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Abstract

Most studies on the impact of reject waters recycled from sludge processing in the multi-phase activated sludge process focus
on anaerobic sludge treatment in large wastewater treatment plants, leaving apart the processes of aerobic sludge stabilization
often used in smaller facilities in rural and suburban areas. The article presents the results of tests carried out in three small
and medium-sized wastewater treatment plants with biological removal of biogenic compounds that use aerobic stabiliza-
tion to process sludge. The research concerned the quantity and quality of reject waters generated in the process of aerobic
stabilization and dewatering of sewage sludge and their impact on the multi-phase activated sludge process. The results
showed that the average volume of generated reject waters ranged from 3.2 to 5% of the incoming wastewater volume. The
average share of organic compounds and total nitrogen loads contained in reject waters did not usually exceed 5-10% of the
loads in raw wastewater but reached almost 50% in the case of total phosphorus. Studies indicated that the composition of
the supernatant from aerobic stabilization is strongly dependent on the course of the process. The best quality was obtained
for cyclic operation of the aerobic stabilization tank with 16 h of aeration and 8 h of settling. The results also showed the
negative impact of sudden discharges of reject waters from sludge processing to a multi-phase biological reactor, which
can be reduced by using an appropriate equalization tank and pretreatment of the side stream to reduce the recirculation of
phosphorus.

Keywords Small wastewater treatment plant - Biological nutrient removal - Aerobic stabilization - Sludge processing -
Reject water

Introduction

Sludge treatment should ensure the elimination of odour
nuisance (stabilization) and a reduction of sludge volume
(thickening and dewatering) [1]. These processes lead to the
generation of large volumes of reject waters. In the past, the
problem of the impact of reject waters on biological treat-
ment processes concerned rather large wastewater treatment
plants (WWTPs) in which anaerobic digestion was used to
stabilize the sludge [2—4]. However, the European Union’s
requirements for the quality of treated wastewater imposed
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on agglomerations with a population equivalent (PE) above
10,000, resulting from the implementation of Directive
91/271/EEC concerning urban wastewater treatment, also
make it necessary to remove nitrogen and phosphorus in
small and medium-sized WWTPs located in such agglomer-
ations [5]. This is usually done by means of advanced multi-
phase activated sludge reactors. The use of highly effective
biological methods for nutrient removal (BNR) causes
the formation of a large amount of sewage sludge requir-
ing treatment and disposal. For this reason, the problem of
reject waters has also begun to affect small and medium-
sized WWTPs, where stabilization usually takes place under
aerobic conditions in dedicated stabilization tanks [6].

The dewatering process is sometimes preceded by grav-
ity thickening of the sludge in the aerobic stabilization tank
with removal of the supernatant in order to reduce its volume
before dewatering. The reject waters generated during these
processes are usually recycled to the wastewater treatment
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train. In large WWTPs, reject water is often subjected to
pretreatment using processes based on Anammox bacteria,
chemical phosphate precipitation, ion exchange, or mem-
brane filtration. In smaller facilities, these waters usually do
not undergo any prior treatment and thus contribute to an
increased loading on the biological part of the plant. Large
amounts of highly concentrated reject waters appearing peri-
odically in the inflow can noticeable disturb the biological
processes in small and medium-sized WWTPs.

Limited information is available in the literature on the
characteristics and impact of reject waters from aerobic
sludge processing in small and medium-sized WWTPs.
Most research is focused on large WWTPs with anaerobic
digestion of sewage sludge. Reviews of such research are
presented in, for example, [7-10]. The volume and compo-
sition of reject waters vary and are highly dependent on the
technology used to treat the sludge and the process condi-
tions. Based on data from Germany, the volume of reject
water is estimated as 2-5% of the volume of treated waste-
water and the loads of nitrogen and phosphorus as 10-30%
and 2-5%, respectively [11]. In a review article, Solon cites
similar values for the amount of reject water (2%) and the
share of nitrogen load (10-30%) but much higher values for
phosphorus (10-80%) [8]. Ryziriska [2], on the basis of data
from several dozen large WWTPs, reports that the volume
of reject water is most often several percent and usually does
not exceed 7% of the volume of treated wastewater, while the
ammonium nitrogen load can reach 50% of the influent load.

