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Chemically enhanced primary treatment, microsieving, direct membrane
filtration and GAC filtration of municipal wastewater: a pilot-scale study
Simon Gidstedt a,b, Alexander Betsholtza, Michael Cimbritza, Åsa Davidssona, Marinette Hagmana,
Stina Karlssona, Maria Takmana, Ola Svahnc and Federico Micoluccia

aDepartment of Chemical Engineering, Lund University, Lund, Sweden; bSweden Water Research AB, Ideon Science Park, Lund, Sweden;
cDepartment of Environmental Science and Bioscience, Kristianstad University, Kristianstad, Sweden

ABSTRACT
Chemically enhanced primary treatment (CEPT) followed by microsieving and direct membrane
filtration (DMF) as ultrafiltration, was evaluated on pilot scale at a municipal wastewater
treatment plant. In addition, a granular activated carbon (GAC) filter downstream of DMF was
evaluated for the removal of organic micropollutants. Up to 80% of the total organic carbon
(TOC) and 96% of the total phosphorus were removed by CEPT with microsieving. The
additional contribution of subsequent DMF was minor, and only five days of downstream GAC
filtration was possible due to fouling of the membrane. Of the 21 organic micropollutants
analysed, all were removed (≥ 98%) by the GAC filter until 440 bed volumes, while CEPT with
microsieving and DMF removed only a few compounds. Measurements of the oxygen uptake
rate indicated that the required aeration for supplementary biological treatment downstream of
CEPT with microsieving, both with and without subsequent DMF, was 20−25% of that in the
influent wastewater. This study demonstrated the potential of using compact physicochemical
processes to treat municipal wastewater, including the removal of organic micropollutants.
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1. Introduction

Municipal wastewater treatment is essential to maintain
a living aquatic environment in wastewater recipients
and to protect drinking water sources. Conventional
wastewater treatment, such as the activated sludge
process, focuses on degradation of organic matter and
removal of nutrients, and is an established and well-
used technique for that purpose. However, this process
is the most energy intensive at wastewater treatment
plants (WWTPs) [1] and only partially removes organic
micropollutants [2] – two problems that in recent years
have been given increasing attention.

One alternative to biological wastewater treatment is
physicochemical treatment processes, for example
chemically enhanced primary treatment (CEPT) with
subsequent microsieving followed by direct membrane
filtration (DMF). CEPT includes the addition of precipi-
tation chemicals early in the treatment train and has
been suggested by [3] to increase the removal of sus-
pended solids in the primary treatment. CEPT with sub-
sequent microsieving can serve as a treatment with low
foot-print and high removal of SS (> 95%), chemical
oxygen demand (COD) (> 70%) and total phosphorus
(TP) (> 95%) [4]. CEPT with microsieving has also been
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reported to increase biogas potential compared to con-
ventional treatment, and could potentially be a net
energy producing process [5].

DMF of municipal wastewater has been investigated
in several studies as a stand-alone wastewater treatment
processes, but mostly on smaller scale (<1.0 m2 mem-
brane area) [6–10]. The advantages are the concentration
of organic matter for subsequent biogas production, low
energy demand and low surface area requirements. The
permeate could be free from bacteria and suitable for
reuse if the membranes are tight enough (e.g. ultra-
and nanofiltration) [10, 11]. Furthermore, DMF has been
suggested for the removal of organic micropollutants,
however this only applies to nanofiltration or osmosis
membranes which provide lower fluxes compared to
micro- and ultrafiltration. Some removal of micropollu-
tants has been observed using ultrafiltration but this
was related to adsorption of the micropollutants in the
membrane pores rather than retention [12].

The most crucial problem and disadvantage is fouling
of the membranes [7]. By adding DMF as a post treat-
ment step to CEPT and microsieving, a relatively recent
study demonstrated the possibility of achieving high
retention of SS and phosphorus with low net-energy
consumption without any reports of major fouling [6,
13]. There is a need for more studies that can confirm
their results. There is also a need to combine the
concept with additional treatment for removal of
organic micropollutants.

Adsorption using granular activated carbon (GAC) is a
well-studied process that can be used for the removal of
organic micropollutants and several studies have been
performed with GAC on secondary wastewater
effluent, i.e. after biological treatment [14–17]. Recently,
we demonstrated the potential of using powdered acti-
vated carbon after DMF for the adsorption of organic
micropollutants [18]. The adsorption of organic micro-
pollutants was generally lower in the DMF permeate
than in effluent wastewater after tertiary (biological
and chemical) treatment, and this was partly because
of higher concentrations of dissolved organic carbon
(DOC) in the DMF permeate.

