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Abstract — Pharmaceutical wastewater biological treatment plants are stressed with
multi-component wastewater and unexpected variations in wastewater flow, composition and
toxicity. To avoid operational problems and reduced wastewater treatment efficiency,
accurate monitoring of influent toxicity on activated sludge microorganisms is essential. This
paper outlines how to predict highly toxic streams, which should be avoided, using
measurements of biochemical oxygen demand (BOD), if they are made in a wide range of
initial concentration. The results indicated that wastewater containing multivalent Al3*
cations showed a strong toxic effect on activated sludge biocenosis irrespectively of dilutions,
while toxicity of phenol and formaldehyde containing wastewater decreased considerably
with increasing dilution. Activated sludge microorganisms were not sensitive to wastewater
containing halogenated sodium salts (NaCl, NaF) and showed high treatment capacity of
saline wastewater. Our findings confirm that combined indicators of contamination, such as
chemical oxygen demand (COD), alone do not allow evaluating potential toxic influence of
wastewater. Obtained results allow identifying key inhibitory substances in pharmaceutical
wastewater and evaluating potential impact of new wastewater streams or increased loading
on biological treatment system. Proposed method is sensitive and cost effective and has
potential for practical implementation in multiproduct pharmaceutical wastewater biological
treatment plants.

Keywords — Activated sludge; biochemical oxygen demand; pharmaceutical wastewater;
toxicity

Nomenclature
BOD Biochemical oxygen demand mg/L

COoD Chemical oxygen demand mg/L

1. INTRODUCTION

Biological wastewater treatment systems in industrial facilities often suffer from instability due
to shocks of toxic or inhibitory contaminants being released into the wastewater. Pharmaceutical
wastewater is highly polluted multi-component mixture of various organic and inorganic
constituents, including hardly biodegradable, toxic and bio-persistent xenobiotics and
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antimicrobial agents that may inhibit the biological activity of the activated sludge and cause
treatment plant process upsets. Activated sludge microorganisms react to the presence of toxicants
in wastewater. Responses displayed include reduced rates of respiration, biomass generation, and
BOD degradation patterns [1]. These effects of toxicants can cause failure to reach effluent
standards, which also increase treatment costs and cause other operational problems, such as
reduction of the efficiency of sludge settling and compacting, because of filamentous bulking and
deflocculation [1]-[3]. In extreme cases the bacteria are killed by toxic wastewater, and there is a
need for cleanout and reseeding of plant, which is a costly and time-consuming operation [2].
Toxic inflow can cause collapse of nitrification process and lead to significantly exceeded total
nitrogen concentration in effluent [4]. Wastewater streams from drug manufacturing also contain
residues of active pharmaceutical ingredients (API) and their intermediates, which are classified
as micropollutant of emerging concern. They are biologically active compounds that can
potentially alter physiology and behavior of non-target organism at low doses [5]. API negatively
affect the performance of secondary biological processes in wastewater treatment plants (WWTP),
cause shifts in the structure of activated sludge bacterial communities and reduce bacterial
diversity in the reactors [6], [7]. Depending on manufacturing processes, the composition and
biological treatability as well as salinity of pharmaceutical wastewater fluctuate considerably
within a short period of time, which make biological treatment of pharmaceutical wastewater even
more troublesome [8]-[12].

To avoid toxic shock to activated sludge microorganisms and ensure the compliance of treated
wastewater with regulatory requirements, characterization of wastewater by their degree of
biodegradation and potential toxicity to the biocenosis of the specific treatment plant is essential.
As toxic influent can partially or completely damage treatment for long periods, protective actions
and alternative treatment solutions should be provided when increased toxicity is detected [13],
[14]. For companies who treat their own wastewater it is especially important to measure the
toxicity of the wastewater before a new process comes on-line to predict their impact on treatment
process performance. Mainly inhibitory effect of toxic components depends on their
concentration; therefore, potential impact of increased pollution load on biological treatment
system should be evaluated in cases when production volumes increase.

