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ABSTRACT

Introduction. The article reports on new research into improved reverse osmosis techniques and their expanded application
in wastewater treatment practice. The results of experiments aimed at determining the operational characteristics of
membrane facilities that treat wastewater are presented. A new method utilising reverse osmosis to decrease concentrate
effluents is proposed. Flow diagrams and mass balance equations are used to demonstrate the principles underlying the
new techniques.

Objectives — development of reverse osmosis techniques as a novel tool for improving and modifying existing biological
wastewater treatment schemes; economic evaluation of advantages in combining reverse osmosis with biological treatment
processes in wastewater treatment applications; development of the required operational modes for membrane units used
to treat wastewater.

Materials and methods. A state-of-the-art review describes examples of the application of reverse osmosis in current
wastewater treatment practices. Results of experimental research providing data for determining membrane operational
parameters are presented. Analysis of results and their discussion are presented.

Results. A new membrane technique that provides high product water quality and utilisation of concentrate effluents, as well
as efficient removal of ammonia from reject water following sludge dewatering, is proposed. The presented results confirm
the economic advantages and efficiencies of reverse osmosis applications in wastewater treatment facilities.
Conclusions. The conducted investigations confirmed the high efficiency of the reverse osmosis membrane in removing all
major impurities contained in wastewater following sludge digestion and during biological treatment. The use of membrane
techniques thus provides efficient and reliable operation of wastewater treatment facilities. Reverse osmosis concentrate
effluent can be utilised by blending with sludge or used in fertiliser production.
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AHHOTALUMUA

BBepeHue. NpeacTaBneH Nnogxoa K N3y4eHuto TEXHONornmM obpaTtHOro ocmMmoca NpUMeEHsSIEMON B CUCTEMaX OYMCTKM X035~
CTBEHHO-ObITOBbIX 1 MPOMBILLIIEHHBIX CTOUHbIX BoA. [puBeaeHbl pe3ynbTaThl 9KCNEPUMEHTOB, HaNpPaBIEHHbIX Ha U3yYeHre
pexuma paboTbl 06paTHOOCMOTUYECKOW YCTAHOBKM NPU OYNCTKE CTOYHBIX BOA. [peanoxeHa MeToamka yTunusaumm KOoH-
LeHTpaTa, obpasytoLlerocs B npouecce 06paboTkn ncxogHow Boapl. [NprBegeHbl Briok-cxembl MaccoBOro banaHca 3arpsis-
HSIIOLLMX BELLECTB B NpeafiaraeMoin CXemMe O4YUCTKU.

MaTtepumanbl U MmeToabl. Hanbonee pacnpocTpaHeHHbIM NOAXOA0M SABASIKOTCA TEXHOMNOrMM 0bpaTHOro ocMoca, Kak OgHOM
13 anbTepHATVB MOAEPHMU3ALIMN OYUCTHBIX COOPYXKEHMUIN. PaccMoTpeHa TEXHUKO-3KOHOMMYECKasi OLleHKa NPUMEHEHNs ycTa-
HOBOK 06paTHOro ocMoca AJ1st O4UCTKU CTOUHbIX BOA. MccnenoBaHbl pexviMbl paboThl YCTAHOBKM.

MpoBeneH aHanun3 nuTepaTypbl Mo NPUMEHEHNI0 MEMOPaHHBIX YCTAaHOBOK 115t OYUCTKM CTOYHBIX BoA. [pov3BeaeHbl aKcne-
pPYMEHTambHbIE UCCINEN0BAHNS PEXMMOB PaboTbl MEMOPaHHBIX YCTaHOBOK MPU OYUCTKE CTOYHBIX BOf. [TpoaHanuanpoBaHbl
MoNyYeHHbIE SKCMEPUMEHTASIbHbIE AaHHbIE.

