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bstract

Boron is a vital element for organism growth, but excessive exposure can cause detrimental effects to plants, animals, and possibly humans.
owever, it has been challenging for many of the existing sea water reverse osmosis (SWRO) membrane plants to remove boron and meet the

urrent World Health Organization Guidelines for Drinking Water Quality. The objective of this study was to evaluate the effect of key operating
arameters such as pH and temperature on boron rejection and develop a corresponding mechanistic predictive model. Bench-scale cross-flow
ltration experiments were performed to estimate the rejection of boron by six commercial SWRO membranes. The rejection of boron appeared

o follow a mechanism which is different from those of other ionic solutes and could not be readily correlated with their rejections. An irreversible
hermodynamic model coupled with film theory was applied to quantitatively analyze the experimental observations. The model accurately predicted

he boron rejection performances of the SWRO membranes at different operating conditions. The model was further modified to account for the
oric acid speciation by pH and temperature dependence of the model parameters. The model developed herein will constitute fundamental for
erformance prediction and design of SWRO processes.

2006 Elsevier B.V. All rights reserved.
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. Introduction

The sea water desalination is increasingly recognized as a
iable alternative for potable water production due to localized
carcity and quality deterioration of fresh water sources. How-
ver, desalination practices have been challenged by increas-
ngly stringent product water quality standards, as knowledge on
he occurrence and subsequent environmental and human health
mpact of natural and anthropogenic compounds such as boron
xpands. Boron is naturally occurring and present in the sea
ater at an average concentration of 4.6 mg/L. It is an essential

lement for the growth of plants with the optimal concentration
n water for agriculture purpose ranging from 0.3 to 0.5 mg/L
1]. However, if the concentration of boron is too high, massive

eaf damages and/or premature ripening can occur, leading to
educed crop yields [2]. Toxicological effects of human exposure
o excess boron, mostly reproductive and developmental, are

∗ Corresponding author. Tel.: +1 404 894 2216; fax: +1 404 385 7087.
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ell documented [3]. Consequently, the World Health Organi-
ation (WHO) Guidelines for Drinking Water Quality suggested
maximum recommended boron concentration of 0.5 mg/L [4].
his value is, however, considered provisional due to the lack
f a comprehensive toxicological assessment and limited avail-
bility of technologies to remove boron [4] and currently under
eevaluation by the WHO.

The reverse osmosis (RO) process is one of the most widely
sed treatment options for sea water desalination. Despite its
apacity to efficiently remove ionic species (typically over 99%),
he RO process has not been very effective in boron removal.
n general, the rejection of boron by RO membranes has been
ound to be lower than 90%, with rejection by some low-pressure
rackish water RO (BWRO) membranes reaching as low as 40%.
ven with specialized SWRO membranes that are designed for
p to 95% boron rejection in the neutral pH condition, it is
till difficult for a single-pass full-scale RO process to meet

he current WHO boron guideline of 0.5 mg/L, while achiev-
ng required system recovery, unless additional treatment step is
mployed. For example, a pilot-scale single-pass SWRO plant
perated at 40% recovery in Okinawa Island, Japan [5] produced

mailto:jaehong.kim@ce.gatech.edu
dx.doi.org/10.1016/j.memsci.2006.09.043
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ermeates with 1.3 mg/L of boron. Boron rejections by eight RO
esalination plants in Japan with varying design options were
eported in the same study to range from 43% to 78% [5]. Other
ilot and full-scale studies reported that a single-pass RO process
ith typical target recovery of 40–55% would produce the per-
eate with boron concentration ranging from 0.5 to 1.0 mg/L,
hich corresponded to overall boron removal by the system

anging from 80% and at most up to 90% [6,7]. As a result, it
as been proposed that at least a double-pass RO configurations
ould be necessary in order to produce permeate boron concen-

ration levels consistently below 1 mg/L [8]. Previous studies
ave also suggested that the boron rejection by the RO mem-
rane would improve as pH increased, temperature decreased,
nd operating pressure increased [5,9–11].

In this study, boron rejections by six commercial SWRO
embranes were evaluated using a bench-scale cross-flow fil-

ration setup. The performance of each membrane was evaluated
t different pH, temperature, and operating pressure conditions.

mathematical model was developed based on the irreversible
hermodynamic model coupled with film theory to predict the
ffect of these operating conditions on the boron removal.