Numerous bioassays (toxicity tests) are available for toxicity evaluation [13], [15], [16], but
only few are directly relevant to activated sludge microorganisms. For example, the commonly
used MicrotoxTM and Biotox TM assays are based on marine luminous bacteria Vibrio fischeri
that are not representative of activated sludge microbes and does not reflect the status of the
microbial community responsible for treatment [1], [7], [13], [17]. Ecotoxicity tests based on the
growth inhibition of algae or plants, mortality of crustaceans or fishes and the mobility inhibition
of Daphnia magna are suitable to reflect ecological impact of toxic compounds to aquatic
environments and, although are sometimes used in the assessment of toxicity of influent water to
biological wastewater treatment processes, they are not relevant to WWTP [18]. Furthermore, the
use of higher organisms may be ethically undesirable, such test organisms require specialized
equipment and operator skills, long acclimatization time, and are labor intensive, expensive and
time consuming [19]. For the evaluation of potential toxicity of influents on a wastewater
treatment plant, activated sludge microorganisms should be preferred as test species [20], [21].
Many studies on pharmaceutical wastewater treatment plant shows that the microbial population
and diversity is vary from one plant to another depending on wastewater characteristics and
operating conditions [22]. In some cases, activated sludge from the pharmaceutical industry
showed higher resistance against inhibiting toxicants than the sludge from other sources, since
biomass is acclimated by the usual presence of toxic compounds in the influent [23]. These aspects
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highlight the importance of the use of site-specific indicator organisms in toxicity monitoring of
influent water, to get accurate results.

For the past two decades, biosensor technologies are undergoing improvements and some
biosensors are showing good potential to be used as on-line monitoring tools to provide early
warning for WWTP operators to avoid toxic shocks to WWTP’s [18]. Enzymes, antibodies,
microorganisms or DNA could be used as biological sensing element of biosensor in combination
with an appropriate transducer (e.g., electrochemical, optical, colorimetric or piezoelectric) [19].
Wastewater treatment plant can be equipped with early warning system that includes a few toxicity
measurement points placed at selected locations [4].

Oxygen demand obtained in respirometric assays represents a direct measure of the activity of
microorganisms present in aerobic activated sludge. Furthermore, since respiration of the activated
sludge is inhibited in the presence of toxicants, it can be used as an efficient tool for the
measurement of acute toxicity on microbial population of biological WWTP sludge [16].

The aim of this study was to evaluate the toxic effect of pharmaceutical wastewater streams
containing harmful organic substances and inorganic salts on a mixed culture from activated
sludge, which was sampled from operating WWTP treating multiproduct pharmaceutical
wastewater. Toxicity was assessed by direct observing the effects of toxicants on the BOD
degradation activity of the activated sludge microorganisms by exposing test organisms to various
doses of the pollutant. Experiments were performed using chemically polluted wastewater streams
from JSC “Grindeks” pharmaceutical production facility.

2. MATERIALS AND METHODS

2.1. Preparation of Seeded Dilution Water

Determination of BOD was done by using the modified standardized method 1SO 5815:1989.
Required volume of distilled water for preparation of dilution series was filled in a suitable glass
container. 1 mL of each of the salt solutions (Table 1) was added to 1 L of distilled water. Obtained
solution was aerated for 1 h by using compressor GAST DOA-P504-BN. The dissolved oxygen
concentration in dilution water should be at least 8 mg L*. The water shall not be supersaturated
with oxygen, so it must be allowed to stand 1 h in an opened container before use. Settled activated
sludge biomass (2 mL to 1 L dilution water) from JSC ,,Grindeks” WWTP was added as seed
material (inoculum). The oxygen consumed over 5 days, at 20 °C of the seeded dilution water,
which is the blank value, shall not exceed 1.5 mg L™* of oxygen.

