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Abstract This study investigates removal of total nitro-
gen (TN) in moving bed biofilm reactor (MBBR) sup-
ported with high-density polyethylene for biofilm for-
mation and ibuprofen (IBU) as a carbon source. At first,
the microorganisms have been acclimated for 45 days.
In the optimum condition, TN removal of more than
80 % was reached. Optimization results of simultaneous
removal of IBU and TN showed that the obtained re-
moval efficiencies for IBU and TN are close together
and the correlation coefficients have high values. The
obtained results show that MBBR bioreactor could re-
move 72.03 % IBU and 81.1 % TN at 145.15 h and TN
concentration of 156.37 mg/L. Biodegradation constant
(kvio1) values were varying from 0.4 to 0.009 L/g
biomass.d, which represents that IBU is a hard biodegrad-
able or persistent substance. This study demonstrated that
the proposed MBBR is highly effective for the simulta-
neous removal of IBU and TN in wastewater.
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1 Introduction

Fertilizers, industrial effluents, and municipal wastewa-
ter are main sources of nitrate and organic compounds in
the water and wastewater (Hoseinzadeh et al. 2015). In
recent years, the presence of pharmaceuticals in aqueous
solution and water bodies has been increased (Kruglova
et al. 2014). By releasing pharmaceuticals to the envi-
ronment because of their harmful effects, they could
have remark effects on human health and the ecosys-
tems. In the case of antibiotics, their presence in the
aquatic environment can lead to antibiotic resistance in
pathogenic bacteria. Pharmaceutical compounds can en-
ter in the aquatic environment from manufacturing sites
and excretory of hospitals and households (Sarasidis
et al. 2014; Paiga et al. 2013). One of the most widely
used classes of pharmaceuticals is non-steroidal
anti-inflammatory drugs (NAIDs) (Kruglova et al.
2014; Sarasidis et al. 2014). They are drugs for pain
mitigation and fever reducing. The most common
NSAIDs are aspirin, ibuprofen (IBU), and naproxen.
Unfortunately, in some countries, they are available in
a large number without any prescription (Langenhoff et
al. 2013). IBU is a NSAID and one of the “essential
drugs” listed by World Health Organization (WHO),
which is especially prescribed in case of fever reducing,
and mitigation of migraine, muscle aches, arthritis, and
tooth aches (Langenhoff et al. 2013; Kruglova et al.
2014). Different dosage formulations and forms of
IBU are available and consumed in large quantities.
According to the available reports, the annual world
production of IBU is several kilotons. Some parts of
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IBU are rejected to the effluents or discarded as a waste.
Also, the IBU could be excreted from the body of
patients in a non-consumed form or as metabolites
caused by human biodegradation (Falas et al. 2013).
Entrance of IBU in the environment could have negative
effects on reproduction of vertebrates and invertebrates
and growth of bacterium, fungus, and human fetal cells.
According to the available scientific reports, it is
genotoxic for fish by accumulation in fatty tissues
(Bendz et al. 2005; Jeffries et al. 2015). Also, IBU could
have harmful effects on aquatic and terrestrial environ-
ments (Bendz et al. 2005). Various treatment techniques
have been proposed for IBU removal in the aqueous
environment such as photo-degradation, solar
photodegradation, biological process, advanced oxida-
tion processes, ultrafiltration/reverse osmosis and mem-
brane base techniques, polymeric adsorbents, mem-
brane bioreactors (MBRs), and gamma irradiation
(Rivera-Utrilla et al. 2013; Ambuludi et al. 2013; Daas
and Hamdaoui 2014; Singh et al. 2012; Garcia-
Rodriguez et al. 2014; Matamoros et al. 2009; D.
Camacho-Muiloz et al. 2012; Ifelebuegu and Ezenwa
2011; Tijani et al. 2013). However, there are some
drawbacks as a result of the buildup of dead end prod-
ucts, non-selectivity for target contaminants, and high
treatment cost (Rivera-Utrilla et al. 2013). On the other
hand, nitrogen compound such as nitrate and nitrite ions
with manmade origin are one of the main water pollut-
ants. There are many industries that produce wastewater
with high level of nitrate and organic compounds, si-
multaneously. Coexistence of both IBU and total nitro-
gen (TN) in wastewater or water could have harmful
effects on human and environmental health. Nitrate
pollution has various harmful effects on human such
as cancer, methemoglobinemia, or blue baby syndrome
and harmful effects on environments by creating eutro-
phication (Hossini et al. 2015). Many different process-
es have been proposed for total nitrogen and organic
compound removal, simultaneously. The biological pro-
cess is an interesting technique, because it has high
effectiveness and is an environmentally friendly meth-
od. Generally, in biological removal of nitrogen, an
external carbon source is needed to add in wastewater
(Luo et al. 2014; Sun et al. 2014; Wu et al. 2012). If
wastewaters be contain organic compounds any external
carbon source in need to do the process. Additionally,
nitrogen and organic carbon removal will be performed
using single step and plant. This approach is accepted
economically and technically. There are few scientific
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reports in biological nitrogen removal using low biode-
gradable compound such as IBU. In this study, we have
proposed a moving bed biological reactor (MBBR) for
IBU and TN removal in wastewater. MBBR is an inte-
gration of activated sludge and trickling filters, in which
microbial biomass exists in the form of suspended and
attached form (Luo et al. 2014). MBBR has low
sensitivity to hydraulic and organic extra-loading.
This process could be applied for the removal of
organic substances as well as nitrification and de-
nitrification at a single stage or multi-stage (Chu
and Wang 2011). According to the scientific re-
ports, MBBR has a potential for removal of
aromatic and pharmaceutical compounds from
wastewater in laboratory and full scales. Luo
et al. (2014) reported a batch sponge-based moving
bed bioreactor for removal of micropollutants.
Their study showed that acclimatized sponge could
have high potential for IBU removal, because of
its hydrophobic properties. The micropollutant re-
moval potential of activated sludge and biofilm
carriers was studied by Falds et al. (2012) in a
batch scale. Both activated sludge and MBBR
demonstrated similar removal rate constants for
ibuprofen removal (around 2-5 L/g biomass.d).
The novelty of the present study is to use a hard
biodegradable and toxic organic compound as an
organic carbon source for biological removal of
total nitrogen. Therefore, this study was aimed to
investigate the effectiveness of a MBBR with
2H-BCN carries for removing total nitrogen with
IBU as an organic carbon source.

