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ABSTRACT

Removal of chromate from water was investigated using the surfactant enhanced
crossflow filtration technique in which the cationic surfactant, cetyl trimethylam-
monium bromide (CTAB), was the carrier for the metal ions. The variation of
chromate and surfactant rejections, and permeate flux with time were measured
as a function of CTAB/chromate concentration ratio, while maintaining a constant
transmembrane pressure drop, membrane pore size, and pH of the feed solution.
The method was found to be effective in removing chromate from water. It was
observed that the efficiency of chromate removal increased with increasing CTAB/
chromate ratio. It was also found that the chromate concentration had a significant
effect on the CTAR concentration in the permeate and on the time taken to estab-
lish the secondary membrane which consists of a highly viscous surfactant phase
in the hexagonal state in the absence of chromate. In the presence of chromate,
permeate flux increased at the same CTAB concentration although the surfactant
and chromate rejections decreased, indicating lowering of the secondary mem-
brane resistance to permeate flow. These conclusions were confirmed by dead-
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end filtration experiments which showed that the fouling index decreased by the
addition of chromate while the opposite was valid when sodium chloride was
present in the surfactant/water/electrolyte ternary system.

Key Words. Crossflow filtration; Surfactant enhanced filtration;
Chromate removal; Wastewater treatment; Surfactant removal

INTRODUCTION

Crossflow ultrafiltration is an effective low energy separation process
for macromolecules or supermolecular systems such as lyotropic liquid
crystals formed by surfactants in aqueous media. Both water-soluble poly-
mers and surfactants are used as effective carriers for the removal of

"heavy metal ions or organic pollutants from water using the so-called

micellar-enhanced ultrafiltration (MEUF) technique (1-5).

The removal of surfactants (in the absence .or presence of electrolyte/
heavy metal ions) from water using crossflow filtration has been studied
extensively during the 1970s, notably by Bhattacharyya (see, for example,
ref. 7 for a review of the subject). More recently, such studies were ex-
tended to establish the mechanism of crossflow filtration of surfactants,
polymeric surfactants, and other self-associating solute systems (8—13).
The enhancement of permeate flux and surfactant rejection by several
orders of magnitude has been achieved in these systems using crossflow
electrofiltration (14, 15). It has been shown in these studies that, under
steady—state conditions, the surfactant rejection and permeate flux are
primarily controlled by the secondary membrane formed by the deposition
of the surfactant on the primary membrane surface and within the pores.
The surfactant in the secondary membrane is in a highly viscous phase
(such as lamellar or hexagonal state) which could be predicted from the
phase diagram of the surfactant (8, 9).

The surfactant concentration and membrane pore size ranges can be
extended over and above those employed in MEUF when surfactants are
used as carriers for heavy metal ions (16—18). In this case also, both the
surfactant and ion rejections and permeate flux are also controlled by the
secondary membrane. However, due to the binding of the electrolyte to
the surfactant, physicochemical characteristics of the secondary mem-
brane are modified, which subsequently alters its filtration behavior.

Under steady-state conditions the concentration of the surfactant on
the primary membrane and within the pores (i.e., secondary membrane)
can be predicted from the phase diagram of the surfactant/water binary
system (8—10). It was found that the surfactant in the secondary membrane
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was in a viscous phase such as lamellar, cubic, or hexagonal liquid crystal-
line state. Therefore, the lower estimate of the surfactant concentration in
the secondary membrane can be readily obtained from the phase diagrams.
Such phase diagrams are available for some surfactant/water binary sys-
tems as a function of temperature. However, there are no phase diagrams
available for the surfactant/water/electrolyte ternary systems involving
heavy metal ions. It is therefore not possible to give an estimate of the
surfactant concentration in the secondary membrane when high valency
electrolytes are present in the surfactant dispersion medium.