The composition of reject waters is very diverse and
depends on the type of sludge treatment process and its
parameters. Based on a comprehensive data set from Ger-
many, the concentration of organic pollutants in reject waters
from the aerobic stabilization process of sludge after gravity
thickening was in the range of 500—1500 g/m? for the five-
day biochemical oxygen demand (BODs) and 1000-3000 g/
m? for chemical oxygen demand (COD) [11]. For the same
sludge, BODjs in process water from mechanical sludge
dewatering was in the range of 800-3000 g/m?, while COD
was between 1000 and 6000 g/m>. The high variability of
the quality of reject water from dewatering of aerobically
stabilized sludge is also indicated in the Water Environment
Federation Manual [12]. The reported average concentration
of total Kjeldahl nitrogen (TKN) was 170 g N/m?® (values
varied from 10 to 400) and that of total phosphorus (TP)
was 100 g P/m® (values varied from 19 to 241). For a sys-
tem with excess biological phosphorus removal (EBPR),
Lu-Kwang et al. [13] provide values of phosphorus con-
centration in reject waters in the range of 60—130 g P/m?>.
According to the characteristics of reject waters presented
by Dabrowski, based on tests carried out in four municipal
WWTPs with aerobic sludge stabilization in Poland, BODj;
was between 142 and 400 g/m> and COD between 210 and
860 g/m3 [14, 15]. In the same studies, TKN concentration
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was found to be in the range of 8.7-150 g N/m®, ammonia
(NH,) in the range of 12.6-114.1 g N-NH,/m?, and TP in
the range of 1.14-24.5 g P/m®. In their laboratory tests, Bin
Ji et al. [16] observed that with increasing time of aerobic
stabilization, the total nitrogen (TN) concentration in the
supernatant grew from 8 to 17 g N/m> and TP grew from
0.4 to 1.5 g P/m°. Also, the reject water from thermophilic
aerobic stabilization is characterized by a high concentration
of nitrogen and phosphorus. Dabrowski [17] estimates these
values at around 1487 (+ 166) g N/m> for TKN and 128.5
(+16.7) g P/m? for TP.

Data from facilities using aerobic stabilization also indi-
cate the negative impact of nitrogen and phosphorus com-
pounds recirculated with reject waters on BNR processes
in activated sludge reactors. For example, in research car-
ried out in a WWTP in Florida, Kassouf et al. [18] found
that about half of the TP load treated in a biological reac-
tor comes from processing of aerobically stabilized sludge,
which significantly increases the plant’s operating costs. In
the case of nitrogen, it accounts for only about 3% of the
load in raw wastewater, but nitrogen occurs mainly in the
form of nitrates, which in turn can disrupt the EBPR process,
also contributing to an increase in operating costs.

Materials and methods
Description of the facilities

The three tested WWTPs receive biologically degradable
wastewater comprising domestic effluents with a small
share of industrial wastewater. The pollution loads in the
investigated WWTPs exceed 80% of the design values. The
analysed facilities have to remove N and P from wastewa-
ter due to their location in established agglomerations of
PE > 10,000 and the use of dedicated aerobic stabilization
for sludge processing.

Two facilities apply a flow-through multiphase activated
sludge BNR process (WWTPs #1 and #2) and WWTP #3
applies a cyclic system with sequencing batch reactors
(SBRs). The illustrative photos of both types of the tested
WWTPs are shown in Fig. 1. All these WWTPs periodically
use supplementary chemical phosphorus precipitation with
ferrous sulfate. In each WWTP, biological treatment is pre-
ceded by mechanical pretreatment using fine sieves and grit
tanks. In addition, in WWTP #2, the mechanically treated
wastewater flow is equalized in the retention tank, to which
the process water from the centrifuge is also directed. The
sludge produced in the plants is subjected to aerobic stabi-
lization in dedicated aeration tanks, where it is also gravity
thickened with removal of the supernatant in order to reduce
its volume. The sludge is then dewatered with centrifuges
(WWTP #1 and #2) or a filter press (WWTP #3). The reject
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Fig. 1 Illustrative photos of the
plants under study: a plant with
flow-through reactor (WWTP
#2); b plant with cyclic reactor
(WWTP #3); (1) covered flow-
through biological reactor, (2)
open-air SBR

