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a b s t r a c t
Two organic solutes of close molecular weight (≈270 g mol–1) and hydrophobicity (logKow ≈ 1.2–1.5) 
were selected as model micropollutants to study their reverse osmosis in seawater. Tropaeolin 
O can be a monovalent/divalent anion whereas Thiamine can be a monovalent/divalent cation. 
Their charges and hydrophilic/hydrophobic balance can be modulated by playing on the pH and 
the ionic strength. The TFC-HR (Koch, USA) and SW30 (FilmTec, The Netherlands) membranes have 
shown a similar overall behavior either for single NaCl or Tropaeolin O filtrations. The comparison 
of Tropaeolin O/Thiamine rejections by the TFC-HR membrane has shown that membrane/solute 
electrostatic interactions explained the rejection in single solutions. However, in 30 g L–1 NaCl and 
synthetic seawater, rejections were more likely due to the hydrophobic/hydrophilic balance of a 
given solute: the more hydrophobic form being more rejected than the hydrophilic ones. Finally, the 
ethanol addition (30%) was achieved to study the impact of a second concentrated organics, more-
over able to modify the background solvent of the filtration; Tropaeolin O rejection was decreased.

Keywords:  Micropollutant; Transfer mechanism; Desalination; Reverse osmosis; Seawater; Azo dye; 
Vitamin; Tropaeolin O; Thiamine; Ethanol

1. Introduction

Today, at least one-third of the world’s population lives
in a country under water stress and the proportion could 
reach almost two-thirds by 2025 [1]. Reverse osmosis (RO) 
has progressively become the most widely used desalina-
tion process with respect to the less eco-efficient distillation 
[2–5]. Several countries, among which are North African 
ones [3], turned to the desalination of abundant seawa-
ter rather than brackish water even if the osmotic pres-
sure limits the recovery of treated water to about 50% [6]. 

However, the salt’s rejection that was the initial RO target 
is no longer sufficient and the treatment of the organic pol-
lution of seawater due to industrial and human activities 
becomes an increasing issue [7,8] (especially in countries 
using seawater as a dustbin) inducing research challenges 
in membrane fabrication [9].

Besides the role of the osmotic pressure difference that 
control’s the permeate flux, the solution–diffusion model is 
generally accepted to describe the solute transfer through 
the RO dense membranes [10]. Nevertheless, the leakage 
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of small components in the permeate was reported, mainly 
for compounds with MW < 100 g mol–1. For instance, the 
partial transmission of ethanol (46 g mol–1) is well known 
for RO dealcoholization of wine, beer and distillery con-
densates [11–13]. Moreover, experimental proofs under-
lined the possible transmission of small organics of 200–
300 g mol–1 in the permeate side, regardless of the filtered 
fluid [14–22]. This raises a very interesting research ques-
tion: how can small organic molecules pass through the 
RO polymer membranes, knowing that the size of certain 
ones (such as lactose MW = 342 g mol–1, a neutral solute 
with a 0.42 nm radius [16]) could be close or greater than 
the estimated interstitial voids of a dense structure about 
0.3 nm [23]? Although RO membranes were for a long time 
guessed as dense polymer, some of them were recently 
proved, from microscopic studies, to be heterogeneous and 
made of at least two phases instead of a single continu-
ous dense one: (i) non-interconnected aqueous domains 
the continuity of which being did not still demonstrate 
and (ii) dense polymer domains [24–27] and perhaps an 
intermediate or interfacial phase making the link between 
the two previous ones [22]. This complex structure was 
suggested to be the origin of high-water flux because the 
dense polymer parts may account only for a fifth of the 
total water permeability [26]. Literature devoted to a nano-
filtration (NF) widely reported on the conditions of rejec-
tion/transmission of neutral and charged solutes of about 
300 g mol–1 at a concentration in the mmol L–1 range but 
currently few are known for RO of similar solutes and this 
gap has to be filled.

Inspired by NF and RO experimental results, it is 
becoming more and more clear that the physicochemi-
cal interactions between the polymer membrane and the 
organic solutes need to be considered with a more accurate 
approach, either for single solutes or those filtered in the 
mixture, moreover in complex media such as seawater. The 
use of a global partition coefficient (adsorption) at the mem-
brane wall-based only on the intrinsic affinity between the 
polymer membrane and the solute appears progressively 
a too simple approach. It is also necessary to consider the 
physicochemical environment (pH, ionic strength, chem-
ical nature of salts, other solutes able to adsorb on the 
membrane) that could modulate this affinity. In the same 
way, the modulation of the diffusion inside the heteroge-
neous structure of the membrane must be considered by 
integrating more accurately the changes of domains in the 
RO membrane (above) but also the physicochemical inter-
actions which could be expressed with variable intensities 
in the membrane according to these domains. This will 
probably bring to fill the gap between NF and RO trans-
fer mechanisms. As a general trend, two major phenomena 
have to be considered when dealing with the adsorption 
step at the membrane wall: the balance of the hydropho-
bic/hydrophilic interactions and that of the attractive/
repulsive electrostatic interactions developed between the 
membrane and the solute.

On the one hand, hydrophobic interactions are known 
to increase with the ionic strength (I) increase; it is, for 
instance, the basis of hydrophobic interaction chromatog-
raphy (HIC). In water applications, the “intrinsic” hydro-
phobicity of a solute is commonly appreciated at first sight 

from its logKow where Kow is the partition coefficient of the 
solute between water and octanol. Heo et al. [21] reported 
on the correlation of logKow to the binding energy between 
several organic solutes and a RO membrane (BW30) lead-
ing to favorable adsorption and higher rejection. However, 
exceptions were evidenced depending on the organic solute 
structure and its ability to π–π stacking and hydrogen bond-
ing. On the second hand, electrostatic interactions between 
the charged polyamide membrane and a charged organic 
solute could be decisive: adsorption can be decreased in the 
case of repulsion or increased up to significant fouling in 
the case of attraction. Nevertheless, Heo et al. [21] reported 
on the negligible impact of the pH variation with respect 
to the adsorption for a set of ionizable compounds. These 
authors considered that logKow was a better descriptor 
than the pH. We draw from their conclusion that hydro-
phobic interactions were predominant toward electrostatic 
ones in the adsorption of the selected compounds.

To date, the use of logKow appears to be a step beyond 
the understanding of small organics’ transfer through 
RO membrane. However, for similar logKow, is the trans-
fer always the same through a given membrane? Aiming 
at answering this question to go ahead in better compre-
hension, two organic solutes (Tropaeolin O and Thiamine) 
of close molecular weight of about 270 g mol–1 and close 
logKow (1.5–1.2) were selected as models in this systematic 
RO study. By varying the pH, Tropaeolin O can be a mon-
ovalent/divalent anion whereas Thiamine can be a monova-
lent/divalent cation. This means that, for each one of these 
solutes, the overall hydrophobicity was able to change: by 
increasing charges on a given chemical structure its hydro-
philicity increases but the phenomenon can be screened 
by a significant ionic strength of about 0.5–0.6 mol L–1 
(that of seawater). Moreover, simultaneously the electro-
static interactions can be developed due to charges existing 
both on the membrane and the solutes. Knowing (i) that 
electrostatic interactions decrease with increasing ionic 
strength and (ii) that the intensity of hydrophobic interac-
tions varies in the opposite direction, how will the balance 
of these two forces be managed at different pHs and in 
different saline environments?

Aiming at providing an answer, the 2 selected model 
molecules were filtered at acid and slightly alkaline pHs 
(4.5–4.9 and 7.5–8.2) either in a single solution or in NaCl 
and synthetic seawater. Two RO membranes (TFC-HR, 
Koch, USA and SW30, FilmTec, The Netherlands) were used. 
Results will also be discussed by considering the Hansen–
Hildebrand solubility parameters of the solutes and the 
membranes as it is the common approach in organic solvent 
nanofiltration to discuss solute/membrane affinity.

2. Materials and methods

2.1. Water and solutes

2.1.1. Water

Tap water was deionized up to a resistance of 18 MΩ 
and 1 µm filtered prior use. This deionized (DI) water was 
then used for the preparation of solutions that were fur-
ther filtered in RO (water flux measurement, rinsing and 
cleaning).
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2.1.2. Salt and synthetic seawater

Seawater composition is rather complex as more than 80 
elements of the periodic table can be identified in its com-
position besides dissolved organic matter [28] (Table 1). 
Moreover, the salt composition is different with respect to 
the origin (Atlantic Ocean, Pacific Ocean, Mediterranean 
Sea, etc.).