CEPT with microsieving and DMF is a promising
concept due to its compact size, high retention of par-
ticles and potential for high energy recovery through
biogas production of the sludge. However, few studies
of this concept have been performed on pilot or full
scale. Furthermore, the potential of combining DMF
with subsequent GAC filtration for the adsorption of
organic micropollutants is unexplored. The main aim
of this study was thus to evaluate CEPT, microsieving,
DMF and GAC filtration in terms of treatment
efficiency, and organic micropollutant removal.

2. Materials and methods

A pilot-scale plant with CEPT, microsieving and DMF, fol-
lowed by GAC filtration, as shown in Figure 1, was oper-
ated at Svedala (Sweden) municipal WWTP (18,500
population equivalents). The influent wastewater was
mainly domestic with a medium-to-strong chemical
composition; average concentrations (number of
measurements; n = 8-19) after the sand trap during the
operational period were 366 ± 100 mg SS L−1, 649 ±
120 mg COD L−1, 180 ± 65 mg TOC L−1, 43 ± 18 mg
DOC L−1, 74 ± 13 mg total nitrogen L−1 and 9 ± 2 mg
total phosphorous L−1.

2.1. Physicochemical treatment on pilot scale

Wastewater (3 m3 h−1) was pumped from the sand trap
to a coagulation and flocculation (CEPT) tank consisting
of two stirred compartments, with volumes of 0.2 and
0.8 m3, respectively. Precipitation chemicals (poly-alu-
minium chloride; PAX XL60, Kemira, Sweden and
anionic polymer; Hydrex-6161, Veolia, France) were
dosed at 12 mg Al3+ L−1 and 3 mg polymer L−1 to the
respective CEPT compartments, as shown in Figure 1.
Flocs were removed in a microsieve drum filter (0.33
m2, 100 µm openings, Hydrotech, Sweden) upstream
of membrane filtration.

DMF was operated using a 40 m2
flat-sheet ultrafiltra-

tion (UF) membrane (10 kDa molecular weight cut-off,
UFX10-pHt, Alfa Laval, Denmark) mounted on a frame
submerged in a tank. Permeation was driven by a
vacuum pump at a fixed frequency. Transmembrane
pressure varied between 300 and 800 mbar. To mitigate
fouling, the tank was aerated (30 Nm3 h−1) and the
vacuum pump was stopped for 2 min every 10 min to
minimise cake build-up. The solids retention time in
the membrane tank was maintained at ∼1 h to minimise
biological activity. Three rounds of DMF operation were
performed; Round 1 was performed with only microsiev-
ing upstream of DMF, Rounds 2 and 3 were both per-
formed with CEPT and microsieving upstream of DMF.
Transmembrane pressure and flux were recorded by
the control software. Chemical backwashing (cleaning
in place) and soaking of the membranes were performed
using citric acid at pH ∼2 to remove inorganic fouling
and using hydrogen peroxide at pH 10-11 to remove
organic fouling.

The DMF permeate was further treated in 19-L GAC
filter (Aquasorb carbon 5000, Jacobi carbons,
Germany). The filter was operated for 440 bed
volumes. An empty-bed contact time of 10 min was
maintained by controlling the flow (114 L h−1). A 19-L
sand filter and a 19-L GAC filter were operated under
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the same conditions using the same type of GAC down-
stream of the full-scale WWTP for 540 bed volumes.

2.2. Sampling and analysis

Grab samples and 24-h composite samples were col-
lected downstream of the sand trap, microsieve, and
DMF membrane, and upstream and downstream of the
GAC filters. The SS concentration was determined
according to the European standard EN 872. TOC, COD
and TP were analysed using Hach cuvettes (LCK 385,
314, 348, 349) and a portable spectrophotometer
(Hach DR2800, Germany). These analyses were per-
formed within 24 h of sampling (stored at 4°C), while
samples for organic micropollutant analysis were
frozen in 100 mL high-density polyethylene bottles
until later analysis.