waters generated during these processes are recycled to the =~ WWTPs are presented in Fig. 2. Table 1 presents the main
wastewater treatment train. The flow schemes of the tested
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Fig.2 Technological flow schemes of the tested wastewater treatment plants
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Table 1 Summary of the main
operational parameters of the

tested WWTPs

Parameter WWTP #1 WWTP #2 WWTP #3
Wastewater flow (m>/d) 900 1500 2650

PE 5350 12,900 16,550
Solids retention time (SRT), days 10-12 15-16 13

Sludge mass per year, tDS? 108 263 340
Dewatered sludge DS content (%) 24.4 (centrifuge) 21.3 (centrifuge) 13.0 (press)
Daily volume of supernatant (m>) 22.8 29.0 21.5

Daily volume of process water (m?) 13 (0-91) 44 64

“Tonne (Mg) of dry solids (DS)

Fig.3 Sampling of mechanically treated wastewater mixed with
reject waters in WWTP #1

technological parameters of the plants in regard to their
capacities and sludge processing.

Sampling

The tests were carried out from May to November 2018
during the normal operation of the WWTPs. During the
research, the quantity and quality of wastewater and sludge,
as well as the supernatant from stabilization tanks and
the leachate from sludge dewatering devices, were moni-
tored. Excess sludge, sludge from stabilization tanks, and
dewatered sludge were also analysed. Samples of raw and
treated wastewater for physical and chemical analyses were
collected using portable sampling devices, and samples of
reject water and sludge were collected manually and aver-
aged over the sampling time (Fig. 3). Analytical tests of the
samples were carried out in the laboratory of Cracow Uni-
versity of Technology or in the laboratories of the WWTPs
in accordance with standard methods [19]. During trans-
port, the samples were appropriately cooled to 4 °C and
preserved.
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Various modes of operation of the sludge stabilization
tank with continuous and cyclic aeration were tested in
WWTP #2. During cyclic operation, the sludge was aer-
ated for about 16 h and then left without aeration for sev-
eral hours. Excess sludge was supplied to the tank during
both phases of its operation. The amount of data obtained
from WWTP #2 (25 to 40 samples for different sampling
points) allowed their statistical analysis. For the other plants
(WWTP, #1 and #2), the range and average values of pol-
lution indicators are presented. Data obtained from each
WWTP are presented in Tables 2, 3.

Results
Volumes of reject waters

Process waters in the analysed facilities are generated
irregularly, which results from the operational schedule of
sludge dewatering devices. In WWTP #1, sludge dewater-
ing usually takes place once a week, and during 10 h of the
centrifuge operation process 91 m? of water flows into the
biological reactor. Every day, 22.8 m? of the supernatant is
also discharged from the aerobic stabilization tank for 2 h. In
total, during the 12 h of the sludge dewatering cycle, about
113.8 m® of reject water flows into the biological reactor,
which is about 12.6% of the volume of the daily wastewa-
ter flow to the plant. In the remaining period of the plant’s
operation, the amount of reject water accounts for 2.5% of
the wastewater flow. The average amounts of reject waters
in other treatment plants ranged from 3.2% (WWTP #3 with
belt press) to 5% (WWTP #2 with centrifuge) and are com-
parable with the literature data (e.g. [4, 11, 14].).

