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Abstract

A systematic investigation on the influence of colloidal fouling on removal of trace organics (steroid hormones) and inert organics by reverse
osmosis (RO) membranes is reported. Results of laboratory-scale crossflow membrane filtration experiments showed that colloidal fouling
caused a marked decrease in rejection of inert organic molecules with molecular weight smaller than about 100 g/mol. While the removal
of inert organics was mainly due to steric (size) exclusion, adsorption and diffusion across the membrane polymer played a prominent role
in the removal of the steroid hormones by the RO membrane. During membrane fouling, rejection of the inert organics and salt declined to
a minimum, but then improved slowly and eventually stabilized at a fixed value. Hormone rejection, on the other hand, decreased rapidly
initially, and then gradually slowed down regardless of fouling. This rejection behavior is associated with the decrease in feed hormone
concentration due to adsorption and the increase in permeate concentration due to diffusion across the membrane skin layer. The decline in
hormone rejection with time was much more severe when colloidal fouling took place. The solute rejection behavior is markedly influenced by
the cake-enhanced concentration polarization, whereby the colloidal cake layer hinders back diffusion of solutes from the membrane surface
to the bulk solution. The buildup of solutes at the membrane surface results in a higher solute concentration gradient across the membrane
and, thus, a greater solute transport through the membrane and a lower observed solute rejection. The rate of decline in permeate flux and
solute (hormones, inert organics, and salt) rejection correlated inversely with channel wall shear rate.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction Numerous studies have been reported on colloidal foul-
ing with emphasis on permeate flux declifie-7]. Cohen
Fouling is an inevitable phenomenon in reverse osmosisand Probstein3] investigated the fouling rate of cellu-
(RO) systems used in various water quality control applica- lose acetate RO membranes by colloidal ferric hydroxide
tions. Membrane fouling results in several deleterious effects, in deionized water. Their work demonstrated a linear rela-
including a decrease in water production because of a grad-tionship between permeate flux and foulant layer thickness
ual decline in flux, an increase in applied pressure required during the initial stages of fouling. In a recent study, Hoek
for a constant rate of water production, a gradual membraneet al.[7] found that flux decline in colloidal fouling of RO
degradation which results in a shorter membrane life, and aand NF membranes is primarily due to “cake-enhanced os-
decrease in permeate quality. motic pressure”. They suggested that a severe flux decline
was observed because the colloidal cake layer limits back
* Corresponding author. Tel.: +1 203 432 2789; fax: +1 203 432 2881, diffusion of salt ions from the membrane surface to the
E-mail addressmenachem.elimelech@yale.edu (M. Elimelech). bulk SO'UtiOﬂ, thus Significantly elevating salt concentration
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at the membrane surface and the trans-membrane osmotithe increase in salt passage through the fouled membrane re-
pressure. ported by Jackson and Land@®5], and Staude and Assen-

To minimize fouling, pretreatment is frequently applied machef26]. A decrease in solute rejection due to membrane
with the goal of eliminating foulants from the feed water. fouling, even by a few percent, can compromise the quality
However, pretreated feed water may still contain dissolved and safety of water for further application. Despite the im-
organic compounds and small colloidal particles such as clay, portance of this problem, it is surprising that no studies are
silica, and organic matter which contribute to RO membrane available on the effect of colloidal fouling on trace organic re-
fouling [8]. Sugahara et aJ1] and Winfield[2] have deter- moval by RO or NF membranes. Therefore, systematic stud-
mined that larger particles do not contribute significantly to ies on the influence of fouling on the rejection behavior of
fouling and that fouling is controlled by small colloidal par- low molecular weight organics are of paramount importance.
ticles. Winfield[2] found that dissolved colloidal materials The objective of this paper is to systematically investi-
in secondary wastewater effluents, but not large suspendedyate the influence of colloidal fouling on trace organic re-
particles (>5u.m), contributed significantly to RO membrane jection behavior in RO separation. It is hypothesized that
fouling. Sugahara et dJ1] concluded that particles smaller cake-enhanced concentration polarization (or osmotic pres-
than 0.45.m, including true colloids and dissolved solids, sure) not only causes a severe permeate flux decline, but also
contribute the most to RO membrane fouling. a concomitant decline in the rejection of trace organic com-

Membrane rejection of organic compounds has been ex-pounds. In this investigation, two laboratory-scale crossflow
tensively studied in recent yed@&-15]. The rejection of or- membrane filtration systems were designed specifically to
ganics depends on membrane properties such as pore sizestudy the influence of crossflow hydrodynamics on the re-
membrane material, and membrane charge; solute characterjection behavior of trace organics by RO membranes in the
istics such as molecular size, charge, and polarity; and feedpresence of colloidal fouling. Measurement of colloidal de-
solution chemistry. With the increase usage of secondary posit layer mass buildup revealed the role of channel wall
wastewater effluent as a source water for advanced watershear rate on membrane colloidal fouling and its impact on
reuse by RO separation, the effectiveness of RO in reject-trace organic rejection.
ing trace organic compounds becomes rather important. Re-
moval of trace organics in reclaimed water is a major concern
since it is now recognized that trace organics — such as hor-2. Materials and methods
mones which have the greatest endocrine disrupting potency
among all endocrine disrupting chemicals — cause adverse2.1. Model colloidal particles and membrane
health effects to humans and animgdl6—22]