Samples were prepared for the analysis of 21 organic
micropollutants (atenolol, carbamazepine, ciprofloxacin,
citalopram, diclofenac, estrone, fluconazole, ibuprofen,
imidacloprid, ketoconazole, losartan, metoprolol,
naproxen, oxazepam, paracetamol, propranolol, sertra-
line sulfamethoxazole, tramadol, trimethoprim and ven-
lafaxine). The selected micropollutants represents
various physical and chemical properties, and were
mainly selected from a list of 22 compounds of environ-
mental relevance suggested by the Swedish Medical
Products Agency and compounds included on EU
Watchlists 1, 2, and 3 [19–21]. Preparation was done
using solid phase extraction (SPE) on an Oasis HLB
200 mg SPE column. Briefly, a 50 mL sample was trans-
ferred to the SPE column. After drying, eluting and
reconstitution, sample volumes of 1-10 µL were injected

into a liquid chromatograph followed by tandem mass
spectroscopy (equipment used: Waters Acquity UPLC
H-Class, Xevo TQS Waters Micromass, Manchester, UK).
Three different methods were used, detailed descrip-
tions of which have been given previously [22, 23].
Method precision and the sensitivity of the analysis are
given in Table S1.

2.3. Oxygen uptake rate experiments

Oxygen uptake rate (OUR) experiments were conducted
to investigate the potential of a biological treatment
downstream of the physicochemical processes. Five
litres of activated sludge were taken from the aerated
basin at the full-scale WWTP and aerated for 12 h at
20°C. Grab samples were collected upstream of the
CEPT tank, downstream of microsieving, downstream
of DMF and downstream of the full-scale WWTP (used
as reference). Samples were stored for a maximum of
48 h at 4°C until the OUR experiments were started. Acti-
vated sludge (300 mL) was mixed with each wastewater
sample (800 mL) and allylthiourea (10 mg L−1) to inhibit
nitrification. The activated sludge concentration in the
OUR reactors was 0.78 g volatile suspended solids
(VSS) L−1 in the samples collected upstream of the
CEPT tank and downstream of microsieving, and 0.65 g
VSS L−1 downstream of DMF and downstream of the
full-scale WWTP.

The OUR analysis system (BM-Advance Respirometer,
Surcis, S.L., Spain) was based on cycles of aeration.
During the experiments, the concentration of dissolved
oxygen was monitored and the OUR was calculated by
the programme used to control the system. The

Figure 1. The upper part shows a simplified process scheme of the full-scale WWTP and a subsequent pilotscale sand and GAC filter.
The lower part shows a simplified process scheme of the pilot-scale treatment using physicochemical processes. Red dots indicate
sampling locations for wastewater constituents and/or micropollutants, and orange dots indicate sludge sampling locations for bio-
methane potential experiments.
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experiments were run for∼4 h for each sample. For com-
parable results, the OUR results were normalised for the
concentration of VSS in the reactors, which is called
specific OUR (SOUR). The oxygen demand in each waste-
water sample was calculated as the accumulative
oxygen uptake from the start of the experiment until
the OUR reference value was reached.

2.4. Microbial analysis

E. coli concentration, the total cell concentration (TCC)
and the intact cell concentration (ICC) were determined
in the influent to the plant, downstream of microsieving
and downstream of DMF on two occasions. Grab
samples were collected and analysed within 12 h
(storage at 4−7°C). E. coli was analysed using the
IDEXX Colilert 18 test and Quanti-Tray 2000. The
effluent from microsieving was diluted 1:1000 with
Milli-Q water, and the effluent from DMF was diluted
1:10 or 1:100 with Milli-Q water. The influent samples
were passed through 100 µm filters before analysis, to
remove large flocs that could disturb the analysis.

TCC and ICC were analysed using flow cytometry
(FCM) (BD C6 Accuri Flow cytometer) with a 50-mW
argon laser (wavelength = 488 nm). Influent samples
and the effluent from microsieving were passed
through a 10 µm filter before analysis, to protect the
instrument from clogging. SYBR® Green I (diluted in
dimethyl sulphoxide to a concentration of 100x) was
used to analyse TCC, and a mixture of propidium
iodide (PI) and SYBR Green I was used to differentiate
between intact (living) and damaged (dead) cells. The
final SYBR Green I concentration was 1x in the stained
samples (both TCC and ICC), and the final PI concen-
tration was 0.3 mM in the stained samples. After stain-
ing, the samples were incubated at 37°C for 15 min.
Aliquots of 50 µL of each sample were analysed, at a
flow of 35 µL min−1. Fluorescence was read at 533 ±
30 nm (FL1, green fluorescence) and > 670 nm (FL3,
red fluorescence). FlowJo software (v 10.6.2) was used
to analyse the FCM data, and identical gates, based on
the SYBR Green I stained cells, were used for TCC and
ICC.

