 98.6 mg-NH3-NL-1, with an average removal
efficiency of 7.5%, which demonstrated that the final clarifier
also exhibited the ability to remove NH3-N from pharmaceutical
wastewater (Fig. 3e).

3.6. Evaluation of WWTP performance by mathematical statistic
methods

It is an enormous challenge to make the effluent of a full-scale
WWTP meet the discharge standard all the time as many reasons
(failure operation of equipment, fluctuation of water characteristics
and changes of operation conditions) will lead system work insta-
bility, thus the effluent pollutants concentration as well fluctuated
irregularly. So evaluate the performance of a WWTP not only by
the removal of pollutants, also can investigate the stability of the
WWTP. The attainment rate, level below discharge and value below
discharge standard were introduced to evaluate the performance
of the full-scale WWTP. The attainment rate, level below discharge
and value below discharge standard are defined as follows:

Date

tot

Attainment rate =

(1)
Value below discharge standard = Cypserved — Cstandard (2)

Level below discharge standard = Cobserved — Cstandard x 100 (3)
Cstandard

where D, represent the days which the meet the discharge stan-
dard, Dy is the days which the studied, Cypserved represent the
observed pollutant concentration, Cs;,ndard Fepresent the discharge
standard.

As shown in Figs. 4 and 5a,b, during the experiment, the
attainment rate of COD and NH3-N were 76.2% and 80%, which
demonstrate that in the most of time the effluent can meet the stan-
dard and the WWTP has well system stability. Expect from Day 54

to Day 68, average values below discharge of COD and NH3-N were
15.89 mg-CODL-! and 1.89 mg-NH3-NL-!, average levels below
discharge standard of COD and NH3-N were 13.54% and 23.64%. This
result illuminates that the system has the potential to upgrade the
water quantity of effluent which higher than the existing discharge
standard.

However, evaluating the performance of a full-scale WWTP by
the above means is still not enough to us for a better operation of the
system. It is essential to explore the pollutants removed quantity
by each process of the WWTP. Consequently Figs. 4 and 5c reveals
the pollutants removed quantity by each process of the combining
process and the contribution rate of each process for the pollutants
removal in the combining process. Figs. 4 and 5c show that CASS
contributes most both COD and NH3-N removal.

3.7. Fate of amoxicillin in the wastewater treatment plant

Wastewater was sampled weekly before and after each unit
of the combined process throughout the full-scale WWTP for
amoxicillin removal evaluation. The results and analysis of the per-
formance of amoxicillin removal are presented in Tables 2 and 3. As
tables shown, amoxicillin appeared to be removed in every process,
especially in the two-stage aerobic biological system. The amoxi-
cillin concentrations of the wastewater entering the UASB varied
between 69.1 and 105.4 mg-amoxicillinL-! with an average con-
centration of 92.2 mg-amoxicillinL~1, and the effluent amoxicillin
concentrations fluctuated from 51.6 to 86.1 mg-amoxicillinL~!
with an average removal efficiency of 20.2% during the stable
stages in the full-scale experiment. The UASB can removed 52.8 kg
amoxicillind—! with a cost of 11.9 US$ kg amoxicillind~'. Simi-
lar to the results seen from the UASB analysis, Table 2 also shows
that the influent amoxicillin average concentrations of NHAR were
70.2 mg-amoxicillinL~1, and the average effluent concentrations
were 56.1 mg-amoxicillinL~!, with average removal efficiency
(20.4%) approximates to UASB. However, the cost of amoxicillin
removal was higher than UASB.

Itis obvious to observe that amoxicillin concentration decreased
significantly through the two-stage aerobic biological system,
which confirms that aerobic degradation is the primary fac-
tor in removing amoxicillin from pharmaceutical wastewater.
The average concentration of amoxicillin leaving the NHAR

Table 3
Amoxicillin removal rate, quantities of removed amoxicillin and the cost for amox-
icillin removal of each process.

Amoxicillin Quantities of Cost (US$
removal rate (%)  removed kg-amoxicillin~1)
amoxicillin (kgd—")

UASB 20.2 529 11.9

NHAR 20.4 157.6 21.2

CASS 68.2 428.8 19.6

BCOT 80.6 158.7 223

Final clarifier 25.7 9.3 3.7
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Fig. 4. (a) the state of COD reach discharge standard, (b) COD value and level below discharge standard, (c) removed COD quantity and contribution rate of each process.

was 56.1 mg-amoxicillinL~!, while after treatment by two-stage
biological system, amoxicillin concentration was reduced to
3.4mg-amoxicillinL~1, with an average amoxicillin removal effi-
ciency of 93.9%. As shown in Table 3, the removal rate of amoxicillin
and the removed quantity of amoxicillin in the CASS process was
very high. The average concentration in CASS decreased from 56.1

to 17.7 mg-amoxicillin L=, with a removal efficiency of 68.2% and
quantity of 428.8 kg-amoxicillind-!. In the second stage of the
aerobic biological system (BCOT), the amoxicillin concentration
decreased from an average of 17.7 mg-amoxicillinL~! to 3.4 mg-
amoxicillinL~1, with a removal of 80.6% which was the highest of
the entire WWTP unit.

