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Abstract: Humic substances-heavy metals complexation combined with membrane
filtration is reported. The effects of salinity, humic substances (HS) concentration,
heavy metals concentration, and trans-membrane pressure (TMP) on HS and heavy
metals retention using two membranes are studied. Membrane fouling is also studied
at the aforementioned conditions. NF270 experienced higher fouling. Moreover,
salinity tests showed increasing fouling rate and reduction in membrane retention
with increasing salinity level. While increasing HS concentration reduced HS
retention and increased heavy metals retention and membrane fouling. Heavy metals
concentration reduced the NF270 HS retention, but did not affect the POOSF HS
retention. In addition, TMP did not affect HS and heavy metals retention nor NF270
fouling, but increased POOSF fouling.

Keywords: Humic substance, heavy metals, nanofiltration, fouling

INTRODUCTION

Humic substances are refractory anionic macromolecules of low to moderate
molecular weight. They contain both aromatic and aliphatic components with
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primarily carboxylic and phenolic functional groups. Carboxylic functional
groups account for 60—90% of all functional groups (1). As a result, humic
substances are negatively charged at the pH range of natural waters (1, 2).
Humic substances play an important role as naturally-occurring organic com-
plexants for binding different constituents in water (3). They have an affinity
of aggregation with organics (4, 5) and heavy metals like Cu, Co, Ni, Zn, and
Cd, owing to the presence of functional groups containing oxygen, and to a
lesser extent, nitrogen and sulphur (6—11).

Heavy metals concentration varies significantly with water source (12).
The partitioning of trace metals between dissolved and particulate phases is
modified by several factors including: specific metal ion, metal concentration,
nature of particles, particle concentration, pH, salinity, and dissolved oxygen
(13-15). Heavy metals are known to exist as free ions in a strong acidic
medium (16). In a study of trace elements, three groups had been distinguished
according to their behavior during filtration and association with colloids.
Heavy metals like Co, Ni, Zn, Cu, and Cd were grouped as elements of
1-10 kDa molecular weight colloidal fraction that have a tendency to form
inorganic or organic complexes (17). The metal binding capacity of several
fractionated HS samples revealed that the 20 kDa—100 kDa HS fraction was
the most efficient fraction for copper binding (12). In addition, UF exper-
iments showed that metals can be partially transported by low-molecular
weight (<1-10 kDa) organic acids (17).

Membrane processes are very successful techniques for the removal of
heavy metals. Reverse osmosis (RO) and nanofiltration membranes have
moderate to high retention of di-valent metals (18). No retention is
expected using UF membranes due to the low molecular weight of metals
(16). NF membranes combine size exclusion removal of solutes and ionic

HS in solution HS on membrane surface

Compact, dense, thick fouling layer
High ionic ® g ®
strength Q¥ q

Coiled, compact configuration

Severe permeate flux decline

Low ionic Loose, sparse, thin fouling layer

[T a vl WM
strength
Stretched, linear configuration

Small permeate flux decline

Figure 1. Schematic description of the effect of ionic strength on the conformation of
HS in the solution and on the membrane surface and the resulting effect on membrane
permeate flux (27).
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Figure 2. Conceptual sketch of solute and particle retention at charged membrane
surface (31).

species removal due to charge effects between the charged solutes and the
membrane (3).

Among various contaminants, trace metals are of particular concern in
desalination due to their effects on membrane fouling (19-21). The
general mechanistic view of HS interactions with membranes which plays
a major role on membrane fouling are feed properties and composition,
hydrodynamic condition, and membrane geometry and retention
characteristics (22-25).

A full understanding of metal chemistry in natural waters and their
membrane filtration needs to take into account the competitive reactions of
metals with humic matter. The binding ability of HS towards heavy metals
is dependent on HS-Metal ratio (16). Heavy metal retention in the presence
of HS occurs due to HS-metal complex formation (26).