In order to circumvent the lack of data, we examined the effect of
electrolyte on the secondary membrane structure through dead-end filtra-
tion experiments in which the specific cake resistance was measured. The
specific cake resistance, a, is often used to characterize the hydrodynamic
resistance of the secondary membrane (cake) during the filtration of partic-
ulate suspensions which, unlike the surfactant dispersions/solutions, do
not undergo any phase change as a result of increased concentration upon
deposition on the membrane. To a first-order approximation, particle con-
centration on the membrane may be taken as the random packing fraction
of the particles although both the permeate flux and particle size distribu-
tion will create a concentration distribution across the cake. It can be
shown that (19) the specific cake resistance in filtration is given by
where ¢ is the filtration time, V is the volume of the permeate per unit
filtration area, R, is the primary membrane resistance, p is the permeate
viscosity which may be taken as the viscosity of water, AP is the trans-
membrane pressure, and Csg is the feed surfactant concentration. There-
fore, a plot of #/V vs V should give a straight line from the slope of which
the modified fouling index (MFI) (19) can be calculated as

_ paCsr
MFI = S (2)

In our previous study the removal of nitrate ions using surfactant en-
hanced crossflow filtration was reported (17, 18). In this study we consider
the removal of chromium ions from water using the same technique. Chro-
mium is usually found in the forms of chromate ions (CrO3~) or dichro-
mate ions (Cr.03 ), depending on the pH. However, chromate ions exist
as stable anionic species over a wide pH range. Removal of chromate (or
indeed other heavy metal ions) from water can also be achieved using
reverse osmosis, electrodialysis, or electrodeposition techniques which
require high operating pressures and/or consume large amounts of energy.
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Therefore, the current technique, like MEUF (1), may be considered as
an energy-efficient separation technique, especially if the high surfactant
concentration levels could be tolerated. However, the purpose of this
study is to understand the mechanism of crossflow filtration when surfac-
tants are used as carriers for the removal of heavy metal ions. CTAB was
chosen since its phase behavior is well known.

EXPERIMENTAL
Materials

Potassium chromate, sodium chloride (Merck, certified analytical
grades), and cationic surfactant cetyl trimethylammonium bromide (hexa-
decyltrimethylammonium bromide) (CTAB) (Fluka, certified analytical
grade) were used as received. The critical micellar concentration (CMC)
of CTAB may be assumed to be 0.9 mM at 30°C. Distilled and deionized
water was used for the preparation of all the solutions. The membrane
(Schleicher and Schuell) was an anisotropic cellulose acetate membrane
with a 0.2 pm pore size rating.

Dead-End Flitration Apparatus

The dead-end filtration apparatus shown in Fig. 1 had an effective sur-
face area of 45.3 cm?. The feed (20 L) was pumped through the filtration
module at a predetermined transmembrane pressure drop, AP = 150 kPa,
at 30°C. The permeate rate was measured with an electronic balance, and
data were stored as a function of time.

Pressure gauge

Y v L OMPUTER
X
Feed tank r' s
L0 > bommmees ;
—* + Pump
Cooling
circuit

FIG. 1 Schematic diagram of the dead-end filtration apparatus.
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FIG. 2 Schematic diagram of the crossflow filtration apparatus.

Crossflow Filtration Apparatus

The experimental apparatus shown in Fig. 2 consisted of a flow circuit
in which 20 L of distilled water containing a known amount of surfactant
and chromate ions (feed solution) was pumped continuously through a
crossflow fiitration cell at a predetermined crossflow velocity (6 m/s) and
transmembrane pressure drop (AP = 150 kPa). The desired filtration con-
ditions were maintained by two manually operated valves. The tempera-
ture of the process solution was kept constant at 30°C by using a plate-
type heat exchanger placed in the feed tank which has its own cooling
circuit.

The purpose built filtration equipment consisted of a filtration cell which
was constructed from plastic and stainless steel. Flat sheet membranes
of 28 cm? effective surface area were placed into the cell to form a one-
sided rectangular filtration channel of length 70 mm, width 40 mm, and
1.5 mm thickness. The filtrate produced was returned to the feed tank so
that the feed surfactant concentration remained constant.