2.5. Biomethane potential

Inoculum was collected from a mesophilic anaerobic
digestion chamber (Klagshamn WWTP, Sweden) and
was degassed for five days at 37°C. Grab samples of
sludge from the microsieve and the waste-activated
sludge from the full-scale WWTP were collected and
stored at 4°C for ∼48 h. On the day of experiment
initiation, the total solids (TS), volatile solids (VS) and

COD were analysed in each sludge and inoculum
sample. The inoculum was then mixed with tap water
(used as blank), tap water and Avicel® PH-101 cellulose
powder (Sigma-Aldrich, Germany; used as control),
sludge from the microsieve or waste-activated sludge
in 500 mL triplicate reactors. A substrate-to-inoculum
VS ratio of 2:5 was used. Each reactor was flushed with
nitrogen gas to establish anaerobic conditions before
it was sealed and placed in a water bath (37°C). The reac-
tors were stirred periodically for 30 days, and methane
production was measured in an AMPTS®II instrument
(Bioprocess Control, Sweden).

3. Results and discussion

3.1. Removal of wastewater constituents

Treatment was evaluated both with and without CEPT
upstream of the microsieve. Without CEPT, the removal
by microsieving was, on average, 57% of SS, 50% of
TOC and 30% of TP (Figure 2). The removal of TP and
TOC by microsieving will vary depending on how
much that is bound in particles, which can vary in the
influent wastewater [24]. Subsequent DMF increased
the removal significantly. On average, 81% of the TP
was removed, which corresponded to an average con-
centration of 1.86 mg TP L−1 in the membrane
permeate.

After applying and optimising CEPT, the removal by
microsieving was significantly enhanced and was
similar to that of microsieving and DMF without CEPT
(Figure 2, right). After subsequent DMF, the removal of
both SS and TP was > 99%, while the removal of TOC
was 88%, on average. The concentrations in the DMF
permeate, after CEPT and microsieving, were 3 ± 1 mg
SS L−1, 26 ± 3 mg TOC L−1, 68 ± 9 mg COD L−1, 44 ±
4 mg total nitrogen L−1, and 0.05 ± 0.06 mg TP L−1 (n
= 4; 24-h composite samples). The concentration of
TOC was equal to that of DOC. The presence of SS in
the permeate could have been due to the aggregation
of dissolved substances after DMF or the release of bac-
teria from a biofilm in the tank and pipes on the perme-
ate side of the membrane.

3.2. Removal of bacteria and the potential for
wastewater reuse

The removal of bacteria by pre-precipitation, microsiev-
ing and DMF was not high enough to reach below the
limits for wastewater reuse. In the EU, the limit for
E. coli for the irrigation of edible crops is 10-1000 cfu
(100 mL)−1 depending on the crop and irrigation
method, and 1·104 cfu (100 mL)−1 for the irrigation of
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industrial, energy and seeded crops [25]. The E. coli con-
centration in the DMF permeate was on average 3.8·104

cfu (100 mL)−1, hence exceeding the limit for the irriga-
tion of both edible and energy crops (Table 1).

TCC and ICC increased after microsieving. This could
be due to the release of bacteria from the biofilm on
the equipment after microsieving. The amount of
E. coli relative to TCC and ICC was lower in the DMF
permeate than in the influent and the microsieve
filtrate, indicating greater removal of E. coli than ICC
and TCC in the DMF and in the treatment process in
general. To protect the analysis equipment, the
samples of the influent and the microsieve filtrate
were passed through a 10 µm filter prior to FCM analysis.
If there had been larger bacteria in the influent and
microsieve filtrate, these would have been removed
before analysis, and would thus not have been included
in the FCM analysis.

We did not expect to find any coliform bacteria after
DMF because of the small pores of the UF membrane.
Nevertheless, 3.8·104 cfu (100 mL)−1 was measured in
the DMF permeate, which corresponded to a log
removal of 2 (i.e. 99%). The relatively high concentration

of E. coli could be due to contamination biofilm in the
pipes on the permeate side, as valves were sometimes
opened to the external environment. Bacteria could
thus be released from a biofilm. For wastewater recla-
mation purposes, UF has been reported to provide a
log removal of 4 for coliform bacteria [26]. We were
not able to reach this high removal by DMF.

3.3. Organic micropollutant removal

Concentrations of organic micropollutants and their
removal in GAC filters are given in Table 2, according
to concentration after DMF. Paracetamol, ibuprofen
and naproxen were detected at much lower concen-
trations after the WWTP than after DMF, due to their
degradation in the activated sludge process [27].

