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ABSTRACT

Mining industry produces metals which are economical and serve as high valuable
commodities in South Africa. This country is regarded as the world leading producer of
precious metals such as platinum group metals (PGMs). Silver (Ag), which is also a
precious metal, contribute to the country’s economy wealth due to its significance during
industrial applications. Base metals such as copper (Cu) and nickel (Ni), though they
are low valued, play a significant role in the republics economic wealth. Mining
wastewater contains some of these metals, which end up polluting the environment. A
possibility to recover this was investigated using NF membranes. Mine effluent was
simulated by using relevant reagents.

Characterization of NF90, NF- and NF270 membranes, was done by using scanning
electron microscopy (SEM), clean water permeability, single charged salts of NaCl and
MgCl2 and binary mixture of NaCl/MgCl2 studies. All the rejection experiments were
conducted at pH 2.0 with varying pressure and concentrations. Flux measurements
indicated that water permeability through the membranes trend, NF270 > NF90 > NF-.
The experiments were performed at pressures of 5 bar, 10 bar, 15 bar and 20 bar.
For NF90 membrane, a rejection of Na+ monovalent ion in 20 ppm solution was less
than of Mg2+ (divalent) ion. Percentage rejections of 90% (Na+) and 98% (Mg2+) were
achieved. NF- had rejection of 83% and 90% for Na+ and Mg2+, respectively. In the case
of NF270, the membrane had rejection of 92% (Na+) and 94% (Mg2+), respectively.

At 100 ppm, all three membranes showed a decreasing trend in rejection while
increasing pressure. For binary-solution mixture, Mg2+ ion still had the highest rejection
compared to Na+ ion with about 94% and 85% on NF90 than on NF270 and NF-. The
high rejection of divalent ion as compared to monovalent ion for charged solutes was
due to solute size and electrostatic interaction between the membrane surface layer and
the solute.

vi

In the case of transition metal rejection studies, Pd2+ ion had an average of 90%, with
Ni2+ ion ≈ 95% and Cu2+ ion ≈ 98% as single salts on NF90 compared to NF270 and
NF-. However, as for binary and trinary solution mixture, the competition amongst ions
was high, where Pd2+ ion rejection was ≈ 99,0%, while Ni2+ and Cu2+ ions was > 90% on
NF90 and NF-. Therefore it was excluded from the tests. For the monovalent metal ions
(Ag+ and Cu+), the rejection was > 90% in almost all concentrations mixtures. During
membrane fouling evaluation, AgCl salt fouled the most, compared to other metal ions,
forming a concentration polarization accumulation on the membrane surface for both 20
and 100 ppm solutions. This situation leads to cake layer formation which causes a flux
decline, reduces membrane life time and lowers the rejection performance of NF
membranes.

The aim of this study was to evaluate the performance of three commercial polymeric
membranes (NF90, NF270 and NF-) during rejection of the metals.
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1.1

Background of the study

The platinum group metals (PGMs), which comprise of platinum (Pt), palladium (Pd),
rhodium (Rh), ruthenium (Ru), iridium (Ir) and osmium (Os), have some unique physical
and chemical properties. They are industrially utilized as catalysts, electrical and
corrosion-resistant materials, and therefore are contained in industrial wastes

[1]

. These

PGMs possess also a wide range of both chemical and physical properties. In various
environments they are increasingly finding vital uses. Amongst others, PGMs are used
as hydrogen fuel cells and electronic computers [2].

South Africa (SA) is considered to be one of the leading producers of the precious
metals such as PGMs

[3, 4]

. Silver (Ag), which is also a precious metal, is an important

constituent of gold (Au) and platinum (Pt) ores in SA

[5]

. These precious metals, occur

together with some of the world’s largest reserve of chromium and vanadium ore in the
Bushveld Igneous Complex, which is a geological formation that extends in an arc
across three South African provinces (North-West, Limpopo and Mpumalanga) [6].

The PMGs and some of their alloys, serve a protective function due to their inert
character and strength. The appearance and nobility of platinum metal further renders it
as a useful material in the manufacturing of jewellery. For the catalytic and decorative
purposes, these PGMs are often coated on to less expensive substrates. These PGMs
are rare metals but they form part of South Africa’s vast minerals resources

[7]

. They

exist as sulphides from ore and are extracted by means of xanthate flotation. The
resulting sulphide concentrate is roasted for the purpose of producing a so called
converter matte, rich in copper (Cu), nickel (Ni) and PGMs [8].
The production process of the precious metals incorporates mining, concentrating,
smelting and refining. The following seven commodities; manganese (Mn), chrome (Cr),
vanadium (V), PGMs, gold (Au), vanadium (V) and vermiculite are classified as the

3

country’s biggest minerals worldwide

[9]

. The mining expertise has made South Africa

the world leader of minerals and metals producers over a period of a century, and
confirmed that there is still more of other world class deposits to be discovered and yet
to be explored

[9, 10]

. Table 1.1 represents the world reserves and production of

commodities in South Africa. PGMs, gold (Au) and alumino-silicates are highly
considered in terms of mineral ranges in the world. Highest ranking of PGMs
productions of 57,8% indicates their vital uses and availability as minerals amongst
other metals. Copper metal rank position 15 while nickel metal’s ranking was not
provided, but had 40% lower compare to copper with 102.6% of production during 2004.
Silver had a good production of about 72% as a mineral. The availability of these
minerals greatly boosts the economic moral as a whole.
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Table 1.1 South Africa’s mineral production, 2005 [9]
Commodity

Unit

Mass

%

World ranking

Aluminium

kt

866

2,9

10

Alumino-silicates

kt

235

38,0

1

Antimony

t

4967

3.2

3

Chrome ore

Kt

7645

44.5

Coal

Mt

243

5,2

5

Copper

Kt

103

0.8

18

Fluorspar

Mt

365

-

5,0

Gold

t

341

13.8

1

Iron ore

Mt

39,2

3,3

Lead

Mt

38

1.3

13

Manganese ore

Kt

4282

14,8

-

Nickel

Kt

40

Phosphate rock

Kt

2735

1,9

-

PGMs

Kg

286 157

57,8

1

Silver

t

72

0,4

-

Titanium minerals

Kt

-

-

-

Uranium

t

887

2,1

4

Vanadium

Kt

23

48,0

1

Vermiculite

Kt

197

41,0

1

Zinc metal

Kt

32

0,4

22

Zirconium minerals

Kt

-

-

-

Mt = megaton, kt = kiloton, n/a = not available, t = ton, kg = kilogram, Bold = Metal to be
considered on the project, Source: Mineral Bureau

1.2

Statement of the problem

Mining and refinery industries generate waste, and have been connected with
numerous environmental issues e.g. wastewater discharge from flotation process

[11]

,

and land pollution resulting from ore rocks. Wastewater produced in mining processing
5

contains lot of suspended solid particles, heavy metals ions, flotation reagents, organics
and other pollutants resulting in environmental pollution. Therefore wastewater problem
and reuse have much academic and practical significance

[12]

According to Western Australia wastewater pollution control

.
[13]

, coal and metal mining

operations interfere with the natural circulation of water. The need to minimize pollution
through wastewater has been recognized worldwide. Mostly, the majority of elements
and compounds can be reused as valuable species through recycling process. But
some of the metals discharged during mining refinery process, may need to be taken
back to smelting plant and requires non-chemical additive during recycling processes [6].

The ongoing advances in membrane technology have rendered reverse osmosis (RO)
as an increasingly cost-effective option to desalination, with the lower energy
requirements than the alternative thermal processes

[14]

. The low pressure reverse

osmosis (RO) and nanofiltration (NF) membranes can be used for secondary effluent
wastewater treatment, since the total dissolved salts are not high (typically <1g/l). NF
membranes have been successfully used in wastewater treatment

[15]

.

These NF membranes have a charged surface material with small pores of about 1 nm,
and their separation process is commonly based on electrical, dielectrical effects and
size exclusion. Therefore, since the effective NF membrane pressure is relatively low in
comparison to reverse osmosis, the application of NF membranes is extremely
economically attractive. The economic rewards from increasing the degree of removal
of precious metals provide huge environmental benefits
researchers including Kaseoglu and Kitis

[16]

[15]

. Some of NF membrane

, Bessbousse et al.

[17]

have applied the

polymeric NF membrane for the recovery of metals from wastewater. Quite high
percentage of metals was recovered between 96-99% for divalent metal ions and as
lowest as 29-59% of monovalent ions were retained. This technique seems to favour
divalent more than monovalent. This shows that NF membranes can be applied to
recover metals in wastewater.

