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1 Introduction

The modification of the membrane structure by carlm@notubes is an
interesting procedure in membrane technology. Em®tubes, incorporated within
the structure of a membrane, play the role of ay®ragent and sorbent. Such
prepared nano-membrane has completely differenictstre and properties in
comparison to conventional polymer membranes. Istroases, the incorporation
of nanotubes within a membrane structure causesviéi@ll increase of porosity of
the membrane [1,2,3].

In these composite membranes, their surface expandsto strong
interactions between polymer chains and nanopestidfloreover, this effect can
be assumed to be caused by the tendency of nasotob¢he formation of
aggregates giving an overall size significantly eeding the size of typical
individual nanopatrticle [4]. Big nano-aggregatesbedded in the polymer matrix
can create macro-voids in the membrane structuleirammease their permeability
[2]. However, on the other hand, high concentratibnanomaterials can lead to a
reversible decrease of membrane pore size. Thisddo the significant increase of
viscosity of the casting solution that slows dovwe penetration of non-solvent
within the membrane structure during precipita{isn

Thus, this it is very difficult to unequivocally @emine the optimal
concentration of nhanomaterial in the polymer membrtb guarantee the highest
permeability and selectivity. The proportion of paraterials in a membrane
should be selected depending on both the kind lgfper and the properties of the
nanomaterials but also on the characteristics @fntlembrane process to be used.
Therefore, the selection of the most favorable eatr@tion of nanomaterials in
casting solution should be adjusted individually.

The nanotube-polymer hybrid membranes have, of sepusome clear
advantages because they improve, for example, methgroperties and thermal
stability. This is connected with the high mechahgtrength of the nanotubes. It is
also associated with their large surface area ititaetacts with the matrix and
reduces the movement of the polymer chains [2].

With respect to the application of such nano-cortposaterials in
pressure-driven membrane processes, the most iampdectors are the resulting
hydrophilicity and the paired increase of the foglresistance of membrane. The
addition of nanomaterials functionalized with oxgggroups to the polymer
membranes is a strategy to control fouling by modg their hydrophilicity and
also giving the membrane an electric charge [T,6¢ increase of zeta potential of
the membrane enhances an electrostatic repulsitmebée some pollutants and
membrane surface thus, that would be retained witapproaching neither coating
the pore or membrane surfaces [7].

Other researchers reported some properties ofdlyenpr membranes that
seem to be modified by nanomaterials. However, liesare very often
contradictory because, in fact, it is impossibleuteequivocally and universally
determine, from their characterization, what is éffect of the added nanotubes
because their effect depends greatly on the piiepest the original polymer. This
is why, nanotube membranes should be better cleaised in detail separately.
Therefore, in this paper, the influence of carb@amatubes on the structure and
properties of polyethersulfone membranes is studied
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Available data from the literature do not repornoxal of organic micro-
pollutants using nano-membrane. The novelty of whisk consists in the use of
Polyethersulfone (PES) membranes filled with canbamotubes for the removal of
micro-pollutants with estrogenic activity from skietic wastewater.

2 Materialsand methods

2.1 Chemicals

Carboxyl functionalized Single Walled Carbon Natas (SWCNTSs) were
purchased from COCC (Chengdu, Sichuan, China). elfheanotubes were
synthesized by the chemical vapour deposition ntetned the raw product was
purified using a mixture of HNOand HSO, acids (data from manufacturer). The
characteristics of the nanotubes as provided byrtaeufacturer are presented in
Table 1. PES was supplied by BASF Company (Ludvatsh Germany. N,N-
dimethylformamide, isopropanol (all analyticallyrpy acetonitrile and methanol
for HPLC were purchased from Avantor Performancdedals (Central Valley,
Pennsylvania, USA). Isobutanol (analytical gradeswsupplied by Merck KGaA
(Darmstadt, Germany). Potassium chloride, sodiurdrdyide and hydrochloric
acid were purchased from Sigma-Aldrich (St. Louldissouri, USA, now a
subsidiary of Merck KGaA). Dextrane of a molecuhsight of 40 kDa was also
purchased from Sigma-Aldrich. Bisphenol-A (BPA) at,4'-(propane-2,2-
diyl)diphenol and 4-Nonylphenol (4-(2,4-dimethyliep-3-yl)phenol) (purity
>99%) were purchased from Sigma Aldrich. The stegkitions of BPA and NP
(4-Nonylphenol) were prepared with methanol (anedytstandard). Deionised
water was taken directly from Milli-Q water purifiton system (Millipore,
Billerica, Massachusetts, USA, now a subsidiariylefck KGaA).

‘ Table 1. Characteristics of nanotubes. |

2.2 Synthetic wastewater

A solution of synthetic wastewater was prepareghitoic municipal effluent
containing estrogenic compounds. This was done ibgolving the following
chemicals (mg/di): bouillon: 2.5; peptones: 2.0; NEI: 3.5; NaCl: 1.5; CaGl
5.0; MgSQ:-7H0O: 1.0; KHPO;: 1.5; KH,PO,: 2.5 in deionised water. All
substances were of analytical grade, purchased ffoarantor Performance
Materials (Central Valley, Pennsylvania, USA). $iént volumes of BPA and NP
stock solutions were added to achieve a concemtratf 100 upg/drh in
wastewater. BPAhormone-like properties that raise concern absuilittability in
some consumer products and food containers and dNRomsidered to be
an endocrine disruptor due to its ability to miragtrogen and in turn disrupt the
natural balance of hormones in affected organigsof this synthetic wastewater
varied from 6.9 to 7.4. The properties of seleat@dropollutants are shown in
Table 2.
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Table 2. Characteristics of compounds.