The feed solution was prepared at 30°C in the feed tank containing 20
L distilled water while recirculating through the by-pass line with the filter
line shut. The desired amount of concentration in the process solution
was obtained by adding a certain amount of active surfactant slowly into
the feed tank. At the end of a 60-minute recirculation period a certain
amount of chromate was slowly added into the feed tank in order to obtain
the desired chromate concentration in the process solution. The recircula-



11: 34 25 January 2011

Downl oaded At:

1904 KESKINLER ET AL.

tion was continued for another 60 minutes prior to the start of the filtration
process. During filtration, permeate decay was recorded. Permeate and
feed conductivities were monitored, which indicated that during filtration
there were no significant variations in pH (pH 7.25) or in the conductivities
of the feed solution and permeate. The permeate samples were collected
at predetermined time intervals and later analyzed for their surfactant and
chromate concentrations. The permeate flux was determined gravimetri-
cally.

Surfactant and Chromate Concentration Determination

Chromate concentrations were determined with a UV-Visible spectro-
photometer (Shimadzu UV160A) at 540 nm wavelength. Surfactant con-
centration was determined by an Organic Carbon Analyser (Beckman
915A) with UNICAM 4815 computing integrator.

Calculation of the Chromate and Surfactant Rejections

The efficiency of the ultrafiltration process is defined by the conven-
tional rejection coefficients, Rs and Rc¢, for CTAB and chromate rejec-
tions, respectively.

For the surfactant rejection:

Cs(1)
Cor 3)

where Cs(t) and Csg are the surfactant concentrations in the permeate
and feed streams, respectively, and for the chromate rejection:

Cc(?)
T Cor 4)

where Cc(t) and Ccr are the chromate concentrations in the permeate
and feed streams, respectively. Cs and C¢ as well as Rs and R represent
transient values and therefore they are time-dependent.

Ideally and for practical and theoretical purposes, permeate CTAB and
chromate concentrations, and hence the rejections as well as the permeate
flux under steady-state conditions, should also be determined experimen-
tally. However, the establishment of the steady state may take an exces-
sively long time. Therefore, we assume that ‘‘steady state’’ is established
when, after an initial rapid decay, the decrease in flux appears to be very
slow. In the present experiments this is usually achieved after 120 minutes
of crossflow filtration. Within the limitations of the definition of steady
state given above, the steady-state concentrations and rejections corre-

Rs(t) =1 -

Rc(l) = 1
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sponding to Cs, Cc, Rs, and Rc are denoted by C§, C&, RE, and RE,
respectively. Furthermore, the transient permeate flux is denoted by J(¢)
and the corresponding steady-state flux is denoted by J*.

The pseudogel concentration, C¥, for a given membrane/solute system
can be obtained by extrapolation of the linear part of the curve J* vs log
(Cgs). In some systems (see, for example, Ref. 8 for details), J*—0 as
Crs—Cy, where Cg is now called the gel concentration since the permeate
flux approaches zero when the feed concentration is equal to C;. When
there is always a residual permeate flow even if Crs >> C¥, then this
residual permeate flux is denoted by J%.

RESULTS
Dead-End Filtration and Modified Fouling Index

The variations of #/V (1/J) with V (Eq. 1) for CTAB in the presence of
two electrolytes (NaCl and chromate) as a function of electrolyte concen-
tration are shown in Figs. 3 and 4. It can be seen from these figures that
t/V decays initially with increasing V. A further increase in V causes t/V
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FIG. 3 The effect of NaCl on the evolution of the secondary membrane resistance during

the dead-end filtration of CTAB. Modified fouling index is obtained from the slopes of the

linear parts of the curves at large permeate volumes, V. AP = 150 kPa, T = 30°C, Csf =
4.5 mM. (@) No electrolyte; (O) [NaCl] = 5§ mM; (&) [NaCl) = 20 mM.
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FIG. 4 The effect of chromate concentration on the evolution of the secondary membrane

resistance during the dead-end filtration of CTAB. Modified fouling index is obtained from

the slopes of the linear parts of the curves at large permeate volumes, V. AP = 150 kPa,

T = 30°C, Csg = 4.5 mM. (@) [CrO%~] = 0; (O) [CrO}~] = 0.2 mM; (A) [CrO3~] =
0.4 mM.

to increase linearly provided that V is very large. The modified fouling
index (MFI) is calculated from the slopes of ¢/V vs V in the linear region.
MFT appear to increase with increasing NaCl concentration (Fig. 3) while
the opposite is true for CrO3~ as shown in Fig. 4. In Fig. 5 the variation
of MFI with NaCl or chromate concentrations is illustrated; it indicates
a rapid decay of MFI with chromate concentration.