1.1 Experimental
1.1.1 Nitrifying and Denitrifying Bacteria Enrichment

Inoculum for nitrifying and denitrifying bacterial
growth was collected from a wastewater treatment plant,
Tehran, Iran. For enrichment of the bacteria, a synthetic
medium was used as follows: 0.3 g/ KH,PO,, 1 g/L
Na,HPO,4 12H,0, 0.5 g/L NaCl, 2 g/ NaHCO;, and
0.1 g/L MgSO,47H,0 in tap water. The carbon source
for denitrifying bacteria was IBU that considered ac-
cording to the required carbon/nitrogen (C/N) in influ-
ent. NH," was added to the bioreactor (100— 200 mg/L).
All used chemicals in the present study were in analyt-
ical reagent grade without further purification.
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1.1.2 Experimental setup

A Plexiglas column was used (32 cm height x 10 cm
internal diameter). Airflow rate was maintained at ap-
proximately 1.8 L/min. Peristaltic pumps (Hidolph,
Model 5201) with the flow of 0.1 L/min were used for
feeding and its discharge. In start-up time, 2H medium
(Germany) was added to the reactor and nitrifying and
denitrifying bacteria were inoculated. Characteristics of
the 2H media are shown in Table 1. The MBBR biore-
actor contained a mixed microbial culture both as nitri-
fying and denitrifying bacteria; those exist as suspended
biomass and biofilm attached to the carrier media. Over
10 days, effluent of the bioreactor had very low
suspended film, indicating that the biofilm had formed
successfully. Feeding containing ammonium was main-
tained at 60 mg/L. When the ammonium and nitrate
elimination reached more than 80 %, the bioreactor
start-up was completed. In the total nitrogen removal
study till reaching the pseudo steady state condition, the
experimental conditions (hydraulic retention time
(HRT), C/N) for each experiment were maintained.
Each sample was taken for at least three successive
HRTs. The experiments were operated at room temper-
ature (25+2 °C).

