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Abstract attracted the attention of the scientific community over the past years

This study aimed at understanding and characterizing the
sorption process of Diclofenac (DCF) onto activated sludge under
conditions similar to those of a conventional Wastewater Treatment
Plant (WWTP). Two experiments were performed: kinetics test,
composed of six identical pairs of control/sample with the same DCF
concentration stirred under constant rotation for different intervals;
and an adsorption thermodynamics test with one pair of control
samples and six duplicate samples with DCF concentrations from
5 - 100 mg L' stirred under constant rotation for the same period.
DCF concentrations in the supernatant were measured in time
spectrophotometrically at 282 nm. The adsorption of diclofenac onto
the activated sludge reached its equilibrium after approximately 2
hours. The results showed that the process was best described by
the Freundlich and Langmuir isotherm models, which suggest that
the adsorption of DCF onto the activated sludge is a non-favorable
second order reaction with a monolayer coverage. The Temkin
isotherm model suggests that the heat of adsorption of the DCF
molecules in the layer decreases linearly as a result of the increased
surface coverage and follows a chemisorption mechanism. The
amount of DCF adsorbed onto the sludge particles varied between 17
and 44%, with the adsorption ratio of DCF per gram of sludge being
considerably low (< 1 mg per g of sludge). This might be a result
of the longer hydraulic retention times (HRT) adopted, considering
that DCF may be toxic to the sludge microbiota, interfering with
DCF removal from the supernatant. Thus, improving diclofenac
removal by aerobic WWTP might require an adjustment of HRT to
enhance sorption onto the sludge and reduce its impact on bacterial
community.

Keywords: Activated Sludge, Adsorption, Diclofenac, Freundlich
Isotherm, Langmuir Isotherm, Tamkin Isotherm

due to its harmful effects on living beings, resulting in aquatic toxicity,
genotoxicity, endocrine disruption in wild animals, and selection of
resistant pathogen bacteria [1]. These contaminants include drugs of
different categories, such as analgesics, antibiotics, lipidic regulators,
synthetic hormones, anti-inflammatories and others [2].

Pharmaceutical products have been found in different environmental
compartments worldwide, including surface and groundwaters, soil,
sediment, wastewater, and tap water [3-6]. The bioactivity of
pharmaceutical products, even in low concentrations, can result in an
increase in their bioaccumulation and ecotoxicity in biota and induce
adverse effects in human beings due to unaware re-ingestion [7-10].

One of the main sources of pharmaceuticals in the environment
is municipal wastewater discharge containing drug residues not
completely removed by conventional wastewater treatment processes
[5]. Other contributing sources are industries, farms, hospitals,
and healthcare facilities [11]. One of the most frequently detected
pharmaceuticals in waters and urban wastes is diclofenac (DCF), also
named 2-[(2,6-dichlorophenyl)amino]benzene acetic acid (Figure 1),
used mostly in the forms of sodium and potassium salts or methyl
ester. DCF is the most abundant of the active compounds found in
water, being identified in samples collected before and after treatment
in Wastewater Treatment Plants (WWTP) [12,13].
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Introduction
The presence of micro contaminants in the environment has Glgure 1. Chemical formula of Sodium chlofenacj
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According to Lonappan et al. [14], DCF requires special attention
due to its acute toxicity, extensive use in the treatment of several
symptoms, ease of purchase and no prescription required in many
countries [14]. The physical chemical properties of DCF are
presented in Table 1.

N

Parameter value

Chemical formula C H,C NO,

CAS number 15307-79-6

Water solubility 2.37 mg L!

pK, 4.15

logK | 4.51

log K, primary sludge 2.3-2.7

log K, secondary sludge | 1.2-2.1

log K, MBR 2.3-25

log K , digested sludge 1.3-2.2

Adapted from Vieno and Sillanpéd, 2014 [26].
Table 1. Physical chemical properties of

K diclofenac. j

DCF’s annual consumption is 1443 + 58 tons worldwide [15] and
was one of the compounds included in the first list limited by the
European Union (EU) through Directive 2015/495 to achieve their
associated risks as well as determine mitigation measures [16-18].
After an analysis of 6698 samples from 25 EU countries during 3
years, DCF was identified in waterbodies in concentrations ranging
between 27 and 47 ng L. Although DCF was removed from the
EU’s watch list for substances of emerging concern in May 2018
[19], it remains a monitored compound in within the member
countries. However, in a different scenario such as in developing
countries, monitoring of emerging pollutants is still insufficient
and underestimated by public authorities [20], which reinforces the
importance of studies aiming at quantifying and removing DCF from
natural and residual waters.