TABLE 1. PREPARATION OF SALTS SOLUTIONS

Name Concentration, mg L™ water

Phosphate buffer solution:

KH2PO4 8 500
K2HPO4 21750
Na2HPO4-7H20 33400
NH4CI 1700
MgS04-7H20 solution 22 500
CaCl2 solution 27 500
FeCl3-6H20 solution 250
Allylthiourea solution 1000
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2.2. Preparation of Test Solutions (Dilution Series)

The dilution of the test sample was carried out in a 500 mL volumetric flask. Set of 7 different
dilutions were prepared for each sample. Known volume of the sample to be analysed and 1 mL
of an allylthiourea solution (Table 1) was added in each flask for inhibition of nitrification. Then
flasks were filled to the mark with seeded dilution water and mixed gently. Blank sample was
prepared in parallel, by using seeded dilution water and allylthiourea solution (Table 1). Organic
content of the samples was characterized by chemical oxygen demand (COD) values.

Incubation bottles (V = 350 mL) were filled with each dilution allowing them to overflow
slightly. Initial dissolved oxygen concentration at time zero was measured in each bottle. Then
bottles were stoppered and put in the incubator at 20 °C in darkness for 5 days. After the
incubation, dissolved oxygen concentration was measured in each bottle again.

2.3. BODs Calculation
BOD:s calculation was done by using Eq. (1):

20D, - -6:)- Y e @

t e
where
C1 dissolved oxygen concentration of one of the test solution at time zero, mg L™;
C2 dissolved oxygen concentration of this same test solution after 5 days, mg L7;
Cs3 dissolved oxygen concentration of the blank solution at time zero, mg L%;
Ca dissolved oxygen concentration of the blank solution after 5 days, mg L™;
Ve volume of sample used for the preparation of the test solution concerned, mL;
Vi total volume of this test solution, mL.

2.4. Apparatus and Equipment

COD analyses were done by using HACH LANGE cuvette tests LCK 014 and LCK 514.
Measurements were done by the spectrophotometer HACH DR 5000. The HACH LANGE
thermostat HT 200S was used to heat the samples. Concentration of CI- and phenols was
determined by using HACH LANGE cuvette tests LCK 311 and LCK 349 respectively. Dissolved
oxygen concentration in the respirometric assays was measured with dissolved oxygen meter
WTW inolab Oxi Level 2. Incubation of samples at 20 °C was done in thermostat WTW TS 606/2.
Analytical grade reagents from Acros Organics were used for preparation of salt solutions.

2.5. Wastewater and Sludge Sampling

JSC “Grindeks” is the leading pharmaceutical company in the Baltic States and produces about
25 different kinds of active pharmaceutical ingredients belonging to heart and cardiovascular,
CNS and anticancer medication therapeutic groups. The wastewater from “Grindeks”
pharmaceutical production facility is treated in a five-stage moving bed biofilm reactor (MBBR)
plant, including COD removal, nitrification and denitrification, after which the wastewater is
discharged into the municipal sewer system for the final treatment. The composition and
biotreatability of wastewaters are variable and highly stressful for microorganisms. Influent COD
load varies from 1 to 2.5 t per day and the total nitrogen load is in the range from 0.015 to 0.045 t
per day, while the wastewater flow varies from 160 to 360 m® d*. The hydraulic retention time
(HRT) of the plant is in the range of 3-6 days and COD removal is 93-94 % in average. Activated
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sludge inoculum for BOD measurements was taken from last MBBR where organic biological
degradation takes place.

3. RESULTS AND DIsScUSSION

Pharmaceutical compounds at JSC “Grindeks” are typically produced in multi stage batch
processes leading to the presence of a wide variety of products in wastewaters which are generated
in different operations — chemical synthesis, washing or extraction of chemical product, washing
of equipment, recovery of solvents. To minimize the fluctuation of pollution load and wastewater
flow, wastewater from production sites is collected in the equalization tank and dosed to the
MBBR system. As shown in the Fig. 1, regular wastewater is relatively well biodegradable.
Considerable toxic effect on activated sludge microorganisms is not detected. Depending on the
degree of dilution, BOD varies from 22.4 to 53.2 % of COD (Table 2). The ratio BOD/COD is
called Biodegradability index and is commonly used as an indicator for biodegradation capacity
[24]. COD values of tested (undiluted) samples are used to calculate the ratio BOD/COD. Low
ratio BOD/COD indicate the presence either of organic matter that are hard to biodegrade or of
toxic substance inhibiting the microbial activities [25].

