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A B S T R AC T

Free chlorine is the common biocide used in the membrane desalination industry. However, it 
is incompatible with polyamide membranes. Chlorine dioxide (ClO2) is an effective biocide and 
is more compatible with polyamide membranes. The effects of ClO2 on polyamide membrane 
hydrophillicity and surface charge were studied under static soaking conditions. Membrane 
coupons were soaked in acidic, neutral, and alkaline pHs of ClO2. The membrane’s hydrophilic-
ity and surface charge were assessed by dynamic contact angle and streaming potential analyzer 
respectively, while performance was analyzed on a bench scale desalination system. The result 
of the experiment showed that ClO2 infl uenced membrane hydrophilicity and surface charge. 
Hydrophilicity improved irrespective of ClO2 pH, whereas surface charge was either suppressed 
or improved depending on ClO2 pH. Permeate fl ux increased for acidic, neutral, and alkaline 
conditions by 34%, 34%, and 77%, respectively. A slight trade-off in salt leakage for acidic and 
alkaline pH conditions was observed. The phenomenal performance of ClO2 oxidized membrane 
was infl uenced by modifi cations in both the membrane surface and chemical characteristics.

Keywords:  Polyamide membrane; Oxidation; Chlorine dioxide pH; Surface properties 
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1. Introduction

Sea and brackish water inevitably contain organics 
and microorganisms that make membrane desalination 
systems vulnerable to biofouling. Pretreatment units 
designed to remove organics and inactivate microorgan-
isms are therefore integral parts of desalination systems. 
Free chlorine is the common microorganism inactivator 
in the industry. However, its residual effect degrades 
polyamide (PA) membrane performance [1–7].

PA is the widely accepted thin fi lm composite (TFC) 
membrane material type with high thermal, chemical, 
and hydrolytic stability. Its incompatibility with free 
chlorine necessitates the search for alternate disinfec-
tants. Chlorine dioxide (ClO2) and monochloramines 
(MCA) have been reported to be less aggressive to PA 
[8–10]. Although MCA is less aggressive than ClO2, ClO2 
is preferred as an alternate disinfectant because of its 
enormous sterling properties. ClO2 is more effective as 
a biocide than MCA. Unlike MCA, ClO2 is permeable 
through RO membrane [8] preventing its accumulation 
on membrane surface. MCA reacts with bromine to form 
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bromate and bromide, which are both carcinogenic and 
diffi cult to remove by RO membranes [11,12].

The lower aggressiveness of ClO2 was assessed 
with membrane performances (salt rejection and per-
meate fl ux) based on the extent of modifi cation of the 
membranes’ chemical structures. However, membrane 
performance is also infl uenced by membrane surface 
characteristics such as hydrophillicity and surface 
charge. These are effects of highly active end groups of 
the polyamide molecule that can participate in chain/
radical interactions. Several workers have taken advan-
tage of the high reactivity of the end groups and modi-
fi ed surface properties of commercial PA membranes 
through free radical grafting of monomers and plasma 
treatment [13–23]. Interestingly, oxygen plasma treat-
ment and grafting with hydroxyl moieties are similar to 
the oxidative radical coupling mechanism. Hence, like 
surface modifi cation techniques, oxidative radical cou-
pling in polyamide should have a synergistic effect on 
the performance of membranes. This work, therefore, 
elucidates the effect of ClO2 pH on the surface character-
istics and performance of a polyamide membrane.

2. Materials and methods

2.1. Preparation of chlorine dioxide solutions 
and the oxidation of a polyamide membrane

ClO2 stock solution was prepared by acidifying 
sodium chlorite (NaClO2) solution with sulfuric acid 
(H2SO4), as shown in Eq. (1). A given quantity of dilute 
H2SO4 was slowly added to NaClO2 in intervals of 5 min 
while a smooth current of air passed through the sys-
tem. Generated ClO2 gas was passed through a saturated 
NaClO2 solution for purifi cation. Pure ClO2 gas was col-
lected in deionized water in a steady stream of air. This 
preparation method was carried out according to the 
description of Standard Methods for the Examination 
of Water and Wastewater (1998) 4500-ClO2B with slight 
modifi cation involving the immersion of the gas collect-
ing bottle in an ice bath for higher gas solubility. The ClO2 
stock solution was placed in a dark brown glass container 
and stored at 4°C. The concentration of the ClO2 solution 
was directly measured using a spectrophotometer (DR 
5000, HACH, USA). This is a standard N,N-diethly-p-
phenylenediamine (DPD) color change method according 
to the description of Standard Methods for the Examina-
tion of Water and Wastewater (1998) (4500-ClO2 D):