. Theory

.1. Mathematical model for solute rejection by RO
embranes

According to the irreversible thermodynamic model (com-
only referred to as the Kedem-Katchalsky or Spiegler-Kedem
odel) [12,13], transports of water and solute across an RO
embrane are expressed as follows:

v = −ph

(
dP

dx
− σ

dπ

dx

)
(1)

s = −ps
dC

dx
+ (1 − σ)JvC̄ (2)

here Jv is the volumetric water flux [LT−1]; Js is the gravimetric
olute flux [ML−2T−1]; ph is the specific hydraulic permeability
oefficient [M−1L3T]; ps is the local solute permeability coeffi-
ient [L2T−1]; P is the hydraulic pressure [ML−1T−2]; π is the
smotic pressure [ML−1T−2]; σ is the reflection coefficient; C is
he superficial solute concentration [ML−3] which is assumed to
e in equilibrium with concentration of solute in the membrane
hase; and C̄ is the average value of solute concentrations in the
eed and permeate sides [ML−3].

Eq. (1) implies that water permeation through an RO mem-
rane is proportional to the difference between applied hydraulic
ressure and osmotic pressure. The effect of the osmotic pres-
ure is influenced by a reflection coefficient, which represents
he extent of solute–water coupling. The reflection coefficient
pproaches unity for an ideal membrane and zero for a porous
embrane (i.e., no osmotic pressure). Eq. (2) represents the
olute transport through membrane. The first term in right hand
ide denotes the solute transport by diffusion which is propor-
ional to a concentration gradient. The second term represents
he solute transport by convection which is determined by the

t
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egree of coupling between solutes and water, a solvent flux,
nd an average concentration of the solute between feed and
ermeates sides. When there is little or no coupling between
he solutes and the solvents (i.e., σ ≈ 1), the solute transport by
onvection becomes negligible.

The concentration of solutes near the membrane surface is
ifferent from that in the bulk phase due to concentration polar-
zation, which results from the accumulation of solutes rejected
y the membrane. The concentration at the membrane surface
an be derived from the film theory and as follows [14]:

Cm − Cp

Cf − Cp
= exp

(
Jv

k

)
(3)

here Cf is the feed concentration [ML−3]; Cp is the permeate
oncentration [ML−3]; Cm is the concentration at the membrane
urface [ML−3]; and k is the mass transfer coefficient [LT−1].
ombining Eqs. (2) and (3), an apparent rejection (R0) of the

olutes by the membrane is expressed as follows:

R0

1 − R0
= Cf − Cp

Cp
= σ

1 − σ
· 1 − exp(−Jv · (1 − σ)/Ps)

exp(−Jv/k)
(4)

here R0 = (Cf − Cp)/Cf is the apparent rejection; Ps = ps/�x is
he overall permeability constant [LT−1]; and �x is the thickness
f the separation layer [L].

.2. Model parameter estimation

Unknown parameters such as mass transfer coefficient (k),
olute overall permeability constant (Ps), and reflection coeffi-
ient (σ) in Eq. (4) were estimated as follows. First, the mass
ransfer coefficient of salt (NaCl) was determined using the fol-
owing relationship [15]:

Salt = Jv(Salt)

ln[(�P/(πf(Salt) − πp(Salt)))(1 − (Jv(Salt)/Jv(H2O)))]
(5)

filtration experiment was first performed with a salt solution
nd the volumetric permeate flux, Jv(Salt) [LT−1], was mea-
ured. Osmotic pressures in the feed, πf(Salt) [ML−1T−2], and
he permeate, πp(Salt) [ML−1T−2], were estimated by measuring
espective salt concentrations and using an empirical relation-
hip given below. Another filtration experiment was performed
t the identical condition with pure water and Jv(H2O) [LT−1]
as measured. Eq. (5) was derived based on the assumption that

he reflection coefficient is very close to unity, which is valid for
ransport of most of ions through SWRO membranes. However,
t might not be directly applicable to evaluate the mass trans-
er coefficient of boron, which generally shows less than 90%
ejection by SWRO membranes (i.e., the reflection coefficient is
ess than unity). Since boron in a mass transfer boundary layer
as under the same mixing condition as salts, the mass transfer

oefficient of boron was estimated from the measured salt mass

ransfer coefficient using the following relationship [6,16]:

kSalt

kB
=

(
DSalt

DB

)β

(6)
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here D is the molecular diffusion coefficient [L2T−1] and β is
he empirical coefficient = 2/3 for a clean membrane [17].