DCF removal in WWTP varies significantly between 5% and 81%,
depending on the type of biological treatment and drug concentration
in the affluent [14, 21-25]. In conventional activated sludge treatment
plants, this rate may be lower due to the inefficiency of biological
processes in the degradation of DCFpresent in wastewaters [26].
This ineffectiveness may lead to the ubiquitous presence of DCF in
surface water, causing ecotoxic effects in many aquatic and terrestrial
organisms [27-29].

Diclofenac is classified as a recalcitrant compound (k. <0.1 Lkg"
s d") when considering a first order decay constant in WWTPs [30].
Quintana et al. [31] investigated the biodegradation of diclofenac
by activated sludge and found no transformation of diclofenac over
28 days even when diclofenac was the only source of carbon. The
poor biodegradation of diclofenac was confirmed by Kimura et al.
[32] in batch elimination experiments using sludge from WWTPs
and MBR. Thus, like other recalcitrant compounds, DCF removal
efficiencies above 40% were obtained for systems operating under
several days of hydraulic retention times (HRT) and longer or infinite
solids retention times (SRT) [33,34].Compounds with hydrophobic
aromatic groups such as DCF had been reported as being easily
adsorbed by microorganism [35]; also, hydrophobicity may
enhance sludge adsorption, thus requiring longer HRT for biological
degradation efficiency [33,36].

In a conventional WWTP, the pollutants (adsorbates) can be
removed from the affluent by adsorption into the activated sludge
(adsorbent) followed by biodegradation process [7]. Adsorption in
biological wastewater bulk is a complex process that depends on the
physical-chemical properties of the adsorbate (such as molecular
charge and hydrophobicity) as well as on the properties of the

adsorbent (superficial charge, specific surface area, oxidation state,
and organic matter content of the sludge or biofilm) [36,37].

The activated sludge consists of a complex consortium of bacteria,
protozoans, fungi, and micro metazoans that consume organic
and inorganic compounds present in the influent for metabolic
processing. Each type of sludge (primary, secondary or biofilm)
shows a different behaviour regarding its interaction with pollutants
[38]. The electrostatic interaction between sludge and pollutants is
remarkably influenced by the pH media, once its slight variation can
either protonate (positive or neutral charge) or deprotonate (negative
or neutral charge) the molecules of pollutants, therefore driving the
nature of its interaction with the sludge particles [14,39].

Nevertheless, studies evaluating the main removal mechanisms
are still limited and a better understanding of the kinetics and
thermodynamic aspects of the DFC sorption process in sludge can
assist in comprehending and drafting solutions for the removal of this
compound from wastewater through biological processes.
Therefore, this study aims at understanding the sorption kinetics
and thermodynamics of DCF onto activated sludge through data
adjustment to adsorption models, with the intent to help optimize
the conventional treatment configuration for the removal of DCF
from wastewater. The hypothesis of the present work is that DCF
is retained in aerobic biological treatment systems by sorption onto
the sludge, such that the saturation of the active sites present on the
sludge surface may limit the treatment efficiency in terms of DCF
removal.

Methods
Chemicals

Diclofenac (2-[(2,6-Dichlorophenyl)amino]benzeneacetic) sodium
salt purchased from Sigma-Aldrich, purity > 98.5% (HPLC grade)
was used in all experiments. Activated sludge provided by the
Wastewater Treatment Plant Parque Andreense (Santo André/ SP
- Brazil) was used as substrate for all experiments. All standard
solutions and the synthetic effluent used to feed the sludge were
prepared with ultrapure (Mili-Q) water. Methanol 99,98% (HPLC
grade) was used for the preparation of 150 mg L -1 diclofenac stock
solution 1:5 methanol:water.

Sludge characterization

The activated sludge was acclimated in a pilot batch bioreactor for
approximately 1 week prior to use, kept under 4 mL s air flowrate
and fed with 250 mL of a synthetic effluent on a daily basis, whose
composition is detailed in the work of Matsubara et al. [34]. The
sludge was characterized by total suspended solids (TSS), total fixed
solids (TFS) and suspended volatile solids (SVS) [40]. All analyses
were performed in duplicate.

DCF spectrophotometric analysis

A spectrophotometer model NOVA 1800UV was used to track the
changes in DCF concentration over time, through the readings of
absorbance of UV light at 282 nm - optimum absorption peak for
DCF in methanol 20% v/v [42]. A 5-cm quartz cuvette was used for
all readings. A calibration curve was built with standard solutions at
DCF concentration range from 2 to 30 mg L.

