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Abstract

Addition of external organic carbon source for denitrification is generally used in wastewater treatment plants (WWTPs)
to intensify nitrogen removal processes. The aim of the laboratory survey was to measure the composition of concen-
trated industrial wastewater, determine the possibilities of its use as an external denitrification substrate, and assess its
overall impact on WWTP. The obtained results demonstrate that the analysed industrial wastewater is biodegradable,
and can be used as a denitrification substrate without special adaptation of biomass. The denitrification rates with tested
wastewater were in the range of 1.6 to 1.9 mgy/g-h. Negative influence of long-term dosing of industrial wastewater on
activated sludge were not confirmed. The effect of imported wastewater on WWTP must be assessed comprehensively,
including the impact of heavy metals from wastewater on the sludge quality. The instructions on how to calculate this

balance are provided in the article.

Keywords: Biodegradability of industrial wastewater, biological wastewater treatment, heavy metals in sludge, denitrifi-

cation rate, semicontinuous bioreactors

1. Introduction

Over the years, considerable effort has been made to
advance and optimize the technologies for effective bio-
logical nitrogen removal at wastewater treatment plants
(WWTPs).2 Heterotrophic denitrification is an efficient
process in which, through microbiological activity, a re-
duction of nitrates and nitrites to nitrogen gas occurs.’ It
has a unique place in the biological removal of nitrogen
from wastewater. This is because during the denitrifica-
tion, nitrogen passes from water into the air. Anoxic zones
without dissolved oxygen, in which the redox potential
values are in the range of approximately -50 mV to 50 mV
for calomel electrode and approximately 150 mV to 250
mV for standard hydrogen electrode, are necessary for this
process.? Denitrification is most often used in wastewater
treatment, where the sources of electrons for nitrogen re-
duction are organic compounds.® The process takes place
even in the absence of exogenous organic carbon (Cy)
but its rate is significantly lower. In this case, bacteria use
their internal organic compounds as a source of electrons
(endogenous process).

In many WWTPs, the absence of readily biodegrad-
able organic substrate in the wastewater is a limiting factor
for successful removal of higher nitrogen concentrations.
This occurs mainly due to the long sewerage networks in
which organic compounds are anaerobically decomposed,
while nitrogen remains in the wastewater. Groundwater
leakage into the sewer system® can also be a contributor
of excess nitrogen in the wastewater, although this prob-
lem is not commonly reported. In the groundwater of the
Slovak Republic, there is NO;~ usually present at dozens
mg/L.” The average groundwater infiltration into the dam-
aged pipes is 36.85% of the total wastewater volume.® If
the leakage of the groundwater into sewerage is too high,
then this nitrogen source is certainly interesting. Increased
nitrogen input into wastewater can be also a consequence
of the changes in eating habits of a population. While in
the Slovak standard® nitrogen production is reported at
the level of 11 g/d per capita, Pitter* already stated the pro-
duction at 12 g/d per capita and it is possible to find in the
literature the production up to 14 g/d per capita.'”

In the case of insufficient concentrations of C,, in
the wastewater, or too short retention time of wastewater
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under anoxic conditions at WWTP, a possible solution
is the dosing of suitable external organic substrate into
the denitrification reactor (to increase the denitrification
rate).!!

Composition of organic compounds has a strong ef-
fect on the presence of denitrifying microorganisms and
thus on denitrification efficiency. Available external sourc-
es of C,,, are alcohols, especially methanol (cost-effective,
although it requires some adaptation of biomass and in-
creased demands on operational safety because it is toxic
and explosive) or ethanol (does not require such adaptation
of biomass but is more expensive).* Organic acids (mainly
acetic acid) also require less problematic adaptation be-
cause the biomass at the WWTP recognizes them (they are
formed by acidogenesis and acetogenesis in the sewerage
system), but they are also more expensive. Another option
is saccharides (e.g., glucose, amyloid, sucrose).!2 The use of
alternative C,, sources such as concentrated wastewater
from industries are an interesting option.!>!# In any case,
these wastewaters must be treated, and therefore their
import to WWTPs, where they increase the efficiency of
denitrification, will bring double benefits. The usability of
wastewater from the agro-food industry (e.g., milk bot-
tling industries, potato processing industries, wastewater
from winery industries) is commonly reported!>, however
other industries also produce external organic substrates.

The specific denitrification rates reported in mgy/g-h
vary considerably — mostly from tenths up to 20 mgy/g-h
(referred to g of dry solids).'>!6-22 For activated sludge
adapted to sewage, acetate is reported as the substrate with
the highest denitrification rates. Denitrification rates are
affected by test conditions. The optimal reaction temper-
atures were 15-35 °C in which complete denitrification
was achieved and nitrite accumulation was observed at
10 °C indicating the incomplete denitrification at low
temperature.?? Temperature change from 10 °C to 20 °C
exerted a more significant positive effect on both the spe-
cific denitrification and carbon consumption rates than a
further temperature increase from 20 °C to 30 °C.2* The
denitrification rate is also positively related to the pH val-
ue. At lower pH values, the nitrogen oxidoreductases were
progressively inhibited in such way, that the overall rate of
denitrification decreased and N,O produced increased.?®
The process was stable in the neutral pH range and the
highest denitrification rates were obtained at the pH values
from 7.1 till 7.8.2° In Cao et al.*” maximum denitrification
rates were measured at pH of 6.6-7.5 with inhibited deni-
trification at pH increased to 8.5 and 9.2.

