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bstract

The removal of small trihalomethane precursors (THMPs) from aqueous solution by two commercial nanofiltration membranes (NF70 and
F270) was investigated. Resorcinol, phloroglucinol, and 3-hydroxybenzoic acid were selected as model compounds of small THMPs, while

annic acid was chosen as a medium molecular disinfection by-product (DBP) precursor for comparison. The performance of nanofiltration
embranes were evaluated by introducing polyethylene glycol (PEG) solutions and uncharged saccharides to estimate molecular weight cut-off

MWCO) and membrane pore radii, respectively. The streaming potential was measured to estimate the membrane surface charge at different pH
alues, which reveals that the NF270 membrane is more pH-sensitive than the NF70 membrane. The rejections of the above selected THMPs were
ssessed under various pH values, and the removal efficiencies of THMPs for both membranes at high pH values are reasonably well. Charge

xclusion is the prevailing mechanism for the selected small model compounds retended by the negatively charged nanofiltration membranes,
hile size exclusion and adsorption are controlled mechanisms but not sufficient for the rejection of unionized small organic molecules. In general,

he NF270 membrane exhibits the superior permeation rate value, which takes an advantage over the NF70 membrane from the aspect of energy
onservation.

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

Trihalomethanes (THMs) are the major disinfection by-
roducts (DBPs) but not naturally present in ground or surface
aters. Certain organic compounds such as humic acid and ful-
ic acid called THM precursors (THMPs) are able to form THMs
hen reacting with chlorine in the disinfection process. Previ-
us studies have demonstrated that THMs cause liver, kidney
r central nervous system problems [1–2]. Therefore, the max-
mum contaminant levels (MCL) of THMs were promulgated
y many nations to protect public health [3–7]. US EPA is even

dopting more stringent MCLs of THMs from 80 to 40 �g/L in
he stage 2 disinfectants/DBP rule [8].
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oduct; Drinking water production

As chlorine is a widely used disinfectant, the reduction
f THMs formation potential (THMFP) is very important.
lthough the THMs can be removed by introducing the

dvanced treatment process, it is not feasible from the eco-
omic point of view. The usage of substituting disinfectant
uch as chloramine has raised attention of the formation
f N-nitrosodimethylamine (NDMA) by-product, which is an
merging water contaminant and is a probable human carcino-
en classified by the US EPA [9]. On the other hand, removing
HMPs before chlorination is a more effective and economic
HMs control technology than the previous methods.

It is well known that the traditional coagulation process
n a water treatment plant is not effective in removing small
HMPs, while the membrane process has been proven to be
ffective [10–14]. Nanofiltration (NF), with molecular-weight-
utoff (MWCO) between the range of ultrafiltration (UF) and

everse osmosis (RO), was found to be more cost effective than
O due to lower operating pressure and has higher rejection
fficiencies for small organics and multivalent ions than UF.
herefore, in various applications, RO was replaced with NF
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molar mass compound. All model compounds were purchased
from Riedel-de Haën (Germany). Table 2 shows the properties
of the model compounds and Fig. 1 shows the structure of the
model compounds. All stock solutions were prepared using

Table 1
Characteristics of NF70 and NF270 membranes

Parameter

NF70 NF270

Manufacture Dow-FilmTec Dow-FilmTec
MWCO (Da) 250 300a

Materials 0.2 �m crosslinked
aromatic
polyamide + 0.46 �m
polysulfone

Semiaromatic
piperzine-based aromatic
polyamide layer on top of
a polysulfone microporus
support reinforced with a
polyester non-woven
backing layer
Y.-L. Lin et al. / Journal of Haz

or a higher membrane flux and significantly better permeate
ater quality. Many researchers have shown that NF membrane

echnology provides very high removal of natural organic matter
NOM) in drinking water treatment [10–14]. Owen et al. [11]
roposed that NF with a relatively lower MWCO of 400–800 Da
s effective in controlling the formations of DBPs. Retentions of
arious micropollutants by NF membranes were also reported
y several researchers [12–14].