For the sake of reproducibility, we have prepared syn-
thetic seawater with a composition as close as possible 
to that of the Atlantic Ocean. The synthetic seawater was 
obtained by dissolving a commercially formulated mixture 
of sea salts (Instant Ocean) provided by Aquarium Systems 
(France) that must be used at 36 g L–1 (density = 1.023) 
in marine aquaria.

This synthetic seawater (Table 1) contains cations 
among which the major ones (in the mmol L–1 range) are: 
Na+, K+, Mg2+, Ca2+ and Sr2+ and anions that are mainly: 
Cl–, SO4

2– as well as several species deriving from boron 
and carbon dioxide. Boron chemistry is quite complex and 
several anionic forms co-exist among which is the mon-
ovalent metaborate B(OH)4

– and the divalent tetraborate 
B4O7

2–, this last one favoring the precipitation of a sodium 
salt known as borax. All these forms are commonly referred 
as total boron (TB). The dissolution of CO2 in water leads 
also to a complex system in which monovalent hydrog-
enocarbonate HCO3

– and divalent carbonate CO3
2– bal-

ance; there overall mixture is referred as the total carbon 
dioxide (TCO2). The ionic balance is reached within less 
than 4% error when only considering these main ions. 
Besides these main components are those in the µmol L–1 
range. A detailed composition of “Instant Ocean” sea salt 
was reported by the study of Atkinson and Bingman [29].

The pH of this synthetic seawater was regularly mea-
sured at 8.2 ± 0.2 and the conductivity at 44.1 ± 0.6 mS cm–1 
(25°C).

The ionic strength (I = 0.65 mol L–1) was estimated by 
Eq. (1) from the main ions of Table 1.

I C z
i

i i= ∑ 2  (1)

where Ci is the molar concentration of solute i (mol L–1); 
zi is the net charge of the ion i.

The osmotic pressure was estimated from the com-
position of Table 1 using the van’t Hoff equation 
[Eq. (2), Table 2], highlighting a negligible variation between 
25°C and 30°C (temperature range during RO filtration).

π = ∑
i

iRTC  (2)

where π is the osmotic pressure (atm), assuming 
1 bar = 1 atm; Ci is the molar concentration of solute i 
(mol L–1); R is the ideal gas constant (0.08205 L atm mol–1 K–1); 
T is the temperature (K).

For the sake of comparison, NaCl solutions were pre-
pared at concentrations ranging from 15 to 45 g L–1. Sodium 
chloride (NaCl, 58.44 g mol–1) of analytical grade (99.74%) was 
purchased from Fisher Scientific (Waltham, Massachusetts, 
USA). The theoretical osmotic pressures were calculated 
using the van’t Hoff equation [Eq. (2), Table 2]. Based 
on these estimations, 30 g L–1 NaCl could be a relevant 
concentration for further comparison to the synthetic sea-
water filtrations. However, increasing concentrations could 

Table 1
Main ions of the “Instant Ocean” salt mixture used for the synthetic seawater preparation (d = 1.023) and calculated osmotic pressure 
for each element according to Eq. (2)

Ions Seawater [28] Synthetic seawater [29] Osmotic pressure (bar)

MW (g mol–1) mmol kg–1 mmol kg–1 mmol L–1 g L–1 at 25°C at 30°C meq L–1

Main cations 581

Na+ 22.99 470 462 452 10.38 11.042 11.228 452
K+ 39.10 10.2 9.4 9.2 0.36 0.225 0.228 9.2
Mg2+ 24.31 53 52 51 1.24 1.243 1.264 102
Ca2+ 40.08 10.3 9.4 9.2 0.37 0.225 0.228 18.4
Sr2+ 87.62 0.09 0.19 0.19 0.02 0.005 0.005 0.37

Main anions 557

Cl– 35.45 550 521 509 18.06 12.453 12.661 509
SO4

2– 96.06 28 23 22.5 2.16 0.550 0.559 45
TCO2 61.02a 1.90 1.90 1.90 0.11a 0.046 0.047 1.90
TB 78.84b 0.42 0.44 0.43 0.03b 0.011 0.011 0.86

Total 25.8 26.2
cations – anions 24
(cations – anions)/cations 4%

awhen considering only hydrogenocarbonate form;
bwhen considering only borate form.
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be used aiming at modeling a RO concentration step. With 
respect to the limitation of our pilot (46 bars), the maximum 
concentration of use was estimated at 50 g L–1 considering 
a full rejection of NaCl (not fairly true). The pressure upper 
limit of the membrane has also to be considered (below).

2.1.3. Tropaeolin O

Tropaeolin O (Fig. 1, CAS number = 547-57-9, log-
Kow = logP = 1.53 [30]), also known as Orange 6 Acid or Yellow 
Resorcinol, is a water–soluble organic azo dye. Its molecu-
lar weight is 293.3 g mol–1 in acid form (C12H9O5N2S). It is 
commercialized as a monovalent sodium salt (C12H8O5N2S 
Na, 316.3 g mol–1, Tropaeolin O, pure, Sigma-Aldrich, 
St. Louis, USA).

Tropaeolin O was used at a concentration of 0.5 mM 
for RO filtration. With respect to the pH, either 4.8 (single 
solution) or 7.5–7.8 (in NaCl, pH adjusted by NaOH addi-
tion) its average net charge was z = –1.1 or –1.7, respec-
tively; corresponding to mixtures of 94/6 and 0.6/99.4 mol/
mol monovalent/divalent anions, respectively. In synthetic 
seawater, Tropaeolin O is a divalent anion.

2.1.4. Thiamine

Thiamine, also called Vitamin B1, is soluble in water 
(logKow = logP = 1.19 [31], Fig. 2, CAS number = 70-16-
6). Its molecular weight is 265.3 g mol–1. However, with 
respect to the pH, Thiamine can be alternatively a divalent 
or a monovalent cation, and can also exist in a zwitterionic 
neutral form at alkaline pHs greater than 9.2. Thiamine, 
commercialized in hydrochloride form (meaning divalent 
cation with 2 chloride counter anions, C12H17N4OS Cl, HCl) 
was purchased from Acros Organics (Beel, Belgium).

Thiamine was used at a concentration of 0.5 mM for 
RO filtration. In solution, the natural pH at 0.5 mM was 4.5.

With respect to the pH, either 4.5 or 8.2 (NaCl with pH 
adjusted by NaOH addition) its average net charge is +1.7 
or +0.9, respectively; corresponding to mixtures of 44/66 
and 91/9 mol/mol monovalent/divalent cations, respec-
tively. In synthetic seawater Thiamine average net charge is 
z = +0.9 (91/9 mol/mol monovalent/divalent).

2.1.5. Ethanol

Ethanol (46.1 g mol–1, provided by VWR, France, 
96.0 vol.%) was used as a small neutral solute aiming at 
modeling some organics, for instance, those spread in sea-
water during oil spills. The amount was voluntarily selected 
at a quite high level, namely 10% and 30% v/v in water 

corresponding to 1.7 and 5.1 mol L–1, respectively. Moreover, 
as ethanol and water are fully miscible, ethanol is also 
allowed to model one possible impact of organics that are 
able to modify the solvent properties such as its density and 
its viscosity (Table 3).

2.1.6. Other reagents

NaOH pellets of analytical grade were purchased from 
Fisher Scientific (Waltham, Massachusetts, USA) and used 
to adjust the pH of Tropaeolin O and Thiamine solutions.