2.3 Preparation of PES/nano-composite membranes

Pristine polymeric membranes contained 16 wt% pbbmsulfone (PES)
and 84wt% N,N-dimethylformamide (DMF). The castingolution for
nanocomposite membranes consisted of 16 wt% PESNSWADd 84 wt% DMF.
The loading of SWCNT in 16 wt% PES-SWCNT was kep0#25; 0.05; 0.1 and
0.5 wt%. Thus, the ratio between PES and SWCNT wa@aghe levels of
99.975:0.025; 99.95:0.05; 99.9:0.1 and 99.5:0.% tembranes were named as:
PES (membrane without nanotubes); PES 0.025%SWE¥EE 0.05%SWCNT,;
PES 0.1%SWCNT; PES 0.5%SWCNT.

Polymeric flat membranes were prepared via theghagrsion method. To
prepare the nanocomposite membranes, firstly, amoppate amount of carbon
nanotubes was added to DMF. This mixture was stdgje ultrasonication (30
min), in order to minimize the aggregation effeofsnanotubes. After that, a
suitable amount of PES was put in the mixture with nanotubes and DMF.
Casting solution was intensively stirred for 12 h4& °C to assure a good
homogeneization and then degassed in order to remiobubbles.

Subsequently, the membranes were cast using arddette mechanism as
150 um films onto a glass plate and immediately immerisgd the coagulation
bath (deionised water/isopropanol 90/10, v/v) at:1?6. After membrane
precipitation, the membranes were stored in dedohisater at 4C for 24 h to
ensure complete phase separation.

2.4 Characterization of PES/nano-composite membranes
24.1 Liquid-liquid displacement porometry

The pore size distribution and porosity of our mesmnles were measured

by means of liquid-liquid displacement porometr{.[IP). Following this method,
membranes were soaked in a wetting liquid, whichevgeibsequently pushed out
by an immiscible liquid. The wetting liquid was agueous-rich phase while the
immiscible liquid was an alcohol-rich phase. Thegrav obtained by putting
degased and deionized water along with isobute8&0/(50, v/v) in a separating
funnel and shaking it intensively. Then, the migtuvas stood overnight for
separating both phases. The apparatus used in rihlysis was completely
automated. A detailed description of LLDP theord axperimental procedure can
be seen elsewhere [8].
The LLDP method is based on the measurements séyme and flow through the
membrane, consequently leading to the calculatfopooe radius opened at the
given applied pressure. The pore radiup was calculated by the Young-Laplace
equation:

_Z
r—Apcose Q)

Ap is the transmembrane pressuyds the interfacial tension between the two
liquids and® the contact angle at the corresponding interfatevden displacing
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and displaced liquids and the membrane materiabun case we can take the
contact angle as zero (Equation (1) is then calladtor's equation) ang =
1.9-10° N/m. Assuming cylindrical pores, the Hagen-Poiewquation can be
used to correlate the volume flow,{)Jof the displacing fluid and the number of
pores (n), having a given pore radius. For eaclsspre value Ap), the
corresponding volume flow measured is correlatetth Wie number of pores thus
opened by:

NyTrpEA i

@

Jva = Tkt

nq is the dynamic viscosity of the displacing fluiddal the pore length, which
refers to the active layer thickness of the memdbrenthe case of asymmetric
membranes. By raising the pressure stepwise, gameling pore radius and flow
values are revealed and the total permeabilityhef hembrane can be acquired.
Moreover, molecular weight cut off was estimatednir LLDP data using
a procedure previously published [9].

2.4.2 Retention tests

A dead-end filtration set-up was used to perfoetemtion tests. The device
consisted essentially in three elements: a stioel] a pressure providing gas
system and a vessel to collect the permeate. Tinedstell used was the HP4750
stirred cell from Sterlitech (Kent, Washington statJSA). The cell leaves an
active membrane area of 14.6°cA membrane disk is held between the reservoir
cell for the liquid feed and a stainless steel persupport disk. The flow through
the membrane is driven by a pressurized air cytinghich is controlled by a DHP
240-50-10 Air-Liquide pressure regulator. The resercell is stirred by a Teflon
coated magnetic stir bar (lengtl, & 22.00 + 0.05 mm) on an Agimatic-N stirrer,
which controls the rotation velocity of the bar.nS8more detailed description of
this device can be seen elsewH&fd. In this case we used a feed reservoir of 300
mL with a dextrane concentration of 0.99 g/L pertimgaat 0.5 bar with stirring at
1600 r.p.m.

The Peclet numberPg€) is the ratio of the convective to diffusive
contributions to the permeation and can be defased

Ax in the thickness of the active layer of the mesmile; A is its surface porosity
(open area per unit of total area),i®the diffusivity of the solute,.Js the volume
flux through the membrane and kdnd K’y are the corrected hindrance factor for
the convection and diffusion, respectively. Theendbn of the membrane, or true
retention coefficient, can be expressed as a fomatf the pore radius [11] for each
Jy as:



O©CO~NOOOTA~AWNPE

= -C_: - KC¢ 4
"=t cr: ! 1-(1-K p)e ™ @

C, is the concentration of the permeate whilg i§ the concentration on the
membrane at the feed-membrane side; @tttk partitioning coefficient. Different
correlations have been proposed in the literatardie hindrance factors and on

how to evaluate them fror =l’s/l’p(the ratio of solute to pore radii). Assuming
cylindrical poresp = (1- 1)2.