Pe3ynbratbl. OgHMM 13 NpenmyLlecTB pa3paboTaHHOW METOANKM ABNASeTCs ahdEeKTUBHAA O4MCTKA UNOBOW BOAbI, YTU-
nn3auusi KOHLUEeHTpaTa obpaTHOro ocMoca 1 NosyYeHne KaueCTBEHHON BOAbI, UCMONb3YEMON ANt TEXHOMOMMYECKMX Lienen
Ha OYUCTHBIX COOPYXeHUsIX. B psige cryyaeB AaHHble NOATBEPAUIIM TEXHONOMMYECKY0 060CHOBaHHOCTb NPUMEHEHUS pac-
CMaTpyBaEMOI TEXHOMOMMU, a TAKKe e€ SIBHbIE NPEMMYLLECTBA nepes G1UoNorMyeckuMm MeTogamm no TakMm nokasatensam
KaK HaleXXHOCTb N 9(PPEKTUBHOCTD.
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BbiBoabl. B cTpouTenbcTBe ycTpoiicTBa 06paTHOr0 0CMoca Mpu yaaneH OCHOBHbIX 3arpsisHSIIOLLMX BeLLecTB 13 obpaba-
ThiBaeMoli Bogbl, 06pasytoLLeincs npu aHaapobHo cTabunmsaumm ocagka CTOYHbIX BOA, MOTYT obecrneunTts Gonee cTabunb-
HOe 1 aPHEKTUBHOE (PYHKLIMOHMPOBAHME OYUCTHBLIX COOPYXKEHUIN. KOHLEHTPAT, MOMyYeHHbI NPy UCMONb30BaHNN MeMBpaH
06paTHOro ocMoca, MOXET BbITb UCNONBb30BaH As NPOU3BOACTBA YA0GPEHWI NN cMeLLaH ¢ 06e3BOXKEHHBIM OCaAKOM Af1s
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INTRODUCTION

Due to the urgent need to prevent eutrophication
of surface water, necessitating the efficient removal of
nitrogen and phosphorus from municipal and indus-
trial wastewater, biological treatment technologies are
increasingly employed. In order to increase the effi-
ciency by which ammonia cam be removed from sew-
age, various technologies are presently being developed
and applied. This, in turn, requires additional financial
support for the modernisation of Wastewater Treatment
Plants (WWTPs) [1-14]. Figure 1 shows a conventional
biological WWTP flow diagram illustrating all neces-
sary processes used for sewage and sludge treatment.
In this article, however, a novel approach to removing
ammonia nitrogen and other pollutants using mem-
brane reverse osmosis (RO) techniques is presented.
RO is known to be an efficient tool for removing dif-
ferent kinds of contaminants and thus to be capable of
being applied to treat water and sewage [14—18]. Many
RO installations are already being used for the final
treatment of biologically treated wastewater allowing
its reuse for technological purposes [1, 15, 18]. A flow
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Fig. 1. Conventional wastewater treatment flow diagram
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Return activated sludge

diagram demonstrating RO post-treatment processes is
shown in Fig. 2. The main disadvantage of applying RO
in WWTP schemes is the existence of concentrate flows
that cannot be discharged since containing all removed
pollutants — in particular, nitrogen and phosphorus.
The novel approach presented in this article proposes
a technique for concentrate utilisation that increases
potential RO recovery up to 0.99. The RO concentrate
containing removed ammonia and other pollutants is
added to raw sludge and withdrawn from the process
together with dewatered sludge.

Conventionally, biological treatment of wastewa-
ter is associated with the production of excess sewage
sludge as a by-product, with large WWTP installations
using anaerobic sewage sludge digestion. The biggest
advantage of this is the production of heat and electric
energy from biogas. During the final dewatering of di-
gested sludge, highly concentrated reject water is pro-
duced in which the concentration of ammonia reaches
500-2000 mg N-NH4+/L. Typically, this is returned to
the main processing line of a WWTP without any fur-
ther treatment (Fig. 1). Extremely high concentrations
of ammonia in wastewater require the development of
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1221

A9JIN ¥mMHLO9g

810Z ‘0L @nss| € awnjop . BulesuiBbug [IAID Jo AlISISAIUN 81B1S MOS0} JO SBUIPa220.d « NSDIN MIUISIAA
(8uUO) 0099-70£Z NSSI (Juud) G£60-2661 NSSI

8102 ‘0L 32Aulag ¢ woL



Tom 13 Beinyck 10, 2018
Vestnik MGSU - Proceedings of Moscow State University of Civil Engineering « Volume 13 Issue 10, 2018

ISSN 1997-0935 (Print) ISSN 2304-6600 (Online)

BectHuk MICyY

Wojciech Dabrowski, Alexei G. Pervov, Konstantin V. Tikhonov

efficient new tools for its reduction. However, improve-
ments to biological reactors for ammonia removal, such
as Membrane Biological Reactors (MBR), bio-aug-
mentation reactors, etc., may lead to an unacceptable
increase in financial investments [10-14].