The values of the rates also depend on the compo-
sition of the biomass during the tests, adaptation, and
sludge retention time (SRT) (the higher the SRT values,
the higher the increase in volumetric rates, but the specific
rates related to the unit amount of biomass may also de-
crease).!! If denitrification rates are measured in batch ki-
netic tests, then the test conditions are different from those
in the activated sludge reactor. In the batch test, there is

a substrate concentration gradient (i.e., at the beginning
of the test there are high substrate concentrations, and
they only gradually decrease). According to the so-called
Monod kinetics, the substrate removal rate decreases with
decreasing substrate concentration.”®* When assessing
denitrification rates, it is also necessary to consider wheth-
er the organic substrate is single- or multicomponent.
According to Henze et al.? and Phillips et al.*, the deni-
trification rates achieved in batch kinetic tests are divided
into 3 parts. In the first phase of the tests, the rate is the
highest because an easily degradable organic substrate en-
ters the denitrification; in the second phase of the test, the
rate is slower because high molecular weight and insoluble
organic compounds requiring hydrolysis are denitrified;
and finally in the third phase, the rate is the lowest because
only endogenous denitrification takes place. The rates cal-
culated according to the recommendations of the technical
standards®!! are on the level of 0.5-3 mgN/g-h. Such rates
are observed also at real WWTPs3!. According to Henze et
al.® the denitrification rates valid for temperatures 10-20
°C are 0.1-0.2 mgy/g-h for endogenous denitrification,
0.6-2 mgy/g-h for raw wastewater, and 1-9 mgy/g-h for
methanol and acetate. In summary, denitrification rates
measured with a given substrate above 1 mgy/g-h can be
considered a positive result.

Organic matter is an essential factor for microbial
growth and development. In addition to the biodegrada-
bility, price and storage options'?, choice of external or-
ganic substrate is influenced also by the following factors:
the highest possible chemical oxygen demand (CODc,)
and specific CODc, expressed in mg COD,/mg substrate;
efficiency at which the bacteria are able to use it; toxicity
of intermediates or substrate itself; composition stability
(with the best possible homogeneity)*>. The next factors
are the lowest possible portion of nitrogen in the substrate;
the highest possible portion of compounds in the substrate
entering the denitrification reaction; low portion of com-
pounds entering the assimilation reaction associated with
the growth of new biomass; and the lowest possible ratio of
high molecular weight and undissolved compounds.®>1!

The objectives of this study were to analytically de-
termine the content of components present in industrial
wastewater with a high COD concentration, monitor its
impact on the biological stage of WWTPs, and to present
the possibilities of using concentrated industrial waste-
water as an external source for the denitrification (e.g., at
municipal WWTPs with the lack of denitrification capac-
ity, where the accelerating of denitrification could help to
achieve the legal requirements on treated wastewater and
to reduce the payment of fees for discharged nitrogen).333

2. Materials and Methods

The analysed parameters, their abbreviations, re-
spective symbols, and the method of determination are
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shown in Table 1. All analyses were performed according
to standard procedures.>

Activated sludge for denitrification and respirometry
tests was cultivated in three long-term semicontinuous lab-
scale bioreactors® (designated Ry, R,, and R;) with a total
volume of 1 litre placed on magnetic stirrers. Mixing and
aeration of the activated sludge in models Ry, R,, and R;
were set up in the following way: 5 hours after the addition
of the substrate mixing (i.e., denitrification) followed by 17
hours aeration (i.e., nitrification and oxidation of residual
organic compounds with O,), and 2 hours sedimentation
and draw off effluent and dosing of the substrate. The vol-
umetric load expressed in kg COD(, was maintained at
0.88 kg/m3-d. The hydraulic retention time was 1.8 days
and the set SRT was 15 days. Reactors were operated at
the laboratory temperature 27-30 °C (experiments per-
formed during summer months). Such temperatures were
higher than typical municipal wastewater temperatures in
Slovakia (approx. 10 °C during winter and 20-25 °C dur-
ing summer®). However, these differences were neglected,
because biological heterotrophic processes (like denitrifi-
cation) are not significantly influenced by temperature. In
addition, the main aim of the research was not to measure
absolute values of denitrification rates but to evaluate bio-
degradability under anoxic conditions from the differenc-
es between endogenous, exogenous and total rates.