A careful revision was done by Dechadilok and D¢&&]. They also
studied and presented a way of introducing thectffef the pressure gradient in

these hindrance factors. Expressions Kgrand Ky used in this work are those
proposed in the cited work by Dechadilok and Deercylindrical pores:

K, = 1 1/]2 (1+§/] INnA-1.56031 + 0.5281%6°+ 1.9132- 2.8180+

+0.27078° + 1.10116° - 0.43593) (5)

K :1+3.867/1—1.9022— 0.83#°
¢ 1+1.8674 - 0.741°

The correction due to pressure effects [11] leadbé use of

2
K.=K_+ Kdlm

2_
(2-9) (6)
K, =K,

Note that the true retention coefficient do notyomlepend on the

membrane but also on the rest of the experimertatd (cell design, stirrer, etc.)
which determines the flux condition on the membramel control the solute

accumulation on the membrane-feed side (makihg? G). The true retention
coefficient, R, is higher than the observed orfg, =1—(Cp/Q)due to the effect

of concentration polarization. Thus, the true métm coefficient needs a careful
determination of ¢ from the feed concentration,;.CThis can be done by a
watchful accounting of the concentration-polarizatand mass transfer theory [10]
for the feed-membrane interface. Once the truentiete has been measured it can
be fitted to Equations (4) to (6) to get r

24.3 Microscopic examinations

Scanning electron microscopy (SEM) was employedat@lyse the
structure of prepared membranes with a Quanta 2B0&@tipement of FEI. For
these studies, membranes were frozen in liquidgetn and fractured.

Atomic Force Microscopy (AFM) has been performedhva Nanoscope
[lIA. The tapping mode has been used in air, wiliba mono-cantilever probes.
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24.4 Streaming potential measurements

Electrokinetic properties of the membranes wereerdghed by using
streaming potential measurements. These measuremene done by flowing
electrolyte solution along the membrane top surfeading to obtain direct data on
the electric properties of the membrane skin lajiére streaming potential was
measured by using a clamping cell equipped with AgfAgCl, electrodes placed
at the module entrance and exit. Two membrane ssmwptre loaded in this holder
by facing their skin layers without allowing anyrpeation through them and
creating a channel for the electrolytic solutiomwl The experiments were
conducted in a 0.001 M KCI solution at 2Q. Different streaming potentials were
measured for pH values ranging from 3 to 9 usimgafjustment 1 M of HCL and
NaOH added when needed. The transmembrane pressiee from 0.1 to 0.9
bar. The Smoluchowski equation was used to coeatieaming potential data
with zeta potential.

Kmns
= 1% 7
== " ™
{ is the zeta potentiak}, is the solution conductivity), is the solution viscosity

¢ is the dielectric constant ang,is the slope of the streaming potential versus
transmembrane pressuie.cetailed description of streaming potential theong a
measurements can be seen elsewhere [13].

245 Contact angle measurements

To determine the hydrophobicity properties of thenmbranes, the contact
angle between water and the membrane surface wasuneel at room temperature
using An FTA200 contact angle meter that uses dt@pe methods. As the final
result, the average of five values of contact argledifferent locations of the
membranes was used.

The Wenzel model [14] describes the homogeneousngetegime on a
rough surface assuming that the wetting liquid meadrom peaks to valleys on the
surface of the wetted surface. This leads to ararm@op contact angledfy,y),
experimentally obtained, which is related to thialcor Young contact angléy),
which would be measured if the surface was pesfesthooth and flat. The
correlation between both contact angles on a rauglace is given by [15,16]:

cos(@app) =r, cos(0,) ®)

The ¥, is the so called Wenzel's coefficient which is tlagio of the true
area of the solid surface to its nominal or pradcarea (f >1). This equation
shows, as it is well-known, that when the surfagehydrophobic 4y > 90°),
roughness increases hydrophobicity (hinders wditigbbecause it increases the
contact angle. It is also clear that, when the amerfis hydrophilic {y < 90°),
roughness increases hydrophilicity (improves wditgb as the contact angle
decreases.
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2.5 Filtration run and removal experiments

The removal experiments were conducted using shinthe@stewater in a
dead—end membrane module equipped with stainles$ sylindrical batch cell
(400 cr) with magnetic stirring bar covered by PTFE lodabe magnetic stirrer.
The working pressure in the cell, applied by aagién tank, was adjusted at 0.5 —
2 bar. The membrane sheet area was 0.0038%Daionized water was passed
before and after each filtration of wastewater.qflvastewater was adjusted using
1M HCI and NaOH solutions. The process was operaiail the volume of
permeate reached 200 mL. In this study we addrebsequestion of the influence
of: SWCNT loading of the membranes, transmembraesspre, pH of wastewater
and the degree of adsorption. The removal effentiss £) of both BPA and NP
were calculated by:

E = ( _ E—’;) 100% ©)

Cr and C, are the concentrations of micropollutants in thedfeeservoir at the
beginning of the filtration and in the permeate teover at the end of the

experiment, respectively. Note that E is similaiRp= 1—(Cp/ Q) but R,changes
with time because it refers to concentrations & féded and permeate that change
with time too. Note that, of course the true re'mfntR=1—(Cp/Cm), does not
change with time although,Gand G do.

The degree of adsorptiod) was calculated from recover) according
to:
R= (M) 100% (10)
CrVy

A=100% —R (11)

Cp, C. are the concentrations of micropollutants in tleenpeate and retentate
respectively andy,, ¥, are the volume of permeate and retentate at ti@kthe
experimentC_f andV; refer to the feed at the beginning of the expenime

The concentrations of BPA and NP were determingdgusolid phase
extraction (SPE) and HPLC analysis. For SPE, gtaksnns filled with Gg phase
(from Supelco) were used. Before extractiop, lieds were washed with methanol
(ImL), acetonitrile (1 mL), deionised water (1mPPO mL of sample was drawn
through the columns. After the samples had comiglg@ssed, SPE bed was dried
under vacuum. The extract was eluted with two pogi of 1 mL
acetonitrile/methanol (60/40, v/v) then eluate weed under high-purity nitrogen
flux. Dried residue was re-dissolved in 1 mL of tacérile. The concentration of
micropollutants was analysed using high performditged chromatography at a
wavelength of A = 220 nm. The chromatograph was equipped with a

8
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chromatography column (Hypersil Gold C18n® particle size, 205mm x 4.6 mm)
and an UV-VIS detector. The flow rate of the molglese (acetonitrile/deionised
water, 85/15, v/v) through the column was 1mL/nTihe limit of detection of this
method was O.wg/drﬁ’. The analytical procedure allowed the recovery of
compounds from 200 mL of wastewater at the levelGif% and 40% for BPA and
NP respectively.