A novel approach to removing ammonia nitrogen
from reject water using a reverse osmosis (RO) mem-
brane treatment technique is presented as follows. RO is
known as an efficient tool for removing different kinds
of pollutants and contaminants from wastewater and
has been shown to be successfully applied to improving
the quality of biologically-treated wastewater [15—18].
The flow diagram illustrated in Fig. 3 shows the treat-
ment of reject water from dewatered sewage sludge us-
ing RO membranes. Here, the RO unit is operating in
circulation mode, allowing the volume of reject water
to be decreased by 4-10 times. RO concentrate is with-
drawn together with the sludge; the membrane product
can be added to the feed water or to the treated water,
depending on ammonia concentration.

A new field of application proposes the use of RO
to treat reject water generated during sewage sludge sta-

Float tank Bioreactor

Feed
wastewater

Reject water

Dewatering unit

Dewatering sludge

Fig. 2. RO post-treatment of biologically-treated wastewater

10 %

Membrane
concentrate

Membrane
product

RO membrane

Fig. 3. Principles of RO concentrate disposal
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Return activated sludge

bilisation in biological WWTPs. The RO unit can be
used for technical purposes with the concentrate being
returned to be mixed with sludge, thus increasing its
nitrogen and salt content. This way, ammonia nitrogen
can be eventually withdrawn along with the dewatered
sludge. A schematic flow diagram of RO treatment of
reject water in terms of salt balance is presented in
Fig. 3.

The novel approach developed by the authors al-
lows RO recovery to be increased up to 0.99 and reten-
tate withdrawn from the process together with sludge
[19, 20]. The proposed flow diagram of the RO treat-
ment process for wastewater reuse and RO concentrate
utilisation is shown in Fig. 4. The first-stage membrane
is used to treat wastewater and remove ammonia. Con-
centrate produced by the first-stage membrane is then
further treated by a second-stage membrane, which is
used to decrease the flow of concentrate to achieve a re-
covery value of 0.99. Product flow after the second RO
stage is mixed with the feed wastewater.

Experimental research was carried out in order to
evaluate the efficiency of the membrane for removing
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Fig. 4. The newly-proposed solution for reuse of biologically-treated wastewater for boiler feed and steam production

primary wastewater pollutants such as: ammonia ni-
trogen, nitrate, BOD, phosphate etc. The experimental
RO treatment parameters allowed optimum recovery
and product flow values to be determined along with
membrane characteristics (rejection, pressure) in order
to provide efficient treatment and utilisation of the con-
centrate. The main aim of the research was to develop
relationships between the removal and recovery of am-
monia and other pollutants using membranes. Addi-
tional goals included the determination of the maximum
value-mass balance for evaluating the characteristics of
membrane units and carrying out economic compari-
sons between MBR, augmentation reactors and RO post
treatment of biologically treated water.

EXPERIMENTS DESCRIPTION,
MATERIALS AND METHODS

The experimental program carried out was aimed
at developing relationships between concentrations of
different pollutants in RO product water versus mem-
brane unit recoveries. The developed relationships can
be used for the design of RO wastewater treatment
units in order to determine the required membrane type,
surface and recovery capacity. Wastewater treatment
by RO can be divided in two stages: stage 1 provides
wastewater treatment and production of quality treated
water, while stage 2 allows RO unit recovery to be in-
creased up to 0.99 and higher to decrease concentrate
flow. Product water from the second stage can be added
to the feed water. The experimental program consisted
of 3 experimental series:

Series 1: To develop dependencies between mem-
brane removal efficiencies and membrane product flow
of main wastewater pollutants alongside membrane unit
recovery. These results provide characteristics of the
membrane unit that ensures quality treated water in the
first stage of membrane treatment.

Series 2: Treatment of the first stage concentrate to
achieve a recovery rate up to 0.99; prognosis of product
water and chemical content of concentrate.

Series 3: To develop dependencies between mem-
brane removal efficiencies and membrane product flow
and recovery during sludge dewatering retentate treat-
ment.