The shape of the curves t/V vs V for surfactant solutions differs from
that obtained for the filtration of solid particles. This difference is a result
of the conditioning of the membrane surface by the surfactant which re-
sults in a decrease of membrane/water interfacial tension and, conse-
quently, the permeate flux increases. As the monolayer surfactant cover-
age of the membrane gives way to large-scale surfactant deposition which
eventually leads to the formation of the secondary membrane, permeate
flux starts decreasing. Therefore the cake resistance should be estimated
after the formation of the secondary membrane. These observations are
in line with the mechanism of crossflow filtration of surfactant dispersions
published recently (8—10) which indicate that if the surfactant has a signifi-



11: 34 25 January 2011

Downl oaded At:

CHROMATE REMOVAL FROM WATER 1907

cantly higher solubility parameter than the membrane, the permeate flux
increases initially (8).

Crossflow Microfiltration

The interaction between the membranes and solute (chromate, CrO3~)
was investigated initially by feeding a 50-ppm chromate solution contain-
ing no surfactant through the filter unit and measuring the chromate rejec-
tion. The results indicated no chromate rejection under the prevailing
process conditions. A repeat test demonstrated that the experiments were
repeatable within =2%.

Development of Chromate and CTAB Rejections

The effect of varying CTAB/chromate concentration ratios (all concen-
trations are in mM) on the CTAB and chromate rejections was investigated
using two different sets of experiments. In the first set of experiments,
different CTAB/chromate concentration ratio feed solutions were pre-
pared by maintaining the feed chromate concentration Ccr constant while

(NaCl] (mM)
1200 ]
- 3000
65_1000 ]
- 2500
@ j E
— 800 ] .
L 1
= 42000 &
: -3
600 )
1500
400 ]
NPT U U U T G S W RS S S VO |
0.0 0.1 0.2 0.3 0.4
Cerg?d (mM)

FIG.5 The variation of modified fouling index, MFI, with chromate or NaCl concentration
when the feed surfactant (CTAB) concentration is kept at Csp = 4.5 mM.
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changing the CTAB concentration. The CTAB and chromate rejections
are shown in Figs. 6 and 7, respectively. As seen from these figures,
the rejections of CTAB and chromate increase with increasing CTAB/
chromate ratio. It has been observed that at all concentration ratios of
CTAB/chromate, the CTAB and chromate rejections curves have similar
trends. It can be observed from Figs. 6 and 7 that as the CTAB concentra-
tion in the feed increases, the steady-state rejection is established faster.

In the second set of experiments, the CTAB concentration was kept
constant at Csp = 4.5 mM [i.e., Csg = 5x (CMC of CTAB)] while changing
the chromate concentration. The rejections for chromate and CTAB at
different CTAB/chromate ratios are shown in Figs. 8 and 9. As can be
seen from these figures, the rejections for CTAB (Rs) and chromate (R¢)
increase with increasing CTAB/chromate ratio. Figure 9 illustrates the
effect of feed chromate ion concentration (Ccg) on the CTAB rejection,
Rs.