6

1.3

Aims and objectives

The aim of the study was to investigate the possibility of employing cost-effective and
lesser energy consumption method (membrane technology) for the recovery of some of
precious metals (palladium and silver) as well as base metals (copper and nickel)
through their variations in oxidation states in mining wastewater. The objective of the
work was to achieve the following:

To characterize the polymeric flat sheet NF membranes used.
To identify the NF membranes with maximum performance using NF
membranes.
To reject cations that are similar to those found in mining waste water.
To introduce the process for membrane retentions that will be viable, rapid and
controllable.

1.4

The hypothesis

It is stipulated that nanofiltration separation processes including recovery, has a
potential for metal removal and is relevant to both mining and municipality industrial
wastewater.

1.5

Scope of the study

This investigation is relevant to recovery of PGMs in mining and metal industries’
effluents. The content of the work will be classified in the following approach:

Chapter 1 will state the problem, aims and objectives, scope of the study and the
hypothesis will be described.

7

Introduction to metal industry, uses and physical properties of selected transition
metals, metal oxidation states and membrane technology existence, will be discussed in
Chapter 2.

Materials used and analytical instrumentations utilized, will be described in detail in
Chapter 3.

In Chapter 4, the results of membrane characterization, salt (charged ion) retention
capacity and transition metal rejection behaviour on different membranes, will be given
and discussed.

For the last section (Chapter 5) of the study, conclusion of the result obtained and
interpreted, will be given as well as evaluation and recommendation for future work.
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Introduction

World’s mineral resources are critical to the well-being of modern civilization

[1]

. Most of

the chemical elements which are crucially important as mineral resources are metals.
Countries like South Africa, Russia, USA and Canada produces the most platinum
group metals (PGMs) worldwide. According to the world mineral rankings (2007), South
Africa is the highest in terms of mineral refinery worldwide with about 87.7% of PGMs. It
is followed by Russia (8.3%), USA (2.5%) and Canada (0.5%) in fourth place

[2]

. These

statistics indicate that South African mineral production mostly dominate the country’s
economic wealth.

Africa is richly endowed with abundant reserves of important minerals

[3]

. This continent

holds about 30% of the world mineral reserves. Amongst them are gold (40%), cobalt
(60%) and PGMs with 90%. Neighbouring countries including Zimbabwe, Tanzania,
Ghana, Zambia and the Due Republic of Congo (DRC) dominate African PGM mining
industry. They are also major producers of some minerals amongst 60 metals in Africa
such as Diamonds, Uranium, Manganese, Chromium and Cobalt [3].

According to the report from Precious Metal Cluster (PMC) consultants

[4]

, these

neighbouring countries obtained 64% as an average global production of PGMs since
2005. Production of base metals such as copper, lead and zinc, is less than 7% when
compared to PGMs in African mines. Therefore, the significance of PGMs against other
minerals resources, mostly contribute economically as long term social benefit in an
African continent

[5]

. Over the past century, South Africa has been and still is regarded

as the world’s leading producer of minerals (PGMs)

[6]

. PGMs in South Africa are mined

as primary products while copper (Cu), nickel (Ni) and cobalt (Co) are treated as byproducts. In Canada, PGMs are refined as by-products of Cu and Ni and this is due to
their relatively small abundance [7, 8, 9].

15

In other countries including Russia and USA, Cu and Ni metals are refined as primary
(major) products. PGMs are treated as by-products excluding platinum (Pt) which falls
under platinum group metals, is regarded as a major product

[10]

. These major products

are extremely scarce compared to precious metals (Pd and Ag). This is due to their low
natural abundance and the complexity of the processes, which are required for their
extraction and refining. Relative to other precious metals, the PGMs have high
technological importance due to the number of properties they possess [7].

The demand for precious metals, especially silver and palladium has increasingly
resulted in the scaling up of metal extraction and refinery operations globally

[11]

. The

PGMs have wide range of applications as catalysts such as enabling petroleum and
fuels. Platinum compounds, can also be used in cancer treatment drugs [12].

2.1

PGMs deposits and occurrences in South Africa

Bushveld Igneous Complex is an area in South Africa where some of the main PGM ore
are located. The deposits containing Ni, Cu and PGMs sulphides are usually associated
with mafic and ultramafic rocks. They can also be obtained on other mines like Noril’sk
(Ural Mountains in Russia), Sudbury (at Ontarion in Canada), Hartley mine (Zimbabwe)
and in the USA (Still-water Complex in Montana)

[12, 13]

. The mineral ore deposits in

South Africa are subdivided into two groups, and can be distinguished as follows;

i)

Ores with Ni and Cu

Ores with Ni and Cu are considered as the principal products, whereas PGMs and Au
are treated as by-products. These ores contain more than 10% of sulphide minerals e.g.
Sudbury, Noril’sk and others

[14]

. The ores rarely occurs as orebodies at the base of

komatiite channel, except in an impact that is related to Sudbury meltsheet.
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ii)

Ores with PGMs

Ores where PGMs are main products with Ni and Cu deposited as by products, occur in
two types of reefs e.g. the Merensky reef and the UG-2 reef of the Bushveld Igneous
Complex [12, 15]. The Merensky reef contains much more sulphide, and the minerals are
found in a silica substrate. The UG-2 reef contains a chromite matrix.
PGMs’ association with other base metal sulphides occurs as Sperrylite and Braggite
and are classified as platinoid minerals. While in copper, nickel, cobalt and iron-bearing
sulphide minerals, they occur as Pentlandite, Pyrrhotite and Chalcopyrite. On nickel
mining, PGMs are produced as by products in Mpumalanga Province on the Uitkomst
Complex area

[2, 14]

. Metals such as nickel, copper, titanium, manganese etc, are found

at usable levels as the base metals, this is because of their wide industrial
applications

[12]

. With the demand from both industrial and automobile manufacturing

sectors, PGMs will continue to be most useful and vital to the mineral users globally.

2.2

PGM Separation Process

South Africa has the highest concentration of primary PGMs’ producing companies.
Each of these has their own approach to smelting and are governed to a large extend
by the type of ore they process. Some of PGMs are concentrated in the Merensky reef,
the Plaatreef (ore similar to Merensky but higher in copper and nickel content), and the
UG-2 chromite reef ores

[16, 17]

. Bernardis et al.

[8]

outlined a typical separation process

of PGMs in South Africa from the sulphide ore concentrate as presented in Figure 2.1.
The deposits of the concentration are less than 10 grams per tonne (g/t) of an ore.
Therefore processes such as physicalmetallurgy and pyrometallurgy, which are applied
as metals separation processes, can be employed for concentrating the PGMs.
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Ore, 0.0005-0.0008% PGM
Crushing
2) Froth Flotation
Flotation Concentrate
0.01—0.015% PGM
Smelting
2) Slow
cooling
0.15% PGM

Magnetic separation

Cu-Ni sulphide Matte

Magnetic PGM-rich Ni-Cu-Fe
phase
Dissolution

Cu-Ni-Fe

60% PGM Concentrate

Figure 2.1 A schematic diagram of concentration process for PGMs from sulphide
ore [6].
Each process is designed to increase the concentration of the valuable components of
the original ore, which is done by reducing the bulk of the ore. The mined ore undergoes
communition (conversion of larger particle into smaller particles) and the gravity
concentrate is extracted.

The flotation concentrates undergoes smelting and are converted to produce a PGMcontaining nickel-copper matte. This is done after flotation is concentrated by the
sulphides. Before reaching the final PGM concentrate, the matte is treated using
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hydrometallurgical process for separation of the base metals from precious metals.
Lastly, the PGM concentrates are refined to separate precious metals in their pure
forms [7].

2.3

Occurrence, uses and health hazard of copper (Cu) metal

Copper is the 25th most abundant element in the earth’s crust

[18]

. It occurs naturally

throughout the environment, in rocks, soil, water and air. It is found in native and in
variety with other minerals in plants and animals. This element can be found as a metal
in sulphides, carbonates, chloride, nitrates and so on. Leaching with dilute sulphuric
acid or by solvent extraction are usually wet processes used for extraction of copper
from ores. The metal can be refined by electrolysis process

[19]

.

Although humans need copper for industrial purposes, it can still pose some danger into
our lives. At high (10 ppm) or low (0.01 ppm) level of exposure, the metal can cause an
illness called Wilson’s disease if it is ingested. This disease can lead to severe liver
damage, brain damage, nausea, vomiting, diarrhoea, dizziness, stomach cramps and it
could even lead to death

[20]

. Therefore, standard levels of copper are essential for

human good health maintenance.