Table 2
Theoretical osmotic pressure (bar) of the synthetic seawater (Table 1 for composition) and NaCl solutions calculated according to the 
van’t Hoff equation [Eq. (2)]

Concentration (g L–1) Synthetic seawater NaCl

36 15 25 30 35 40 45 50

25°C 25.8 12.6 20.9 25.1 29.3 33.5 37.7 41.8
30°C 26.2 12.8 21.3 25.5 29.8 34.0 38.3 42.5

 
pH6.0                       11.8 

Trop - Trop 2- Trop 3-

Fig. 1. Scheme and charges of Tropaeolin O vs. pH (pKa1 < 2 
for the sulfonate group always negatively charged, pKa2 = 6.0; 
pKa3 = 11.8).

 
pH4.8                       9.2 

Thiam 2+ Thiam + Thiam +-

Fig. 2. Scheme and charges of Thiamine vs. pH (the quaternary 
ammonium N+ group is a strong base always positively charged, 
pKa1 = 4.8; pKa2 = 9.2).
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Aiming at the removal of organics adsorbed on the RO 
membranes, cleaning in place was achieved at the trans-
membrane pressure of the “fouling” step for 30–60 min at 
room temperature using an alkaline formulated detergent 
(Ultrasil 10, 0.10–0.14 g L–1, pH ≈ 11, provided by Ecolab, 
Issy Les Moulineaux, France). It was checked that the clean-
ing effluents were colored after Tropaeolin O filtration prov-
ing its “irreversible adsorption” on the two selected mem-
branes. It was also proved that two consecutive filtrations 
of Tropaeolin O with the SW30 membrane with a simple 
water rinsing (removing reversible fouling) or an alkaline 
cleaning (removing irreversible fouling) in between led to 
the same flux and rejection of the azo dye in both cases. 
These results suggested that adsorption was rapid when 
the membrane was in contact with the dye, regardless of the 
pH, and that a long adsorption time of a few hours is often 
suggested when filtering organics at a much lower con-
centration (in the µmol L–1 range) was not necessary here.

2.2. Rejection and solute analysis

Rejection of a solute (R) was calculated according to:

R
C
Cp
r

= −1  (3)

where Cp is the concentration in the permeate; Cr is the 
concentration in the retentate.

2.2.1. Salts

The pH measurement of retentates and permeates 
(±0.05) was carried out using a CRISON GLP 21 pH-meter 
equipped with temperature correction. It allowed to calculate 
the proton and/or OH– rejection.

The conductivity (±0.1%) of NaCl solutions was mea-
sured with a CRISON GLP 31 conductivity meter equipped 
with a temperature correction at 25°C. The accuracy of 
NaCl rejection was estimated at 0.2%.

The conductivity of the retentates and permeates was 
also measured during synthetic seawater RO. As the con-
ductivity is the combination of ion concentration and 
intrinsic ion conductivity, in absence of ion identification 
in the permeate, conductivity is only allowed to deter-
mine an apparent rejection of overall salts, without enter-
ing in ion transfer selectivity. Nevertheless, this apparent 
value was given as an indication because the present study 
mainly focused on the rejection of the organic components.

2.2.2. Tropaeolin O and Thiamine

Tropaeolin O and Thiamine were quantified from 
there UV absorbance (Abs) by the mean of the well-known 
Beer–Lambert Law:

Abs log   = = × ×






I
I

C0 ελ   (4)

where ελ is the molar extinction coefficient at λ wave-
length (L mol–1 cm–1); ℓ is the optical path length (1 cm); C is 
the concentration (mol L–1).

UV spectra were acquired with a UV spectrome-
ter (JASCO-V360, France). The maximum absorbance of 
Tropaeolin O was determined at λmax = 426 ± 2 nm over the 
studied pH range (Fig. 3a) whereas that of Thiamine was 
located at λmax = 238 ± 3 nm (Fig. 3b). The calibration was 
established for both solutes (Fig. 3c and d). Accordingly, 
the accuracy on rejection was estimated to be better than 
0.2% for Thiamine and better than 0.3% for Tropaeolin O, 
respectively.

2.2.3. Ethanol

Ethanol in water was quantified by attenuated total 
reflection-Fourier-transform infrared spectroscopy (ATR-
FTIR) by the mean of the Beer–Lambert Law [Eq. (4), in 
which ελ × l is substituted by a coefficient accounting for 
the infrared beam pathway in the solution, the reflection 
of the ZnSe crystal of the ATR accessory and the intrinsic 
absorption of the sample at the selected wavenumber]. 
Spectra were acquired with a JASCO 4100 spectrometer 
(JASCO) equipped with an ATR-accessory owing a ZnSe 
crystal (mono-reflection, 45° infrared beam incidence 
angle). Each spectrum was obtained from 128 scans at 2 cm–1 
resolution, in the 3,700–600 cm–1 wavelength range with a 
background registered in the air (Fig. 4a). The absorbance 
was measured at 1,045 cm–1 (referred as H1045) for which 
ethanol has a specific band assigned to the C–O vibration 
bond [33] and the water has no specific band. However, the 
absorbance of water at 1,045 cm–1 was not null (non-spe-
cific absorbance) but equal to 0.0356 au (absorbance 
unit) when measured from a baseline selected in the 
1,917–1,880 cm–1 flat range of the spectrum. Calibration 
was obtained by plotting H1045 vs. ethanol concentration 
(Fig. 4b). The accuracy of ethanol rejection was estimated  
at ±10%.

Table 3
Properties of water/ethanol mixtures at 20°C

Pure solvent or/mixtures v/v Ethanol (mol L–1) rs (nm) η (mPa·s) r (g cm–3) π (bar)

Water 0.17 1.005 1.000
Ethanol 0.31 1.189 0.791
Water/ethanol 90/10 1.7 1.289 0.979 38
Water/ethanol 70/30 5.1 2.313 0.937 132

Stokes radius rs, viscosity η, density r, osmotic pressure π, as reported by the study of Nguyen et al. [32].



O. Samhari et al. / Desalination and Water Treatment 257 (2022) 1–226

 
(a) 

 

 
(b) 

 

 

200                             400                              600          nm 

426 2

A
b

so
rb

an
ce

 (
au

)

200                         400          nm 
A

b
so

rb
an

ce
 (

au
)

238 ± 3

y = 12.722x

R² = 0.995

0.0

0.2

0.4

0.6

0.8

1.0

0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08

A
b
so

rb
an

ce
 a

t 
λm

ax
(a

u
)

Tropaeolin O  (mmol.L-1)

 
(d) 

y = 33.861x

R² = 0.998

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

1.8

2.0

0 0.01 0.02 0.03 0.04 0.05 0.06

A
b
so

rb
an

ce
 a

t 
λ

m
ax

(a
u

)

Thiamine  (mmol.L-1)

±

(c)

Fig. 3. UV spectra and calibration thanks to the Beer–Lambert Law for the two organic solutes: (a) UV spectrum of Tropae-
olin O (≈0.1 mM, pH = 6.8) in water, (b) UV spectrum of Thiamine (≈0.04 mM, pH = 3.8), (c) Tropaeolin O calibration line in 
the 0.0037–0.0692 mmol L–1 range and (d) Thiamine calibration line in the 0.0025–0.0505 mmol L–1 range.
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2.3. Membranes and filtration conditions

2.3.1. Membranes

Two different membranes were used. Both are polyam-
ide thin film composite (TFC) membranes (Table 4). The 
first one, TFC-HR provided by Koch (USA), is a RO mem-
brane widely used in food applications, the polyamide of 
which is a proprietary composition of Koch (USA) [34]. 
We have previously suggested that this membrane could 
be based on polypiperazine amide with respect to its ATR-
FTIR spectrum [35]. The second one is a SW30 from Dow–
FilmTec (The Netherlands) specially designed for seawater 
desalination and known to be an aromatic polyamide [36].

Whatever the membrane reference, flat membranes 
were sampled in their respective spiral membrane (2540 
module type, ≈2.5 m2 filtering area). Prior to filtration, the 
preservative was removed by soaking the membrane in 
deionized water.

The flat membrane of 140 cm2 filtering area was then 
inserted in a plate and frame SEPA cell (GE Osmonics, 
USA). With respect to the two added shims, the free chan-
nel thickness was estimated at 1.25 mm. Moreover, a reten-
tate spacer was inserted in the feed/retentate channel to 
increase turbulences and limit concentration polarisation 
and fouling (if any), as in a spiral membrane. Two types 
of spacers were used that have been collected in the spi-
ral module corresponding to the membrane, namely a 
31 mil diamond spacer for the TFC-HR membrane and an 
unspecified diamond spacer for the SW30 one.

2.3.2. RO experimental set-up and conditions

RO was achieved on a pilot designed for NF/RO by TIA 
(Bollène, France) equipped with the SEPA cell in which the 
flat RO was inserted (above).