Fig. 1 and Fig. 2 demonstrate BOD values of chemically polluted pharmaceutical wastewater as
a function of dilution factor under two different background conditions. The obtained BOD curves
show the response of biocenosis of the biological WWTP to highly organically polluted
wastewater streams and presence of inorganic compounds in wastewaters. Dilutions in range from
100-700 were tested, which corresponds to the real amount of wastewater generated per day and
their potential dilution in equalization tank of WWTP of “Grindeks”.

Toxic and refractory organic compounds are one of major challenges for biological wastewater
processes. We used formaldehyde and phenol containing wastewaters as representative
contaminants of pharmaceutical wastewaters for our experiments. Phenol and formaldehyde have
strong bio-resistance and toxicity to microbes thus limiting the use of biological treatment method
[26]. Obtained results show that biodegradability of pharmaceutical wastewater containing such
toxic substances depends on concentration of toxicants.

Formaldehyde is highly reactive chemical compound and is widely used in the chemical industry
as a raw material and solvent for the production of various products, and as a result it also enters
into chemical wastewater. Because of its toxicity [27], formaldehyde is also widely used as a
preservative and disinfectant to inhibit the activity of microorganisms; therefore, it is already
predictable that its presence may inhibit biological processes in WWTP’s [28]. As shown in Fig. 1
biodegradability of formaldehyde containing wastewater is expressly dependent on the degree of
dilution of the sample. As formaldehyde concentration increases, it inhibits the biological activity
of activated sludge microorganisms, respiration decreases, and biodegradation is disrupted.

Phenol, like formaldehyde, comes into pharmaceutical wastewater of JSC “Grindeks” as a by-
product of chemical synthesis and is considered as very toxic compound to living organisms [29].
Although phenol is reported as toxic and inhibitory substrate, however it is also carbon source for
an acclimated biomass [30], [31]. Experimental data show that with increasing initial
concentration of phenol in the solution, BOD values decrease noticeably. The shape of BOD curve
is similar to that of formaldehyde containing wastewater. Obtained results are consistent with
studies by other authors that the phenol is recognized as an inhibitory substrate to activated sludge
at relatively low concentrations (100 mg L1) [32].

As shown in Fig. 1, the BOD results are informative only if measurements are made in a wide
range of initial concentration. The biodegradability and toxicity of organically contaminated
wastewater is strongly dependent on the dilution.
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Fig. 1. BODs values of pharmaceutical wastewater's streams containing harmful organic compounds depending on
dilution factor.

Results show that the biodegradation curves of wastewater containing phenol and formaldehyde
reach the plato phase only at dilution factor of 500. Construction of an equalization tank appears
to be of extreme importance in order to ensure dilution of toxic wastewater streams and avoid
toxic shock to biological treatment system treating pharmaceutical wastewater. The obtained data
can be used to estimate amount of specific wastewater that will not affect the stability of the
biological treatment process and can be discharged into WWTP. However, it should be
considered, that possible synergistic or antagonistic interactions between pollutants are possible
[33].

High salinity in wastewaters is another key issue affecting the performance of biological
processes. Inorganic salts, like NaCl, NaF, MgSO., Na,COs, NH4Cl, are commonly used and are
typical pollutants of pharmaceutical wastewater. Pharmaceutical industry generates saline
wastewater, rich in both salts and organic matter. The activity of microorganisms usually is
affected by high salt concentration (>2 % wi/v), which can lead to the low COD removal efficiency,
decreased nitrification and denitrification rate and bulking of the activated sludge as well as
increased turbidity [34], [35], therefore it is important to investigate the impact of inorganic salts
on activated sludge.
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Fig. 2. BODs values of pharmaceutical wastewater's streams containing inorganic salts depending on dilution factor.