There are countless applications of copper industrially, some include production of wire
brass, boiler pipe, cooking utensils

[21]

and sheet metals

[20]

. Other applications of

copper include uses for roofing, building construction, chemicals and so forth.

2.4

Occurrence, uses and health hazard of nickel (Ni) metal

Nickel is a universal trace metal and it can occur in soil, water, air and in the
biosphere

[22]

. As a base metal, nickel occurs within both laterite and sulphide ores and

it can also be associated with deep-sea nodules. This metal ranks below copper metal
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as 24th element in abundance

[23]

. Nickel is also essential in maintaining good health in

animals. A small amount of nickel is needed by humans, though at low level, the metal
possesses no danger or some sort of health effects.
Statement issued by State of Ohio Environmental Protection Agency (EPA) [24] indicates
that, the most common adverse effect of nickel is an allergic reaction in humans. During
skin contact with the metal, one might suffer from skin irritation. Excessive exposure to
the metal, humans might suffer from kidney failure. Research conducted by Demir’s [22]
revealed that exposure to nickel, pose an acute toxicity in humans, which leads to airway irritation, allergic eczema and respiratory cancers. Purely refined nickel is marketed
in variety of forms suited for the requirements of different users, ranging from metallic
products of iron (Fe) and steel makers. Nickel is also a special alloy to form chemical
compounds for catalyst manufacturing and electroplaters

2.5

[25]

.

Occurrence, uses and health hazard of silver (Ag) metal

The first metals to be discovered and used by ancient man were gold, copper and
silver

[26]

. Silver metal is rear but naturally occurring, and it can be deposited as the

mineral ore in association with other elements. The metal is comparatively rare in the
earth and is the 67th natural abundant in order of elements

[27]

. Discharge of silver at its

high toxicity level in wastewater without treatment, becomes harmful to human life.
Environmental protection agency

[27]

reported that even at low level, silver ions in

solution are also considered to be harmful.

In 1990, about 50% of the refined silver consumed in the United State of America
(USA), was used to manufacture photographic and X-ray products. Regarding the metal
industrial production; 25% of electronic and electrical equipments were produced. The
10% were of jewellery and electroplate wares, and only 5% in brazing alloys was also
produced. [28]. One on the common uses of silver metals is in silverware production, and
it can also be applied in food processing and beverages.
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2.6

Occurrence, uses and health hazard of palladium (Pd) metal

The precious metal (Pd) has vital significance in human life. This metal occurs in nature
in base metal ores. During mining operational processes such as smelting, refining or
recycling industries, Pd metal exposure leads to health effect on the immune systems
especially to workers. Some of the symptoms include swelling of lips and cheeks,
dizziness and asthma [29].

The demand for palladium as metal has increased in both ordinary and advanced fields
of industry e.g. electronics, heat and corrosion resistance apparatus and catalysis

[30, 31]

Based on the production distribution of this metal worldwide, Carrington et al.

.

[32]

reported that 10% of palladium is used for catalytic reactions in chemical and
petrochemical industries. About 46% is used for electronic components manufacturing
and about 25% is used in dentistry.

Some of Pd catalysts are employed during hydrogenation, hydrochlorination,
hydrogenolysis and oxidation processes [33, 34, 35].

2.7

Physical/Chemical properties of selected metals

2.7.4

Copper (Cu)

The metal (copper) has been utilised by man for continuous period of nearly 6000
years. Its applications fluctuate with time as more knowledge about its properties
becomes available

[36]

. According to Cotton and Wilkinson

[19]

copper is a tough, soft,

ductile and reddish metal. The metal is also very malleable with a wide range of
strength values.

Copper is in sub group 1B in the Periodic Table with an atomic number 29. It has
properties that resemble those of gold (Au) and silver (Ag). The metal occurs as two
isotopes namely; Cu63 and Cu65. Cu63 has 69.09% in abundance while Cu65 has 30.91%
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and it has no allotropic modification

[36]

. Copper falls in the first long period followed by

iron (Fe), cobalt (Co) and nickel (Ni) while zinc (Zn) falls on the last. Table 2.2 outlines
chemical properties of pure copper metal at 20 °C.
Table 2.2 Physical properties of Copper metal [36]
Properties

Values

Atomic radius

1.275 Å

Atomic number

29

Atomic weight (mass)

63.54 g.mol-1

Valence

1 and 2

Density at 20 °C

8.96 g.cm-3

Density of liquid just above melting point

8.53 g.km-3

Specific heat capacity at 25°C

385 J.kg-1.K-1

Boiling point

2590 °C

Melting point

1083 °C

2.7.5

Nickel (Ni)

Nickel occurs in the first long period together with cobalt (Co) and iron (Fe) as
ferromagnetic metals

[25]

. It has a high resistance to atmospheric tarnishing and can be

used with other metals as an electrodeposited coating material. When nickel comes into
contact with water (distilled or natural), it exhibits and extra extremely high resistant
property. With regard to its physical property and wide range of applications, the metal
can be rolled, forged, drawn and polished depending on the purpose of its employment.
The density of liquid nickel at the melting and boiling point is reported to be 7900 kg/m 3.
When temperature increases linearly up to 2500°C during nickel production, the density
of the metal falls approximately to 7000 kg/m 3. The density of nickel when operated at
20°C is 8.908 g/cm3, which is about the same as copper metal

[37]

. Table 2.3 list the

physical properties of nickel as representative of the highest-purity material.
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Table 2.3 Physical properties of nickel metal [25]
Properties

Values

Atomic radius

1.24 Å

Atomic number

28

Atomic weight

58.71 g.mol -1

Valence

2 [38]

Density at 20°C

8.908 g.cm-3

Density of liquid nickel at melting point

7900 kg.m-3

Specific heat capacity

425 J.kg-1.K-1

Boiling point

2910°C

Melting point

1453 °C

The average value of specific heat capacity over the temperature ranges from 0-100 °C
was found at 425 J/kg.K, and within that temperature range, nickel tend to loose its
ferromagnetism. The naturally occurring element of nickel composes of five different
stable isotopes. The isotopes of the metal isotopes are estimated in the following order
of their natural abundances; Ni58 (67.7%), Ni60 (26.2%), Ni61 (1.25%), Ni62 (3.66%) and
Ni64 (1.16%) [25].

2.7.6

Silver (Ag)

The metal (Ag) has the highest electrical and thermal conductivity amongst all transition
metals

[26]

. Silver has two stable isotopes Ag107 and Ag109, which are found in Group 1

on Subgroup IB of the Periodic Table. The percentage distribution of silver atoms with
an atomic number of 47 appeared to be about 51.84 (Ag107) and 48.18 (Ag109). The
melting and boiling points of Cu and Ag, are very closely grouped at much higher
temperature, but considerably lower than on Ni and Pd metals. Table 2.4 list the
physical properties of silver during chemical processing and even in nature form.
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Table 2.4 Physical properties of silver metal [26]
Properties

Values

Atomic radius

1.44 Å

Atomic number

47

Atomic weight

107.88 g.mol-1

Valence

1

Density at 20°C

10.49 g.cm-3

Density of liquid at melting point

961 °C

Specific heat capacity at 25°C

0.23 J.Kg-1.K-1

Boiling point

2180 °C

Melting point

960.5 °C

The metal has the highest electrical and thermal conductivity; it is followed by Cu. But
the silver has the lowest electrical contact resistance compared to other metals

[39]

.

Electrical conductivity of silver in usual volumetric basis is about 8% above that of
copper, while thermal conductivity of silver metal is about one-third greater than that of
copper. Therefore this indicates that silver dominates all other substances in
conductivity with regard to both heat and electricity.