At low salinity level, HS functional groups are stretched. When the
salinity level is increased, these groups curl up and aggregate causing
reduction in size of colloids, thus increasing HS permeability, as shown in
Fig. 2 (27-29). This phenomenon is double layer compression (30). The
effect of salinity level on NF membranes is higher than on UF membrane
due to the surface charge of the NF membrane. NaCl cationic species affect
the surface of the membrane as well as the HS structure. Braghetta et al.
(31) provided a comprehensive explanation of the effects of salinity on NF
membrane surface. Negatively charged NF membranes contain electric
double layer at their surface which repels anionic HS, thus increasing HS
retention. Figures 3 and 4 show the combined effect of steric hindrance,
solution chemistry and the chemical properties of the membrane surface on
HS retention. An increase in ionic strength will reduce the area of electric
double layer (grey area) and increase the area available for the transport of
negatively charged species (white area) as shown in Fig. 4.
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Low ionic strength

Thick electrical double layer

High ionic strength
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Figure 3. Conceptual sketch of the swollen membrane matrix in different ionic
environments (31).

Double layer compression of HS colloids due to increased salinity result
in a more densely packed deposition of HS at the surface of the membrane and
formation of a compact fouling layer as shown in Fig. 2. Higher fouling using
NF membranes that UF membranes is expected. An increase in ionic strength
will reduce the area available (bounded by solid lines) for solvent transport of
the NF membrane thus increasing fouling as shown in Fig. 4 (31).

The objectives of this study are to investigate and compare the removal of
HS and five heavy metals (Cu, Co, Ni, Zn, and Cd) using POOSF UF and
NF270 NF membrane under synthesized seawater and brackish water environ-
ments. The effects of salinity, HS concentration, heavy metals concentration
and trans-membrane pressure (TMP) on HS and heavy metals retention are

v Membrane cell @

Pressure
Valve
l gauge Rotameter

Feed tank  Gear pump Permeate

Figure 4. Cross flow filtration model.
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investigated. Membrane fouling is also studied under the aforementioned
conditions.

MATERIALS AND METHODS

De-ionized water used in this study was obtained through demineralization
using ion exchange followed by reverse osmosis. The conductivity of the
water was lower than 1 pS/cm. All the chemicals used in the experiments
were reagent grade. All glassware used in the experiments were rinsed with
de-ionized water and dried at 70°C overnight. NaCl was purchased from
Fisher scientific-UK with purity higher than 99.5%.

Membranes used during the study were 5 kDa UF polyethersulfone (PES)
and NF270 polyamide NF membranes. The UF membrane was provided by
Nadir filtration GmbH (Germany) and the NF membrane was supplied by
FILMTEC and manufactured by DOW chemical company (USA).
Molecular weight cut-off (MWCO) of NF270 membrane is 1.1 kDa as
measured in a previous paper (32).

Copper (II) chloride >97% purity, cobalt (IT) chloride 97% purity, nickel
(IT) chloride 98% purity, zinc (IT) chloride ACS reagent >98% purity, and
cadmium chloride (II) ACS reagent >99% purity were purchased from
Sigma-Aldrich.

Humic Substance Extraction

Humic acids and fulvic acids (FA) were extracted from soil using a modified
procedure originally developed by Thurman and Malcolm 1981 (33, 34).
First class soil with low fertilizer contents was purchased from Sainsbury’s
Homebase. 6.0 M hydrochloric acid (HCl) solution, solid anhydrous sodium
hydroxide (NaOH) pellets and non-ionic polymethyl methacrylate (XAD-8)
adsorption resin were all purchased from Sigma-Aldrich. 0.5 M NaOH was
prepared from NaOH solid pellets and used throughout the experimental
work. An oven at 105°C was used to gravimetrically measure the concentration
of the solutes i.e., Salt, HS, and other solid contaminants, and a furnace at 600°C
was used for salt concentration gravimetric measurements. The purity of the
extracted HA and FA are 89.5% and 74.5%, respectively. HA and FA were
mixed before performing any experiment in a ratio of 1:1.