Experiments were conducted using two different
laboratory membrane units to treat wastewater at the
first and second stages. The flow diagrams of both units
were similar.

A flow diagram of this experimental procedure is
presented in Fig. 5. Feed water is pumped from feed
water tank / into membrane module 3 using centrifu-
gal pump 2. The working pressure value was § bars.
In RO module, feed water stream was separated into
two streams: product water and concentrate streams.
Product water was forwarded to product tank 4 while
concentrate was returned to the feed water tank /. Feed
water volume was decreased 10 times throughout test
runs. In the first experimental series, feed water volume
equalled 100 litres and by the end of each test run con-
centrate volume equalled 10 litres. Low pressure RO
membrane elements were used (model 4040 BLN) sup-
plied by CSM (Korea). The membrane surface in the
4040 modules was 10 square meters. By comparison,
membrane elements with nanofiltration membranes
(4040 90 NE) and high-removal RO membranes (4040
BE) were tested. The cross-flow value in the test unit
was 300 litres per hour.

The recovery value is determined as a ratio of
the product flow rate to the feedwater flow rate value
(Op/Of).

In our experiments, the recovery value was cal-
culated as the ratio of product water volume collected
relative to the product water tank to the volume in the
feed water tank (Fig. 5). The ratio of a feed water vol-
ume in feed water tank at the beginning of the experi-
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Fig. 5. Schematic flow diagram of laboratory RO unit used in experiments: / — feed water tank; 2 — pump; 3 — spiral wound

membrane module; 4 — permeate tank; 5 — heat exchanger; 6 — pressure gauge; 7 — feed water flow meter; § — permeate

flow meter; 9 — concentrate flow meter; /0 — by-pass adjusting valve, // — feed water adjusting valve; /2 — concentrate
adjusting valve; /3 — cooling water adjusting valve; /4 — sampler

ment test run to the volume of concentrated feed water
in the feedwater tank during the test run was defined as
a volume reduction coefficient K. The recovery value
defined as O /0 is connected with the K value through-
out the equation:

OplOf=1-1/K.

Membrane rejection is the characteristic capabil-
ity of the membrane to reject different species that are
dissolved in water. Membrane rejection is determined
as the ratio of impurities contained in the feed water
that passed through membrane together with the per-
meate: R = Cf— Cp/Cf x 100 %, where Cf'and Cp are
the concentration values of impurities in feed water and
product water respectively.

If the concentration values of different impurities
in the feed water and the values of their rejection are
known, it will be possible to predict concentration val-
ues of these impurities in the product water following
membrane treatment. It is also noteworthy that prod-
uct water constantly permeates through the membrane
and is withdrawn from the membrane unit; therefore,
the concentration values of rejected impurities in the
concentrate flow constantly increase. Thus, the concen-
tration values of impurities penetrated through mem-
brane also increase. As a result, the “rejection” value
of membrane unit (unlikely Membrane Rejection char-
acteristic) depends on Recovery. This article was aimed
at determination of “rejection” values of Reverse Os-
mosis membrane unit at high recoveries and maximum
allowed recoveries that can be maintained during mem-
brane treatment of wastewater.

During conducted test runs, samples of product
water and concentrate were withdrawn from the feed
water and product water tanks (Fig. 5) and the calculat-

1224

ed ratios of their volumes related to different volume re-
duction coefficient K values. Chemical compositions of
feedwater, product water and concentrate corresponding
to various values of K are presented in Table 1.

In order to demonstrate a high recovery value up
to 0.99, the second-stage membrane unit was tested.
The flow diagram of the second stage test unit was the
same as shown in Figure 5. Concentrate from the tank
(1) following the first series (10 litres) was used in the
second experimental series. The tank volume in the
second stage membrane unit was 10 litres. First-stage
concentrate (feed water) from tank (1) was pumped to
the membrane module. Small nanofiltration membrane
modules (1812 standard) model were used. The mem-
brane surface in the module was 0.5 m?. Nanofiltration
(1812 90 NE model) and low-pressure RO (1812 BLN)
membranes were used. These modules were manufac-
tured and supplied by CSM, Korea. In the second-stage
unit, a small pump produced by C.C.K., model R0 900,
was used. The cross flow was 50 litres per hour, while
the working pressure was 7 bars. Wastewater following
secondary sedimentation was taken from the wastewa-
ter treatment facilities.

