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Background: Modeling aims at simulation or optimization of a process in various environments and is an essential tool that allows
researchers to gain abetter understanding of processes. Also, modeling helps to predict the scientificevents. In spite of the greatadvantages
of antibiotics, these compoundsenter into the environments through various pathways, change and destroy different ecosystems, and lead
to bacterial resistance. Amoxicillin is widely used as an antibiotic in modern medicine. Due to its certain physicochemical characteristics,
it leaks into aquatic environments. Up to now, many physical and chemical methods have been recommended for removing amoxicillin
from soil and aquatic environments. However, these methods are very costly.

Objectives: The present study aimed to evaluate and model the capability of the biological aerated filters (BAFs) in degradation of
amoxicillin from aquatic environments in different concentration levels of amoxicillin and hydraulic retention times (HRTs).

Materials and Methods: In this study, biodegradation of amoxicillin by BAF was evaluated in the aquatic environment. In order to assess
amoxicillin removal from the aquatic environment, this bioreactor was fed with synthetic wastewater at four amoxicillin concentration
levels and three HRTs.

Results: The results showed that maximum amoxicillin and chemical oxygen demand (COD) removals by aerated biofilter were 50.7% and
45.7%, respectively.

Conclusions: The study results showed that Stover-Kincannon model had a great fitness (R > 99%) for loading this biofilter with
amoxicillin.
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1. Background

Groundwater contamination by pharmaceutical com-
pounds (PhCs) is one of the major environmental con-
cerns (1, 2). Nowadays, nearly 3000 PhCs with natural ori-
gins and synthetic metabolites are used all over the world
(3, 4). These compounds as environmentally hazardous
materials are able to change various ecosystems (5). Due
to insufficient treatments and waste disposals, the PhCs
have also been identified in surface water, groundwater,
and water and wastewater treatment plants (6-8). The
sources of PhCs in nature might include domestic, hospi-
tal,and industrial wastewater and effluents from farming
activities as well as pharmaceutical industries’ wastes (9,
10). These PhCs are increasingly used for prophylaxis and
treatment of diseases (11). Antibiotics are among the PhCs

with natural, synthetic, and semi-synthetic origin which
have anti-microbial properties (12). These compounds
have been widely produced since the second World War
(13). Amoxicillin is one of the most widely used antibiot-
ics. It belongs to the penicillin family and beta-lactam
category and is produced semi-synthetically. This drug
is among the broad-spectrum antibiotics and affects a
large number of gram positive and gram negative micro-
organisms. In addition, due to proper oral absorption, it
is more widely used in comparison to the other members
of the penicillin family (12, 14, 15). Some of the physico-
chemical properties of amoxicillin include, molecular
weight of 365.40 g/mol, pKa (acid dissociation constants)
of 9.41and Log KOW (octanol/water partition coefficient)
of 0.87 (16, 17). Due to its chemical structure, consump-
tion rate, solubility, pharmacological characteristics and

Implication for health policy/practice/research/medical education:

Modeling aims to simulate or optimize a process in physical, chemical or biological environments. In case the obtained model has desirable fitness, it
will be of great help in producing data and predicting the unknown conditions. Nowadays, modeling is increasingly used in science. In spite of the great
advantages of antibiotics, these compounds enter the environments through various processes, change and destroy different ecosystems and lead to
bacterial resistance. Up to now, many physical and chemical methods have been recommended for removing amoxicillin from soil and aquatic environ-
ments. However, these methods are very costly. Hence, biological aerated filter (BAF) can play a critical role in reducing the treatment costs through its
treatment mechanisms.
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environmental toxicity, amoxicillin is considered as one
of the primary contaminants, which should too slightly
exist in aquatic environments (10, 18, 19). Nevertheless,
because of the insufficient treatments of amoxicillin in
conventional water and wastewater treatment methods,
this compound enters both into the surface and ground-
water and destroys the aquatic ecosystems. It also leads
to bacterial resistance and consequently the inability
to treat diseases using conventional antibiotics (20-22).
Therefore removing amoxicillin from the environment is
a major problem.