Equipment
A Shimadzu total organic carbon analyzer model TOC-5050A was used to

measure the concentration of organic carbon of the solution. A user-friendly
program was used in conjunction with the analyzer to provide an automated
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calibration curves and readings. The analyzer took three replicate readings
provided that the coefficient of variance was less than 2%. In cases where
the precision was greater than 2% the instrument recorded a further 2
readings and the anomalous readings were discarded.

A Perkin Elmer Optima 3300DV inductively coupled plasma—optical
emission spectrometer (ICP-OES) instrument with AS-90 plus auto sampler
was used to determine the concentration of Cu, Ni, Zn, Co, and Cd in the
permeate. Calibration curves of the tested metals were constructed with
different salinity levels and HS concentrations. Humic substance did not
affect the metals matrices due to its low concentration in the permeate.
Salinity level affected all of the metals’ matrices. High salinity level
(>20,000 ppm NaCl) also blocked the nebulizer. Different calibration
curves were constructed of the five metals at different salinity levels and
solutions having salinity of 20,000 ppm NaCl and higher were diluted to
prevent blocking of the nebulizer.

Method

Membrane filtration experiments were carried out in a laboratory scale fil-
tration cell especially designed for this work. Schematic diagram of the exper-
imental set-up is shown in Fig. 4. Five liters of the feed is pumped using a
stainless steel gear pump into the filtration cell. A rectangular shaped
membrane (3 cm x 10 cm) with an effective membrane area of 30 cm?
(0.003 m?) was employed. The operating pressure and volumetric flow rate
were adjusted using the concentrate (reject) outlet valve. The pressure was
varied between 1-9 bar. The experiments were carried out at ambient temp-
erature in total re-circulation mode, i.e., both the concentrate and the
permeate streams are re-circulated into the feed tank, so that the feed concen-
tration is kept approximately constant. 30% of the experiments were repeated
three times. Results varied in the range of +5%.

Synthetic stock solutions of 1 g/l concentration were prepared for the
tested chemicals by dissolving/diluting using de-ionized water. 0.421 g of
CuCl,, 0.414 g of ZnCl,, 0.325 g of CdCl,, 0.439 g of NiCl,, and 0.438 g
of CoCl, were dissolve in 1 liter de-ionized water to make a stock solution
of 1 g/l total metals in water. The stock solutions were then diluted with
de-ionized water and were used within a week of preparation. Solid NaCl
was dissolved in the HS solution and stirred at 400 rpm for 1 hour using a
magnetic stirrer to obtain the desired salinity level of the tested HS
solution. The desired mixture of HS and heavy metals concentration was
obtained by adding the appropriate amount of heavy metals stock solution
to the HS solution and stirrer at 400 rpm for an hour. The pH of all
solutions was regulated at ~7 before each experiment using NaOH. Prior to
any filtration experiment, membrane compaction was undertaken using de-
ionized water for 2 hours at 9 bar using NF membranes. No membrane
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compaction was required for UF membranes. Pure water flux (Jy) was
calculated by measuring the time taken to collect 20 ml of permeate and
using the following equation:

Vv
J = T (1)
Where J represents flux (L/ m” - h); Jy is pure water flux, and J, is the solution
permeate flux. V is volume of the permeate collected (1), A is the effective
membrane area (m?) and 7 is the time taken to collect the permeate (hours).

De-ionized water was then replaced by 5 liter of the tested synthetic
solution. The system was run until an approximate constant permeate flux
was observed. The solution permeate flux (/,) was measured using Equation
(1). The concentration of the permeate collected was analyzed using TOC

analyzer. HS and heavy metals retention was measured using (35);

G

R=1—-—-—+F
Cp

(2)
Where R is retention, C, the permeate concentration (mg/1) and C,, is bulk
concentration (mg/1). Membrane fouling is calculated using (36):

Jy
Fouling = (1 _J_) x 100 3)
0

Where Fouling is total fouling during the period of the filtration (%).