2.7.7

Palladium (Pd)

Palladium is a scarce and costly metal, and it has unusual properties. It is the least
dense metal amongst other PGM members and it does not tarnish in air. When
annealed, the metal becomes soft and ductile. The metal resembles its PGM member
(Pt) very closely by having same diamagnetic characteristic in its compounds. These
two metals (Pd and Pt) are sometimes called noble metals as result of their superior
ability to withstand oxidation and corrosion

[40]

. In general, these two metals share

almost the same physical and chemical properties.
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Palladium is attacked mostly by various reagents than any of its PGM member. Most of
all, it has the ability to absorb hydrogen up to 900 times of volumes extremely far than
any other metals

[38, 39]

. As the temperature rises from zero to red heat (>950°C), the

amount absorbed falls up to 600°C and tends to lower slightly above the mentioned
temperature. This situation occurs when the metal is in the colloidal, powdered or even
in a compact form. The hardness and other mechanical properties as with other metals,
depends on the amount of cold working or annealing to which species of the metal are
subjected. Table 2.5 list some of the metal physical properties as it is found in nature
and during chemical processes.
Table 2.5 Physical properties of palladium metal [39]
Properties

Values

Atomic radius

1.79 Å

Atomic number

46

Atomic weight

106.4 g/mol

Valence

2, 3 or 4 [38]

Density at 20°C

12.02 g/cm3

Density of liquid at melting point

10.38 g/cm3

Specific heat capacity

0.058 J(Kg/K)

Boiling point

3167 °C

Melting point

1555 °C

2.8

Transition metals and their oxidation states

2.8.1

Transition metals

Transition metals are defined as metals or elements that have partially filled d orbital
shell either in the neutral atom or in a common oxidation state e.g. Cu, Ag and Pd and
others

[41]

. These types of metals are the most important mainly due to the presence of
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strong inter-atomic bonding. The presence of the inter-atomic bond on the metals,
results in excellent mechanical properties and thus high melting points. Atoms of the
elements (Ag and Cu) have one s electron in their outer orbital, but tend to differ from
Group 1 elements in second last shell with ten d electron. Therefore, the transition metal
definition expand to include oxidation states of the metals like nickel (Ni) which has
incomplete filled d orbital as seen on Table 2.6 and the table list the outer electronic
configurations of the atoms. Group 1 metals are situated or found at the top of the
electrochemical series. These metals are regarded as the most reactive elements in the
Periodic Table [37].

Table 2.6 Electronic configurations and oxidation states of selected metals
Elements

Electronic structure
10

1

Oxidation states

Cu

[Ar] 3d 4s

1, 2, 3 [37, 42]

Ni

[Ar] 3d84s2

0, 1, 2, 3, 4 [37, 19]

Ag

[Ar] 4d105s1

1, 2, 3 [19, 42]

Pd

[Kr] 4d10

0, 2, 3, 4 [37, 38]

Bolded: Most common and stable oxidation states of the element.

2.8.2

What is an oxidation state?

Oxidation state can defined as addition of oxygen, loss of hydrogen or one or more
electrons [41, 43]. An understanding of an oxidation reaction involves the reduction step to
complete it. The transfer of electrons is basically accompanied by transfer of atoms.
Details about the selected transition metal oxidation states are discussed below in the
following section.
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2.8.2.1

Copper oxidation states

The common oxidation states of copper metal are +1 and +2 as indicated in Table 2.6.
Even though +3 state of the metal exist, it is very scarce. The +1 state is fairly stable
and is produced by the decomposition of Cu2+ compounds

[42]

. Cu+ compounds are

water insoluble and display diamagnetic properties, except from where they results from
anion or charge-transfer bands. During the charge transfer of the ion, the colour in
solution becomes colourless. Cu2+ compounds are most stable and water soluble
compared to Cu+ compounds

[19]

. The potential values given in (Equation 2.1 and 2.2),

are the relative stability of Cu+ and Cu2+ electromotive force (e.m.f) values. The
standard redox potential values are given in the following:

Cu

Cu 2

Liptrot

[41]

e

( aq )

( aq )

e

Cu( s )

Cu

( aq )

, Cotton and Wilkinson

[19]

E

0.52V

(Equation 2.1)

E

0.153V

(Equation 2.2)

confirm that, the positive e.m.f for Cu+ in an

aqueous solution is thermodynamically unstable with respect to Cu 2+ in solution.
Therefore Cu+ undergoes self oxidation-reduction reaction. Cu+ and Cu2+ relative
stability depends very strongly on the nature of ions and other ligands present. These
cations considerably vary with solvent or the nature of neighbouring atoms in a crystal in
an aqueous solution. Only low equilibrium concentration of Cu+ (<10-2 M) can exist and
the only simple compound that are stable to water are highly insoluble compounds such
as CuCl or CuCN.

2.8.2.2

Nickel oxidation states

Nickel as Ni2+ ion, is more reactive compared to other metals ions e.g. Cu+ and Cu2+,
but less reactive compared to iron (Fe) and cobalt (Co) ions under acidic conditions
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[37]

.

The main oxidation state of nickel as a metal is 2+ and it is ionic. Ni2+ state is
considered as the most important ion and stable in all five nickel elemental oxidation
states and it can form many complexes, and be reduced to Ni+ complexes. In Ni3+
complexes, oxidation process becomes a bit difficult or impossible.
The Ni2+ complexes have an octahedral, tetrahedral or square planar shape, these
conditions are determined by number of orbital used

[41]

. The metal standard redox

potential value is given for the reaction in (Equation 2.3).

Ni 2

( aq )

2e

E

Ni( s )

0.24V

(Equation 2.3)

The negative e.m.f value indicates that nickel in 2+ states, is thermodynamically stable
in an aqueous solution. This ion (Ni2+) is resistant to attack by air or water at ordinary
temperature. The metal halides are usually known in the anhydrous state, and all are
water soluble, except for the fluoride which is moderately soluble

2.8.2.3

[19]

.

Silver (Ag) oxidation states

Silver in the +1 state forms many simple compounds which are ionic and stable in water
as indicated in Table 2.6. But the most stable and important oxidation state is
1+ [19, 41, 42]. AgNO3 is one of the silver 1+ compounds and the most important silver salt,
this is due to its wide range of applications. One of its common uses in the chemical
laboratory is gravimetric analysis for halides. Another Ag+ compound (AgCl), is insoluble
in water but soluble in dilute ammonia, sodium thiosulphate aqueous solutions. AgBr
can is also be dissolved in ammonia solution, both AgCl and AgBr form ammine
complex [NH3 → Ag→ NH3]+, which are linear in shape. Although Ag2+ compounds are
known and present in the oxide (AgO) and fluoride (AgF 2), they are unstable but
powerful oxidizing agent

[41, 43 ]

. Another oxidation state of silver include Ag3+ ion, is

unstable to water and exist only as insoluble compound or even one of the complexed
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species. Equation 2.4 is the intercomparisons of silver ions according to the standard
potential

[41]

. Silver metal ion strongly depends on nature of the anion. Therefore, the

standard redox potential reaction given below, indicate the instability of Ag 2+ against Ag+
in an aqueous solutions:

Ag 2

1.98

Ag

0.799

(Equation 2.4)

Ag

The positive electromotive force (e.m.f) values for silver ions imply that, Ag 2+ can be
oxidized to Ag+ under thermodynamic conditions. But Ag+ conversion to Ag2+ and Ag,
become impossible since that potential value is recorded to be negative and thus
leading to disproportionally of the silver ion.

2.8.2.4

Palladium (Pd) oxidation states

Palladium principal oxidation states are 2+ and 4+. But the 2+ state is the most stable
compared to 4+ states. Pd and Pt metal compounds resemble each other very closely
than any other pair of PGMs

[41]

. Compounds of the Pd2+ and Pt2+ usually exist as

halides, sulphates, nitrates and oxides compounds

[19]

.

The metal in an anhydrous solid form is generally ionic. PdF 2 is apparently ionic
whereas PdCl2 forms linear polymer in the solid state. The stability of the 2+ state
increases from Ni2+→Pd2+→Pt2+, and the complexes of Pd2+ and is square planar.
Cotton and Wilkinson

[19]

mentioned that Pd2+ prefers co-ordination number of 4 while

Pd4+ prefers an octahedral type of structure and has co-ordination number 6. Some of
ion salts that are formed by 2+ states include PdCl2 and PdO, while for 4+ state is
[PdCl6]2-. The Pd4+ salts can quickly get hydrolysed by water.
Generally, palladium resembles platinum very closely with some of its physical or
chemical properties

[38]

. The tetravalent state of Pd metal is much less stable than the
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[44]

divalent, but for Pt metal both are equally stable. The reaction on Equation 2.5
indicate the standard electromotive force potential value, and is also given as follows:

Pd 2

( aq )

2e

E

Pd( s )

0.987V

(Equation 2.5)

The positive e.m.f value indicates the stability of Pd 2+ during reduction to Pd0.
Therefore, the Pd2+ is certainly more stable ion compare to Pd4+. Only Pt4+ is stable
especially as complex compound [45].

2.9

Mining wastewater treatment

2.9.1

What is wastewater?