Once k was determined, σ and Ps could be obtained from
non-linear optimization of Eq. (4) using a set of experimen-

ally measured apparent rejections (R0) and water fluxes (Jv)
f boron under varying pressures. The non-linear optimization
as performed using a curve fitting tool box in MATLAB® (The
athworks Inc., Natick, MA) with a trust region method, which

roved to be successful in obtaining unique solutions (i.e., no
ocal convergence).

.3. Empirical equations for the sea water properties

Following empirical equations were used to estimate rele-
ant properties of the synthetic sea water that are required for
odeling [10,18]:

(CSalt, T ) = (0.6955 + 0.0025 × (T − 273.15)) × 108 CSalt

ρ
(7)

= 498.4m +
√

248400m2 + 752.4m × CSalt

where m = 1.0069 − 2.757 × 10−4(T − 273.15)) (8)

Salt = 6.725 × 10−6 exp

(
0.1546×10−3CSalt − 2513

T

)
(9)

= 1.234 × 10−6 exp

(
0.00212CSalt + 1965

T

)
(10)

here π is the osmotic pressure in Pa [ML−1T−2]; CSalt is the
oncentration of salts in kg/m3 [ML−3]; T is the temperature
n K; ρ is the density in kg/m3 [ML−3]; DSalt is the diffusion
oefficient of salt in m2/s [L2T−1]; and μ is the viscosity in Pa s
ML−1T−1].

. Experimental

.1. Materials

Six commercial polyamide thin-film composite SWRO mem-
ranes obtained from four representative membrane manufac-
urers were used in this study. Salt rejections and permeate

uxes of these membranes ranged from 99.6% to 99.8% and
5.5 to 38.3 L/m2 h (15–22.5 gal/ft2 day), respectively, based on
pecifications provided by the manufacturers. Detailed speci-
cations of these membranes and test conditions are summa-

o
f
m

able 1
pecification of the SWRO membranes

anufacturer Saehan Hydranautics Dow (filmtec)
odel SR SWC4+ SW30 HR XLE
aterial Polyamide composite Polyamide composite Polyamide comp
ejectiona (%) 99.6 99.8 99.7
luxa,b (L/m2 h) 26.9 29.1 38.3

a Test condition: 25 ◦C, 55.16 × 105 Pa (800 psi), 32,000 mg/L NaCl feed solution,
b Calculated based on permeate flow rates and membrane module areas provided b
rane Science 286 (2006) 269–278 271

ized in Table 1. All the filtration experiments were performed
sing a synthetic solution containing 10,500 mg/L sodium,
9,000 mg/L chloride, 1350 mg/L magnesium, 450 mg/L cal-
ium, and 2700 mg/L sulfate (i.e., total dissolved solids of
4,000 mg/L) which represented the average inorganic compo-
ition of sea water [19]. Boric acid was spiked in the feed water
t 5 mg/L as boron.

.2. Experimental setup

The bench-scale membrane test unit was designed to test four
embranes at the same time and composed of two parallel feed

ines with each line accommodating two plate and frame mem-
rane test cells in series. A feed channel in each test cell was rect-
ngular shape, 73 mm in length and 38 mm in width to provide
n effective filtration area of 2.774 × 10−3 m2 with feed flow
hannel height of 5 mm and experiments were performed with-
ut a feed spacer. Each cell had upper and lower stainless steel
SS)-316 plates and a flat sheet membrane, which was sealed
ith a silicon rubber ring, was sandwiched in between. Feed
ater stored in a 21.8 L tank was circulated and pressurized by
positive displacement high pressure pump (Hydra-Cell D10S,
anner Engineering, Minneapolis, MN), which could deliver

0.3 L/min (8.0 gal/min) (GPM) of water at up to 6.9 × 106 Pa
1000 psi) of discharge pressure. Since both the concentrate and
he permeate were returned to the feed tank and the volume of
ermeate samples was less than 0.1% of total feed volume, feed
oncentration was maintained constant. Feed temperature was
egulated by a temperature controller (Polystat, Cole parmer,
ernon Hills, IL) by circulating cooling water through a heat
xchange coil immersed inside of the feed tank. System pres-
ure was controlled with a needle valve (Swagelok, Solon, OH)
nd monitored with a pressure gauge (Swagelok, Solon, OH)
ocated downstream of the cells. To prevent the overpressuriza-
ion of the system, a safety valve (C22AB, Wanner Engineering,

inneapolis, MN) was installed next to the pump outlet. The
eed flow rate was measured by a hydraulic flow meter (King,
tlanta, GA) and the permeate flow rate was measured using
HFM 1000 digital flow meter (Agilent, Palo Alto, CA). All

xperimental components were made of SS-316 and/or Teflon®

o avoid corrosion.