A number of studies have concluded that membrane foul-  The colloidal silica particles used were provided in aque-
ing may either improve or deteriorate permeate water quality ous solution by Nissan Chemical Industries (Tarrytown, NY).
[23—-26] Lipp et al.[23] reported that fouling of RO mem-  The particles, denoted MP-3040 by the manufacturer, have a
branes by iron hydroxide caused a decrease in salt rejectiondiameter of 0.3t 0.02um. Chemical analysis by the manu-
whereas fouling by humic substances resulted in an improve-facturer specifies the suspension to be 40 wt.% 3&3s than
ment of salt rejection. In another study, van Oers ef2A] 0.6 wt.% NaO, and with a specific gravity of 1.29-1.32 at
showed that, in the presence of a relatively open silica de-20°C. Based on a mean specific gravity of 1.31 and 40 wt.%
posit, a marked decrease in polyethylene glycol (PEG) and SiOy, the density of the silica particles was calculated to be
dextran rejections was observed compared to the rejection2.41 g/cni. By gravimetric analysis, we found that the parti-
of a clean ultrafiltration membrane. However, an increase in cle density was 2.15 g/ci
PEG rejection occurred in the presence of a bovine serum The RO membrane used in this investigation was a com-
albumin deposit. It was suggested that solute rejection is de-mercially available thin-film composite membrane (LFC-1,
pendent on the relative solute selectivities of the fouling layer Hydranautics, Oceanside, CA). The flat sheet membrane was
and the membrane. Two different cases were distinguishedcut into coupons of size required by the membrane filtration
in that study. First, when the membrane rejects solutes bettercells, stored in deionized (DI) water (Nanopure Infinity Ultra-
than the deposited layer, hindered back diffusion of solutes pure, Barnstead, Dubuque, 1A) at abou with DI water
by the fouling layer would cause solute to accumulate near being replaced regularly. The intrinsic physical and chemical
the membrane surface. This enhanced concentration polarproperties of this membrane have been characterized exten-
ization results in greater concentration gradient across thesively in our previous studig®7].
membrane and, hence, a decrease in solute rejection. Sec-
ond, when solutes are rejected better by the deposited laye2.2. Organics
than the membrane, the fouling layer controls solute rejection
and solute rejection improves. 2.2.1. Model inert organics

For colloidal fouling of RO or NF membranes, the first Four inert, neutrally charged model organic compounds
case discussed above is most likely the predominant foulingwere used — two with molecular weight (MW) lesser than
mechanism governing membrane performance. This explains100 g/mol and two with MW greater than 100 g/mol. The
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organics with MW lower than 100 g/mol were ethylene gly- T RETENTATE

col (62.1 g/mol) (Product No. 9300; J.T. Baker, Phillipsburg, | ¢ Ii|

NJ) and glycerol (92.1 g/mol) (Product No. 2136; J.T. Baker, PERMEATE et | .
Phillipsburg, NJ). The two organics with MW greater than BY-PASS

100 g/mol were erythritol (122.2 g/mol) (Product No. E7500; Bws i

Sigma—Aldrich, St. Louis, MO) and xylose (150.1 g/mol) Q Q) 30168

(Product No. X1500; Sigma—Aldrich, St. Louis, MO).

o‘ BPR
2.2.2. Model trace organic contaminants
Two types of trace organic contaminants were used for

.. . . . . Symbol D ti
this investigation. They were both radioactive-labeled natu- Stmbel - Desctition
ral steroid hormones, namely estradiol-2H{Product No. T e et low rate)
E9767; Sigma—Aldrich, St. Louis, MO) and (1,2,6R}N])- e feedpump
progesterone (Product No. P5050; Sigma—Aldrich, St. Louis, gls magnetic stirring

. essure gauge
MO). Both hormones have purity of about 95% and were sup- PC computer (nacking permeate flow rate)

i i 1 i nsiti H RM floating disk rotameter (crossflow rate)
plied in ethanol solution. Specific act|V|t!es of the estragllol O lomporature contre using a reGoutating heater/chiler
and progesterone were 16.8 and 88.0 Ci/mmol, respectively. v valve ) )

. 34 CMF cell with 34 mil (0.864 mm) channel height
The hormones were stored in the dark at temperatuf&€<4 68 CMF cell with 68 mil (1.727 mm) channel height

2.3. Analysis of organics
Fig. 1. Schematic diagram of the two membrane filtration units used in the

. . fouling experiments. Both units are identical except the membrane cells —
A total organic carbon (TOC) analyzer (Shlmadzu TOC- one has a channel heighi{) of 34 mil (0.86 mm) while the other is 68 mil

Vcsh) was used to analyze the inert organic solute concen-(1.73 mm).
tration in the feed water and permeate. To prevent colloidal
clogging of the combustion column of the carbon analyzer, of 34 mil (0.86 mm) while the other is 68 mil (1.73 mm). The
samples from the feed (10 mL) were filtered with Milffex crossflow filtration units will hereafter simply be denoted
GV syringe-driven sterilizing filter unit with a low protein  as the “34” and “68” units, indicating their respective chan-
binding, 0.22.m Durapore (PVDF) membrane (Product No. nel heights. Both filtration units were commercially avail-
SLGVR25LS; Millipore, Ireland) prior to TOC analysis. To able stainless-steel crossflow membrane filtration systems
ensure accuracy of TOC measurement, the carbon analyze(CMF) units (Sepa CF, Osmonics Inc., Minnetonka, MN).
catalyst was frequently changed and the analyzer recalibratedBoth crossflow filtration units have similar dimensions of
to avoid analytical error due to catalyst clogging by NaCl 14.6 and 9.5 cm for channel length:{ and width $\;), re-
crystals. spectively. Thus, each unit has an effective membrane area
For the radioactive-labeled natural steroid hormones, alig- (Am) of 1.30x 10-2m?, and cross-sectional flow areas.)
uid scintillation analyzer (Tri-Carb 2900 TR; Packard Instru- of 0.82 x 10~*m? for the 34 unit and 1.64& 10~4m? for
ment Company, Inc., Downers Grove, IL) was used. Hormone the 68 unit.
concentration in the sample was quantified by first transfer-  Feed was delivered to the Sepa CF cell using a 6.83 L/min
ring 1 mL of the sample into a scintillation vial, followed (1.8 gpm) constant flow diaphragm pump (Hydra-Cell M-
by addition of 9 mL of Ultima Gold™ scintillation cocktail 03; Wanner Engineering, Inc., Minneapolis, MN). The feed
(Product No. 6013329; Packard Bioscience Company, Meri- suspension was fed from a 20-L magnetically stirred high-
den, CT). The vial was then shaken vigorously to ensure thatdensity polyethylene reservoir having a feed water volume
the mixture was mixed uniformly before being transferred of 10L. An immersed stainless-steel coil with water fed
to the scintillation analyzer for radioactive counting (5min from a refrigerated bath/circulator (Model No. RTE-111;
counting time). The hormone concentration in the sample wasThermo NESLAB, Portsmouth, NH) was used to maintain
determined by comparing its radioactive reading (in unit of the feed water temperature at2®.5°C. The retentate flow
count per minute) with a calibration curve generated at con- rate was monitored by a variable area flow meter (Model
centrations of 0, 0.01, 0.1, 1, 10, 100 and 1000 ng/L. With No. F-40375LN-8; Blue-White Industries, Ltd., Huntington
this method, the detection limits were approximately 0.5 and Beach, CA). Applied pressure, monitored by a pressure gauge
0.1-0.2 ng/L for estradiol and progesterone, respectively.  (Model No. PG10000; PSI-Tronix, Inc., Tulane, CA) at the
channelinlet, was controlled by a bypass needle valve (Prod-
2.4. Crossflow membrane filtration systems uct No. 4M-V4LR-SS; Parker Hannifin Corp., Jacksonwille,
AL) atthe channelinlet and a back-pressure regulator (Model
Two sets of laboratory-scale crossflow membrane filtra- No. 13020; US Paraplate Corp., Sacramento, CA) at the chan-
tion systems were useBig. 1shows the schematic diagram nel outlet. This combination allowed fine control of applied
of one of the filtration systems. Both systems were identical pressure and crossflow velocity. A digital flow meter (Opti-
except the membrane cells — one has a channel hdight (  flow 1000; Agilent Technologies, Palo Alto, CA), interfaced
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with a personal computer, was used to continuously monitor Table 1 N _ _
the permeate flux. During filtration, permeate and retentate OPerating conditions for fouling experiments