2.6 Study of membrane fouling during micropollutants removal from
wastewater

The procedure of fouling analysis was based on foowing
measurements: deionised water flg%,), permeate flux (synthetic wastewater)
(Jv), deionised water flux after treatment procggs,). The fluxes were calculated
by Equation (9). The flux recover¥y) was calculated as:

Fy = (’]W—WP) 100% (12)

According to filtration theory, different kinds eésistances occur during
the passage of a fluid through a membrane. Permfatedepends on the
membrane resistance and other resistances thataarsed by the interaction
between feed components and the membrane matedalam be calculated by the
Darcy law:

—_&p
Iy =t (13)

np is the dynamic viscosity of permeate ahdk the sum of resistances. The
membrane resistanc®,f), the resistance due to irreversible fouliiy:f and the
resistance due to reversible fouli(®}.r) are described by Equations (14), (15) and
(16) respectively.

N
Rm - Nplw (14)
le N hwp Rm (15)
AP
er = 77p_]V - Rm - Rif (16)

The following percentages can be evaluated:

Ryr+Rif

—(1_1v o — _rftRif
/}ﬁf - ( ]W) 100% Rrg+Rif+Rm

100% = 4; + jr (17)
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i = (’W;;WP) 100% = (1 - ’]W—Wp) 100% = (100 — Fg)% (18)

= (’W‘]’—"V) 100% = (Fg + 75 — 100)% (19)
77 is the percentage of fouling resistance per uhitotal resistancey; is the
percentage of loss of flux per unit of initial flakie to irreversible fouling angis
the percentage of recovery of flux per unit ofialiflux due to the removal of
reversible fouling.

3 Resultsand discussion

The filling of polymer membranes with nanomateriedsises great changes
in their structure and properties. Membranes filleth even very small amount of
nanotubes have completely different permeationent&in and electrokinetic
properties in comparison to a pristine membrané Tan be explained by the fact
that the phase inversion runs in a different wagrbGn nanotubes undergo
spontaneous aggregation, forming bigger groupghdd, on one hand, can form
voids in membrane structure but, on the other hayah also block pores,
especially if the amount of nanotubes exceeds amap concentration [7,17].
Therefore, it is very difficult to unequivocally emine the impact of nanotubes
on the membrane. Final properties of a membranerdkpn the mutual interaction
between nanotubes and polymer within the membraatexn

3.1 Effect of SWCNT loading on the membrane water per meability

The mean deionized water flux is shown in Fig. 1 aadunction of
transmembrane pressure. The water permeation page@ membranes tended to
increase with increasing SWCNT loading within tHeSPmatrix. PES and PES
0.025%SWCNT membranes exhibited very similar flukeshe whole range of
applied pressures. More detailed data are presemteBig. 2, where water
permeability is correlated with the percentage ANVCINT in the loaded
membranes.

Fig. 1. Deionized water flux of prepared membraags$unction of transmembrane
pressure.

Fig. 2. Permeability of the studied membranes amation of the SWCNT conte|+t.

32 LLDP

The permeability distributions for the selected rbegmnes are illustrated in
Fig. 3.a. It seems clear that data do not fit ptiffeo Gaussian distributions. The
reason of this is the occurrence of very small pare the structure of the
membranes, that were yet opened even at the highesdtional pressure (50 bar),

10
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available in the used setup. In any case not tghehni pressures can be used
without the risk of distorting membrane structut8]|

However, LLDP measurements, even when working doetbe minimum
operation range as on this occasion, can suppty aflimportant information on
membrane structure. Fig. 3.b presents membraneeadilty, pore number and
area in pores as a function of pore radius, platedumulative curves.

Most of the pores (90%) were at the level of 6-8, w@pending on the
membrane modification content, with slight diffeces between them. As
commented in section 3.1, an increase in the SWEMtent leads to a membrane
with a higher permeability. This has also been olek in the LLDP results.
Consequently, membranes with higher porosities andsmaller equivalent
thicknesses were formed and the permeability ise@avhen the proportion of
nanotubes augmented.

Moreover, using the calculation procedure descriye@alvo et al. [9], the
molecular weight cut off was estimated. This metiobtased on finding the pore
size that constitutes 90% of the total populatibpares in the membrane. It was
done, as shown in Fig 3 b by interception of thiedblines plotted on graphs. The
estimated MWCO is depicted in Table 4. MWCO estedatvas around 80 KDa
for all samples, with a slight tendency to increasethe content of Carbon
Nanotubes increase. For this estimation it is assuthat dextran acquires a
prolate ellipsoidal shape in solution showing aatieé rigidity without any
interaction to each other and with the membraneerizt[19], then allowing
penetration only of molecules smaller than poreglugling the possibility of
penetration via another mechanism.

Fig. 3. Porous properties of selected membranes, ¢apermeability distribution),
(d,e,f) - cumulative values of permeability, poveniber and pore area.

Table 3 Morphological parameters and MWCO for seldcmembranes from
LLDP.

3.3 Pore Sizes by Retention Tests

The mean pore sizes as obtained from retentios test shown in Fig. 4
along with those obtained from LLDP. It seems ctbat these results support each
other and clearly show that there is not a cor@abf pore size with the amount
of SWCNT contained in the membranes studied.

Fig. 4. Average pore radii obtained from retentitests and LLDP versus the
percentage of SWCNT loading. The solid line comesg to the linear fitting of
retention tests results.