4NaClO2 + 2H2SO4 →  2ClO2 + HCl + HClO3
+ 2Na2SO4 + H2O 

(1)

Membrane coupons cut from commercial spiral 
wound membrane (TM820H-400, Toray—Japan) were 

immersed in buffered ClO2 solutions of pH 4, 7, and 9 
for a contact time of 100 ppm h (20 ppm × 5 h). Mem-
brane characteristics as described by the manufacturer 
are shown in Table 1. The membrane oxidation unit was 
kept in a dark hood throughout the oxidation time (5 h),
and the experiment was repeated with several mem-
brane coupons to ensure reproducibility. At the end of 
the membrane soaking period, the concentration of ClO2 
declined from 20 ppm to 5 ppm for all pH conditions, 
indicating the reduction of ClO2. Eqs. (2) and (3) are the 
step-wise redox equations:

Step 1:

ClO2(aq) + e− → ClO2
−  E = 0.954 V (2)

Step 2: 

ClO2
− + 4H+ + 4e− → Cl− + 2H2O  E = 0.76 V (3)

2.2. Membrane performance test

NaCl solution of 5000 ppm was fi ltered using a batch 
type concentrate-3-stage RO test stand, as shown in Fig. 1.
Each stage was designed with two circular symmetrical 
steel parts with an effective membrane area of 2.275 × 103 
mm2. The membrane compartment was furnished with 
a permeate port, allowing the permeate fl ow to exit the 
membrane unit. In addition, a resistant compact O-ring 
and stainless steel sintered mesh were in place to pre-
vent membrane displacement and deformation. The test 
stand was operated at a pressure of 49 bar in a cross-fl ow 
confi guration of 3 l min−1. Other integral parts of the test 

Table 1
Membrane characteristics as outlined by manufacturers

Membrane characteristics Toray

Maximum operating pressure 5.5 MPa

Maximum feed water temperature 45°C

Feed water chlorine concentration Not detectable

Maximum feed water silt density index 5

Feed water pH range, continuous operation 2–11

Feed water pH range, chemical cleaning 1–12

Fig. 1. Schematic diagram of the RO test rig.



E. Alayemieka and S. Lee / Desalination and Water Treatment 45 (2012) 84–9086

 stand included a feed tank, a water cooler, pumps, and 
a control unit. The water cooler automatically regulated 
the feed stream temperature to maintain a temperature 
of 25°C. Membrane performances were assessed with 
respect to permeate fl ux and salt rejection. For ease of 
identifi cation of the membranes oxidized at pHs of 4, 7, 
and 9 buffered ClO2 solutions, membranes were labeled 
as T-acidic, T-neutral, and T-alkaline respectively. The 
unoxidized membrane was labeled as T-membrane.

2.3. Characterization of membrane hydrophilicity 
and surface charge

Membrane hydrophilicity was assessed with a 
dynamic contact angle. A dynamic contact angle was 
determined based on the Wilhelm plate method. Mea-
surements were carried out using a Sigma 701 microbal-
ance (KSV Instrument, Ltd., Finland) interfaced with a 
PC for automatic control and data acquisition. During 
the measurement, a membrane sample was held in a 
vertical position by the automated microbalance. A liq-
uid cell containing the deionized water moved up and 
down at constant speed. The sample was then pushed 
into or pulled out of the deionized water by the auto-
mated microbalance. The surface tension of test liquids 
was measured at each time by the Force Du Nouy ring 
method at room temperatures of 28≈29°C with a humid-
ity of 60–65%. The ring was rinsed with ethyl alcohol 
prior to the measurement.

Surface charge density characterization was accom-
plished with a Surpass streaming potential analyzer 
(Anton Paar GmbH, Austria). A 1 mM KCl electrolyte 
solution was used as the background solution for analy-
sis. The background solution pH was adjusted within 
the range of 3≈10 by the addition of small amounts of 
HCl or NaOH. Prior to analysis, the inner part of the 
instrument was rinsed with deionized water. Streaming 
potential was measured at regulated pressures within 
the range of 0–500 mbar. Temperature was maintained 
between 24°C and 25°C. Zeta potential was calculated 
from the measured streaming potential using the Fair-
brother and Mastin substitution.