were recycled back into the feed tank. ROunit  Q(Lpm)  Jo (m/s) u(cmisp  Initial yo  Initial
s Re(-)°
2.5. Membrane fouling 68 0.95 142<10°° 96 333 363
34 0.95 1.42¢10°° 192 1334 363
. : : 68 1.89 142¢10°° 192 666 727
'I_'he exp_enmental protocol_ for the c.oIIO|daI fc_)ulmg ex- ., 189 14> 105 384 2669 227
periments |nvolveq the following steps: (1) equilibration of 68 2.65 1.42¢ 105 269 032 1018
the membrane with 10L of DI water for 24h at 250 psi 34 2.65 1.42< 105 538 3736 1018

(1724 kPa); (2) addition of 200 mL of 5M NaCl stock S0- The variables are as follow§is the volumetric feed flow rate (given in liter
lution into the feed tank to achieve a 50 mM NaCl concen- per minute)Jo the initial flux, u the crossflow velocityyq the initial shear
tration; (3) adjustment of the applied pressure to achieve araté anceis the Reynolds number. _

permeate flux of 1.4% 10~°>m/s (30 gfd) and equilibration . U= Q/A,, whereA, s the channel cross-sectional area.

f ther 6 h; (4) addition into the feed tank of either inert vo = BuHe, with Ho being the channel height

or a”F’ oh . - ; ¢ Re = udy/v, with v being the kinematic viscosity and the hydraulic
organics of interest to achieve an initial TOC concentration dgiameter, = 2H,

of 45.04+ 1.1 mg/L, or a hormone of interest to achieve an ini-

tial hormone concentration of 100 ng/L, followed by further water was 10 L and its pH was 6480.2 throughout the foul-
equilibration for 0.5h; and (5) commencement of acceler- ing experiments. For all fouling experiments, the initial flux
ated fouling run by adding colloidal stock solution into the \as set at 1.4% 10~° m/s (30 gfd) by adjusting the applied
feed tank to achieve an initial feed particle concentration of pressure, which was 328 22 and 301+ 20 psi for the 68

200 mg/L. and 34 units, respectively.
For the fouling experiments, grab samples of feed and

permeate were taken at the start, at the end, and at sever
predetermined time intervals during the fouling experiment.
Samples were analyzed for conductivity, either TOC or hor-
mone concentration, turbidity, and pH to monitor salt and
either organic or hormone rejection, and cake layer mass.

3 5.4. Measurement of deposited particle mass

Samples of feed water and permeate were collected at the
start, the end, and several predetermined time intervals for
turbidity measurement (Model 2100N Turbidimeter; Hach
Company, Loveland, CO) to determine the cake layer buildup
during the fouling experiment. The corresponding mass of
the particles deposited on the membrane surface was calcu-
lated from a mass balance based on the change in feed water
turbidity as fouling progressg8].

2.5.1. Membrane filtration system cleaning

After each fouling experiment, rigorous cleaning of the
filtration units was carried out to remove colloidal particles
remained in the system. The cleaning procedure involved the
following steps: (1) the feedwater was emptied after the foul-
ing experiment; (2) the fouled membrane coupon was re-
placed by a fresh membrane coupon; (3) the filtration unit
was operated for 1 h with DI water adjusted to pH 11 at tem-
perature of 30C and applied pressure of 150 psi (1034 kPa);
(4) the feedwater was replaced with DI water (unadjusted pH)

2.6. Calculation of cake-enhanced osmotic pressure

The cake-enhanced osmotic pressure for the fouling ex-
periments was calculated based on a modified hindered mass
transfer coefficient and the cake-enhanced osmotic pressure
model originally developed by Hoek et &f]. The calcula-

and filtration was resumed for 1 h at temperature gfe@nd
applied pressure of 150 psi; and (5) step (4) was repeated fo
additional three times.

2.5.2. Membrane hydraulic resistance measurement
After membrane compaction and prior to each fouling

experiment, when stable flux was achieved, the RO mem-
brane hydraulic resistance was determined by measuring pur
water flux over a range of applied pressure. The pressure
range tested was 345-1724 kPa (50-250 psi) and the reten
tate crossflow velocity was 9.6 cm/s. Details on this procedure
can be found elsewhefé].

