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ABSTRACT

In the context of wastewater treatment and reuse, separating urine from domestic wastewater pro-
motes a more flexible and sustainable municipal treatment system and has attracted considerable
attention in the scientific community. This study investigated the feasibility of applying nanofiltration
(NF) and reverse osmosis (RO) as a complementary treatment after membrane bioreactor (MBR) treat-
ment of source-separated urine. Experiments were conducted on a lab scale with a synthetic effluent
containing natural organic matter representative of urine after MBR treatment. The performances of
NF and RO in terms of productivity and water quality were compared. NF and RO could remove more
than 95% of total organic carbon which is composed mainly of humic and fulvic acids. NF could only
reduce the conductivity by less than 45% whereas RO removed more than 80% of ions which would
make water reuse more feasible. A complete short-term fouling analysis by membrane autopsy was
performed in order to understand the different contributions of organic and inorganic components on
NF and RO fouling. The obtained results showed that NF was more prone to scaling as water rinsing
and chemical cleaning were not fully effective in removing mineral deposits. RO seemed less prone to

organic fouling and scaling than NF.
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1. Introduction

Responding to the increasing water demand, wastewater
treatment and reuse is one of the solutions to develop non-
conventional water resources [1,2]. Urine source separation is
of great interest because most of the nutrients in wastewater
(nitrogen and phosphorus) are derived from urine which
accounts for less than 1% of the total volume of wastewater
[3]. As nitrogen produces toxic effects in rivers and phospho-
rus produces excessive algal growth, major efforts have been
undertaken to precipitate phosphorus and to convert ammo-
nium to gaseous nitrogen. Separating urine from wastewater
would offer various advantages such as the reduction of
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footprint, energy consumption and improvement of the
effluent quality [4]. Therefore, urine source separation could
increase the flexibility of wastewater treatment and its treat-
ment for water reuse seems a promising option [5].
Depending on the overall goal of the source-separated
urine treatment process, a specific technical solution can
be found to meet the requirements [6]. Membrane bioreac-
tors (MBRs) have become a state-of-the-art technology for
wastewater treatment [7]. This involves a combination of
the conventional biological sludge process with a micro or
ultrafiltration membrane system. While the biological pro-
cess can significantly reduce organic pollutants by biodegra-
dation, the membrane module acts as a physical separation
retaining particles and bacteria between the treated water
and the mixed liquor. The MBR offers the advantage of low
footprint, better water quality and high operational flexibility
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(dissociation of the hydraulic retention time to the sludge
retention time) [8].

Urine is highly concentrated in different salts (above
10 g/L) and usually represents a chemical oxygen demand
to total nitrogen ratio (COD/TN) of below 2 [9]. Fresh urine
contains urea that can be hydrolyzed into carbon dioxide and
ammonia when it is stored (due to urease activity). Ammonia
(NH,) and ammonium (NH,") are then in equilibrium
depending on the pH (pKa = 9.25). As a result, ammonium
ions represent the major compounds of total nitrogen com-
position of this wastewater influent. The specificity of having
a low COD/TN ratio would make the control of MBR opera-
tion challenging. Indeed, the low organic carbon load is very
favorable to the nitrification stage (as nitrification is carried
out by autotrophic bacteria) but may become an obstacle for
a full denitrification and impact the total nitrogen removal of
treated water [10]. Consequently, there is a risk of accumu-
lating nitrites, NO,™ or nitrates, NO, [11]. Furthermore, the
pH of stored urine is usually around 9 moving the equilib-
rium toward the NH, form which would cause the inhibi-
tion of ammonia oxidizing bacteria and thus would hinder
the treatment of NH,"increasing even more concentration in
NH, [9,12,13]. Finally, high concentrations of NH, would also
cause the inhibition of nitrite-oxidizing bacteria [14].

Due to the possible presence of NH,’, NO,” and NO,
in the MBR permeate as well as the presence of salts
(mainly Na' and CI), a complementary treatment after
the MBR would thus be needed for complete source-sep-
arated urine treatment and possible water reuse. Among
the potential post-treatment methods after MBR, the use
of nanofiltration (NF) or reverse osmosis (RO) has gained
popularity for wastewater treatment and reuse. These
pressure-driven processes are set-up in compact systems
and can retain ions. Indeed, nanofiltration (NF270 from
Dow) after a MBR treating synthetic municipal wastewater
could remove 71% of salinity, 84% of total organic carbon
(TOC) and 89% of total nitrogen on a lab scale [15]. Kappel
et al. [16] studied the combination of MBR and NF with NF
concentrate recirculation to the MBR for municipal wastewa-
ter treatment and reuse during 1 year. NF270 (Dow) exhib-
ited a rejection of 97% of TOC, less than 40% of monovalent
ions (Na* and CI"), over 60% of Ca*, Mg?*, Cu* ions and over
99% of SO, and PO,> ions. They demonstrated that NF foul-
ing was not due to the presence of organics but rather due to
the presence of inorganics and the major cause of flux decline
was due to the precipitation of calcium phosphate.

Jacob et al. [17] compared the performances of NF and
RO after a MBR step treating real municipal wastewater.
They found that tight NF could reduce over 80% of conduc-
tivity and TOC whereas loose NF could only reduce these
up to 60%. For tight NF, irreversible fouling occurred at all
Transmembrane pressures (TMPs) (4 to 12 bar) due to low
molecular weight dissolved organic carbon (DOC). RO could
reduce the conductivity and TOC over 90% for any volumet-
ric concentration factor (VCF). Fouling of RO was mainly
reversible (over 95% of flux recovery) and due to the rise of
the osmotic pressure and non-compressible cake formation.