In Fig. 5, the corresponding true retention coedfits are plotted along with the
permeability measured during the retention testh thie Dextrane solutions. Note
that permeability in Fig. 5 compares well with, lisitsmaller than, that (for pure
water) shown in Fig. 2.

11
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Fig. 5. True retention and permeability during metien tests as a function of the
percentage of SWCNT loading.

According to Figs. 4 and 5, It is obvious that,efifiect, neither pure water
permeability nor the volume flow during retenti@sts are clearly correlated with
pore radii. Note that retention tests give an axiprate average retention of 75 %
for a dextrane of 40 KDa that is not far from thelecular weight cut off of 80
KDa predicted by LLDP.

3.4 Microscopic characterization of PES/nanocomposite membranes

In order to reveal the impact of SWCNT loading #8SPmembranes on their
final morphology and structure, SEM analysis fornmbeanes without nanotubes
(PES) and with the lowest (PES 0.025%SWCNT) and Highest amount of
nanotubes (PES 0.5%SWCNT) was performed.

The skin surface of pristine PES membrane looketel@nd closed at the
magnification of our images, which indicates a ladkbig-size pores while the
compactness of the surface of the nanocompositebmagres was rather lower
(Fig. 6 a). The surface of PES 0.025%SWCNT lookitla coarser in Fig. 6 b.
Moreover, in case of PES 0.5%SWCNT, the SEM miaplys present very loose
cross-linked surface (Fig. 6 ¢ and 6 d). Similasetations were commented by
Shen et al. [20] that observed a crosslinking aoea the top surface of
nanocomposite membranes and interpreted it assseqaence of the connection of
nodules in polyamide membranes. This phenomenonalgasreported by Wu et
al. [21] that pointed out that the clustering ohotubes during phase inversion was
the cause of very large densities of nanotubesmitle membrane matrix because
the steric hindrance and electrostatic interactlogtsveen nanotubes and polymer
chains were not enough to prevent aggregation., Bpmitaneous and preferential
aggregation of nanotubes would lead to the formatibgrains on the surface of
membrane and create a cross-linked top layer vigflvaids. Computerized image
analysis of such voids gives a mean radius oftthlbroadly distributed with some
voids until 0.25um in radius. However, these surface cavities coeidain closed
to flow, in view of the modest increase of permégbior PES 0.5% SWCNT.

Fig. 6. SEM images of top surface of prepared mamds: (a) PES, (b) PES
0.025%SWCNT, (c, d) different magnifications of PEES6SWCNT.

All membranes had asymmetric structure consisting porous support and
a thinner top layer (Fig. 7). Typically the crossction of polyethersulfone
membranes reveals a sponge like structure. In ase,c¢he size of the voids on the
top layer increased with increasing SWCNT loadiflgis is particularly evident
when cross sections of PES and PES 0.5% SWCNT nas@bmvere compared as
demonstrated in Figs. 7 b and 7 f. The structur¢heftop layer of PES 0.5%
SWCNT exhibited clear void spaces as can be coafirm Fig. 7 g. Of course,
microscopy cannot confirm or reject that they cowelddss the membrane to
constitute real pores.
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The sub-layers differed greatly in prepared memdsamn particular, the
number of macrovoids was considerably lower in memés without nanotubes in
comparison to membranes with a higher amount obtéues that presented bigger
and more abundant voids leaving thinner inter-wealls. This would imply both
higher porosities and lower equivalent membranekttéss for the SWCNT loaded
membranes.

The differences in the structure of loaded and andol membranes could be
due to the previously mentioned action of the higimcentration of nanotubes
within the PES matrix that could lead to a partikdcking of pores by clustered
aggregations of nanotubes. On the other hand éasigffect was demonstrated by
Celik et al. and Shahid et al. [2,22] who explaiiteldy an increase of viscosity in
the PES-SWCNT casting solution, that caused slower of phase inversion
consequently leading to the formation of less maaids in the sub-layer and pores
with bigger sizes within all the membrane structiae to the very small size and
diameter of the nanotubes, it was impossible tbrdjsish the nanotubes and their
dispersion in the cross sectional view of PES-SWQNatrix attending to the
limitations of SEM.

Fig. 7. SEM cross sectional images (different migptions) of preparec
membranes: (a, b) PES, (c, d) PES 0.025%SWCNT aicth)( different
magnifications of PES 0.5%SWCNT.

Complementary information on the impact of nanogube the topography
of PES-SWCNT membranes was obtained by means of Ald\llysis The images
presented in Fig. 8 are in good correspondence Stk images i.e. similar trends
for the changes in the surface topography wererebde The surface of pristine
PES membrane (Fig. 8.a) is more compact, at thenifigagion used, than that of
nanocomposite membranes (Fig. 8.b). The surfadeEs 0.1%SWCNT is more
nodular (Fig 8 b). Note that bright areas indictite heights on the membrane
surface, while the dark zones correspond to vall@gsillustrated in Table 5 the
average roughnessg,Pf membranes, as measured immk1um pictures, was not
greatly affected by nanotubes for membranes witlwveio SWCNT loading,
however changed greatly by adding 0.5%SWCNT. Theraae roughness of the
pristine PES slightly decreased from 4.35 nm t&3.8m for PES 0.1%SWCNT.
In low SWCNT loading, because of weak intermolecutgeractions between
SWCNT, the nanotubes would be more regularly disted within the membrane
structure and the surface should become smootlerPES 0.5%SWCNT the
SWCNT density is high enough to contribute to thenfation of bigger
agglomerates of nanotubes inducing an increaséensize of voids and in the
surface roughness.

Fig. 8. AFM images of the surface of membranesP&S, b - PES 0.1%SWCNT.
The size of the scanned areasisnk1um.