2.5.3. Experimental conditions
Table 1summarizes the operating conditions of the foul-
ing experiments. Crossflow velocities ranging from 9.6 to

r

e

tions considered only the effects of NaCl since its concentra-
tion (50 mM or 2925 mg/L) was much higher than the con-
centration of organics. The cake-enhanced osmotic pressure
was calculated for each sampling point during the experi-
ment by using the required experimentally measured param-
eters in the model. The following subsections describe briefly
the model andFig. 2summarizes the steps in calculating the
cake-enhanced osmotic pressure.

2.6.1. Governing equations for “cake-enhanced”
osmotic pressure
The modified transient flux is described |y}

AP — Ahy (1)

0= R+ RD)]

(1)

53.8 cm/s were used, which resulted in initial channel wall whereJis the permeate flux)P the applied pressuréx ;. ;

shear rates ranging from 333 to 3736 sThe volume of feed

the cake-enhanced osmotic pressuréhe solvent viscosity,
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distance perpendicular to and away from the membrane sur-
face[28].

Integration ofEq. (4)over the salt concentration polariza-
tion layer thicknesss) with the appropriate boundary condi-
tions (i.e.C=C aty=0andC = C, aty = §) and substitution
into van't Hoff’'s law yields the second equation which de-
scribes the cake-enhanced osmotic pressure:

J(1)
A7t o(f) = 2CoRTRo(2) exp(k* (Z)> (5)
A whereC,, is the bulk NaCl molar concentratioRthe univer-

sal gas constant, the absolute temperatuiig, the observed
NaCl rejection, andk* the “hindered” mass transfer coeffi-
cient, which its estimation is discussed in detaaction 3.2

3.1. Colloidal cake layer buildup and flux decline

The mass of silica colloids deposited on the membrane
surface for the different hydrodynamic conditions shown in

Table 1is plotted as a function of time irig. 3. In general, the
deposited mass on the membrane increased rapidly initially,

but subsequently slowed down and approached a maximum

value. During the first approximately 20 h, the amounts of

Fig. 2. A recursive algorithm for solving the cake-enhanced osmotic pres-
sure at each sampling point of the fouling experiment (modified from the
model developed by Hoek et §T]).

colloids deposited were almost the same, despite different
channel wall shear rates. This suggests that an initial pe-

riod of time exists for which crossflow hydrodynamics do
Rm the membrane hydrau”c resistance, &ythe cake |ayer not affect Significantly the deposition of colloids. At later

resistance, which is defined g

stages, the rate of colloid accumulation on the membrane

surface decreased with increasing channel wall shear rate.

Rels) = arbls) = [M] Malt)

Herew is the specific cake resistandéy the transient deposit

layer mass per unit membrane arethe cake layer porosity,

pp the particle density, and}, the particle diameter.
Rearrangement dEq. (1) after substitution oR. from

Eq. (2)yields the first equation describing the cake-enhanced

osmotic pressure:

180(1— &(7))

ppd3e()® Ma(t)
3)

The second equation which describes the cake-enhanced os-
motic pressure is developed from a steady-state mass balance
in the CP layer and the van't Hoff’s law. The solvent flux

Amiq(1) = AP — J(t)uRm — nJ(t)

Deposited Colloid Mass (mg)

5 This observation is expected since it is typically assumed
@ that the shear rate limits cake growth in crossflow membrane

1200

800

400

(=]
C

Channel Height, Wall Shear Rate

—m—68mil, 333s"  —O- 34 mil, 1334 s”
—A—68 mil, 666 s’ —A- 34 mil, 2669 s”
—e—68 mil, 9325’ —O- 34 mil, 3736 5"

o

20

20 60 80 100
Time (h)

120

1S govemed by the foIIowmg one-dimensional Steady'SIate Fig. 3. Mass of colloids deposited on the membrane surface as a function

mass balance across the CP layer:

of time for the experimental conditions shownTable 1 Closed symbols

dc represent data obtained from the 68 unit and open symbols represent data
JC—D— = JCp 4) fromthe 34 unit. The corresponding crossflow channel heights and wall shear

dy

rates are summarized in the figure keys. Other experimental conditions were:

. . initial permeate flux = 1.42 105 m/s (30 gfd), ionic strength = 50 mM
whereC is the NaCl concentratior, the permeate NaCl  nac, initial feed colloid concentration = 200 mg/L, temperature =@0

concentrationD the NaCl diffusivity in the bulk, ang the and pH =6.8.
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Fig. 4. Normalized flux decline data vs. time during the fouling experiments
under the conditions shown ifable 1 Channel heights and wall shear rates
are indicated in the figure keys. Other experimental conditions were: initial
permeate flux = 1.4% 10~>m/s (30 gfd), ionic strength = 50 mM NaCl,
initial feed colloid concentration = 200 mg/L, temperature =€0and pH
=6.8.

filtration [29]. Similar observations were also reported by
Hoek et al[7].

Normalized flux /Jo) data as a function of time are plot-
ted inFig. 4. In all experimental conditions, permeate flux

started to decline as soon as colloids were introduced. Af-
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constants. The mass transfer coefficilenis determined at
each point of the experiment usif@fl]:

yo(t) D2\ 7
12

wherelL. is the channel length ang) the channel wall shear
rate at each point of the experiment.