NF now is competitive with other NOM removal technolo-
ies such as conventional clarification and GAC adsorption
ecause of the following advantages: simplicity of operation,
evelopment of higher flux membrane with low fouling poten-
ials, and lower membrane costs [15]. Some researchers have
ndicated that membrane costs are comparable to or lower than
onventional treatment for small systems of <20,000 m3/day, or
mg/day (million gallons per day) [15–16]. However, there are

till a lot of unknowns in the removal mechanisms by NF mem-
ranes because the rejections of solutes by NF membrane are
ather complicated. Membrane properties such as hydrophobic-
ty, membrane charge, membrane pore size, potential for fouling,
esistance to temperature, retention properties and permeability
ramatically affect the filtration process. Solute properties such
s dipole moment and hydrophibicity also affect the separation
fficiency by adsorbing or interacting with membrane surfaces
17–18].

Two main solute retention mechanisms such as size (sieving
r steric interaction) and charge (Donnan) effects are gener-
lly discussed in the area of membrane science and technology.
ize exclusion is the main separation mechanism for uncharged
olutes based on the relationship between the membrane pore
ize and permeating molecule size, while charge exclusion is
aused by electrostatic interactions between the charged per-
eating species and the charged membrane surface. However,

he contributions of these two basic mechanisms in the NF pro-
ess cannot be assessed simply and accurately because of the
ncertainty of involving parameters. The NF separation per-
ormance is usually evaluated on a case by case basis, and
any researchers describe the solute transport mechanisms with

umerous kinds of models, such as the Spiegler–Kedem model
19], Teorell–Mayer–Sievers and Steric Hindrance Pore (SHP)
odel [20], and the hindrance model [21].
Most organic matters that are responsible for major DBP

recursors in Taiwan source water are small to medium com-
ounds, with a molecular weight near or less than 1 kDa [22–24],
hich was consistent with the findings suggested by Amy et

l. [25] that the majority of THMPs are present in apparent
olecular weight (AMW) fractions less than l kDa. Evidence

hows that resorcinol structures in aquatic humic materials are
he major THMPs in colored waters [26], and the amount of
hloroform that occurred by substituted phenols is affected by
he position of chloror or hydroxyl atoms in the phenolic com-
ound [1]. Several studies also suggest that aliphatic carboxylic
cids, hydroxybenzoic acids, phenols and pyrrole derivatives

re reactive substrates of organic precursors for THM formation
27–28]. Resorcinol is known to affect the hormone production
f the human thyroid. The hazardous score of resorcinol is 23.9
n accordance to the Indiana Relative Chemical Hazard Score

C
M
C

s Materials 146 (2007) 20–29 21

IRCHS) database [29], which is considered highly hazardous.
ince the very limited study on small aromatic DBP precur-
ors with different functional groups and their treatabilities by
anofiltration, the three small organic compounds (resorcinol,
hloroglucinol, and 3-hydrobenzoic acid) with different func-
ional groups and high THMFP were selected to investigate their
espective performance and removal mechanisms treated by the
F membranes.
The objectives of this research were to assess the character-

stics of two commercial nanofiltration membranes (NF70 and
F270) and then to determine the efficiencies of these two mem-
ranes for removing small THMPs. Tannic acid was chosen as
major medium molecular DBP precursor for comparison. The
erformances of these two NF membranes were examined with
ncharged solutes at the beginning of the experiments. The mem-
rane surface charge was estimated by measuring the streaming
otential. The effects of solute types on filtration and the reten-
ion mechanisms at various levels of pH were also investigated.

. Materials and methods

.1. Membranes and model compounds

In this study, two types of commercial thin-film polyamide
F membranes, NF70 and NF270, produced by Dow-FilmTec
ere examined. Table 1 summarizes the characteristics of
F70 and NF270 membranes. Membranes of NF70 and NF270
ith surface areas of 46.2 cm2 were used throughout this

esearch.
Four model compounds with different functional groups

f benzene i.e., carboxylic and phenolic groups, were used.
hloroglucinol (1,3,5-trihroxybenzene), resorcinol (1,3-
ihydroxybenzene) and 3-hydroxybenzoic acid were chosen
s small THMPs, while tannic acid was chosen as the medium
aCl2 rejection (%) 85–95 40–60
gSO4 rejection (%) 98 >97
harge (neutral pH) Negative Negative

a Estimated in this study.
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Table 2
Physico-chemical characteristics of the model compounds used in this study