The salinity inhibition on biological treatment is mainly caused by osmotic pressure, which may
lead to plasmolysis of microbial cells and eventual death of microorganisms eventually leading to
the failure of biological treatment systems [36], [37]. Major fluctuation of salinity can cause
salinity shock, for this reason, high salinity wastewater must be diluted before biological treatment
in most cases, which increases operational costs and water consumption [36]. Each microbial
species has its optimum growth salinity, and microorganisms will lose their activity beyond the
tolerance limit [38]. In many studies halophilic salt-tolerant microorganisms were considered
adaptable to treat saline wastewater [34], [37]. Salt-adapted microorganisms are capable of
withstanding high salinities and at the same time of degrading the pollutants that are contained in
wastewater [35]. As salt removal from saline wastewater by reverse osmosis or ion exchange is
expensive, biological treatment of hyper-saline wastewater with halophilic sludge is
recommended [35].
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TABLE 2. RATIO BODs/COD (%) DEPENDING ON DILUTION FACTOR

Ratio BODs/COD, %*
Type of wastewater COD, mgL?*  Dilution factor

100 200 300 400 500 600 700
Regular (equalization tank) 3230 +48 224 454 51.3 516 515 532 497

3+ fAi

AlR** containing wastewater, 1265 4 19 06 05 36 58 6.8 63 63

AP* =478 mg L
APF* containing wastewater,

7718 + 11 : 7. 71 6. : 4 :
A = 490mg L1 8+116 50 3 66 90 8 9.0

Formaldehyde containing

3821 +57 10.8 21.7 337 441 52.7 55.3 52.9
wastewater
Phenol containing wastewater,

_ gil 4108 + 62 109 212 331 389 409 389 381

Phenol =85 mg L
NaCl containing wastewater,
Cl=5452 mg L * 966 + 14 65.5 71.4 713 65.6 67.5 76.9 78.2
NaF containing wastewater,

2379 + 36 29.2 58.1 778 76.6 79.9 81.6 75.0

NaF = 40 000 mg L™*
*100 % ratio BODs/COD, % considered as readily biodegradable wastewater.

Saturated solution of NaCl is widely used in the pharmaceutical industry to extract the chemical
products. Although according to literature data biological treatment is strongly inhibited by salts
(mainly NaCl) [35], respirometric data show, that NaCl concentration in influent wastewater of
WWTP of JSC “Grindeks” does not reach inhibitory level on activated sludge microorganisms.
This can be explained by the fact that concentration of NaCl in tested wastewater corresponds to
the physiological saline and BOD tests were done at high dilution. The results of the respirometry
experiment allow concluding that the organic matter of the sample has good biodegradability —
the ratio of BODs/COD is greater than 65 % and does not essentially changes with dilution
(Table 2).

Saturated NaF aqueous solution in the synthesis of pharmaceutical products forms as a by-
product of the fluorination reaction. Although fluoride is a common contaminant in a variety of
industrial wastewaters, available information on the potential toxicity of fluoride to
microorganisms located in biological wastewater treatment plants is very limited. The fluoride
concentration in untreated industrial wastewater can vary over a large range from
500-2000 mg L [39]. Experimental data show that NaF inhibit activated sludge microorganisms
from pharmaceutical WWTP only at dilution factor 100. With increasing dilution, the BODs/COD
ratio is above 70 %, which indicates that activated sludge microorganisms tolerate fluoride at
relatively high concentrations. Activated sludge microorganisms of JSC “Grindeks” are exposed
to continuously inflow of halogenated salts and are acclimated to increased salt concentration. The
obtained results allow concluding that halogenated sodium salts with tested halogenates
concentration do not impact removal of organic matter in wastewater.

AICl; is used as a catalyst in chemical synthesis, and therefore multivalent AI* cations are
regularly discharged into pharmaceutical wastewater. Respirometric experiments were performed
on samples with different concentrations of organic matter and practically the same content of
AP ions in water. As shown in the Fig. 2, AI®* ion-containing wastewater is highly toxic to active
sludge microorganisms and practically non-biodegradable. The ratio of BODs/COD remains low
even at high dilution rates of the sample and does not exceed 10 % (Table 2). The obtained results
indicate that AI®* containing wastewater should not be let into biological treatment plants, as this
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can lead to toxic shock to microorganisms and destroy the active sludge biocenosis. The toxicity
of both samples is markedly high; it does not change with the COD increase, which confirms
toxicity of Al3*ions. Chemical pre-treatment — for example, precipitation of aluminium with lime
milk, NaOH or Na,CQ3 at pH 6.5 prior to biological treatment is necessary to reduce toxicity [40].
Adsorption of aluminium ions on activated carbon could also be used as effective treatment
method [41].