Lee and Lueptow [18] studied the use of RO to treat
spacecraft wastewater containing urea for water reuse. They
concluded that even if RO was effective to recover wastewater
with high solute rejection, nitrogen rejection increased

significantly after urea hydrolysis, since ammonium ions are
more easily rejected by RO membranes. This shows the need
for a supplementary process before RO, such as the MBR, to
stabilize urine.

However, as previously mentioned, urban source-
separated urine would be more concentrated in salts than
municipal wastewater and it would be more problematic to
reach reuse guidelines for the concentrations of NH,, NO,
and NO,~. Moreover, NF and RO foulants may be organic
and/or inorganic and, in any case, this seems to be highly
dependent on effluent quality.

Consequently, the overall objective of this work was to
study the behavior of NF or RO as a post-treatment method
after MBR for source-separated urine treatment and reuse.
This was done in terms of short-term fouling mechanisms and
water quality analysis. In order to reach this goal, synthetic
source-separated urine MBR permeate containing natural dis-
solved organic matter (DOM) was used as a feed for NF and RO
on a lab scale. The NF and RO permeate quality was analyzed
with special attention given to DOM as well as NH,*, NO, and
NO,". The mechanisms of NF and RO membrane fouling were
investigated by monitoring TMF, flux decline and recovery
and at last by performing a complete membrane autopsy.

2. Material and methods

2.1. Composition of the synthetic MBR permeates from source-
separated urine

The mineral composition of the synthetic MBR permeate
was based on synthetic nitrified urine composition of Udert
and Wachter [19] diluted by a factor of 6 to consider flushing
water addition. The assumption of partial nitrification and
no denitrification occurring in real MBR fed with source-
separated urine was taken into account by adjusting NO,-N,
NO,-N and NH-N concentrations. The resulting recipe of the
mineral synthetic wastewater is given in Table 1.

Real MBR permeate also contains DOM (typically soluble
microbial products and exopolymeric substances). To take
into account the influence of DOM, a real MBR effluent
from a southern France municipal wastewater treatment
plant (80,000 P.E.) was used. This real DOM source was
concentrated using RO. Then, dilution was done to get
around 10 mg/L of TOC as obtained by Kappel et al. [16].
Obviously, the ionic composition of the resulting effluent
also changed accordingly with the concentrations of DOM
sources. The average composition of the synthetic effluent
with DOM is given in Table 2.

Table 1
Recipe of the mineral synthetic MBR permeate

Chemicals Concentration (g/L)
NH,NO, 0.70
NaH,PO, H,0 0.40
KHCO, 0.95
Na,SO, anhydrous 0.40
NaNO, 2.30
NH,Cl 1.40
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2.2. RO and NF experimental set-up

NF and RO filtrations were performed using a laborato-
ry-scale cross flow filtration unit (Koch Membrane Systems
Labcell-F-1) and under a constant TMP mode. The experi-
mental set-up is illustrated in Fig. 1. The effluent, placed in
the feed tank of a maximum capacity of 500 mL, is circulated
in cross flow mode thanks to the tangential filtration pump.
The temperature of the feed tank was controlled and main-
tained constant during the experiments thanks to its double
envelope and a cooling/heating system. The membrane was
mounted on the membrane module and pressurized nitro-
gen was used to adjust the TMP. The permeate flow rate was

Table 2

Average composition of synthetic MBR permeate
Parameter (mg/L) MBR permeate with DOM
TOC 10.1+0.2
Inorganic carbon 111 +22
Cr 1,698 + 14
N-NO, 424 +27
N-NO, 154 £27
SO~ 456 £ 24
PO* 198 +29
Na* 1,421+6
N-NH,* 377 £36
K 485 + 65
Mg* 56+8
Ca*> 182 +74

Nitrogen pressure

regulator <>

@

<X I
~
L
Feed tank
500 mL [|e— )
TMP sensor Cooling/heating
system
Membrane
cell
— Tangential
l filtration pump
Permeate

Fig. 1. Tllustration of the experimental filtration set-up [20].

Table 3
Characteristics of the NF and RO membranes

obtained from measurements of permeate mass using an
electronic balance.

Two flat sheet membranes with an effective membrane
area of 28 cm? were tested: an NF membrane (NF90) and an
RO membrane (TFC-HR) whose characteristics are presented
in Table 3.

2.3. Filtration method

Experiments were performed by filtrating 300 mL of
synthetic mineral MBR effluent or synthetic MBR effluent
containing natural DOM (Table 2) at two constant TMPs: 12
or 16 bar. TOC, cation and anion concentrations were mea-
sured after the filtration, on the whole collected permeate. A
decrease of permeation flux vs. time was observed due to the
rise of osmotic pressure, concentration polarization and pos-
sible fouling. In order to compare the different experiments
with the same matter quantity brought to the membrane sur-
face, it was chosen to present the normalized flux decline as
a function of the VCF. The VCF is related to the filtrated vol-
ume according to Eq. (1):

VO
v @™

VCF =

0

where V| is the initial volume in the feed tank (300 mL) and Vp
is the volume of permeate. In continuous systems, it is com-
mon to use the recovery rate (Y) defined as the ratio between
permeate flow rate and feed flow rate. Thus, the recovery rate
could be defined according to Eq. (2). Thus, a VCF of 2 could be
equivalent to a recovery rate of 50% and a VCF of 3% to 66%.

yo1-—1_ @)
VCF

After conditioning (Milli-Q water soaring and compress-
ing) the new membrane coupons and in order to evaluate
membrane fouling, membrane permeability corrected at 20°C
was measured with Milli-Q water three times for each exper-
iment: before filtration, after filtration plus rinsing and after
chemical cleaning. The correction was made with Eq. (3):