Model compound

Resorcinol Phloroglucinol 3-Hydroxybenzoic acid Tannic acid

Molecular formula C6H6O2 C6H6O3 C7H6O3 C76H52O46

CAS registry number 108-46-3 108-73-6 99-06-9 NA
Molecular weight 110.11 126.11 138.12 1701.24
Dissociation constant (pKa)f pK1: 9.30; pK2: 11.06 pK1: 7.97; pK2: 9.23; pK3: 14 pK1: 3.96; pK2: 9.61 NAa

Diffusion coefficient (10−6 cm2/s)b 9.934 9.631 8.853 1.968
Stokes radius (nm) 0.292 0.300 0.323 0.975
Equivalent molar radius (nm) 0.343 0.349 0.366 0.858
Log Kow 1.03c 0.55c 1.39c 7.37d

SUVA254 (L/mg m) 0.47 0.67 0.73 11.8
THMFPe/DOC (�g/mg) 377 330 70 57

a Not available.
b Calculated from the method proposed by Wilke and Chang [40].
c Obtained from [42].
d Obtained from [43].

o
s
w
r
a

2

e Seven-day formation potential measured in this research.
f Dissociation constant (pKa) [44].

rganic-free and de-ionized water (Milli-Q SP). The DOC (dis-

olved organic matter) concentrations for the model compounds
ere prepared at 5.0 mg/L. The pHs of the feed solutions

anged from 3 to 10 were adjusted by 0.1 M hydrochloric acid
nd sodium hydroxide.

r
m

Fig. 1. Structure of the model com
.2. PEG and saccharide analysis
The MWCO of NF70 was estimated at 250 Da in our previous
esearch [30]. Polyethylene glycol (PEG, Aldrich) with different
olecular weights (200, 300, 400, 600 and 1500 Da) were used

pounds used in this study.
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o estimate the MWCO of the NF270 membrane. The DOC con-
entration of each PEG solution was prepared at 20 mg/L. Feed
nd filtrate streams were analyzed for DOC concentrations to
btain the molecular weight distribution curves. The molecular
eight of the 90% PEG retained on the membrane is taken as

he MWCO of the NF270 membrane.
Three saccharides (glucose, sucrose and raffinose, Aldrich)

ere chosen as representative neutral solutes to estimate the pore
adii of NF70 and NF270 membranes. The DOC concentration
or each saccharide was prepared at 20 mg/L.

.3. Filtration tests

A laboratory cross-flow mode filtration apparatus with a flat-

heet membrane cell was used for the filtration tests. Fig. 2 is
schematic diagram of the filtration module used in this study.
resh membranes were precompacted at the standard operating
ressure of 4.80 bar (70 psi) with de-ionized water. Except for the

R

w
c

Fig. 2. Scheme of the nanofi
s Materials 146 (2007) 20–29 23

accharide retention tests, all experiments of the transmembrane
ressure were maintained at 4.80 bar with the temperature at
5 ◦C and cross-flow velocity at 0.30 m/s. For saccharide reten-
ion tests, the reflection coefficients were calculated using the
etention data as a function of the water flux through the mem-
rane, with operating pressures ranging from 3.4 to 11.0 bar
nd a temperature fixed at 25 ◦C. All experiments were carried
ut in a recycle mode with both permeate and retentate recy-
ling back into the reservoir. Filtration of experimental solution
ontaining model compounds was carried out for 24 h to avoid
verestimation of rejection [31].

The retention factor, R (%) was defined as

(
Cp
)

(%) = 1 −
Cf

× 100 (1)

here Cp is the concentration of permeate and Cf is the average
oncentration of feed and concentrate.

ltration module setup.
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.4. Streaming potential measurements

The streaming potential (�E) of a clean membrane was
easured to determine the zeta potential (ζ) on the membrane

urface, which can be used to represent the membrane surface
harge. The experimental set-up was almost identical to [32].
he dimensions of the membrane samples are 76 mm × 26 mm.
0.001 M KCl solution and a pair of platina electrodes were

sed to measure the streaming potential, and the pH was adjusted
y adding 4 M NaOH and 4 M HCl to the solution.