The substrate was dosed every 24 hours. Substrate
for the reactor R, (i.e., reference reactor) contained glu-
cose, peptone, and starch. The substrate consisting of glu-
cose, peptone, starch, and industrial wastewater was dosed
into reactor R, in a ratio of 1:1 (mg COD¢yglucose + peptone
+ starch * NG CODCr, industrial wastewater)' Only the industrial
wastewater was dosed into reactor Rs. Total concentration
of CODg;, in each substrate was 1,600 mg/l. Nutrients (N
and P) were dosed in the form of NH,Cl and KH,PO,. The
concentrations of TKN (N-NH, + N,,,) were at the level
of 55 mg/l and P-PO, at the level of 12 mg/1. To ensure the
supply of micronutrients for activated sludge, reject wa-
ter from dewatering of digested sludge at real municipal
WWTP was added (30 mlyeject water/Lof substrate)- The pH was
adjusted with a sodium hydro-carbonate solution to 7.

Denitrification tests were performed on the 0, 7%,
and 22" day of operation of the laboratory reactors R;,
R,, and R;. 22 days represent 1.5 times the value of SRT;

within 22 days the original activated sludge (inoculum)
with SRT of 15 days is completely replaced. For more com-
plicated substrates, due to slower adaptation and slower
growing biomass, it is possible to recommend higher SRTs
and longer duration of experiments.* In this research, the
3 week duration of the experiments was also set according
to the requirements of the industrial wastewater producer.

Before the denitrification test, activated sludge was
taken from the reactors R;, R,, R; (taken as an excess
sludge), diluted to a concentration of 1 g/l and poured into
biochemical oxygen demand (BOD) bottles D,, D,, and
D;. After a 2-hour aeration to remove residual degrada-
ble organic compounds, aeration was replaced by a slow
stirring and the tested substrate was added. Initial N-NO,
concentration in all 3 bottles was 30 mg/1. Organic exoge-
nous substrate wasn't added to the bottle D, (this denitri-
fication test was comparative and only endogenous deni-
trification was performed). Organic substrate was added
to the BOD bottles D, and Dj; to allow comparison of en-
dogenous and total denitrification rates. If total respiration
rates in bottles D, and D; were higher than the endoge-
nous rate in Dy, the organic substrate was degradable and
usable in denitrification. Glucose was added to bottle D,
in the ratio COD¢, : N-NO; = 15 mg/mg (CODc, = 450
mg/l). Organic substrate was added excessively with the
aim to eliminate denitrification rate limitation. The tested
industrial wastewater was added to bottle D3, also in the
ratio of COD¢, : N-NO; = 15 mg/mg. By comparing the
rates in bottles D, and D3, denitrification with industrial
wastewater and a standard biodegradable compound was
assessed. At the same time, nutrients N and P were added
to bottles D, and Dj to avoid limiting the denitrification
by their absence.

During the tests, changes in pH were also monitored
and their values were continuously adjusted to the neutral
range of 6.8-7.3 (with a diluted acid or alkali). During de-
nitrification in a closed reactor, the pH can rise, but also
fall slightly.3® Except for the decrease in N-NO;, the de-
crease in COD¢, and the possible formation of N-NO, as
an intermediate product of incomplete denitrification were
also monitored. Tests lasted for 24 hours and the samples
for analysis were taken in 3 hour intervals (during the first
9 hours, 4 samples, including taking sample at time 0); the
last sample was taken after 24 hours (the significance of

Table 1. Analysed parameters, their abbreviations (symbols), and the method of determination.

Gravimetric methods

Spectrophotometric methods

Atomic absorption spectrometry

total solids (TS) total
suspended solids (TSS)
volatile solids (VS) activated
sludge concentration (Xc)
sludge volume index (SVI)

chemical oxygen demand (CODc;)
ammonium nitrogen (N-NH,)
total Kjeldahl nitrogen (TKN)
nitrite nitrogen (N-NO,)
nitrate nitrogen (N-NO3)
phosphate phosphorus (P-PO,)

cadmium (Cd)
chromium (Cr)
copper (Cu)
nickel (Ni)
lead (Pb)
zinc (Zn)

Note: Spectrophotometer HACH DR5000 and atomic absorption spectrometer ContrAA 700 Analytik Jena were used
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this sample was only a control). Denitrification rates and
organic substrate consumption were evaluated according
to the decline in N-NO; and COD¢, concentrations. For
the first 9 hours of the test, the denitrification rate was not
limited by the absence of organic substrate and the decline
in concentrations was linear. The specific denitrification
rates in mgy/g-h could thus be calculated from the slope of
decrease of the concentrations divided by time and sludge
concentration. The principle of such batch denitrification
tests with further details is given in Bodik et al.?*

Respirometric determination of biomass activity
from individual reactors Ry, R,, and R; was also performed
by measuring oxygen consumption rates***” and compar-
ing endogenous (Ix oxen)> total (rx o), and substrate (ex-
ogenous) respiration rates (rx,) in 300 ml closed BOD
bottles. The tests of anoxic biomass activity from denitri-
fication tests were thus supplemented with information
about oxic activity.

