
Full Terms & Conditions of access and use can be found at
http://www.tandfonline.com/action/journalInformation?journalCode=tent20

Download by: [Univ Studi Basilicata] Date: 08 September 2016, At: 07:34

Environmental Technology

ISSN: 0959-3330 (Print) 1479-487X (Online) Journal homepage: http://www.tandfonline.com/loi/tent20

Paracetamol biodegradation by activated
sludge and photocatalysis and its removal by a
micelle–clay complex, activated charcoal, and
reverse osmosis membranes

Rafik Karaman, Mustafa Khamis, Jehad Abbadi, Ahmad Amro, Mohannad
Qurie, Ibrahim Ayyad, Fatima Ayyash, Omar Hamarsheh, Reem Yaqmour,
Shlomo Nir, Sabino A. Bufo, Laura Scrano, Sofia Lerman, Shirra Gur-Reznik &
Carlos G. Dosoretz

To cite this article: Rafik Karaman, Mustafa Khamis, Jehad Abbadi, Ahmad Amro, Mohannad
Qurie, Ibrahim Ayyad, Fatima Ayyash, Omar Hamarsheh, Reem Yaqmour, Shlomo Nir,
Sabino A. Bufo, Laura Scrano, Sofia Lerman, Shirra Gur-Reznik & Carlos G. Dosoretz (2016)
Paracetamol biodegradation by activated sludge and photocatalysis and its removal by a
micelle–clay complex, activated charcoal, and reverse osmosis membranes, Environmental
Technology, 37:19, 2414-2427, DOI: 10.1080/09593330.2016.1150355

To link to this article:  http://dx.doi.org/10.1080/09593330.2016.1150355

View supplementary material Accepted author version posted online: 07
Feb 2016.
Published online: 07 Mar 2016.

Submit your article to this journal Article views: 91

View related articles View Crossmark data

http://www.tandfonline.com/action/journalInformation?journalCode=tent20
http://www.tandfonline.com/loi/tent20
http://www.tandfonline.com/action/showCitFormats?doi=10.1080/09593330.2016.1150355
http://dx.doi.org/10.1080/09593330.2016.1150355
http://www.tandfonline.com/doi/suppl/10.1080/09593330.2016.1150355
http://www.tandfonline.com/doi/suppl/10.1080/09593330.2016.1150355
http://www.tandfonline.com/action/authorSubmission?journalCode=tent20&show=instructions
http://www.tandfonline.com/action/authorSubmission?journalCode=tent20&show=instructions
http://www.tandfonline.com/doi/mlt/10.1080/09593330.2016.1150355
http://www.tandfonline.com/doi/mlt/10.1080/09593330.2016.1150355
http://crossmark.crossref.org/dialog/?doi=10.1080/09593330.2016.1150355&domain=pdf&date_stamp=2016-02-07
http://crossmark.crossref.org/dialog/?doi=10.1080/09593330.2016.1150355&domain=pdf&date_stamp=2016-02-07


Paracetamol biodegradation by activated sludge and photocatalysis and its
removal by a micelle–clay complex, activated charcoal, and reverse osmosis
membranes
Rafik Karamana, Mustafa Khamisb,c, Jehad Abbadid, Ahmad Amroa, Mohannad Quriee, Ibrahim Ayyade,
Fatima Ayyasha, Omar Hamarshehd, Reem Yaqmourd, Shlomo Nirf, Sabino A. Bufog, Laura Scranog,
Sofia Lermanh, Shirra Gur-Reznikh and Carlos G. Dosoretzh

aDepartment of Bioorganic Chemistry, College of Pharmacy, Al-Quds University, Jerusalem, Palestine; bDepartment of Chemistry and Chemical
Technology, College of Science and Technology, Al-Quds University, Jerusalem, Palestine; cDepartment of Biology, Chemistry and
Environmental science, College of Arts and Sciences, American University of Sharjah, Sharjah, UAE; dDepartment of Biology, College of Science
and Technology, Al-Quds University, Jerusalem, Palestine; eCentre for Chemical and Biological Analysis, Al-Quds University, Jerusalem, Palestine;
fDepartment of Soil and Water Sciences, The R.H. Smith Faculty of Agriculture, Food and Environment, The Hebrew University of Jerusalem,
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ABSTRACT
Kinetic studies on the stability of the pain killer paracetamol in Al-Quds activated sludge
demonstrated that paracetamol underwent biodegradation within less than one month to
furnish p-aminophenol in high yields. Characterizations of bacteria contained in Al-Quds sludge
were accomplished. It was found that Pseudomonas aeruginosa is the bacterium most
responsible for the biodegradation of paracetamol to p-aminophenol and hydroquinone. Batch
adsorptions of paracetamol and its biodegradation product (p-aminophenol) by activated
charcoal and a composite micelle (octadecyltrimethylammonium)–clay (montmorillonite) were
determined at 25°C. Adsorption was adequately described by a Langmuir isotherm, and
indicated better efficiency of removal by the micelle–clay complex. The ability of bench top
reverse osmosis (RO) plant as well as advanced membrane pilot plant to remove paracetamol
was also studied at different water matrixes to test the effect of organic matter composition. The
results showed that at least 90% rejection was obtained by both plants. In addition, removal of
paracetamol from RO brine was investigated by using photocatalytic processes; optimal
conditions were found to be acidic or basic pH, in which paracetamol degraded in less than 5
min. Toxicity studies indicated that the effluent and brine were not toxic except for using extra
low energy membrane which displayed a half maximal inhibitory concentration (IC-50) value of
80%.
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Introduction

The use of microorganisms suspended in activated
sludge is the most widely used methodology for the
treatment of wastewater. In this process, aeration basin
is maintained by mechanical mixers or diffused air. The
load of microorganisms is preserved by a continuous
return of the settled biological flocks. As organic
carbon is the most important energy source, hetero-
trophic bacteria dominate in activated sludge systems.
Several variations of the activated sludge process have
been developed in order to optimize carbon, nitrogen,
and phosphorous removal from the wastewater.[1] Com-
munities of prokaryotic microorganisms present in acti-
vated-sludge are responsible for most of the carbon
and nutrient removal from sewage and thus represent

the core component of the biological wastewater treat-
ment plant (WWTP). Consequently, a thorough knowl-
edge of the ecology of the microbial community is
required to reveal factors influencing the efficiency and
stability of biological WWTPs and to develop promising
strategies for improved process performance.[2] There-
fore, the microbiological details, including the compo-
sitions of the microbial populations that are responsible
for the mineralization processes, are very important in
increasing the treatment efficiency.[1]

Microbial populations in WWTPs were frequently ana-
lyzed either by light microscopic observation [3,4] or by
cultivation-dependent techniques.[5,6] These approaches
led to the postulation of model organisms for the most
important microbiologically driven processes in WWTPs.
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[7] During the past decade, a variety of approaches were
also developed and used to study bacterial diversity in
WWTPs.[2] Extensive studies using culturable microorgan-
isms that require their isolation and identification were
performed. Characterization of bacterial populations in
samples including raw wastewater by using commercially
available identification kits was previously documented.
[8–10]

The occurrence and fate of residues of pharmaceuti-
cals in wastewater and the environment have attracted
an increasing interest during the last decade.[11–13]
The removal of many pharmaceuticals during municipal
wastewater treatment has been found to be incomplete.
[13–18] When they enter a WWTP, some pharmaceuticals
are either partially retained in the sludge or metabolized
to a more hydrophilic but still persistent forms and,
therefore, pass through the WWTP and end up in the
effluent.[19] As a result, residues of these compounds
have been detected in surface waters at concentrations
ranging from ng/L up to mg/L.[13,14,18,20,21] The
reported removals of paracetamol in WWTPs vary from
almost complete to 86% in municipal and 80% in hospi-
tal WTPs.[22–27] Concentrations ranging from several
hundred nanograms up to 11.3 mg/L have been found
in European WWTP effluents.[13,23,28] Other researchers
found that paracetamol has been found at concen-
trations of up to 6 mg/L in European sewage treatment
plant effluents, and up to 10 µg/L in natural waters in
the USA.[29,30] Studies on the Tyne River in the UK
and surface water in the USA showed that paracetamol
concentration exceeded 65 µg/L in the former and 10
μg/L for the latter.[29] Rabiet et al. [28] detected 211
ng/L in well supplying drinking water in France.