Table 1 presents wastewater composition and
some examples of product water and concentrate com-
positions measured at different recovery

For the third experimental series, reject water fol-
lowing sludge dewatering was used. Excess sewage
sludge with whey and flotation sludge in a dairy WWTP
was stabilised in an anaerobic digestion chamber and
dewatered with a centrifuge. The amount of reject wa-
ter following sludge dewatering measured in the dairy
WWTP during the research period was up to 10 % of
the total amount of raw dairy sewage. The average con-
centrations of pollutants in reject water that were used
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Table 1. Wastewater chemical composition and composition of product and concentrate at different recovery rates

Ne | Components | Wastewa- | Low pressure RO membrane Nanofiltration mem- Regenerations
ter after brane (permiHad
biological | RO product | RO con- RO product | RO con- NF product | NF con- discharge)
treatment | (recovery | centrate (recovery |centrate (recovery | centrate

0.5) (recovery |0.9) (recovery |0.99) (recovery
0.5) 0.9) 0.99)

1 |pH 7.9 6.65 7.6 6.8 7.7 7.1 8.0 6.5...7.5

2 |NH,", ppm 1.27 0.15 2.6 0.5 10.1 3.5 97 0.189

3 |(PO,)*, ppm 0.17 0.02 0.13 0.18 1.6 1.5 8.32 0.4

4 |TOC, ppm 190 32 220 48 384 — —

5 |BOD, ppm 7.24 0.7 7.7 2.16 13.8 4.64 114.5

6 |(SO,", ppm 23 0.12 29 0.67 226 59 218

7 |Cl, ppm 266 29 416 411.4 3942 795 5822 -

8 | Oil, ppm 4.1 0.02 7.7 0.2 31.1 — —

9 | Detergents, 1.8 0.05 2.5 0.25 10.2 — —

ppm
10 [ TDS, ppm 465 50 1280 250 3580 1215 17160

in laboratory experiments were: COD — 1830 mg O,/L;
TOC — 155.3 mg/L; ammonia nitrogen — 1537.6 mg
N-NH,"/L; total phosphorous — 137.1 mg P/L.

DISCUSSION OF THE RESULTS

Figure 6 shows the results of test unit operation
in terms of the influence of ammonia and other pollut-
ant concentrations on recovery. The higher recovery is
the larger concentration value of different pollutants in
the product water. Recovery is defined as the ratio of
product flow to the feed water flow. In our experiments,
recovery is calculated as the ratio between the water

the initial feed water volume in the Tank 1 in the begin-
ning of the experiment.

Figure 7 shows the calculated results of membrane
removal efficiencies (rejection values) of different pol-
lutants versus recovery. In order to determine the re-
quired recovery value, providing efficient removal of
all pollutants and ensuring high product water qual-
ity, we proposed a development of the obtained rela-
tionships (Fig. 7) to show the dependence of specific
concentration values (C/Cmg) and recovery values, as
shown in Fig. 8. A specific concentration value is de-
fined as the ratio of C/Cmg, where C is the concentra-
tion of the removed pollutant in the initial feed water to
— a value required by discharge regulations. When

volume in Tank 1 at a certain moment of experiment to C..
0.35
0.30 .
g /
& /
5025 £
=
g 020 p Ol
k] Ammonia / /
Y
g /
5 015 s
g -
g 0.10 e
il . i
&) / Phosphate
0.05 & B—
—.H//
i’

0.8 1.0

Recovery

Fig. 6. Concentration values of different pollutants in RO product water versus recovery
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the concentration of the pollutant in the product water
reaches the regulation value, the value C/ C.. equals 1.
Thus, the recommended recovery can be determined by
the cross point of the curves yielding concentration ver-
sus recovery curves and the line parallel to the abscissa
corresponding to C/Cmg: 1. Since the rejection of dif-

ferent ions by low-pressure membranes depends signifi-
cantly on the working pressure, while osmotic pressure

increases with water salinity, a number of experiments
were conducted in order to determine the influence of
feed water salinity (TDS value) on ammonia rejection.
Figure 9 shows the dependencies between ammonia re-
jection and recovery in different cases of wastewater
TDS. An addition of sodium chloride to the feed water
was performed.