Treatment by CEPT with microsieving and DMF had
varying effects on the removal of micropollutants
(Figure 3) and thus the effluent concentrations varied
(Table S2). Sertraline, ketoconazole and ciprofloxacin
were removed to highest extent (Figure 3). This can be
explained by their high solid-water partitioning coeffi-
cients (Table S3) [28, 29] and thus their ability to
adsorb onto sludge. Most compounds with low solid-
water partitioning coefficients, such as diclofenac and
carbamazepine [30] (Table S3) were removed to little
or no extent. Removal by DMF was negligible for most
of the micropollutants studied. This was expected as
the molecular weight cut-off of the UF membrane
(10 kDa) was much higher than the molecular weight
of the micropollutants (Table S3).

Figure 2. Removal of SS, TOC and TP by physicochemical treatment. The figure on the left shows the results of treatment without
CEPT (number of measurements; n = 4-5), and that on the right the results with CEPT (n = 5-8). Error bars represent standard devi-
ations. Both 24-h composite samples and grab samples were analysed.

Table 1. Levels of E. coli, TCC and ICC downstream of the sand
trap (influent), microsieving and DMF. Average values from two
sampling occasions.

Influent Microsieve filtrate DMF permeate

E. coli (cfu (100 mL)−1) 1.3·107 1.2·106 3.8·104

TCC (cells (100 mL)−1) 6.1·108 1.7·109 3.2·108

ICC (cells (100 mL)−1) 5.2·108 1.6·109 2.8 108
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The removal of organic micropollutants by the GAC
filter downstream of DMF and the GAC filter down-
stream of the full-scale WWTP was similar (Table 2).
The operational period (5 days) of the GAC filter down-
stream of the DMF was limited by heavy fouling of the
membrane and at this time, 440 bed volumes had
been put through the GAC filter. It is worth noting

that the high removal of organic micropollutants is
expected at these low bed volumes, and longer oper-
ational times are necessary to allow a valid comparison
between the effects of GAC after DMF and conventional
treatment. The removal of all the organic micropollu-
tants analysed was≥ 98% in the GAC downstream of
DMF (until 440 bed volumes). The concentrations

Table 2. Concentrations of organic micropollutants and removal by GAC downstream of DMF and downstream of the full-scale WWTP.
Values are obtained from one 24-h composite sampling upstream and downstream of each GAC filter. Values are sorted according to
concentration downstream of DMF.

Concentration (ng L−1) Removal (%)

Downstream of
DMF

Downstream of
DMF & GAC

Downstream of
WWTP

Downstream of
WWTP & GAC LOQ*

By GAC filtration
downstream of DMF

By GAC filtration
downstream of WWTP

Paracetamol 37,319 57 <LOQ <LOQ 2.0 >99 -
Ibuprofen 15,987 225 1,127 <LOQ 100 99 >99
Naproxen 7,417 17 678 24 10 >99 96
Atenolol 2,535 <LOQ 1,445 13 2.0 >99 99
Metoprolol 1,577 <LOQ 2,017 26 2.0 >99 99
Diclofenac 1,402 10 1,296 25 2.0 99 98
Losartan 913 22 1,349 57 1.0 98 96
Venlafaxine 752 5.5 640 7.5 1.0 99 99
Carbamazepine 614 2.0 643 8.9 0.5 >99 99
Tramadol 529 3.0 909 8.1 1.0 99 99
Fluconazole 288 0.3 60 4.0 0.3 >99 93
Ciprofloxacin 246 1.9 <LOQ <LOQ 10 99 -
Trimethoprim 242 <LOQ 132 1.3 1.0 >99 99
Citalopram 191 2.8 360 1.2 1.0 99 >99
Sulfamethoxazole 164 <LOQ 240 4.7 2.0 >99 98
Propranolol 142 <LOQ 76 <LOQ 2.0 >99 99
Oxazepam 109 1.0 493 8.7 1.0 99 98
Ketoconazole 73 <LOQ 14 <LOQ 10 >99 >99
Imidacloprid 36 <LOQ 12 <LOQ 2.0 >99 98
Estrone 34 <LOQ 29 <LOQ 0.2 >99 >99
Sertraline 10 <LOQ 34 <LOQ 0.5 >99 >99

*LOQ: limit of quantification.