"’I'T"C

20°C

Lpyyc = Lp ®)

To get rid of slight variations in permeability from one
membrane coupon to another, permeabilities were normal-
ized by the initial permeability. The water rinsing consisted
in removing the membrane from the filtration cell, rinsing
it thoroughly with Milli-Q water and then a 10-min Milli-Q
water circulation in the filtration cell without permeation

Supplier Material pH range Mean roughness (nm) Zeta potential

(mV) in NaCl, pH>5
NF 90 Dow Filmtec Polyamide on 3-10 127 [21] Negative [21]
TFC-HR Koch Membrane polyether sulfone 4-11 64 [22] Negative [22]

support layer
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was performed. The chemical cleaning consisted in soaking
the membrane for at least 1 h in NaOH solution (0.01 M for
NF membranes and 0.001 M for RO membranes according to
manufacturers’ guidelines) to remove possible organic foul-
ing. Following this, the membrane was rinsed with water and
then in HCl solution (0.01 M for NF membranes and 0.001 M
for RO membranes to respect manufacturers’ guidelines) to
remove potential mineral deposits.

2.4. Water quality assessment

The concentration of anions (i.e., Cl, NO,, NO,;, PO*
and SO,*) and cations (i.e, NH*, K*, Na’, Mg* and Ca*) was
measured using an ion chromatograph ICS-1000 (Dionex)
equipped with an IonPac AS19 column for the anions and
a ICS-900 (Dionex) equipped with a IonPac CS12A column
(Dionex) for the cations. Inorganic carbon was measured
with a TOC metre (TOC-Vcsh/csn, Shimadzu) and the pre-
dominant form was considered to be HCO,™ as the pH of the
samples was between 7 and 8. Apparent rejection rates were
calculated using Eq. (4) in which C is the salt concentration
in the permeate and C, is the salt concentration in the feed:

C
R=1-—2 @)

C

f

The TOC concentration was measured with a TOC metre
(TOC-Vcesh/csn, Shimadzu) using the non-purgeable organic
carbon method, which corresponds to the measurement
of DOC, as particulate organic carbon was removed with
1.2 um syringe filters. Knowing the exact volumes of feed,
permeate, rinsing water and concentrate in each experiment,
a TOC mass balance was performed to compare the mass of
TOC that was initially in the feed to the total mass of TOC col-
lected in the permeate, the rinsing water and the concentrate.

A closer monitoring of the DOC was done thanks to flu-
orescence measurement. Fluorescence was recorded using
a PerkinElmer model LS55 fluorescence spectrophotometer
with 1 cm path length quartz cells. Samples were diluted
with ultrapure water to avoid any inner filter effect. The dilu-
tion ratio was determined after measurements were taken
at successive dilution ratios, in order to limit overlapping
signals. A fluorescence excitation emission matrix (3DEEM)
was obtained by subsequently scanning the emission spectra
from 280 to 600 nm and excitation spectra from 200 to 500 nm,
both stepped by 10 nm. The fluorescence intensities were cor-
rected by normalising with the Raman spectra of water and
subtracting the signal of Milli-Q water. The qualitative anal-
ysis of DOM fraction was done thanks to the classification of
Chen et al. [23] given in Table 4.

A semi-quantitative method was also attempted here by
the integration of the whole fluorescence signal. Hence, the
volume of fluorescence (®) was calculated from the corrected
matrix, following the integration method according to [23]

(Eq. 5)):
D=3 Y.  I(hexiem)AlexAiem (5)

in which AAex is the excitation wavelength interval (taken
as 10 nm), AAem is the emission wavelength interval (taken
as 10 nm) and I(AexAem) is the fluorescence intensity at each
excitation-emission pair (Raman units).

Similarly to the TOC mass balance, a “volume of fluores-
cence mass balance” was applied to each experiment assum-
ing that the fluorescence intensity was proportional to the
fluorophores concentration.

2.5. Membrane characterization

In order to visualize the membrane surface structure and
to identify inorganic deposit, membranes were analyzed
with a scanning electron microscope (SEM) (ZEISS EVO
15 HD) with energy dispersive X-ray spectroscopy (EDX)
(Oxford AZtec X-Max 50) at 10 kV. For each sample, the EDX
measurement was made on several scanning areas selected
randomly by the user and the average of the obtained rela-
tive mass compositions together with the standard deviation
were calculated.

Functional group characteristics of membrane samples
were measured by a Thermo Nicolet-6700 Fourier transform
infrared (FTIR) spectrometer. The spectra were recorded by
the attenuated total reflection (ATR) method with an optic
Diamant KRS5. Thirty two scans at a nominal instrument res-
olution of 4 cm™ were collected between 500 and 4,000 cm™.
Abackground spectrum was measured before each measure-
ment for subsequent correction.

To assess hydrophobicity of the membrane surfaces, con-
tact angle measurements of the dried membranes before and
after filtration were carried out with a contact angle meter
(Automatic Contact Angle Meter, Model CA-VP, Kyowa
Interface Science Co., Ltd., Japan) and microscope image pro-
cessing software (Image J, NIH-freeware version).