Recently removal of aqueous paracetamol by electro-
chemical,[31] ozonation, H2O2-UV oxidation, and semi-
conductor photo catalysis has been reported for the
degradation of paracetamol.[32]

Paracetamol is available in different dosage forms
such as tablets, capsules, drops, elixirs, suspensions,
and suppositories. Its saturated aqueous solution has a
pH of about 6 and is stable with a half-life exceeding
20 years, but its stability decreases in acidic or alkaline
conditions due to being slowly degraded, via a base- or
acid-catalyzed hydrolysis of the amide bond, into acetic
acid and p-aminophenol. Paracetamol is metabolized pri-
marily in the liver, into nontoxic products via three meta-
bolic pathways. Glucoronidation is believed to account
for 40–66% of the metabolism of paracetamol, and sulfa-
tion (sulfate conjugation) may account for 20–40%.[33]
N-hydroxylation and rearrangement, then glutathione
conjugation, account for less than 15%. The hepatic cyto-
chrome P450 enzyme system metabolizes paracetamol,
forming a minor yet significant alkylating metabolite

known as NAPQI (N-acetyl-p-benzoquinone imine).
NAPQI is then irreversibly conjugated with the sulfhydryl
groups of glutathione. All mentioned three pathways
yield final products that are inactive, non-toxic, and
eventually excreted by the kidney. In the third
pathway, however, the intermediate product NAPQI is
toxic. NAPQI is primarily responsible for the toxic
effects of paracetamol.[34]

Microbiological degradation of paracetamol was pre-
viously reported using a membrane bioreactor (MBR),
inoculated with an enriched nitrifying bacterial culture.
The MBR was found to be efficient in removing paraceta-
mol continuously; after 16 days of operation, at a hydraulic
retention time (HRT) of 5 days, more than 99.9% removal
was obtained when supplying a synthetic WWTP effluent
with paracetamol at a concentration of 100 μg/L as a sole
carbon source. Two paracetamol degrading strains were
isolated from the MBR biomass and identified as Delftia
tsuruhatensis and P. aeruginosa.[35]

During the past seven years, we have been engaging
in studying the stability of commonly used drugs in
wastewater and methods for their removal. Our study
aims were at first (i) to identify the most popular drugs
prescribed in Palestine and Israel and preparing a
ranking list of these drugs and (ii) to test the perform-
ance of the membrane plants toward the removal of
these drugs from synthetic wastewater. In the first
stage of this study, we have evaluated the most
popular drugs and household chemicals in Palestine
and Israel by executing two different statistical
methods: (a) preparing questioners together with visits
and interviews of pharmaceutical companies, physicians,
pharmacists, and patients and (b) conducting a search on
5000 members of Kupat Holeem Klalit. The study results
revealed that paracetamol was among the top twenty
pharmaceuticals that are mostly consumed in
Israel and Palestine. Therefore, we sought to study its
stability in wastewater and to remove it along with its
metabolites by different advanced nanotechnology
membranes, activated charcoal, and a micelle–clay
complex.

To ensure compliance with future discharge require-
ments, upgrading existing wastewater treatment facili-
ties by enhancing the biodegradation efficiency toward
pharmaceuticals is a crucial step. In this study, we used
the conventional method of microbial identification
using culture-dependent and biochemical testing kits
to qualitatively characterize the microbial populations
in the activated sludge wastewater treatment process.
In addition, inoculation of the wastewater polluted with
paracetamol with specific characterized bacteria was
investigated. Performance of **advanced integrated
membrane WWTP in terms of paracetamol and its
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metabolites’ removal from synthetic wastewater samples
was also investigated.

Materials and methods

Instrumentation

High pressure liquid chromatography
High Pressure Liquid Chromatography (HPLC-PDA)
system consisted of an alliance 2695 HPLC (Waters:
USA), and a waters Micromass® Masslynx™ detector
with Photo diode array (PDA) (Waters 2996: USA). Data
acquisition and control were carried out using
Empower™ software (Waters, USA). Analytes were separ-
ated on a 4.6 mm × 150 mm C18 XBridge® column (5 µm
particle size) used in conjunction with a 4.6 mm × 20 µm
XBridge™ C18 guard column. Microfilter was used with
0.45 µm (Acrodisc® GHP, Waters, USA).

Paracetamol in reverse osmosis (RO) studies was
tracked by liquid chromatography multiple stage-mass
spectrometry (LC-MS/MS) (Agilent 1200 HPLC Hewlett
Packard system), coupled with ion spray interface to an
API 3200 (Applied Biosystems) triple quadrupole mass
spectrometer. LC-MS/MS analyses were essentially per-
formed according to Vanderford et al.[36] with some
custom modifications. Electrospray ionization was used
for the tracking together with multiple-reaction monitor-
ing mode. The precursor ion was 152.1 (m/z) and the
product ions were 110.1 and 65.0 (m/z). Other properties
of the method were a dwell time of 150 ms, a retention
time of 4 min, and the following voltages (V): DP-36, CE-
21/39 and CXP-4. A Kinetex C-18 100A (Phenomenex) end-
capped column (3 mm× 10 cm, 2.6 μm pore size) was
used with an isocratic system of 95% of 0.1% (v/v)
formic acid in water and 5% of pure methanol at a flow
rate of 450 µL/min. The total duration of the method
was 6 min. An injection volume of 25 µl was used and
standard curves yielded confidence coefficients (R2)
greater than 0.99 within the experimental concentration
range. The limit of quantification and the limit of detection
under these conditions (S/N≥ 3) were 0.1 µg/L.

UV-spectrophotometer
The concentrations of samples were determined spectro-
photometrically (UV-spectrophotometer, Model: UV-
1601, Shimadzu, Japan) by monitoring the absorbance
at λmax for each drug.

pH meter
pH values were recorded on pH meter model HM-30G:
TOA electronics™ and on Cyberscan Electrodes (PC
300 Series) (EUTECH Instruments, waterproof series).

Conductivity meter
The conductivity of the samples was determined using
Cyberscan Electrodes (PC 300 Series) (EUTECH Instru-
ments, waterproof series).

Total organic carbon
Dissolved organic carbon (DOC), defined as the total
organic carbon (TOC) fraction that passes a 0.45 µm
filter, was determined on a multi-TOC-VCPH analyzer (Shi-
madzu) using no dispersive infrared (NDIR) detection.
The quantification limit for TOC was 0.2 mg/L.

Centrifuge and Shaker
Labofuge®200 Centrifuge was used, 230 V 50/60 Hz. CAT.
No. 284811, made in Germany. Some of the pharma-
ceutical solutions were shaken with an electronic
shaker (Bigbill shaker, Model No.: M49120-26, 220–240
V 50/60 Hz.) at 250 rpm.