The relationship between �E and ζ is given by the
elmholtz–Smoluchowski equation with the Fairbrother and
astin approach [33]:
= �EηκRel,s

�PεRel
(2)

here �P is the applied pressure, ε the dielectric permittivity, η
he viscosity of the solution, Rel the electrical resistance of the

t
i
fi
y

Fig. 3. Flow chart of exp
s Materials 146 (2007) 20–29

lectrolyte solution, and Rel,s is the electrical resistance when the
easurement cell was filled with solution with known specific

onductivity κ.

.5. Analytical methods

THMs was analyzed after the chlorination experiment. Chlo-
ination was performed with 0.05 M phosphate buffer (pH 7.0)
nd sodium hyperchlorite at 25 ◦C, with a Cl2 residual main-
ained at 3–5 mg/L after 7 days. The reaction was quenched after
68 h with sodium thiosulphate solution. DOC, pH, and THMs
ere measured for water samples with model compounds, fol-

owed by the QA/QC programs set forth in Standard Methods
34]. THMs were extracted with n-pentane, and the extracts were

hen analyzed by GC/ECD (HP 5890-II) with a fused silica cap-
llary column (Restek Mtx-5, 30 m × 0.28 mm i.d., and 1.0 �m
lm thickness). Water samples for DOC and UV (254 nm) anal-
ses were filtered through a pre-washed 0.45 �m filter and then

erimental design.
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Table 3
Estimated pore radii of NF70 and NF270 membranes obtained from saccharide
experiments

Compound Stokes radius (nm) Estimated pore radius (nm)

NF70 NF270

Glucose 0.365 0.41 0.43
Sucrose 0.471 0.44 0.54
R
A
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etermined by a TOC instrument (O.I. Corp. model 700) and
V spectrophotometer (Hitachi U-2000).
Fig. 3 summarizes the flow chart of experimental design in

his study.

. Results and discussion

.1. Characterization of NF membranes

The MWCO of NF70 was estimated at 250 Da in our previous
esearch [30]. From the PEG retention curve shown in Fig. 4, the
olecular weight of the PEGs retained for 90% is determined as

he MWCO for the NF270 membrane. The MWCO of NF 270
as estimated at 300 Da.
According to [20], the pore size of the membrane can be

valuated using the Spiegler and Kedem membrane transport
odel (Eqs. (3) and (4)) [19] and the SHP model (Eq. (5)) with

he retention rates of uncharged saccharides:

= σ(1 − F )

(1 − σF )
(3)

ith

= exp

(
−1 − σ

P
Jv

)
(4)

here R is the intrinsic rejection (%), σ the reflection coefficient
%), P the solute permeability (m/s), and Jv is the permeate water
ux (L/m2 h):

= 1 −
(

1 + 16r2
s

9r2
p

)(
1 − rs

rp

)2
[

2 −
(

1 − rs

rp

)2
]

(5)

here rs is the Stokes radius of the compound (nm), and rp is
he membrane pore radius (nm).
Table 3 is the estimated pore radii of NF70 and NF270 mem-
ranes calculated for each saccharide solute. The average pore
adius of the NF70 membrane is calculated at 0.48 nm, and
he average pore radius of the NF270 membrane is calculated

Fig. 4. PEGs retention curve by the NF270 membrane.

3

(

F

affinose 0.584 0.60 0.65
verage – 0.48 0.54

t 0.54 nm. Comparable results of estimating the average pore
adii for NF70 and NF270 membranes were reported by other
esearchers [33–37]. These results suggest that the NF270 mem-
rane possesses a larger pore size than the NF70 membrane,
hich is consistent with its lower salt rejection shown in Table 1.
Fig. 5 shows the zeta potential for the NF70 and NF270 mem-

ranes measured at different levels of pH value. Both membranes
how negative zeta potential values at neutral pH. The shape
f the zeta potential curves indicates amphoteric surfaces; the
igher pH values, the higher zeta potentials values. Ionizable
arboxyl and amine functional groups provide the amphoteric
urfaces resulting from the interfacial polymerization reaction
or membrane synthesis with monomeric polyamide and poly-
unctional acyl halide [33]. The isoelectric point (point-of-zero
harge) of each NF membrane is near pH 4, which means that
he membrane surface is positively charged when solution pH
ess than 4 and negatively charged when solution pH higher
han 4. Moreover, for solution pH higher than 4, the higher the
H value was held, the more negatively charged the membrane
urface was observed. The results of streaming potential mea-
urement are consistent with the findings reported by Nghiem
t al. [13] and Childress and Elimelech [33].
.2. Rejection properties of NF70 and NF270 membranes