Steady-State Permeate Flux

The variation of steady-state permeate flux J* with feed surfactant con-
centration Csg is shown in Fig. 10 when Ccg = 0 or Cecrp = 0.2 mM. It
is possible to obtain the pseudogel concentrations for these two cases by

100
90
80
70
60
S0
40

cTaB/cr®t =1
CTAB/Ct**= 25
CTAB/Ci®**= 5
CTAB/ Cr®*= 225
CTAB/Cr®*= 75
CTAB/Cr®*= 250

Re (%)

O » 8 0DO0C e

30
20
10

1 1 1 1 1 1

0 50 00 150 200 250 300 350 400

Time (min)

FIG. 6 The variation of transient chromate rejection, Rc, with time as a function of feed
CTAB/chromate concentration ratio (Csg/Ccr) when the feed chromate concentration is
kept at Ccp = 0.2 mM, during crossflow filtration.
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FIG.7 The variation of transient surfactant (CTAB) rejection, Rg, with time as a function of
feed CTAB/chromate concentration ratio (Csg/Ccr) when the feed chromate concentration is
kept at Ccg = 0.2 mM during crossflow filtration.
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FIG. 8 The variation of transient chromate rejection, Rs, with time as a function of feed
CTAB/chromate concentration ratio (Csg/Ccr) when the feed CTAB concentration is kept
at Csg = 4.5 mM, during crossflow filtration.
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FIG.9 The variation of transient surfactant (CTAB) rejection, Rs, with time as a function of
feed CTAB/chromate concentration ratio (Csg/Ccr) when the feed chromate concentration is
kept at Csp = 4.5 mM.

extrapolation. When Ccr = 0, Cf = 66 mM and when Ccr = 0.2 mM,
C¥ = 3.4 mM. The corresponding residual permeate fluxes are J§ (Ccg
= () = 150 L/h-m? and J§ (Ccr = 0.2 mM) = 500 L/h-m?. Because Ccr
is fixed at 0.2 mM, the effect of the chromate is expected to be more
significant at low surfactant concentrations. However, Fig. 10 indicates
that even at high surfactant concentrations there is a marked difference
between the cases when Ccr = 0 and Ccr = 0.2 mM, indicating that the
chromate ions may be accumulated in the surfactant phase in the second-
ary membrane.

Steady-State Rejections

Figure 11 illustrates the variation of the steady-state chromate and
CTAB rejections, R*c and R*s, as a function of CTAB/chromate concen-
tration ratio for both sets of experiments. This figure also illustrates the
variation of the permeate flux at the same CTAB/chromate concentration
ratio for the first set of experiments conducted at constant chromate con-
centration when Ccrp = 0.2 mM. The steady-state flux J* for the first set of
experiments (Ccg = 0.2 mM) decreases with increasing CTAB/chromate
concentration ratio as indicated in Fig. 11. This is to be expected since,
as CTAB/chromate concentration ratio increases, CTAB concentration
also increases.
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FIG. 10 The variation of the steady-state permeate flux J* with feed surfactant concentra-
tion, Csg, when the feed chromate concentration is Ccr = 0 mM (O) or Cep = 0.2 mM
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FIG. 11 The variation of the steady-state chromate rejection, R¥% (ll, () and surfactant

(CTAB) rejection, R% (@, O) as a function of feed CTAB/chromate concentration ratio

(Cse/Ccg) when either chromate concentration is kept constant at Ccg = 0.2 mM (H, @)

or CTAB concentration is kept constant at Csg = 4.5 mM (0O, O). The variation of the
steady-state permeate flux, J*, with Csg/Ccr is also shown (A).
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TABLE 1
The Effect of Chromate Concentration on the Permeate Flux
(4.5 mM CTAB for 110 minutes)

Chromate concentration (mM) 0 0.05 0.1 0.15 0.45 0.73
Flux (L/m?-h) 5504 827« 839« 8454 1294° 4426*

“ Steady-state flux.
* Flux after 110 minutes (steady state not reached).

Table 1 shows the variation of steady-state flux for the second set of
experiments (Csg = 4.5 mM) together with the values of flux after 110
minutes of filtration time which was not sufficient to establish steady-
state conditions. It can be seen from this table that the increasing chromate
concentration causes the steady-state flux to increase. However, the time
taken to establish steady state also increases with increasing chromate
concentration.