Chemicals and reagents
All chemicals were of analytical grade. The clay used was
Wyoming Na-montmorillonite SWY-2 obtained from the
Source Clays Registry (Clay Mineral Society, Colombia,
MO). Quartz sand (grain size 0.8–1.2 mm) was obtained
from Negev industrial minerals (Israel). Octadecyltri-
methylammonium (ODTMA) bromide was obtained
from Sigma Aldrich. Paracetamol was obtained from
Birzeit pharmaceutical company (Ramallah-Palestine).
Activated Charcoal (12–20 mesh) was obtained from
Sigma (Sigma Chemical Company, USA). De-ionized
water was used to prepare all solutions. Methanol, aceto-
nitrile, tetrahydrofuran, and water were both HPLC grade
and purchased from Sigma Aldrich. Magnesium sulfate,
hydrogen peroxide, and p-aminophenol were purchased
from Sigma Aldrich. High purity diethyl ether (>99%) was
purchased from Biolab (Israel); orthophosphoric acid was
obtained from Riedel-De Haën (Germany). Microbiologi-
cal growth media (MacConkey agar, Blood Agar, Eosin
Methylene Blue (EMB) Agar, and Mannitol Salt Agar
(MSA)) were obtained from Sigma-Aldrich company;
API-20E test Kit was obtained from Biomerieux.

Toxicity microbiotests

Toxicity microbiotests for selected streams of the mem-
brane separation experiments were performed applying
TOX-SCREEN (CheckLight, Israel) kit assay in order to
assess any remaining acute toxicity of paracetamol
before and after the membrane separation.

The test was based on light-producing luminous bac-
teria applying a volume sample of 150 µL using a 96-well
microtiter plate following the manufacturer’s protocol.
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The assay was performed by running a set of eight
double dilutions of the sample in question with the pro-
vided assay buffer followed by the addition of a hydrated
culture of luminous bacteria. The level of light (in relative
luminescence units – RLU) from the biosensors was
recorded after 15 min incubation in all dilutions, as well
as in the negative and positive control samples with Infi-
nite® M200 Pro multimode reader (Tecan).

The degree of a sample’s toxicity can be expressed as
IC50 (inhibition concentration of 50%), defined as the
minimal concentration of tested sample (in %) that
results in 50% change in light output, as compared to
light recorded in the clean reference water under
defined assay conditions. The inhibitory concentration
is calculated according to Equation (1).

IC = RLUcontrol − RLUsample

RLUcontrol
, (1)

where IC is the inhibitory concentration of the tested
sample (%); RLUcontrol is the light level obtained in the
negative control (RLU); and RLUsample is the light level
obtained in the sample (RLU).

Photocatalytic experiments
Photocatalysis experiments with UVA/TiO2 were per-
formed to evaluate the potential of oxidation of parace-
tamol remaining in the RO brines after the separation of
paracetamol. The runs were carried out at room tempera-
ture in 500 mL glass reactors containing 180 mL of water
matrix spiked with 80 µg/L of paracetamol. TiO2 (Ana-
stase, P25, Degussa) at 1 g/L was added and stirred
prior to irradiation to achieve thermodynamic adsorption
equilibrium. The reactors were placed in a dark chamber
on a magnetic stirrer to facilitate mixing and illuminated
from the top with a UVA lamp (Eversun, 40 W) emitting
radiation between 300 and 420 nm with a maximum at
350 nm. UVA lamps were preheated for 20 min prior to
the runs. Samples of 3 mL were taken every 5 min in
the first hour and once per hour for every remaining
hour of the experiments. Total sampling volume per
reactor was restricted to 10% of the initial volume (18
mL). Each condition was as tested in three parallel reac-
tors to cope with this restriction. The samples were
immediately supplemented with an excess of NaHCO3

to facilitate TiO2 removal, and kept in ice in the dark.
Then the samples were centrifuged for 20 min at 4000
rpm (Heraeus, Megafuge 1.0R centrifuge) and filtered
by 0.45 µm syringe filter units (Millipore) prior to the
analysis. Light intensity was measured by ferrioxalate
actinometry [37] and was found to be 990 µW/cm2. The
UV fluence was calculated by multiplying the light inten-
sity by the exposure time; it was found to be 3564 mJ/
cm2 per hour of experiment. The duration of the runs

was 1 h for pure water and 6 h for brines taken from
the RO1 and RO2 stages in the pilot plant. The pure
water experiments were also carried out in three
ranges of pH (pH = 3.5, 7.0, and 10.0) to determine the
optimal pH for the experiments.

Methods

Characterizing microbial community
Sludge samples were obtained from the activated sludge
process treatment plant located at Al-Quds University.
Sampling was performed in duplicate using clean and
sterile glass bottles; the samples were transferred directly
to the laboratory for immediate processing. Five millili-
ters of sludge were transferred from each bottle to
clean and sterile test tubes (labeled ‘centrifuged’), centri-
fuged, and then 2 mL of the supernatant was used in a
culture process. Two milliliters of the sample (from
both groups, original samples and centrifuged) was
streaked on the top of the following culture media: Nutri-
ent Agar which enhances the growth of all bacteria spp.,
MacConkey agar to enhance the growth of Gram-nega-
tive bacteria and characterize lactose fermenters from
non-lactose fermenters, Blood agar as enriched, differen-
tial media to detect fastidious bacteria and its hemolytic
activity, EMB to enhance Gram-negative bacteria, and
MSA to enhance the growth of Staphylococci. All plates
were incubated at 36°C for 24 h.

After the incubation period, the inoculated plates
were inspected for bacterial growth. Growth was
observed in all plates except MSA plates, which excludes
Staphylococcus spp. in the sludge samples. Cultures of
new samples on MSA were repeated to confirm the
negative growth.

Morphological characterization of colonies grown on
all types of growth media was done and reported; a
typical colony of different types observed on the
growth media was used for further identification using
the API-20E test kit for the identification of enteric bac-
teria (bioMerieux, Inc.). The data obtained after the bio-
chemical test were compared to the relevant catalogue
to identify bacterial species in the sludge samples.

Biodegradation of paracetamol and
p-aminophenol in Al-Quds wastewater
P. aeruginosa was chosen to be used in paracetamol bio-
degradation since this bacterium was detected in Al-
Quds wastewater and was reported to have amidases
responsible for the degradation of amides.[35,38]

Pure colonies of P. aeruginosa were subcultured from
the bacteria characterized in the sludge of Al-Quds
WWTP and streaked on the surface of 20 sterile fresh
NA plates under complete sterile technique. The NA
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plates were incubated at 37°C for 24 h. The densely
grown bacterial colonies were then extracted using
sterile phosphate buffer having pH 7 by the aid of a
sterile glass rod under a complete sterile technique
and collected in sterile flasks, obtaining 100 mL of con-
centrated bacterial suspension of P. aeruginosa.

About 200 mg of paracetamol or p-aminophenol was
transferred to 2-L brown bottle and was dissolved in 1 L
of sterilized wastewater (having COD and BOD of 232
and 178 mg/L, respectively). The P. aeruginosa bacterial
suspension harvested in sterile phosphate buffer was
gradually added to the pharmaceutical–wastewater sol-
ution to reach optical densities of 0.5 in the pharma-
ceutical–wastewater–bacterial suspension (at 545 nm
using the sterile wastewater as a blank), which corre-
sponds to 3.8 × 106 colony forming unit (cfu/mL) of
P. aeruginosa according to a growth curve determined
previously for P. aeruginosa (Log P. aeruginosa count
(cfu/mL) = 2.45 × optical density + 5.35) and confirmed
by counting the bacterial population using the standard
plate pour technique. The inoculated pharmaceutical–
wastewater solution was placed in a water bath at 30°C
for 14 days with continuous mixing with the aid of aera-
tion. The bacterial count in the reactor was maintained
during the period of the biodegradation experiment at
an optical density between 0.5 and 0.7 (corresponding
to 3.8 × 106–1.2 × 107 cfu/ml), and at the end of the
experiment (14 days), the P. aeruginosa population had
a count of 2.0 × 105 cfu/ml.