Respirometric measurements were performed on
days 0 and 22. On day 0, only one respirometric measure-
ment was performed, with the exogenous substrate glu-
cose. The aim was to obtain information about the activity
of the sludge before the addition of industrial wastewater.
On day 22, three respirometric measurements with acti-
vated sludge from reactors Ry, R,, and R; were performed
to assess changes in oxic activity in all 3 reactors (especially
in reactors R, and R;, where the biomass was exposed for
22 days to industrial wastewater). Before the respirometric
tests, sludge taken as excess sludge from reactors Ry, R,,
and R; was aerated for 2 hours to remove residual exoge-
nous organic compounds. The biomass was diluted to 1 g/l
and the allylthiourea (10 mg/l) was added to suppress ox-
ygen consumption by nitrification. For the first 5 minutes,
I'x oxen Was measured and then, for ry,, measurements,
the following exogenous substrates were injected into the
system: on day 0, glucose was added to the sludge; on day
22, glucose was used for the biomass from reactor R, glu-
cose and industrial wastewater in the ratio COD(, = 1:1
for biomass from reactor R, and only industrial wastewa-
ter for biomass from reactor R;. The concentration of ex-
ogenous CODg, in the BOD bottles after substrate dosing
in all three cases was 17 mg/l. Respirograms were created
by evaluating the respirometric measurements from which

the respiration rates ry oy ens Ixoxp Ixox il Mgoy/gh, and
substrate consumption rate r, in mgcyskc,/g-h were calcu-
lated according to Bodik et al.>>*”

3. Results and Discussion

The sample of industrial wastewater (from the auto-
motive industry) was partially turbid, grey in colour, and
had a faint odour in concentrated form. The tested sample
had concentrations of COD¢, = 40.3 g/l, BOD;: COD(,
= 0.37, BODs = 14,8 g/l (measured with unadapted inoc-
ulum), N-NH, = 16 mg/]l, N-NO; = 11 mg/l, P-PO, = 21
mg/l, TS (105 °C) = 41.5 g/l, TSS (105 °C) = 2.1 g/l, VS
(550 °C) = 68%, and pH 6.2. Solvents based on glycol are
the main fraction in the wastewater (the detailed compo-
sition of organic compounds is confidential; request of the
producer). The concentration of heavy metals is in Table 2,
focusing on the metals included in the Act on the applica-
tion of sewage sludge to soil no. 188/2003%, as there is an
assumption that the metals present in the wastewater will
be adsorbed into activated sludge and can thus influence
its treatment and handling. According to their toxicity and
bioaccumulation tendency, high concentrations of met-
als in sewage sludge can be also obstacle to its reuse.3>*°
The other metals listed in the Act of Slovak Republic (no.
188/2003)% (As, Hg) were not determined; their occur-
rence in industrial wastewater according to its producer
can be neglected. Table 2 also shows the real concentra-
tions of metals in sludge from Slovak municipal WW'TPs
(average values valid for Slovak WWTPs according to
Kozakova et al.!). These concentrations were used in the
calculations to assess the acceptable amount of industrial
wastewater imported to the WWTP as an external denitri-
fication substrate.

Results of the denitrification tests are shown in
Fig. 1. Day 0 assays inform about immediate response of
non-adapted biomass to the addition of industrial waste-
water (i.e., biomass that has been previously fed only with
glucose, peptone, and starch). Subsequently, these tests
were repeated on days 7 and 22 to see how the characteris-
tics and parameters of biomass change after long-term ex-
posure to industrial wastewater. The comparison of values

Table 2. The concentrations of heavy metals in industrial wastewater, real concentrations of metals in sludge
from Slovak WWTP*., and limit concentrations of metals in sludge from WWTP applied to soil.3®

Parameter  Industrial wastewater  Real concentrations Limit concentrations
(mg/1) of metals in sludge of metals in sludge
(mg/kg sludge dry matter) (mg/kg sludge dry matter)
Cd <0.1 0.8 10
Cr 0.4 41 1,000
Cu 0.2 168 1,000
Ni 1.8 25 300
Pb <0.1 38 750
Zn 38.1 979 2,500
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measured on day 0 (rx,D,endo =0.27 mgN/gh7 Ty, D, total,industrial
wastewater = 1.6 mgy/g-h) shows the immediate biological
degradation of organic substances and no need for spe-
cial adaptation of the biomass. Denitrification tests per-
formed on day 7 and 22 show that industrial wastewater
remains degradable for denitrification purposes even after
long-term exposure (rates Iy p engo = 0.17 mgn/g-h vs. 1y p
total,industrial wastewater — 1.9 mgN/gh and I'X,D,endo = 0.25 mgN/
gh VS. I'x,Dtotal,industrial wastewater — 1.6 mgN/ gh) Industrial
wastewater did not deactivate the biomass. Denitrification
rates measured with industrial wastewater were lower
than the rates measured with glucose as a standard organ-
ic substrate (rx,D,total,induStrial wastewater — 1.6-1.9 mgN/gh Vs.
Iy Ditotal glucose = 3-1-4.7 mgx/g-h). Nevertheless, industrial
wastewater can be used as external organic substrate for
denitrification at WWTP. The intermediate N-NO, and its
undissociated form HNO, were not accumulated in any
of the denitrification tests with industrial wastewater. The
CODg;, : N-NO;j ratio (ratio of mg CODg, in industrial
wastewater consumed in denitrification of 1 mg N-NO;)
was 9. According to stoichiometry of denitrification re-
action involving both dissimilation and assimilation,
standard ratios are in the range of 5-7 (consumption of
CODg;, calculated for the reduction of N-NOj; to N, is 2,86
mgcop/mgy; the next CODc, is consumed for a growth
of new biomass, which depends on the bacteria involved
in denitrification and which can not be stoichiometrically
calculated).®!!