Quality of reject waters

The composition of the reject water is very diverse and
depends on the sludge treatment processes, mainly the sta-
bilization process. The results show that in the process water
from the centrifuge and in the supernatant from the stabi-
lization tanks, after periods without aeration in the sludge
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Table 2 Quality of the
supernatant from aerobic
stabilization in the tested plants

Table 3 Quality of the process
water from sludge dewatering in
the tested plant

Parameter

WWTP #1

WWTP #2*

WWTP#3

BOD; (g/m®)

221.5 (107-407)

290 (133-513)

155.3 (27-245)

COD (g/m®) 746.7 (318-1667) 624.8 (137-1122) 390.3 (153-614)
Filtered COD (g/m® 266.3 (134-482) - -

TSS (g/m?) 653.5 (268-1456) - 82.2 (56-131)
VSS (g/m?) 312.5 (68-932) - -

TN (g N/m?) 133.0 (121-190) 115 (55-200) 66.5 (32-95)
Ammonia (g N-NH,/m®) 90.0 (23.5-172) 86.9 (41-179) 46.3 (17-68)
Nitrate (g N-NO,/m?) 0.50 (0.24-1.20) 0.60 (0.09-1.06) -

TP (g P/m®) 159.3 (106-331) 137.4 (119-165) 57.5 (10-82)
Phosphate (g P-PO,/m?) 70.8 (61-105) 127.6 (114-145) 53.5(7-77)
pH 6.99-7.31 6.80-6.90 6.89-7.10
#Under irregular aeration in the stabilization tank

Parameter WWTP #1 WWTP #2% WWTP#3
Dewatering method centrifuge centrifuge belt press

BOD; (g/m*)

COD (g/m%)

Filtered COD (g/m®)
TSS (g/m?)

VSS (g/m?)

TN (g N/m?)

Ammonia (g N-NH3/m3)
Nitrate (g N-NO3/m3)
TP (g P/m?)

Phosphate (g P-PO,/m?)
pH

112 (63-140)
495 (430-589)
287 (202-320)
291 (128-476)
90 (24-178)
151.6 (101-184)
135.5 (74-152)
0.40 (0.21-0.45)
106.9 (65-118)
76.1 (57-95)
6.73-7.55

849.7 (183-1542)

133.9 (85-199)
89.1 (62-130)
0.80 (0.07-2.27)
154.4 (121-177)
135.9 (115-157)
7.10-7.30

188.7 (14-311)
424.5 (118-749)

125.4 (68-170)

73.8 (36-101)
53.3 (22-68)

57.0 (11-77)
54.4 (9-71)
6.69-6.97

#Under irregular aeration in the stabilization tank

stabilization tank (irregular aeration), high ammonium con-
centrations comparable to those in typical raw municipal
wastewater appear, as well as very high phosphate concen-
trations, as much as ten times higher than in raw wastewa-
ter (Tables 2, 3). In the event of improper operation of the
stabilization tank, high contents of total suspended solids
(TSS) and volatile suspended solids (VSS) are also detected
in the supernatant in WWTP #1 (Table 2).

As shown in Fig. 4a—c, pollution loads in process waters
from the press or centrifuge presented in comparison with
the pollution loads in the supernatant discharged from the
aerobic stabilization tanks are clearly higher for WWTPs #2
and #3. A different situation occurred in WWTP #1. Due to
the careless operation of the stabilization tank and the dis-
charge of a significant amount of suspended solids, the load
of pollutants in the supernatant for some indicators was more
than twice as high as the loads of pollutants in the process
water. The average share of organic pollutant loads (BODj;
and COD), TSS, and nitrogen in reject waters from aero-
bic stabilization of sludge introduced into the wastewater

treatment stream usually does not exceed 10% of the load
in raw wastewater (Fig. 4d). A much higher load was found
in reject waters for TP. In the case of irregular discharge of
supernatant, the load of pollutants can be much higher.