Table4. Average roughness of membranes measurgerrIim pictures.
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3.5 Effect of pH on zeta potential of PES/nano-composite membranes

The apparent zeta potential versus pH is presdantddg. 9. From these
results, a few deductions can be made regardin@tMENT loaded membranes.
Firstly, prepared membranes were positively chaggddw pH with an isoelectric
point between 4 and 7 and negatively charged dt pid. Negative charge under
alkaline conditions is obvious for membranes maidgodyethersulfone, due to the
chemical characteristics of sulfonic group thatsd@ates notably at high pH.
Positive charge of PES membranes can be a consegjoéadsorption of positive
ions during streaming potential measurements. H®ierc effect influencing the
zeta potential of PES membranes was confirmed vwerak studies [23,24,25].
Secondly, prepared membranes with increasing SWEdent acquired more
negative charge from lower pH with the subsequessdning of the isoelectric
point. This agrees with the known negative charfecarbon surfaces with
isoelectric points around 2.5 [26]. In our case tharge would be even more
negative because the nanotubes are recovered withoxyl groups. This
enhancement in zeta potential, due to the additffonanotubes to the polymer
matrix was also observed by Shen et al. [20].

Fig. 9. Calculated zeta potential of the prepareehmbranes.

3.6 Hydrophobic/hydrophilic properties of PES/nanocomposite
membranes

Hydrophobic/hydrophilic properties of the membradepend primarily on
the membrane polymer. Obviously, the addition ohatabes changes these
properties. Generally, carbon nanotubes are hyatuph (without additional
chemical functionalization or acid treatment) aneirt addition to polymer increase
hydrophobicity [27,28]. Whereas, incorporation ofee small amounts of
functionalized nanotubes can raise the hydrophiliof the polymer matrix
[1,21,29].

As seen in Fig. 10, the calculated Young contagteaffrom AFM analysis,
using Equation (10)) was in all cases very similarapparent contact angle.
Moreover, the apparent contact angle of the mengsralecreased from 69.tb
62.5 when the SWCNT loading increased from 0 to 0.08#tich corresponds to
a very small increase of hydrophilicity. Howeveng thydrophilicity decreased,
also very slightly, when the nanotubes loading imabe range 0.1 - 0.5 %. Which
is not surprising when one considers that carbafases are considered to have
contact angles around 90° [30] but are added i small amounts. A similar trend
was observed in several studies [31,32] and ineeedrthere as caused by an
irregular collocation of nanoparticles in the mear® structure leading to a slight
decrease of water permeation due to a decreasgdddghilicity. In any case it is
interesting to point out that the changes in hytilapty are quite small.
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Fig. 10. Apparent and Young contact angle of pregamembranes as a functipn
of SWCNT loading.

In summary, the SWCNT loading in the polymer mainduces two major
effects on the membrane properties. A very evidem¢ is a change in the
membrane structure that could lead to higher ptegsor lower thicknesses, as
mentioned above, without quite significant changegore sizes, and the other,
strongly depending on chemical functionalizationnahotubes, is the increase of
hydrophobicity of the membranes. Both factors hheen confirmed here and
could influence permeation of the membranes. It the surface and top layer of
PES 0.5%SWCNT was looser and with higher apparentsity than pristine
membrane (Figs. 6 and 7), consequently it could lema high permeability.
Nevertheless it is worth mentioning that it is #wtual porosity of the active layer
which determines permeability rather that the gasbservable porosity of the
membrane sublayers. The morphology of PES 0.025% mat significantly
affected by SWCNT due to very small SWCNT loadifgg( 7 a-d). The slight
increase of water permeation could be a consequeheebalance of the minor
decrease of hydrophilicity (that would lead to sarat lower permeabilities) and
of the increase of porosity (or decrease of thectffe thickness) of the selective
layer (active layer) of the membranes with incnreg SWCNT content.

3.7 Removal of micropollutants
3.7.1 Effect of SWCNT loading

Fig. 11 illustrates the effectiveness of the renha¥anicropollutants and the
permeate flux for different loadings of carbon nambes. It is obvious that the
amount of nanotubes had an important role on treitraffects due to changes in
membrane structure and properties. The increasBVOENT loading caused a
consistent increase in the effectiveness of midtofamts removal. Membrane PES
0.5%SWCNT was an exception showing a reduction hef imicropollutants
retention to a level similar to the pristine PESwheane. This effect is difficult to
explain. On one hand, a high amount of nanotubeshé membrane should
enhance sorption due to the increase of sorpties i PES-SWCNT matrix. On
the other hand the structure of PES 0.5%SWCNT ideetly more opened with
less surface for adsorption of the micropollutairisthis case, the higher porosity
would lead to higher fluxes that could disturb andld back micropolutant
adsorption and retention.

Anyway, it seems clear that filling of PES membrmangith SWCNT is
favourable only up to a relatively low amount ofnotubes in polymer matrix.
Similar observation were demonstrated by Vatangoual. [1] that showed that an
optimal effect in the rejection capability of napotposite PES membranes was
observed for a low quantity of nanotubes. Ghaeral.edbserved the enhancement
of the retention of nitrophenols when increasing tbncentration of nanoparticles
(only within a certain range) in polyethersulfonembranes. They correlated this
effect with obstructive properties due to the fatiora of a layer of nanopatrticles
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on the membrane surface which successfully limikexddiffusion of nitrophenols
adsorbed inside nanocomposite membranes [7].

We also found that the removal of nonylphenol wéghdér than for
bisphenol A. Higher removal efficiency of nonylploértan be considered as an
effect of higher hydrophobicity of this compoundgsulted in an easy and
favourable retention on nanocomposite membranes. ddtanol-water partition
coefficient (log Kow) describes the affinity of compounds to sorptiorhew the
value of log K, is lower than 2, the compound is hydrophilic, &igher log K,
means that the substance is more hydrophobic aldskw more affinity to
sorption and aggregation. As seen in Table 2 theevaf log Ky, for NP is twice
that for BPA.