°]
— m— X,D,endo
rX,D total,glucose
4 4
- rX,Dtotal,industrial
wastewater
= 3
o
=
(=2
E
o
=2 T .
‘] B

Time (day)

Figure 1. Rates of endogenous denitrification ry p .4, (test D), to-
tal denitrification ry p total glucose With glucose as organic substrate
(test D,), and total denitrification Iy p total industrial wastewater With in-
dustrial wastewater as organic substrate (test D;).

The long-term impact of industrial wastewater on
activated sludge and biomass adaptation was also evalu-
ated from the concentrations of N-NH, and COD¢, in the
effluent of models R;, R,, and R;. These indicators were

used to monitor the influence on the nitrification and the

concentration of residual and non-biodegradable organic

matter from industrial wastewater (Table 3). At the same

time, the values of volatile suspended solids (VSS) (as a

share of organic matter in activated sludge) and sludge

volume index (SVI) were evaluated (Table 3). All these
parameters are important for WW'TP as they influence

a possible deterioration of the effluent from the WWTP,

where industrial wastewater would be considered as an

external denitrification substrate. Nitrification was efhi-
cient throughout the whole experiment, as confirmed by

N-NH, concentrations in the effluents from all 3 models

(differences of 1.9 to 3.7 mg/l can be neglected). An im-

portant parameter in terms of fees for treated wastewater>?

is the residual CODg,. If the industrial wastewater con-
tains hardly or non-biodegradable organic compounds,
it is necessary to quantify the possible increase of COD(,
concentration in the effluent from the WWTP. The in-
crease of COD¢, concentration occurred in models R, and

R; with dosed industrial wastewater, where the average

concentration increased from 59 mg/I to 129 and 145 mg/1.

If we balance the average values of COD, from industrial

wastewater in the influent to models R, and R; (800 mg/1

in model R, and 1,600 mg/l in model R;) and CODg in-
crease in the effluent from these models, the impact is as
follows:

- In model R,, every 100 mg/l of COD, from industri-
al wastewater added to the activated sludge reactor in-
creased the concentration of effluent COD¢, by 8.8 mg/1
(calculated as (129 mg/1-59 mg/1) / 800 mg/1 / 100 mg/1)

- In model R;, every 100 mg/l of CODc, of liquid waste
added to the activated sludge reactor increased the con-
centration of effluent CODc, by 5.4 mg/I (calculated as
(145 mg/1-59 mg/1) / 1,600 mg/1/ 100 mg/1)

— If we assume that for denitrification of 10 mg/l N-NO; it
is necessary to add industrial wastewater with COD¢, of
90 mg/1 (ratio COD¢, : N-NO; = 9 measured in denitrifi-
cation tests D3), then reduction of 10 mg/l N-NO; in the
effluent from WWTP is connected with CODg, increase
4.9-7.9 mg/1 (5.4 mg/1- 90 mg/l / 100 mg/l; 8.8 mg/1 - 90
mg/1/ 100 mg/1).

Table 3. Average effluent concentrations and their range for refer-
ence model R;, model R, with glucose and industrial wastewater,
and model R; with only industrial wastewater dosing.

Parameter R, R, R;
N-NH, (mg/1) 1.9 3.5 3.7
0.2-6 0.4-6 1.6-5.3
CODg, (mg/1) 59 129 145
49-97 87-169 61-167
VSS (%) 79 75 75
81-82 71-86 70-82
SVI (ml/g) 52 48 51
45-60 43-49 45-64
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Table 4. Results of respirometric measurements.

Respirometric ~ Typical values  Day 0% Day 22"

rates according to (Model R;) (ModelR,) (Model R3)
Bodik et al.3®

I ox.en (Mg02/gh) 1-10 3 4 3 4

I ox (ME02/gh) 10-100 20 22 22 20

Iy max (Mgcop/gh)  30-200 71 68 65 61

2 Reference measurement with glucose as an exogenous substrate; measured with biomass used as a

common inoculum for models R;, R,, and R;

b Exogenous substrates: glucose for activated sludge from model R;, glucose + industrial wastewater
(1:1) for activated sludge from model R,, industrial wastewater for activated sludge from model R,

The impact of industrial wastewater on biomass was
also monitored using the parameters VSS and SVI. The
differences between models R,, R,, and R; are insignificant
(negligible accumulation of inorganic compounds and
activated sludge retained the formation of compact flocs
with good sedimentation properties).

Results from respirometric measurements obtained
during testing industrial wastewater are shown in Table
4. The results confirm that oxic respiration activity (i.e.,
ability to remove glucose as a reference substrate and in-
dustrial wastewater) has changed minimally during the
operation of models R;, R,, and R;. The main conclusion
is that industrial wastewater was not toxic to the biomass.
The measured respiration rates in Table 4 are also com-
pared with the recommended rates and even though they
are at the lower end of the typical values from literature??,
they are still acceptable and do not affect the previous
statement.