RESULTS AND DISCUSSION
Humic Substance Retention

The influence of salinity, HS concentration, heavy metals concentration, and
TMP on HS retention was studied using POOSF and NF270 membranes.
Studied UF membrane (POOSF) experienced lower HS retention compared
to NF membrane (NF270) as shown in Fig. 5. HS retention was 0.73 and
0.84 using POOSF and NF270, respectively. NF270 membrane higher
retention is due to its higher MWCO as investigated previously (32, 37) and
its surface charge. NF270 membrane surface is negatively charged, which
causes repulsion of the anionic charged HS.

HS retention using NF270 was 0.89 and 0.83 at salinity of 10,000 and
25,000 ppm NaCl, respectively, as shown in Fig. 5. This indicates a
reduction in retention as salinity increased. Reduction in retention is due to
double layer compression of HS colloids. Higher effect of salinity on
NF270 than POOSF is because of the negatively charged NF270 membrane
surface. Salinity reduces the area of electric double layer of the membrane
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1.0

—e—POO5F : 10kppm NaCl
—a— PO05F : 25kppm NaCl
—a— NF270 : 10kppm NaCl
—»—NF270 : 25kppm NaCl

o

0.6 T T T
0 10 20 30 40

o
©
1

HS retention
o
[o+]

Humic substance concentration (mg/l)

Figure 5. Effect of membrane type, salinity and HS concentration on HS retention;
POOSF and NF270 membranes operated at 3 and 9 bar, respectively. Initial feed con-
centration of 5 ppm heavy metals. (1 kppm = 1000 ppm).

surface (grey area) and increases the area available for the transport of nega-
tively charged species (white area) as shown in Fig. 4.

Humic substance retention slightly decreased with increasing HS concen-
tration as shown in Figs. 5—7. HS retention using NF270 was 0.83, 0.80, and
0.78 at HS concentration of 10, 20, and 30 mg/1, respectively. As the HS con-
centration increases, the number of HS species settling at the surface of
membrane will increase. This settling will enhance the concentration polariz-
ation at the surface of the membrane and reduce HS retention.

1.0

—e— POOS5F : Oppm heavy metals
—a— POO5F : 5ppm heavy metals
—a— POOS5F : 10ppm heavy metals
094 —o— NF270 : Oppm heavy metals
. —8— NF270 : 5ppm heavy metals

05 ] ?\‘\is,i
0.7 4 -% :

0.6 T T T
0 10 20 30 40

HS retention

Humic substance concentration (mg/1)

Figure 6. Effects of HS and heavy metals concentration on HS retention; POOSF and
NF270 membranes operated at 3 and 9 bar, respectively. Initial feed concentration of
25,000 ppm NaCl.
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Figure 7. Effects of HS concentration and TMP on HS retention; (A) POOSF mem-
brane and (B) NF270 membrane. Initial feed concentration of 25,000 ppm NaCl and
5 ppm heavy metals.

Figure 6 shows the effect of heavy metals concentration on HS retention.
Heavy metals concentration did not affect the retention of HS using POOSF.
Retention of HS using POOSF membrane is 0.72, 0.73, and 0.73 at heavy
metals concentration of 0, 5, and 10 ppm, respectively. The same trend was
experienced by Alpatova et al. (16) and Verbych et al. (38) using UF
membranes. It may be hypothesized that the effect of double layer com-
pression (reducing the size of the HS colloids) is opposed by the chemical
aggregation of heavy metals with HS (increasing the size of the resultant
colloids). Increasing heavy metal concentration reduced HS retention using
NF270 membrane. HS retention using NF270 membrane was 0.86, 0.83,
and 0.82 at heavy metals concentration of 0, 5, and 10 mg/1, respectively.
The slight reduction in heavy metal retention with NF270 membrane could
be due to the effect of heavy metals on the electric double layer of the NF
membrane surface. Divalent ions (heavy metals) have similar effects on the
electric double layer as monovalent ions (NaCl). The cationic metals reduce
the electric double layer and increase the area available for the transport of
the negatively charged HS as shown in Fig. 4.
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No change in HS retention was experienced when TMP was increased as
shown in Fig. 7. HS retention using NF270 was 0.83, 0.83, and 0.83 at TMP of
7, 8, and 9 bar, respectively. Two competing phenomena determine the separ-
ation behaviour of HS with respect to TMP, concentration polarization and
dilution effect. Concentration polarization increases with TMP causing
reduction in retention, while the dilution effect counteracts the concentration
polarization effect. The dilution effect increases with TMP by increasing the
permeate water flux through the membrane, while the ion flux remains
virtually unchanged resulting in lower solute concentration at permeate.