1.1.3 Experimental Design and Modeling

A Design-Expert regression program (Design-Expert
7.0) was applied for determining of the response func-
tion coefficients for different dependent variables.
Central composite design (CCD) was used to present
the model as a specific design. The CCD of the main
parameters (x;, IBU concentrations; and x,, hydraulic
retention time (HRT)) has been presented in Table 2.
According to the proposed design by the software, 13
experiments were conducted (a 4 (2%) factorial design, 4

Table 1 Characteristics data for the synthetic media selected for
MBBR

Type 2H-BCN 018 KK3

Material High-density polyethylene (HDPE)
Surface area (m*/m”) 535

Protected area (m”/m”>) 339

Weight (kg/m?) 109

(2x2) axial points with 5 central points). After the main
experiments were conducted, the experiments were re-
peated followed by the order of experiments.

The coefficients of the polynomial model were cal-
culated using the following equation and experiments
data:

k k
Y (response) = (3, + Z Bix1 + Z Bix
i=1 i~1

where Yis the considered response, 3;, 31, 5, and 3;; are
the coefficients of regression, ¢ is the error value of the
system, and x; is the coded variables.

Three-dimensional (3D) plots and their respective
contour plots were obtained based on the effect of the
levels of two factors. Simultaneous interaction of the
two factors on the responses was evaluated by 3D
diagram.

1.1.4 Analytical Methods

The samples were taken from the reactor using a 10-mL
syringe. Ammonia and nitrite were determined in accor-
dance with the standard method (Urtiaga et al. 2013).
The colorimetric method was applied according to
phenate method at A,,x=640 nm. Nitrate was deter-
mined using a spectrophotometer (UV/Vis
Spectrophotometer, Perkin-Elmer 550 SE, USA) at
Amax 220 and 275 nm. IBU in analytical grade
(99.6 %) was prepared from a local pharmaceutical
industry (Sobhan Darou, Iran). A stock solution of
IBU was prepared by dissolving the accurate weight of
100 mg ibuprofen in 15 mL methanol, and volume was
made with distilled water. The contents of the flasks
were mixed manually to ensure complete mixing. The

Table 2 Experimental range levels of variables (o« ~1.41)

High High Low Low  Unit Natural
axial +a factorial (+1) factorial (—1) axial-o

200 185 114 100 mg/L x;: IBU
conc.
168 145 34 12 H X0 HRT

IBU ibuprofen, HRT hydraulic retention time
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final solution was stored at 4 °C in dark. Typical
UV/Vis absorbance spectra of IBU were obtained
by a UV/Vis spectrophotometer with 1-cm quartz
cells and a scan rate of 1000 nm/min, and the slit
width of 2 nm was used along with a blank
solution applied as the reference. The UV spectra
of the mixtures were recorded over the wavelength
200400 nm with one data point per nanometer.
IBU showed A,.. values at 222 nm. The amount
of residual IBU in samples was determined by the
calibration curve at 222 nm. Also, pH (Hach,
model HQ40d), oxidation/reduction potential
(ORP meter Eutech, Singapore), and medium tem-
perature were evaluated for each sample.