Most bacteria, such as Escherichia coli (23), Staphylococ-
cus aureus (24), Helicobacter pylori (25) and Acinetobacter
(26) have shown bacterial resistance to antibiotics. Jelic
et al. (2012) (11) investigated the effect of different fac-
tors on the efficiency of treatment of wastewaters bear-
ing PhCs. The study showed that when hydraulic reten-
tion times (HRT) increased, pharmaceuticals removal
significantly increased. Gartiser et al. (2007) (27) re-
viewed the inherent biodegradability of 17 antibiotics in
a combined test design based on the Zahn-Wellens test.
According to the results, only amoxicillin, imipenem
and nystatin showed certain ultimate biodegradation.
Amoxicillin degradation by microorganisms, such as
Microcystisaeruginosa (28) and Rhodococcus B30 (9) has
been proved by previous researches. For better under-
standing, the results of some researches performed on
microbial degradation of amoxicillin are summarized
in Table 1.

2. Objectives

Considering the fact that groundwater resources are
increasingly being used for supplying drinking water
and reports have been presented regarding bacterial re-
sistance to most antibiotics, researches have to be con-
ducted on the treatment and removal of these dangerous
materials from the environment. Thus, the present study
aimed to remove various concentrations of amoxicillin
from aquatic environment and consequently, reduced its
emission in the environment. Also, this study aimed to be
modeled in order to predict its fate in the biological aer-
ated filter (BAF) and obtain the parameters of designing
this biofilter.

3. Materials and Methods

3.1. Chemicals

All chemicals used in this study were purchased from
Merck Co. (Germany) with greater than 98% purity.
Amoxicillin standard was supplied by Sigma Aldrich
(The USA), dichloromethane as solvent (99.5% purity)
and deionized water (Millipore Milli-Q) were used in
this study. The stock solution was prepared by dissolv-
ing the required amounts of chemicals in deionized

water. Except for amoxicillin, all stock solutions were
autoclaved at 120 °C for 20 minutes and then kept at
4 °C. In order to prevent precipitation, the stock so-
lutions were kept separately and were not mixed
with each other. Amoxicillin solution was prepared
(strength 0.01mg/[L to10.0 mg/L) by dissolving a known
quantity of amoxicillin in distilled water followed by
intermittent shaking for at least five days. Cartridge
amoxicillin solution was covered with the aluminum
foil and kept at 4 °Cin the dark in order to prevent pho-
tolytic degradation.

3.2. Reactor Setup

As Figure 1 shows, the experimental reactor was made
of a BAF whose physical characteristics are presented in
Table 2.

Table 1. The Results of Previous Studies on Amoxicillin Removal

Operational Condition HRT?,h AMX?Removal
Efficiency

Up-flow anaerobic sludge 23.2 21.6 (15)

blanket (UASB)

Up-flow anaerobic sludge 23.5 20.2(29)

blanket (UASB)

Novel micro-aerobic hydrolysis 9.3 20.4(29)

acidification reactor (NHAR)

a Abbreviations: AMX, amoxicillin; HRT, hydraulic retention times.

Figure 1. Schematic Image of Physical Model

&l

1) Reservoir of feed stock, 2) Peristaltic pump, 3) Sampling ports, 4) Bio-
logical aerated filter, 5) Packing media, 6) Discharge sludge port, 7) Air
compressor, 8) Reservoir of outlet, 9) Temperature controller.
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The media used in the current study was made of high-
density polyethylene pieces whose properties are shown
in Table 3.