The filtration was achieved by processing 10 L of solu-
tion at different transmembrane pressures (TMP) obtained 
by volunteer step-by-step increase of TMP in the studied 
range. With respect to the membrane stability toward TMP, 
it was from 15 to 36 bar with the TFC-HR and 15 to 46 bar 
for the SW30. The volume reduction ratio was VRR = 1 as 

both the retentate and the permeate was fully recycled in 
the feed tank. In standard conditions, the temperature was 
25°C (SW30) or 30°C (TFC-HR).

The feed flow rate was selected to be able to cover the 
overall studied TMP range. Thus, with respect to the pilot 
limits, the selection was different for each membrane. 
The feed flow rate was:

• Qfeed = 210 ± 10 L h–1 corresponding to a cross-flow veloc-
ity close to 0.5 m s–1 (as estimated in the free channel) 
for the TFC-HR in water media.

• Qfeed = 583 ± 8 L h–1 corresponding to a cross-flow velocity 
close to 0.8 m s–1 (as estimated in the free channel) for 
the TFC-HR in water/ethanol media.

• Qfeed = 1,075 ± 25 L h–1 corresponding to a cross-flow veloc-
ity close to 2.5 m s–1 (as estimated in the free channel) 
for the SW30.

2.3.3. Calculations

Prior to use, a new RO membrane was first compacted 
in DI water during about 1 h at 46 bar, 25°C (SW30) or 
36 bar, 30°C (TFC-HR), that was a sufficient time to reach 
a plateau value of flux (hereafter referred as J0) and its cor-
responding permeance (hereafter referred as Lp0) with 
respect to the Darcy equation:

J Lp p= × TMP  (5)

where Jp is the permeate flux (L h–1 m–2); Lp is the membrane 
permeance (L h–1 m–2 bar–1); TMP is the transmembrane 
pressure (bar).

The accuracy on Jp was estimated to be better than 3%. 
The precision on TMP was estimated close to 7% below 
20 bar and close to 10% in the 25–46 bar range.

After any RO of salty mixtures (with or without any 
additional organics dissolved in, below), the membrane 
was carefully rinsed in filtration condition with DI water. 
The following water flux measured in DI water is hereafter 
referred as Jrinsed. When Jrinsed = J0, it means that no irreversible 

Fig. 4. ATR-FTIR of water/ethanol: (a) spectrum of water/ethanol 70/30 v/v, (b) calibration line according to the Beer–Lambert 
Law plotting the absorbance at 1,045 cm–1 (ethanol specific band, baseline selected in the 1,917–1,880 cm–1 to measure the 
absorbance) vs. the ethanol amount in water.
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fouling was evidenced on the membrane. Nevertheless, 
the existence of fouling due to organics (Thiamine or 
Tropaeolin O) can always be suspected, with respect to 
hydrophobic interactions that can be established between 
the polymer membrane and these solutes. However, this 
low fouling cannot be evidenced by DI water flux recov-
ery. Consequently, a cleaning in place step was sometimes 
preventively achieved with an alkaline formulated deter-
gent (Ultrasil 10, above). Finally, after a careful final DI 
water rinsing, the following water flux measured in DI 
water was determined and is hereafter referred as Jcleaned. 
When Jcleaned = Jrinsed (general case) its value is not given in 
the following for the sake of simplification.

During RO of NaCl, leading to a difference in osmotic 
pressure between the retentate and permeate sides (Δπ), 
the flux must be expressed according to:

J Lp p= −( )TMP ∆π  (6)

where

∆π π π= −feed, membrane permeate  (7)

where πpermeate is the permeate osmotic pressure; πfeed, membrane 
is the osmotic pressure at the membrane wall, accounting 
for concentration polarisation.

The concentration polarisation modulus (M) can be 
simply estimated by [37,38]:

M
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p
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−
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π π
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II water
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


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


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−π π
 (8)

where πfeed is the osmotic pressure of the bulk feed; Jp(DI water) 
is the permeate flux in DI water; Jp(salt) is the permeate flux 
in salt solution; M >> 1 means that significant concentration 
polarization occurs.

The Jp vs. TMP plot allows measuring Δπ0 by extrapo-
lation at Jp = 0 (Fig. 5). Δπ0 maximum value is the osmotic 
pressure of the retentate (=feed) in absence of concentra-
tion polarization. When the rejection is constant over the 
feed pressure range and in absence of both concentration 
polarization (CP) and fouling, the slope of the straight-line 
remains equal to Lp0.

2.4. Streaming current measurement and zeta potential 
calculation

The membrane characterization was achieved accord-
ing to a protocol already described by the study of Hanafi 

et al. [39]. A SurPASS Electrokinetic Analyzer (Anton Paar 
GmbH, Graz, Austria) equipped with an adjustable-gap 
cell was used to measure tangential streaming current. 
Membranes samples were cut and adjusted to the sample 
holder dimensions (2 cm × 1 cm) and fixed using dou-
ble-sided adhesive tape. The distance between the mem-
brane samples was set to 100 ± 2 µm. The solution flow 
was created by a pair of syringe pumps and streaming 
current was measured with a pair of reversible Ag/AgCl 
electrodes (surface area: 10 cm2). Using electrodes with a 
large surface area and alternating the direction of solu-
tion flow limits electrode polarization during streaming 
current measurements. The streaming current (Is) was 
measured and recorded for increasing pressure differ-
ences up to 300 mbar, the flow direction being changed 
periodically. Prior to the first measurement the electrolyte 
solution was circulated through the channel formed by 
the membrane samples for at least 2 h in order to equili-
brate the membrane samples with the background solution 
(1 mmol L–1 KCl at the appropriate pH in water or water/
ethanol mixture). All experiments were performed at room 
temperature (20°C ± 2°C) under a controlled atmosphere 
(nitrogen gas) in order to allow accurate measurements at 
alkaline pHs. The zeta potential (ζ) was deduced from its 
relationship with the streaming current (Is) according to:

Is ch=
°Wh P

L
rε ε

η
ζ0 ∆

 (9)

Table 4
Characteristics of the RO membranes according to their respective provider [34,36]

Membrane Membrane material Permeance 
(L h–1 m2 bar–1)

NaCl rejection pH range 
stability

Maximum 
pressure (bar)Pressure (bar) Rejection

TFC-HR Polyamide/Polysulfone 2.03 15.5 99.5 (2 g L–1) 4–11 41
SW30 Polyamide/Polysulfone 2.15 55 99.4 (32 g L–1) 2–11 69
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NaCl for instance (1).
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where hch is the channel thickness between the two mem-
brane samples; ∆P° is the pressure difference along the 
channel formed by the two membrane samples; W and L 
are the width and length of the channel, respectively; η is 
the dynamic viscosity of the solution either that of water or 
of water/ethanol; εr is the dielectric constant of the solution 
either that of water or of water/ethanol; ε0 is the permittivity  
in the void.

2.5. Hansen–Hildebrand solubility parameter and 
molar volume calculation

To tackle the impact of the affinity between a solute 
and a membrane and its impact on the rejection, the differ-
ence between their Hansen–Hildebrand solubility param-
eters and that of the membranes were calculated, knowing 
that the higher is the affinity the closer are their respective 
parameters.

Hansen–Hildebrand solubility parameter (δ) was 
determined by the group contribution method proposed 
by Fedors [40]. For this purpose, either the solute or the 
unit block of the polymer membrane was “cut” into its 
functional groups and structural fragments. Each group 
has cohesion energy E

icoh( ) and a molar volume Vmi( ) 
which were found in a referent table provided in [40]. The 

solubility parameter δ (J cm–3)1/2 was then calculated by the 
addition of the contribution of each fragment (Table 5).

Moreover, the molar volume of a solute can be deduced, 
allowing an estimation of its radius assuming a spher-
ical shape (Table 5). Considering that ethanol radius is 
given at 0.3 nm in current literature, the comparison with 
the calculation evidence that the solute size was slightly 
overestimated by this method. Consequently, the size of 
Tropaeolin O and Thiamine was probably also slightly 
overestimated. Nevertheless, these calculations suggested 
that the two solutes have more or less the same size and 
that their solubility parameters were not significantly dif-
ferent. This last comment is in good agreement with the 
close values of their logKow.

The solubility parameter difference (absolute value) 
evidenced that the affinity of Tropaeolin O is more or less 
the same for the two types of membranes whereas the 
affinity of Thiamine is slightly greater for the polypipera-
zine amide (PPyPA) than for the fully aromatic polyamide 
(PA) membrane (Table 5).

