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Abstract

The paper presents the results of the study focused on membrane fouling during ultrafiltration water treatment. Natural
organic matter (NOM) plays a significant role in the fouling of ultrafiltration membranes. Surface water from Paprocany
Lake (Tychy) and Czarna Przemsza River (Bedzin) were used in the experiments. The aim of the study was to get a better
understanding of the interactions between the fractional components of NOM (fraction <0.22 pym, HPO and HPI) and
hydrophilic cellulose membranes by Nadir (cut-off 30 kDa) under different pH conditions (pH equal to ca.7 and ca.2). The
NOM fractionation showed that surface water contained small amount of colloids and suspended substances >0.22 pm and
in the fraction <0.22 pm the hydrophilic fraction was predominated. The results of the filtration of NOM fractions (frac-
tion <0.22 pm, HPO, HPI) suggested that the decrease of pH of filtered streams (to pH ca.2) as well as the hydrophobic
fraction exerted an essential influence on the ultrafiltration membranes fouling. The analysis of the fouling mechanism
based on Hermia’s model allowed to declare that the membrane blocking (complete, standard and transient blocking)
observed during the one-hour filtration could be described by the mixed mechanism.

Streszczenie

W pracy przedstawiono wyniki badan foulingu membran podczas oczyszczania wody za pomoca ultrafiltracji. Naturalne
substancje organiczne (NOM) zawarte w wodzie odgrywaja znaczng role¢ w foulingu membran ultrafiltracyjnych. W bada-
niach zastosowano wode powierzchniowa z jeziora Paprocany (Tychy) oraz z rzeki Czarna Przemsza (Bedzin). Przedmiotem
badan bylo rozpoznanie i zrozumienie wzajemnego oddzialywania pomiedzy frakcjami NOM (frakcja <0.22 pm, HFO
i HFI) dla dwoch odczynéw (pH ok. 7 i 2) i hydrofilowymi membranami z celulozy firmy Nadir (cut-off 30 kDa). Wyniki
frakcjonowania NOM wykazaly, ze charakterystyczng cecha wody powierzchniowej jest niewielka zawarto$é substancji
koloidalnych i zawiesinowych >0.22 pm oraz przewaza w niej frakcja hydrofilowa. Wyniki filtracji frakcji NOM (frakcja
<0.22 pm, HFO, HFI) sugeruja, iz obniZenie odczynu filtrowanych strumieni (do pH ok. 2) oraz frakcja hydrofobowa (HFO)
maja istotny wplyw na fouling membran ultrafiltracyjnych. Analiza mechanizmu foulingu oparta o model ,,Hermii” poz-
wolila stwierdzi¢, ze blokowanie membran z celulozy podczas godzinnej filtracji (kompletne, standardowe i przejSciowe)
zachodzi wedlug mechanizmu mieszanego.

Keywords: Natural organic matter (NOM), ultrafiltration, mechanism of fouling, fractionation, water treatment.

1. INTRODUCTION port in lakes and rivers [2]. NOM is a mixture of high-
molecular weight (proteins, carbohydrates, humus)
and low-molecular weight (simple organic acids)
organic compounds [3,4] and it is responsible for the
membrane fouling of a type that depends on a mem-
brane specificity.

Natural Organic Matter (NOM) is a very important
factor when the fouling of ultrafiltration membranes
applied for surface water treatment is concerned. This
type of fouling is often called an organic fouling [1].
NOM appears almost in every surface water and its
amount and properties depend on climate, ground
shape and transformations that occur during its trans-

The mechanism of fouling which occurs during ultrafil-
tration is based on the adsorption of substances inside
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pores of a membrane what results in the decrease of
an internal pores diameter. It can lead to the increase
of the efficiency of substances removal including
medium- and low-molecular weight compounds [2].
On the other hand, the decrease of membrane capac-
ity caused by coating and/or blocking of membrane
pores is observed. The decrease of a permeate stream
during ultrafiltration mainly depends on: hydrophilic-
ity/hydrophobicity of a membrane material and a size
of NOM molecules and their chemical potential
(which is dependent on pH and water temperature).
Physica-chemical interactions between NOM and a
membrane as well as the use of integrated/hybrid sys-
tems (coagulation, activated carbon adsorption, oxi-
dation, ion exchange — UF) are crucial for the ultrafil-
tration process. The listed systems allow to limit foul-
ing phenomenon while the effects of membranes
exploitation improvement depend on a kind of com-
pounds present in water [5, 6].