The biological filter was filled with the prepared media
up to 55 cm. Then, this area was separated from the up-side-
down diffusers using a mesh plate made of Plexiglas. Over-
all, four diffusers were used in this filter. The free board in-
tended for the bioreactor was 5 cm. In addition, a discharge
valve placed 2 cm from the bioreactor floor was used for
probable discharge of the excess sludge. Then, the filter ef-
fective volume was computed using the porosity and pha-
sicrelations obtained from porosity test. In order to prevent
the interference effect of light (photocatalyst) and algae
growth, the external wall of the reactor was covered by alu-
minum foil. In addition, a control pilot with the same physi-
cal features of the pilot was utilized in order to increase the
accuracy and eliminate the effect of the interfering factors.
Aeration was done from the bottom of the BAFreactor using
diffusers. Besides, the amount of the injected air was chosen
in a way that oxygen would not be a limiting factor for the
biological growth.

3.3. Synthetic Wastewater

The synthetic wastewater used for feeding the bioreac-
tor was based on sucrose and tap water with COD of 1000
+ 21.6 mg|L; pH fluctuations were controlled using 0.5
mol/L sodium bicarbonate. Table 4 shows the composi-

tion of wastewater used as the feed of the pilot reactor
during the test period.

Synthetic wastewater was injected to the top of the
aerobic filter by a peristaltic pump. Based on the study by
Zhou et al. (30) the maximum removal efficiency of bio-
degradation of PhCs occurs at 32 °C. Accordingly, in this
study the temperature in the reservoir was controlled at
32+ 0.2 °Cusing an electric heater.

3.4. Startup and System Operation

The column was filled with 10000 mg/L of synthetic
wastewater. In addition, seeding was provided by
aerobic bacteria collected from an activated sludge
system treating the pharmaceutical industry effluent
(Ahura Daru Co.). Total solids (TS) concentration of the
seed sludge was approximately100 g/L, 95% of which was
total volatile solids (TVS). The air compressor was then
turned on and the reactors started to work in a batch
condition. In aerobic conditions, the mixed bacteria
are stimulated to grow by adding oxygen, and start
producing enzymes, which can oxidize or degrade the
target pollutant. The sludge was fed with wastewater
for a month to make the system adapted to the changed
environment and was used for further experiments.
During this period, very low concentrations of
amoxicillin were added for further acclimatization of
the microorganisms with the operational conditions.

Table 2. Physical Properties of the Reactor

Column Outside Diameter, mm

Biological aerated filter 110 100

Inside Diameter, mm

Height, cm V3, L V4, L
60 4.7 3.9

2 Abbreviations: Ver effective volume ; ' total volume.

Table 3. Physical Properties of the Media

Properties Value and Specification
Media type Fixed bed (random packed)
Shape Corrugated Raschig rings
Material HDPE @

Density, Mean £+ SD, kg/m3 186 +2

Specific gravity 0.98

Porosity, % 92

Specific area, m2/m3 410

Thickness, pm 350

Outside diameter, mm 15

Inside diameter, mm 12

Height, mm 113

4 Abbreviations: HDPE, high density polyethylene.
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Table 4. Chemical Composition of Synthetic Wastewater

Component Concentration, mg|/L
Nutrients

NaHCO, 20

MgsO0,.7H,0 5

KH,PO, 5

CaCl,.2H,0 5

FeSO,.7H,0 0.2

Zn(Cl, 0.1

Codl, 0.1

NiCl2 0.1

CuS0,.5H,0 0.001

H;BO, 0.01

MnSO, 0.5

(NH4),HP,0, 50

C1,H,,0;, Variable (600-900)
Amoxicillin

Variable 0.01,0.1,1and 10
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The bacterial adaptation stage lasted for about 25
days. During this time, the wastewater inside the reac-
tors was changed 4 times and pH, DO, and temperature
were measured as 7.3 + 0.2, 43 mg/L and 32 + 0.2 °C, re-
spectively. The reduction of soluble chemical oxygen
demand (SCOD) was also measured daily. To ensure the
microbial activity during this stage, surface cultivation
of mixed liquor suspended solids (MLSS) and bioflims in
the bioreactor was frequently done in a mineral salts me-
dium (MSM) solution containing amoxicillin. The MSM
preparation method was performed based on the study
by Rezaee et al. (31).Since the amoxicillin concentration
in the environment depends on various factors and con-
ditions, in order to investigate a wide range of concen-
trations, logarithmic concentrations of 0.01, 0.1,1and 10
mg[L were selected and amoxicillin removal efficiency
of the system was determined. Sampling was regularly
carried out in duplicates and when the column reached
a steady state regarding the amoxicillin residuals and
soluble COD, the efficiency of amoxicillin and SCOD re-
moval was determined.