In several studies, sorption of organic micropaliis on membrane
surfaces is considered as one of the main mechanisffuencing retention
[33,34]. It is also recognized as a reason of ueetqul high retention in
ultrafiltration, where significant sieving effectgere excluded [35]. In order to
reveal the influence of adsorption of micropollutaon retention, the degree of
adsorption of BPA and NP on the surface for PES BES 0.1%SWCNT
membranes was determined (Fig.12). This revealad i effect, the removal of
micropollutants was accompanied by their adsorpiothe membrane; moreover,
that removal is only slightly higher than adsorpti®f course adsorption must be
the most relevant factor explaining BPA and NPmret® attenfing to their small
size. In the case of PES, the degree of adsorptésnat the level of 35% and 45%
for BPA and NP respectively. A significantly highealue of the parameter
reached 56% and 76% was obtained for PES 0.1%SWTh&8esults confirm the
key role of nanotubes in the increase of sorptiboestain micropollutants during
filtration that leads to enhance retention.

Fig. 11. Effect of SWCNT loading on wastewater gaitoility (at 0.5 bar) and on
removal of micropollutants.

Fig. 12. Effectivenes of removal and adsorptioomidropollutants: (a) BPA, (b
NP for selected membranes.

3.7.2 Effect of theapplied transmembrane pressure

As seen in Fig. 13, an increase of pressure caasegHuction of the
removal of BPA for PES and PES 0.1%SWCNT membradsgher operational
transmembrane pressure would increase convectnvauald alsdead to a faster
passage of the solution through the membranes iregltite retention coefficient.
The sorption potential of nanotubes mainly steromftarge specific surface areas,
hydrophobic £-n) or electrostatic interactions with very fast agidon rates,
guarantying the use of their total sorption capaicita quite short times [4,36]. In
any case, for the membranes filled with nanotutiesyate of passage determines
the contact time between sorbent and pollutantsoiote. Therefore, when the
value of pressure was low, contact time was hig manotubes can adsorb
micropollutants more effectively.
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Fig. 13. Effect of transmembrane pressure on tliecefeness of removal of
bisphenol A.

3.7.3 Effect of pH

The pH of the feed solution is an important faaféfecting the retention
process because of its influence on the stabitith@ghemical form of some organic
pollutants and also on the zeta potential of thembranes. This effect is shown for
BPA in Fig. 14 and the membranes: PES, PES 0.025@$Wand PES
0.1%SWCNT. The retention was at similar levels leetwwpH 3 and 7 for PES and
PES 0.025%SWCNT membranes. In the case of PES O\IGAS, a slight
increase in removal was observed when the feedxudeded 7. However, in all
cases, a really noticeable increase of BPA remeaal observed when the solution
pH reached 9. As mentioned above, a change of pHnflaience retention in two
ways. Firstly, BPA is a weak acid with a pKa valofe9.6-10.2. Therefore in
alkaline solution, BPA molecules dispose a protod @ansform into bisphenolate
anions. Secondly, in alkaline conditions, the stefaof the membranes are more
negatively charged due to significant dissociatiérsulfonic and carboxyl groups
(Fig. 9). Thus, an increase of removal when pH>pKa be consider as an effect
of growing repulsion forces between bisphenolatéoren and the negatively
charged membrane surface.

It seems clear that, at all pH, removal is beterhigh enough contents of
SWCNT within the PES matrix. PES0.1%SWCNT has 4etimanotube content
than the PES0.025%SWCNT membrane.

Fig. 14. Effect of the wastewater pH on the effectéss of removal of BPA.

3.8 Membranefouling during wastewater treatment

The membrane fouling, typically disturbing pressuiriven membrane
processes, is a consequence of the depositionnoé $eed components on the
membrane surface or inside the membrane poresgéalia more or less fast flux
decline. Intensity of fouling depends on: the clmahicomposition of feed
(concentration of pollutants), pH of feed, openatiboparameters (feed velocity,
pressure and temperature) and also on the propetienembrane materials and
their interaction with the solute and solvent. Fl. shows flux decline during
deionised water and wastewater filtration for selécmembranes. Firstly, these
results clearly indicate that PES-SWCNT membrandsgbéed higher flux than
pristine PES, as already pointed out. Secondlyhipkest difference between the
deionised water flux and the wastewater permeate ifh the first 60 minutes
appeared for the PES membrane. On the contraryngage flux obtained for
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nanocomposite membranes was more similar to the dfudeionised water. In
other words, PES membranes were more sensibleliogahan the PES-SWCNT
ones. Moreover, for nanocomposite membranes, ttegnad flux recovery was a
little higher in comparison to pristine PES (Tab)e This could be attributed to the
relatively hydrophobous character of both the solrtd the loaded membrane.

The major types of membrane resistances were latdcuand depicted in
Table 6. Among the considered resistances, the migsificant one was the
membrane resistance. The highest membrane resstaas observed for the
pristine PES, and the lowest for PES 0.1%SWCNT.ofaiag to data from SEM
examination (Fig.1 and 2), the structure of nanquusite membranes was more
porous than that of the pristine PES. Thus, higbemosities (and/or smalles
equivalent thicknesses) of PES-SWCNT membranesbieti lower membrane
resistances than those of PES membranes. Thistleaisher permeabilities (Figs.
8 and 9). It is also clear, that the cake formatind fouling resistances of pristine
PES were high compared to these of PES-SWCNT memabra

Fig.15. Different fluxes during filtration: Deiored water flux for pure membranges
(0-60 min), wastewater flux (70-120 min) and desedi water flux after
wastewater treatment (130-190 min).

Table5. Different kinds of resistances and flux recovery fepamed
membranes.