Figure 3. Organic micropollutant removal by CEPT with microsieving and DMF in the pilot-scale treatment plant. Results of measure-
ment from one 24-h composite sample.
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downstream of this GAC filter were below the limit of
quantification for nine of the micropollutants, and the
two highest concentrations were 57 ng L−1 (paraceta-
mol) and 225 ng L−1 (ibuprofen) (Table 2). The
removal of micropollutants by GAC filtration down-
stream of the full-scale WWTP was≥ 93% (until 540
bed volumes). The two highest concentrations down-
stream of this GAC filter were 26 ng L−1 (metoprolol)
and 57 ng L−1 (losartan), and eight of the micropollu-
tants were present in concentrations below the limit
of quantification (Table 2).

The average concentration of DOC (and TOC) enter-
ing the GAC filter downstream of DMF was 28.0 ±
0.4 mg L−1 (n = 3). The corresponding concentration
for the GAC filter downstream of the full-scale WWTP
was 11.9 ± 0.3 mg L−1 (n = 3). At the time of sampling,
both GAC filters removed about 65% of the DOC. The
amount of adsorbed DOC was calculated to be 25 and
15 mg DOC (g GAC)-1 for the GAC filter downstream of
DMF and that downstream of the full-scale WWTP,
respectively. Due to the higher load of DOC, it would
be expected that the GAC downstream of DMF would
reach saturation before the GAC downstream of the
full-scale biological WWTP. Hence, breakthrough of
organic micropollutants in the GAC downstream of
DMF would probably occur earlier.

A high DOC load on a GAC filter could also result in
the rapid establishment and growth of a biofilm. This
could affect the micropollutant adsorption and degra-
dation [31], and the pressure build-up in the filter,
increasing the required backwash frequency. However,
longer studies on GAC filtration following CEPT, micro-
sieving and DMF are required to investigate this.

3.4. Membrane operation

The influence of applying CEPT upstream of the micro-
sieve on operation of the DMF membrane was investi-
gated and results are shown in Figure 4. The initial
permeability in DMF was approximately 25 L m−2 h−1

bar−1 (flux: 18 L m−2 h−1) for Round 1 (no CEPT upstream
of microsieving) and a relatively steady decrease was
observed until the end of operation when the per-
meability was approximately 4 L m−2 h−1 bar−1 (flux: 3
L m−2 h−1). The permeability in DMF was generally
higher in Round 2 than in Round 1, except for in the
beginning. Initial and final flux for Round 2 were 18
and 7 L m−2 h−1, respectively. The permeability in
Round 3, when CEPT was applied upstream of microsiev-
ing the second time, was higher than in Round 1 for the
first 10-40 h, and similar for the remaining time (40-90 h).
Initial and final flux for Round 3 were 15 and 10 L m−2

h−1, respectively. The permeabilities at the end of

Round 2 and 3 (when CEPT was applied) were much
lower than the permeability found by Hey et al. [6]
who observed a permeability of 203 L m−2 h−1 bar−1

(flux: 6.1 L m−2 h−1) after 159 h of continuous operation
at 30 mbar transmembrane pressure using microfiltra-
tion. Apart from the different types of membrane
filtration (micro- and ultrafiltration) used in their study
and our, the lower permeability could also be due to
more severe fouling.

Membrane cleaning with chemicals had varying
effect on the restoration of membrane permeability.
Before Round 1, preliminary tests with CEPT upstream
of microsieving and DMF were performed (results not
shown) and the membranes were fouled. Cleaning was
performed by chemical backwash, using hydrogen per-
oxide (12 g m−2) and citric acid (100 g m−2) according
to the membrane manufacturer’s recommendation.
However, this proved to be inadequate as the pure
water flux was not sufficiently restored (< 70% per-
meability recovery). Therefore, the amounts of cleaning
chemicals after Rounds 1-3 were increased, and the
membranes were cleaned by both chemically enhanced
backwash and by soaking them in the chemicals for 24-
48 h. After Round 1, the membranes were cleaned with
hydrogen peroxide (18 g m−2) and citric acid (150 g
m−2), and the permeability was recovered to 84%.
After Round 2, the membranes were cleaned with only
hydrogen peroxide (36 g m−2), and permeability was
recovered to 89%. The fact that recovery was high
despite that no citric acid was used indicated that the
fouling was mostly organic. After Round 3, cleaning
was again performed with only chemically enhanced
backwash, using hydrogen peroxide (24 g m−2) and
citric acid (200 g m−2) and only 54% of the permeability
was recovered. This indicated that the membranes were
severely fouled and that only chemical backwashing was
not enough to restore the permeability. The relatively
high design flux of 25 L m−2 h−1 (recommended by
the membrane manufacturer) probably contributed to
the fouling and should be reduced. Other cleaning
chemicals should also be investigated to restore mem-
brane permeability.