2.6. Irreversible adsorption of Tropaeolin O on  
the two membranes

The objective was to evaluate the irreversible adsorption 
of 0.5 mM Tropaeolin O on TFC-HR and SW30 membranes 
at room temperature in the 4.83–9.41 pH range used for RO 
experiments in order to evidence any difference in affinity 
between this solute in different physicochemical environ-
ments and both membranes. Adsorption experiments were 
achieved in solutions to which either 0 or 30 g L–1 NaCl was 
added.

TFC-HR and SW30 membrane coupons (2 cm × 5 cm) 
were soaked up to 7,613 min in bottles containing 1 L 
Tropaeolin O solutions (–).

Following the adsorption and before ATR-FTIR anal-
ysis (below), the membrane coupons were rapidly drained 
and washed during 5 s with DI water in order to remove 
Tropaeolin O that was reversibly adsorbed. The mem-
brane coupons were finally carefully dried in a desiccator 
under a dynamic vacuum for several days to remove water 
from membranes.

Adapting the quantification method of proteins on poly-
mer membranes reported by Rabiller-Baudry et al. [41], 
ATR-FTIR analyses of dried membranes were performed to 
achieve a semi-quantification of the Tropaeolin O directly 
on the membranes. Spectra were recorded with JASCO 
4100 spectrometer equipped with the same ATR crystal as 

Fig. 6. Pictures of orange solution of dye and of membranes 
before and after adsorption of Tropaeolin O without drain-
ing and DI water rinsing to easily evidence the dye adsorption 
(either reversible and irreversible adsorption).

Table 5
Hansen–Hildebrand solubility parameters (δ), molar volume (Vm) calculated according to the Fedor method and deduced radius 
assuming a spherical shape for all solutes

Compounds δ (J cm–3)1/2 Vm (cm3 mol–1) Radius (nm) |δsolute – δPPyPA| |δsolute – δPA|

Ethanol 25.7 59.6 0.42 0.1 –10.1
Tropaeolin O 31.7 149.4 0.57 6.1 –4.1
Thiamine 28.9 28.9 0.60 3.3 –6.9
Polypiperazine amide (PPyPA) 25.6
Fully aromatic Polyamide (PA) 35.8
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those described above for ethanol analysis (Section 2.2.3. 
– Ethanol).

Fig. 7 depicts typical ATR-FTIR spectra of the two 
membranes before and after Tropaeolin O adsorption 
(without rinsing to better evidence the selected bands). 
The spectrum of each one of the virgin membranes 
was the superimposition of the PA active layer spec-
trum and that of the intermediate layer made of poly-
sulfone (PSU). The assignments of bands were already 
reported in [35] and to give more details here is out of the 
scope of this paper, except the band located at 1,238 cm–1 
attributed to the C–O–C vibration band of PSU for the two  
membranes.

After Tropaeolin O adsorption a new band appeared 
on the two membranes, located at 1,033 cm–1 (Fig. 7) and 
logically attributed to the dye. It was checked that the PSU 
band at 1,238 cm–1 was without any superimposition with 
Tropaeolin O bands, allowing its use as an internal standard 
for quantification.

H1033 and H1238 were the absorbances at 1,033 and 
1,238 cm–1 measured thanks to the spectra manager software 
of the spectrometer, respectively (baseline 2,800 cm–1). An 
increase in H1033/H1238 ratio means an increase in Tropaeolin O 
adsorption. However, the equations of the calibration curves 
relating the H1033/H1238 absorbance ratio to the Tropaeolin 
O concentration on the membranes were not established 
because the preparation of controlled dye deposits on 

membranes is very hard and long-time consuming work. 
Thus, only semi-quantification of Tropaeolin O on mem-
branes was achieved, based on the variation (if any) of the 
H1033/H1238 absorbance ratio.

3. Results

After determination of the zeta potential of both mem-
branes and Tropaeolin O adsorption on the two mem-
branes, RO of the synthetic seawater was first compared 
to that of NaCl at neutral pH and various concentrations 
aiming at identifying the NaCl concentration having the 
closer behavior (flux, salt rejection) to the synthetic seawa-
ter. Second, every organic solute was studied in a single 
solution, varying the pH from the natural acidic pH of the 
solution to the slightly alkaline one of the synthetic sea-
water. Then every organic compound was added either in 
NaCl solution or synthetic seawater to study the impact of 
the salts on the rejection of the charged organics. Finally, a 
ternary mixture made of Tropaeolin O, NaCl and ethanol 
was filtered aiming at the understanding impact of other 
organics at a very high concentration on the dye rejection.

3.1. Zeta potential of the TFC-HR and SW30 membranes

Fig. 8 depicts the zeta potential of both membranes 
in water. SW30 data were in good agreement with those 

Fig. 7. ATR-FTIR spectra of the two virgin membranes highlighting the internal standard band of PSU at 1,238 cm–1 and spectra of the 
membranes after Tropaeolin O adsorption evidencing the 1,033 cm–1 band due to Tropaeolin O adsorption. (a) Spectra of SW30 virgin 
membrane and SW30 membrane after Tropaeolin O adsorption, (b) zoom of (a) in the 1,200–950 cm–1 region, (c) spectra of TFC-HR 
virgin membrane and TFC-HR membrane after Tropaeolin O adsorption and (d) zoom of (c) in the 1,200–950 cm–1 region.
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reported by the study of Li et al. [42] measured with the 
same equipment but using the streaming potential measure-
ment instead of the streaming current as in the present study.

Besides a tight difference in their isoelectric point (iep = 3 
for TFC-HR and iep = 3.5 for SW30), the comparison of 
the zeta potential of the two membranes suggests that the 
TFC-HR could be slightly more negative than the SW30 at 
the seawater pH = 8.2. This could have an impact on elec-
trostatic interactions during RO if any ones take part in the 
transport/transfer mechanisms.

At first sight, the impact of ethanol dissolved in water 
up to 30 vol.% was not very significant on the TFC-HR 
membrane iep nor on its zeta potential at pH > iep.

3.2. Irreversible adsorption of Tropaeolin O on 
TFC-HR and SW30 membranes

Fig. 9 shows the membrane coupons after the irrevers-
ible adsorption of Tropaeolin O on the two membranes 
at various pHs and NaCl contents. The membranes were 
very slightly colored by the azo dye highlighting a low 
amount of Tropaeolin O irreversibly adsorbed on the two 
membranes regardless of the physicochemical environment

Fig. 10 depicts the H1033/H1238 ratio vs. the adsorption time. 
For a given membrane, roughly the irreversible Tropaeolin 
O adsorption was independent of the physicochemical 

environment. These results suggest that the electrostatic 
repulsions account for a little and that hydrophobic inter-
action were likely those that were responsible for the dye 
adsorption. These results are in good agreement with those 
of Heo et al. [21] already mentioned in the introduction 
explaining that logKow is a better descriptor than the pH to 
deal with adsorption on RO membranes.

Moreover, the H1033/H1238 ratios were roughly similar to the 
two membranes, suggesting closed Tropaeolin O adsorbed 
amounts on both membranes. This is in good agreement with 
the similar differences in the Hansen–Hildebrand parame-
ters given in Table 5.

Finally, such results suggested that, for a given sol-
ute, if any rejection difference was observed when varying 
the physicochemical environment of the filtration, expla-
nations of the different origins have probably to be found 
elsewhere than in membrane/solute affinity variations.

3.3. NaCl vs. synthetic seawater

The permeance of the two membranes in DI water 
was close Lp0 ≈ 2.03–2.15 L h–1 m–2 bar–1 for TFC-HR and 
SW30, respectively.

3.3.1. Flux

Different concentrations of NaCl at neutral pH were 
filtrated ranging from 15 to 45 g L–1 (Fig. 11). As expected, 
Δπ0 increases with NaCl concentration (Table 6). For a given 
TMP, the permeate flux decreased with the NaCl concentra-
tion increase. This is in good agreement with the increase 
of the osmotic pressure difference.

The osmotic pressure difference was calculated from 
the NaCl rejection (below) at every TMP for all NaCl con-
centrations, assuming no concentration polarisation 
(πfeed, membrane = πfeed, Table 2). The Δπ values matched well with 
the experimental Δπ0 (Table 6). The concentration polarisa-
tion modulus (M) was evidenced to be close to 1 (details 

Fig. 8. Zeta potential of the TFC-HR and SW30 membranes was 
deduced from streaming current measurements in 1 mM KCl 
dissolved in various water/ethanol mixtures.