1.2

2 Results and Discussion
2.1 Bioreactor Start-up

The start-up period lasted for 45 days, and TN removal
of more than 80 % was obtained. The IBU removal rate
in two different concentrations is represented in Fig. 1
after 31 to 45 days. After this incubation period, high
surface area available for the media resulted in the
appearance of sufficient homologous biofilm growth
on the media surface (Fig. 1a, b). However, homologous
biofilm presence on the media could speed up the bio-
chemical reactions. Accordingly, there was a slow re-
moval rate of IBU in the first step, I. Acclimation of

Step (I)

Step (ID

C/CO

v

Fig. 1 a Bioreactor start-up periods for the total nitrogen removal, b virgin 2H media, and ¢ biofilm formation on 2H surface
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microorganisms to a micropollutant such as IBU to be
used as the carbon source is a very important part of
biodegradation (Langenhoff et al. 2013). After an initial
lag time, the biodegradation rate of most
micropollutants can increase. Start-up stage of the pres-
ent study showed the lag time required for IBU in
MBBR might be 168 h that was equal to or greater than
7 days of incubation period. However, these time pe-
riods were greater than the retention periods of conven-
tional activated sludge wastewater treatment process for
treating municipal wastewater.

During the next step (step 1), a higher IBU removal
rate or diapering was observed after 8 h. After that, [PU
appeared at half initial concentration and then complete
removal was obtained. However, representing of IBU at
some time points occurred; but, the residual IBU was
removed finally. On the other hand, IBU might be
sorbed firstly to biosolids (in suspension and on the
formed biofilm on the carrier) and returned to the solu-
tion due to suspended solids degradation or stayed at-
tached to the solids in case of resistant biodegradable
compounds (Falés et al. 2013; Langenhoff et al. 2013).
Sorption is a more rapid process than biodegradation. To
perform the acclimatization stage properly, sorption
sites were fully occupied; therefore, it may result in
limited sorption rate. Pharmaceutical drugs with low
hydrophobicity (log D<2.5) have negligible sorption
on suspended biosolids; so, biodegradation is the dom-
inant and major mechanism for its removal (Langenhoff
etal. 2013). In MBBR, because of the presence of more
varied microbial community and different sludge char-
acteristics on and inside of the carrier, better biodegra-
dation capacity is achievable compared to other sys-
tems. Table 3 presents IBU (as an organic compound)
removal efficiencies, and treatment process in batch,
laboratory, and full scale.

2.2 Effect of TN Concentrations and HRTs

TN removal efficiencies with the different influent con-
centrations of NH4"-N/L in the presence of IBU are
presented in Fig. 2a, b. Obtained results showed 85 %
of TN removal and 100 % ammonia removal. TN had
no unique removal trend against the HRT. By increasing
HRT, decreasing of TN removal appeared. TN removal
was achieved in nitrification and denitrification at two
sequence stages. The low rate of removal as a result of
increasing HRT is attributed to the effect of low residual
dissolved oxygen concentration that is consumed for

nitrification. Low residual dissolved oxygen leads to
failure to do denitrification, or reversely, it may be due
to less denitrification. Different ammonia residuals
along with produced nitrite and nitrate at various inter-
vals confirmed the issue (data not shown). The occur-
rence of nitrification and denitrification simultaneously
and in a reactor can produce a variety of enzymes that
help IBU removal or catalyze its biodegradation
(Kruglova et al., 2014; Langenhoff et al., 2013) and
may be a major biodegradation pathway for removal
of IBU at the present study.

Thirteen runs were conducted to do optimization of
simultaneous removal of IBU and TN. The predicted
values were calculated by the final coded model equa-
tion (Eq. 2). With regard to the results, the response
surface model for predicting IBU and nitrogen removal
efficiency was considered reasonable. The final
second-order polynomial regressions in terms of coded
factor were represented by the following equations
(Egs. 2 and 3).