Wastewater is a combination of liquids or waste carried in water from various sources,
this include industries such as mining, residential areas and commercial centres

[46]

.

This wastewater that is produced in the mineral processing contains lot of suspended
solid particles, heavy metal ions, flotation reagents, organic and other pollutants
resulting in environmental pollution. A report from Caribbean Alliances for Sustainable
Tourism (CAST) [47] stated that, wastewater can be classified into four categories:
 Domestic-wastewater discharge from residence and commercial, institution.
 Infiltration or inflow of extraneous water that enters the sewer through indirect
and direct means, this includes cracks, leaking joint and porous walls.
 Wastewater accumulation from production companies.
 Storm water-runoff resulting from flooding due to rainfall.

Schutte and Pretorius

[48]

mentioned that some of the activities in petrochemical

industry, mining and power generation plants consume about 12.5% of the total amount
of water available in South Africa. This high consumption makes water to be the most
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widely used commodity during industrial processes, and concurrently creating a huge
amount of wastewater.

A report by Mack et al.

[11]

states that wastewater in mining industry, contain high

concentration of chlorides of platinum group metals (PGMs) at low pH conditions, which
are basically in the form of anionic chloro-complexes. The high demand of precious
metals (PGMs) especially palladium and platinum, has resulted in the scale-up of metal
extraction and refinery processes worldwide. Although minerals from mining industries
contribute economically, metal discharge results in wastewater. Penalties of the
untreated wastewater discharge, pose a large financial pressures on industries.

Research in operational cost reduction primarily focuses on the recovery of metals and
by-products from the wastewater streams. Treatment of wastewater streams to meet
environmental or process standard, is fast becoming another focused area to reduce
operational costs

[46]

. In some instances recovery might be very important since

wastewater contains appreciable amounts of valuable metals.

Due to environmental wastewater pollution, treatment of wastewater has become a
major priority in the world for the mere fact that it is vital to human life and environment.
Various wastewater treatment processes are being employed and they include chemical
precipitation, coagulation-flocculation and flotation [49].
A research study

[46]

reports the use of solar evaporation in holding ponds for the

treatment of wastewater from PGMs extraction refinery. This technique is used to
reduce the amount of wastewater and to concentrate trace of metals still remaining in
the holding ponds. The solar process allows wastewater to rise outside the ponds, and
that results in surface evaporation occurring. Therefore, solar energy results in desired
reduction of volume and increased metals recovery through concentration of the
wastewater.
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2.10

Mining wastewater metal recovery

Wastewater is vastly considered to be a severe worldwide pollution crisis. Countries like
Australia and China are mostly affected by wastewater originating from mining industry.
Wastewater from Australian mine ore processing plants are contaminated with waste
sludge, insoluble (finely ground rocks) and soluble (heavy metals, sulphates)
substances

[50]

. In China, mining industries discharge wastewater containing heavy

metals, suspended solid particles and other pollutants. Therefore, this wastewater
results in environmental pollution

[49]

. The need for the treatment and recovery of the

valuable substances is fast becoming a priority to many countries.

In South Africa, Mine Health and Safety Inspectorate (MHSI)

[51]

is responsible for the

health and safety of persons employed in the mining industry. This Department is
identifying the strategies and programmes that could be efficient to minimize
wastewater pollution, maximize and broaden the economy linkages regarding metals as
minerals. These can naturally arise from the need to extract process and refine the
country’s mineral resources [6].

The demand and supply symmetry of the precious metals is changing because of the
present economical need. Several different methods e.g. Convection methods such as
chemical precipitation and cementations, have been put into practice for recovery of
heavy metals from wastewater in general. Each method conducted had its individual
advantages and disadvantages.

Convection methods are limited on processes such as chemical precipitations and
cementations

[52]

. Chemical precipitation has been proven to be an efficient technology

for metals removal and other inorganic substance that can be found in wastewater.
According to Amine et al.

[53]

cementation or metal displacement is the most effective

technique for the removal of valuable metals and toxic substances that can also be
found in industrial waste solutions. Majority of metal removal techniques such
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complexation are still employed in wastewater treatment processes. When PGMs are
strongly complexed in solution, although high percentage recovery of precious metals
are obtained, they result in further chemical contamination on the waste steams which
might need a further treatment before any disposal.

Another technique for metal removal in wastewater is called biosorption. This technique
has emerged as a low-cost and often low technology option for removal and recovery of
base and precious metals from aqueous industrial wastewater

[6]

. The process uses

mechanisms such as electrostatic interaction, ion exchange and metal ion chelation or
complexation that are based on physico-chemical interaction between metal ions and
the functional groups present in the cell surface.
Göksungur et al. [54] reports that the disadvantages of using convectional methods such
as ion exchange and chemical precipitation for the recovery of metals in wastewater,
leads to an incomplete metals removal and provide high capital costs, high reagent
utilization, high energy consumption and concurrently generate a toxic sludge or other
waste products that will require disposal.

Ferreira

[52]

used electrochemical process by employing electrochemical reactor for

treatment and recovery of PGMs in an effluent streams. Separation of metals occurred
during electrodeposition and further combustion of graphite particles can also be
employed for recovery of the metals. Although different methods have been employed
for the treatment of wastewater, is still an internationally existing crisis. Research
continues globally to find cost effective and highly efficient metal removal methods,
which can concurrently reduce toxicity levels in the environment.
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2.11

Membrane Technology Existence

2.11.1

History of membrane technology

Membrane technology phenomena can be traced to the philosopher scientists of the
early eighteenth century. In the year 1748 Abbé Notel coined the word ‘osmosis’ which
described permeation of water through a diaphragm

[55]

. During the nineteenth

century’s, membranes had no industrial or even commercial uses, but were used as
laboratory tools for development of physical or chemical theories. In the year 1907,
Benchhold devised a technique to prepare nitrocellulose membranes of grade pore
sizes, which can be determined using a bubble test

[56]

. But 20 years later, microfiltration

membranes technique were found and expanded to polymer materials notably cellulose
acetate (CA). And the first historic membranes application was in testing of drinking
water towards end of World War II.

The elements of modern membrane science had been developed but were specifically
used only in few laboratories, and small specialised industrial applications. From 1960
until 1980, a significant change in status of the membrane was implemented. The
interfacial polymerization, multilayer composite casting and coating, were developed for
making high performance types of membranes [55, 56].
Li et al. [57] mentioned that around the 1970’s, nanofiltration membranes were developed
from reverse osmosis (RO) membranes with the intentions of providing reasonable
water flux at relatively low pressures. The high pressure RO membranes resulted in a
considerable energy cost. On the other hand these RO membranes provided a very
good quality permeate. During 1980s, this low pressure RO membranes became known
as nanofiltration (NF) membrane and their first application were reported

[55, 56]

. By the

year 1980, microfiltration, ultrafiltration, reverse osmosis and electrodialysis were all
established processes with large plants installed worldwide
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[55]

.

2.11.2

Introduction to membrane technology

Membrane technology is a promising and emerging technology that can be used in a
wide range of separation processes, this is due to its multidisciplinary character

[58]

.

Today membrane processes are used in wide range of applications and the number of
such applications is still growing. Membrane can defined as a selective barrier between
two phases, and this means that its performance is determined by two parameters;
selectivity and flow through the membrane. Membranes can be thick or thin,
homogeneous or heterogeneous and their transport mechanism can be active or
passive. The driving force can be gradients in pressure, concentration and temperature
differences. In addition to NF membranes, it can either be neutral, synthetic or charged.

Synthetic membrane are usually subdivided into organic (polymeric or liquid), and
inorganic (ceramic, metal) membranes. Verissimo et al. and Yang et al.

[59, 60]

emphasised that, nowadays applications of membrane technology can be found in
various industries such as water and wastewater treatment, pharmaceutical,
biochemical, metallurgical, textile, pulp and paper, beverage and foods and so on. The
first generation processes from economical point of view are microfiltration (MF),
ultrafiltration (UF), nanofiltration (NF), reverse osmosis (RO), electrodialysis (ED),
membrane electrolysis (ME), diffusion dialysis (DD) and dialysis. The second generation
membrane processes include gas separation (GS), vapour permeation (VP), perforation
(PV) and membrane contactors [58, 61].