3. Results and discussion
3.1. Performances of NF and RO in terms of water quality
3.1.1. Rejection rates

Fig. 1 shows the apparent rejection rates of the main indi-
cators related to permeate quality obtained for NF and RO

Table 4

Usual classification of fluorescence regions [23]

Fluorescence region Excitation wavelengths range (nm) Emission wavelengths range (nm)
Aromatic protein-like fluorophores (Regions I+II) 200-250 280-380

Fulvic acid-like fluorophores (Region III) 200-250 380-600

Soluble microbial product-like fluorophores (Region IV)  250-350 280-380

Humic acid-like fluorophores (Region V) 250-500 380-500
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filtrations of synthetic urine effluent spiked with DOM at
12 and 16 bar. It is recalled that the analysis of the perme-
ate quality was performed on the whole collected permeate.
Considering NF, it could reduce over 95% of TOC for both
applied TMP and reduce conductivity by only 30% and 45% at
12 and 16 bar, respectively. Indeed, derived from basic trans-
fer equations, an increase of the effective pressure increased
the salt rejection rate in NF or RO [24]. This was verified for
all targeted ions as presented in Fig. 2. As also expected, NF
rejection was higher for trivalent and divalent ions (more
than 96% for SO,> and PO, and more than 70% for Mg*
and Ca?) than for monovalent ions (less than 55%) due to
steric effects and electrostatic effects for negatively charged
trivalent and divalent ions. Then, a high rejection of SO,> and
PO,*, present in relatively high quantity in comparison with
trivalent or divalent cations, may impose a lower rejection
of other anions to insure permeate electroneutrality [24] also
known as the Donnan effect. Among the studied monovalent
anions, NO,™ and NO," are those with the lowest hydration
energy [25] which might explain their low rejection rate (less
than 25%). Additionally, the presence of salts at high concen-
tration increased the ionic strength of the solution and thus
reduced the membrane zeta potential (the membrane may
become less negatively charged here) which may induce a
possible shielding effect which could reduce the electrical
repulsion between the membrane and the anions.

Regarding RO, the apparent rejection rates, as expected,
were systematically higher than those obtained with NF with
values higher than 80%. It could also reduce TOC over 95%
and conductivity over 90%. Lower rejection rates were also
obtained for NO,” and NO,, probably because of the same
reason as previously propounded for NF.
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Fig. 2. Apparent rejection rates of NF and RO filtrations at differ-
ent TMPs with synthetic effluent containing DOM.

As one of the objectives is to evaluate the feasibility of
using NF or RO as a complementary treatment after MBR
for water reuse of source-separated urine, Table 5 presents
some water quality parameters of the NF and RO perme-
ates obtained at 16 bar. It also enables the comparison with
the World Health Organization (WHO) guidelines for
wastewater reuse with minor to moderate restriction on
agricultural usage [26] and with the WHO or French guide-
lines (if not given by the WHO) for drinking water quality
[27]. It can be seen from this table that the pH of NF and
RO permeates follows both guidelines. Only the RO perme-
ate follows the conductivity guidelines. Concerning PO,*,
K, Mg* and Ca?*, no specific guideline is provided as they
are not of concern for typical concentrations encountered
in waters. NF and RO permeates follow both guidelines for
SO, and only the RO permeate follows the drinking water
guidelines for Na' and ClI~. The water reuse guidelines for
agriculture are rather strict. Both permeates are far from the
guidelines for NO, , NO,” and NH,*. The only way to reduce
these nitrogen concentrations is to improve the efficiency of
the MBR by improving nitrification and denitrification pro-
cesses. Nevertheless, depending on the reuse applications,
such as for the toilet flush in decentralized systems, RO per-
meate may be considered appropriate (Table 5).

3.1.2. Organic matter characterization

It was observed previously that NF and RO membranes
could retain, probably by steric effects, more than 95% of
TOC in the MBR effluent. The following results aim at char-
acterizing the type of DOM. Fig. 3 shows the 3DEEM of NF
and RO feeds and permeates for all the experiments. As a
matter of clarity, only results obtained at 12 bar are shown
but an identical trend was observed at 16 bar. All the feeds
mainly present fluorophores in region V (~39% of volume
of fluorescence), which are characteristic of humic acid-like
substances, in regions III (~21% of volume of fluorescence)
which are characteristic of fulvic acid-like and in regions IV
(~31% of volume of fluorescence), which are characteristic of
soluble microbial product-like substances. Only 10% fluores-
cence volume was obtained for protein-like substances. This
is in agreement with the observations of Jacquin et al. [28].
No fluorescent signal was recorded in almost all permeate
samples, meaning that NF and RO retained the totality of flu-
orescent DOM independently of membrane type and TMP.
The 3DEEM of NF and RO concentrates as well as rinsing
waters were really similar to those of the feeds. Likewise,
their distribution of fluorescence volumes was the same as in
the feeds, confirming that all types of fluorescent DOM were

Table 5
NF-RO water quality vs. guidelines
pH Conductivity N-NO,” N-NO,7 N-NH,” SO Na* Cl-
(mS/cm) (mg/L)  (mg/L)  (mg/L)  (mg/L) (mg/L) (mg/L)

NF permeate 7.6 6.27 293 111 119 11.2 895 1,037
RO permeate 7.5 0.72 41.9 18.9 30.1 1.37 82.3 56.5
Water reuse guidelines 6.5-85 3 30 as total nitrogen - 69 140
Drinking water guidelines 6.5-85  0.2-1.1* 0.9 11.0 0.08* 250%* 200* 250*

*French drinking water guidelines.
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Fig. 3. 3DEEM of NF and RO feeds (4-fold dilution), permeates (no dilution), concentrates (8-fold dilution) and rinsing waters

(no dilution).

retained by the NF and RO membranes. This observation also
revealed that water rinsing can indeed remove DOM depos-
its on membrane surface and this was verified by performing
a mass balance on the volumes of fluorescence.