The participation of reversible and irreversibbailing in total fouling is
illustrated in Fig. 16. The first one can be easdynoved and the permeability of
membranes is restored. Whereas irreversible foulingaused by permanent
adsorption of pollutants especially into membrapeses. In this case, initial
hydraulic permeability cannot be restored, evemgisthemical cleaning [37].
Generally, for all membranes, reversible foulingswagher than the irreversible
one. Reversible and irreversible fouling of PES28%SWCNT and PES
0.1%SWCNT membranes were roughly at the same lel@kever, pristine PES
membranes exhibited significantly higher reversdate slightly higher irreversible
fouling in comparison to PES-SWCNT. The main reasam be that the negative
charge of the pristine PES membrane is lower thase of the nanocomposite
membranes at pH of 7 (Fig. 9). In fact, the memérsurface of PES membranes
could be even uncharged at nearly neutral conditi®hus, substances included in
synthetic wastewater (i.e. organic micropollutantsalts and proteins,
carbohydrates, vitamins, fats included in peptond aouillon ), described in
section 2.2, could easily deposit on the membramniace. This effect can also be
due to the higher hydrophobicity of PES in compmaritso PES 0.025%SWCNT
(Fig. 5). Furthermore some authors suggest thdinfipis more intensive on the
more rougher valley-surface due to preferentialogutton of pollutants on the
valleys [1,38]. Among the two studied nanocomposigmbranes, slightly higher
total fouling was observed for PES 0.1%SWCNT thet be explained by the
higher hydrophobicity of this membrane.
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Fig. 16. Magnitude of the percentages defined indfigns (19) — (21) for som
membranes.

[¢)

4  Conclusions

It has been shown that the addition of SWCNT nédmeguimproves
effectiveness of removal and adsorption of estrimgemicropollutants as tested
with Bisphenol-A (BPA) or 4,4'-(propane-2,2-diylptienol and 4-Nonylphenol
(NP) (4-(2,4-dimethylheptan-3-yl)phenol). Increasinthe SWCNT content
increases removal and reduces fouling both reJersibd irreversible. The same
tendency to increase micropolutants removal isdonhen pH is set to alkaline.

An increase in the transmembrane applied presdaoeeases removal
more steeply for the membranes containing more SWGQOMtually most of the
removal efficiency is attributable to the adsorptad micropollutants that increases
with the SWCNT content.

No clear influence of the SWCNT content on poresihas been detected.
Although the structure of the more porous layerghef membranes changes to
include less but bigger voids suggesting a simitarease in porosity with a
parallel decrease of the equivalent thickness ef attive layer; this cannot be
proved by the microscopic techniques used hereishatearly suggested by the
LLDP, retention and pure water permeability results

The isoelectric point of the SWCNT containing meartas decreases
when the content of nanotubes increases. The meebere thus more negatively
charged within wider pH ranges. The membranes lae lass hydrophilic when
loaded with increasing amounts of nanotubes. Gitteat BPA and NP are
hydrophobous, this explains the high adsorptioditeato the detected increase of
removal for increasing SWCNT contents.

Too high SWCNT contents lead to a saturation of awah probably
because high porosities lead to a decrease in@dsodue to both a decrease in
the available surface and a sweeping action ofection through the membrane.
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Fig. 1. Deionized water flux of prepared membranes as function of transmembrane pressure.
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Fig. 6. SEM images of top surface of prepared membranes: (a) PES, (b) PES 0.025%SWCNT, (c, d)
different magnifications of PES 0.5%SWCNT.
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Fig. 8. AFM images of the surface of membranes: a - PES, b - PES 0.1%SWCNT. The size of the
scanned areas is Immx1mm.
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Fig. 9. Calculated zeta potential of the prepared membranes.
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Fig. 10. Apparent and Young contact angle of prepared membranes as a function of SWCNT

loading.
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Fig. 11. Effect of SWCNT loading on wastewater permeability (at 0.5 bar) and on removal of
micropollutants.
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Fig. 13. Effect of transmembrane pressure on the effectiveness of removal of bisphenol A.
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Fig.15. Different fluxes during filtration: Deionised water flux for pure membranes (0-60 min),
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min).
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Fig. 16. Magnitude of the percentages defined in Equations (19) — (21) for some membranes.
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TABLES

Table 1. Characteristics of nanotubes.

Symbol of carboxy! d'OUtetr -COtO|_t| Length | Purity
functionalized carbon lameter conten (um) (%)
nanotubes (nm) (Wt.%)
SWCNT 1-2 2.73 5-30 90
Table 2. Characteristics of compounds.
Mole.cular Solubility in water | Log Stol.<es
Compound weight (mg/dm?) K pKa radius
(g/mol) g ow (nm)
Bisphenol A 228.29 | 120-200 (20-25°C) | 3.64 | 9.6-10.2 0.329
4-Nonylphenol | 220.35 5.43(20 °C) 592 | 10.7-11.7 0.324
Table 3 Morphological parameters and MWCO
for selected membranes from LLDP.
Membrane Average radius | Average radius | MWCO (KDa)
Permeability Pore number
(nm) (nm)
PES 7.08 5.29 78.53
PES
0.025%SWCENT 6.59 6.02 72.55
PES
0.5%SWCNT 7.25 6.48 86.82




Table4. Average roughness of membranes measured in 1,.mx1.m pictures.

Average roughness Average Wenzel Index
Membrane rw (dimensionless)
Ra (nm)

PES 4.35 1.06

PES 0.025%SWCNT 6.01 1.08
PES 0.05%SWCNT 3.32 1.03
PES 0.1%SWCNT 3.83 1.03
PES 0.5%SWCNT 54.47 1.27

Table5. Different kinds of resistances and flux recovery for prepared membranes.

R R R R F
Membrane n_| f @o"m .| o (O/(F:)
PES 5.26 0.35 1.38 6.99 93.7
PES 0.025%SWCNT 5.02 0.16 0.40 5.58 96.8
PES 0.1%SWCNT 4.01 0.17 0.33 457 95.9
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