As every process has its own advantage and disadvantages, membrane advantages
are summarised as follows [61]:
 Separation process can be carried out continuously
 Energy consumption can be operated out at low levels
 Separation can be carried out under mild conditions
 Additives are not required
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 Up-scaling is easy

Membrane disadvantages are summarized as follows:
 Concentration polarisation or membrane fouling accumulation
 Short lifetimes
 Low selectivity or flux

2.11.3

Nanofiltration (NF) membrane

Nanotechnology is described as the study of matter, typically measuring less than 100
nanometres (nm) on the atomic and molecular scale

[62]

. Due to numerous and far-

reaching nanotechnology applications, they range from electrical engineering and
biology to environment engineering. Léandre

[62]

also reported that nanotechnology is

vital for water or wastewater treatment. The thin composite polymer can be formulated
into

modified

membranes

that

give

the

remarkable

separation

qualities

or

characteristics.

Nanofiltration (NF) membrane shares the properties of RO and UF membranes

[57]

. It is

regarded as loose reverse osmosis. NF membranes are organic polymers. Typically NF
polymers membranes are aromatic, polyamides, polysulfone or poly (ethersulfone) or
sulfonated polysulfone, polyimide and poly (piperazine amide). They consist of thin film
composite (TFC) layer on top of the substrate UF layer.
Tang et al.

[63]

emphasized that, TFC membranes are characterised by an ultra-thin

separating selective layer supported on a porous substrate. Figure 2.2 shows the spiral
wound NF membrane sketch. The schematic diagram shows the path of the feed
(solution to undergo separation) to permeate (solution penetrated through membrane)
flow channel, through impermeable flat sheet membrane (FSM). The separation
process of NF membrane is based on electrical and dielectrical effects. The NF
membrane contains smallest void size (pore size) of about 1 nm
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[64, 65]

.

Figure 2.2 Schematic representation of spiral wound NF membrane module

Mulder et al.

[61]

defines the spiral wound membrane element as the plate and frame

system, which is centrally wrapped around a central collection pipe. The element is
rolled in a sandwich fashion. Membrane layers and permeate–side spacer material are
glued along three edges to build a membrane. The movement of the feed flows axially
through a cylindrical module, and it is situated parallel along the central pipe. The
permeate flows radically towards the central pipe. According to the diagram in Figure
2.2, the membrane is centrally placed between two impermeable membranes. The
unwrapped membrane layer is unfolded from the module and is used as flat sheet (FS)
membrane.

2.11.4

Applications of NF membranes

The processes for NF membranes have been emerging recently. It has shown very
promising properties for water purification of brackish water and surface water. It has
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also been used in many aspects as one of the water treatment techniques including
drinking water treatment and wastewater effluent reclamations
the properties of NF membranes as adopted from Mulder

[58]

[66]

. NF molecular weight cut

off (MWCO) for solutes range of 150 to 1000 Dalton (Da)
membranes applications include wastewater treatment
(herbicides, pesticides, insecticides)

[68]

[67]

. Table 2.7 Illustrate

[57]

. Some of the NF

, removal of micropollutants

, retention of dyes (textile industry)

[69]

and also

in metal industry [70].

Table 2.7 Properties of Nanofiltration (NF) membrane [58]

Nanofiltration compared to other pressure membrane processes
Applied

Flux range

Transport

Application

Pressure

(ℓ.m -2.hr-1.bar-1)

mechanism

ranges
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Microfiltration

0.1-2 bar

> 50

Sieving

Removal of
particles

Ultrafiltration

1-5 bar

10-50

Sieving

Removal of
Macromolecules

Nanofiltration

5-15 bar

1.4-12

Sieving

Removal of

diffusion

multivalent ions

charge effects

and relatively
(small) organic
molecules

Reverse

10-100 bar

0.05-1.4

Diffusion

Osmosis

Removal of ions
and (small)
organic molecules

2.11.5

NF membrane surface charge

Polymeric NF membranes consist of surface active layers that are charged either
negative, neutral or positive

[61]

and they also contain different functional groups, charge

on the membrane surface is dependent on the pH of the solution.

Studies on the rejection of organic substances by NF and ultra-low pressure (RO)
membranes have proven that, the retention of solutes depends on solute properties
such as size, polarity and charge. On the other hand the retention on the membranes
depends on the pore size, charge and hydrophobicity

[71, 72]

. Therefore, high rejection

has been reported on the organic solutes having the same sign (negative charge) as
that of membrane surface. This observation was due to the electrostatic interaction
between membrane surface and solutes.

Other studies have reported the rejection of inorganic ions such as sodium (Na),
magnesium (Mg), and heavy metals

[73, 74]

. They found an increase in rejection of ions

during conditions favouring membrane surface, which was caused by an electrostatic
repulsion between the membrane surface charge and the inorganic ions.
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Generally, NF membranes are negatively charged at neutral pH and above pH 7.0, and
they become positively charged at pH below 7.0 (amphoteric behaviour)

[75, 76]

. The

isoelectric points (point where membrane encounters a zero or neutral charge) of some
membranes are found at pH between 3.0 and 4.0
are found at pH 4.0 and 5.0 respectively

[63]

[61]

, while IOP of other NF membranes

. These isoelectric points on the NF

membranes depend on the functional groups of the polymer.

The thin film composite (TFC) nanofiltration membranes have charge characteristics
that influence the separation capabilities, and these characteristics can be altered by
the pH of the solution

[77]

. Tang et al.

[63]

used charged TFC membranes containing

amino functional group on the membrane surface, and mentioned that this amino group
can be adjusted relative to ions being investigated. The following reaction in (Equation
2.6)

[58]

, illustrate an amphoteric behaviour of the amino acid, which contain contains

both acidic and basic group, depending on the pH of the solution.

H 2 NCHRCOO

HNCHROO

HNCROOH

(Equation 2.6)

At high pH, the amino acid is negatively charged (structure a) and this charge migrates
towards the anode when an electric field is applied. But at low pH the amino acids
becomes positively charged (structure c) and this charge migrates towards the cathode.
If the structure (a) and (c) are found to be exactly in balance, this equation implies that
there is no net charge (structure b), this is called an isoelectric point (IOP). This implies
that the amino acid will definitely not migrate in an electric field. TFC membranes (NF90
and NF200), were employed for the evaluation of NF membrane charge

[76]

. Zeta

potential was utilized to measure electrophoteric mobility (EM) on NaCl solute and
streaming potential (SP) on KCl in an aqueous solution as shown in Figure 2.3.
Streaming potential measurements on NF200 indicate that an effective surface charge
was less negative than during electrophoretic mobility measurements. NF200 isoelectric
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point was observed at pH 4.0. It is reported that at pH 4.00, both NF membranes have a
zero charge.

Figure 2.3 Zeta potential measurements for NF90 and NF200 membranes
(Adapted from Bellona and Drewes) [76]

2.11.6

Effect of pH on polymeric (NF) membrane surface

The role of pH is significant in determining the charge stability on the membrane
surface. Since NF polymeric membranes have a negative, neutral or positive charge
surface, an electrostatic repulsion between the charge on the membrane surface and
solute significantly influence the separation of ions as mentioned above

During the research study by Ahmad et al.

[68]

[77, 78]

.

pesticides (Antrazine and dimethoate)

were exposed to the following TFC membranes namely; NF90, NF270, NF200 and DK.
These experiments were performed at pH 4.0 and pH 9.0. NF90 gave high rejection
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regardless of solution’s pH changes. The trend of pesticides rejections obtained for
NF200, NF270 and DK increased with an increase in pH from 4.0 to 9.0, but decrease
during permeate flux performances.

Desal-5 NF membrane was employed for the recovery of Na ions in NaNO 3 and NaCl
which can be found in town water

[77]

. The water had pH values of 4.25, 4.50 and 4.55

respectively. The pH value above isoelectric point for Desal-5 membrane is 4.0, which
was very close pH value found in town water. They observed that Na + ion rejection
decreased, due to the reduction of the electrostatic repulsion. While its anion (NO 3-),
increased by shielding most of positively charged groups on the membrane at high salt
concentration. The reason behind an increase and decrease in rejection of these ions
was an electrostatic repulsion, which occurred between the proton and positively
charged membrane at pH < 1.6. On the hand the anion (Cl ) encountered a decrease in
retention with regards to opposite of the charge with the membrane surface (counter
ion). This proved that the charge of NF polyamide membranes, does influences the
separation capabilities by altering the pH of the solution.