In the calculation of the effective shear ratg, the cake
layer thicknessjc, was taken into account to determine the
effective channel height¢(t). The cake layer thickness was
estimated from the transient deposit layer mass per unit mem-
brane areaylq [5]:

ki(t) = 1.62< (6)

_ Mqy(1)
0= o) e
He(t) = Heo — dc(t) (7b)

whereHg is the cell channel height. Thus, knowiihtg(t)
allows the calculation of the shear r§29]:
6u(r)
Hc(t)

using the available channel cross-sectional area for crossflow,
A (t), and the crossflow velocity(t):

(1) = (8)

ter the colloidal deposition rate had stabilized, permeate flux

started to stabilize as well. For the first 4 h of the fouling ex- A, (r) = W Hc(¢) (9a)
periments, permeate fluxes for all runs were almost similar 0
regardless of channel height and channel wall shear rate. Aty (r) = 0 (9b)
t
X

the later stage, the rate of flux decline was directly related

to the channel wall shear rate. At higher channel wall shear Here W, is the channel width an@ the volumetric crossflow
rates, lesser mass of colloids was deposited and, hence, pefate. From the calculatéd(t) (Eq. (6), the NaCl concentra-

meate flux was higher.
3.2. Cake-enhanced osmotic pressure
The transient tranmembrane pressuré\Pny = JuRm),

the transient cake-enhanced osmotic pressiet j, and the
transient trans-cake hydraulic pressuk®() were computed

tion polarization (film) layer thicknesg, is determined from

D
&) = —=
ke (1)
The “hindered” mass transfer coefficiekit, is comprised of
two parts — one describing mass transfer between the mem-
brane surface and colloidal cake layer, and one describing

(10)

at each sampling point. Since the NaCl molar concentration mass transfer between the interface of the colloidal cake layer
in the feed water was several orders of magnitudes higherand the bulk solution:

than the concentration of the organics used, the polarization

layer developed during the fouling experiment was primarily

due to NaCl. Hence, the calculations were based on NaCl ex-

_8c(n)
k¥(r) — D*(r)

5s(1)
D

(11)

perimental data. Calculation of the osmotic pressure due towheres. is the cake layer thicknesk the difference between
membrane fouling was generally based on the cake-enhancedhe film (§;) and cake layer thickness (since the film thickness

osmotic pressure model of Hoek etfal,30]. Slight modifi-

is assumed constant), abdt the hindered diffusion coeffi-

cations were made to the original model to account for the cient. The hindered diffusion coefficiel;, is dependent on
thick cake layer formed on the membrane surface as describecporosity and diffusive tortuosityr(~ 1 — In &) [32] and is

below.

Since almost all the colloids presentin the feed (200 mg/L)
were deposited on the membrane surface by the end of theD* =
fouling runs, the developed cake layer was thick enough

estimated as

(5) o= (=) 2

12)

to increase the crossflow shear rate when the membraneDuring the initial stage of colloidal fouling, the cake layer
was fouled significantly by colloids. Consequently, the mass thickness is thin compared to the salt film-layer thickness.

transfer coefficient (from film theoryl, and the NaCl con-
centration polarization (film) layer thicknegs, are no longer

With the mass transfer coefficiett, = D/é¢, rearrangement
of Eqg. (11)yields the hindered mass transfer coefficidit,
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which is applicable when the cake layer thickness is thin (i.e., 360
0c < 8):

¢ f) — 340r —m—68 mil, 0.95 Lpm --0-- 34 mil, 0.95 Lpm
IO (1 —Ine()? 1) 1 13) T 0| eemiieim o umimin
k*(1) e(t)D D] k() o VOV . . s

< 300 .

However, when the colloidal cake layer thickness becomes iﬂﬂDMA&ADAzPADA%
thicker (i.e. 8¢ > 6¢), the salt film-layer thickness that extends 28Qpeosererem e e o T
from the interface of the colloidal cake layer to the bulk can 260 (@) , , . ) )
be assumed negligible (i.6s ~ 0), since the mass transfer oa).—20_ 40 60 80 100 120
is mainly controlled by the colloidal cake layer. Hence, the 2201, —m— 68 mil, 0.95 Lpm --C-- 34 mil, 0.95 Lpm
hindered mass transfer coefficient is simplified to = 200 e T e

1 8¢(r) 14 £ 180t
() — D*(r) (14 oF 160}

< 140}

The applied pressure as well as the calculated transient trans 120l
membrane pressuréPp,), the transient cake-enhanced os- 100l
motic pressurefry,), and the transient trans-cake hydraulic 80
pressure AP:) for the experiments described earlier are
shown inFig. 5. The latter pressures were calculated from the 240}
revised method described above and the algorithm shown in Z 200l
Fig. 2 To achieve an initial permeate flux of 1.4210~°m/s =3
(30 gfd), the required applied pressure ranged from about 282 , E 160fF 4
to 352 psi, depending on the crossflow velocity and chan- & 100l
nel height. A lower crossflow velocity and a higher chan- Aot A eyl
nel height required higher applied pressure to achieve the 80 —e—68 mil, 265 Lpm --0-- 34 mi, 2.65 Lpm
same initial permeate flux, since the wall shear rate is lower 0 . , . , ,
and the concentration polarization is more severe. As the 10 20 _40__60 80 __100 120
membrane was fouled, the transient tramsmbrane pres- a8 095 Lom ~-c- 34 i 095 Lom
sure (APy,) decreased, the transient cake-enhanced osmotic 08¢ _a—68mi, 1.89Lpm --A-- 34 mi, 1.89 Lpm
pressure Ax}) increased, and the transient trans-cake hy- 2 06 e o8mi 265kem -o 34 mi, 265 Lpm
draulic pressureAPc) increased. All these pressures ap- - —
proached stabilized values after all the colloids in the feed % 04 /'/ —aa
were deposited on the membrane surface. The results clearly ~
show that flux decline is caused primarily by the elevated 02} (d) Aa /;ﬂ«,gw./».;.na—g-
transient cake-enhanced osmotic pressuxe’() — a di- 00 ﬁ&z@‘&‘*ﬁ“@ ““ roee
rect consequence of the cake-enhanced concentration polar- "0 20 40 60 80 100 120
ization. As previously suggestdd,30], the trans-cake hy- Time (h)
draulic resistance (or pressure) has a negligible effect on flux
decline. Fig. 5. Variation as a function of time of (a) applied pressut®), (b)

calculated trans-membrane pressure dropy), (c) cake-enhanced osmotic
pressure Ax}y), and (d) trans-cake pressure drapRg). Data are for the