The description of the mechanism of fouling of UF
membranes caused by different NOM components is
the topic of many studies [7-10]. The characterization
of NOM is made by different techniques among
which fractionation with the use of polymeric adsor-
bent i.e. XAD-8 and XAD-4 is one of the most pop-
ular. This technique is based on the separation of dis-
solved organic compounds (DOC) into a highly
hydrophobic fraction (isolated on the resin XAD-4),
a slightly hydrophobic fraction (isolated on the resin
XAD-4) and a hydrophilic fraction (which is not
adsorbed on any of the resins). However, the results
of the study presented in the literature do not allow
to precise which fraction is mainly responsible for
fouling and membrane capacity decrease e.g. the
study of [7] suggests that hydrophilic fraction has a
greater influence on fouling than hydrophobic and
transient fractions while the study of [2] insists that
the hydrophobic fraction is the most important mem-
brane foulant.

The inconsistency of membrane fouling causes can be
explained by the application of various NOM frac-
tionation procedures and different filtration condi-
tions. Most of the authors suggest the NOM fraction-
ation in highly acidic conditions (pH ca.2) in order to
increase the adsorption of NOM on resins [11-13],
while others [14] propose to apply neutral conditions
without pH modification and the separation of
hydrophobic and hydrophilic fraction by means of
XAD-8 resins adsorption.

The fractioning in present work was applied was the
NOM in strongly acidic conditions, and the realiza-
tion of investigations of influence was the aim the
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NOM in surface water on intensity and the mecha-
nism of the fouling phenomenon in the ultrafiltration
process. The identification of NOM fraction and
ultrafiltration of separated streams with the use of
cellulose membranes and different pH values to con-
firm the influence of hydrophilicity/hydrophobicity of
NOM and water pH on UF membrane coat-
ing/blocking were the aim of the presented study.

2. MATERIAL AND METHODS

2.1. Water, membranes and apparatus

Two surface water from Silesia region were used in
the study. The characteristics of water samples is pre-
sented in Table 1.

Two types of flat membranes were used: microfiltra-
tion polyethersulphone membrane of pore diameter
0.22 pm by Millipore to remove colloids (>0.22 pm)
from water and hydrophilic cellulose membrane of
cut off 30 kDa by Nadir to determine the influence of
hydrophilicity/hydrophobicity of NOM on the mem-
brane fouling. The effective filtration area of both
membranes was equal to 38.5 cm?.

The membrane filtration was performed in the
Stirred Ultrafiltration Cell Milipore CDS - 10
System, model 8400. The system was equipped with
selective valve which connected gas tank and feed
tank of 800 cm? volume with the ultrafiltration cham-
ber of 400 cm?® volume. The system worked in the
dead and mode in which the feed is directed perpen-
dicularly to the membrane surface.

2.2. Fractionation NOM

Organic substances present in surface water samples
were fractionated. Firstly, surface waters were fil-
tered through PES MF filter of pore diameter 0.22
um to remove colloids. Next, the fraction containing
substance <0.22 um was introduced on polymeric
Amberlite adsorbents i.e. XAD7HP and XAD4 by
Rohm&Haas to separate hydrophobic (HPO),
hydrophilic (HPI) and transient — transphilic (TPI)
fractions. The detail description of the fractionation
procedure based on [12, 13] and the resins specifica-
tion provided by the producer were discussed at [8].

2.3. Ultrafiltration tests

The fractions obtained during the NOM fractiona-
tion of two surface waters were introduced to the
ultrafiltration process and the hydrophilic cellulose
membrane (cut-off 30 kDa) was used to determine
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the influence of particular NOM fractions on mem-
brane fouling. Before the UF process fractions need-
ed to be standardized according to DOC, pH and
temperature. The modification of pH was made with
the use of 0.1 M HCI and 0.1 M NaOH solutions.
Two pH ranges were used in the study i.e. pH=7 and
pH=2. A new membrane was used for every filtra-
tion and the process was preceded by a membrane
conditioning in order to obtain constant deionized
water stream (Jo). The ultrafiltration of NOM frac-
tions was performed under constant transmembrane
pressure equal to 0.1 MPa and during the one-hour
process the dependence of permeat stream on time
(J) was determined. Next, the relative permeability
of the membrane — J/Jy was assigned in order to
describe the tendency to fouling caused by a given
NOM fraction.

3. RESULTS AND DISCUSSION

3.1. Characteristics of surface water

The characteristic of surface water samples collected
from a lake and a river on Silesia region is presented
in Table 1.