Paracetamol was extracted from the biological degra-
dation reactor after 1, 2, 4, 7, 10, and 14 days. The extrac-
tion was performed using chloroform, and then liquid
chromatography was performed to determine the con-
centrations of the resulting metabolites. At the end of
thte incubation period, the reaction mixture was
extracted separately with three different solvents: chloro-
form, ethyl acetate, and hexane. The organic solvent was
dried using anhydrous magnesium sulfate and filtered.
The filtrate was evaporated to dryness. The dry residue
was subjected to silica gel column chromatography for
the separation of the products (metabolites).

Sample and standards preparation for HPLC

(a) Stock solution: Stock solution was prepared by dissol-
ving paracetamol, or p-aminophenol standards in
acetonitrile and water that was adjusted to pH 3.45
at a ratio of 10:90 to a concentration of 200 mg/L
that was used in (b).

(b) Calibration curves: A 500 mL stock solution of 1:1
mixture of paracetamol or p-aminophenol, with a
final concentration of 100 mg/L, was prepared in
the same manner as for (a). The diluted solutions

that were prepared from the stock solution were
10, 20, 40, 60, 80, and 100 mg/L. Then, each
diluted solution was extracted three times with
ether or chloroform. The ether or chloroform
extracts were combined, dried on anhydrous mag-
nesium sulfate (MgSO4), filtered, and evaporated.
For HPLC-PDA analysis, the dried residue after
solvent evaporation was dissolved with a mixture
of water: acetonitrile (water adjusted to pH 3.45
using dilute o-phosphoric acid) at a ratio of 90:10
v/v and was injected to the HPLC apparatus.

Chromatographic conditions for the separation of
paracetamol and p-aminophenol
The optimal HPLC conditions that were efficient for
the separation of paracetamol and p-aminophenol
were C-18 as the separation column, a mixture of
water: acetonitrile (water pH adjusted to 3.45 using
dilute o-phosphoric acid) (90:10 v/v) as a mobile
phase, flow rate of 1.0 mL/minute, and UV detection
at a wavelength of 247 nm.

Adsorption studies of paracetamol and
p-aminophenol onto micelle–clay complex and
charcoal
Sample and standards preparation

(a) Stock solution: Each stock solution of paracetamol or
p-aminophenol standard was prepared in a separated
two volumetric flask by dissolving the compound in dis-
tilled water to a concentration of 500 mg/L that was used
in (b).

(b) Calibration curves: Each 500 mL stock solution of each
compound with a final concentration of 500 mg/L pre-
pared in (a) was used to prepare the following diluted
solutions: 1, 2, 4, 6, 8, and 10 mg/L. Then, the absorption
of each solution of each of the tested compounds was
determined using a UV-spectrophotometer.

Micelle–clay complex preparation
The micelle–clay complex was prepared as described
elsewhere.[39] Briefly, the micelle–clay complex was pre-
pared by stirring 12 mM of ODTMA with 10 g/L clay for
72 h. The suspensions were centrifuged for 20 min at
15000 g, supernatants were discarded, and the
complex was lyophilized.

Batch adsorption studies
Batch adsorption experiment was carried out for a sol-
ution of 50 mg/L of the initial concentration of paraceta-
mol or p-aminophenol. The experiment was performed
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in 250 mL Erlenmeyer flasks containing 0.5 g micelle–
clay complex. The flask was shaken in an electric
shaker for 2 h at room temperature, and then the
content of the flask was centrifuged for 5 min and fil-
tered using 0.45 μm Millipore filters. A kinetic study of
the extent of adsorption was determined by taking 50
mL solution of 50 mg/L paracetamol, or p-aminophenol,
in a 250 mL Erlenmeyer flask containing 0.5 g of the
micelle–clay complex and then measuring the absor-
bance of the solution versus time.

Membrane separation experiments
Bench-scale experiments. The aim of this part of the
study was to evaluate the rejection ability of nonporous
membranes, RO of different degrees of selectivity. Trials
involved different water matrixes to test the back-
ground effect of organic matter on the separation
and adsorption of paracetamol. Membranes tested
included a wide range of tight types. Flat sheet thin
film composite membranes of increasing selectivity
were used (courtesy of Filmtec, Dow Chemical Co.,
USA), as follows: extra low energy (XLE), brackish
water (BW), and seawater. Manufacturer characteristics
and tested characteristics of the membranes as well
as details of the applied membrane pressures were
adapted from Gur-Reznik et al. [40]. Membrane separ-
ation experiments were carried out in both a labora-
tory-scale cross-flow cell system and a pilot system.
The laboratory-scale cross-flow cell system comprises
two parallel channels of two cells in series each,
holding 24 cm2

filtration area-flat sheet membranes.
The filtration apparatus was custom built, so all the
parts of the system, except the cells that were made
of polycarbonate, were made of stainless steel. The
system was operated in batch mode (full recycling of
permeate and concentrate to the reservoir). All exper-
iments were performed under controlled temperature
at 21 ± 2°C by means of a heat exchanger located in
the feeding tank and connected to a water chiller
system. Pressures and flow rates were adjusted manu-
ally and recorded. Paracetamol was spiked to the
system at a concentration of 120 µg/L.

Samples for analyses were taken from both the
feeding reservoir and the permeate channel of each indi-
vidual cell. Experiments were run for 5 h. Reported
average rejections were determined based on individual
compound concentrations in the membrane feed (reser-
voir) and permeate measured at the end of the exper-
imental run (Equation (2)).

R = CF − Cp
CF

× 100, (2)

where R is the rejection of the compound in the solute

(%), CF is the concentration of the compound in the
feed (ppb), and Cp is the concentration of the compound
in the permeate (ppb).

Pilot plant experiments
The ability of BW-type membranes (found to be the
most effective in terms of resolution and permeation
rates) was further tested under field conditions in the
Technion secondary effluent desalination pilot plant
with a nominal capacity of 10 m3/h. The pilot plant
comprises an ultrafiltration stage (∼40 nm molecular
weight cut-off – MWCO, Dow) followed by a two-
stage RO system (8′′ and 4′′ BW Toray membranes,
respectively). The recovery of the first-stage RO was
50% and the total recovery was about 85%. A sche-
matic diagram of the desalination process is presented
in Figure S1 (supporting information). Experiments con-
ducted in the pilot plant lasted 6 h and paracetamol
was spiked at a concentration of 150 µg/L.

Results and discussion

Characterization of bacteria in Al-Quds sludge

According to the conventional culture method using
selective and differential growth media followed by the
morphological characterization of grown colonies and
biochemical testing by using the API-20E test kit, the fol-
lowing bacterial species were isolated from Al-Quds Uni-
versity sludge samples: Escherichia coli, Enterobacter
sakazakii, Citrobacter freundii, P. aeruginosa, Klebsiella
pneumoniae, Enterobacter cloacae, Enterobacter amni-
genus, Enterobacter aerogenes, Salmonella spp., and Serra-
tia liquefaciens.