Effect of aeration mode on the composition of reject
water (WWTP #2)

The load of pollutants contained in reject waters can be
reduced by the proper operation of aerobic stabilization
tanks. Such tests were carried out in WWTP #2 and con-
sisted of changing the method of aeration of aerobic stabili-
zation tanks from irregular to continuous to cyclic. The oper-
ation of the stabilization tanks with cyclic aeration consisted
in aerating the sludge in the tank for 16 h and then cutting
off the air supply for 8 h. The best results were obtained for
the cyclic aeration mode (Table 4). In comparison with the
results presented in Fig. 4d for WWTP #2, the share of pol-
lution loads in reject waters was reduced to 0.6% for COD,
0.7% for TN, and 16.3% for TP.
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Table 4_ Quality of process Parameter Operational mode (aeration)
water discharged from the
centrifuge for various modes Irregular Continuous Cyclic (16/8 h)
of operation of the stabilization
tank in WWTP #2 COD (g/m?) 849.7 (183-1542) 242.7 (182-296) 203.2 (136-311)
TN (g N/m?) 133.9 (85-199) 239.7 (188-329) 31.5 (12-72)
Ammonia (g N-NH;/m?) 89.1 (62-130) 26.6 (0.5-84) 16.3 (0.3-53)
Nitrate (g N-NO3y/m®) 0.80 (0.07-2.27) 191.4 (165-221) 0.97 (0.4-3.6)
TP (g P/m%) 154.4 (121-177) - 47.5 (12-136)
Phosphate (g P-PO,/m?) 135.9 (115-157) 78.6 (36-106) 43.3 (6-120)
pH 7.10-7.30 5.45-6.58 7.10-7.42

The aeration mode during sludge stabilization also affects
the composition of the supernatant discharged from the sta-
bilization tank. The transition from irregular to cyclic aera-
tion (in 16/8 h mode) drastically reduced the concentrations
of organic pollutants as well as nitrogen and phosphorus in
supernatant. COD was reduced from 625 to 125 g/m’, TN
from115t06.9 g N/m?, ammonia from 87 to 1.6 g N-NH,/
m?, and orthophosphates from 127 to 38 g P/m>. Nitrate
concentration in supernatant remained almost unchanged
(0.4 vs. 0.6 g N-NO,/m>).

Effect on the effluent quality (WWTP #2)
The reject water together with all the pollutants contained
in it is usually introduced into the wastewater stream being

treated and affects the course of wastewater treatment pro-
cesses through both the size of the introduced pollutant loads

]
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and the way in which they are mixed with treated wastewa-
ter. The method of mixing has an impact on the operating
parameters of the treatment plant (e.g. energy consumption)
and the quality of treated wastewater. The process water can
be discharged directly to the wastewater stream flowing into
the biological reactor or can be mixed with the wastewater
in the equalization tank. The latter option is definitely better.
This can be clearly seen from the results of tests performed
in WWTP #2. Table 5 shows the concentrations of pollutant
indicators in the average daily samples in the raw wastewater
entering WWTP #2 and after mixing them in the equalizing
tank with process water from the centrifuge. In the tank with
a detention time of several hours, quantitative and qualita-
tive equalization of the mixture of wastewater and process
waters takes place. In the case of organic pollutants (BODj;
and COD), TSS, TN, and ammonia, there is clearly no nega-
tive impact of the added process waters on the quality of
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Table 5 Comparison of the

N Parameter Raw Mixed Effluent

quality of raw wastewater,

effluent from the equalizing Range Mean+6*  Range Mean+6* Range Mean + §*

tank, and treated wastewater for

WWTP #2 BOD; (g/m?) 282-744  515+116 330-644 427+85.7 2-26 53+4.8
COD (g/m?) 742-2300 1444 +468 757-1472 1085+176 30.2-87.5 43.5+12.3
Filtered COD (g/m?) 317-882 608 +283 206-633 431+93.4  27.4-624 4234103
TSS (g/m?) 324-5156 1092+1259  246-740 464+109.5 1.2-23 9.4+5.6
TN (g N/m?) 122-317  157+42.5 88.7-191 123+23.5 7.5-25 11.6+3.6
Ammonia (g N-NHy/m»  69.3-143 95.1+174  57.7-138 79.1+17.0 0.04-0.80 0.2+0.2
Nitrate (g N-NO,/m?) 0240 18+10 0.05-19 1.0+0.42 2.6-22.1 82+33
Nitrite (g N-NO,/m?) 0.00-0.64 0.32+0.17 0.00-0.38 0.18+0.13  0.02-0.75 0.13+0.12
TP (gP/m?) 10-24 15.8+4.2 9.6-21 16.4+3.6 0.2-10.7 23+24
Phosphate (g P-PO,/m?) 9.0-21.6 123+3.7 7.7-20.1 13.1+£3.5 0.08-8.60 1.8+2.0
pH 7.08-7.75 - 6.93-7.68 - 6.98-746 -