2.4. Membrane molecular structure analysis

Assessment of the sample-membranes’ molecular 
structures was made using Time-of-Flight Secondary 
Ion Mass Spectrometry (TOF-SIMS) and X-ray pho-
toelectron spectroscopy (XPS). TOF-SIMS (IONTOF, 
Germany) probes were set at a short distance of 1–10 Å 
into the membrane surface. The spectra were devoid of 
substrate layer interference. Analyses were performed 
under static conditions with a Cesium ion (Cs+) gun of 
1 nA ion current and a low beam voltage of 8 eV. The 
TOF-SIMS spectra of secondary ions were obtained over 

a mass range of 0–400 in positive mode. However, the 
analysis of the polyamide structure was achieved by the 
appropriate selection of ions within the lower mass ions 
(m/z < 100) using formulae for the common ion series 
of CnH2nN

+, CnH2n+2N
+, CnH2n+2NCO+, CnHnO2

+, and 
C2nH2n+2O2

+. These series are descriptive of the highly 
active amine and carboxylic end groups as well as amide 
bonds. For the aromatic hydrocarbon chain integrity, 
CnHn

+ ion series with n starting from six was employed. 
The selection of lower mass ions (m/z < 100) gives fewer 
possible ion assignments for a particular mass value. 
Furthermore, low-mass ions produce much more com-
plete homologous series and much less difference in ion 
abundance than higher masses.

XPS (PHI-5800 ESCA spectrometer, ULVAC-PHI, 
Paris) with a monochromated aluminum Kα? as its 
X-ray source (hv = 1486.6 eV) was operated at a power 
of 250 W and a background pressure of 2 × 10−10 Torr. Its 
beam energy, fi lament current, and carbon C (1s) bind-
ing energy were 10 kV, 27 nA, and 284.6 respectively. 
The sampling depth of 10 nm was obtained with a spec-
tra electron emission angle of 45°. The effect of surface 
irregularity was removed using a large spot size of 
400 μm × 400 μm. Spectra resolution was maximized by 
the application of surface charge neutralization systems.

3. Results

3.1. Effect of ClO2 on PA membrane surface charge 
and hydrophilicity

The effect of ClO2 on membrane surface charge char-
acteristics are displayed in Fig. 2. The unoxidized mem-
brane (T-membrane) possessed positive and negative 
charges. These, according to the membrane elemental 
composition in Table 2, are products of protons transfer in 
amine and carboxylic end groups. In aqueous solution of 

Fig. 2. Surface charge density of unoxidized and oxidized 
membrane.
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pH less than 3.5, the amine end group protonated (amine 
groups, NH2→NH3

+) to give positive charges, while at 
pH values above 3.5, the carboxylic group deprotonated 
(COOH→COO) to give negative charges. Upon exposure 
to ClO2 solutions at pHs of 4 and 7, membrane surface 
charges (both positive and negative) were suppressed 
while, in alkaline solution (pH 9), only positive charges 
were suppressed and the negative charges improved. On 
the other hand, ClO2 enhanced hydrophilicity despite the 
pH. The characteristic hydrophilicity and surface charge 
at pH 7 are summarized in Table 3.

3.2. Performance of unoxidized and oxidized membranes

Exposure of the PA membrane to ClO2 solutions at 
pHs of 4 and 9 improved water permeability by 34% and 
77%, respectively, while salt rejection decreased by 1.0% 
and 1.5%, respectively (Table 3). For membrane ClO2 
solutions at pH 7, permeability improved by 34% with-
out any noticeable salt leakage.

4. Discussion

4.1. Effect of end group/chain interaction on surface charge

In the redox reaction, ClO2 accepted electrons while 
the polyamide molecule eliminated the hydrogen atom, 
forming a series of radicals (Eqs. (4)–(8)). These radi-
cals underwent a whole suit of reactions forming end 
groups with stabilized H-bonds (Eqs. (4) and (5)). The 
degree of stability was dependent on the pH of ClO2. 

For pHs of 4 and 7, the highly reactive amine and car-
boxyl radicals interacted to form H-bonds too stable for 
dissociation (Eqs. (7) and (8)), suppressing both posi-
tive and negative charges. For pH 9, only amine radical 
interaction formed stable H-bonds that suppressed posi-
tive charges. The improvement of the negative charges 
was attributed to the disproportion of ClO2 in base, as 
seen in Eqs. (9)–(11):
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(5)

R + R RN NR RN RNN N+ R
 

→ ↔RN NR RNNR  (6)

R COO + RH R COO R + H. ++ RH R COO R + H⎯RCOO + RH →  (7)

R—COO˙ + e− → R—COO− + H+ + OH−

  ↔ R—COOH + H2O 
(8)