In order to predict the concentrations of ammonia
in RO product water, the obtained data was presented
in terms of membrane removal relationship (R, %) and
concentration factor K (Fig. 10). The concentration fac-
tor K is defined as the ratio of initial feed water volume
in Tank 1 (Fig. 5) at the beginning of the experiment
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and the volume of concentrate in the feed Tank 1 at
a certain moment of the experiment. The concentration
factor K value is connected with the recovery value Rec.
according to the following equation: Rec. = K — 1/K.
This approach enables us to present dependence of
rejection R versus K as an exponential function:

R=cx K,

where R — membrane ammonia removal, %; K — con-
centration factor that is related with recovery (Rec.) by
the following equation: K = (1/1 — Rec.); b — power
index that can be determined using empirically obtained
dependencies:

b =-0.000248 (TDS — 430) for wastewater with
TDS value 600—1500 ppm;

b =-0.000115 (TDS + 220) for wastewater with
TDS value 50-600 ppm;

¢ — empirical coefficient value that can be deter-
mined from the following empirical dependencies:

¢ = 0.00485 (2337 — TDS), for wastewater with
TDS value 600—1500 ppm;

——e__
- HN4 ~—e T~
e
%,
=] 1DS N
G \\
g N
¢ N\
\
0.2 0.4 0.6 0.8 1.0
Recovery

Fig. 7. Removal efficiencies of different pollutants versus recovery. Low-pressure RO membrane, BLN type (CSM, Korea)

Oil
—® —
0.2 0.4 0.6 0.8 1.0
Recovery

Fig. 8. The C/ng value versus recovery (C — concentration values of pollutants, ppm; C..— the value required by water
discharge regulations)
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Fig. 9. Influence of feed water TDS on ammonia removal efficiencies: dependencies between ammonia removal by low-pres-
sure RO membrane on the recovery rate for different feed water TDS values: 1 — feed water TDS 770 ppm; 2 — feed water
after addition of 3000 ppm of NaCl; 3 — feed water after addition of 6000 ppm of NaCl
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Fig. 10. Ammonia removal versus concentration Factor K and feed water TDS: / — TDS — 300 ppm; 2 — TDS — 500 ppm;

3 —TDS — 750 ppm; 4 — TDS — 1000 ppm

¢=0.008 (3000 — TDS), for wastewater with TDS
value 50—-600 ppm.

After product quality water is produced, the prob-
lem of concentrate (retentate) handling and utilisation
must be faced. As is shown in Fig. 8, the recovery value
for wastewater treatment typically ranges between 0.8—
0.9. As was suggested above, concentrate flow can be
treated (decreased) by introducing an additional mem-
brane step to increase the recovery value up to 0.99. In
our experiments, the initial amount of wastewater was
100 litres. After the amount of concentrate in the Tank 1
reached 10 litres, the experiments were stopped and the
concentrate was moved to another test unit. The same
flow diagram was used in the second test unit, as shown
in Fig. 5. The volume of Tank 1 was 10 litres. A small
gear pump and spiral wound modules of 1812 standard
were used with low pressure and nanofiltration mem-
branes. Since the TDS value of circulating concentrate
increases throughout the test runs, membrane product

flow constantly decreases and concentration values
of different pollutants in product water constantly in-
crease. Figure 11 shows that the dependencies between
TDS, ammonia and phosphate concentrations increase
in wastewater concentrate (Fig. 11, a) and retentate fol-
lowing sludge dewatering (Fig. 11, b).

Figures 12—15 demonstrate reduction of specific
product flow throughout test runs of wastewater treat-
ment both at the first and second stages. Figure 12
shows a decrease in the specific product flow of dif-
ferent membranes with an increase in feed water TDS.
Figure 13 demonstrates a reduction of specific product
flow versus recovery during wastewater concentrate
treatment at the second stage. Figure 14 shows the re-
sults of product flow measurements on both stages for
different wastewater TDS values. The TDS values were
changed by the addition of different amounts of sodium
chloride to the feed water in Tank 1 (Fig. 5). Figure 14
shows the dependencies between specific product flow
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Fig. 11. Ammonia and phosphate concentrations in the second stage product versus recovery: a — treatment of wastewater

retentate after the first stage treatment; b — treatment of reject after digested sludge dewatering
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Fig. 12. Treatment of biologically treated wastewater at high recoveries. Dependencies between specific product flow rate: and
feed water TDS for different membrane types: / — low pressure RO, BLN type; 2 — nanofiltration membrane, 90 NE type;