In the case of additional industrial wastewater to the
denitrification reactor, it is also important to assess how
many m? can be imported to the WWTP so that the per-
mitted concentration limits of heavy metals in sludge are
not exceeded. Heavy metals in the wastewater are at the
WWTP mostly adsorbed into the primary and activated
sludge, and subsequently, remain in the digested sludge
removed from the WWTP. The legislation defines these
concentrations for cases where the sludge from WWTP is
applied to the soil.® Application to the soil, either direct-
ly or as a compost from composting plants, is currently
still the most common method of sludge management in
Slovakia.*! The following calculation shows an example of
how to evaluate such balance for specific heavy metals and
specific WWTP. The calculation assumes Cr in industrial
wastewater, import of wastewater to WW'TP with a capac-
ity of approximately 10,000 inhabitants, inflow of 150 1/d
per capita, specific production of sludge dry matter of
40 g/d per capita®!!, and concentrations of metal accord-
ing to Table 2:

- WWTP inflow = 10,000 inhabitants - 150 1/d = 1,500
m?/d

— Daily sludge production = 10,000 inhabitants - 40 g/d =
400 kg/d

- Limit concentration of Cr in sewage sludge defined by
Slovak legislation = 1,000 mg/kg

- Average background concentration of Cr in sludge at
Slovak WWTPs: 41 mg/kg

— Capacity of sludge to adsorb Cr (the limit concentration
defined by legislation is not to exceeded) = 1,000 mg/
kg-41 mg/kg = 959 mg/kg

- Possibility to import Cr in industrial wastewater to
the WWTP = 400 kg/d - 959 mg/kg = 383,600 mg/d =
3.84 kg/d

- Concentration of Cr in industrial wastewater = 0.4 mg/1

- Volume of industrial wastewater with 383,600 mg/d of
Cr = 383,600 mg/d / 0.4 mg/l = 959,000 1/d = 959 m3/d

- Conclusion of the example calculation for Cr: at a
WWTP with a capacity of 10,000 inhabitants, 959 m3/d
of industrial wastewater can be imported as an external
denitrification substrate and the Cr concentration in
sludge will not exceed the limit of 1,000 mg/kg. This con-
sideration includes simplification that Cr from industri-
al wastewater is completely absorbed to the sludge. The
volume of industrial water (959 m>/d) represents 64% of
the WWTP inflow (1,500 m3/d).

The percentage of industrial wastewater imported to
the WWTP with a capacity of 10,000 inhabitants calculat-
ed for other heavy metals from Table 2 are given in Table 5.

Table 5. The percentage of industrial wastewater to the WWTP
(with a capacity of 10,000 inhabitants) for selected heavy metals.

Heavy Volume of Percentage of liquid waste
metal liquid waste according to WWTP
(m3/d) inflow (%)

Cr 959 64

Cd 36.8 2

Cu 1,664 111

Ni 61.1 4

Pb 2,835 189

Zn 15.9 1

According to these balances, Zn represents the worst
case since it reduces the percentage of daily imported
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volume of industrial wastewater to only 1% (15.9 m3/d).
However, this amount of industrial wastewater is still in-
teresting. It represents approximately 424 mg/l CODc,
and this concentration has a potential to denitrify 47 mg/1
N-NO; (CODc, of industrial wastewater = 40.3 g/l; ratio
COD¢, : N-NO; = 9).

4. Conclusion

The main results emerging from the testing of indus-
trial wastewater as a possible external denitrification sub-
strate imported to the municipal WWTP to increase the
rate and efficiency of denitrification are as follows:

- Industrial wastewater is biodegradable, also for
non-adapted biomass

- Denitrification resulted in nitrogen gas production with-
out accumulation of intermediate products

— The denitrification rates with industrial wastewater as an
external substrate were in the range of 1.6 to 1.9 mgy/
g-h. Addition of this substrate improves denitrification
efficiency

- Negative impact of long-term dosing of industrial waste-
water on activated sludge was not confirmed

- Partial increase of COD, concentration in the efflu-
ent from activated sludge reactor was measured (small
amount of organic compounds in industrial wastewa-
ter was non-biodegradable). The addition of industrial
wastewater with CODc, concentration of 100 mg/l in-
creased the COD(, concentration in the WWTP efflu-
ent by 5-9 mg/l. This problem can be regulated by the
amount of industrial wastewater applied into the deni-
trification reactor.

- The impact of the imported industrial wastewater as an
external denitrification substrate for WWTP must be as-
sessed comprehensively, including details such as the ac-
cumulation of heavy metals from the wastewater in the
activated sludge. The instructions on how to calculate
this balance are provided in the article.