Heavy Metals Retention

The influence of salinity, HS concentration, heavy metals concentration and
TMP on heavy metals retention is studied using POOSF and NF270
membranes. POOSF membrane experienced lower heavy metals retention
compared to NF270 membranes as shown in Tables 1 and 2. Cu retention is
0.85 and 0.95 using POOSF and NF270 membranes, respectively. The same
trend is experienced for all studied heavy metals (Co, Ni, Zn, and Cd). In
addition to heavy metals aggregation with HS as will be discussed later,
NF270 membrane has moderate retention of metal ions due to Donnan
exclusion (charge exclusion) (39). This is evident in the results presented in
Tables 1 and 2. No heavy metals retention is experienced at 0 mg/1 HS
feed concentration using POOSF, while Cu retention is 0.57 using NF270
membrane with no HS in the feed.

Heavy metals retention decreased with increasing salinity level as shown
in Tables 1 and 2. Cu retention using POOSF is 0.96, 0.90, and 0.85 at salinity
levels of 0, 10,000, and 25,000 ppm NaCl, respectively. The reduction in
heavy metal retention with increase in ionic strength using POOSF
membrane is due to the effect of salinity on the HS structure. As the ionic
strength increases, the HS molecules coil up and their surface area is
reduced. Heavy metals interact with the surface of the colloidal HS
molecules and the reduction in the surface area of the HS molecules will
decrease the removal efficiency of the heavy metals. This results in an
increase in the quantity of non-associated metal ions, which pass through
the membrane pores decreasing their retention (40, 41). In addition to HS-
metal interaction, heavy metal retention using NF membranes depends on
the interaction between the ionic strength of the solution and the membrane
surface. An increase in ionic strength will reduce the area of electric double
layer of the NF membrane and increases the area available for the transport
of the heavy metals.

Tables 1 and 2 show the effect of HS concentration on heavy metals
retention. Heavy metals retention increased when HS concentration
increased from 0 to 20 mg/l, but no change in heavy metal retention was
experienced when HS concentration is increased further to 30 mg/1 at
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Table 1. Effects of salinity, HS and heavy metals concentration on Cu, Ni, Co, Zn,
and Cd retention using POOSF membrane operated at 3 bar

[Heavy
Salinity [HS] metals] [Cu] R [Ni] R [Co] R [Zn] R [Cd]R
(ppm) (mg/l)  (ppm) (ppm)  (ppm)  (ppm)  (ppm)  (ppm)

0 10 5 0.96 0.79 0.77 0.70 0.45
25,000 0 5 0 0 0 0 0

10,000 10 5 0.90 0.73 0.68 0.62 0.37
10,000 20 5 0.94 0.82 0.76 0.66 0.42
10,000 30 5 0.95 0.80 0.75 0.67 0.42
25,000 10 5 0.85 0.65 0.60 0.54 0.29
25,000 20 5 0.88 0.68 0.64 0.57 0.32
25,000 30 5 0.88 0.66 0.65 0.58 0.33
25,000 10 10 0.71 0.60 0.53 0.43 0.22
25,000 20 10 0.81 0.61 0.59 0.53 0.26
25,000 30 10 0.85 0.72 0.64 0.59 0.32

heavy metals concentration of 5 ppm, as shown in Tables 1 and 2. Cu retention
using NF270 is 0.57, 0.95, 0.98, and 0.97 at HS concentration of 0, 10, 20, and
30 mg/1, respectively. For heavy metals concentration of 10 ppm, heavy
metals retention increased with HS concentration, Tables 1 and 2. Cu
retention using NF270 is 0.92, 0.94, and 0.96 at HS concentration of 10, 20,
and 30 mg/l. The same trend was experienced for all the heavy metals
studied. HS have a great capacity for interaction with heavy metal ions
forming soluble complexes, colloidal, and/or insoluble substances because