Biodegradation of paracetamol in Al-Quds sludge

As mentioned in the introduction section, aqueous sol-
utions of paracetamol are quite stable at room tempera-
ture. The half-life of paracetamol solutions (pH 6) lasts
over 20 years; however, upon heating, or under acidic
or basic conditions its stability decreases and it degrades
to furnish p-aminophenol and acetic acid (Figure 1). This
hydrolysis reaction was found to be carried out by enzy-
matic cleavage or by microwave-assisted alkaline
hydrolysis of amide bond. Stability studies of paraceta-
mol in purified water at room temperature demonstrated
that paracetamol was completely stable after incubation
for more than one month due to the high energy needed
to overcome the barrier for the cleavage of its amide
bond. On the other hand, HPLC monitoring results of
Al-Quds University sludge solutions containing paraceta-
mol (at room temperature) revealed a gradual
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degradation of paracetamol to p-aminophenol and
acetate (Figure 2). The degradation was demonstrated
by the disappearance of a peak characterized as the
reactant (paracetamol) at a retention time of 3.92 min
and a gradual appearance of a new peak at a retention
time of 1.97 min characterized as a product (p-amino-
phenol). Figure 1 illustrates a progress in paracetamol
degradation as monitored by HPLC (Figure 2(a) and 2
(b)). Characterization of the product, p-aminophenol,
was confirmed by injecting a standard solution of p-
aminophenol to HPLC that gave only one peak at a reten-
tion time of 1.97 min. The HPLC kinetic data obtained
after one week of monitoring were examined for linear
correlation (Figure 2(c)). A linear correlation was
obtained when ln [paracetamol] was plotted against
time with a correlation coefficient R2 = 98. The pseudo-
first-order reaction rate constant was found to be 8.5 ×
10−7 s−1.

The degradation of paracetamol in Al-Quds University
sludge might be due to the presence of a variety of bac-
teria-containing enzymes having the potential to cata-
lyze amide linkage hydrolysis or/and heavy metals
which can play a role as catalyst for the breakdown of
paracetamol amide linkage.

In order to shed light on the source of paracetamol
degradation, the bacteria in Al-Quds University sludge
were isolated and characterized. Among the bacterial
species found in the sludge was P. aeruginosa, which
was reported to have amidase enzymes that have the

capability to catalyze the breakdown of amide bonds
in a variety of organic molecules.

Biodegradation of paracetamol by P. aeruginosa

In the first set of experiments, paracetamol was used as a
single substrate at a concentration of 10 mg/L. As
deduced by HPLC determinations, paracetamol was
degraded within 14 days. During paracetamol degra-
dation, two new metabolites were detected and tenta-
tively identified by means of LC-MS and nuclear
magnetic resonance (NMR) (for the degradation
pathway, see Figure 1). While the first metabolite
reached its maximum around 7 days, the second one
increased until the end of the experiment (14 days)
(Figure 2(d)). Metabolite 1 was characterized as p-amino-
phenol and the second metabolite was identified as
hydroquinone. Metabolite 2 remained stable throughout
the experimental period of 14 days. Transformation of
paracetamol via metabolite 1 to metabolite 2 was con-
firmed by running a second set of experiments by
which a standard solution of p-aminophenol (20 mg/L)
was incubated with P. aeruginosa in the same manner
and conditions as described for paracetamol. HPLC moni-
toring demonstrated that p-aminophenol underwent
degradation to hydroquinone (Figure 2(d)). A complete
biodegradation was achieved after 14 days of incubation
with the bacteria.

Figure 1. Schematic pathway for the degradation of paracetamol in Al-Quds sludge and by P. aeruginosa bacteria.
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Figure 2. (a) Chromatogram showing the hydrolysis of paracetamol after 2 days in the presence of wastewater at 25°C. (b) Chromato-
gram showing the hydrolysis of paracetamol after 7 days in the presence of wastewater at 25°C. (c) First-order kinetic plot for the bio-
degradation of paracetamol in Al-Quds activated sludge at 25°C. (d) Biodegradation curve for paracetamol (blank points) and p-
aminophenol (filled points) within 14 days of incubation. In activated sludge of 100 mg/L initial paracetamol concentration and T =
25°C. Data represent average of triplicate measurements.
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It is indicated that the identification of metabolites 1
and 2 was confirmed by injecting authentic samples of
p-aminophenol and hydroquinone into HPLC that gave
identical peaks for the two metabolites, respectively.

Adsorption studies of paracetamol and
p-aminophenol onto micelle–clay complex
and charcoal

Our previous investigations on the removal of pharma-
ceuticals from water or sludge have employed a
variety of membranes such as hollow fiber, RO and
spiral wound, activated carbon, and micelle–clay filters.
We are also presenting here the results of the removal
of paracetamol and its metabolite, p-aminophenol, in
suspension by using a micelle–clay complex in compari-
son with activated carbon. The micelles of the organic
cation ODTMA interact with negatively charged clay
(montmorillonite) at optimal ratios.[39,41,42] The
complex has a very large surface area per weight; it
includes large hydrophobic parts and has an excess of
a positive charge, about half of the exchange capacity
of the clay. X-ray diffraction, electron microscopy, and
adsorption experiments indicated that the material
characteristics of the micelle–clay complex are different
from those of an organo–clay complex, which is
formed by the adsorption of the same organic cation
as monomers.[43] The micelle–clay is ideally suited for
the adsorption of anionic organic molecules, for
example, herbicides and dissolved organic matter
(DOM),[39] certain antibiotics,[41] as well as certain inor-
ganic anions, such as perchlorate.[42] Filters filled with a
micelle–clay complex mixed with sand were employed
to study the ability of the mixture adsorbents in remov-
ing a variety of pharmaceuticals.[44]

Adsorption isotherms

The adsorption of paracetamol and its hydrolysis product
p-aminophenol onto a micelle–clay complex and char-
coal was analyzed by the Langmuir equation (Equation
(3)):

Ce
Qe

= 1
K∗Qmax

+ Ce
Qmax

, (3)

where Ce is the equilibrium concentration of the solute
(e.g. paracetamol) (mg/L). Qe is the equilibrium mass of
adsorbed paracetamol (or p-aminophenol) per gram of
absorbent (mg/g). K is the Langmuir affinity constant
(L/mg). Qmax is the maximum amount of solute
adsorbed per gram of micelle–clay complex, or charcoal
(mg/g).

As in all our previous studies on pharmaceuticals,
their adsorption is well described by the Langmuir
adsorption isotherm, as shown by the plot of Ce/Qe

versus Ce (Figure 3). The correlation coefficient values
(R2) obtained by the two adsorbents were in the range
0.9921–0.9968.

The calculated Qmax and K values for the removal of
the pharmaceuticals (Table 1) are 185.2 mg/g and
0.033 L/mg, respectively. The corresponding values in
the case of charcoal are Qmax = 129.9 mg/g and K =
0.035 L/mg. In this case, the maximal number of
adsorption sites is about 50% larger in the case of
the micelle–clay complex, whereas the affinity constant
(at the given temperature) of charcoal is 6% larger. The
adsorbed amounts according to the Langmuir equation
are mostly dependent on the product of Qmax·K, which
can be fixed more reliably, whereas fitting to the data
can be obtained by choosing larger K and smaller
Qmax values or vice versa. Hence we added these quan-
tities in Table 1.The ratio of the value of Qmax·K
between the micelle–clay and charcoal for paracetamol
is 1.36.

In the case of p-aminophenol, we only present the
results for the micelle–clay complex, due to fortuitously
large errors in the case of charcoal. The values of the pro-
ducts Qmax × K in the case of the micelle–clay complex
are similar for both paracetamol and the metabolite.

Kinetic study of paracetamol and p-aminophenol

Figure 3(b) demonstrated a decrease in both paraceta-
mol and p-aminophenol concentrations as function of
time. This result reveals that the micelle–clay complex
is efficient for paracetamol and p-aminophenol removal
with an optimum contact time of 30 min.