Final equation in terms of coded factors forR (IBU)
= 29.18 + (30.43 x x1)—(6.05 x x»)

+ (472 x x; X x2) + (18.26 x x1%) + (5.91 x x,7)
(2)

Final equation in terms of coded factors for R (TN)
=89.71 + (12.87 x x1)—(1.77 x x;%)

+ (837 x x1 X x2)—(24.46 x x1%) + (1.4 x x,°)
—|—(459 X X12 X XQ)_(34.50)61 X X22)
(3)

The obtained removal efficiencies for IBU and TN
were close and the correlation coefficients had high
values. R-square and adjusted R-square for IBU and
TN removal were obtained as 0.95 and 0.91, and 0.98
and 0.97, respectively. The R values indicated the rea-
sonability of the experiments. ANOVA analysis results
for regression parameters of predicted response surface
quadratic and cubic models used to model of IBU and
TN removal efficiency are given in Table 4. According
to obtained results, the models’ F-value (IBU ~26.7 and
TN ~53.19) and low probability values (P value =
0.0002) suggest that the models were significant. The
lower probability value (P value <0.05) implies that the
model terms were significant. Generally, the acceptabil-
ity of the model can be evaluated by diagnostic plots,
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Table 3 IPB removal efficiencies attributed to biodegradation system

Studied biosystem Bold specifications Pollutant Removal (%) Ref.
MBBR A batch system with 2H media, IBU, nitrate, 75, 87, and 92 % Present study
used IBU as carbon source ammonium at average
MBBR A batch experiment with 24-h IBU 100 Falas et al. (2012)
hydraulic retention time, NH;*N 20-50
5-L reactor ™™ 20-50
work volume, K1 used as media
Conventional Conventional activated sludge, NH, N 17-25 Behera et al. (2011)
wastewater oxidation ditches ™N 32-37
treatment plant IBU 71-99
Low cost and Hybrid pond-constructed wetlands NH, N 11-28 Camacho-Muiioz et al.
Conventional trickling filter bed, lagooning ™ 12-75 (2012)
wastewater IBU 38-99
treatment plant
MBR Lab scale with hydraulic retention IBU 96 Bernhard et al. (2006)
time 24 h
Nitrifying activated Full-scale wastewater treatment IBU 99 Kruglova et al. (2014)
sludge, plant, SRT = 10-12 days at TN 35-50
12 °C, vary organic loading rates
SBR Laboratory-scale sequencing batch IBU 45-80
reactors, SRT = 10-12 days at TN 65-80
12 °C, vary organic loading rates
MBR A pilot membrane bioreactor for IBU 100 Langenhoff et al. (2013)
treating hospital wastewater,
total volume of the MBR
was 280 m®
Aerobic and anaerobic  Aerobic and anaerobic batch IBU Ibuprofen was degraded
batch experiments experiments (microcosms) in the presence
with adapted and unadapted of oxygen within
activated sludge 27 days of incubation;
microcosms showed
a slow degradation
Denitrifying and Two 2-L continuous stirred-tank reactors IBU Aerobic reactor: 91-95 Suarez et al. (2010)
nitrifying reactors coupled to a 1-L settler (one reactor Anoxic reactor: 11-63
operated under anoxic and second Nitrate After the first 50 days

under aerobic conditions), at a
hydraulic retention time (HRT)
of 1 day

of operation: 100

MBBR moving bed biofilm reactor, /BU ibuprofen, MBR membrane bioreactor

such as a normal probability plot of residuals and a plot
of predicted versus actual values.

2.3 Utilization of IBU as an Organic Carbon Source
at Different C/N Ratios

As Fig. 3 represents, influent IBU was down from 75 to
25.5 % of its initial concentrations with a C/N from 2 to
0.5. The result means that the IBU can be suitable for
denitrification as a carbon source when the C/N ratio is
2. It may be possible when the C/N is lower than 2, the
nitrifying bacteria or autotrophic denitrifying bacteria
are dominant, and the organic carbon consumption

@ Springer

decreased. When IBU utilization rate was 75 % (at
C/N = 2), the IBU was not completely used by the
bacteria. Furthermore, incomplete use of carbon source
(IBU) has been occurred and it may be considerable in
secondary treatment need.