Table 2. Effects of salinity, HS and heavy metals concentration on Cu, Ni, Co, Zn,
and Cd retention using NF270 membrane operated at 9 bar

[Heavy
Salinity [HS] metals] [Cu]R [NiJR [Co]R [Zn]R [Cd]R
(ppm) (mg/1) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm)

0 10 5 1.00 0.93 0.96 0.84 0.68
25,000 0 5 0.57 0.44 0.46 0.39 0.31
10,000 10 5 1.00 0.84 0.83 0.78 0.62
10,000 20 5 1.00 0.87 0.86 0.81 0.78
10,000 30 5 1.00 0.89 0.88 0.80 0.75
25,000 10 5 0.95 0.76 0.79 0.72 0.68
25,000 20 5 0.98 0.82 0.85 0.79 0.75
25,000 30 5 0.97 0.83 0.84 0.78 0.75
25,000 10 10 0.71 0.58 0.53 0.43 0.22
25,000 20 10 0.81 0.60 0.59 0.53 0.26

25,000 30 10 0.85 0.62 0.64 0.59 0.32
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of the HS colloidal character and their high number of surface functional
groups. This mechanism involves the complexation of metallic ions with
soluble HS (42—44). Increase in HS concentration increases HS complexation
because more HS molecules are available as binding sites for the heavy metals
(11). A limit is reached where an increase in HS concentration does not
improve the removal of the heavy metals. Alpatova et al. (16) and Verbych
et al. (38) concluded that a HS-metal ratio of 2:1 is optimal for maximum
metal removal. Present results show a higher ratio; between 2:1 and 4:1.
This may be due to the effect of the ionic strength of the solution on the aggre-
gation of heavy metals with HS molecules. Ionic strength compact the
structure of the membrane and reduces their active sites as discussed pre-
viously. This will increase the amount of HS molecules required to obtain
the same heavy metal removal.

Tables 1 and 2 show the effect of heavy metal concentration on heavy
metal retention. Heavy metal retention decreased with increasing
heavy metal concentration. Cu retention using NF270 is 0.95 and 0.92 at
heavy metals concentration of 5 and 10 ppm, respectively. The same trend
is experienced for all heavy metals studied (Co, Ni, Zn, and Cd). Limitation
of heavy metals binding with HS leads to higher amount of dissociated
heavy metals in solution, which in turn will reduce heavy metals retention.

The retention of different heavy metals with respect to different
membranes, HS concentration, heavy metal concentration, salinity level and
TMP is studied as shown in Tables 1 and 2. Heavy metals retention is in
the range of Cu (II) > Ni (II) > Co (II) > Zn (I) > Cd (II) using POOSF.
While heavy metals retention using NF270 is in the range of Cu (II) > Co
(II) = Ni (II) > Zn (II) > Cd (II). Heavy metals retention is dependent on
metal ions size, their stability constants, and the reactivity and selectivity of
HS (16, 38). The molecular weights of the studied heavy metals are 63.4,
58.7, 58.9, 65.4, and 112.4 Da for Cu (II), Ni (II), Co (II), Zn (I1I), and Cd
(II), respectively. As metals molecular weight increases, their binding with
colloidal HS decreases. Although Cu (II) has higher molecular weight than
Ni (IT) and Co (II), its retention is higher because it has higher stability
constant than the rest of the tested metals. Metals with higher stability
constants form more stable complexes with HS. Log K values (stability
constant) of the studied heavy metals are in the range of 4.6, 4.4, 4.2, and
3.1 for Cu (II), Ni (II), Co (II), and Zn (II), respectively (45). Cd (II) experi-
enced the lowest retention because of its high molecular weight and low
stability constant. The equal retention of Co (II) and Ni (II) using NF270 as
opposed to POOSF may be due to the sum effects of stability constants and
the higher retention of Co (II) using NF270 without HS in feed. Ni (II) has
a slightly higher stability constant, which will increase its association with
HS colloids, while the results of Co (II) and Ni (II) retention with no HS in
feed using NF270 show a slightly higher retention of Co (II) compared to
Ni (IT). Ni (IT) and Co (II) retention is 0.93 and 0.96, respectively using
NF270 with no HS in initial feed as presented in Table 2.
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Tables 3 and 4 show TMP effect on heavy metals retention. No change in
heavy metals retention is experienced with increasing TMP, following the
same trend as HS retention discussed in the section on Humic Substance
Retention. Cu retention using NF270 is 0.94, 0.95, and 0.95 at TMP of 7, 8§,
and 9 bar, respectively. A similar trend is observed for all studied heavy
metals. As discussed previously in the section on Humic Substance
Retention, the concentration polarization and dilution effect determine the
separation behavior of heavy metals with respect to TMP. The resultant
retention is the sum of these opposing effects.