Membrane separation experiments

Membrane separation studies of the selected model
compounds were performed with RO flat sheet mem-
branes of decreasing selectivity/increasing permeability
in a laboratory scale in the background of ultrapure
water and tertiary effluents (TE). At the pilot plant,
the experiments were held using TE and a BW mem-
brane. The results are shown in Table 2 and in Figure 4.

These results show that tight nonporous membranes
(BW and SW) are required for the effective removal of
synthetic organic compounds such as paracetamol,
since the rejections of looser nonporous membranes
(XLE type) are matrix and compound dependent. It
appears that when the membrane gets fouled, the
rejection increases because the fouling layer serves as
another barrier to the compounds as can be seen in
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Figure 4; lower right panel for the case of the loosest
membrane, XLE. The pilot scale results also show high
rejection of paracetamol using a BW membrane, as
shown in Table 2.

Toxicity microbiotests

Toxicity tests were performed on membrane separation
experiments at three points: before spiking

Table 1. Langmuir adsorption parameters K and Qmax for the adsorption of paracetamol and p-aminophenol onto a micelle–clay
complex and charcoal.

Pharmaceuticals Adsorbents

Langmuir sorption parametersa

K(L/mg) Qmax(mg/g) Qmax·K(L/g)

Paracetamol Micelle–clay complex 0.033 ± 0.006 185.2 ± 9.7 6.1
Charcoal 0.035 ± 0.0.07 129.9 ± 1.7 4.5

p-Aminophenol Micelle–clay complex 0.46 ± 0.06 15.3 ± 0.22 7.0
aValues of R2 were above 0.99 in all cases. The conditions and results of the Langmuir adsorption analysis are given in Figure 3(a).

Figure 3. (a) Langmuir isotherms for the removal of paracetamol by charcoal (squares), by a micelle–clay complex (diamonds), and p-
aminophenol by a micelle–clay complex (triangles). Adsorbent dosage was 5 g/L; Concentrations of paracetamol and p-aminophenol
varied between 1 and 10 mg/L; T = 25°C. Data represent the average of triplicate measurements. (b) Effect of contact time (min) on the
removal of paracetamol (squares) and p-aminophenol (diamonds), by a micelle–clay complex. Initial concentrations for both parace-
tamol and p-aminophenol were 50 mg/L. Adsorbent dosage was 5 g/L and T = 25°C. Data represent the average of triplicate
measurements.
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paracetamol (in order to evaluate the toxicity of the
effluent matrix), after spiking, and after 5 h of mem-
brane separation. The toxicity was assessed using half
maximal inhibitory concentration (IC-50). Most of the
effluents before the spike showed negligible toxicity
at the concentration studied (IC-50 ≥ 95). Results of
the toxicity tests can be seen in Figure 5.

As shown in Figure 5, most of the solutions did not
show any toxicity before and after the membrane sep-
aration at an initial concentration of 120 ppb of parace-
tamol with an IC-50≈ 100. The only exception was the
test that was performed using XLE membrane and TE
that showed an initial toxicity of IC-50 = 80 ± 3, but
this value was due to the matrix background and not
paracetamol itself.

UVA/TiO2 experiments

The purpose of these experiments was to address the
problem of high concentrations of paracetamol in
the brines after the RO membrane separation. First, the
effect of pH on paracetamol oxidation in pure water
was tested to determine the optimal working conditions.
The initial concentration of paracetamol was 80 ppb. The
results are presented in Figure 6.

As presented in Figure 6, the optimal pH ranges are
the acidic and the basic ones. Paracetamol degraded in
5 min in those conditions when using pure water. In

Table 2. Rejection (%) of paracetamol in different matrixes in
three different RO membranes on a laboratory scale versus
pilot scale.

Laboratory scale Pilot scale
Pure water TE TE

SW 95 ± 2 98 ± 1 –
BW 95 ± 2 96 ± 1 89 ± 1
XLE 88 ± 2 94 ± 8 –

Notes: Conditions are given in Methods. Paracetamol was spiked to the
system at a concentration of 120 and 150 µg/L in laboratory and pilot
scales, respectively.

Figure 4. Rejection (%) of paracetamol by different matrixes in three different RO membranes on a laboratory scale. See also Table 2. pH
values of 3.5, 7, and 10 are indicated by diamonds, squares, and triangles, respectively.

Figure 5. Paracetamol toxicity at 120 ppb before and after mem-
brane separation.
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neutral conditions, it took 20 min for paracetamol to
degrade. Despite those results, it was decided to use
the neutral range of pH due to its economic benefit –
no need to use chemicals to change the pH level. The
experiment was then performed using pure water
versus two types of brines – RO1 and RO2 brines, and
lasted for 6 h. The results are presented in Figure 7.

As shown in Figure 7, paracetamol in RO1 brines
degraded almost completely during the 6 h of the exper-
iment, whereas in pure water it degraded in only 20 min.
Paracetamol degradation in RO2 brines went only up to

40% in 6 h. This is due to the quenching effect as
described by Azerrad et al. [45]. The RO2 brines are
much more concentrated and have much more organic
matter and alkalinity that compete with paracetamol
for the free radicals. For this reason the oxidation is
less efficient. The reaction was found to match a first-
order reaction, with confidence coefficients (R2) greater
than 0.98. Also, the photocatalytic degradation of para-
cetamol has many products according to Yang et al.
[46] since the reaction is not specific. This should be con-
sidered when applying this method since some of the
products of paracetamol degradation might have some
degree of toxicity.

Paracetamol removal efficiency by different
methods

Table 3 lists the efficiency of different methods toward
the removal of paracetamol. As shown in the table, pre-
vious reported experiments demonstrated poor capa-
bility of activated carbon filters toward removing
paracetamol, presumably due to the hydrophilic nature
of the drug. Furthermore, the uptake of paracetamol by
different plants revealed poor absorption of the drug
from its aqueous solutions into different parts of the
plants. On the other hand, tertiary treatment wastewater
plants equipped with nano-membranes such as hollow
fiber, spiral wound, and RO proved to be quite efficient
in removing paracetamol [19,47–53].

This study has shown that the efficiency of ODTMA
micelle–clay filter in removing paracetamol is comparable
to that of RO membrane (100% removal). Therefore, it is
suggested that an integration of ODTMA clay–micelle
complex filters in existing WWTPs may be helpful in
improving the removal efficiency of recalcitrant residues
of hydrophilic pollutants such as paracetamol and that
the integration of micelle–clay filters in sewage treatment
systems can be a promising technology.

Conclusions

The conventional method of microbial identification
using culture-dependent and biochemical testing kits
was employed to qualitatively characterize the microbial
populations in the Al-Quds activated sludge WWTP. The
results indicated that the Al-Quds University activated
sludge reactor contained the following microorganisms:
E. coli, E. sakazakii, C. freundii, P. aeruginosa, K. pneumo-
niae, E. cloacae, E. amnigenus, E. aerogenes, Salmonella
spp., and S. liquefaciens. Paracetamol was found to
undergo selective biodegradation by P. aeruginosa in
14 days. The biodegradation products were p-

Figure 7. UVA/TiO2 oxidation of paracetamol in different water
matrixes. Symbols represent actual data. Lines are fit to first-
order kinetics. Rate equations are shown in graph.

Table 3. Removal (%) of paracetamol using different methods.
Removal method Percentage removal

Sugar cane bagasse (SCB); natural adsorbent 45 [47]
Vegetable sponge (VS); natural adsorbent 40 [47]
Tertiary WWTPs 96–100 [48]
Activated carbon 65 [49]
Continuous Packed-bed photoreactor configuration 42 [50]
Laboratory-scale MBR 80 [19]
Activated carbon from different sources 60–97 [51]
Photocatalysis with various electron acceptors 92–99 [52]
Al-Quds tertiary treatment plant 100 [53]

Figure 6. UVA/TiO2 oxidation of paracetamol at different pH
values. Symbols represent actual data. Lines are fit to first-
order kinetics. Rate equations are shown in graph.
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aminophenol and hydroquinone as identified by 1H-NMR
and LC-MS.