3.5. Degradation of remaining organic content

To further reduce the remaining organic content down-
stream of microsieving and DMF, a supplementary treat-
ment could be used, such as an aerated biological
process. Information on DOC degradability and the
required aeration was found by conducting OUR exper-
iments. The specific oxygen uptake rate (SOUR) was
measured in three different wastewater samples
(influent, microsieve filtrate and DMF permeate) and
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compared to the SOUR measured in the effluent from
the full-scale WWTP (Figure 5).

The initial values of SOUR for the microsieve filtrate
and the DMF permeate (25 and 21 mg O2 g

−1 VSS h−1)
(Figure 5), and the short time (0.5-0.6 h) required to
reach the OUR of the effluent wastewater indicated
that much of the organic content was readily biodegrad-
able after these processes. The oxygen uptake was 34
(influent), 8 (microsieve filtrate) and 7 (DMF permeate)
mg O2 L−1. The oxygen uptake in the influent was
reduced by 76% by treatment using CEPT and microsiev-
ing. Further treatment by DMF downstream of CEPT with
microsieving only reduced the oxygen uptake by
another 2 percentage points (to 79%), which corre-
sponded to another 1 mg O2 L−1, and hence had little
influence on the oxygen demand.

3.6. Energy production and consumption

The potential energy production through biomethane
production of sludge from the microsieve was estimated
based on the removal of organic matter and the exper-
imentally determined biomethane potential. The
energy production potential was then compared with
the energy consumption of the treatment concept,
both the pilot-scale plant consumption and reported
energy consumption from literature.

The retentate from the DMF membrane was very
dilute (TS ≈ 0.05%) and contained only a small part of
the total mass flow of SS (< 3%). Therefore, the potential
production of biomethane from the retentate would be
minor compared to that of the sludge from the micro-
sieve and was therefore not included in the biomethane
potential. The biomethane potential of the sludge from

Figure 4. Moving averages of measured permeability (normalised at 15°C) of the UF membrane used in DMF with and without CEPT
upstream of microsieving.

Figure 5. Specific oxygen uptake rate (SOUR) vs. time. The dashed lines in the figure indicate when the initial SOUR of the WWTP
effluent was reached. The initial SOUR was found in the start of the experiment.
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the microsieve was 0.34 ± 0.03 Nm3 kg−1 VS (n = 3),
which can be compared with 0.31 ± 0.01 Nm3 kg−1 VS
(n = 3) for the waste-activated sludge from the full-
scale WWTP, which can be seen as an inconsiderable
difference. Higher biomethane potential was expected
for the sludge from the microsieve since it would be
more easily degradable than activated sludge. On the
other hand, the similarity in the results could be due
to the fact that the waste-activated sludge also con-
tained primary sludge (Svedala WWTP does not have a
primary clarifier; Figure 1).

Assuming 90% removal of VS (≈ VSS) by CEPT with
microsieving (the removal of SS was 96-98% during
operation), an energy conversion of 9.97 kWh m−3 CH4

[32] and a biogas potential of 0.34 Nm3 kg−1 VS, the
potential energy production would be 0.84 kWh m−3

microsieved wastewater. If 40% of the energy can be
converted to electricity [13], the production would be
0.34 kWhelectricity m

−3 treated wastewater. The remaining
energy could be used for heating.

The energy consumption of the pilot-scale plant was
3.7 kWhelectricity per m3 of treated wastewater. This
value includes CEPT, microsieving, DMF and pumping.
The high consumption was due to the extensive aeration
used to reduce fouling of the membranes, that the mem-
branes were fouled and thus produced less permeate,
and that the different processes at the plant were dimen-
sioned for different loads and thereforemuch energywas
spent on pumping excess water. Comparing the energy
consumption with the potential energy production, we
can conclude that less than 10% of the electricity con-
sumption would be covered. However, the energy con-
sumption of this pilot-scale plant might not represent
the consumption of a full-scale treatment plant.