3 — high removal membrane, BE-type. Membranes produced by CSM (Korea)

rates of RO and NF membranes and recovery for dif-
ferent feed water TDS values. It is obvious that prod-
uct flow dramatically decreases when recovery values

reach 0.95-0.99. It seems reasonable to use nanofiltra-
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tion membranes at the second stage to reduce mem-
brane costs. Figure 15 shows the dependencies between
specific product flow throughout the whole process both
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for the first and second stages as well as for different
membrane applications.

Figures 10-15 demonstrate an experimental ap-
proach to determining the required membrane charac-
teristics for designing a membrane unit for wastewater
treatment and concentrate utilisation. The main charac-
teristics to be determined are: product quality, specific
product flow and required recovery, as well as mem-

brane types at the first and second stage membrane units.
Figure 10 demonstrates an example for determining the
required recovery value at the first stage. Ammonia con-
centration on the second stage for selected recovery can
be determined as shown in Fig. 11. The second stage
product water can be added to the feed water.

The second stage concentrate is added to sludge that
is forwarded to a dewatering unit according to Fig. 2.
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The suggested improvement of conventional bio-
logical wastewater treatment includes the use of RO
for wastewater post-treatment and the utilisation of RO
concentrate and retentate following sludge dewatering
using an additional RO step (Fig. 4).

Figure 16 consists of a flow diagram of wastewa-
ter treatment and concentrate utilisation as well as mass
balance considerations for determining the required RO
unit parameters to treat reject water following sludge
dewatering. The determination of required RO pa-
rameters and mass balance during treatment of reject

Retentate 3¢

o~

Concentrate ¢, C

water following digested sludge dewatering is shown
in Fig. 17.

When describing applications of RO tools for treat-
ing wastewater and reject water from sewage sludge de-
watering, it was assumed that the feed water stream has
been adequately pre-treated using ultrafiltration. More-
over, suspended colloidal, organic and bacterial fouling,
as well as scaling, can occur on the membrane surface
when high recovery rates are achieved. A great deal of
research work was carried out by our team in order to
investigate fouling and scaling processes [12, 13]. As

R
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Fig. 16. Dissolved contaminants concentrations balance in the sludge sedimentation tank
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a result, “open channel” modules were developed that
can be operated using feed water with high fouling and
scaling potential without the risk of decreasing mem-
brane performance [12]. Even direct wastewater treat-
ment without a biological step was successfully carried
out through the use of newly developed “open channel”
modules [12].

The experiments conducted in this article provided
no evidence of scaling and low-solubility salt deposi-
tion from the concentrate volume. The developed “open
channel” RO modules [12] can be used to ensure the
safe operation of the RO unit at high recovery rates. For
higher concentrations of calcium in the feed wastewa-
ter, deposition of calcium carbonate can occur on the
membrane surface and in the concentrate flow at high
recovery rates. Thus, a new technique is proposed and
developed for withdrawing excessive hardness from
RO concentrate and reducing concentrate and TDS
hardness at high recovery rates [13].

The presented data show that the application of RO
techniques provides more economical and reliable solu-
tions than biological tools. Future research will provide
economic and technical survey and analysis to evaluate

and compare modern methods for reducing ammonia
and other biogenic elements in wastewater effluents.

CONCLUSIONS

Principles of the use of RO techniques in waste-
water treatment schemes for improving product water
quality are presented. RO concentrate, which contains
ammonia nitrogen and other pollutants, is added to
the sludge and withdrawn along with the dewatered
sludge.

The study showed the high efficiency of RO in re-
moving the primary pollutants from reject water gen-
erated during anaerobic sewage sludge stabilisation in
a dairy WWTP.

The research indicated that the full-scale use of RO
in dairy WWTPs would result in a significant decrease
of contamination load in reject water. This could ensure
the stable and efficient functioning of dairy WWTPs
without the necessity of biological stage modernisa-
tion. Concentrate produced during RO treatment can be
used for fertiliser production or blended with dewatered
sludge prior to final reuse.
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