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Abstract

The influence of osmotic pressure and solute adsorption on permeate flux during nanofiltration (NF) of a wool textile dye solution was
investigated. Solutions of C.I. Acid Orange 7 with concentrations ranging from 2 to 2000 mg/l were subjected to nanofiltration with a NF
45 membrane. An increase of flux decline with dye concentration was observed. The resistance-in-series model gives evidence that the main
factor causing this flux decline is the solute adsorption. This is reinforced by the increase in the apparent rejection with dye concentration.
Although osmotic pressure was taken into account, its contribution to a decrease of the driving force seems not to be significant. Adsorption
resistance was calculated from a correlation between the pure water fluxes, measured before and after the essays, and feed dye concentratio
A Langmuir isotherm type curve agreed well with experimental data. From the solution-diffusion model, the intrinsic rejection coefficient
can be predicted as function of feed dye concentration.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction In order to meet the stringent levels of quality required
for process water and wastewater treatment, membrane tech-
Wastewaters from textile industry are the main source of nologies have been object of special attention. Since the first
industrial pollution in several regions of Portugal. Dyes from experiments in 1990, several authors have showed the possi-
dyeing operations are the major source of colour in textile bility of concentrating dyes, saving water, auxiliaries (mostly
effluents. In typical dyeing processes, 50-95% of the dye salts) and energy by the utilization of commercially available
is fixed onto the fibre, and unfixed dyes are discharged in Nanofiltration (NF) membrand§,7]. Nanofiltration has the
the spent dye-bath or in the wastewaters from subsequentdvantage of retaining relatively small organic molecules and
washing operationd]. Among the various colorants used in  bivalentions from water solutions, substances that are widely
the textile industry, azo dyes are, nowadays, the most com-used in dyeing industry.
mon compounds used for this purpose particularly ionicdyes  Most of the experiments reported in the literature have
applied in wool dyeing process¢,3]. These compounds been performed in a wide range of dye concentrations and
are characterized by the presence of one or more azo bondsvith mixtures of monovalent salts (NaCl) and reactive dyes.
(—=N=N-), which are responsible for the colour and contribute For instance, Koyuncii7] found, in the presence of low
partially for the recalcitrant nature of the textile effluents. salt concentrations (NaCl, 1 g/l), dye rejections greater than
Their resistance to biological degradation in classical acti- 98.5% for Reactive Black 5 (1-50 g/I) and greater than 99%
vated sludge systems is well documenid). for Reactive Orange 16 solutions in lower concentrations
(0.1-5g/l) with a NF membrane DS5 DK. Tang and Chen
[8] obtained in average 98% dye removal in experiments car-
* Corresponding author. Tel.: +351 275 319 759. ried out with Reactive Black 5 (0.09-1600 g/l) in the presence
E-mail addressesmscg@ubi.pt, imscg@yahoo.com (I.C. Gahes). of NaCl (20 g/l) using a TFC-SR2 (Fluid Systems) NF mem-
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brane. Inwool dyeing, residual dye bath concentrations are inthis layer, to the following equatiofi 2]:
general lower than 400 mg/l, thus studies on the nature and

Jv

intensity of interactions solute—solute, solute—-membrane at—" P _ eo5s (1)
this range of concentration, may constitute a key factor on Cr—Cp
the feasibility of nanofiltration permeation procesgés9]. wherel, is the permeate (solvent) flu®,the solute diffusion

The influence of those interactions on the membrane per-coefficient,Cr, Cy, andC, are the solute concentration in the
formance (selectivity and permeate flux) is, however, very faeq at the membrane surface and in the permeate, respec-
dependent on the molecular size and concentration of dyesyely. The quantityD/s represents the mass transfer coeffi-
and salts, often leading to a high dye retentions due to steriCeient, k, which depends on the kind of solute and equipment
and charge effecfd, 7]. o and is given by empirical correlations.