.3. Experimental procedure
For quality control purpose, the salt rejection and the flux
f each membranes at standard test condition of the manu-
acturer were measured after an initial stabilization stage (i.e.,
embrane pressurization at 6.9 × 106 Pa (1000 psi) for 48 h)

Dow (filmtec) Toray Toray
SW30 HR LE TM820 TM820A

osite Polyamide composite Polyamide composite Polyamide composite
99.75 99.75 99.75
32.0 28.1 25.5

8% recovery.
y the manufacturers.
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nd the experiment proceeded only when the salt rejection
nd the flux of the membrane were within 0.5% and 10%,
espectively, of those specified by the manufacturer. Two sets
f experiments were performed for each membrane to investi-
ate the effect of pH and temperature on boron rejection. The
H effect experiment was performed at four different pHs of
.2, 7.5, 8.5, and 9.5 at constant temperature of 25 ◦C. Tem-
erature effect experiment was performed at three different
emperatures of 15, 25, and 35 ◦C at two pH conditions of
.2 and 9.5. For each pH and temperature condition, trans-
embrane pressure was varied from 41.4 × 105 to 6.9 × 106 Pa

600 to 1000 psi) by 6.9 × 106 Pa (100 psi) increment. The pH
f solution was adjusted by adding NaOH or HCl while mon-
toring pH using a Thermo Orion 230 + pH meter (Waltham,

A). The cross-flow velocity was maintained at 0.17 m/s during
ll the experiments. To prevent leaching of boron from glass-
are, only polyethylene sample bottles were used for sample
elivery.

.4. Analytical methods

Surface potentials of the membrane were analyzed by an
lectrophoretic method [20] using an ELS8000 electrophoretic
ight scattering analyzer (Otsuca, Osaka, Japan). Ionic strength
f the test solution was maintained at 0.005 using NaCl and
H was controlled at between 4 and 10 by adding HCl or
aOH. Concentrations of boron, sodium, calcium, and magne-

ium were measured according to EPA method 200.7 [21] using
n inductively coupled plasma-atomic emission spectroscopy
ICP-AES) (Model ICAP 61E Trace Analyzer, Thermo Jarrell
sh, Franklin, MA). Measurements were performed six times

or each sample and the average value was reported. Concen-
rations of chloride and sulfate ions were measured following
PA method 300.1[22] using a Dionex DX-600 ion chromatog-

aphy (IC) system (Sunnyvale, CA), which was equipped with
n IonPac AG9 HC guard column, an IonPac AS9 HC ana-
ytical column (4 mm × 250 mm), and an ED50 conductivity
etector and 9.0 mM sodium carbonate solution was used as
n eluent. Standard solutions for ICP-AES and IC calibrations
ere prepared using the High-Purity Standards (Charleston, SC)

olutions.

. Results and discussions

.1. Effect of pH on boron rejection

Boron rejection was largely dependent on pH and increased
s pH increased, consistent with the previous studies [6,7,11],
hile the rejections of other ionic species were not. The boron

ejections by all the six membranes at varying pHs and pres-
ures were plotted against the rejections of a representative ionic
pecies (chloride ion) in Fig. 1a. Alternatively, the boron rejec-
ions by one representative membrane (Saehan SR) at varying

Hs and pressures were plotted versus rejections of all the ionic
pecies (i.e., chloride, sulfate, sodium, calcium, and magnesium)
n Fig. 1b. The data in the figures were scattering, making it diffi-
ult to find any meaningful correlation between boron rejection

c
h
(
b

ig. 1. (a) Boron rejection vs. chloride ion rejection for all the membranes
ested and (b) boron rejection vs. rejections of ionic species for the Saehan SR

embrane.

nd ionic species rejection. Only portions of data in Fig. 1a and
that obtained from the experiments performed at the same

H with different pressures showed an apparent linear relation-
hip, which was consistent with the suggestion by [6] that salt
ejection showed a linear correlation with boron rejection at
naltered pH condition. However, when the pH effect was taken
nto consideration, the rejection of other ionic species would not
e indicative of boron rejection.