At alkaline pH, ClO2 disproportionates to chlorite 
(ClO2

−) and chlorate (ClO3
−). Chlorate reduces to chlorite 

by the acceptance of two electrons while chlorite is further 
reduced to chloride by the acceptance of four electrons. 
However, the reduction potential of chlorate (0.33 V)
is smaller than chlorite (0.76 V) and chlorine dioxide 
(0.954 V). Hence, the ease of the reduction of chlorate 
to chlorite makes Eq. (8) the predominate equation, 
leading to the formation of more carboxylate (RCOO−), 
which improved the negative charge density:

2ClO2 + 2OH− → H2O + ClO2
− + ClO3

−   (9)

ClO3
− + H2O + 2e− → ClO2

− + 2OH−  E = 0.33 V (10)

ClO2
− + 2H2O + 4e− → Cl− + 4OH−  E = 0.76 V (11)

The degree of intramolecular hydrogen bond sta-
bility with respect to oxidation pH was revealed in the 
sum of nitrogenous and oxygenated ion species of TOF-
SIMS spectra. TOF-SIMS ion intensities are a function of 

Table 2
Membrane relative atomic concentration and atomic 
concentration ratio

Membranes C% N% O% S% Cl%

T-membrane 70.83 9.65 17.49 0.44 1.59

T-acidic 70.19 10.54 17.38 0.23 1.66

T-neutral 71.28 9.94 17.11 0.17 1.50

T-alkaline 66.47 8.38 24.21 0.08 0.86

Table 3
Membranes’ surface characteristics and performance

Membrane Zeta
potential at
pH 7 (mV)

Water
contact
angle (°)

Permeate
fl ux
(l m−2.h)

Salt
rejection
(%)

T-membrane −30 51 439.491 99.46

T-acidic −19 39 588.265 98.47

T-neutral −19 47 587.462 99.39

T-alkaline −34 45 779.308 97.97
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 H-bond strength. High ion intensity implies less resis-
tance to the fragmentation of molecular and secondary 
ions and vice versa. The data in Table 4 shows that ClO2 
stabilized H-bonds of the carboxylic end groups for all 
pH conditions. However, at low pH (acidic range), the 
oxidative capacity of ClO2 is high (Eq. (12)). Obviously, 
more radicals were formed in T-acidic, but this also 
implies more radical/chain interactions accompanied 
with amide and aromatic bond weakening. The higher 
sum of nitrogenous and hydrocarbon ion for T-acidic 
(Tables 5 and 6) expresses the weakened amide and 
aromatic bonds. The weakening of the amide and aro-
matic bond affected the carboxylic end groups, thereby 

increasing the sum of the oxygenated species of T-acidic 
more than T-neutral, giving the trend as T-membrane<T-
alkaline<T-acidic<T-neutral (Table 4).

ClO2 + 4H+ + 5e = Cl− + 2H2O (12)

As pH increased from the acidic to neutral range, the 
oxidative capacity of ClO2 was lowered and the amide 
and aromatic bond strengths were stabilized. An increase 
in pH to the alkaline range further strengthens these 
bonds, giving the trend of the sum of the nitrogenous 
and hydrocarbon species as T-acidic<T-membrane≅
T-neutral<T-alkaline.

Table 4
Ion intensity of oxygenated species of oxidized and unoxidized polyamide membranes

Center mass Assignment Norm. by total ion mass intensity

T-membrane T-acidic T-neutral T-alkaline

45 CHO2
+ 9.59 × 10−3 2.56 × 10−3 2.49 × 10−3 6.53 × 10−3

58 C2H2O2
+ 1.11 × 10−3 4.29 × 10−4 3.51 × 10−4 7.04 × 10−4

60 C2H4O2
+ 5.80 × 10−4 1.78 × 10−4 1.58 × 10−4 3.33 × 10−4

71 C3H3O2
+ 2.25 × 10−3 6.56 × 10−4 5.55 × 10−4 1.67 × 10−3

84 C4H4O2
+ 7.57 × 10−4 4.47 × 10−4 3.03 × 10−4 3.86 × 10−4

86 C4H6O2
+ 2.73 × 10−4 1.13 × 10−4 8.91 × 10−5 1.62 × 10−4

97 C5H5O2
+ 7.38 × 10−4 3.39 × 10−4 2.63 × 10−4 6.33 × 10−4

Σ – 1.53 × 10−2 4.72 × 10−3 4.21 × 10−3 1.04 × 10−2

Table 5
Ion intensity of nitrogenous species of oxidized and unoxidized polyamide membranes