Adsorption kinetic and isotherms

DCEF content sorbed onto the sludge was calculated by the difference
between the initial and equilibrium mass concentrations found
through the absorbance readings. The mass of adsorbate in each
flask was calculated using the concentration of TSS, considering the
different volumes of sludge added to each beaker.

For the kinetics evaluation, glass flasks were used: half of them
filled with 150 mL of activated sludge for control assay and the other
half filled with 15 mL of DCF solution added to 135 mL of activated
sludge, as to have a final concentration of 15 mg L' in each flask.
The beakers were submitted to agitation on an orbital shaker at room
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temperature (25 + 1) °C under 150 rpm. At set interval times (10,
20, 30, 40, 60, and 285 minutes), a pair of assays (control and DCF
spiked sample) were removed from shaking for the readings.

Prior to the readings, all sample aliquots (control and spiked
solutions) were centrifuged at 700 rpm for 5 minutes and filtered
through 0.45um fiberglass filters. All beakers were time-monitored
for pH, Dissolved Oxygen (DO) and temperature variation. DO was
monitored with a multiparametric probe (Hach, model HQD) and pH
and temperature were monitored with a standard benchtop pH meter
(Micronal).

To investigate the controlling mechanism of adsorption processes
such as mass transfer and chemical reactions, pseudo-first-order and
pseudo-second-order kinetic models were applied in an attempt to
model the kinetics of DCF adsorption onto the activated sludge. The
pseudo-first-order rate equation is given by:

where q_ is the equilibrium adsorption capacity (mg g"), gt is the
adsorption capacity at time t (mg g'), and k , (min™") is the pseudo-
first order rate constant of the adsorption. The rate constant, k , and
correlation coefficients for different concentrations of DCF were
calculated from the linear plots of log (q, — q,) versus t.

The pseudo-second-order model is expressed by the following
equation [43]:
f

——r—7 (2)
q. h gq,
where h (mg g!' min") can be regarded as the initial adsorption rate
and k is the pseudo-second-order rate constant of adsorption (g mg™!
min™'). A plot of t/q, versus t should yield a straight line if pseudo-
second-order kinetics is applicable and ge and h can be determined
from the slope and intercept of the plot, respectively.

For isotherms evaluation, 14 flasks were set up: 2 for control and 6
duplicates filed with 150 mL of the mixture sludge + DCEF, stirred on
an orbital shaker at 150 rpm. Each flask received a different volume
of DCF to keep the concentrations within the following range: 2,
5, 10, 15, 25, and 50 mg L. All the systems were left stirring for 2
hours. Aliquots of 20 mL of each sample were centrifuged, filtered,
and analyzed spectrophotometrically.

To evaluate data adjustment to the Freundlich, Langmuir, and
Temkin isotherm models, the variables q, (mass of DCF adsorbed
in the equilibrium) and C_ (concentration of DCF in the equilibrium)
were linearized as follows, with equation 3 corresponding to the
Freundlich model:

where K, is the distribution coefficient (mg g'') and  is an empirical
parameter that indicates process favoring ( 1 < n < 10 indicates a
favorable adsorption for the Freundlich model).

Equation 4 corresponds to the Langmuir model and its favourability
is given by the Separation Factor (R)) in equation 5

where C is the initial concentration (mg L"), Q_ is the maximum
adsorption capacity to form a single layer and is related to the energy
of adsorption (L mg"'); and K, is the Langmuir constant, which
indicates the theoretical adsorption capacity onto the mono-layer (L

gh).

Equation 6 corresponds to the Temkim model, which considers the
effects of indirect adsorbate/adsorbate interactions on the adsorption
process:

q,=B,InK +B_ InC, 6)
For Temkim’s model, B, is a constant which is related to the heat of
sorption (J mol') and K_ is the isotherm constant (L g').

After plotting the data, the linear adjustment was applied using
Microcal Origin 8.0 software to obtain the equation of each curve and
the coefficients of determination (R?).

Results and Discussion
DCF adsorption kinetic

Adsorption of DCF in natural sludge showed no statistical
difference with sterilized, with only 5% greater removal after 4 hours
of reaction, indicating low biodegradation contribution. Microbial
degradation of diclofenac by activated sludge microbiota does not
lead to its complete elimination but produces other metabolites and
transformation products, among them 1-(2,6-dichlorophenyl)-1,3-
dihydro-2H-indol-2-one and 2,3-dichloro-N-(phenyl)aniline, which
are also considered such as pollutants [41].