3.3. Salt rejection due to colloidal fouling experiments shown ifiigs. 3 and 4

Fig. 6presents the saltrejection profiles for different cross-
flow hydrodynamic conditions. From this plot with a mag- 50 mM without any colloids and (2) NaCl feed concentration
nified scale (observed rejection ranges from 86 to 100%), of 50 mM with an initial feed colloid concentration of only
we observed that salt rejection in all cases decreased to a0 mg/L. Both experiments were carried out in the 68 unit
minimum at around 40 h, then improved slightly, and sub- cell at a retentate crossflow velocity of 9.6 cm/s (0.95 Lpm).
sequently stabilized. The recovery in salt rejection occurred The observed salt rejections obtained from these two experi-
approximately from the point when the permeate water flux ments are shown iRig. 8 The results show that salt rejection
stabilized. Furthermore, this phenomenon was observed asmproved slightly with time during the experiment without
the ratio of the permeate flux to the hindered mass transfercolloids. For the test with an initial feed colloidal concentra-
coefficient,J/k*, stabilized Fig. 7). tion of 40 mg/L, the observed salt rejection reduced slightly

To investigate whether this phenomenon was caused by thebut increased after 10 h. At 115 h, the observed salt rejection
cake layer deposited on the membrane, two additional exper-was 97%, slightly higher than the initidl£ 0) observed salt
iments were carried out using: (1) NaCl feed concentration of rejection of 96.5%.
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Fig. 6. Observed salt rejectiofRf) as a function of time for the fouling
experiments shown iRigs. 3 and 4Experimental conditions were: initial
permeate flux = 1.4% 10-°m/s (30gfd), ionic strength = 50 mM NaCl,
initial feed colloid concentration = 200 mg/L, temperature =€0and pH
=6.8.

—M—68 mil, 0.95Lpm - O- 34 mil, 0.95 Lpm
—A—-68 mil, 1.89Lpm - A~ 34 mil, 1.89 Lpm
—@—68 mil, 2.65Lpm - O- 34 mil, 2.65 Lpm

0 20 40 60 80 100 120
Time (h)

Fig. 7. Variation of the ratio of permeate flux to hindered mass transfer
coefficient §/k*) as a function of time for the fouling experiments shown in
Fig. 4.
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—l-68 mil, 0.95 Lpm, no colloids
-A-68 mil, 0.95 Lpm, 40 mg/L initial colloid conc.

20 40 60 80 100 120
Time (h)

NaCl Observed Rejection (%)
-

©
]
o

Fig. 8. Observed saltrejectioR{) as a function of time for experiments with
colloid-free solution and with 40 mg/L initial feed colloid concentration.
Similar test conditions were employed in both experiments: 68 thitY
1.73mm), ionic strength = 50 mM NacCl, crossflow veloaity 9.6 cm/s Q
=0.95Lpm),Jo = 1.42x 10-°m/s (30 gfd), temperature = 2C, and pH =
6.8.

Comparing the results between experiments with initial
colloid concentration of 40 and 200 mg/L at the same hydro-
dynamic conditions, salt rejection declined much less than
in the case with higher (200 mg/L) colloid concentration,
and the minimum in salt rejection occurred earlier, at about
10 h rather than 40 h. Salt rejection decline was lower for the
case with lesser initial colloid concentration because lower
mass of colloids was deposited on the membrane, which, in
turn, imposed lesser back diffusion hindrance of solute from
the membrane surface to the bulk solution. The normalized
flux decline and cake layer buildup for the experiment with
40 mg/L particles are shown Fig. 9. Similar to the previous
experiments, the flux decreased as colloids were introduced
and it stabilized after most of the colloids were deposited on
the membrane. Results from these experiments suggest that
the improvement in salt rejection as the system stabilized
(complete deposition of colloids) was not primarily due to
the cake layer buildup. Instead, it was a phenomenon due to
the intrinsic behavior of the RO membrane — that is, as flux
and diffusion rate stabilized, salt rejection improves slightly
with time.

The observation that salt rejection declined significantly
with colloidal fouling confirmed our hypothesis that the
buildup of cake layer at the membrane surface hinders back
diffusion of solute from the membrane surface to the bulk
solution. The increase in salt concentration at the membrane
surface creates greater salt concentration gradient across the
membrane, causing an increase in permeate salt concentra-
tion and a decrease in observed salt rejection by the RO mem-
brane. The extent of observed salt rejection decline and the
stabilized value due to colloidal fouling appeared directly
related to the channel wall shear rate. Even though the col-
loidal deposition rates were almost identiciig. 3) for all
hydrodynamic conditions during the first ca. 20 h, the decline
in observed salt rejection was higher at lower channel wall
shear rates. This suggests the dominating effect of channel
wall shear rate on concentration polarization layer thickness

1.0 T T T T T 500 &
o [ 68 mil, 0.95 Lpm | £
) : - =
= 09 ; 400
ﬁ' : Deposited colloid mass %
T 0.8 /A ; 300 =
° A ] S
.g 0.7 Normalized flux 200 8
g ©
£ 05 ! 100 =
S (72}
sy :
0.5 i i i i : 0 2
20 40 60 80 100 120 O

Time (h)

Fig. 9. Normalized flux and mass of colloids deposited on the membrane
as a function of time for the experiments with 40 mg/L initial feed colloid
concentration. A constant feed flow rate of 0.95 Lpm provided an initial shear
rate of 33351 in the 68 unit He = 1.73 mm). Other experimental conditions
were:Jo = 1.42x 10-®m/s (30 gfd), temperature = 2C, ionic strength =