Desalination by applying tight nonporous membranes
(i.e. RO) appears as a reliable tool for the removal of phar-
maceuticals, including low molecular weight congeners
such as paracetamol, and the generation of high-
quality effluents, regardless of the water matrix. The
BW-type membranes, providing acceptable rejections
of both organic matter and inorganic species with
reasonable fluxes, appear to be a preferable choice for
water restoration and principally for water recycle con-
servation in sustainable agriculture. Implementation of
advanced oxidation technologies for the treatment of
desalination brines can aid in achieving sustainable
wastewater reuse, with the added value of a reduced
treatment volume.

Adsorption studies using two low-cost adsorbents,
charcoal and clay–micelle complex, revealed that both
adsorbents are efficient in removing the pharmaceutical
together with their biodegradation products. The
adsorption isotherms were found to fit Langmuir iso-
therms and the adsorption parameters were evaluated.
The kinetics of adsorption and the adsorption par-
ameters strongly suggest that integrating clay–micelle
filters within WWTPs is a promising technology for the
efficient removal of the studied pharmaceuticals and
their degradation products.

Disclosure statement

No potential conflict of interest was reported by the authors.

Funding

This work was supported by a research grant from Sanofi
through the Peres Center for Peace. Their generous support is
gratefully appreciated.

References

[1] Kampfer P, Erhart R, Beimfohr C, Bohringer J, Wagner M,
Amann R. Characterization of bacterial communities
from activated sludge: culture-dependent numerical
identification versus in situ identification using group-
and genus-specific rRNA-targeted oligonucleotide
probes. Microb Ecol. 1996;32:101–121.

[2] Wagner M, Loy A. Bacterial community composition and
function in sewage treatment systems. Curr Opin
Biotechn. 2002;13:218–227.

[3] Eikelboom DH. Filamentous organisms observed in acti-
vated sludge. Water Res. 1975;9:365–388.

[4] Jenkins D, Richard MG, Daigger GT. Manual on the causes
and control of activated sludge bulking and foaming. 2nd
ed. Boca Raton, FL: Lewis Publishers; 1993.

[5] Seiler H, Blaim H. Population shifts in activated sludge
from sewage treatment plants of the chemical industry:

a numerical cluster analysis. Eur J Appl Microbiol
Biotechnol. 1982;14:97–104.

[6] Ueda S, Earle RL. Microflora of activated sludge. J Gen Appl
Microbiol. 1972;18:239–248.

[7] Henze M, Harremoes P, la Cour JJ, Arvin E. Wastewater
treatment. 2nd ed. In: Forstner U, Murphy RJ, Rulkens
WH, editors. Berlin: Springer; 1997.

[8] Kampfer P, Dott W. Numerical identification of aquatic
microorganisms using automated methods; for example,
identification of bacteria from activated sludge. Zbl Bakt
Mik Hyg. 1989;187:216–229.

[9] Kämpfer P, Eisenträiger A, Hergt V, Dott W.
Untersuchungen zur bakteriellen Phosphatelimi-
nierung. I. Mitteilung: Bakterienflora und bakterielles
Phosphatspeicherungsvermögen in Abwasserreini-
gungsanlagen. gwf/wasser-abwasser. 1990;131: 156–
164.

[10] Kämpfer P, Steiof M, Dott W. Microbiological characteriz-
ation of a fuel oil contaminated site including numerical
identification of heterotrophic water and soil bacteria.
Microb Ecol. 1991;21:227–251.

[11] Halling-Sorensen B, Nors Nielsen S, Lanzky PF, Ingerslev F,
Holten Lutzhoft HC, Jorgensen SE. Occurrence, fate and
effects of pharmaceutical substances in the environment
– a review. Chemosphere. 1998;36:357–393.

[12] Lorphensri O, Sabatini DA, Kibbey TC, Osathaphan K,
Saiwan C. Sorption and transport of acetaminophen,
17alpha-ethynyl estradiol, nalidixic acid with low organic
content aquifer sand. Water Res. 2007;41:2180–2188.

[13] Ternes TA. Occurrence of drugs in German sewage treat-
ment plants and rivers. Water Res. 1998;32:3245–3260.

[14] Ashton D, Hilton M, Thomas KV. Investigating the environ-
mental transport of human pharmaceuticals to streams in
the United Kingdom. Sci Total Environ. 2004;333:167–184.

[15] Carballa M, Omil F, Lema JM, et al. Behavior of pharmaceu-
ticals, cosmetics and hormones in a sewage treatment
plant. Water Res. 2004;38:2918–2926.

[16] Heberer T, Reddersen K, Mechlinski A. From municipal
sewage to drinking water: fate and removal of pharma-
ceutical residues in the aquatic environment in urban
areas. Water Sci Technol. 2002;46:81–88.

[17] Quintana JB, Reemtsma T. Sensitive determination of
acidic drugs and triclosan in surface and wastewater by
ion-pair reverse-phase liquid chromatography/tandem
mass spectrometry. Rapid Commun Mass Spectrom.
2004;18:765–774.

[18] Stumpf M, Ternes TA, Haberer K, Seel P, Baumann W.
Determination of pharmaceutics in sewage plants and
river water. Vom Wasser. 1996;86:291–303 (in German).

[19] Radjenovic J, Petrovic M, Barcelo D. Analysis of pharma-
ceuticals in wastewater and removal using a membrane
bioreactor. Anal Bioanal Chem. 2007;387:1365–1377.

[20] Buser HR, Poiger T, Mueller MD. Occurrence and environ-
mental behavior of the chiral pharmaceutical drug ibupro-
fen in surface waters and in wastewater. Environ Sci
Technol. 1999;33:2529–2535.

[21] Tixier C, Singer HP, Oellers S, Muller SR. Occurrence and
fate of carbamazepine, clofibric acid, diclofenac, ibupro-
fen, ketoprofen, and naproxen in surface waters. Environ
Sci Technol. 2003;37:1061–1068.

[22] Gomez MJ, Martinez Bueno MJ, Lacorte S, Fernandez-Alba
AR, Aguera A. Pilot survey monitoring pharmaceuticals

2426 R. KARAMAN ET AL.



and related compounds in a sewage treatment plant
located on the Mediterranean coast. Chemosphere.
2007;66:993–1002.

[23] Jones OA, Green PG, Voulvoulis N, Lester JN. Questioning
the excessive use of advanced treatment to remove
organic micropollutants from wastewater. Environ Sci
Technol. 2007;41:5085–5089.

[24] Radjenovic J, Petrovic M, Barcelo D. Fate and distribution
of pharmaceuticals in wastewater and sewage sludge of
the conventional activated sludge (CAS) and advanced
membrane bioreactor (MBR) treatment. Water Res.
2009;43:831–841.

[25] Rosal R, Rodriguez A, Perdigon-Melon JA, et al. Occurrence
of emerging pollutants in urban wastewater and their
removal through biological treatment followed by ozona-
tion. Water Res. 2010;44:578–588.

[26] SimWJ, Lee JW, Oh JE. Occurrence and fate of pharmaceu-
ticals in wastewater treatment plants and rivers in Korea.
Environ Pollut. 2010;158:1938–1947.

[27] Stackelberg PE, Furlong ET, Meyer MT, Zaugg SD,
Henderson AK, Reissman DB. Persistence of pharma-
ceutical compounds and other organic wastewater con-
taminants in a conventional drinking-water-treatment
plant. Sci Total Environ. 2004;329:99–113.