2.11.7

Metals recovery studies on NF membranes

Metal recovery process such as solvent extraction, is a well known hydrometallurgical
process. This process can achieve a highly selective separation and concentration of
metals from dilute aqueous solutions. Solvent extraction can achieve an effective
enrichment of metals, therefore large amounts of extractants and solvents are needed
to complete the separation process

[79]

. Although the technique is effective, the following

disadvantages are encountered during the process of PGMs recovery;
 extraction rates of the metals are generally lower
 large amounts of extractant and solvent are needed to make up separation
process.
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Therefore, metal recovery still requires a method that could minimize the operational
cost.

A lot of work has been done in the application of membrane technology as an
alternative technique for metal recovery. Nanofiltration membranes, having the ability to
recover metals such as PGMs, heavy metals and charged solutes were tested and
applied by several researchers.

Feini at al.

[80]

used self prepared cellulose acetate (CA) membranes for the recovery of

Na+, Mg2+ and Ca2+ cations. Na+ was recovered fairly with almost 80% as compared to
Ca2+ and Mg2+ which gave >80% of recovery. The poor recovery of Na+ resulted from
low molecular weight cut-off (MWCO) and the charge of the cation. This recovery
behaviour of the CA membranes was influenced by high pressure operation.

Ahmad and Ooi

[21]

also used CA membranes for the recovery of Cu2+ in CuSO4

compound. Highest recovery of 92% of the metal was achieved. The MWCO and
charge of CuSO4 had a huge influence on the recovery by the membranes. They
conclude that, although pH has a less influence on Cu 2+ recovery, the CA membranes
can be operated at acidic conditions.

In another study

[64]

commercial polyamide NF membranes (NF90 and NF-), were

employed for the recovery for Ni2+. The entire membrane processes were operated at
constant pressure of 5 bar. The retention of Ni2+ as NiNO3 salts was found to be 95.3%
and 99.82% at pH 2.4, and as for pH 3.2 it was found to be 94% and 99.85% for NF90
and NF- membranes respectively. The highest retention favoured NF90 membrane is
due to its small pore size as compared to NF-. The above statement clearly shows that,
NF membranes are not only pH or concentration depended but also pressure
dependent.
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2.12

NF membranes fouling

Charge characteristics and fouling tendency, play a vital role in the membrane
performance

[81]

. Fouling is described as the reduction in permeate flux that is

irretrievable. This irretrievable process reduces the efficiency of the membrane
processes by decreasing the flux and hence influencing the desired retention values

[82]

.

The fouling concept on the membranes is regarded as a major constraint in the areas of
membrane applications such industrial wastewater treatment

[83]

, groundwater and river

treatment [84] and water purification institutions.

Fouling results from an increase of solute concentration at the membrane surface. Such
concentration build up generates a diffusive flow back to the bulk of the feed, only for a
given duration of time when steady state condition is achieved. This phenomenon is
called concentration polarization. It is a regular occurrence during dead-end operation of
the membranes [32, 82].

During membrane operation, suspended solid tends to settle inside pores or on
membrane surface causing a decrease in flux. This decrease in flux results when
foulants (particulates or material that block the membrane pores for permeation)
increases on the surface layer. Figure 2.4, is the graphical illustration of membrane
fouling caused by high concentrations of foulants. Membrane pore fouling on (A) is
caused by adsorption of particles, while on (B) fouling occurs on the surface of the
membrane.

A

Porous Membrane

B
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Figure 2.4 Fouling mechanism: (A) Membrane pore fouling; (B) Membrane surface
fouling (adapted from Stolp) [82]
Membrane fouling is also referred to as reversible and irreversible decrease in
permeate fluxubility. The deterioration in flux performance is due to concentration
polarization or fouling phenomena. Schäfer et al.

[85]

clarify that foulants (organics,

solutes etc.) at surface of the membrane exert an influence on passage of solutes
through the membrane.

The major cause will be cake porosity and blocked membranes. One of the critical
effects of fouling has to do with pore size. Foulants which are larger than the membrane
pore size will cause surface fouling due to reduction of pore sizes. Therefore, fouling
influence membrane rejection behaviour

[85]

. Fouling does not only reduces the

permeate flux intensity, it also causes an increase in capital cost and reduction in
applicability of membrane processes.

2.13

History of South African membrane technology application

The earliest membrane research in South Africa started in the early 1953’s on
electrodialysis systems (ED). This operation was conducted at Council of Scientific and
Industrial Research (CSIR). The development of polymeric membranes started in 1973
at the Institute for Polymeric Studies (IPS) at Stellenbosch University (currently known
as Institute for Polymer Science)

[86]

. Some of the membrane developments at

Potchefstroom University include: alumina or chitosan composite membranes. These
membranes were employed for the removal of metals such as Cu 2+, Pb2+ and Zn2+ ions
from polluted water [87].
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2.14

Membrane Technology viability in South Africa

The Department of Water Affairs and Forestry (DWAF)

[88]

is fuelling the demand for the

technology solution, that can resolve a huge challenge faced by water users in South
Africa. A report from this department (DWAF) further stated that, the demand of water
and wastewater treatment has been considered and given attention. The advances in
separation technology especially membrane applications, have a huge significance in
wastewater treatment technology worldwide. Water Research Commission

[89]

reported

that, apart from fouling which serve as a disadvantage during membrane operations,
membranes are now being acknowledged as the viable option in the treatment of water
and wastewater effluents in South Africa.

According to membrane designers (Weir-Envig Membrane Company) based in South
Africa

[90]

, clients such as Eskom, Impala Platinum and Clover use the membrane units

in the desalination plants. Other clients such as Sasol technology (Sastech), African
Products and Saldahna Steel employ membrane elements for industrial effluent
treatment. Therefore, the above mentioned statements show that membrane application
is growing in SA.

Literature on nanofiltration membranes discussed in Chapter 2, indicates that NF
membranes can be used for the recovery of metals from wastewater at an acidic
medium. The next Chapter 3 will describe the experimental methods applied to
accomplish the rejections of metal as synthetic mining wastewater.
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Introduction
In this Chapter, experimental methods are described to investigate NF membranes.
Different materials and chemicals used including the suppliers will be listed. Dead-end
unit (bench scale) set up employed for membranes characterization and rejection of
salts, will be discussed. Experimental procedures conducted during membranes testing
will be described. Instrumentation used to quantify ions (cations and anions) including
scanning electron microscopy (SEM) for membranes surface morphologies, will also be
discussed.

3.1

Materials and methods

3.1.1

NF Membranes

Three flat sheets membranes (NF90, NF270, and NF-) used in the study were obtained
from Dow/Filmtec (South Africa). They were all stored wet at room temperature before
being used. Details and operational conditions of the NF membranes used from the
supplier’s datasheet are listed in Table 3.1.
Table 3.1 Properties of different (NF) membranes and their suppliers
Membrane

NF90

NF270

NF-

Manufactures

Dow/Filmtec

Dow/Filmtec

Dow/Filmtec

Material

Polyamide

Polyamide

Polypiperazine amide

Membrane type

FS

FS

FS

Max. Operating temp. (°C)

45

45

45

Surface charge @ pH 7

Negative [1, 2]

Negative [1, 2]

Negative [1, 3 ]

pH range

2-11

2-11

3-10

MWCO (Da)

90

150

MWCO = Molecular Weight Cut-Off, FS = Flat Sheet, Da = Dalton
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150

3.1.2

Chemicals

Various commercial chemical salts were used in the study. All chemicals employed are
an AR grade and were directly used without undergoing any purification. Chemicals
used and their suppliers are listed in Table 3.2.
Table 3.2 Specifications of commercial chemicals used.
Inorganic

Supplier

MW (g.mol-l)

Purity (%)

PdCl2

Sigma Aldrich

99.99

177.32

(NH4)2PdCl6

Sigma Aldrich

99.99

355.20

NiCl2·6H2O
CuCl

LabChem
LabChem

99.99
99.99

237.65
99.00

CuCl2· 2H2O
AgCl
NaCl

SMM Instrument
Merck
SaarChem

99.98
99.90
99.50

170.47
143.32
58.40

MgCl2

Merck

99.50

95.21

HCl

Merck

37

36.46

AgCl(s) was stored in a dark black container before and after use. This was to avoid
decomposition of silver Ag+ into Ag0 during contact with UV-visible light. Deionised
water with a conductivity of < 2µS.cm-1, was used for the experiments.