The activated sludge configuration is the most used in WWTP
for biological treatment; however, the results obtained indicate that
and the rate of elimination of diclofenac by this process is little
efficient, not exceeding 50 % [44-46], with only a small portion of
complete mineralization (21.8 - 28.5%) [47]. However, experimental
conditions such as temperature, pH, stirring and sludge concentration
can be adapted to achieve more satisfactory results.

Fan et al. [41] evaluated the biodegradability of the diclofenac
on two 2 types of sludge; sterilized and activated. Results of
batch adsorption experiments showed that contributions of sludge
adsorption and biodegradation after 6 hours were 14.9% and
4.8%, respectively. The authors suggested that this difference in
removal efficiency by sterilized and activated sludge is not related
to biodegradation process; rather, it may be due to the sterilizing
effect on the activated sludge, which can be caused changes in the
characteristics of the substrates and might contribute to the removal
of diclofenac by adsorption. Similar results were obtained in this
study with higher dispersion of the flocks in the sterile sludge, which
could increase the contact area and, consequently, the number of
active sites for DCF adsorption. Thereby, Fan’s study indicates
that the activated sludge may be able to adsorb and transform the
pollutant although very long reaction times may be required, which
can be a hinderance for WWTPs [41].

In this study, DCF concentration decayed faster along the first 40
minutes, reaching the equilibrium after two hours (Figure 2). This
indicated that the adsorption kinetics of diclofenac on activated
sludge follows the pseudo first-ordermodel, with a 0.99% correlation
coefficient (R?). The tendency observed in the adsorption kinetics
curve implies that equilibrium is reached before 2 hours. For this
reason, this was the time set to the adsorption thermodynamics
test. Kabak and Basibuyuk [7] adopted 160 minutes for this test,
reaching equilibrium after only 20 min. One possible explanation for
such rapid saturation is that the authors used 40 mg L' as the initial
DCF concentration, as well as smaller total volatile solids (TVS) in
activated sludge (3.000 mg L' whereas approximately 8.400 mg L
were used in the present study). Therefore, a higher ratio DCF/sludge
might have accelerated the process.

It may be worth mentioning that an assay submitted to 4h of shaking
showed an abnormally higher absorbance reading, corresponding to
a concentration close to that of the first sample (around 10 mg L).
This was the opposite of what was expected, since it was assumed
that the concentration of DCF in the supernatant would decay with
time. To confront this finding, a solids test was performed after 2h
and 4h of shaking, under the hypothesis that part of the solids may
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have dissolved in the supernatant, causing the absorbance readings to
shoot up after a longer shaking period. The hypothesis was confirmed,
given that, after 2h and 4h of shaking, the suspended solids content
decayed by 7.5 and 12%, respectively. However, even after correcting
the value of ge for this point in the curve, the redissolution was not

enough 2 to explain why the absorbance value was so high. Another
hypothesis is that other organic compounds adsorbed to the sludge
may have solubilized into the bulk interfering with the readings and
causing an phenomenom otherwise known as matrix effect.

K Figure 2: DCF concentration variation (in mg L-1) with time (minutes).

~

No time variation was observed for DO or pH (Figure 3a and 3b,
respectively). The pH values around 8 were similar to other studies
with DCF and sewage sludge [7,48]. Regarding DO measurements,
Figure 3b shows that the oxygen concentration is lower in the samples
with DCEF, indicating that the concentration applied (15 mg L-1) may

present some toxicity to the microbiota in the sludge. Kabak and
Basibuyuk (2012) [7] found that DCF started showing toxicity to
the bacteria in the sludge above 10 mg L-1. Similarly, concentrations
higher than 50 mg L-1 presented toxic effect with an inhibition of

-

(A) (B)
\_ Figure 3: Parameters variation with time for control system and DCF 15 mg a) Dissolved oxygen (mg L"'); b) pH. j

microorganisms’ activity in the activated sludge [48].