Our findings do not conflict with other scientists and confirm the statement that aluminium has
no biological role and is a toxic nonessential metal to microorganisms [42], [43].

Based on the literature survey is already known, that aluminium in its ionic form is very toxic
to most aquatic organisms such as seaweeds, crawfish, and fish [43] causing osmoregulatory
failure by destructing the plasma and hemolymph ions [44]. Aluminium is toxic to fish in acidic
(mainly pH 5-5.5), unbuffered waters starting at a concentration of 0.1 mg/L [45], [46].

In experiments were aluminium salts (AICIs, Alx(SO4)3) were using to improve settlement
characteristics of the sludge and overcome the bulking problem, it was found that aluminium is
toxic to activated sludge rotifer Lecane inermis and affected negatively rotifers population size
even at low concentrations (4.8 EC and 0.48 EC) [47].

Considering that even trivial amount of aluminium in water causes numerous health problems
including Alzheimer and dialysis encephalopathy [41], precautionary principles should be
implemented, to avoid toxic reactions and discharge of Al ions containing wastewater in the
environment

The obtained data confirm that the pharmaceutical effluents are very different in terms of
biodegradability and toxicity to microorganisms. For effluents having the same dilution value, the
ratio BODs/COD can vary considerably — up to 10 times, indicating the highly complex nature of
pharmaceutical wastewater. The magnitude of this effect is shown in Table 2. The described
method is very useful to compare different wastewater streams to each other, evaluate their impact
on the biocenosis of wastewater treatment plant and to find the optimum treatment solution.

The variations in experimental curves characterize:

1. The ecotoxicological nature of organic matter;

2. The ability of microorganisms present in activated sludge to utilize the pharmaceutical
wastewaters;

3. The character of curves gives additional information about impact of dilution factor on
biological treatability and toxicity to the activated sludge microorganisms of wastewaters.

Information concerning the BOD values is important information in the process control of the
wastewater treatment facilities. It is essential factor not only in a choosing of optimal treatment
regime, but also to evaluate the possibility to mix the wastewater streams and optimize treatment
process. This method also could be used to predict new production behaviour in wastewater
treatment station and determining the safe rate of discharge into the aeration tanks.

4. CONCLUSIONS

The obtained results confirm that BOD measurements with local biomass can be used as a
screening method for assessing and comparing the biodegradability and the toxicity to activated
sludge of different types of chemically polluted wastewaters, if set of dilution series is tested. The
extensive initial concentration range used in the experiments extends the use of the method and
allows determining at which concentration the toxicity of the sample changes. These data could
be use as basis for assessing the risks and predict process performance if production is intensified
and the concentration of specific pollutants in wastewater increase or new type of wastewater is
generated.
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Experiments with phenol and formaldehyde containing wastewater showed that the toxic effect
on the activated sludge disappears with increased dilution of the sample, highlighting the
extremely import role of equalizing tank in highly polluted pharmaceutical wastewater treatment
processes in order to minimize harsh fluctuations and peak loading of toxic contaminants.

AIF* jons containing wastewater showed the highest toxicity against activated sludge
microorganisms, clearly indicating need of pretreatment prior to biological wastewater treatment
stage. At the same time the results show that the numerical values of the COD cannot be the only
parameter for objective pollution characterization, since wastewater with lower COD can be more
toxic to activated sludge biocenosis than wastewater with a higher COD. Halogenated sodium
salts in tested concentration ranges did not leave negative impact on removal of organic matter
from wastewater.

The proposed toxicity evaluation method is directly relevant to activated sludge wastewater
treatment process, gives representative results, and is very informative, cost effective and simple.
Because of the duration of the test, method could not be used as real time toxicity monitoring tool
but is very suitable for systematic screening of various wastewater streams in multiproduct
factories, because it allows identifying source of toxicity and choosing a reasonable treatment
strategy.
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