It would be more relevant to compare with the
reported energy consumption for full-scale treatment
in Hey et al. [13], 0.55 kWhelectricity m

−3, including treat-
ment by screening, sand removal, CEPT, microsieving,
DMF, chemical cleaning and anaerobic digestion. In
their analysis, the energy production was similar to the
consumption, indicating the potential of being a net
energy neutral process. However, even with this lower
consumption included in our comparison, it would not
be possible to get full energy coverage; the estimated
production would only cover 61% of the energy con-
sumption. More energy-efficient treatment would thus
be desired to reach a balance between energy consump-
tion and production. The solution probably includes
optimisation of the DMF step since this treatment step
is the most energy intense. In a recent study, the esti-
mated energy consumption for DMF of primary waste-
water was as low as 0.013 kWh m−3 when vibration
and short-time aeration were applied [8]. In combination
with biogas production of the sludge, these techniques
potentially change the DMF concept from net energy
negative to net positive. However, this has only been
investigated on lab-scale and further validation is
required on a larger scale.

3.7. Potential of CEPT, microsieving, DMF and
GAC

The combination of CEPT, microsieving and DMF may
be a suitable option depending on the objective of

Table 3. Combinations of physicochemical process
configurations and expected treatment efficiency.

Process configuration Expected removal

Main treatment
objectives and
potentials

Microsieving (MS) SS: 50-60% Replace primary
clarifiers and save
space

TOC: 50%
COD: 20% a

TP: 30%
Cationic polymer
coagulation + MS

SS: 80-90% a Increase biomethane
production potential

COD: 70-90% a Increase removal of SS
and COD

TP: 50-90% a Reduce additional
chemical sludge
production

Coagulation/
flocculation + MS

SS: >95% Increase biomethane
production potential

TOC: 75-85% Increase removal of SS,
COD and TPCOD: 70-90% a

TP: >95%
MS + UF SS: 100% Increase removal of SS,

TOC and P
TOC: 80-90% Potential of wastewater

reuseTP: 80%
Coagulation/
flocculation + MS +
microfiltration

SS: 100% b Increase biomethane
production potential

COD: 90-95% b Increase removal of SS,
COD and TP

TP: >99% b Decrease risk of
membrane fouling

Potential of wastewater
reuse

Coagulation/
flocculation + MS + UF

SS: 100% Increase biomethane
production potential

TOC: 80-90% Increase removal of SS,
COD and TP

COD: 90% Decrease risk of
membrane fouling

TP: >99% Increase potential of
wastewater reuse

Coagulation/
flocculation + MS +
UF + GAC filtration

SS: 100% Increase biomethane
production potential

TOC: 80-90% Increase removal of SS,
TOC and TP

COD: 90% Increase potential of
wastewater reuse

TP: >99% Decrease risk of
membrane fouling

Organic
micropollutants:
>95%*

Remove organic
micropollutant

aVäänänen et al. [4].
bHey et al. [6].
*For initial removal in a GAC filter.
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treatment. A compilation of process configurations
with expected removal and treatment objectives is
given in Table 3. Results from Figure 2 and Table 2
are included in the table, together with data from pre-
vious research.

With the prospect of tougher demands on effluents
and limited space at current WWTPs, physicochemical
treatment may be a suitable option as part of the
treatment chain. Microsieves can have high filtration
rates, depending on filter cloth opening size, and
their use could save space if used to replace primary
clarifiers [4, 33, 34]. A significantly higher degree of
particulate removal can be achieved with microsieving
if CEPT is applied upstream of the microsieve (Figure
2, Table 3), as also reported by Ljunggren et al. [33]
and Väänänen et al. [4]. This would also increase the
potential biomethane production. A high degree of
removal of SS and organic matter can be achieved
by adding a cationic polymer in the CEPT step, while
the addition of a metal salt increases the removal of
phosphorus [3]. Additional DMF could produce a
wastewater with lower concentrations of SS, TOC
and phosphorus, and a GAC filter could remove
organic micropollutants. The low concentration of SS
in the permeate could potentially reduce clogging
and thus the backwash frequency of a subsequent
GAC filter.

4. Conclusions

Chemically enhanced primary treatment followed by
microsieving, DMF and GAC filtration was tested on
pilot scale, and supplementary laboratory experiments
were performed. The following main conclusions were
drawn regarding treatment efficiency and the removal
of organic micropollutants.

. Up to 80% of TOC and 96% of total phosphorus was
removed by CEPT with microsieving. When sub-
sequent DMF was employed, the removal increased
to 88% TOC and 99% total phosphorus.

. With an optimised CEPT with following microsieving,
subsequent DMF had minor influence on the oxygen
demand for biological degradation of the organic
matter.

. Only three out of 21 organic micropollutants
were removed (> 80%) by CEPT with microsieving.
Subsequent DMF had minor influence on the
removal.

. GAC filtration after CEPT, microsieving and DMF pro-
vided a high degree of removal (≥ 98%) of organic
micropollutants over a short operational period.
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