Fig. 9. Pictures of the two RO membranes after adsorption 
and slight water rinsing of Tropaeolin O at various pH and 
0–30 g L–1 NaCl highlight the low irreversible adsorption of 
the dye.
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not shown). Both results agreed with a negligible concen-
tration polarisation.

The permeance in synthetic seawater is depicted in 
Fig. 11b and c highlighting their good accordance from one 
membrane to the other and with the 30 g L–1 NaCl solution.

3.3.2. Rejections

The NaCl rejection by the two membranes was above 
0.90 for Jp ≥ 5 10–6 m s–1 (Fig. 12a). The plateau value of 
rejection was close to 0.94–0.95 for both membranes in the 
25–35 g L–1 NaCl concentration range.

Fig. 12b compares the overall salts’ rejections of seawa-
ter to the 30 g L–1 NaCl ones. The agreement between the 2 
sets of rejections was better with the TFC-HR membrane than 
with the SW30. However, no conclusion can be drawn as the 

conductivity measurement in seawater retentate/permeate 
was not able to reflect the only NaCl behavior.

Table 7 sums up the results with 30–35 g L–1 NaCl and 
synthetic seawater. A result that raises the question is the 
evolution of the pH in the permeate. In NaCl solutions, 
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(b) SW30 membranes at room temperature as drawn from ATR-FTIR measurement of the H1033/H1238 absorbance ratio vs. immersion 
time up to 7,613 min.

Table 6
Δπ0 measured with the TFC-HR membrane (±accuracy on TMP) 
and average Δπ calculated from feed osmotic pressure of Table 2 
and rejection (±variation due to rejection)

NaCl (g L–1) 15 25 30 35

Δπ0 (bar) 12 ± 1 17 ± 3 21 ± 3 25 ± 4
Δπ 12.4 ± 0.1 20.0 ± 0.2 23.6 ± 0.6 27.7 ± 0.4
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that were at neutral pH, regardless of the membrane, the 
pH remained neutral either in the retentate and in the 
permeate. However, in the synthetic seawater, the pH 
was more acid in the permeate than in the retentate with 
the TFC-HR membrane, suggesting a negative rejection of 
the proton. Such permeate acidification is a well-known 
phenomenon in seawater RO generally attributed to the 
complex CO2/HCO3

– balance and not to a transfer mecha-
nism based on the Donnan partition at the membrane wall 
as in aqueous nanofiltration. However, with the SW30, 
the pH difference between the retentate and the perme-
ate was not significant, highlighting that further experi-
ments are needed to have a better understanding of the 
origin of the differences between the two membranes’  
behavior.

3.4. RO of charged organic molecules

The impact of the seawater matrix on the rejection of 
small charged organic solutes of close molecular weight 
was studied. RO was achieved at two selected pHs, either 
4.5–4.8/5.2 (natural pH of the Thiamine-Tropaeolin O solu-
tions with or without NaCl addition or pH = 8.2 (synthetic 
seawater). Accordingly, Tropaeolin O was mainly a mon-
ovalent (acid pH) or a divalent (seawater) anion while 
Thiamine was mainly a divalent (acid pH) or a monovalent 
(seawater) cation. It can be noticed that for a given com-
pound, the higher its net charge is, the more hydrophilic is 
the component.

With respect to their zeta potential, the two virgin 
membranes were more or less negatively charged for these 

Fig. 11. Permeate flux (Jp) vs. applied transmembrane pressure (TMP) of TFC-HR (30°C, 0.5 m s–1) and SW30 (25°C, 2.5 m s–1): 
(a) in DI water and 15–45 g L–1 NaCl at natural neutral pH, (b) in DI water and synthetic seawater (pH 8.2) and (c) in DI water, 
30 g L–1 NaCl (neutral pH) and synthetic seawater (pH = 8.2).



O. Samhari et al. / Desalination and Water Treatment 257 (2022) 1–2214

pHs. Thus, the fouling was expected to be different due to 
attraction or repulsion between the membrane and Thiamine 
or Tropaeolin O, respectively, even if concentrations were low 
(0.5 × 10–3 mol L–1). What was the impact of solutes’ charges 

on the rejections? Particularly in 30 g L–1 NaCl and synthetic 
seawater having a high ionic strength of 0.5–0.6 mol L–1, 
respectively, were electrostatic interactions sufficiently 
screened to cancel every associated impact?

Fig. 12. Rejections by TFC-HR (30–36 bar TMP range, 30°C, 0.5 m s–1) and SW30 (25–46 bar TMP range, 25°C, 2.5 m s–1): 
(a) NaCl rejection at neutral pH for 15–45 g L–1 NaCl solutions and (b) 30 g L–1 NaCl at neutral pH and overall seawater 
salts (pH 8.2) from conductivity measurements.

Table 7
Comparison of NaCl and synthetic seawater at plateau value of rejection during RO by TFC-HR (32–36 bar TMP range, 30°C, 0.5 m s–1) 
and SW30 (30–46 bar TMP range, 25°C, 2.5 m s–1)

Membrane TFC-HR SW30

Solution NaCl Synthetic seawater NaCl

30 g L–1 35 g L–1 30 g L–1 35 g L–1

Δπ0 (bar) 21 25 21 21 25 24–26

Salts’ rejectiona (TMP range, bar)
0.93 0.93 0.934 0.91 0.94 0.93
±0.02 ±0.02 ±0.004 ±0.01 0.01 0.06
(32–36) (32–36) (32–36) (30–40) (35–46) (35–44)

pH feed/retentate 6.69 6.68 8.20 ± 0.07 8.41 ± 0.09 6.1 ± 0.7 5.75
pH permeate 6.52 6.45 6.04 ± 0.01 8.66 ± 0.11 7.1 ± 0.7 6.77
H3O+ rejection ≈0 ≈0 –144 ≈0 0.90 0.90
OH– rejection ≈0 ≈0 0.99 ≈0 –9 –10

aby conductimetry for synthetic seawater
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3.4.1. Tropaeolin O (mono or divalent anion)

The azo dye was filtered in water and in water/ethanol.

3.4.1.1. In water

Tropaeolin O was filtered in water with the two mem-
branes (Figs. 13 and 14).

Fig. 13 shows RO by TFC-HR of Tropaeolin O in a sin-
gle solution at two different pHs (5.2 and 6.8) leading either 
to a monovalent or mainly divalent anion. Regardless 
of the pH, no reduction of the water flux was evidenced 

(Fig. 13a). This is in good agreement with both the low con-
centration and the occurrence of electrostatic repulsions 
between the negatively charged dye and the negatively 
charged virgin RO membrane. The pH of the permeate was 
close to that of the retentate (Table 8). When adding either 
30 g L–1 NaCl (pH = 4.8) or seawater (pH = 8.2), the flux 
was clearly decreased and controlled by the salt (Fig. 13b). 
At Jp = 0, Δπ0 = 22 bar was similar to the extrapolated value 
for the same solutions without any dye dissolved in (Table 7).

In a single solution (Fig. 13c, Table 8), the Tropaeolin 
O rejection was higher when the dye was the more negatively 

(a) 
 

(b) 
 

 
(c) 

0

10

20

30

40

50

60

70

80

90

100

0 5 10 15 20 25 30 35 40

Jp
  3

0°
C

 (L
.h

-1
.m

-2
)

TMP (bar)

Tropaeoline O

pH=4.9
Tropaeoline O

pH=8.2
J0

pH=5.2   Tropaeolin O -1.1

pH= 6.8 Tropaeolin O -2.0

J0 (DI water)

0

10

20

30

40

50

60

70

80

90

100

0 5 10 15 20 25 30 35 40

Jp
  3

0°
C

 (L
.h

-1
.m

-2
)

TMP (bar)

NaCl +thiamine

Synthetic seawater +

thiamine
J0

pH=4.8  (30 g.L-1 NaCl) Tropaeolin O -1.1

pH=8.2 (sea water) Tropaeolin O – 2.0

J0 (DI water)

0.80

0.82

0.84

0.86

0.88

0.90

0.92

0.94

0.96

0.98

1.00

0.0 5.0 10.0 15.0 20.0

T
ro

p
ae

o
li

n
 O

  
 r

ej
ec

ti
o

n

Jp (10-6 m.s-1)

pH = 5.2, Tropaeolin O -1.1

pH = 4.8 (30 g.L-1 NaCl), Tropaeolin O -1.1

pH = 6.8, Tropaeolin O - 1.9

pH = 8.2 (sea water) Tropaeolin O - 2.0

Fig. 13. Tropaeolin O (0.5 mM) RO by TFC-HR membrane at 30°C, 0.5 m s–1. (a) Flux in single Tropaeolin O solution at vari-
ous pH, (b) flux for Tropaeolin O in 30 g L–1 NaCl (pH = 4.8) and seawater (pH = 8.2) and (c) Tropaeolin O rejection at acid pH 
(single or NaCl) and neutral-alkaline pH (single or seawater).