Experimental data obtained with varying pressures at each
H were fitted to Eq. (4) along with corresponding mass transfer
oefficients obtained from independent experiments. Estimated
ransport parameters are presented in Table 2. Model curves
lotted using the parameters are compared with experimen-
al data in Fig. 2. The parameter estimation method used in
his study appeared accurate, as most of the correlation coeffi-

ients (r2) calculated from five observation per each curve were
igher than 0.98 (Table 2). Mass transfer coefficients of boron
kB) had little pH dependency but permeability constants of
oron (PsB) decreased and reflection coefficients of boron (σB)
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Table 2
Result of the parameter estimation for the pH effect experiment

Membranes pH kB (cm/s) PsB (cm/s) σB r2

SR 6.2 1.84E−03 5.47E−05 0.975 0.988
7.5 1.68E−03 6.11E−05 0.994 0.987
8.5 2.03E−03 4.65E−05 0.991 0.995
9.5 1.78E−03 1.40E−05 0.993 0.933

SWC4+ 6.2 2.38E−03 3.84E−05 0.983 0.995
7.5 2.36E−03 3.92E−05 0.992 0.997
8.5 2.86E−03 2.84E−05 0.986 0.996
9.5 2.74E−03 7.24E−06 0.996 0.970

XLE 6.2 2.65E−03 4.15E−05 0.962 0.992
7.5 2.62E−03 4.21E−05 0.970 0.995
8.5 2.69E−03 3.24E−05 0.977 0.993
9.5 2.42E−03 9.48E−06 0.988 0.984

LE 6.2 2.07E−03 3.33E−05 0.982 0.992
7.5 2.08E−03 3.61E−05 0.993 0.994
8.5 2.44E−03 2.51E−05 0.988 0.987
9.5 2.38E−03 6.82E−06 0.998 0.977

TM820 6.2 1.82E−03 4.36E−05 0.981 0.985
7.5 1.80E−03 4.74E−05 0.999 0.997
8.5 2.17E−03 3.40E−05 0.994 0.996
9.5 2.05E−03 8.93E−06 0.999 0.994

TM820A 6.2 2.50E−03 2.76E−05 0.982 0.990
7.5 2.50E−03 2.85E−05 0.991 0.992

i
σ

i

b
(
s

F

[
m
o
o
b
p

H

T
s
c
p

F
4

8.5 3.07E−03 2.11E−05 0.993 0.985
9.5 2.85E−03 6.07E−06 0.999 0.992

ncreased as pH increased. Combined effect of PsB decrease and
B increase resulted in increased boron rejections (i.e., increase

n R0/(1 − R0) in Fig. 2) at higher pHs.

The observed pH dependence of PsB and σB resulted since

oron exists as boric acid (H3BO3) and deprotonated borate ion
H2BO3

−) with the corresponding first acid dissociation con-
tant (pKa1) of 9.14 at 25 ◦C in a low ionic strength solution

b
a
i
d

ig. 2. Boron rejection at varying pHs and 25 ◦C and corresponding model fit. Differen
1.4 × 105–6.9 × 106 Pa (600–1000 psi).
ig. 3. Surface charges of the SWRO membranes at different pHs (at I = 0.005).

8,11,23]. Complexation of boric acid and borate ion with other
etal ions is negligible [23,24]. At a natural pH range, a majority

f boron exists as uncharged boric acid. However, the fraction
f negatively-charged borate ion increases as pH increases and
orate ion becomes a dominant species as pH increases beyond
Ka1:

3BO3 → H2BO3
− + H+, pKa1 = 9.14 (11)

his acid–base speciation change is of particular importance
ince the surfaces of all the membranes tested are negatively
harged for the pH range investigated (Fig. 3). Consequently, as
H increases, the charge repulsion between negatively charged

orate ion and the negatively charged membrane surface plays
more important role on the overall rejection of boron. Specif-

cally, increased charge repulsion at higher pH resulted in
ecreased diffusive transport of boron through the membrane

t data points for each pH were obtained under varying transmembrane pressures
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Table 3
Permeability constants and reflection coefficients of boric acid and borate ion
from the pH effect experiment

Membranes Ps(H3BO3) (cm/s) Ps(H2BO3
−) (cm/s) σ(H3BO3) σ(H2BO3

−)

SR 5.47E−05 8.76E−06 0.975 0.996
SWC4+ 3.84E−05 3.13E−06 0.983 0.997
XLE 4.15E−05 5.26E−06 0.962 0.991
LE 3.33E−05 3.41E−06 0.982 1.000
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decreased PsB) and reduced solute–solvent coupling (increased
B).