Amoxicillin was measured by a high performance lig-
uid chromatograph (HPLC) (Model: UV-2487, Water, the
USA) using UV/VIS detector at a wavelength of 230 nm
and using Dionex Summit P580, HPLC pump. Analysis
was carried out according to the method reported by
Zazouli et al. (32) and the analytes were filtered using a
0.22 pm nylon syringe filter (Albert). The concentration
of amoxicillin was determined using a reversed phase
C18 column, 0.5 pm, 4.6 x 250 mm (Spherisorb®, Water,
the USA). The injection volume was 20 pL, the column
working at room temperature, the mobile phase was
acetate ammonium (0.01 mol/L) and acetonitrile (ACN)
was delivered at a constant flow rate of 0.5 mL/min, and

the peak retention time was 12 minutes. Before each run,
the instruments were standardized with the anticipated
amoxicillin concentration range. For standardization
of the instrument, six amoxicillin standards were pre-
pared in advance and stored in an amber bottle in the re-
frigerator at 4 °C until use. The standards were prepared
by serial dilutions. To check the amoxicillin build-up in
the biofilm and sludge, the method suggested by Mat-
suo et al. (33) was utilized. The COD was assessed using
a termoreactor (AQUALYTIC) and spectrophotometer
(DR5000).In addition, pH was computed using a pH me-
ter (Ohmmeter). Finally, DO was assessed by a DO meter
(HACH) and room temperature was measured through
a mercury thermometer. The sampling method and the
experiments unless otherwise specified the analyses of
various parameters were done according to procedures
suggested by standard methods for the examination of
water and wastewater (34). In order to assess the effect
of HRT on the efficiency of the filter, wastewater with
strength of 1000 + 21.6 mg/L was injected to the aerobic
reactor by a peristaltic pump with different amoxicillin
concentrations and various discharges corresponding
to different HRTs and different volumetric organic loads
(VOLs) in the filter. The operational scheme of the sys-
tem for the 12 phases (runs) is presented in Table 5.

4. Results

In this study, HRT of 24 hours followed by HRTs of 12
and 6 hours were evaluated. Accordingly, the reactor flow
rates were 0.1504, 0.3009, and 0.6018 L/h, respectively.
The most important parameters assessed in the present
study were SCOD and amoxicillin concentrations. In or-
der to summarize and more clearly state the results, the
biofilter effluent SCOD and amoxicillin in various HRTs
are presented in Table 6 and 7.

Table 5. Operational Scheme of the Runs at32 °C

Run Hydraulic Retention Initial Concentration of Initial Concentration of DO Mean+SD,mg/L pH
Times, h Amoxicillin, mg|L SCOD & Mean + SD, mg|L

1 24 0.01 992 +19.70 43+0.38 7.32
2 24 0.1 996 +12.71 4.410.44 7.38
3 24 1 994 +£12.30 43+0.36 730
4 24 10 995 £12.61 4.5+0.40 739
5 12 0.01 998 £10.45 4.5+0.37 7.32
6 12 0.1 998 £15.05 4.4+0.39 7.44
7 12 1 1005 +5.62 43+0.40 734
8 12 10 998 £8.14 441034 733
9 6 0.01 1010 £14.31 451037 7.24
10 6 0.1 1004 £14.19 4.4+0.41 733
11 6 1 1001+9.35 4310.39 7.29
12 6 10 991+ 8.66 4310.40 7.40

2 Abbreviations: DO, dissolved oxygen; SCOD, soluble chemical oxygen demand.

Health Scope. 2014;3(1):e14376
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4.1. Modeling