Effects of Feed Composition on Rejections

The effects of feed CTAB and chromate concentrations on the corre-
sponding steady-state permeate CTAB and chromate concentrations, C§
and Cg&, for both sets of experiments are illustrated in Fig. 12 which

10
~ 1
I
< o ct
[-]
'§16' oct
= (m] C’s" (no chromate)
b
(3
$10°
o 0

-3 — " 1

10 °

0 10 20 30 40 S0 60

Csr {mM)

FIG. 12 The variations of the steady-state permeate chromate (C#) and surfactant (C%)
concentrations with feed surfactant concentration (Csg) when the feed chromate concentra-
tion is kept at Ccr = 0.2 mM.



11: 34 25 January 2011

Downl oaded At:

CHROMATE REMOVAL FROM WATER 1913

shows that (Ccg = 0.2 mM) as the feed CTAB concentration (Csf) in-
creases, chromate concentration in the permeate decreases. However,
the decay of chromate concentration in the permeate is very slow when
CTAB concentration is greater than ca. 15 mM. Nevertheless, CTAB
concentration in the permeate increases (with or without the presence of
chromate) with feed CTAB concentration.

When the feed CTAB concentration is kept constant at Csg = 4.5 mM
and the feed chromate concentration is increased, both the chromate and
CTAB concentrations in the permeate increase as shown in Fig. 13. The
increase in the permeate chromate concentration is more significant com-
pared with the increase in the permeate CTAB concentration.

Effect of Chromate Concentration on Modified
Fouling Index

The variation of the modified fouling index, MFI, with chromate con-
centration is shown in Fig. 14. Compared with the MFI values obtained
for dead-end filtrations, MFI for crossflow filtration is greater by approxi-
mately a factor of two. Nevertheless, MFI decays rapidly to insignificant
levels when the chromate concentration is ~1.4 mM. In this case also,
CTAB concentration was kept at 4.5 mM.
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FIG. 13 The variations of the steady-state permeate chromate (C¢) and surfactant (C%)
concentrations with feed chromate concentration (Ccr) when the feed surfactant (CTAB)
concentration is kept at Csg = 4.5 mM.
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FIG. 14 The effect of chromate concentration on the modified fouling index of CTAB in
crossflow microfiltration when feed CTAB concentration is kept at Csg = 4.5 mM.

DISCUSSION

As a result of the formation of a secondary membrane within the pores
and on the surface of the primary membrane while the permeate flux
decays with time, the surfactant rejection increases provided that wetting
of the membrane by water is readily possible (8). The formation of the
secondary membrane which, to a large extent, controls the permeate flux
and rejection under steady-state conditions, is a result of surfactant depo-
sition on the membrane and subsequent phase change as a result of in-
creased surfactant concentration.

Under steady-state conditions the secondary membrane is in a highly
viscous state, such as lamellar or hexagonal phase. The concentration of
the surfactant in the secondary membrane can be estimated to a first order
from the binary phase diagram of the surfactant/water system.

The binary phase diagram of the CTAB/water system as recently given
by Laughlin (20) indicates that, at the temperature of the present study
(30°C), the surfactant/water binary system forms an isotropic liquid phase;
that is, monomeric surfactant or molecular aggregates of surfactant in
water until CMC (~0.9 mM) is reached. After CMC, the isotropic liquid
is a micellar dispersion until the surfactant concentration reaches ~240
g'L~! (660 mM) when a transition to a highly viscous hexagonal phase
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should take place (20). After the establishment of this phase, we can as-
sume that an overall steady state is established both for permeate flux
and surfactant/chromate rejections. It was shown by Akay and Wakeman
(9) that there are differences in the structure of the freely grown viscous
surfactant phase and that grown during crossflow filtration. These differ-
ences are attributed to the presence of permeate flow and surfactant/mem-
brane interactions in the presence of water. The effects of flow field on the
microstructure concentration distribution and microstructure morphology
are well known in many structured fluids (21-23). In the present study
we are concerned with the effects of chromate ions on the establishment
of the secondary membrane and its retention and permeate characteristics.