The observed pH dependence was quantitatively analyzed
y considering that the overall transport of boron was the sum
f individual and independent contributions from boric acid and
orate ion. Consequently, the following equation was developed
o predict the permeability constant of boron:

sB = α0 × Ps(H3BO3) + α1 × Ps(H2BO3
−) (12)

here Ps(H3BO3) is the permeability constant of boric acid [LT−1]
nd Ps(H2BO3

−)is the permeability constant of borate ion [LT−1].
similar predictive approach was applied to estimate the reflec-

ion coefficient of boron at any pH:

B = α0 × σ(H3BO3) + α1 × σ(H2BO3
−) (13)

here σ(H3BO3) is the reflection coefficient of boric acid and

(H2BO3
−) is the reflection coefficient of borate ion. In the above

quations, α0 and α1 represent the fraction of boric acid and
orate ion, respectively. Since ionic strength of the feed solution
as extremely high, following definitions for α0 and α1 were
sed [24]:

0 = {H+}
{H+} + K′

a1
= [H3BO3]

CB
(14)

1 = K′
a1

{H+} + K′
a1

= [H2BO3
−]

CB
= 1 − α0 (15)

′
a1 = [H2BO3

−]{H+}
[H3BO3]

(16)

here [H3BO3] is the concentration of boric acid [ML−3];
H2BO3

−] is the concentration of borate ion [ML−3]; {H+} is
he activity of proton [ML−3]; and K′ is the apparent first acid
a1
issociation constant for boric acid [ML−3]. Note that K′

a1 is
efined using the concentrations of boron species and the activ-
ty of proton, both of which are readily measurable parameters.
he value of K′

a1 depends on salinity and temperature according

f
w
(
F

ig. 4. Effect of pH on boron permeability constant (PsB). The symbols were determ
tting the observed pH dependence with Eq. (11).
M820 4.36E−05 4.66E−06 0.981 1.000
M820A 2.76E−05 3.23E−06 0.981 1.000

o the following empirical equation [25]:

log K′
a1 = 2291.9

T
+ 0.01756 − 3.385 − 3.904 × S1/3 (17)

here T is the temperature in K and S is the total salt concen-
ration (salinity) in ppm [ML−3]. At a representative sea water
alinity of 34,000 ppm and 25 ◦C, pK′

a1 is estimated at 8.68,
hich is much lower than 9.14 in a dilute solution. Note that

he salinity near the membrane surface further increases due to
oncentration polarization. Moreover, the salt concentration in
concentration polarization layer would depend on membranes
ue to differences in rejection performances of the membranes.
herefore, K′

a1 for each membrane and pH condition was indi-
idually calculated from Eq. (17) using a wall concentration
Cm) of salt estimated from Eq. (3) and found to range from
.59 to 8.63.

Permeability constants of boric acid (Ps(H3BO3)) and borate
on (Ps(H2BO3

−)) for each membrane were calculated by substi-
uting known parameters (PsB, α0, and α1) at pH 6.2 and 9.5
nto Eq. (12), respectively, and solving the resulting set of equa-
ions. Results summarized in Table 3 suggested that Ps(H3BO3)
as approximately six to twelve times higher than Ps(H2BO3

−)

or the membranes investigated. Once Ps(H3BO3) and Ps(H2BO3

−)
ere determined, the overall permeability constant of boron

PsB) at any pH could be estimated using Eq. (12) as shown in
ig. 4.

ined from fitting Eq. (4) to the experimental data. Lines represent the result of
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ig. 5. Effect of pH on boron reflection constant (σB). The symbols were determ
he observed pH dependence with Eq. (12).