O. Samhari et al. / Desalination and Water Treatment 257 (2022) 1–2216

charged (and simultaneously in its more hydrophilic form) 
suggesting an impact of electrostatic repulsions between 
the negative TFC-HR membrane and its monovalent/diva-
lent co-ion (it can be noticed that with or without any dye 
adsorption, the active membrane would remain negatively 
charged as the virgin TFC-HR). The pH of the permeate was 
close to that of the retentate (Table 8).

At pH ≥ 6.5, in presence of either 30 g L–1 NaCl or syn-
thetic seawater, the Tropaeolin O rejection increased. At 
first sight (discussion section), this trend appeared likely 
due to the Tropaeolin O charge increase whereas the salt 
content seemed to have no impact on the rejection even if 
the ionic strength was significantly increased from a few 
mM in a single solution to 0.5–0.6 M in slated solutions 
(Table 8). Simultaneously, the rejection of salts seemed not 
affected by the presence of Tropaeolin O. While the pH of 
both permeate and retentate remained close in NaCl, in sea-
water the permeate acidification was lower in presence of 
Tropaeolin O than without it (Table 8).

Similarly, RO of divalent Tropaeolin O (pH ≥ 7.4) was 
achieved with the SW30 membrane (Fig. 14, Table 9). The 
Tropaeolin O rejection was roughly the same in a single 
solution and synthetic seawater confirming the TFC-HR 
results on the absence of impact on the dye rejection asso-
ciated with the salt presence. Contrary to what happened 
with the TFC-HR no acidification of the permeate was 

evidenced during the RO of the synthetic seawater by the 
SW30 membrane. Moreover, the permeate was more alka-
line in 30 g L–1 NaCl with or without the dye dissolved in. 
These results suggest that the difference in the two mem-
branes’ composition and initial zeta potential might have an 
impact on selectivity.

3.4.1.2. In water/ethanol (TFC-HR membrane)

The objective here was to evidence if the transfer of 
Tropaeolin O (0.5 mM, stokes radius ≈ 0.5 nm, Table 5) can 
be modified, for instance, due to cooperative effects, in 
presence of a large amount of other small organic solutes 
able to partially cross the RO membrane. Ethanol (stokes 
radius ≈ 0.3 [43] –0.4 nm, Tables 3 and 5) was selected as a 
unique compound aiming at modeling a concentrated mix-
ture of small organics.

Ethanol was also selected because it can act as a sol-
vent that was fully miscible with water. Their mixture 
created a background solvent (BGS) different from water 
when dealing with the density and the viscosity increase 
and the dielectric constant decrease with the ethanol con-
tent increase [44–47]. Moreover, ethanol affinity toward 
the polymer membrane is better than that of DI water with 
respect to its less hydrophilic character. To increase etha-
nol amount induced an increase in the BGS affinity toward 
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the polyamide membrane with respect to their respective 
Hansen–Hildebrand parameter as reported in [32,48].

Tropaeolin O was filtered at natural pH = 4.8 and 20 bar 
with the TFC-HR membrane in water/ethanol mixtures 
either 90/10 or 70/30 v/v. To avoid any salt precipitation, 
NaCl was added at 0.1 mol L–1 (5.85 g L–1) which would 
be a sufficiently high concentration to efficiently screen 
electrostatic interactions, if any, even if it can be guessed 
that they were not fully canceled.

Compared to water, the fluxes decreased in water/eth-
anol and were controlled by the viscosity and the osmotic 
pressure due to ethanol. The presence of Tropaeolin O with 
or without NaCl had no significant impact on the flux. 
It was checked that the ethanol rejection remained low 
and roughly constant over the whole range of experiences.

Fig. 15 shows that Tropaeolin O was better transmitted 
in presence of ethanol than in DI water. In presence of NaCl, 
the rejection decreased. It seemed that in presence of etha-
nol, a competition was established between the membrane 

and the BGS with respect to the organic solute affinity 
(Table 5). The consequence was a better transmission of the 
dye compound toward the permeate. This can be considered 
as a synergetic effect of the mixture of Tropaeolin O and 
ethanol, highlighting the interest in studying mixtures of 
organics with an overall high concentration.

3.4.2. Thiamine (mono or divalent cation)

Thiamine was only filtered with the TFC-HR in the 
5–36 bar range (Fig. 16, Table 10).

At pH = 4.5 the flux in water and in a single Thiamine 
solution were the same, while the flux decreased signifi-
cantly at pH 6.4 (Fig. 16a). The permeate flux was similar in 
DI water and when simultaneously Thiamine was mainly 
a divalent cation (Thiamine+1.7, pH 4.5) and TFC-HR mem-
brane was negatively charged (virgin membrane zeta poten-
tial ≈ –15 mV, Fig. 8). On the contrary, when Thiamine was 
a monovalent cation (Thiamine+0.9, pH 6.4) and the virgin 

Table 8
Tropaeolin O (0.5 mM, anion) reverse osmosis by TFC-HR membrane at 30°C, 0.5 m s–1 in the 28–36 bar applied transmembrane 
pressure range (plateau value of rejection)

Tropaeolin O Monovalent Mainly divalent Divalent

Single 30 g L–1 NaCl Single Seawater

Tropaeolin O With  
Tropaeolin O

Without  
Tropaeolin O

Tropaeolin O Without 
Tropaeolin O

With 
Tropaeolin O

Feed pH 5.2 6.5 6.7 6.8 8.2 8.3
NaCl rejection – 0.93 ± 0.01 0.93 ± 0.02 – –
Salts rejectiona – – – – 0.93 ± 0.01 0.94 ± 0.01
Tropaeolin O rejection 0.86 ± 0.01 0.98 ± 0.01 – 0.94 ± 0.01 – 0.99 ± 0.01
pH retentate 5.24 6.52 ± 0.08 6.69 6.79 8.20 ± 0.07 8.29 ± 0.05
pH permeate 5.97 6.75 ± 0.09 6.52 6.30 6.04 ± 0.01 7.49 ± 0.1
H3O+ rejection ≈0 ≈0 ≈0 ≈0 –144 –5
OH– rejection ≈0 ≈0 ≈0 ≈0 0.99 0.84

aby conductimetry for synthetic seawater

Table 9
Tropaeolin O (0.5 mM) reverse osmosis by SW30 membrane at 25°C, 2.5 m s–1 in the 30–45 bar applied transmembrane pressure range 
(plateau value of rejection)

Tropaeolin O Divalent anion

30 g L–1 NaCl Seawater

Tropaeolin O Without 
Tropaeolin O

With 
Tropaeolin O

Without 
Tropaeolin O

With 
Tropaeolin O

Feed pH 7.8 6.1 7.4 8.4 8.3
NaCl rejection (30–40 bar) – 0.94 ± 0.01 0.92 ± 0.02 –
Salts rejection (35–45 bar) – – 0.91 ± 0.01 0.94 ± 0.01
Tropaeolin O rejection (30–40 bar) 0.96 ± 0.01 – 0.94 ± 0.01 – 0.976 ± 0.003
pH retentate 7.6 ± 0.3 6.1 ± 0.7 7.4 ± 0.4 8.4 ± 0.1 8.0 ± 0.1
pH permeate 8.1 ± 0.6 7.1 ± 0.7 8.4 ± 0.3 8.6 ± 0.1 8.3 ± 0.2
H3O+ rejection 0.65 0.90 0.89 ≈0 ≈0
OH– rejection –2 –9 –8 ≈0 ≈0
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membrane was a little bit more negatively charged (zeta 
potential ≈ –20 mV, Fig. 8) the flux significantly decreased. 
This result appeared counter-intuitive at first sight if the 
fouling was managed by electrostatic interactions. However, 
it appeared logical if the fouling was mainly the consequence 
of hydrophobic solute/membrane interactions (as suggested 
from adsorption experiments achieved with Tropaeolin 
O, Section 3.2 – Irreversible adsorption of Tropaeolin O on 
TFC-HR and SW30 membranes) because Thiamine+1.7 is more 
hydrophilic than Thiamine+0.9 due to their respective charge.