Experiments were conducted with four model compounds
Table 2 and Fig. 1) in aqueous solutions at the same

ig. 5. Zeta potentials of NF70 and NF270 membranes as a function of pH.
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ig. 6. Flux and permeate quality of resorcinol (pH 7, concentration = 5.0 mg/L)
s a function of time for NF70 and NF270 membranes.

ransmembrane pressure of 4.80 bar and cross flow velocity
0.30 m/s). Figs. 6–9 present the normalized permeate flux
NPF) and permeate concentration of resorcinol, phlorogluci-
ol, 3-hydrobenzoic acid, and tannic acid as a function of time
ia filtration through the NF70 and NF270 membranes. The NPF
s calculated by the equation as follows:

PF (%) = PFf

PFi

× 100 (6)

here PFf is the pure water flux after the membrane filtration
est with the target compounds, and PFi is the pure water flux
cross a new membrane (m3/m2 h) prior to the filtration test.

he average clean water permeability of the tested membranes

s 6.72 L h−1 m−2 bar−1 for NF70 and 14.79 L h−1 m−2 bar−1

or NF270.

ig. 7. Flux and permeate quality of phloroglucinol (pH 7, concentra-
ion = 5.0 mg/L) as a function of time for NF70 and NF270 membranes.

7
n
(

F
a

ig. 8. Flux and permeate quality of 3-hydrobenzoic acid (pH 7, concentra-
ion = 5.0 mg/L) as a function of time for NF70 and NF270 membranes.

In all cases, the permeate fluxes decrease gradually in the
rst 10 h and then reach equilibrium in the presence of model
ompounds (Figs. 6–9). The permeate flux of NF70 membrane
ecline more rapidly than that of the NF270 membrane; the
F70 system reaches 90% of the initial capacity after 20, 6.5

nd 1.8 h for phloroglucinol, 3-hydroxybenzoic acid and tannic
cid, respectively. For NF270 membrane filtration tests, three
mall THMPs remain NPF over 90% in the filtration period,
xcept for the tannic acid with NPF less than 90% in 5 h.

DOC in the permeate increased slightly for resorcinol and
hloroglucinol as time progressed. Rejections of 79.1 and 80.6%
ere observed for resorcinol and phloroglucinol, respectively,

t the end of the NF70 filtration experiments. Rejections of

2.5 and 74.3% were observed for resorcinol and phlorogluci-
ol, respectively, at the end of the NF270 filtration experiments
Figs. 6 and 7). This rejection is likely due to the adsorption of

ig. 9. Flux and permeate quality of tannic acid (pH 7, concentration = 5.0 mg/L)
s a function of time for NF70 and NF270 membranes.
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model compounds with different pH values were applied on
both NF membranes. Fig. 11 shows the relationship between the
solution pH values and model compounds rejections. All data
shows that rejection of all model compounds increases with an
ig. 10. Comparison of THMFP rejections for model compounds by NF70 and
F270 membranes (pH 7, concentration = 5.0 mg/L).

odel compounds by hydrogen bonding between the phenolic
unctional groups on nonionic solutes and carbonyl functional
roups on polyaimde NF membranes [13,38]. The permeate
oncentration presents a characteristic curve with a small break-
hrough concentration, which means that the size exclusion
ecomes a dominant rejection mechanism when adsorption
eaches equilibrium [13]. 3-Hydrobenzoic acid has a higher
ompound rejection (about 86.2% for NF70 and 80.0% for
F270 membranes) compared to phloroglucinol and resorcinol,

nd the DOC in permeate flux remains fairly constant during
he filtration period (Fig. 8). This rejection is due to the hydrol-
sis of the carboxyl group on 3-hydrobenzoic acid (pK1 = 4.06,
able 2) at pH 7. Although the MW of 3-hydrobenzoic acid

s very similar to that of resorcinol and phloroglucinol, this
ompound carries a negative charge at neutral pH and can be
xcluded by the NF70 and NF270 membranes (with negative
harge at neutral pH) owing to the electrostatic repulsive inter-
ction with the membrane surfaces [39]. It can be concluded that
he influence of charge exclusion is greater than the influence of
ompound adsorption on compound rejection at neutral pH.