Indeed, a mass balance comparison between “volume
of fluorescence” and TOC measurements was realized
in order to verify whether it could be possible to use the

volumes of fluorescence as a semi-quantitative method. This
semi-quantitative prospective approach (detailed in section
2.4) enables sample comparison. The results are displayed
in Table 6. It can be seen that less than 25% difference was
obtained between the sum of volumes of fluorescence in the
collected waters (permeate, rinsing water and concentrate)
and that corresponding to the initial feed solution. This
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could be acceptable for a semi-quantitative method. TOC
mass balances were rather well respected in all the experi-
ments with less than 10% difference. A possible explanation
of the previous observations could be that, even if dilutions
were performed to get no saturated signal, quenching effects
impacted the measurement of the fluorescence intensity.
Further research is needed to prove the reliability of such an
interesting method.

3.2. Filtration test

Fig. 4 shows the normalized permeate flux J/], decline at
20°C of NF (Fig. 4(a)) or RO (Fig. 4(b)) vs. VCF at 12 and 16
bar for the synthetic mineral effluent (in empty symbols) and
for the synthetic effluent containing natural DOM (in filled
symbols). The normalized permeate flux corresponds to the
ratio between the flux J at 20°C and the initial flux ] at 20°C. It
enables slight variations of the initial permeabilities between
the two membrane coupons to be overcome. In the case of the
synthetic mineral effluent, the NF normalized permeate fluxes
declined by barely 55% at a VCF of 3, following an almost
straight line and were identical. Thus, one could think that the
flux decline was mainly due to the increase of osmotic pressure
in the feed tank which had probably led to a concentration
polarization. In fact, a mass balance of liquid and salts shows
the following osmotic pressure evolution (Eq. (6)) with T, the
osmotic pressure in the feed approximately equal to 3 bar and
7_the osmotic pressure in the concentrate which depends on
VCF and R. In addition, the driven force will decrease over
time due to the increase of osmotic pressure (Eq. (7)):

L _VCF-(VCE-1)1-R) ©)
Ts

J _ DrivenPressure _ TMP —m,
I B DrivenPressure, TMP-1n s
TMP - ch(VCF —(VCF-1)(1-R))

T™P -,

?)

If an average rejection rate R of around 40% is consid-
ered in NF (see section 3.1.1) the final corresponding J/], at a
VCF of 3 (coming from the basic Darcy’s law) is 0.7 instead
of 0.55 obtained in reality (Eq. (7)). This means that the flux
decline in NF may, finally, not only be due to the increase of

Table 6
TOC and volume of fluorescence mass balances

osmotic pressure. The permeate flux was obviously higher at
16 bar than at 12 bar but there was no impact of TMP on the
normalized flux declines vs. VCE. In the case of the synthetic
effluent containing natural DOM, at 12 bar, the NF normal-
ized permeate flux decline was almost identical to the one
without DOM meaning that in these conditions of a maxi-
mum VCF of 3, the presence of natural DOM did not impact

(a) e NF-12 bar with DOM
o NF-12 bar without DOM
1.01°2,4 4 NF-16 bar with DOM
i “?éj » A NF-16 bar without DOM
08 4« 4 g
a * 4
R 0.6 é
2 A
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A
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0.2 A
A
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0.0+—— ; —
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Fig. 4. Normalized permeate flux decline (at 20°C) of NF (a) and
RO (b) vs. VCF for the synthetic effluent containing or not DOM
at 12 and 16 bar.

Experiment Feed Collected waters Difference from initial (%)
NF 12 bar Volume of fluorescence (arbitrary unit) 6,706 7,962 +19
TOC (mg) 2.8 29 +3+7
NF 16 bar Volume of fluorescence (arbitrary) 5,975 7,445 +25
TOC (mg) 3.2 3.0 -6+5
RO 12 bar Volume of fluorescence (arbitrary) 6,427 6,643 +3
TOC (mg) 3.0 2.8 -9+5
RO 16 bar Volume of fluorescence (arbitrary) 5,799 6,698 +15
TOC (mg) 3.1 3.0 246
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the behavior of the flux decline. On the contrary, at 16 bar,
the presence of natural DOM increased the flux decline con-
siderably (decline of 90% at VCF of 3) meaning that organic
fouling may have occurred. At 16 bar, the potential cake layer
may be more compressed, potentially reducing its permea-
bility compared with the filtration at 12 bar.

For both effluents and both TMPs even at 16 bar, the RO
normalized flux declines were almost identical to drawing a
straight line (decline of 60% at VCF of 3), meaning that the
RO flux decline was only due to the increase of osmotic pres-
sure in the feed tank and probably the concentration polar-
ization. This was verified using Eq. (6).

The final normalized flux in RO was naturally lower:
around 0.4 (0.4 with Eq. (6)) than the final normalized flux in
NF: around 0.55 (0.7 with Eq. (6)) as the salt retention in RO
is higher (90% vs. 40%, see section 3.1.1) thus increasing the
osmotic pressure in the feed tank. RO flux decline also seems
less sensitive to the presence of DOM than NF at 16 bar. One
possible explanation could be that the effective pressure
(TMP-Amt) in NF was actually higher than in RO because of
the very different retention rate (at 16 bar, the effective pres-
sure in NF was 13.8 bar instead of 12.1 bar in RO). This higher
effective pressure could have increased the compressibility of
the possible cake layer thus decreasing the permeability.

Fig. 5 presents the pure water permeability recoveries
after water rinsing and after chemical cleaning. The average
value of NF permeability was 10.6 + 0.2 L/h/m?/bar and the
average value of RO permeability was 2.9 + 0.2 L/h/m?/bar.
Taking into account the uncertainty of measurement (which
was quite high due to an error of +0.1 bar in the pressure
sensor), for all the experiments, it could be considered that
the permeability was almost fully recovered after simple
water rinsing. It would mean that if fouling occurred during
filtration, it was almost completely reversible by water rins-
ing. Even for the NF experiment at 16 bar, the organic fouling
seemed reversible. Chemical cleaning did not seem necessary
for these short-term experiments showing that fouling was
reversible. These assumptions were confirmed by the mem-
brane autopsies (see section 3.3).