DCF Adsorption Isotherms

The parameters presented in Table 2 show that the Freundlich’s
isotherm provided better adjustment to the experimental data
than the Langmuir’s isotherm, with an R-squared (R?) of 0,997,
meaning that the Freundlich’s model can explain about 99,7% of
the thermodynamic behaviour of the system. This suggests that the
adsorption is likely to happen on multilayers, assuming that the
adsorbent (sludge) has a heterogeneous composition, with active sites
distributed exponentially [49]. The parameter n = 0.89 indicates that
the adsorption process of DCF onto activated sludge in a monolayer

configuration is non-favourable, which implies that some energy input
is needed for this type of reaction to take place. For the Langmuir
model, the values of R ranged from 1.04 to 20.00, indicating that
the adsorption process is also energetically non favourable (R > 1)
As to Temkin’s isotherm model, it takes into account the effects of
indirect adsorbate/adsorbate interactions on the sorption process. The
linear adjustment for this model showed a R-squared (R?) of 0,999,
indicating that the heat of adsorption of all molecules in the layer
decreases linearly as a result of an increased surface coverage and
that the sorption process follows a chemisorption mechanism [50].

Parameters R? Adsorption type | Spontaneity

Langmuir K, =0.019 L mg" 0.975 monolayer non favorable
Q,=6.157 mg g
R =1.0-20.0

Freundlich KF =0.089 0.997 multilayer non favorable
n=0.89

Temkin BT =0.0327 J mol-1 0.999 chemisorption -
KT=272Lg-1

K Table 2 Thermodynamic parameters of isotherm models. j
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Figure 4 shows the isotherm built with the collected data. The shape
of the graph (convex function) indicates that the adsorption process
of DCF onto the activated sludge in non-favourable, revealing that

the mass of DCF retained per mass unit of sludge is low even for
higher concentrations of the drug in the liquid phase.

-

\_ Figure 4: a) Adsorption isotherm of diclofenac onto the activated sludge j

~

The mass of DCF adsorbed to the sludge varied between 17
and 44%. This percentage is related to the octanol-water partition
coefficient (K ) of the drug. Compounds with high log K >3 tend
to have higher affinity for organic matter, indicating that they are
likely to accumulate in soil, sediment and living organisms. This can
also be implied from the low solubility of DCF in water (2.37 mg
L). Morissette et al. [51] showed that pollutants with a log Kow
< 3 had little or no adsorption to sewage sludge, while compounds
with log K >3 had 30 to 90% of its mass adsorbed to the sludge in
the first 48 hours, which shows some consistency with our results.
The authors also presented evidence that the adsorption of DCF onto
sludge is pH dependent, leading to conclude that a change in pH
and adsorbent surface charge could optimise the results. Since pH
conditions in both experiments were above DCF’s pK, value (7.93
- 8.12 > 4.15), it is likely that operating below this range would
provoke a change to the compound’s surface charge, which could
result in better adsorption outcomes.

One factor that alters the removal of pharmaceutical compounds
in systems is the functional group of the molecule. Forinstamce,
compounds with electronic groups that strongly donate electrons
(hydroxyl groups, for example) show higher rates of biodegradation
and, consequently, higher removal efficiencies in aerobic biological
treatment systems [41,45]. On the other hand, electron receptors
supposedly show some restrictions to biodegradation. DCF, for
instance, contains groups of acceptors such as halogen, amine and
carboxylic groups, which hinders its potential for biodegradation.
Marco-Urrea et al.,, 2010 [52] suggests that DCF is primarily
degraded by the hydroxylation of the aromatic fragment 1-amino-2-
unsubstituted, which impairs further degradation of this by-product.

This is concerning, given that DCF’s persistence might affect
bacterial community in the activated sludge process. Kraiger et al
[53] demonstrated that diclofenac by-products affect the structure of
the nitrite-oxidizing bacterial community, which strongly influence
the microbial diversity and affects WWTPs performance.

Conclusions

The adsorption of diclofenac onto the activated sludge reached
its equilibrium after approximately 2 hours and proved to be

energetically unfavourable, meaning that some energy input is
necessary for the reaction to take place. The amount of DCF 2
adsorbed on the sludge particles varied between 17 and 44% and the
adsorption ratio of DCF per gram of sludge in both experiments was
considerably low (less than 1 mg per g of sludge). Thus, different
operational conditions (such as apH, temperature, higher ratio DCF/
sludge and the addition of salts) might be evaluated to optimise the
outcomes. Moreover, effective process for the removal of a persistent
contaminant such as DCF and its by-products in conventional
WWTPs may be influenced by HRT increase; however, longer
contact times of these compounds with the biomass might interfere in
DCF’s elimination due to microbiota toxic effects. Thus, diclofenac
removal by aerobic WWTP might reach higher efficiencies adjusting
HRT in order to enhance the drug’s sorption onto the sludge and
reduce the impact of the pharmaceutical residues on the sludges’s
bacterial community.
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