Establishment of the Secondary Membrane

The development of the secondary membrane can be inferred by plot-
ting the time-dependent variation of permeate flux J(¢) and the dimen-
sionless permeate concentrations of the surfactant Cs(1)/Csr and chro-
mate Cc(f)/Ccg. The resuits are shown in Fig. 15 and 16 for both sets of
experiments. Figure 15 refers to the case when Ccr = 0.2 mM and CTAB
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FIG. 15 Transient behavior of permeate flux, J(t), and the dimensionless chromate, Cc(t)/

Ccr, and surfactant (CTAB) concentration ratio, Cs(2)/Csg, at various feed CTAB/chromate

concentration ratios, Csg/Ccr, when chromate concentration is kept constant at Ccg = 0.2
mM.
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FIG. 16 Transient behavior of permeate flux, J(¢), and the dimensionless chromate, Ce(1)/

Cck, and surfactant (CTAB) concentration ratio, Cs(t)/Csg, at various feed CTAB/chromate

concentration ratios, Cse/Ccr, when CTAB concentration is kept constant at Csg = 4.5
mM.

concentration is changed, while Fig. 16 deals with the case when Csg =
4.5 mM and chromate concentration is changed. A close examination of
Fig. 15 shows that when Csg/Ccp = 1, although the permeate flux J(r)
decays rapidly in the first 100 minutes, CTAB and chromate concentra-
tions in the permeate are just below that of the corresponding feed concen-
trations, i.e., very small rejection. After ~100 minutes of filtration, per-
meate flux approaches steady state [i.e., J(£)>J*] and the decay of the
permeate CTAB and chromate concentrations accelerates. However, the
experimental time is not sufficient to establish the overall steady-state
conditions for the rejections. Due to the low levels of CTAB per chromate
ion, we observe that chromate concentration in the permeate decays more
slowly compared with CTAB concentration.

When CTAB/chromate concentration ratio is very high (Csg/Cer =
250) at the same chromate concentration (Ccr = 0.2 mM), permeate flux
decays very rapidly within 4 minutes, reaching a state where it continues
to decay very slowly. In this case, both CTAB and chromate permeate
concentrations decay very rapidly initially and reach a state where the
decay is slow. In this case the decay of chromate is considerably faster
than that of CTAB. We can thus conclude that all of the chromate ions
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are bound to the micelles and that due to the high CTAB concentration,
the secondary membrane is very efficient in retaining both chromate and
CTAB.

In Fig. 16 the feed CTAB concentration is kept constant at Csg = 4.5
mM and the Csg/Ccy ratio is changed. If the chromate concentration is
low (i.e., Csg/Cer = 90), flux decays faster compared with the case when
the chromate concentration is high (Csx/Ccr = 10). However, the steady-
state fluxes appear to be similar. The decay of the permeate surfactant
and chromate concentrations shows the reverse trend. When Csg/Ceg =
10, dimensionless permeate CTAB and chromate concentrations (Cs/Csg
and Cc/Ccr) are higher than the case when Csi/Ccr = 90. In both cases,
however, Cs/Csg > Cc/Ccr. Once again, at high feed surfactant concen-
trations (Csp/Cer = 90) the decay of the surfactant starts after some 5
minutes, while at low CTAB concentrations (Csg/Ccr = 10) the corre-
sponding decay starts after about 40 minutes.

The above discussion indicates that the mechanism of the secondary
membrane formation is in agreement with that given by Akay and Wake-
man (9). The effect of the chromate ions is to delay the formation of
the secondary membrane which results in higher permeate flux but low
surfactant and chromate rejections. The reduction of the secondary mem-
brane resistance in the presence of CrO3~ has recently been confirmed

using pulsed proton relaxation NMR (24).