Fig. 16b shows the RO of Thiamine mixed either with 
NaCl at 30 g L–1, pH = 4.5 or synthetic seawater (pH 8.2). In 
both cases, the permeate flux was clearly controlled by the 
salt. At Jp = 0, Δπ0 = 21 bar as already observed for the same 
solutions without any Thiamine dissolved in (Table 7).

Fig. 16c compares the Thiamine rejections vs. flux. In a 
single solution, the rejection ranged from 0.92 to 0.96 and 

varied linearly with the flux. The more charged (and hydro-
philic) was the Thiamine the less it was rejected. In pres-
ence of salts, either 30 g L–1 NaCl or seawater, Thiamine 
rejection increased compared to single solutions, however, 
no significant difference was evidenced for the two pHs.

Thiamine, either in monovalent or divalent form, seemed 
to have no impact on salts’ rejection, as was evidenced 
from conductivity measurements. However, the acidifica-
tion of the seawater permeate was lower with Thiamine 
than without Thiamine (Table 10).

4. Discussion: comparison Tropaeolin 
O/Thiamine in water

Tropaeolin O and Thiamine were selected at the start 
because of their close molecular weight and their oppo-
site charges. Moreover, with respect to logKow, their 

Table 10
Thiamine (0.5 mM, cation) reverse osmosis by TFC-HR membrane at plateau value of rejection during RO (29–36 bar TMP range, 
30°C, 0.5 m s–1)

Thiamine Mainly divalent Monovalent cation

Single 30 g L–1 NaCl Single Seawater

Thiamine With Thiamine Without Thiamine Thiamine Without Thiamine With Thiamine

Feed pH 4.5 4.5 6.7 6.4 8.2 8.3
NaCl rejection – 0.91 ± 0.02 0.93 ± 0.02 – – –
Salts rejection – – – – 0.934 ± 0.004 0.94 ± 0.02
Thiamine rejection 0.95 ± 0.01 0.95 ± 0.01 – 0.95 ± 0.01 – 0.96 ± 0.01
pH retentate 4.00 ± 0.07 4.45 ± 0.04 6.69 ± 0.05 6.44 ± 0.4 8.20 ± 0.07 8.30 ± 0.04
pH permeate 4.59 ± 0.05 4.75 ± 0.07 6.52 ± 0.05 5.75 ± 0.2 6.04 ± 0.01 7.34 ± 0.13
H3O+ rejection ≈0 ≈0 ≈0 –4 –144 –8
OH– rejection ≈0 ≈0 ≈0 0.80 0.99 0.89

Fig. 15. Tropaeolin O (0.5 mM, monovalent anion) RO at 20 bar by TFC-HR membrane at 18°C, 0.8 m s–1 in various water/
ethanol mixtures from 100/0 to 70/30 v/v.
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hydrophobicity is close, but it must be underlined that this 
value does not take into account the variation of the sol-
ute charges. Finally, their respective affinity toward the 
two RO membranes appeared similar from the Hansen–
Hildebrand solubility parameters (Table 5); but once again 
such calculations did not account for charge variation.

The variation of the average net charge of the two 
solutes was plotted vs. the pH and compared to the 
zeta potential of the two virgin membranes remaining 
negatively charged over the whole studied pH range 
(Fig. 17). When increasing the pH, the Tropaeolin O nega-
tive net charge increases whereas the positive net charge  
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of Thiamine decreases. Simultaneously, in absence of charge 
screening by a high amount of added salts, Tropaeolin O 
hydrophobilicity increases whereas Thiamine hydropho-
bicity increases with the pH. However, when adding a 
high amount of salts (but how much exactly?), the screen-
ing of the charges would be efficient and consequently, 
the hydrophobicity of each solute would be maximum, 
regardless of the pH.

For a better fundamental comprehension of mechanisms, 
the comparison must be achieved at constant permeate flux. 
Jp = 5.10–6 m s–1 was selected as depicted in Fig. 18. First of 
all, regardless of the organic solute and its physicochemical 
environment, the rejection was neither full nor in the relative 
order of the MW.

In a single solution, Tropaeolin O rejection by the TFC-HR 
membrane was increased when increasing the pH and conse-
quently its negative charge. Such behavior appeared in good 
agreement with repulsive electrostatic interactions between 
the membrane and its co-ion.

In a single solution, Thiamine rejection by the TFC-HR 
was decreased when the pH decreased and consequently, its 
net charge increased. Such behavior appeared in good agree-
ment with attractive electrostatic interactions between the 
membrane and its counter-ion.

In 30 g L–1 NaCl or seawater, the ionic strength was in 
the 0.5–0.6 M range, and electrostatic interactions might 
be significantly decreased. However, rejections of the 
most charged form of Tropaeolin O by the TFC-HR mem-
brane were increased with respect to either the monova-
lent anion or the divalent anion without any added salt. 
Similarly, rejections of Thiamine increased, regardless of its  
charge.

As the electrostatic interactions between the charged 
membrane and its co-ion (Tropaeolin O) or counter-ion 
(Thiamine) might be less efficient due to the screening 
induced by the ionic strength, the Tropaeolin O rejection 
might decrease due to a decrease of repulsion whereas 
that of Thiamine might increase due to decrease of attrac-
tion. The results shown in Fig. 18 are not in line with this 
comment and show that the explanation of the rejection 
variation was not only due to membrane/solute electro-
static interactions. It seems more logical to draw that the 
rejections were improved when simultaneously the hydro-
phobicity of solute and membrane was increased with 
respect to a significant amount of salt addition. The varia-
tion of the Tropaeolin O rejection by the SW30 membrane 
with or without added salt is in good agreement with this  
explanation.

Fig. 17. Comparison of the average net charge of Tropaeolin O and zeta potential of the two membranes (in 1 mmol L–1 KCl).
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5. Conclusions

In this study, we have selected a commercial mixture of 
sea salts (Instant Ocean) and shown that its behavior during 
RO either by a TFC-HR or a SW30 membrane was close to 
that of 30 g L–1 NaCl with respect to the overall salt rejec-
tion as it can be studied without any selectivity from con-
ductivity measurements.

Then, we have selected two organics of similar molecu-
lar weight and close hydrophobicity, one being negatively 
charged (Tropaeolin O, azo dye) and the other positively 
charged (Thiamine) in order to study the impact of the 
seawater matrix on their respective transfer through poly-
amide membranes.

The transfer of the two organic compounds was more 
fundamentally studied with the TFC-HR membrane. By 
playing simultaneously on the monovalent/divalent charge 
and on the hydrophilic/hydrophobic balance of the solutes, 
thanks to the pH and the ionic strength of the physico-
chemical environment, the rejections were changed.

At constant flux Jp = 5.10–6 m s–1, the more hydropho-
bic form of a given solute, obtained by adding salts (either 
NaCl or seawater), was systematically more rejected than the 
hydrophilic ones (regardless of their monovalent/divalent 
co-ion or counter-ion form).

In our future work, one issue that absolutely must be 
addressed is that of mixtures of small organics (pollutants), 
the molecular weight of which being close to 250–300 g mol–1, 
as contrary to current thought they are able to cross the RO 
membranes. With respect to the impact of ethanol addition 
in water shown in this paper, it is probably necessary to dis-
tinguish between (i) mixtures of organics that only lead to 
an overall concentration increase with a possible impact on 
the amount adsorbed at the membrane wall, and (ii) those, 
like ethanol, that could induce a better transfer due to an 
increased affinity of the organic solute for the background 
solvent when compared to water. In our opinion, the first 
case is widely studied in many papers for solutes with 

MW ≤ 150 g mol–1, but not the second one that makes the 
junction between water and organic solvent filtration either 
in nanofiltration or reverse osmosis.
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