Membrane Fouling

Many factors affect the membrane fouling such as membrane’s properties and
surface charge, properties and composition of the bulk solution, and hydro-
dynamic conditions. Different membranes respond differently to any
changes in these factors. The influence of salinity, HS concentration, heavy
metals concentration, and TMP on membrane fouling was studied using
POOSF and NF270 membranes.

POOSF membrane experienced lower fouling compared to NF270
membrane as shown in Fig. 8. Total fouling is 32.3 and 66.2% using POOSF
and NF270, respectively.

Fig. 8 shows the effect of salinity on membrane fouling. Increasing
salinity level increased membrane fouling. NF270 fouling is 52.9 and
66.2% at salinity levels of 10,000 and 25,000 ppm NaCl, respectively. As
explained previously, increasing the ionic strength compresses the colloidal
double layer of HS colloids forming a compact fouling layer as shown in
Fig. 2. Salinity affects the NF membrane surface as well as the HS

Table 3. Effects trans-membrane pressure (TMP) on Cu, Ni, Co, Zn, and Cd retention
using POOSF. Initial feed concentration of 5 ppm heavy metals

Salinity  [HS] TMP  [CulR [Ni]R [Co]R [Zn]R [Cd]R
(ppm) (mg/)  (bar) (ppm)  (ppm)  (ppm)  (ppm)  (ppm)

25,000 10 1 0.84 0.63 0.61 0.55 0.31
25,000 10 2 0.83 0.64 0.61 0.54 0.30
25,000 10 3 0.85 0.65 0.60 0.54 0.29
25,000 20 1 0.89 0.66 0.66 0.59 0.34
25,000 20 2 0.86 0.67 0.65 0.57 0.35
25,000 20 3 0.88 0.68 0.64 0.57 0.32
25,000 30 1 0.89 0.69 0.66 0.58 0.34
25,000 30 2 0.86 0.69 0.67 0.57 0.38
25,000 30 3 0.88 0.66 0.65 0.58 0.33
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Table 4. Effects trans-membrane pressure (TMP) on Cu, Ni, Co, Zn, and Cd retention
using NF270. Initial feed concentration of 5 ppm heavy metals

Salinity  [HS] TMP [Cu] [Ni] [Co] [Zn] [Cd]
(ppm) (mg/1) (bar) (ppm)  (ppm)  (ppm)  (ppm)  (ppm)
25,000 10 7 0.93 0.77 0.78 0.71 0.67
25,000 10 8 0.95 0.78 0.78 0.72 0.66
25,000 10 9 0.95 0.76 0.79 0.72 0.68
25,000 20 7 0.98 0.84 0.83 0.78 0.73
25,000 20 8 0.96 0.83 0.83 0.77 0.72
25,000 20 9 0.98 0.82 0.85 0.79 0.75
25,000 30 7 0.97 0.82 0.83 0.79 0.73
25,000 30 8 0.98 0.81 0.83 0.78 0.74
25,000 30 9 0.97 0.83 0.84 0.78 0.75

structure. An increase in ionic strength will reduce the area available (bounded
by solid lines) for solvent transport of the NF membrane thus increasing
fouling as shown in Fig. 4 (31).