Reflection coefficients of boric acid (σ(H3BO3)) and borate ion
σ(H2BO3

−)) were calculated using Eq. (13) following the same
pproach used above and the results are presented in Table 3.
(H3BO3) ranged from 0.962 to 0.983 depending on membrane
nd it mostly accounted for low σB values. In contrast, σ(H2BO3

−)
as very close to unity regardless of the membrane type. This

uggested that solvent coupling was negligible for borate ion
nd the borate ion permeation mostly depended on the diffusive
ransport. In other words, all the membranes could effectively
eject borate ions in a similar manner with other anionic species
uch as chloride and sulfate. Fig. 5 compares the reflection coeffi-

ients of boron (σB) predicted from Eq. (13) to those determined
rom the experiments and Eq. (4). Some deviations were most
ikely due to relatively small changes in σB. Note that since the
verall transport of boron is dependent more on the diffusive

m
e
m
t

ig. 6. Boron rejection at varying temperatures and two pHs (6.2 and 9.5) and corre
nder varying transmembrane pressures 41.4 × 105–6.9 × 106 Pa (600–1000 psi).
from fitting Eq. (4) to the experimental data. Lines represent the result of fitting

ransport, small variations in the solvent coupling would have
negligible effect on the overall estimation of boron transport
sing Eq. (4).

.2. Effect of temperature on boron rejection

Experimental results obtained from the temperature effect
xperiments at two pH conditions (6.2 and 9.5) for four mem-
ranes (SWC4+, LE, TM820, and TM820A) are shown in
ig. 6. Each data set at fixed pH and temperature with varying
ressures was fitted with Eq. (4) using the non-linear opti-

ization method and mass transfer coefficient independently

valuated. The model prediction using the fitted parameters
atched the experimental data very accurately (Fig. 6). For all

he membranes at both pHs, the rejection of boron decreased

sponding model fit. Different data points for each temperature were obtained
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ig. 7. Effect of temperature on boron mass transfer coefficient in concentrati
xperimental data. Lines represent the result of fitting the observed temperature

i.e., R0/(1 – R0) decreased) as temperature increased. Note that
oth the specific hydraulic permeability (ph) in Eq. (1) and the
ocal solute permeability (ps) in Eq. (2) would increase as tem-
erature increases. Therefore, the temperature dependence of
olute rejection would be determined by a trade-off between
emperature dependence of ps and that of ph (i.e., evidenced
y approximately 70–90% increase in the permeate flux for the
embrane tested when temperature increased from 15 to 35 ◦C).
he experimental result implies that the temperature dependence
f ps overwhelms that of ph.

Temperature dependence of the transport parameters was fur-
her analyzed using an empirical equation by [26] where both
olute mass transfer coefficient across the boundary layer (k)
nd solute transport parameter (DAMK/�x) were assumed to be
xponential functions of temperature as follows:

or

(
DAMK

�x

)
∝ exp(constant × T ) (18)

here DAM is the diffusion coefficient of solute in the membrane
L−2T]; K is the partition coefficient of solute between water and
embrane; and �x is the thickness of membrane [L]. The pre-

xponent constant was determined to be 0.005, for example, for
cellulose acetate membrane filtering salt solution [26]. The

ame general equation was applied to express the temperature
ependence of mass transfer coefficient as well as permeability
onstants and reflection coefficients of both boric acid and borate
on.

Experimentally determined mass transfer coefficients are
lotted against temperature in Fig. 7 along with non-linear
egression curve-fits using Eq. (18). Increase in kB with tem-
erature accurately followed the exponential function with pre-

xponent constant of 0.04 for all membranes and pHs investi-
ated.

Ps(H3BO3), Ps(H2BO3
−), σ(H3BO3), and σ(H2BO3

−) at 15, 25, and
5 ◦C were individually evaluated following the same method

t
a
s
p

larization layer (kB). The symbols were determined from fitting Eq. (4) to the
ndence with Eq. (17).

sed for pH effect data analysis. Briefly, salt concentration at the
embrane wall (Cm) was estimated from Eq. (3) using the mass

ransfer coefficients and experimental data (Cf, Cp, and Jv). From
he obtained Cm, the apparent acid constant of boric acid (K′

a1)
as calculated using Eq. (17). The fractions of boric acid (α0)

nd borate ion (α1) were estimated from Eqs. (14) and (15) using
′
a1’s. Finally, Ps(H3BO3) and Ps(H2BO3

−) at each temperature
ere estimated by substituting the obtained parameters (PsB,
0, and α1) at pH 6.2 and 9.5 into Eq. (12), respectively, and
olving the resulting sets of equations. σ(H3BO3) and σ(H2BO3

−)
t each temperature were obtained from Eq. (13) following the
ame approach.