4Standard deviation

wastewater. The concentrations in the retention tank are
usually lower than in the inflow and their variability is also
lower. Only in the case of TP is there a slight increase com-
pared to raw wastewater, which is caused by a very high TP
load in the process water from the centrifuge (see Fig. 4d).

Discussion and conclusion

Small and medium-sized municipal WWTPs with advanced
BNR processes usually use aerobic methods to stabilize
sewage sludge and mechanical sludge dewatering. The pro-
cessed sludge is used in agriculture or transported to the
incineration plant. Reject waters that are generated during
sludge processing carry large loads of pollutants, especially
nitrogen and phosphorus, and are periodically discharged
into the wastewater treatment line without additional pre-
treatment. The studies at three WWTPs have shown that
TP can account for almost half of the total load entering
the biological reactor (Fig. 4d). These results are consistent
with data reported by Kassouf et al. [18]. This is due to the
high concentration of phosphorus, reaching up to an aver-
age of 159 g P/m?, both in the supernatant discharged from
the aerobic stabilization tank and in process waters from
mechanical sludge dewatering. In the samples of supernatant
from WWTP #1, the instantaneous TP concentration reached
as high as 331 g P/m>. This indicates the need to consider the
use of chemical phosphorus precipitation or other methods
of pretreatment of reject waters. The shares of other pollut-
ant indicators, such as BODs, COD, and TSS, in the total
pollutant loads entering the biological reactor usually did not
exceed 10%. In the case of TN, these values ranged from 3%
for WWTP #3 through 4% for WWTP #2 to 8% for WWTP
#1, which confirms the observations of Kassouf et al. [18]
indicating a value of about 3%.

The variability of the composition of reject waters results
more from the variability of the composition of the superna-
tant discharged from the aerobic stabilization tank than from
process waters from mechanical dewatering. The composi-
tion of the latter is relatively constant (Tables 2, 3). In turn,
the composition of the supernatant from stabilization tanks
largely depends on how the aerobic stabilization process is
carried out. During tests, the composition of these waters
was observed during three different modes of operation of
the tank, differing in the method of aeration: irregular, con-
tinuous, or periodic. In each of these cases, the composi-
tion of the supernatant was significantly different (Table 4).
Apparently, the best quality of the supernatant in relation to
all analysed pollution indicators was observed with cyclical
operation of the tank in the system of 8 h of aeration and
16 h of settling. In other modes of operation, very high con-
centrations of TN (continuous mode) or organic compounds
(irregular mode) were observed. This indicates the possibil-
ity of a relatively simple reduction of pollutant loads in the
supernatant discharged from the aerobic stabilization tanks
through operational optimization of its work cycle using, for
example, dynamic computer simulation.

The results of the tests also showed that even if the pollu-
tion loads fed by reject waters do not significantly increase
the average concentrations of pollutants in the wastewater
directed to biological treatment, a brief increase of the acti-
vated sludge loading with organic compounds, nitrogen, and
phosphorus can have a noticeable negative impact on the
BNR processes occurring in the biological reactor. This can
be prevented by using an equalizing tank before the bio-
logical part of the treatment plant, in which mechanically
treated wastewater is mixed with periodically discharged
reject waters, and therefore the variability of its composi-
tion is compensated. The use of such a tank in WWTP #2
clearly stabilized fluctuations in the quality of influent fed to
the reactor. The mixture of mechanically treated wastewater

* @ Springer



76 International Journal of Energy and Environmental Engineering (2021) 12:69-76

and periodically supplied reject waters flowing out of the
equalization tank was characterized by lower average values
of pollutant concentration (except for TP) and significantly
lower standard deviation values for all pollutant indicators,
indicating a well-equalized wastewater composition.
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