Table 1.
Characteristics of used water
Water from Wag;;rf;;)m
Parameter Paprocany Przemsza
Lake(Tychy) River (Bedzin)
pH 7.21 7.89
Conductivity, puS cm! 335 720
Turbidity, NTU 1.35 3.15
Absorbance at UV 34.8 16.7
TOC*, mgC/1 14.09 4.40
SUVA** m3¥/gC-m 2.46 3.80

* — total organic carbon, **- specific UV absorbance

The physico-chemical parameters of waters indicated
their similarity in case of pH, however, the organic
compounds content was much higher in the lake
water than in the river water.

The fractionation of organic substances present in
investigated waters by means of filtration with of MF
0.22 pm membrane and adsorbance on Amberlite
resins XAD 7HP/4 allowed to determine composition
and percentage share of isolated NOM fractions. The
characteristics of obtained fractions are shown in
Table 2.

It was observed that the lake water contained 64% of
total organic compounds content in the form of the
fraction <0.22 pm, while in the river water this frac-
tion share was equal to 95%. It was also indicated
that in the fraction <0.22 pm hydrophilic fraction was
dominant.

The organic compounds content in the investigated
waters was determined by means of DOC analysis
and absorbance at UVass. The high value of UVasy
absorbance obtained for hydrophobic fraction indi-
cated the presence of organic molecules containing
aromatic groups [15]. The highest content of these
compounds was observed in the hydrophobic fraction
separated from Paprocany Lake water.

Specific UV absorbance SUVA (SUVA=UV,s54/DOC)
is a parameter that describes organic compounds pre-
sent in water and allows to determine correlation
between the aromaticity of a compound and its
hydrophilicity. SUVA equal to ca. 4 m%gm and
greater indicates high content of hydrophobic, aro-
matic and high-molecular weight DOC fractions,
while SUVA below 2 m?/g-m suggests the presence of
non-humic, hydrophilic low-molecular weight com-
pounds [7, 15]. The results of analyses of dissolved
NOM fraction and further obtained separated

Table 2.
Characteristics of NOM fractions isolated from surface water
) V sample DOC* Absorbance SUVA Part prop.
Fraction dm mgC/l UVasim m¥/gC-m %
Water from Paprocany Lake (Tychy)
<0.22 pm 2.50 8.69 23.9 2.75 64
HPO 0.11 66.4 220.5 3.32 33
TPI 0.11 375 92.7 2.47 19
HPI 2.54 3.47 5.90 1.70 41
Water from Czarna Przemsza River (Bedzin)
<0.22 pm 3.00 4.17 10.5 2.51 95
HPO 0.12 322 84.6 2.62 32
TPI 0.12 17.5 26.8 1.53 18
HPI 3.00 2.00 2.10 1.05 48

*~ dissolved organic carbon
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fractions strictly determined the dependence
between aromaticity and hydrophilicity of com-
pounds. The greatest SUVA value was obtained for
the hydrophobic fraction while the lowest values for
hydrophilic one. In both cases SUVA of dissolved
fraction (<0.22 pm) represented the intermediate
value between SUVA hydrophobic fraction and
transphilic and hydrophilic ones as it was a mixture of
all isolated fractions.

3.2. Investigations the mechanism of the fouling
membranes UF

Membrane filtration tests were performed using
three types of fractions i.e. the fraction containing
substances <0.22 pm, hydrophobic and hydrophilic
fractions which were filtered through the ultrafiltra-
tion cellulose membrane of cut off 30 kDa. The
streams were standardized according to:

- DOC (ca.2 mg/dm?)
- pH (pH equal to ca.7 and ca.2 were applied)
— temperature (ca. 20°C) .

The change of membrane capacity during NOM frac-
tions filtration are shown in graphs in figure 1 while
in Table 3 the results of percentage comparison of
membrane capacity decreases observed during one
hour filtration of particular fraction are presented.

The constant decrease of membranes capacity was
observed during one-hour filtration and it depended
on type and pH of filtered streams.

It was observed that during the filtration of fractions
under pH equal to 7 the fouling occurred similarly in
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all investigated cases, which corresponds to the
results in [16-18] in which it was indicated that the fil-
tered hydrophobic, hydrophilic and colloidal frac-
tions caused the same decrease of membrane capaci-
ty under the same pH conditions. The decrease of pH
to ca.2 resulted in the significant decrease of the
membrane capacity. It could be explained by the
increase of charges of carboxylic and phenol groups
under higher pH which resulted in the limitation of
adsorption of NOM on the membrane surface and
avoided the decrease of the capacity [16].