_The success of the application of membranes for the pu-  pye to the development of this concentration profile, two
rification of dyehouse wastewaters is related, among other gjection coefficients are defined: the apparent rejection co-
factors, with the magnitude of the permeate fluxes decline. In ¢ficient,f, and the intrinsic rejection coefficiefit These two

nanofiltration, flux is affected by concentration polarization qefficients are related by the following equatfag, 13}
or by fouling phenomena. Either contributes for a decrease

of the driving force for the filtration leading to an increase of | f e
the osmotic pressure or increase of the resistance to the flus = 7% 2)
due to adsorption, pore blocking or solute deposifi0j. 1-7 (1 — &t )

In nanofiltration of dye solutions, various mechanisms .
. The solute transport across the membrane is very often
have been presented as responsible for the decrease of flu . : e .
. escribed by the solution-diffusion model that considers two
values. Several authors have suggested a dynamic mem- . i . e
. i . main steps; sorption and diffusion.
brane formation as a direct result of the accumulation of dye

. In the diffusion step, the solute fluyg, is given by the
molecules at the membrane surface. According to these re-,. o . . .
. . ] first Fick’s law, which after integration across a membrane of
searchers, this colloidal fouling layer, also caused by dye

. thicknesd, from the solute concentration in the membrane
adsorption, could be removed by adequate membrane clean-

. ) . . side facing the feed;y,, to the solute concentration in the
ing [7,8]. In reverse osmosis studies of dye—salt solutions, membrane side facing the permeafg yields:
Al-Bastaki [11] refers the formation of a dynamic mem- ’ '
brane originated by the concentrated dye at the membrane Dsm, ,
wall. However, the extend of dye adsorption as well as its re- /s = T(Cm —Cp) 3
versibility are determined by factors such as dye-membrane
physicochemical interactions (e.g., hydrophobic and polarin-
teractions and charge transfer), which depend on the natur
of the components, dye concentration, pH and cross-flow ve-
locity.

In this paper, the effects of adsorption and osmotic pres- >
sure on the nanofiltration of a monoazo dye (C.I. Acid Orange % = % the following equation is obtained:
7) solution are investigated. Essays were carried out with a P

where Dy is the diffusion coefficient of the solute in the
dnembrane.

A sorption step describing the solute equilibrium between
the membrane phase and the adjacent fluid phase is quantified
by a partition coefficient,. Taking into account thakp =

NF 45 membrane in different operational conditions, namely, Jo— Dspr(C — ) )
pressure, cross-flow velocity and dye concentration. ST m- P
1.1. Theory where DS”I”K" is the solute permeability coefficient and can

be indicated byB.

The performance of pressure-driven membrane processes, Cconsidering unhindered flow through the membrane,
namely nanofiltration, is associated to phenomena as concens = JvCp- Introducing this in Eq(4) and using the definition
tration polarization and fouling caused by solute adsorption of |n'Fr|n5|c rejection coefficient, the following expression is
or pore blocking. Concentration polarization occurs due to OPtained:
the accumulation of solute that is being retained at the mem- , Jv
brane interface. This results in a concentrated layer less per< = 7 g ()
meable to the solvent associated to higher osmotic pressure ) ) ) )
(A7) at the membrane interface which leads to a decrease of | "€ Solventflux)y, is proportional to the effective applied
the effective driving forcg10]. pressure 4P — Ax), as given in Eq(6):

Thg traditional model for dgscr'ibing the concen'gration po- ., = L;)(AP — A7) (6)
larization (concentration profile) is based on the film theory
that assumes a layer of concentrated solution with constantwhereAP is the applied pressure across the membrane,
thicknessg, adjacent to the membrane. A differential steady the osmotic pressure across the membrand,gmkie solvent
state mass balance for the solute leads, after integration inpermeability coefficient.
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The intrinsic rejection coefficient can then be written as:

(Ly/B)(AP — An)
~ (Ly/B)(AP — An) + 1

/

()

The osmotic pressure can be calculated or experimentally

determined. For very dilute solutions (concentrations lower
than 0.2 mol/l) of a single solute, the calculation of the os-
motic pressure can be made by the van’t Hoff equdtid@h.