Steady-State Characteristics of the Separation Process
and Secondary Membrane Structure

Under steady-state conditions, high chromate concentration appear to
reduce the rejection of both chromate and surfactant which can be ob-
served from Figs. 12 and 13 and from the discussion above based on Figs.
15 and 16. These results indicate that in the presence of chromate ions,
the secondary membrane is more porous compared with the secondary
membrane without metal ions as also confirmed independently (24).
Therefore, we should expect that the modified fouling index MFI in the
presence of chromate ions will decrease with increasing chromate concen-
tration. This is in fact what is observed both in dead-end filtration (Figs.
3 and 5) and crossflow filtration (Fig. 14). However, the effect of NaCl
addition, albeit at higher loadings, is to increase the fouling index as shown
in Figs. 4 and 5. The decrease of permeate flux due to the addition of
NaCl has been observed previously (6, 14).

The effect of electrolyte addition to the surfactant/water binary system
should be explained, in part, by the modification of the surfactant electri-
cal double layers by salt. The addition of NaCl results in the breakdown
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of viscous surfactant phases (such as hexagonal phase) to form the micellar
phase, thus effectively increasing the surfactant concentration necessary
to form the secondary membrane. This increase in the surfactant concen-
tration results in a more dense secondary membrane structure, thus in-
creases the fouling index. As the NaCl concentration is increased above
100 mM, liquid crystalline phases form (25). It is possible, due to the high
valency and large size of the chromate ions, to form liquid crystalline
structures at low surfactant concentrations (25), hence the increases in
porosity of the secondary membrane and permeate flux.

In the above discussion we did not consider the effect of osmotic pres-
sure on rejection. The effect of osmotic pressure resulting from the high
concentration gradient across the membrane is to reduce the effective
transmembrane pressure drop, and therefore a reduction in the permeate
flux should be expected (5). As seen from the present results, osmotic
pressure due to chromate ions can be ignored since their presence in-
creases the permeate flux and their concentration is low compared with
that of the surfactant.

CONCLUSIONS

Removal of chromate ions from water using a cationic surfactant, cetyl
trimethylammonium bromide, CTAB, by crossflow microfiltration was
investigated. The main emphasis of the investigations was to evaluate the
effects of surfactant and chromate concentrations on the transient and
steady-state behavior of permeate flux and chromate and surfactant rejec-
tions. It was found that the presence of chromate ions delayed the time
taken to establish the steady-state conditions for permeate and surfactant
and chromate rejections. High chromate/CTAB concentration ratios also
resulted in the lowering of the rejections, but there was an increase in the
residual permeate flux J% when the feed surfactant concentration was
above the pseudogel concentration Cj.

These results can be explained by considering the dynamics of the sec-
ondary membrane formation during crossflow filtration, The model given
by Akay and Wakeman (9) is applicable to the present system except that
one needs to take into account the modification of the surfactant electrical
double layers by the addition of electrolytes. Reduction of the hydrody-
namic resistance of the secondary membrane in the presence of chromate
is a result of the formation of a low viscosity, high-water content liquid
crystalline phase which we may assume to be a hexagonal phase. The
reduction in the resistance of the secondary membrane was independently
confirmed by dead-end filtration experiments in which the fouling index
of the surfactant filtration layer was measured. The result indicated reduc-
tion of the fouling index with increasing chromate concentration. How-
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ever, the effect of addition of NaCl was to increase the fouling index, in
confirmation with the effects observed in crossflow microfiltration (7, 14)
or ultrafiltration (7). It is therefore clear that the electronic structure and
size of the ions can have entirely different effects on the permeate and
rejection characteristics of the secondary membranes during the filtration
of surfactant dispersions in the presence of electrolytes.

NOTATION
Cc, Cs transient chromate and surfactant concentrations in the
permeate
Cé&, C§ steady-state chromate and surfactant concentrations in the
permeate
Ccr, Csg chromate and surfactant concentrations in the feed
C,, C gel and pseudogel concentrations (surfactant)
CMC critical micellar concentration
J, J* transient and steady-state permeate fluxes
J& residual permeate flux when Csg > C¥
MFI modified fouling index
Rc, R¢ transient and steady-state chromate rejections
Ra membrane resistance
Rs, R% transient and steady-state surfactant rejections
t time
vV volume of permeate per unit filtration area
o specific cake resistance
AP transmembrane pressure drop
" viscosity of permeate
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