Obtained Ps(H3BO3) and Ps(H2BO3
−) were plotted versus tem-

erature and fitted to Eq. (18) in Fig. 8. Pre-exponent constants
ere within a fairly narrow range of 0.066–0.068 for Ps(H3BO3)

nd 0.048–0.049 for Ps(H2BO3
−). Therefore, it again appeared

hat a single pre-exponent constant might be able to describe the
emperature dependence of boron permeability for the mem-
ranes investigated. In contrast, the temperature dependence
f σ(H3BO3) and σ(H2BO3

−) appeared to be negligible, as these
arameters for all the membranes did not much changed by tem-
erature.

Consequently, the temperature dependence of boron transport
arameters can be summarized in the following equations:

BT = kB0 exp(0.040(T − T0)) (19)

s(H3BO3)T = Ps(H3BO3)0 exp(0.067(T − T0)) (20)

s(H2BO3
−)T

= Ps(H2BO3
−)0

exp(0.049(T − T0)) (21)

here kBT is the mass transfer coefficient of boron at tempera-

ure T (K) [LT−1]; kB0 is the mass transfer coefficient of boron
t temperature T0 [LT−1]; Ps(H2BO3)T is the permeability con-
tant of boric acid at temperature T [LT−1]; Ps(H3BO3)0 is the
ermeability constant of boric acid at temperature T0 [LT−1];
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Nomenclature

C superficial solute concentration [ML−3]
C̄ average solute concentration of feed and permeate

sides [ML−3]
D molecular diffusion coefficient [L2T−1]
Js gravimetric solute flux [ML−2T−1]
Jv volumetric water flux [LT−1]
k mass transfer coefficient [LT−1]
K partition coefficient between solvent (water) and

membrane
ig. 8. Effect of temperature on boron permeability constant (PsB). The symbo
esult of fitting the observed temperature dependence with Eq. (17).

s(H2BO3
−)T

is the permeability constant of borate ion at tem-

erature T [LT−1]; and Ps(H2BO3
−)0

is the permeability constant

f borate ion at temperature T0 [LT−1].

. Conclusion

Bench-scale experiments performed with six commercial RO
embranes under diverse operating conditions suggested that

oron rejection was largely influenced by pH due to dissocia-
ion of weak boric acid. Operating temperature and pressure also
ffected boron rejection. The experimental results were quan-
itatively analyzed using the irreversible thermodynamic model
oupled with film theory. The model was modified to account for
he effect of pH and temperature on the overall boron transport
s well as the effect of ionic strength on acid–base species equi-
ibrium. In summary, key transport parameters that characterize
oron transport over the range of condition investigated can be
xpressed using the following equations developed in this study:

BT = kB0 exp(0.040(T − T0)) (19)

sB = {H+}
{H+} + K′

a1
× Ps(H3BO3)0 exp(0.067(T − T0))

+ K′
a1

{H+} + K′
a1

× Ps(H2BO3
−)0

exp(0.049(T − T0)) (22)

B = {H+}
{H+} + K′

a1
× σ(H3BO3)0 + K′

a1

{H+} + K′
a1

× σ(H2BO3
−)0
(23)

rom this set of equations, the changes in the boron transport
arameters as a function of pH (−log{H+}) and temperature
an be predicted. Note that the pH dependence of kB and
e determined from fitting Eq. (4) to the experimental data. Lines represent the

he temperature dependence of σB were negligible. These
quations will provide basis for the prediction of boron removal
erformance by full-scale SWRO processes when combined
ith a model addressing non-homogeneous condition inside a
embrane module (i.e., for example, [27]).
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Ka1
′ apparent first acid constant of boric acid [ML−3]

ph specific hydraulic permeability [M−1L3T]
ps local solute permeability coefficient [L2T−1]
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P hydraulic pressure [ML−1T−2]
Ps overall permeability constant [LT−1]
R0 apparent rejection
T temperature
�x thickness of a separation layer [L]

Greek letters
α0 fraction of boric acid
α1 fraction of borate ion
μ viscosity [ML−1T−1]
π osmotic pressure [ML−1T−2]
σ reflection coefficient
ρ density [ML−3]

Subscripts
B boron
f feed
(H3BO3) boric acid
(H2BO3

−) borate ion
(H2O) pure water
m membrane surface
p permeate
Salt salt
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