For higher concentrations, the osmotic pressutesan be
given by[10,15,16]

7 =A1C+ A2C?>+ A3C® + - -- (8)

whereC is the solute concentration ad, Az, andAg are
the adjustable coefficients. In this work, nanofiltration exper-

159

contact angle])18]. Some authors reported that NF 45 dis-
plays an isoelectric point at pH 6[59-21}

2.2. Nandfiltration experiments

Experiments were carried out in a plate and frame system
LabUnit M20 (Danish Separation Systems AS-Denmark).
A membrane effective surface area of 0.02was used.
Permeation experiments were run at constant temperature,
25°C, with transmembrane pressures?, ranging from (6
to 36)x 10° Pa (6 to 36 bar) and cross-flow velocitiga),
from 0.19 to 0.87 m/s (the maximum value reached by the
recirculation pump).

Before the first permeation tests with model solutions,
the membranes were pressurized ax4l0° Pa (42 bar) for

imental data are used to obtain a correlation of the osmotic apout 3 h by recirculation of pure water. This procedure in-

pressure with the feed solute concentrafitih, 16].
When apparent rejection is sufficiently high, Ef)) can

be written a<y, = (Cy) eijv and the osmotic pressure differ-

tends to minimize the influence of the compaction effects of
the membrane in subsequent experiments.
The nanofiltration essays were performed in recycle mode,

ence can be calculated by the concentration at the membranén which the retentate and permeate were both recycled back

surface Cp,), as follows:
Am = 7(Cm) — 7(Cp) =~ 7(Crn) 9)

sincer(Cp) is negligible.
In nandfiltration, besides the concentration polarization

resistance, the solute(s)/membrane interactions may play al
important role on the permeation performance due to adsorp-
tion effects that can be accounted for by an additional resis-

tance Rads
Permeate fluxJy, can be predicted considering, besides

osmotic pressure, a total resistance to fleythat is the sum
of the intrinsic membrane resistané®,, and additional re-

sistances like those caused by concentration polarization/ge

formation,Ry, andRags The permeate flux is given Q]:

_AP—An

J = 10
T (10)

wherep is the water viscosity anB; = Ry + Ry + Rads

The permeability coefficienL;), is defined as YR;. The
value of Ry, is calculated from the pure water permeability
coefficient,Lp = 1/uRm.
2. Experimental

2.1. Membranes

The commercial membranes NF 45 from Filmtec were

used. According to the manufacturer, these membranes are

thin film composite on a polyester support viable for opera-
tion at pH from 2 to 10 and temperatures until’4 The NF

45 membranes are reported in the literature as having a top

layer of polyamide compositidri 7]. Polyamide compounds

to the feed tank in order to hold the concentration of the feed
solution constant. Samples of permeate and retentate were
gathered for analyses. Sampling was done in steady state con-
ditions (about 30 min after the last change of the parameters
settings). Flow rates were monitored with the installed ro-

Jameters and manually by measuring the volume change with

time. Measurements were done intriplicate. After each exper-
iment, the membranes were carefully washed with pure water
and a solution of an alkaline cleaning agent (P3 Ultrasil 11
from Henkel-Ecolab). Whenever the difference between the
pure water permeability coefficients, measured befopg (
and after Li)) permeation of dye solutions, was higher than
p%, a new set of membranes was used.

Solutions of a monoazo dye C.I. Acid Orange 7, AO7
(Fig. 1) in concentrations ranging from 2 to 2000 mg/l were
used in the present work.

2.3. Reagents

The chemicals glycerol (with molecular weigh,
92Da), glucose (180Da), sucrose (342Da), raffinose
(504 Da) and the polyethylenglycols (600, 1000 and 1500 Da)
were supplied by Merck—Germany. Dyes Acid Orange
7, AO7 (351Da), Acid Orange 33, AO33 (720Da), Di-
rect Red 80, DR80 (1356 Da) and sulfanilic acid (173 Da)
were purchased from Sigma-Aldrich, USA. All the solu-
tions were prepared with deionised water (conductivity less