[28] Rabiet M, Togola A, Brissaud F, Seidel JL, Budzinski H,
Elbaz-Poulichet F. Consequences of treated water recy-
cling as regards pharmaceuticals and drugs in surface
and ground waters of a medium-sized Mediterranean
catchment. Environ Sci Technol. 2006;40:5282–5288.

[29] Kolpin DW, Furlong ET, Meyer MT, et al. Pharmaceuticals,
hormones, and other organic wastewater contaminants
in U.S. streams, 1999–2000: a national reconnaissance.
Environ Sci Technol. 2002;36:1202–1211.

[30] Roberts PH, Thomas KV. The occurrence of selected phar-
maceuticals in wastewater effluent and surface waters of
the lower Tyne catchment. Sci Total Environ.
2006;356:143–153.

[31] Vogna D, Marotta R, Napolitano A, D’Ischia M. Advanced
oxidation chemistry of paracetamol. UV/H(2)O(2)-
induced hydroxylation/degradation pathways and (15)N-
aided inventory of nitrogenous breakdown products. J
Org Chem. 2002;67:6143–6151.

[32] Carp O, Huisman CL, Reller A. Photo-induced reactivity of
titanium dioxide. Prog Solid State Ch. 2004;32:33–177.

[33] Nelson LH, Flomenbaum N, Goldfrank LR. Goldfrank’s tox-
icologic emergencies. 9th ed. New York: McGraw-Hill; 2006.

[34] Williams D, Lemke T. Foye’s principles of medicinal chem-
istry. 5th ed. Philadelphia: Lippincott Williams and Wilkins;
2002.

[35] De Gusseme B, Vanhaecke L, Verstraete W, Boon N.
Degradation of acetaminophen by Delftia tsuruhatensis
and Pseudomonas aeruginosa in a membrane bioreactor.
Water Res. 2011;45:1829–1837.

[36] Vanderford BJ, Pearson RA, Rexing DJ, Snyder SA. Analysis
of endocrine disruptors, pharmaceuticals, and personal
care products in water using liquid chromatography/
tandem mass spectrometry. Anal Chem. 2003;75:6265–
6274. Epub 2003/11/18.

[37] Hatchard CG, Parker CA. A new sensitive chemical actin-
ometer. II. Potassium ferrioxalate as a standard chemical
actinometer. Proc Roy Soc London A Mat. 1956;235:518–
536.

[38] Smyth PF, Clarke PH. Catabolite repression of
Pseudomonas aeruginosa amidase: isolation of promotor
mutants. J Gen Microbiol. 1975;90:91–99.

[39] Polubesova T, Nir S, Zadaka D, et al. Water purification
from organic pollutants by optimized micelle-clay
systems. Environ Sci Technol. 2005;39:2343–2348. Epub
2005/05/06.

[40] Gur-Reznik S, Koren-Menashe I, Heller-Grossman L, Rufel
O, Dosoretz CG. Influence of seasonal and operating con-
ditions on the rejection of pharmaceutical active com-
pounds by RO and NF membranes. Desalination.
2011;277:250–256.

[41] Polubesova T, Zadaka D, Groisman L, Nir S. Water remedia-
tion by micelle-clay system: case study for tetracycline
and sulfonamide antibiotics. Water Res. 2006;40:2369–
2374. Epub 2006/06/10.

[42] Nir S, Brook I, Anavi Y, et al. Water purification from per-
chlorate by a micelle–clay complex: laboratory and pilot
experiments. Appl Clay Sci. 2015;114:151–156.

[43] Mishael YG, Undabeytia T, Rytwo G, Papahadjopoulos-
Sternberg B, Rubin B, Nir S. Sulfometuron incorporation
in cationic micelles adsorbed on montmorillonite. J Agr
Food Chem. 2002;50:2856–2863.

[44] KaramanR, KhamisM,QuriedM, et al. Removal of diclofenac
potassium from wastewater using clay-micelle complex.
Environ Technol. 2012;33:1279–1287. Epub 2012/08/04.

[45] Azerrad SP, Gur-Reznik S, Heller-Grossman L, Dosoretz CG.
Advanced oxidation of iodinated X-ray contrast media in
reverse osmosis brines: the influence of quenching.
Water Res. 2014;62:107–116. Epub 2014/06/20.

[46] Yang L, Yu LE, Ray MB. Degradation of paracetamol in
aqueous solutions by TiO2 photocatalysis. Water Res.
2008;42:3480–3488. Epub 2008/06/04.

[47] Ribeiro FN, Verónica A, et al. Evaluation of two bioadsor-
bents for removing paracetamol from aqueous media.
Electron J Biotechn. 2011;14(6):7.

[48] Gros M, Petrović M, Ginebreda A, Barceló D. Removal of
pharmaceuticals during wastewater treatment and
environmental risk assessment using hazard indexes.
Environ Int. 2010;36(1):15–26.

[49] Ferreira RC, Couto Junior OM, Carvalho KQ, Arroyo PA,
Barros MA. Effect of solution pH on the removal of parace-
tamol by activated carbon of dende coconut mesocarp.
Chem Biochem Eng Q. 2015;29(1):47–53.

[50] Borges M, García DM, Hernández T, Ruiz-Morales JC,
Esparza P. Supported photocatalyst for removal of emer-
ging contaminants from wastewater in a continuous
packed-bed photoreactor configuration. Catalysts.
2015;5(1):77–87.

[51] Cabrita I, Ruiz B, Mestre AS, Fonseca IM, Carvalho AP, Ania
CO. Removal of an analgesic using activated carbons pre-
pared from urban and industrial residues. Chem Eng J.
2010;163(3):249–255.

[52] Nguyen NC, Lin BL, Chen S-S. A novel treatment method
for acetaminophen in pharmaceutical wastewater by
photocatalysis with various electron accepters. J Eng
Technol Educ. 2013;9(5):8–14.

[53] Khamis M, Karaman R, Ayyash F, Qtait A, Deeb O, Manssra
A. Efficiency of advanced membrane wastewater treat-
ment plant towards removal of aspirin, salicylic acid, para-
cetamol and p-aminophenol. J Environ Sci Eng. 2011;5
(2):121–137.

ENVIRONMENTAL TECHNOLOGY 2427


	Abstract
	Introduction
	Materials and methods
	Instrumentation
	High pressure liquid chromatography
	UV-spectrophotometer
	pH meter
	Conductivity meter
	Total organic carbon
	Centrifuge and Shaker
	Chemicals and reagents

	Toxicity microbiotests
	Photocatalytic experiments

	Methods
	Characterizing microbial community
	Biodegradation of paracetamol and p-aminophenol in Al-Quds wastewater
	Sample and standards preparation for HPLC
	Chromatographic conditions for the separation of paracetamol and p-aminophenol
	Adsorption studies of paracetamol and p-aminophenol onto micelle–clay complex and charcoal
	Sample and standards preparation

	Micelle–clay complex preparation
	Batch adsorption studies
	Membrane separation experiments
	Bench-scale experiments

	Pilot plant experiments


	Results and discussion
	Characterization of bacteria in Al-Quds sludge
	Biodegradation of paracetamol in Al-Quds sludge
	Biodegradation of paracetamol by P. aeruginosa
	Adsorption studies of paracetamol and p-aminophenol onto micelle–clay complex and charcoal
	Adsorption isotherms
	Kinetic study of paracetamol and p-aminophenol
	Membrane separation experiments
	Toxicity microbiotests
	UVA/TiO2 experiments
	Paracetamol removal efficiency by different methods

	Conclusions
	Disclosure statement
	References