5. References

1. T. Kurbus, J. Vrtovsek, M. Ro$, Acta Chim. Slov. 2008, 55,
474-479.

M. Ros, J. Vrtovsek, Acta Chim. Slov. 2004, 51, 779-785.

J. Vrtovsek, M. Ros, Acta Chim. Slov. 2006, 53, 396-400.

P. Pitter, Hydrochemistry, 5 Edition, VSCHT, Praha, 2015.
M. Henze, P. Harremoés, J. La Cour Jansen, E. Arvin, Waste-
water Treatment — Biological and Chemical Processes. 2"

AR

Edition, Springer Verlag, Berlin, 1997.
DOI:10.1007/978-3-662-22605-6

6. O. Kracht, W. Gujer, Water Sci. Technol. 2005, 52 (3), 209—
218. DOI:10.2166/wst.2005.0078

7. SHMU, Evaluation of Groundwater Quality in Slovakia -
year 2019, https://www.shmu.sk/File/Hydrologia/Monitor-

10.

11.

12.

13.

14.

15

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

ing_PV_PzV/Monitoring_kvality_PzV/KvPzV_2019/KvP-
zV_2019_hodnotenie.pdf, (assessed: February 23, 2022)

L. Bekerova, P. Belica, M. Dubcova, P. Hucko, Vodohospodir-
sky spravodajca. 2021, 64 (9-10), 27-31.

Slovak Technical Standard 75 6401, Sewage Treatment Plants
for More Than 500 Population Equivalents, 1999.

Chan A. Andersson, N. Johansson, M. Christensson, Water
Pract. Technol. 2014, 9 (2), 215-224.
DOI:10.2166/wpt.2014.025

M. Drtil, M. Hutnan, Technological Project. Slovak Chemical
Library FCHPT STU in Bratislava. 1 Edition, 2013.

M. Pecenka, J. Svojitka, M. Koller, J. Wanner, Optimalisation
of Denitrification by Means of External Substrate Dosing.
Proceedings of the IWA Specialized Conference: Nutrient
Management in Wastewater Treatment Processes and Recy-
cle Streams, Krakow (PL), 1995, pp. 1041-1045.

A. Mahmoud, R. A. Hamza, E. Elbeshbishy, Sci. Total Envi-
ron.2022,816,151578. DOI:10.1016/j.scitotenv.2021.151578
S. Lee, T. Moon, S. Park, M. Choi, Ch. Kim, Korean J. Chem.
Eng. 2013, 30,1911-1917. DOI:10.1007/s11814-013-0131-7

. A. De Lucas, L. Rodriguez, J. Villasenor, E J. Fernandez, Wa-

ter Res. 2005, 39 (15), 3715-3726.
DOI:10.1016/j.watres.2005.06.024

E. Morgan-Sagastume, J. L. Nielsen, P. H. Nielsen, FEMS Mi-
crobiol. Ecol. 2008, 66 (2), 447-461.
DOI:10.1111/j.1574-6941.2008.00571.x

C. Cherchi, A. Onnis-Hayden, I. El-Shawabkeh, A. Z. Gu,
Water Environ. Res. 2009, 81 (8), 788-799.
DOI:10.2175/106143009X12465435982610

M. Swinarski, J. Makinia, K. Czerwionka, M. Chrzanowska,
]J. Drewnowski, Water Environ. Res. 2009, 81 (9), 896-906.
DOI:10.2175/106143009X407438

N.E Y. Tam, Y. S. Wong, G. Leung, Water Sci. Technol. 1992,
26 (5-6), 1047-1055. DOI:10.2166/wst.1992.0546

S. Hallin, M. Pell, Water Res. 1998, 32, 13-18.
DOI:10.1016/S0043-1354(97)00199-1

A. Onnis-Hayden, D. Dair, Ch. Johnson, A. Schramm, A. Z.
Gu, Proceedings of the Water Environment Federation. 2007,
3099-3119. DOI:10.2175/193864707787973789

P. Cyplik, W. Juzwa, R. Marecik, J. Powierska-Czarny, A. Pi-
otrowska-Cyplik, J. Czarny, A. Drozdzynska, ¥.. Chrzanowski,
Chemosphere. 2013, 93 (11), 2823-2831.
DOI:10.1016/j.chemosphere.2013.09.083

R. Liao, Y. Miao, J. Li, Y. Li, Z. Wang, J. Du, Y. Li, A. Li, H.
Shen, RSC Adv. 2018, 8, 42087-42094.
DOI:10.1039/C8RA08256A