Figures 8—10 show the effect of HS concentration on membrane fouling.
Increasing HS concentration increased membrane fouling. NF270 fouling is
66.2, 68.2, and 71.2% at HS concentration of 10, 20, and 30 mg/1, respect-
ively. As the HS concentration increases, the number of HS molecules
settling at the surface of the membrane increases. This settling enhances con-
centration polarization at the surface of the membrane and increases
membrane fouling.

—e—PO0O05F : 10kppm NaCl
20 4 —a— POO5F : 25kppm NaCl

—4&—NF270 : 10kppm NaCl
—»—NF270 : 25kppm NaCl
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Figure 8. Effect of membrane type, salinity and HS concentration on membrane foul-
ing; POOSF and NF270 membranes operated at 3 and 9 bar, respectively. Initial feed
concentration of 5 mg/1 heavy metals. (1 kppm = 1000 ppm).
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Figure 9. Effect of HS and heavy metals concentrations on membrane fouling; POOSF
and NF270 membranes operated at 3 and 9 bar, respectively. Initial feed concentration
of 25,000 ppm NaCl.
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membrane and (B) NF270 membrane; Initial feed concentration of 25,000 ppm NaCl
and 5 ppm heavy metals.
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Figure 9 shows the effect of heavy metals concentration on membrane
fouling. Membrane fouling increased with heavy metals concentration.
NF270 fouling is 62.8, 66.2, and 70.3% at heavy metals concentration of 0,
5, and 10 ppm, respectively. Unlike Na* cations, divalent cations interact
specifically with humic carboxyl functional groups, thus, substantially
reducing the HS charge and the electrostatic repulsion between the HS macro-
molecules. The reduction in HS interchain repulsion results in increased HS
deposition at the membrane surface and the formation of a densely packed
fouling layer. In addition, using NF270 membrane, heavy metals compress
the electric double layer of the membrane, thus increasing the deposition
rate of HS on the membrane surface.

Figure 10 shows the effect of TMP on membrane fouling. POOSF fouling
increased with TMP, while NF270 fouling was independent of TMP. POOSF
fouling is 30.4, 31.7, and 32.3% at TMP of 1, 2, and 3 bar, respectively,
and NF270 fouling was 65.9, 65.7, and 66.2% at TMP of and 7, 8, and
9 bar, respectively. These effects may be due to the compressibility of the
fouling layer formed at the surface of the membrane. At POOSF studied
range of TMP (1-3 bar), the concentration polarization layer was compressed
when TMP increases. The compression of the concentration polarization layer
reduces the permeate flux, thus increasing membrane fouling. Concentration
polarization at the NF270 membrane surface was incompressible at the
tested TMP range; 7-9 bar.

CONCLUSIONS

NF270 membrane has higher HS and heavy metals retention due to size
exclusion and charge repulsion. The charge repulsion is not experienced by
the POOSF membrane. The drawback of using NF270 is its vulnerability to
fouling under saline conditions. An economical comparison between the
two tested membranes is complex. POOSF is not highly affected by salinity
and provides high HS retention and moderate heavy metals retention.
Although it does not remove salinity, which makes it non-ideal as a pre-
treatment step to reverse osmosis (RO). On the other hand, NF270 provides
high HS, heavy metals retention and moderate salinity removal, which is
ideal as a pre-treatment to seawater RO. The drawback is the requirement
of higher TMP compared to POOSF. NF270 also has a higher fouling rate
compared to POOSF.

Humic substances are good heavy metals complexants, producing high
heavy metals retention using both tested membranes. Although, at high HS
concentration, heavy metals retention is not affected indicating a presence
of a limiting HS to heavy metals ratio where further increase will not affect
heavy metals removal. Results show increase in the said limiting ratio with
increasing salinity due to the effect of salinity on HS structure. In addition,
heavy metals reduce NF270 HS retention, but do not affect POOSF HS
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retention. Finally, TMP does not affect neither HS and heavy metals retention
nor NF270 fouling, but increase POOSF fouling.
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