3.3. Understanding of NF and RO membrane fouling by
membrane autopsy

3.3.1. FTIR analyses

In section 3.2, it was stated that NF and RO flux declines
were mainly due to the rise of osmotic pressure and concentra-
tion polarization (due to the increase of salt concentration on
the concentrate side) which could possibly generate small local
scaling. For NE, another contribution to the flux decline was
showed and especially at 16 bar in the presence of natural DOM
where a steeper flux decline was observed. In addition, for all
cases, the permeability recovery analysis led us to conclude that
fouling seemed completely reversible and chemical cleaning
seemed unnecessary. However, in section 3.1, it was observed
that both NF and RO membranes can retain more than 95% of
TOC which was also emphasized by 3DEEM analysis and one
could expect that this DOM could contribute more substantially
to fouling. This present section aims to better understand the
different contributions of inorganics and organics on NF and
RO membrane fouling by membrane autopsy analysis.

Il After filtration and rinsing R\ After chemical cleaning

Pure water permeability recovery

Fig. 5. Analysis of NF and RO pure water permeability recover-
ies with the synthetic effluent containing or not DOM at 12 and
16 bar.

Fig. 6 shows the ATR-FTIR spectra of the NF and RO
membranes before and after filtration, after rinsing and
after chemical cleaning at both TMPs. The most common
studied wave number range is between 4,000 and 1,300 cm™
because the absorption peaks mainly correspond to
stretching vibration peaks. In the range of 1,300-500 cm™,
the absorption peaks mainly correspond to deformation
vibration peaks which are more difficult to analyze. It can
be observed that all the unused membranes had the same
FTIR absorption spectra corresponding to the FTIR spectra
of polyamide [29] as the active layer of both membranes
was composed of this material (see Table 3). Indeed, poly-
amide could be observed as the N-H stretching of amides,
which usually occurred in the range of 3,500-3,300,
1,490-1,440 and 850-750 cm™, and the peak of carbonyl
groups (C=0) from primary amides appeared in the range
of 1,680-1,630 cm™.

For all the experiments, the spectra after filtration changed
drastically (grey solid line). There was a broad absorption
peak between 2,000 and 3,700 cm™ which may be attributed
to C=C stretching in aromatic rings and O-H stretching in
alcohols and phenols as well as a sharp absorption peak at
1,600 cm™ arising from the skeletal vibration of C=C in aro-
matic rings or C=0 stretching in quinone, and a peak around
1,000 cm™ due to C-O stretching of primary alcohols. These
are the characteristics of fulvic acids [30] or humic acids [31]
in waters which means that even if the impact of DOM on flux
decline was only obvious for the NF experiment at 16 bar, all
the membranes after filtration were covered by some DOMs.
This type of DOM (fulvic and humic acids) was also in agree-
ment with the 3DEEM analysis (see section 3.1.2). For the NF
experiments (Figs. 6(a) and (b)), the FTIR spectra after water
rinsing was the same as the unused conditioned membrane,
meaning that it could remove all the DOM that may have
been deposited on the membrane surface during filtration.
After chemical cleaning, the FTIR spectra were also the same,
confirming that the chemical cleaning wasnot really necessary.
For the RO experiments, the behavior was the same as for
NF at 12 bar (Fig. 6(c)) but a bit different at 16 bar (Fig. 6(d))
where it seems that the water rinsing was not enough to
remove the DOM. Only the chemical cleaning could remove
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Fig. 6. ATR-FTIR spectra of unused, fouled, rinsed and chemically cleaned membranes for: (a) NF 12 bar, (b) NF 16 bar, (c) RO 12 bar,

(d) RO 16 bar.

it and the spectra came back to that of the unused membrane.
Therefore, it seemed that fulvic and humic acids were more
irreversibly attached to the RO membrane at 16 bar. However,
in Fig. 4 in section 3.2, it was shown that NF flux decline at 16
bar was more sensitive to the presence of DOM than RO due
to higher cake compressibility. A possible explanation could
be that the DOM accumulated on the NF membrane surface
was easily removed by water rinsing. On the contrary, in RO,
the DOM deposited on the RO membrane surface which did
not lead to high flux decline was still visible on the RO sur-
face after water rinsing probably due to more favorable inter-
actions linked to different surface properties between NF and
RO membranes (see Table 3).

3.3.2. Contact angle measurements

Contact angle measurements were also performed as a
complementary analysis. The results are shown in Table 7.
The unused conditioned NF membrane had a contact angle
of 42° which is consistent with the literature [32]. The contact
angles after filtration followed by water rinsing at both TMPs

Table 7
Contact angles measurements of virgin, fouled, rinsed and
chemical cleaned membranes