Table 4
The concentration of amoxicillin removed by each degradation mechanism in each process of the full-scale treatment plant during the experiment.
Mechanism Ramoxicil]in max (mg ]-71 ) Ramoxicillin ave (mg ]-71 ) Ramoxicillin min (mg ]-71 ) SD
UASB Hydro. 6.0 4.8 2.6 0.9
Biodegrad. 103 8.1 52 1.2
Adsorp. 7.4 41 2.4 1.1
Unkno. 5.0 23 1.0 0.8
NHAR Hydro. 5.1 3.1 1.1 1.2
Biodegrad. 9.8 6.0 2.7 1.2
Adsorp. 8.2 4.1 2.4 1.7
Unkno. 4.2 14 0.5 1.7
CASS Hydro. 6.6 4.1 2.5 1.5
Biodegrad. 31.3 219 124 8.5
Adsorp. 15.6 9.9 4.8 4.7
Unkno. 5.6 3.1 1.0 0.8
BCOT Hydro. 4.2 2.3 0.5 1.1
Biodegrad. 125 8.2 4.2 2.1
Adsorp. 5.9 3.0 0.5 1.1
Unkno. 4.7 14 0.5 1.6
Final clarifier Hydro. 0.4 0.2 0.0 0.1
Biodegrad. 0.4 0.2 0.1 0.1
Adsorp. 0.3 0.2 0.0 0.0
Unkno. 0.6 0.3 0.0 0.2

Ramoxicillin max» the maximal removed concentration; Rymoxicillin ave, the average removed concentration; Ramoxicillin min,» the minimal removed concentration; SD, standard
deviation; Hydro., hydrolysis; Biodegrad., biodegradation; Adsorb., adsorption; Unkno., unknown mechanism.
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Fig. 5. (a) the state of NH;-N reach discharge standard, (b) NH3-N value and level below discharge standard, (c) removed NHs;-N quantity and contribution rate of each

process.

It is noteworthy to point that the estimation of operating and
maintenance costs has been made regarding for each process used
for the treatment of this containing amoxicillin pharmaceutical
wastewaters. Table 3 show that UASB and final clarifier have the
lower cost than the aerobic biological processes (CASS and BCOT).

It is assumed that amoxicillin loss due to volatilization is neg-
ligible because of its low vapor pressure and Henry’s constant,
and believed that decrease in amoxicillin concentration is due to
biodegradation, adsorption, hydrolysis and unknown mechanism
[34,35].

Table 4 illustrates the concentration of amoxicillin removed
by each degradation mechanism in each process of the full-scale
WWTP during the experiment. Fig. 6 reveals the proportion of
each mechanism to remove amoxicillin in UASB: 42.2% was con-
tributed by biodegradation; adsorption and hydrolysis contributed
21.3% and 24.8%, respectively; and the proportion of NHAR was
approximate to UASB. This result confirms that amoxicillin can be
removed in anaerobic and micro-aerobic conditions by biodegra-
dation, adsorption, and hydrolysis.

Clearly from Fig. 6 and Table 4, the data supported the fact
that biodegradation, adsorption, hydrolysis of amoxicillin occurred
within the two-stage aerobic biological system. The results for the
mechanism investigation verify that biodegradation (56.0%, 55.3%
in the CASS and BCOT process, respectively), adsorption (25.4%,
20.1% in the CASS and BCOT process, respectively), hydrolysis
(10.5%,13.4% in the CASS and BCOT process, respectively), unknown

mechanism, further illuminate that biodegradation, adsorption,
hydrolysis are the major mechanisms of amoxicillin removal.

The results demonstrated in Fig. 6 and Table 4 show that
biodegradation is the most important mechanism for removing
aqueous-phase amoxicillin in the bioreactors. The results also

Bunknown mechanism Badsorption 0O biodegradation ® hydrolysis
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0.9
0.8
0.7F
0.6
05}
04}
03}
0.2}
0.1f

0

contribution rate

UASB NHAR CASS BCOT Final clarifier
Process

Fig. 6. The removal rate of amoxicillin of each different removal route in UASB,
NHAR, CASS, BCOT and final clarifier process.
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support the fact that biodegradation, hydrolysis and adsorption
were responsible for degradation of amoxicillin.

4. Conclusion

A novel combined process was demonstrated at a full scale
for the treatment of amoxicillin pharmaceutical wastewater. The
anaerobic/micro-aerobic and aerobic biological system comprised
an up-flow anaerobic sludge blanket (UASB), a novel micro-aerobic
hydrolysis acidification reactor (NHAR), a cyclic activated sludge
system (CASS) and a biological contact oxidation tank (BCOT). It
is found that the UASB-NHAR (under the condition of DO from
0.4 to 1.2mgL~1)-CASS-BCOT is one of the most promising tech-
nologies that can be employed to treat organic matter in chemical
synthesis-based pharmaceutical wastewaters.

The evaluation of WWTP performance by mathematical statistic
methods illustrate that the combined process has a well stabil-
ity. The results for the mechanism investigation verify that the
biodegradation, adsorption, hydrolysis and unknown mechanism
such as photolysis are able to remove amoxicillin from the phar-
maceutical wastewater in the UASB, NHAR, CASS and BCOT and final
clarifier. This paper demonstrates that biodegradation is the major
mechanism for amoxicillin removal and CASS process removed the
most quantity of amoxicillin.
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