P. Elefsiniotis, D. Li, Biochem. Eng. ]. 2006, 28 (2), 148-155.
DOI:10.1016/j.b¢j.2005.10.004

R. Knowles, Microbiol. Rev. 1982, 46 (1), 43-70.
DOI:10.1128/mr.46.1.43-70.1982

L. Foglar, D. Gasparac, Desalin. Water Treat. 2013, 51 (37-
39), 7157-7165. DOI:10.1080/19443994.2013.792162

X. Cao, D. Qian, X. Meng, Environ Technol. 2013, 34 (1-4),
45-51. DOI:10.1080/09593330.2012.679700

J. Wanner, Activated Sludge Bulking and Foaming Control,
CRC Press, 1995.

Kozarova et al.: Industrial Wastewater as a Source of External Organic

663


https://doi.org/10.1007/978-3-662-22605-6
https://doi.org/10.2166/wst.2005.0078
https://doi.org/10.2166/wpt.2014.025
https://doi.org/10.1016/j.scitotenv.2021.151578
https://doi.org/10.1007/s11814-013-0131-7
https://doi.org/10.1016/j.watres.2005.06.024
https://doi.org/10.1111/j.1574-6941.2008.00571.x
https://doi.org/10.2175/106143009X12465435982610
https://doi.org/10.2175/106143009X407438
https://doi.org/10.2166/wst.1992.0546
https://doi.org/10.1016/S0043-1354(97)00199-1
https://doi.org/10.2175/193864707787973789
https://doi.org/10.1016/j.chemosphere.2013.09.083
https://doi.org/10.1039/C8RA08256A
https://doi.org/10.1016/j.bej.2005.10.004
https://doi.org/10.1128/mr.46.1.43-70.1982
https://doi.org/10.1080/19443994.2013.792162
https://doi.org/10.1080/09593330.2012.679700

664

Acta Chim. Slov. 2022, 69, 657-664

29.
30.

31.

32.

33.

34.

M. Henze, M. C. M. van Loosdrecht, G. A. Ekama, D. Brd-
janovic, Biological Wastewater Treatment: Principles, model-
ling and design. IWA Publishing, 2008.
DOI:10.2166/9781780401867

H. M. Phillips, J. L. Barnard, C. Debarbadillo, A. R. Shaw, M.
T. Steichen, C. Wallis-Lage, Proceedings of the Water Environ-
ment Federation, 2009, 252-276.
DOI:10.2175/193864709793901301

M. Drtil, 1. Bodik, S. Vi¢kova, D. Kolnikova, R. Brezina, P.
Levarsky, J. Tichy, Z. Imreovd, M. Svorcova, SOVAK. 2018,
3, 12-16.

Slovak Government Regulation no. 269/2010 Coll. Require-
ments for the Achievement of Good Water Status.

Slovak Government Regulation no. 755/2004 Coll. which
Establishes the Amount of Unregulated Payments, Fees and
Details Related to Charging for Water Use.

R. Baird, L. Bridgewater, Standard Methods for the Examina-
tion of Water and Wastewater. 23 Edition, American Public
Health Association, Washington, D.C., 2017.

Povzetek

35

36

37.

38.

39

40.

41.

. L. Bodik, O. Cizmarov4, J. Derco, M. Drtil, M. Hutfian, Z.
Imreova, T. Mackulak, M. Vrabel, R. Zakhar, Laboratory
Exercises II - Environmental Technologies. STU, Bratislava.
Faculty of Chemical and Food Technology. Slovak Chemical
Library FCHPT STU in Bratislava, 2021.

. M. Drtil, P. Németh, K. Kucman, I. Bodik, V. Kasperek, Water

Res. 1995, 29 (5), 1353-1360.

DOI:10.1016/0043-1354(94)00228-Y

S. Cech, J. Chudoba, P. Grau, Water Sci. Technol. 1985, 17

(2-3), 259-272. DOI:10.2166/wst.1985.0135

Act of the Slovak Republic no. 188/2003 Coll. on the Applica-

tion of Sewage Sludge and Bottom Sediments into the Land.

. K. Cer Ker¢mar, M. Zupanci¢, P. Bukovec, Acta Chim. Slov.

2008, 55, 1023-1029.

S. M. Mousavi, S. A. Hashemi, A. Babapoor, A. Savardashtaki,

H. Esmaeili, Y. Rahnema, F Mojoudi, S. Bahrani, S. Jahandi-

deh, M. Asadi, Acta Chim. Slov. 2019, 66, 865-873.

DOI:10.17344/acsi.2019.4984

K. Kozakova, L. Sumegova, I. Baldzova Pijakova, Vodo-

hospoddrsky spravodajca. 2018, 61 (1-2), 32-34.

Dodatek zunanjega vira organskega ogljika za denitrifikacijo se obi¢ajno uporablja v ¢istilnih napravah odpadnih vod
za namen intenziviranja procesov odstranjevanja dusika. Cilj laboratorijske raziskave je bil izmeriti sestavo koncen-
trirane industrijske odpadne vode, ugotoviti moznosti njene uporabe kot zunanjega substrata za denitrifikacijo in oceniti
njen celoten vpliv na ¢istilno napravo. Dobljeni rezultati kazejo, da je analizirana industrijska odpadna voda biolosko
razgradljiva in se lahko uporablja kot denitrifikacijski substrat brez posebne prilagoditve biomase. Stopnje denitrifikacije
pri testirani odpadni vodi so bile v obmodju od 1,6 do 1,9 mg N/g-h. Negativni vpliv dolgotrajnega doziranja industrijske
odpadne vode na aktivno blato ni bil potrjen. Vpliv uvozene odpadne vode na cistilno napravo je treba oceniti celovito,
vklju¢no z vplivom tezkih kovin iz odpadne vode na kakovost blata, kar je navedeno tudi v tej raziskavi.
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