The best quality of permeate flux was observed for tannic
cid with both the NF70 and NF270 membranes (Fig. 9). The
emoval efficiency of tannic acid is the highest among the model
ompounds (96.9% for the NF70 membrane and 97.6% for the
F270 membrane) owing to its large molecular size (0.858 nm)

ompared to the pore radius of NF70 membrane (0.48 nm) and
F270 membrane (0.54 nm). There are many phenolic func-

ional groups of tannic acid (Fig. 2), which may increase the
ossibility of adsorption onto polyamide membrane surfaces
s mentioned above and thus resulting in more flux decline
ompared with the other three small THMPs (Figs. 6–9).

Fig. 10 shows the THMFP rejections of model compounds
y NF70 and NF270 membranes. The trend is the same as the
OC rejection, i.e., the rejections of the three small THMPs in
ermeate for the NF70 membrane are higher than that for the
F270 membrane, and the rejection of tannic acid is the highest

or both NF70 and NF270 membranes. The high permeability of
he NF270 membrane is likely due to its larger pore size. For the
hree small THMPs which are partially rejected by the NF270

embrane, the solute flux increases with the pure water flux
nd results in slightly lower rejection compared with the NF70

embrane (Figs. 6–9). However, for the highly rejected tannic

cid, the high permeability in NF270 filtration comes from the
ure water flux so that the rejection of tannic acid is slightly
igher by the NF270 than by the NF70 membrane.

F
m

s Materials 146 (2007) 20–29 27

From the above experiments, it can be concluded that the
F70 and NF270 membranes are effective in removing DOC

nd THMFP for molecules with a wide range of molecular mass.
or small compounds with high THM yield, other treatment
rocesses may be utilized together with nanofiltraiton to enhance
he removal of small compounds.

.3. Effect of pH on compound rejections

The diffusivity coefficient and Stokes radius of each model
ompound in Table 2 were determined by the Wilke and Chang
nd the Stokes–Einstein equations [40]. The Stokes radii of three
mall THMPs are smaller than the average pore radii of the NF70
nd NF270 membranes, and the Stokes radius of tannic acid
s significantly larger than the average pore size of both mem-
ranes. Thus, it is expected that the retention of the small THMPs
ould be very low and the retention would be complete for tan-
ic acid if the rejection mechanism was only based on the steric
indrance. From the experimental data in Figs. 6–10, it indicates
hat the rejections of three small THMPs are high (72.5–86.2%),
hich implies that there might be another controlled mechanism,

uch as the charge effect, affecting the rejection ratio.
To evaluate the effect of charge exclusion, feed solutions of
ig. 11. Effect of pH on rejection of model compounds by NF70 and NF270
embranes (initial concentration = 5 mg/L).
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ncrease in pH for both NF membrane. A more profound pH
ffect was observed for the NF270 membrane. This pH effect
s due to the polyelectrolyte character of the model compounds
nd the negatively charged NF membrane characteristics, which
s discussed below.

For the three small THMPs, at pH values lower than the ion-
zation constant of each compound, the rejection mechanism
s based on the sieve effect and the adsorption of model com-
ounds on NF membranes, as mentioned above. Therefore, the
ejections of the three small THMPs at low pH values are sig-
ificantly less than at high pH values, especially for the NF270
embrane. 3-Hydrobenzoic acid has a slightly higher compound

ejection compared to phloroglucinol and resorcinol, which may
e attributed to its low pK1 value. The low pK1 value cause the
arboxyl functional groups to start hydrolysis at pH 4.06, lead-
ng to an increase in electrostatic repulsive interaction with the
F70 and the NF270 membranes [39]. However, at pH 10, two
henolic functional groups of phloroglucinol and one carboxyl
lus one phenolic functional group of 3-hydrobenzoic acid are
issociated. At high pH, the charge density and molecular size of
hloglucinol are similar to those of 3-hydrobenzoic acid. There-
ore, the rejection efficiencies of the two compounds are similar
n both NF membranes.