2.4 Kinetic Study

Biodegradation rate of pollutants is classified in three
classes based on the obtained fky;, (Kruglova et al.
2014); if kyiop is higher than 5 L/g ss.d, the compound
is very highly biodegradable; if 1</ky;<5 L/g ss.d,
the compound is highly biodegradable, while for
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Fig. 2 3D and counterplots for IBU/TN removal

Table 4 ANOVA analysis for response surface quadratic model used to R (IBU) and cubic model (TN removal)

Conc. (mg/L)

20000

Conc. (mg/L)

12500 Conc. (mg/Ll)

HRT (h)

R (%)

HRT (h)

168.00

Source df F-value P value Prob > F Source df F-value P value Prob > F
Model 5 26.70 0.0002 Model 7 53.19 0.0002*
x; HRT 1 96.99 <0.0001 x; HRT 1 34.39 0.0020
X, conc. 1 3.83 0.0911 X, conc. 1 0.64 0.4573
X1 X2 1 1.168 0.3155 X1 X 1 14.55 0.0124
o 1 30.38 0.0009 x2 1 216.16 <0.0001
x> 1 3.18 0.1174 x> 1 0.71 0.4379
Residual 7 X2 % 1 2.19 0.1987
Lack of fit 3 117.35 0.0002 X1 X7 1 123.59 0.0001
Pure error 4 Residual 5
Cor total 12 Lack of Fit 1 6.46 0.064%*

Pure error 4

Cor total 12

HRT hydraulic retention time

*Model significant; **lack of fit not significant
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—6—1BUin —8—IBUout —A—utilized IBU ac carbon source(%)

250 80
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50 >
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0.5 1 1.5 2
C/N ratio

Fig. 3 1BU utilization efficacies as a carbon source at different C/
N ratios

0.5 <kpio1<1 L/g ss.d and ko <0.5 L/g ss.d, the com-
pound is fair and hard to be biodegraded, respectively. In a
batch reactor, the relative quantity used for biodegradation
rate constant ko) (L g MLSS ! dayfl) is calculated using
the following equation:

C
]Ilft = _kbm] Xt X SS; (4)
Co

where Cy and C, are the initial and residual concentra-
tions of IBU at time point ¢, respectively. SS is mixed
liquor suspended solids (MLSS) of batch reactor at time
t. By plotting In(Cy/C;) against time, the reaction rate
constant & (day ') is obtained as the slope of the line.
The calculated biodegradable constant as a result of the
obtained removal rate of IBU is presented in Table 5 and
Fig. 4.

The mean k;,; obtained for IBU at the concentration
below 100 mg/L was lower than 100 <concentration <
200 mg/L. In the study of Kruglova et al., the calculated
ko value for IBU at the concentration of 20 pg L ' was
5.0 L/g ss.d, which was about 13 times higher than that
in the present study. ky;,; was found from the experi-
mental results to be varying from 0.4 to 0.009 L/g ss.d,
which represents IBU as a low biodegradable or persis-
tent substance in the studied treatment system. Lower
values of k. for the present study compared to others

Table 5 Mean SS, reaction rate constant (k’), and biodegradation
constant (ky;,) values for IBU

MLSS & (h™") hpior (L gss 'h")

gL
Concentration 100 mg/L> 7.63 0.002  0.0004
100 < concentration 8.04 0.026 0.0162
<200 mg/L

@ Springer

can be explained by a lower SRT period of our system.
Furthermore, MLSS represents the food-to-
microorganism ratio (F/M); hence, it can affect &£ and
kiol. Lowe ko) in the present study may be due to the
MLSS concentrations.

2.5 Effects of pH, EC, and ORP

As shown in Fig. 5a, pH values have no wide variation
(0.6 unit) throughout the experiments (pH =8.18 +0.6).
Nitrification and denitrification are able to change
the pH value of the system; H' producing in nitrification
can decrease pH. Also, increasing pH may be as a result
of denitrification and anammox deammunification
(anammox bacteria can place inside the biofilm that
not studied here). ORP was variable from —38 to
+215 mV during the experiments. The ORP values
indicate that the system had a large oxidation and re-
duction capacity, simultaneously. Decreasing oxygen
supply or increasing TN loading leads to low oxidation
potential. It results nitrification/denitrification taking
place in the system, simultaneously. Linear correlation
between ammonium and conductivity values was re-
ported by Yang et al. (2011). No similar result was
obtained at the present study. The EC showed almost
stable value through the operation period (4.5+1.2 mS/
cm). Low rate oxygen supply may be the cause of EC
and ORP decreasing.