HO

NaO;,S—QN—.\' Q

have amide and carboxyl groups bound to the aromatic rings,

which tend to reduce membrane hydrophobicity (based on

Fig. 1. Chemical structure of dye Acid Orange 7.
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Fig. 2. The MWCO determination for NF 45 membrane for neutral (a) and charged (b) solutes.

than 1uS/cm). These chemicals were used for the molecu- 3. Results and discussion
lar weight cut-off determination and the dye AO7 in studies
performed with NF45 membrane. 3.1. Flux decline

In order to develop a model to predict the flux decline and
the rejection in nanofiltration of AO7 anionic dye solutions,
two major factors were taken into account; osmotic pressure

2.4. Analytical methods

Dye concentration was determined by spectrophotome- d ad i
try in a Perkin-Elmer spectrophotometer Lambda 6 (Perkin- and adsorption. . .
Elmer, USA). These measurements were made at the max- The osmotic pressure of AO7 solutions was determined
imum ’absorbance wavelengthy(z) in the visible range. from the data ofl, versusAP, which are linearly correlated,
The conductivity measurements were performed at25 for several concentrations. The extrapolation to zero flux,
with a Conductivimeter WTW, Tetra Cond—Germany. To- =0, yielqls the osmotic Pressure, as this equals the value
tal Organic Carbon, TOC, determinations were made in a of the applied pressuraP, according to Eq(6) [15,16] As

Dohrmann Carbon Analyser DC-85 A (Dohramann, USA). reported in fche literature, the osmoth pressure_values esti-
mated by this method and those obtained experimentally by

the vapour pressure method are in good agreefiéit
2.5. Membrane characterisation According to Eq.(8) the osmotic pressure values(Pa
(atm)) are given by:

The characterisation of the NF 45 membrane was per-
formed by the determination of the pure water permeability - _ § 52413 — 0074332 +0.00299°3 (12)
coefficient,Lp, and the membrane molecular weight cut-off
(MWCO).

The pure water permeate fluxed,, were measured
at AP of (10, 15, 20, 25, 30 and 3%)1C° Pa (10, 15,
20, 25, 30 and 35bar). The slope of the straight like
versus AP gives the pure water permeability coefficient,

— 5
Lp=(3.7x 107 kg/meh Pa (3.7 kg/rhh bar). lead to lower increments af with AC [23]. The values of

The MWCO was determined from permeation experi- ;
ments with solutions of organic charged solutes (ionic dyes n(_Cm) and ofrr(Cp) obtained from Eq(11)allow the calcu-
lation of A (EqQ. (9)).

from 350 to 1360 Da and precursors used in dye synthesis as The mass transfer coefficients, were obtained from

sulfanilic acid) and organic neutral solutes (with molecular . ; .
weights ranging from 92 to 1500 Da as glycerol, glucose, su- the correlation proposed by Grober and used in LabUnit

crose, raffinose and polyethylene glycol) at the operation con-
ditions of AP=1x 10° Pa (10 bar) andu) =0.87 m/s. The
solute apparent rejectiofi, is based on the TOC rejection

of a 200 mg/l solution of each compound. The interception
of the curve-fitting of the results of lodf(1 — f )) versus so-

lute M with the line of 97% rejection results in a MWCO

of 340 Da for neutral solutes and 315 Da for charged solutes
(Fig. 2 [22]. This slight difference could be attributed to elec-
trostatic interactions between the membrane surface charge
and the ionic components. However, as the experiments were
performed near neutrality (pH 6, the isoelectric point of the
membrane), only weak interactions are expected to occur.  Fig. 3. Osmotic pressure of dye solutions in concentrations up to 7 g/l.

For dye concentration§ (g/l), higher than 3 g/l, the osmotic
pressure becomes almost independent of the concentration
(Fig. 3). This can be due to dye aggregation, which increases
with concentration. As a consequence, a decrease in the num-
ber of particles in solution along with an increase of their size,

2.0 7

Osmotic Pressure (bar)
=
1

0.0 #E— : i : : . ‘
3 4 5 6 7 8

Dye Conc. (g/1)

(=]
(]
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Fig. 4. Experimental(®) and calculatedl) fluxes using the osmotic pres-
sure model at feed dye concentrations of 20, 200 and 2000 mg/I.