For tannic acid with medium MW at pH values lower than
ts ionization constant, the molecule is neutral and may form a
ompact coiled conformation because of the suppression of dis-
ociation of ionogenic groups, the same as humic acid and fulvic
cid studied by [41], which leads to a restriction of electrostatic
ntra-chain repulsion and causes a reduction in the tannic acid

olecular size. Therefore, the rejection mechanism is mainly
ue to the “sieve effect” under acidic conditions. However, at
H values higher than the ionization constant of tannic acid, the
olecule unfolds because of the ionization of ionogenic groups

eading to electrostatic repulsion between macromolecule seg-
ents. At the higher pH value, the tannic acid molecule is

egatively charged with a larger molecular size which can be
ejected more effectively by both the “sieve effect” and the
charge effect” on the NF membranes. As a result, the removal
fficiency of tannic acid increases from 93.6% up to 98.5% fil-
ered by the NF70 membrane and from 87.6 to 99.9% filtered
y the NF270 membrane.

There is a notable trend in the experimental data of NF270
embrane that the rejections of all model compounds show

trong correlation with the pH values (Fig. 11), which implies
hat the electrostatic interaction between the NF270 membrane
urface and the model compounds grows stronger as the solu-
ion pH rises. The electrostatic interaction between membrane
urface and model compounds is confirmed by the results of the
eta potential measurements at different pH values (Fig. 5).

Since the membranes are more negatively charged as pH val-
es higher above the isoelecric point, the electrostatic repulsion
orce between the membrane surface and the model compounds
ncreases as pH rises. Dissociation of the functional groups on

he membrane and the model compounds intensifies the electro-
tatic interaction between the NF70 and/or NF270 membranes
nd model compounds. As a result, the model compounds rejec-
ions should increase as pH rises. The trend of the experimental
s Materials 146 (2007) 20–29

ata shown in Fig. 11 indicates that the NF70 membrane is less
H sensitive than the NF270 membrane (Fig. 5). This implies
hat the solution pH would greatly affect the performance of
F270 membrane; therefore, the application of NF270 at differ-

nt pH values should be evaluated and adjusted to achieve the
ptimum filtration performance. On the other hand, as shown
n Figs. 6–9, the NF270 membrane (with average clean water
ermeability of 14.79 L h−1 m−2 bar−1) exhibits the superior
ermeation rate than the NF70 membrane (with average clean
ater permeability of 6.72 L h−1 m−2 bar−1). It suggests that

he two-fold increase in the NF270 membrane productivity as
ompared with the NF70 membrane would dramatically reduce
nergy consumption at the same operating conditions.

. Conclusions

The rejections of three small THMPs (resorcinol, phloroglu-
inol and 3-hydrobenzoic acid) as well as tannic acid with a wide
ange of molecular mass by the NF70 and NF270 membranes
re effective. Filtered solutes with MWs less than the MWCO
f membranes or with Stokes radii less than the membrane pore
adius can be rejected satisfactorily. The compound rejection
f 3-hrdrobenzoic acid is the highest due to the electrostatic
epulsive interaction with the nanofiltration membranes and its
onized functional groups.

Model compounds rejection increases with pH in the solu-
ion due to the dissociation of ionizable functional groups on
he model compounds and the electric interaction between the
ompounds and membranes. High removals of THMPs were
bserved at high pH values. The charge exclusion is found to be
he prevailing mechanism of small model compounds retention
y the negatively charged nanofiltration membranes. The size
xclusion mechanism also is observed to be important but not
ufficient for the unionized small organic molecules rejections.

The NF270 membrane is more pH sensitive than the NF70
embrane. This sensitivity implies that the solution pH would

reatly affect the performance of the NF270 membrane. Further
esearch should be focused on the application of NF270 at dif-
erent pH values, and the optimum filtration performance should
e determined.

In general, the NF270 membrane exhibits the superior perme-
tion rate, which takes an advantage over the NF70 membrane
rom the aspect of energy conservation.
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