One of the best criteria for designing and utilizing bio-
filters for water and wastewater treatment is the VOL and
the rate of substrate removal is obtained from the follow-
ing equations (35,36) (Equation 1and 2):

Equation1. B,y = %C’é

Equation 2.7, yjx = %(Cz- — )

Where BAMX is the amoxicillin load per unit volume
of the filter (kgAMX/m3d); rAMX is the volumetric
amoxicillin removal (kgAMX/m3d); Ci is amoxicillin
concentration in the influent (kgAMX/m3); Ce is amoxi-

cillin concentration in the effluent (kgAMX/m3); Q is
inflow rate to the reactor (m3/d); V is reactor volume
(m3). Using Equation 1 and 2 together with Table 5, 6
and 7, values of BAMX and rAMX could be computed
for various situations. The main values are presented
in Table 8.

In order to establish a relationship between the fil-
ter volumetric loading and the bioreactor efficiency in
amoxicillin and SCOD removal, among non-linear Stover-
Kincannon, logistic, Harris, and Exponential Association
models, the best one with the highest fitness was se-
lected via an univariate analysis using the Curve Expert
software. The results are presented in Table 9. Amoxicillin
and organic loading of the bioreactor with the Stover-
Kincannon model have been shown in Figure 2 and 3.

Table 6. Amoxicillin Removal Efficiency

Initial Amoxicillin Concentration, mg|L, %

Hydraulic Retention Times, h

0.01 0.1 1 10
6 1.2 20 23.1 29.3
12 18.6 22.4 303 36.6
24 25.8 30.5 40.2 50.7

Table 7. Soluble Chemical Oxygen Demand Removal Efficiency

Initial Amoxicillin Concentration, mg|L, %

Hydraulic Retention Times, h

0.01 0.1 1 10
6 31.0 30.1 27.3 313
12 40.1 38.4 38.6 39.2
24 443 43.1 41.7 45.7

Table 8. Volumetric Load and Removal of Amoxicillin and SCOD From the Bioreactor at 32 °C

Run Buix (kgavx/m’d) rax (kgavx/m>d) BSCOD (kgcop/m’d) Tscop(k8scop/m’d)
1 184 %10 5.765x10-6 1.84 12581
2 184 x10_, 5.648x105 184 12211

3 1.84 X103 1.968x10-4 184 12468
4 1.84 X102 5.347x10-3 184 12055
5 3.68 X105 6.881x10-6 3.68 23766
6 3.68 x10-4 8.316x10-5 3.68 2.4766
7 3.68 x10-3 1119x10-3 3.68 2.4060
8 3.68 x10-2 1133x10-2 3.68 2.5091
9 736 x10-5 8.243%10-6 736 4.8060
10 736 x10-4 1.472x10-4 736 4.8099
1 736 X103 2.002x103 736 4.8792
12 736 x10-2 2.156x10-2 736 4.8043

Health Scope. 2014;3(1):e14376
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Table 9. Models Fitted to the Results Obtained From the Biological Aerated Filter

Model Equation Structure Equation Coefficient  Coefficient Values R?
Stover-Kincannon . o Boanx a 20.6 0.999
TAMX = Gprp
b 20.58
Exponential association TAMX = a (b _ e—{'BAMX) a -20.89 0.993
b 0.988
C -0.184
Logistic i = i flm}—r.'ﬂ_.um a 4.81 0.991
b 9.46
C 60.51
Harris i _ 1 a 10.05 0.988
FAMX = (a+bBanx ")
b -9.67
C 0.0293
5. Discussion

003

RE= 0,999

002

002

00]

(VARD, (Kg noe wel)

(X1

Valuwmetrie Amaxicillin Removal

[ 411 Ao,
0 0.02 .04 0,06 0.08

Valemetric Amoxteilin Load (VALY (Kg g med)

Figure 2. Amoxicillin Loading of the Bioreactor in the Range of 0 - 0.08
kg AMX/rn3d at32°C

)]

R’=0.999

(53]