M20 [24]:
o\ 12
Sh = 0.664<Rezh> Scb/3

where d, is the hydraulic diameter calculated ab b

is the channel semi-height) andis the channel length.
The Grober equation is an empirical correlation, but it can
also be obtained from the boundary layer model that as-

12)

sumes an impermeable wall and low mass transfer rates.

Geraldes et al.[25,26] have shown that the momen-
tum boundary layer growth is independent of the per-
meation fluxes in the range of interest of nanofiltration
(0.2x 107°m/s <J, <3x 107°m/s). Therefore, those as-
sumptions do not influence the hydrodynamics boundary
layer, and Eq(12) can then be applied for the range of the
permeation velocities in nanofiltration systems.

The nanofiltration permeation performance is assessed

in Fig. 4, which shows the variation o, versus AP,
at different feed dye concentrations. The deviation of the

experimental results from those calculated by the equa- 200

tion Jy=Lp(AP — Am), wherelp is the pure water per-
meability coefficient andAx is calculated by EQs(9)
and (11), increases with dye concentration. The flux de-
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Fig. 5. Variation of apparent rejectiofyand permeate fluxed,, with pres-

sure: apparent rejections obtained at several feed dye concentrations of es-
says performed at maximum cross-flow velocity,=0.87 m/s (A). Perme-

ate fluxes for a feed dye concentration of 2000 mg/I at different cross-flow
velocities (B).

cline (AJy =Jy — Jy) increased from 0.3199 102 m/s for
a dye concentration of 20mg/l to 0.81%710~>m/s for a
dye concentration of 2000 mg/l (in experiments runAde
of 30x 10° Pa (30bar), 25C and cross-flow velocity of
0.87m/s).

From the data of permeate fluxdg, and apparent rejec-
tion, f, as functions ofAP obtained at different circulation
velocities,(u), it was observed that both are independent of
(u) (Fig. 5). Therefore, the concentration polarization resis-
tance is not contributing in a significant way to the flux de-
cline. The total resistance to permeatiBy,is then attributed
mainly to the membrane itself and to the adsorption effects.

The intrinsic membrane resistand®,,, was calculated
from the slope of the linear plot df, versusAP. A value of
1.1x 10*m~1 for Ry, was obtained. The adsorption resis-
tance Rygs Was evaluated from the comparison of permeate
fluxes before §w) and after () dye permeation. These re-
sults are shown iftable 1 Also a flux decline with time was
observed for a dye solution of 350 mg/l, as showiable 2

able 1
Ratio between the water flux measured befdyg @nd after ¢;;) running
experiments

Dye concentration (mg/l) Joi ] Iw
2 0.977

20 0.970
45 0.967
180 0.962
0.960

450 0.954
880 0.950
2000 0.947
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Table 2 12
Permeate flux along time of a 350 mg/I dye solution at pH 6.5 (operational =
conditions:AP =16 x 10° Pa (16 bar)T =25°C, (u) = 0.87 m/s) g 91 ° °
Elapsed time (h) J (x10-5m/s) s ¢
”
0.5 1.919 = ©  Experimental — Calculated
10 1.908 S 3+
3.0 1.860
6.0 1.852 0 T T T
9.0 1.829 0 500 1000 1500 2000
120 1.828 Cr AO7 (mg/l)