Center mass Assignment Norm. by total ion mass intensity

T-membrane T-acidic T-neutral T-alkaline

28 CH2N
+ 8.66 × 10−3 7.62 × 10−3 7.49 × 10−3 7.35 × 10−3

30 CH4N
+ 5.09 × 10−3 7.42 × 10−3 6.06 × 10−3 5.03 × 10−3

42 C2H4N
+ 3.66 × 10−3 3.88 × 10−3 3.24 × 10−3 2.43 × 10−3

44 C2H6N + 3.28 × 10−4 5.50 × 10−4 2.96 × 10−4 3.68 × 10−4

56 C3H6N
+ 2.08 × 10−3 3.70 × 10−3 2.47 × 10−3 1.25 × 10−3

58 C3H8N
+/CH4NCO+ 1.99 × 10−3 2.39 × 10−3 1.73 × 10−3 1.38 × 10−3

70 C4H8N
+ 2.88 × 10−3 3.03 × 10−3 1.63 × 10−3 1.07 × 10−3

72 C4H10N
+/C2H6NCO+ 1.02 × 10−3 1.37 × 10−3 9.35 × 10−4 6.86 × 10−4

84 C5H10N
+ 7.57 × 10−4 4.42 × 10−4 3.03 × 10−4 3.86 × 10−4

86 C5H12N
+/C3H8NCO+ 4.47 × 10−4 5.71 × 10−4 3.95 × 10−4 2.87 × 10−4

98 C6H12N
+ 4.23 × 10−4 4.09 × 10−4 2.83 × 10−4 2.14 × 10−4

100 C6H14N
+/C4H10NCO+ 79.12 × 10−4 7.79 × 10−4 1.65 × 10−3 1.75 × 10−3

Σ – 2.87 × 10−2 3.26 × 10−2 2.67 × 10−2 2.25 × 10−2
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4.2. Effect of end group/chain interaction on hydrophilicity

As displayed in Table 3, the contact angle of the 
membrane declined from 51° with oxidation in acidic, 
neutral, and alkaline solutions to 39°, 47° and 45°, 
respectively. The sum of nitrogenous and oxygenated 
ion intensities of the unoxidized membrane (0.44) also 
decreased to 0.37, 0.31, and 0.33 for these membranes. 
This trend reveals the effect of both H-bond stability and 
the number of hydrogen bond sites in membrane sur-
face hydrophilicity. The greater the number of hydrogen 
bond sites, the more hydrophilic the membrane.

4.3. Impact of membrane morphology on membrane 
performance

The characteristic permeate fl ux of the oxidized 
membrane correlates with improved hydrophilicity as 
well as operational conditions, such as applied pres-
sure. The T-acidic membrane with better hydrophilicity 
showed the least fl ux while the T-alkaline membrane 
showed the highest fl ux. The weakened amide and 
aromatic bonds of T-acidic could have experienced 
compaction due to the high applied pressure (49 bar), 
which restricted water and salt passage, as in the work 
by Kwon et al. [2]. On the other hand, for T-alkaline 
and T-neutral membranes without considerable amide 
and aromatic bond weakening, the greater hydrophilic 
chain length of T-alkaline created free volume for both 
salt and water passage, similar to the work by Manttarri 
et al. [24]. T-neutral improved water permeability with-
out any notable trade off on salt rejection.

5. Conclusions

The alteration of membrane surface properties is 
dependent on the pH of ClO2. In this study, the hydro-
philicity of the polyamide membrane improved for 
the three pH levels of ClO2. ClO2 suppressed positive 
charges in all pH range. Negative charges were sup-
pressed at acidic and neutral pHs but improved at alka-
line pH. Modifi cation of the surface characteristics was 
infl uenced by end group H-bond stability and the num-
ber of hydrogen bond sites. The interaction of oxidative 

radicals produced end groups with stable H-bonds. 
Amine radical interaction was similar at all pHs, while 
the carboxyl radical interaction was slightly different at 
alkaline pH.

Membranes performances were infl uenced by mem-
brane surface and chemical characteristics as well as 
applied pressure. Higher oxidative capacity of ClO2 
with acidity creates weak aromatic and amide bonds 
that are compacted with applied pressure, restricting 
salt and water permeability. Increased hydrophilic chain 
length increased the membrane free volume. The effect 
of ClO2 on the membrane contact angle was comparably 
more signifi cant than free volume. Hence, permeate fl ux 
improved with slight salt leakage.
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