S

N

o=

Volumetric Organic Removal (VOR),
(Kgsco/m’d)
w

o

0 2 4 6 8
Volumetric Organic Load (VOL), (Kgsco/m’d)

Fi§ure 3. Organic Loading of the Bioreactor in the Range of 0 -8 kggqp/
m>dat32°C

According to the results, as the HRT increased, the biore-
actor reached a steady state more quickly. This is in agree-
ment with the findings of the Baghapour et al. study
(37) on the performance of submerged aerated filters in
wastewater treatment and biological excess sludge pro-
duction. Considering the high proportion of attached
growth to suspended microbial growth and reaching ap-
propriate efficiency, there was no need for sludge return
to the system. This is one of the great advantages of this
treatment method indicating the media capability as
well as reduction of pumping costs. Submerged aerated
filter showed high efficiency in removing organic matters
and stable toxic materials. In this study, in spite of using
an inexpensive media, the mean amoxicillin and SCOD
removal was desirable for all the study stages. As Table
6 depicts, the highest rates of amoxicillin removal were
related to 10, 1, 0.1 and 0.01 mg/L concentrations with the
efficiencies of 50.7%, 40.2%, 30.5% and 25.8%, respectively.
The findings of this study demonstrated that the solution
containing amoxicillin was biodegraded and treated in
a submerged biological aerated filter. Moreover, amoxi-
cillin removal efficiency was more than 35% where high
amoxicillin influent was introduced in the BAF (runs 3,
4 and 8). The treatment efficiencies achieved at longer
HRT (12 hours) in the BAF fed with low, moderate, and
high amoxicillin concentrations in the influent are sum-
marized in Table 6. It is evident that in comparison with
other HRTs, amoxicillin and SCOD removal efficiencies
were increased at long HRT due to the slight decrease in
amoxicillin and organic loading rates in the BAF. Howev-
er, the extent of amoxicillin loading rate was not highly

Health Scope. 2014;3(1):e14376
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effective on biological amoxicillin and organic removal
efficiencies. Thus, it can be concluded that amoxicillin
degradation depends on the rate of organic matter in
the aquatic environment as well as the influent amoxi-
cillin concentration. Measurement of COD is important
regarding the effluent discharge standards and COD
represents the treatment potential of the reactor. In this
study, BAF showed acceptable SCOD removal efficiency
in all experiments. Besides, amoxicillin had no adverse
effects on SCOD removal up to the concentration of 10
mg|[L. However, SCOD reduction was decreased by 2% - 4%
when amoxicillin concentration was increased to 0.1and
1 mg/L. The comparison of the previous (Table 1) and the
present studies results showed that this system has high
ability for removing amoxicillin from aqueous solutions.

The highest rate of amoxicillin degradation compared
to its highest initial concentration might be due to the
effect of the concentration gradient. In high concentra-
tion gradient, the contaminants have more opportuni-
ties to be exposed to and penetrate into the cells which
are an essential stage for biodegradation. There was no
accumulation of amoxicillin in the biofilm and the loss of
amoxicillin in the control reactor was negligible. This im-
plies that amoxicillin removal in this system was caused
by the microorganism's activity. Co-metabolic process is
used for bioremediation of the most persistent contami-
nants, such as amoxicillin. In co-metabolic processes, by
utilizing primary carbon source or nitrogen source, mi-
crobes produce enzymes or cofactors during microbial
activities, which are responsible for degradation of the
secondary substrates (amoxicillin). Also, the contami-
nants degrade in this process in order to trace concen-
trations. The results obtained from BAF showed that the
co-metabolic process was quite effective in removing
amoxicillin from the aqueous environments. Overall, the
findings of the current study showed that after complete
acclimatization of the microbial population, amoxicillin
had no preventive effects on the microbial degradation
process. Moreover, Stover-Kincannon model showed a de-
sirable fitness in the loading process of the submerged
aerated filter in amoxicillin removal in porous environ-
ments (R?> > 0.99), which is in line with the study by
Coskun et al. (38).
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