50 mM NacCl, and pH = 6.8.
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and the consequent buildup of cake-enhanced osmotic pres- <100 . . . : :
sure during the initial stages of colloidal fouling. = ~@—68 mil, 265 Lom - O~ 34 mil, 265 Lpm
o 95 —A—68 mil, 1.89 Lpm -A- 34 mil, 1.89 Lpm 1
° —M-68 mil, 0.95 Lpm - O- 34 mil, 0.95 Lpm
jection of i - e R S S
3.4. Rejection of inert organic solutes ¢ 90 ENER N iy D G S
? .:‘E|‘D':"~--|:|/D ‘ i
. . i . . g 85 - U R st 0///":——A-2-
The predominant rejection mechanisms of small organic 5 *;(o//‘_/lk'
molecules by RO membranes are steric interaction, charge ex- 8 80h | A / - - ]
clusion (repulsion), and adsorption to the membrane surface I S WS TR U8 N N N
[9-15,33,34] The inert organic compounds used in this study E,; 1.\_/ ‘
were neutrally charged and their adsorption to the membrane o 70 ; L i i i
y 9 P © %o 20 40 60 80 100 120

surface is negligible. Thus, the inert organics and the RO
membrane have no charge interaction and adsorptive effects.
_The_ primary m_EChamsm for their removal by RO membranes Fig. 11. Glycerol observed rejections as a function of time for the experi-
is size (or steric) exclusiof33]. mental conditions shown ifiable 1 Experiments were conducted at con-
The concentrations of the organics in the feed and perme-stant physico-chemical conditions: feed glycerol concentration = 45 mg/L
ate were measured during the experiments. Their feed con-(@s TOC), initial permeate flux = 1.42 10~°m/s (30gfd), ionic strength =
centrations were found to be almost constant throughout thegg cf‘g'\"a':‘lzc'h'i'téayeed colloid concentration = 200 mg/L, temperature =
fouling runs, suggesting that degradation or volatilization of Hanap o
organics did not occur during the relatively long period of 1, 5 minimum, improved slightly, and stabilized subse-
experimentsFigs. 10—-12resent the observed rejections of quently.
the model organics (ethylene glycol, glycerol, xylose, and ~ pqr organics with MW larger than about 100 g/mol, the
erythritol). The. results show that the rejeptlon of neutrally gji0idal cake layer did not affect much the subsequent or-
charged organics by the RO membrane is strongly relatedganic rejectionfig. 12). The results show that the observed
to their molecular weights. Organics with MW lower than ygjection of xylose (150.1g/mol) decreased slightly with
about 100g/mol had a lower initial observed rejection and time, whereas observed rejection of erythritol (122.2 g/mol)
a larger decrease in the observed rejection as the membrangecreased slightly more as the membrane was fouled. For
was fouled Figs. 10 and 1)L For example, the initial ob-  «3rge” MW organics, fouling did not result in a decrease
served rejection and the decrease in observed rejection (sta;, rejection because the primary mechanism for rejection of
bilized observed rejection minus initial observed rejection) gych organics by the RO membrane was size exclusion. Even
due to fou(l)mg for ethylene glycol (62.1g/mol) were about  thoygh the cake layer hindered the back diffusion of these or-
64 and 31%, respectivelyFig. 10. In comparison, the ini-  ganjics from the membrane surface to the bulk solution, which
tial observed rejection and the decrease in observed rejeC¢onstituted to a buildup of a higher organic concentration at
tion for glycerol (92.1 g/mol) were about 91 and 8%, respec- {he membrane surface, effective retention of these large MW
tively (Fig. 11). For both ethylene glycol and glycerol, ob- grganics by the RO membrane allowed their rejection to re-
served rejections showed similar behavior as the salt rejec-main almost constant.
tion during membrane fouling — organic rejection decreased  The observation that low MW organics (MW < 100 g/mol)
declined significantly as the membrane was fouled confirmed

Time (h)
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Fig. 10. Ethylene glycol observed rejection as a function of time for the Fig. 12. Xylose and erythritol observed rejections as a function of time.
experimental conditions shown able 1 Experiments were conducted at  Test conditions employed were: 68 urtit{= 1.73 mm), crossflow velocity
constant physico-chemical conditions: feed ethylene glycol concentration = =9.6 cm/s Q=0.95 Lpm), feed xylose or erythritol concentration = 45 mg/L
45mgl/L (as TOC), initial permeate flux = 1.42 10-5m/s (30 gfd), ionic (as TOC), initial permeate flux = 1.42 10-> m/s (30 gfd), ionic strength =
strength = 50 mM NacCl, initial feed colloid concentration = 200 mg/L, tem- 50 mM NacCl, initial feed colloid concentration = 200 mg/L, temperature =
perature = 20C, and pH = 6.8. 20°C, and pH = 6.8.
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our hypothesis that the buildup of cake layer at the mem-
brane surface not only hindered back diffusion of salt from
the membrane surface to the bulk solution, but also of low
MW organics. Similarly to NaCl, the extent of decline in ob-
served rejection of organics due to colloidal fouling appeared
directly related to the channel wall shear rate. At higher chan-
nel wall shear rate, the stabilized observed organic rejection
was higher and the difference between the stabilized and the
minimum observed rejection was smaller.

T T T T T
- A- 68 mil, without colloids - A- 34 mil, without colloids
100 — M- 68 mil, with colloids —[- 34 mil, with colloids
VAN

Estradiol Rejection (%)

3.5. Rejection of natural hormones

Time (h)

Removal of rad|oac_t|ve-labeled steroid hormones — pro- Fig. 14. Estradiol observed rejection as a function of time for runs with
gesterone and estradiol — by the RO membrane was stud200 mg/L initial feed colloid concentration and runs with colloid-free solu-
ied with and without colloidal fouling. The concentrations tion. Experiments were conducted with the 68 £ 1.73 mm) and 34H =
of radioactive-labeled progesterone and estradiol in the feed0.864 mm) units at a total flow ra@= 0.95 Lpm. Test conditions employed
and permeate were measured during the fouling experimentse'e: initial crossflow velocities of 9.6 and 19.2 cm/s for the 68 and 34 units,

. respectively, initial feed estradiol concentration = 100 ng/L, initial permeate
and the reSl.!ltS a_re presemed!q@' 13 In contrast to the . flux = 1.42x 10~ m/s (30 gfd), ionic strength = 50 mM NaCl, temperature
model organics discussed earlier, progesterone and estradiol 2p°c, and pH = 6.8.
concentrations in the feed were observed to decrease con-
tinuously throughout the experiments. Furthermore, during
fouling the progesterone and estradiol concentrations in theconcentration at the later stages of the experimétigs 3.
permeate increased and stabilized at around 40 h. The permeProgesterone concentration in the feed was observed to de-
ate concentration of both progesterone and estradiol followedcrease rapidly during the first 20 h of the fouling experiment
a breakthrough curve typically observed in activated carbon but declined slowly subsequently. In contrast, the concen-
adsorption or ion exchange. The stabilized permeate concentration of estradiol in the feed declines gradually through
tration of progesterone was relatively lower (about 6 ng/L) out the experiments regardless of fouling or not. This may
compared to that of estradiol (about 15 ng/L). be attributed to progesterone adsorbing onto the membrane