Average  Difference
contact from initial
angle contact angle

Unused conditioned NF 42+1°

membrane

NF after rinsing 12 bar 28 +1° -32%

NF after chemical cleaning 12 bar 40 +1° —4%

NF after rinsing 16 bar 34+£1° —20%

NF after chemical cleaning 16 bar 41 +1° -3%

Unused conditioned RO 35+1°

membrane

RO after rinsing 12 bar 25+1° —28%

RO after chemical cleaning 12 bar ~ 33 +1° 7%

RO after rinsing 16 bar 22+1° -38%

RO after chemical cleaning 16 bar 35+ 1° 2%
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show that the membrane surfaces were more hydrophilic.
Some authors found that the hydrophilic fractions were
the major component of DOM after conventional activated
sludge treatment combined with UF [33] or after the munic-
ipal MBR from which the natural DOM came from in this
study [28]. However, regarding FTIR analysis, the membrane
surface after rinsing was exempt of DOM. Contact angle
measurements may therefore indicate the presence of hydro-
philic compounds which may be therefore rather inorganic.
Indeed, contact angle measurement of the dried membranes
after filtration (probably covered by some mineral deposits
in addition to DOM) was not possible as the drop was com-
pletely spread (0°). The following paragraph about SEM-EDX
analysis may confirm this assumption. Finally, the chemical
cleaning resulted in measurements of almost the initial value

of the contact angle, proving that this can be useful. The
unused conditioned RO membrane had a contact angle of 35°
which is also consistent with the literature [34,35]. The same
behavior as for NF was observed after filtration followed by
water rinsing and after chemical cleaning.

3.3.3. SEM-EDX analysis

Finally, to visualize and quantify possible mineral depos-
its on the membrane surfaces, SEM-EDX analyses were per-
formed. SEM pictures of the NF membranes are shown in
Fig. 7 and the corresponding EDX analysis in Table Al of
supplementary material at 12 bar and Table A2 at 16 bar. The
unused NF membrane had a flat homogeneous surface made
of C, O and S, the atoms of the polysulfone support layer.

? .T“*""]

iltration 16 bar

& 2 ?

Fig. 7. SEM pictures of unused, fouled, rinsed and chemically cleaned NF membranes.
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It seems that N atoms of polyamide filtration layer were not
visible. The SEM NF membranes pictures after filtrations at
both TMPs were not very clear due to a dense fouling layer
(of minerals and organics) which probably saturated the sig-
nal. The resulting EDX analysis was thus not very precise
but it can be stated that the fouling layer contained C, N, O,
Mg and P atoms possibly among others. The SEM pictures of
the NF membranes after water rinsing are more informative.
It can be seen that there were still mineral deposits on the
NF membrane surface. The EDX revealed that in addition to
the clean NF membrane surface composition (C, N, S), other
atoms which came from the mineral deposits were the fol-
lowing: N, Mg, P, Si, K and Ca. These observations were in
agreement with the assumption formulated in section 3.3.2.
After chemical cleaning, the SEM pictures revealed that the

Tabm

NF membrane surfaces were cleaner but some small min-
eral deposits were still present. The EDX analysis confirmed
this observation: the composition was almost the same as
the unused membrane: about 50% of C, about 40% of O and
about 5% of S plus some other atoms such as N, Mg, P and
Ca in smaller concentrations (less than 5%). SEM pictures of
the RO membranes are shown in Fig. 8 and the correspond-
ing EDX analysis in Table A3 of supplementary material at 12
bar and Table A4 at 16 bar. The unused RO membrane had
a flat homogeneous surface made of C, O, N and CI atoms
which may come from the polyamide filtration layer and S
atoms coming from the polysulfone support layer. The RO
membranes SEM pictures after filtrations at both TMPs were
clearer than the ones of the NF membranes. Small heteroge-
neous mineral deposits could be seen, composed of C, N, O,

ETea

Fig. 8. SEM pictures of unused, fouled, rinsed and chemically cleaned RO membranes.
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Na, Mg, Si, P, S, Cl, K and Ca atoms. P and Mg atoms were
predominant and represented more than 10% of the total.
The pictures and SEM analysis of the RO membranes after
water rinsing showed that there was a difference between
the TMPs. At 12 bar, the surface was rather clean which was
confirmed by the EDX analysis. This latter was very similar
to that of the unused membrane with less than 0.2% of Cl, Si
or Mg residues. Conversely, at 16 bar, the surface was still
covered by some mineral deposits composed of Mg, Si, P, S, K
and Ca in the same proportions as after filtration. The water
rinsing only seemed to remove Na and Cl atoms. The previ-
ous FTIR analysis also showed that the water rinsing was not
effective in removing the humic and fulvic acids on the RO
surface after filtration at 16 bar. After chemical cleaning, the
SEM pictures revealed that the RO membrane surfaces were
almost as clean as the unused membranes. The EDX analysis
confirmed this observation: the composition was the same as
the virgin membrane: 51.6% of C, 1.1% of N, 43.2% of O, 3.8%
of S and 0.2% of Cl. Chemical cleaning seemed more efficient
in completely removing mineral deposits on the RO mem-
brane than on the NF membrane whereas the concentration
of NaOH and HCI was 10 times lower for the RO chemical
cleaning than for the NF chemical cleaning. A possible rea-
son could be the lower RO membrane roughness (Table 3)
than that of the NF membrane, thus reducing the potential
of nucleation before scaling. Moreover, the effective pressure
(TMP-Am) was lower in RO than in NF.

4. Summary and conclusion

The present study of the performances of NF and RO as
complementary treatments after MBR for source-separated
urine treatment and reuse with a synthetic effluent contain-
ing natural DOM, led to specific macroscale and microscale

Table 8
Summary of macroscale results

results which can be summarized in Tables 8 and 9,
respectively.

To fully understand the short-term fouling behavior, sev-
eral cross analyses were necessary. On the macroscale, it was
supposed that for NF and RO, the flux decline was mainly due
to the rise of osmotic pressure except for NF and especially at
16 bar where DOM generated a higher flux decline. DOM was
almost completely removed from the effluent by NF and RO
at any TMP. And, in all cases, the analysis of the permeabilities
after water rinsing and after chemical cleaning showed that
possible fouling seemed to be completely removed by water
rinsing. On the microscale, it was seen that some DOM was
present on the membrane surface after filtration for all cases
and even after water rinsing for RO at 16 bar (but without
impact on flux decline). Chemical cleaning can completely
remove DOM. Furthermore, even if RO presents higher min-
eral (ions) rejection rates, it was observed on the microscale
that more minerals were present on the NF surface, even after
water rinsing (except for RO at 16 bar). After chemical cleaning,
a few minerals were still only present on the NF membranes.