Fig. 6. Adsorption resistance&{j9 for feed dye solutionsC;) ranging
from 2 to 2000 mg/l and curve fitting on the basis of Langmuir isotherm
During the permeation of dye solutions, the adsorption of YPe curves.
dye molecules at the membrane surface and inside the pores
contributes to the decrease of the membrane pore sizes and
as a consequence to the alteration of the pure water permedy€ concentration increaseiRags increases and tends to a
ability coefficient,Lp. Then a new coefficient, was de- plateau, as postulated by the Langmuir isotherm. A satura-
termined from the slope of the straight line obtained from tion value ofRags(associated t&maxin Eq.(14)) is expected
the experimental data of, versusAP. These results are 0 be attained which is probably influenced by the dye—dye
indicated inTable 3 The L/, coefficient was shown to be a  @ggregation mechanisrig.
function ofCy according to the results givenTiable 3 there- Dye molecules have amino, sulphonic and hydroxyl
fore the adsorption resistand®gs is also a function o€, groups as substituents bound to the aromatic rings. Those
and is considered independent of pressure. As data suggedtinctional groups could interact with the membrane that
RagsandCs can be correlated in the form of a Langmuir type has also functional groups as carboxyl, amide and amino
isotherm. [17,19-21] The adsorption mechanism could be based on
Assuming thaRags is proportional to the amount of dye multiple interactions such as electrostatic, hydrophobic, van
sorbed per unit surface arep(or to the fraction of covered der Waals and hydrogen bonds. At its isoelectric point, the
surfacep) and considering that in the Langmuir equatjpn ~ Membrane is likely to present non-ionised acid and ba-
is related to the equilibrium concentratid®[14]: sic groups, and so the uptake of anionic dyes is lower.
bC Although experiments were performed near the isoelec-
q

0= _ (13) tric point (pH 6—6.5)[19,21] where electrostatic forces are
gmax 1+bC minimized, another type of forces could take place, like
those contributing to dye aggregation (e.g., van der Waals
forces, in the particular case of dye AO7) that in turn en-
hance the efficiency of the adsorption process (in a single

asimilar relationship betwedygsx 102 (m~1) and the feed
dye concentratiorzs (mg/l) could thus be written as:

RmaxbCt site two or more molecules can then be bound). Aggre-
Rags= ——— (14) L : . A
1+ bCs gation increases with dye concentration and ionic strength
[2,23].

l .
whereb (0.0251/mg) and?m_ ax (10.45n7") are adjustable Including Ragsin Eq. (10) the permeate fluxes,, were
parameters. The former is related to the adsorbate—adsorber“1en calculated. As shown ifig. 7 experimental and cal-
affinity and the latter to the maximum adsorbate (solute) bind- culated values agree quite well, corroborating the idea that

ing capacity. As shown iftig. 6, a good fit was obtained. As 4 geviations shown ifiig. 4are due to the fact that the re-

sistance caused by adsorption should be taken into account,
although a small discrepancy is still observed at high pres-

Table 3 sures and high dye concentrations (2000 mg/l).
Values of the solvent permeability coefﬁcieb{] and adsorption resistance,
Rads Obtained at several feed dye concentrati@is,

3.2. Variation of rejection coefficients with concentration

Ct (mgl) Ly, (kg/(m? h Pa) kg/(nt h bar)) Rads(x102m=1)

0 3.69 000 The experimental data displayed fig. 5 show an in-

2(2) ggg :23;1 crease of the apparent rejection coefficient with the dye

45 3.05 439 concentration. Adsorption effects can explain not only the
180 3.17 745 increase of the total resistance to the permeation fluxes
200 3.16. &8 but also the increase of the rejection coefficients with
433 3.09 87 concentration.
880 3.00 %8 According to the solution-diffusion model and specifically
2000 2.76 1@0

to Eq.(5) the intrinsic rejection coefficient of the solufé,
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Fig. 7. Experimental()) and calculated fluxes (—) given by the resistance-
in-series model.

is a function of the solvent flux],, and of the solute coef-
ficient permeabilityB. From the experimental values a&f
andC, and using Eq(1) to calculateCn, theB coefficients
were calculated from Eq4) and correlated with feed dye
concentrationCs, as follows:

B = 0473, 738 (15)

The intrinsic rejection coefficients could then be calcu-
lated by the solution-diffusion model by means of E@#s,
(6) and(7). Those values are compared with the experimen-

tal ' obtained from the definition equatic(rf’ = Cmgcp>’

— & )

<& Experimental (10 bar)
& Experimental (20 bar)
0 Experimental (30 bar)

Calculated

T T
0 500 1000 1500 2000

C, (mg/1)

Fig. 8. Intrinsic rejection coefficient,, as a function of the feed dye con-
centrationCy, at pressures of (10, 20 and 30)L0° Pa (10, 20 and 30 bar).