The observed continual decrease of hormones in the feedpolymer at a faster rate since it has a higher octanol-water
is attributed to adsorption of hormones on the polyamide partition coefficient (lodlow) than estradiol (4.63 compared
RO membrane. Previous studies have shown that natural horto 4.01).
mones can adsorb or partition into the membrane polymerex-  The observed rejection behavior of estradiol for both foul-
tensively[34,35] As the adsorption of hormones to the mem- ing and non-fouling experiments is showrFig. 14 For the
brane reaches equilibrium, their feed concentrations stabilizeruns without colloidal fouling, the decrease in observed estra-
as observed by the smaller rate of decline in hormone feeddiol rejection appeared to be linear, whereas for the case with

colloidal fouling, the observed rejection decreased sharply in

Without Collods the first 40 h, followed by a moderate linear decline. In ad-
—A- Estradiol Feed Conc. —/\-Estradiol Permeate Conc. . . . . .
With Collods dition, the decrease in observed estradiol rejection was more
T e oone, D1 P o e severe with colloidal fouling. At the end of the experiments,
100 T T T T T the decrease in observed estradiol rejection was about 18%
:é'; 80 ‘.A.A:. s 1 1 ] with coIIoi.daI fouling, compared to about 10% _without coI—_
= oA — 4, loidal fouling, for the experiments conducted with the 68 mil
2 6of\ i D T et St unit at a crossflow velocity of 9.6 cm/s (0.95 Lpm). As for the
3 : : : : test with the 34 mil unit, the decrease in observed estradiol
g 40t \_ S S S rejection was about 15% with colloidal fouling and about 7%
S I —m u without colloidal fouling. The reason is similar to the rejec-
2O oo o0 tion of organics discussed earlier — the cake layer formed on
O;@%Qau——;—m—;éé::rﬂf—AD the membrane surface hinders the back diffusion of the estra-
0 20 40 60 80 100 120 diol from the membrane surface back to the bulk solution.
Time (h) Consequently, buildup of estradiol on the membrane surface

created a larger concentration gradient for its diffusion across
Fig. 13. Progesterone and estradiol concentrations in the feed and permeat¢ghe RO membrane.
as afunction of time. Test conditions employed were: 68 thit{1.73 mm), Fig. 15 depicts the effect of colloidal fouling on the ob-
crossflow velocity = 9.6 cm/9Y = 0.95 Lpm), initial feed progesterone or L .
estradiol concentration = 100 ng/L, initial permeate flux = 1420~> m/s Serv_ed rejeqlon of progesterone for FWO d'_ﬁere_m hydroqy'
(30gfd), ionic strength = 50 mM NaCl, initial feed colloid concentration = namic conditions. In contrast to estradiol which displayed lin-

200 mg/L, temperature = 2@, and pH = 6.8. ear observedrejection decline profiles, progesterone rejection
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! T T T 4. Concluding remarks

—
1)
S
. Ny

A" | —M-68mi_-O- 34mi _
95} , ; : : Development of a colloidal cake layer on the membrane
: ; : : surface restricted back diffusion of both salt and inert organic
solutes, resulting in significant decline in their rejection. Re-
jection of low molecular weight organic solutes depended
directly on the wall shear rate. Solute rejection was higher at
higher wall shear rate, suggesting a thinner concentration po-
larization layer and a slower buildup of solute concentration
at the membrane surface. For larger molecular weight in-
ert organic solutes, steric exclusion controlled their removal
and colloidal fouling had a small effect on their rejection.
For trace organic contaminants (hormones), colloidal foul-
Fig. 15. Progesterone observed rejection as a function of time for runs with ing caused a rapid decrease in hormone feed concentration as
500 ”ég’ L initial Ieed °°”°idd"°”tc‘:"j””_f‘r:i‘t’r:‘ aé‘; rulnig“’“h Co”o(;d;ree solu- \vel| as a significant increase in their permeate concentration.
e 70 44 s In CONrast {0 salt and nert organic Solutes, hormone rejec-
were: initial crossflow velocities of 9.6 and 19.2 cms for the 68 and 34 units, tion continued to decline even though most of the colloidal
respectively, initial feed estradiol concentration = 100 ng/L, initial permeate particles had deposited on the membrane and the permeate
flux = 1.42x 10-°m/s (30 gfd), ionic strength =50 mM NaCl, temperature  flux had stabilized. This behavior is attributed to the dominat-
=20°C, and pH=6.8. ing effect of hormone adsorption to the membrane polymeric
skin layer and subsequent diffusion of the hormones across
the skin layer to the permeate side. It is further suggested
decreased sharply initially but slowed down gradually until that thin-film composite RO membranes are only capable of
the end of the experiment. After 115 h of colloidal fouling, achieving high retention of hormones at the initial stages of
the decreases in progesterone rejection for the 68 and 34 mifijltration. Rejection deteriorates as adsorbed hormones dif-
units were about 19 and 13%, respectively. Higher decreasefyse through the polymeric membrane matrix to the permeate
in progesterone and estradiol rejections in the 68 mil unit side. Hormone breakthrough is accelerated significantly un-
compared to the 34 mil unit confirmed that higher channel der colloidal fouling conditions. Because fouling has a sig-
wall shear rate had a lesser deteriorating impact on hormonenjficant impact on permeate water quality, pretreatment for
rejection — a similar observation found for inert organics and effective removal of potential foulants is a critical step in

salt rejections. RO operation to ensure consistent production of high quality
The results irFigs. 14 and 15how that rejection of pro-  water.

gesterone and estradiol continued to decline throughout the
fouling experiments, even after most of the colloids had de-
posited on the membrane surface and the flux had stabilized Acknowledgements
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