Consequently, macroscale observations are apparently
not always consistent with microscale observations. In this
present case, several filtration cycles could have possibly
shown the impact on the macroscale of the remaining fouling
observed on the microscale.

For source-separated urine treatment and water reuse,
RO seems more efficient in terms of water quality and less
prone to fouling at low TMP than NF, confirming the RO rele-
vance for this application. However, in order to fully comply
with WHO guidelines, adjustment of MBR treatment condi-
tions is needed to remove nitrogen based compounds (NO,
NO,” and NH,") more efficiently as RO can only remove 80%
of nitrogen compounds. To complete this work, experiments
with real source-separated urine will be performed.

Experimental Flux Permeability after Permeability after DOM Monovalent Tri- or divalent
conditions decline filtration + rinsing chemical cleaning rejection ions rejection ions rejection
NF 12 bar + = = +H+ - +
NF 16 bar +++ = = . _ -
RO 12 bar + = = +++ ++ ++
RO 16 bar + = = -+ ++ ++

Table 9

Summary of microscale results

Experimental =~ DOM on DOM on DOM on membrane Minerals on Mineralson  Minerals on

conditions membrane membrane after chemical membrane membrane membrane after
after filtration after rinsing cleaning after filtration after rinsing  chemical cleaning

NF 12 bar +++ - - +++ ++ +

NF 16 bar +++ - - +++ ++ +

RO 12 bar ++ - - ++ + -

RO 16 bar ++ ++ - ++ ++ -
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Symbols

C — Salt concentration in the feed

C, — Salt concentration in the permeate

I — Fluorescence intensity

Lpye — Solvent permeability at 20°C

Lppe  — Solvent permeability at T°C

R — Apparent rejection rate

v, — Initial volume of the solution

v, — Volume of collected permeate

VCF — Volumetric concentration factor

Y — Recovery rate

Alem  — Emission wavelength interval

Ahex — Excitation wavelength interval

Hogec — Dynamic viscosity at 20°C

[T — Dynamic viscosity at T°C

m, — Osmotic pressure of the feed solution
T, — Osmotic pressure of the concentrate
@ — Volume of fluorescence
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Supplementary material

Table A1

EDX element analysis in average weight % for unused, fouled, rinsed and chemically cleaned NF at 12 bar

Element Unused conditioned NF NF after filtration NF after rinsing NF after chemical cleaning
C 52.9+0.1 389+5.8 18.0+3.4 440+79
N - 57+12 05+0.2 0.1+0.1
O 42.3+0.02 482+19 475+0.8 437+1.1
Mg - 5120 13.0+1.1 35+£32
Si - - 1.0£0.0 0.1+0.1

- 2.0+0.8 174+1.6 46+42
S 4.7 £0.04 - 0.8+0.3 3.9+09
K - - 0.4+0.01 0.1+0.1
Ca - - 15+04 0.1+0.1
Total 100 100 100 100

Table A2

EDX element analysis in average weight % for unused, fouled, rinsed and chemically cleaned NF at 16 bar

Element Unused conditioned NF NF after filtration NF after rinsing NF after chemical cleaning
C 52.9+0.1 26.4 322+10.7 522+0.7
N - 8.3 - -
(@) 42.3+0.02 52.3 424+0.1 42.3+0.1
Mg - 9.1 1.2+0.6 -
Si - - 02+0.1 03+0.2
- 3.9 79+42 0.0+0.1
S 47+0.0 - 31+1.0 4.6+0.1
Ca - - 13.1+6.6 0.6+0.7
Total 100 100 100 100
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Eg))l(eeﬁ?;nent analysis in average weight % for unused, fouled, rinsed and chemically cleaned RO at 12 bar
Element Unused conditioned RO RO after filtration RO after rinsing RO after chemical cleaning
C 51.7+0.3 253+17.2 51.3+0.2 51.6+0.4
N 1.1+0.1 1.0£0.6 1.1+0.05 1.1+0.05
(@] 43202 46.8+3.5 433+0.1 432+0.2
Na - 05+0.5 - -

Mg - 9.8+6.2 0.03 +0.02 -
Si - 0.1+0.1 0.04 +0.03 -
- 14.0+95 - -
3.8+0.05 14+14 4.0+0.02 3902
Cl 0.2+0.01 0.6+0.6 0.2+0.0 0.2+0.01
K - 0.3+0.03 - -
Ca - 03+0.2 - -
Total 100 100 100 100

Table A4

EDX element analysis in average weight % for unused, fouled, rinsed and chemically cleaned RO at 16 bar
Element Unused conditioned RO RO after filtration RO after rinsing RO after chemical cleaning
C 51.7+0.3 119+2.1 11.5+£3.3 51.6 +0.4
N 1.1+0.1 1.1+£03 1.1+£0.2 1.1£0.05
O 432+0.2 49.0+0.3 492+0.5 432+0.2
Na - 0.2+0.2 - -

Mg - 15.7+1.0 15.7+1.1 -
Si - 0.3+0.1 0.3+0.03 -

- 20.6+1.4 212+23 -
S 3.8+0.05 02+0.1 0.1+0.2 3.9+02
cl 0.2+0.01 03+0.2 - 0.2+0.01
K - 04+0.1 03+0.1 -
Ca - 03+0.1 0.6+0.2 -

Total 100 100 100 100