Table 3.
The comparison of the relative permeability decline for ultra-
filtration

Membrane relative permeability decline, %
Fraction  Paprocany Lake water ~Czarna Przemsza
(Tychy) River water (Bedzin)
pH~7 pH~2
<0.22 um 28.6 71.4
HPO 333 77.2
HPI 37.8 63.1

The strength of fouling according to the decrease of
permeate stream was in the following order: under
pH ca.2 — hydrophobic fraction>(0.22 pm) fraction>
hydrophilic fraction while under pH = 7 hydrophobic
and hydrophilic fractions influenced capacity in the
similar manner while the least significant effect on
the capacity was observed for the mixture of HPO
and HPI. It can be said that the decrease of the mem-
brane capacity was mainly caused by the character of
impurities. The fraction <0.22 pm contained the mix-

0O 5 10 15 20 25 30 35 40 45 50 55 60 65
tine [mn]

A fraction HPO, m fraction <0.22 pm. + traction HPI

Figure 1.

Relative permeability change during filtration of <0.22 pm, HPO and HPI fractions a) pH 7 (the lake water), b) pH 2 (the river water)

116 ARCHITECTURE CIVIL ENGINEERING

ENVIRONMENT 1/2011



NOM FOULING MECHANISM DURING ULTRAFILTRATION

CHEMICAL
CONDITIONS
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The influence of the chemical composition of the solution of NOM deposition on the membrane

ture of particles of various sizes and in such a case
bigger particles were able to form a filtration cake
which avoided the penetration of smaller particles
inside pores and, consequently, their blocking.

In figure 2 the mechanism of fouling caused by dif-
ferent chemical conditions (different pH) applied for
investigated streams (fractions isolated from NOM)
is shown.

As it can be seen in figure 2 the lower pH of water
leads to the aggregation of NOM particles and their
adsorption on the membrane surface which results in
the formation of a filtration cake while with the high-
er pH the layer of NOM deposited on the membrane
is thin and loose and does not cause such a significant
capacity decrease than in the case of lower pH condi-
tions.

The mechanism of UF was determined based on the
model suggested by Hermia, which associates the
“rate of blocking” of the membrane (d*t/dV?) with
the instantaneous resistance (reciprocal of the flow
rate — dt/dV) expressed by the equation [19]:

2 #
dt k[ﬁJ (1)
dv? dv

where: V — cumulative volume of the permeate (1),
t — time of filtration (s), k — constant value (s'#1#-2),
B — exponent. Four values of  parameter are pro-
posed and they suggest that: =2 (complete block-
ing), B=1.5 (standard blocking), =1 (intermediate
blocking) and =0 (mechanism of cake filtration).

Coefficient B, which may be applied in monitoring
the assessment of the transition from blocking mech-
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anism to cake filtration mechanism, was determined
by taking the logarithm of equation (1) and by calcu-
lating the slope of equation (2) [20]:

d’t ) Tod )@
Iog[dvzl—lugk+ﬁ log{dv]

Figure 3 presents changes of the parameter
course of filtration HPI and HPO fraction.

It was observed that values of (3 coefficient changed
rapidly in the first 10 minutes of the filtration while as
the process proceeded the decrease of (3 values was
not as fast but progressive. Blocking of membrane
was due to the mixed mechanism i.e. a part of parti-
cles caused blocking of membrane pores while the
rest of impurities were deposited on the membrane
surface. It is assumed that the phase of the mem-
brane blocking is finished when $=1. The results sug-
gest that during one-hour membrane filtration the
mixed blocking mechanism (complete, standard and
transient) was not ended as f§ value did not reach 1.
However, it can be concluded that pH of water sig-
nificantly affects the time of the blocking phase which
shortens as pH is decreasing. It is supposed that the
elongation of the filtration process under pH=2
would cause faster transition from the membrane
blocking phase to the cake filtration mechanism than
in the case of pH=7.

in the
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CONCLUSIONS

The characteristics of investigated waters showed
that surface water was a mixture of hydrophilic
and hydrophobic substances of various sizes.

The study of the membrane filtration confirmed
complex character of fouling phenomena whose
intensity depended on NOM properties and water
pH.

The hydrophobic fraction of NOM has a signifi-
cant influence on the cellulose membrane fouling.
The filtration of the hydrophobic fraction and the
decrease of its pH caused the greatest decline of
the permeate stream and the determined value of
the relative permeability coefficient was low and
equal to 0.21

The fouling mechanism based on Hermia’s model
is of a mixed character during one hour filtration
and it was observed that under low pH obtained
values of B coefficient used to monitor the
progress of the membrane blocking phase were
lower what indicated the shorter blocking step and
the transition into the cake filtration cake.
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