2.6 Suggested Pathways of IBU Removal in the MBBR

Generally, three pathways of biodegradation, sorption,
and air stripping might occur for removing 1BU
throughout MBBR treatment (Falés et al. 2013). Based
on IBU kyy, 1.39x 1074, it has no tendency for volatili-
zation; therefore, air stripping is not its major removal
pathway. Consequently, it is believed that IBU elimina-
tion is caused by sorption and biological degradation
processes. The removal amount of IBU by adsorption
on anaerobic sludge was reported from 30 to 60 %
(Carballa et al. 2008). Suggested biodegradation path-
ways of ibuprofen in literatures have been presented in
Table 6.

Ammonia oxidizer bacteria are one of
oxygenase-expressing microorganism groups with
monooxygenase and dioxygenase enzymes. These en-
zymes can oxidize many different compounds through
co-metabolic reactions (Murdoch and Hay 2013).
Additionally, hydroxylamine oxidoreductase (HAO)
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Fig. 4 Calculated biodegradation b
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and ammonia monooxygenase (AMO) are two major
enzymes with a complementary function to convert
ammonia into nitrite. AMO, an enzyme, can degrade
aromatic hydrocarbons, alkanes, alkenes, and chlorinat-
ed hydrocarbons and also oxidize ammonia to

Fig. 5 a Variation of pH, ORP,

Treatment time (h) Tretmet time (h)

hydroxylamine. The AMO enzyme either initiates a
dehydrogenase or oxidase reaction or a reductive
dehalogenation reaction. The mentioned pathway that
can form meanwhile nitrification—denitrification is as-
sumed as the possible pathway for IBU biodegradation

and EC during experiments. b a T T ookn BC eeepH + ORP
UV-Visible absorbance spectra of 250
IBU in effluent of MBBR
F 200
)
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F
) 0
E - 100 g
w
g Ls0 =
o @]
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o0 — MBBR with IBUin (200 melL)
—— MBBR with IBUin (100 mgL)
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2UN
2
o
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S
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Wavelength (nm)
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Table 6 Biological removal pathways of ibuprofen reported in literatures

Pathway Description Ref.
COOH OH OH OH At.this suggested path for the metabolism of (Murdoch and
OH Z~COOH A~COOH ibuprofen by Ibu-2, the IBU converts to Hay 2005)
—— —*= — \_COOH isobutylcatechol, first; after then, it converts to 5-
° formyl-2-hydroxy-7-methylocta-2,4-dienoic acid
and finally converts to 2-hydroxy-5-isobutylhexa-
2,4-dienedioic acid.
Ammonia Oxldaton As N. europaea has the AMO enzyme and it can ~ Present study
NADH  NAD' NAD' NADH catalyze the oxidation of numerous diverse and (Keener
TH’ e A . aromatic and aliphatic organics co-metabolically and Arp
NH;0H NO, T .
0, AMO HAO degradation, it is speculated that ibuprofen can be 1994)
degraded co-metabolically throughout the
(Hypothesized) Cometabolic Oxidation oxidation of ammonia to nitrite.
Ibuprofen NADH NAD®
+ Metabolites or End Products
0, AMO

\ phase 1

1,2-dihydroxy ibuprofen

é:mm \5) \§> § "o
i r

OH
Ho' 18P 3
N
[ ) P4 & [MHT= 159
HO' oH co, Ho'
o . N,
OH
1BP 4c
Ho IBUPROFEN 18P 1
° [MH['=205 [MH]= 181
‘OH
b
\Ij/jm 18P 4d
[
1BP 4a, b, ¢, 1BP§
MH=221 (MHr=213

@ Springer

§ 18P 2b
&

o
HO é
§

—oH

7
1BP 2a,b, c.d
=177

IBP 22

I1BP 2c

IBP 2d

T. versicolor can metabolize IBU in two stages: (1)
oxidation of isopropyl chain present in IBU
structure leading to 2-hydroxy ibuprofen and 1-
hydroxy ibuprofen production, first; and (2) the
metabolites of previous stage will convert to 1,2-
dihydroxy ibuprofen, without effect on the
propionic acid chain.