whereC,, was obtained from Eq(1) with the experimen-

tal values ofCt, Jy, and Cp. As can be observed iRig. 8
those experimental and calculated values are in good agree-
ment. For the intrinsic rejection coefficient as functiorCpf

a Langmuir isotherm type curve was then fitted as follows:

b'Cy

_ 16
14+ b'Cs (16)

/
feale =

whereb' is a coefficient with the value of 0.98431/mg. The
data were obtained atP of (10, 20 and 30 10° Pa (10,

20 and 30 bar), bearing in mind the applied pressure did not
show a significant effect on the intrinsic rejection coefficient.

4. Conclusions

The productivity and selectivity of the membrane re-
mained quite high during the nanofiltration of dye solutions.
Adsorption was found to be the main phenomenon contribut-
ing to the total resistance and thus it can explain the solvent
flux decline. The results obtained for permeate flux show
that the resistance-in-series model agrees closely with the
experimental data. Also, in predicting intrinsic rejections co-
efficients,f’, as function of feed dye concentratid@, it
was clearly found that adsorption affects not only the solvent
permeability coefficient but also the solute permeability co-
efficient @), resulting in a Langmuir isotherm type curve for
f’ versusCs.

It should be emphasized that observed flux decline was not
significant for the range of dye concentrations studi&d,(
of 26.5% relatively to pure water for a dye concentration of
2000 mg/l at 20< 10° Pa (20 bar)). As residual dye concen-
trations in wool dyeing effluents are lower (between 30 and
50 mg/l, depending on the shad#), its removal seems not
to be a problem. Furthermore, the high rejections obtained
(higher than 95% at a pH 6-7) corroborate the idea that this
technology could give a good contribution for the elimination
of those recalcitrant compounds from the environment.



164

A.C. Gomes et al. / Journal of Membrane Science 255 (2005) 157-165

Nomenclature

A1, A2, Az coefficients (Eq(8))

b
b/
B
C
Cs

MWCO molecular weight cut-off (Da)

P
AP

q
Omax

Rads

Rmax

Re
Sc
Sh
(u

coefficient of a type Langmuir equation (I/mg
experimental coefficient (I/mg)

solute permeability coefficient (m/s)

solute concentration (mg/l)

feed solute concentration (mg/l)

solute concentration at the membrane surfa
(mall)
solute concentration in the membrane side fa
ing the feed (mg/l)

solute concentration in the permeate (mg/l)
solute concentration in the membrane side fa
ing the permeate (mg/l)

hydraulic diameter (m)

solute diffusion coefficient (Ris)

solute diffusion coefficient in the membran

(m?/s)
apparent rejection coefficient, defined b
f=(Cs — Cp)/Ct

intrinsic rejection coefficient, defined by
f'=(Cm — Cp)/Cn

solvent volumetric flux (m/s)

pure water permeation flux, defined b
Jw =LpAP (m/s)

pure water permeation flux after the exper
ments (M/s)

mass transfer coefficient (m/s)

partition coefficient

membrane thickness (m)

channel length (m)

pure water permeability coefficient, defined b
Lp = 1/(uRm) (m/s; kg/n? h Pa (kg/nt h bar))
solvent permeability coefficient, defined by
Ly, =1/(uR) (m/s; kg/nf h Pa (kg/nt h bar))
molecular weight (Da)

pressure (bar)

transmembrane pressure (bar)

amount of dye sorbed per unit surface men
brane area (g/f)

maximum amount of dye sorbed per unit su
face membrane area (gfin

adsorption resistance (mh)

concentration polarization/gel layer formatio
resistance (m?)

membrane resistance ()

maximum adsorption resistance ()

total resistance (mt)

Reynolds number (dimensionless)

Schmidt number (dimensionless)

Sherwood number (dimensionless)
cross-flow velocity (m/s)

1%

Greek symbols

8 polarization layer thickness (m)

0 fraction of membrane surface covered

m water viscosity (Pas)

T osmotic pressure (Pa (bar; atm))

Am osmotic pressure difference (Pa (bar; atm))
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