In this reported pathway, authors suggest that as a
result of transformation processes such as
hydrolysis, decarboxylation of the IBU leads to
IBU1 formation. If hydroxyl radicals and further
oxidants had present caused formation of IBU2
which is a mono-hydroxylated derivative of
IBUI. It may be as result of successive reactions
of OH® at the benzyl position of isobutyl, ethyl, or
at aromatic ring the IBU2 derivatives formation
(a, b, c, d) take place.

With a different pathway, i.e., by removal of formic
acid (HCOOH group) from IBU molecule or by
dehydratation of product IBU 2b, the IBU3 forms.

Due to IBU molecule hydroxylation by OH® at one
of the two benzyl positions, at the tertiary carbon
atom position, or at the aromatic ring, the IBU4
derivatives(a, b, ¢, d) form.

Photodegradation of IBU molecules can result in
IBUS formation.

(Marco-Urrea
et al. 2009)

(Tambosi et al.
2010)
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Table 6 (continued)

Pathway Description Ref.
e bl 5 Aliphatic hy'droxy.lation isa biodegradation pathway (Atkinson
COH <:> J\ cogH for IBU, in which hydroxylation takes place at 2012)
> wo aliphatic carbon atoms, regularly at secondary or
Ibuprofen tertiary sites preferably to primary carbon atoms.

Enzymatic modification of IBU by CYP2C9 enzyme and
biochemical processing

Chemical change of IBU using CYP2C9 enzyme, a Present study

component of the CYP enzyme family and finally =~ and
its biotransformation. (Atkinson
2012)

in the studied system. As a well-nitrifying activated
sludge was used for the stating up, a diversity of bacteria
exists, surely. Due to aerating in the MBBR reactor, a
DO gradient takes place in the center of the biofilm
carriers and anoxic/anaerobic situation forms within it
and, by this means, facilitated partial denitrification. As
a result, the MBBR system was able to achieve the TN
removal of 75.5+£24.6 %. The nitrification—denitrifica-
tion with diverse bacteria and IBU as an uneasily acces-
sible carbon source could be the motivating force for
most of the bacteria to use co-metabolic processes to be
able to use their carbons. In spite of the removal rate for
ibuprofen dependency on the nitrification—denitrifica-
tion ability, there was an obviously positive trend be-
tween the nitrification—denitrification ability. The pro-
duction of nitrate started a day or two after ammonia
oxidation, suggesting the presence of other organisms
which could have utilized ammonia (Kruglova et al.
2014). The alteration in the absorption spectrum (both
at UV and visible area) at various time intervals during
the MBBR operation has been presented in Fig. 5b. The
peak observed in the ultraviolet region was as a result of
IBU and nitrate (222 vs. 220 nm). Nitrate formed as a
result of nitrification reaction. As Fig. 5 represents, the
peak of IBU in effluent is in accordance to the parent
(influent), so the use of IBU in MBBR as a carbon
source can remove it without producing intermediates.

3 Conclusions

The nitrogen removal was investigated in the MBBR
operated with ibuprofen as an organic carbon source.
The removal was strongly dependent on HRT. Based on
obtained k;, for IBU, it can be concluded that IBU is a
hard biodegradable or persistent organic substance that
leads to higher HRT demand to obtain effectiveness in

TN removal. The MBBR is an efficient, reliable, and
compact system for simultaneous IBU and TN removal.
We think that further research should be done to find the
exact removal mechanisms of IBU degradation and its
metabolite fate.
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