3.2

Experimental set up

3.2.1

Dead end unit

Dead end (bench scale) unit with loading capacity of ~ 1,2 ℓ was used. The unit has a
top opening to allow solution (feed inlet) through as illustrated on Scheme 3.1. It could
be operated at maximum pressure of up to 20 bar. A magnetic stirrer fitted inside the
module is used to homogenize the samples. The stainless steel unit has a circular flat
sheet cell with two halves fastened together to tighten the bolts, and a porous support to
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allow permeation. Nitrogen gas (N2) was preferably used as the driving force throughout
the whole experiment. All the experiments were operated at room temperature.
A scissor/blade was used to cut the membranes into required size area. The FS
membranes have an active area of 0.00636 m 2. The FS membranes were kept wet after
being immersed in deionised water for 24 hrs before use (for wetting the membrane
pores), and were introduced into the unit.

Dead end
unit
N2
gas
Feed

Permeate

Magnetic Stirred Cell
Collector

Legend:
: Pressure regulator

: Valve

Scheme 3.1 Schematic diagram of high pressure set up.
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3.3

Instrumentation

3.3.1

Scanning Electron Microscopy (SEM)

A Zeiss ULTRA 55 FEGSEM was used to characterise the properties of NF membranes
layers. A clear image of an overall membranes structure as a top surface, cross-section
and bottom surface was viewed. The instrument uses a field emission tungsten hairpin
filament with a ZrO reserve as an electron source. Elemental analyses for SEM were
also performed. This was done by using a Bruker XFlash SDD detector that is controlled
by Bruker ESPIRIT software. Micrographs for the pore sizes, the pore size distribution
and surface porosity can also be observed. SEM instrument’s analyses were
outsourced from Sasol Technology (Sastech) division based in Sasolburg.
3.3.2

Ion Chromatography (IC)

Dionex ICS 1000 ion chromatographic instrument was used to quantify synthetic
charged ions (Na+, Mg2+ and Clˉ) in samples solutions. The instrument is coupled with
an automated-sampler (AS40) which can accommodate volume of 10 ml per sample
vials, conductivity detector (ED142 Conductivity Cell), column for anion (AS 22) and for
cations (CS 12A), both Ionpack type), suppressor type (CAES) for cations and (ASRS4mm) for anion.
The eluents used were 0.4 M methanesulfonic acid/ultrapure water mixture for cations,
and 4.5 mM sodium carbonate/ultrapure water mixture for anion. Operating pressure for
cations and anion was ≈ 1300psi and ≈ 1100psi respectively. Pump flow rate was kept
constant at (1.20 and 1.00 ml∙min-1) for anions and cations during the course of
instrumental analyses. The parameters were controlled using Chromeleon 6.80
software.
3.3.3

Atomic Absorption Spectroscopy (AAS)

Shimadzu AA 7000 instrumentation coupled with auto-sampler (ASC-7000) was
employed for quantifying inorganic metals (Pd, Ni, Cu and Ag). The instrument was
operated using WizAArd 5.0 software. The instrument was calibrated using a
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commercial standard solution with a concentration of 1000 ppm (99.99% purity). The
operating conditions for the unit in analysing metals are shown in Table 3.3.
Table 3.3 Transition element’s analytical conditions for analysis on AAS.
Element

Pd

Ni

Cu

Ag

Wavelength (nm)

247.6

232.0

324.8

328.1

Lamp current (mA)

10

12

8

10

Support

Air

Air

Air

Air

Slit width

0.7

0.2

0.7

0.7

Fuel

Acetylene

Acetylene

Acetylene

Acetylene

3.3.4

Fourier Transform Infrared (FT-IR/FT) Spectrophotometer

Perkin-Elmer Spectrum 400 Model FT-IR/FT Spectrophotometer was used to identify
the functional groups present per membrane as part of membrane characterization. Dry
specimen of the membrane samples were placed on crystal size and mounted in a near
infrared (NIR) cell. The spectra were collected at spectral resolution of 4.0 cm -1 and 148
scans

were

accumulated.

The

measurement

ranges

for

wavenumber

was

(4000-650 cm-1). The spectra were baseline corrected with the use of Spectrum
software.
3.3.5

pH meter

Crimson 31+ pH meter was used to monitor pH values of sample solutions. Three pH
buffer solutions (4.00, 7.00 and 10.00) were employed to calibrate the instrument for the
intended purposes. This apparatus uses platinum electrode probe ion sensor.

64

3.4

SECTION A: Membrane Characterization

3.4.1

Surface morphology

In a typical analysis, a piece of virgin or used dry flat sheet NF membrane of about 2 cm
length, was cut and placed on an aluminium stub (sample holder). This stub was
covered with a double-sided carbon tape. A conducting layer (gold-palladium) is applied
as coating material to the NF flat sheet membrane samples. This was done to avoid
membrane surface layer being burned or damaged due to high voltage applied. The top
surface cross-section and bottom surface of the membranes were analysed to achieve
surface micrographs or images including elemental composition of the membranes
using SEM/EDAX. The membranes images magnifications during SEM analysis are
listed in Table 3.4.
Table 3.4 Magnifications of three distinct NF membranes during SEM analysis

3.4.2

Membranes

Magnification

NF90

X200

NF270

X1000

NF-

X300

Clean water flux

The membranes were characterised in terms of pure water permeability and rejection of
solutes. The law describe by Darcy

[4]

for water flux through a membrane is shown on

(Equation 3.1):

JW

AW

P

(Equation 3.1)

where Aw is the water permeability (ℓ.m-2.h-1.bar-1), which can be determined
experimentally from the plot of J W versus
membrane pressure (bar) and

P (shown in (Equation 3.2),

P is the trans-

is the osmotic pressure difference. This implies that if
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the feed and the retentate contain pure water, i.e. the osmotic pressure difference
across the membrane become zero, therefore the (Equation 3.1), will be reduced to:

JW

AW

P

(Equation 3.2)

An alternative approach for expressing water flux through membrane is by using HagenPouseuille [5] (Equation 3.3):

JW

where

r2

P
x

8

(Equation 3.3)

x , is the thickness of the membrane (m) and

is the viscosity of water (Pa.S).

If both Darcy and Hagen–Poisseuille (Equation 3.2 and 3.3) are combined,
quantification of water permeability becomes (Equation 3.4):

r2

Aw

where

8

(Equation 3.4)

x

indicate the porosity, which can approximately reveal how many pores can be

found in a medium, and

is the membrane tortuosity. In (Equation 3.5), for the

cylindrical pores perpendicular to the membrane surface,

= 1[5]. Therefore, when it is

approximated that:

1

(Equation 3.5)

When combining (Equation 3.4 and 3.5 ) the following (Equation 3.6) is obtained:

r2 8

x AW

(Equation 3.6)

These experiments were performed at trans-pressure of 5, 10, 15 and 20 bar. But,
before measuring permeate, the first 10 ml of permeate was discarded to remove any
preservatives in the membrane. The flow as volume flux was measured using a
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measuring cylinder. Performances of the membranes were evaluated using dead end
module.

3.4.3

Fluxes of charged solutes

Synthetic sample solutions of charged solutes (NaCl and MgCl 2) were prepared
according to the following concentration ranges; 20, 50 and 100 ppm. The solution
mixtures were prepared from 100 ppm stock solution. The pH of the solutions was
adjusted to pH values of 2.0, 3.0, 5.0 and 7.0. Flux measurements using single-salt
experiments of NaCl, were performed at pressure of 5, 10, 15 and 20 bar at pH value of
2.0. The solution mixtures with varying concentrations were exposed to all membrane
tested. This was to evaluate ion movement and charge on NF membranes. NF90 was
used to monitor the effects of pH for NaCl and MgCl2 during flux measurements.
3.4.4

Charged solute rejection

Charged solute rejection experiments on the single-salts (NaCl and MgCl2) and binarysalts (NaCl/MgCl2) mixture were performed at 5, 10, 15 and 20 bar. Ratio of the ions
was kept 1:1 in all the experiments. Permeate of the solutions was collected through
varying 10 min intervals. Retention of cations was calculated in order to evaluate the
retention capacities of the membranes used with the use of (Equation 3.7):
The procedure used to quantify cations (Na+ and Mg2+) was adopted from the
instrument manual. The retention coefficient ( R ) was obtained using (Equation 3.7):

R 1

Cp

(Equation 3.7)

Cf

Where C p (permeate concentration, ppm) which was obtained after solution permeated
through the membrane, and C f (feed concentration, ppm) was obtained from the
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average initial concentration and retentate (feed solution remaining in the unit at the end
of the experiment) is the feed concentration (ppm).

3.5

SECTION B: Rejection of metals

3.5.1

Synthetic feed solutions

Inorganic mining wastewater sample solutions were prepared in the similar approach as
charged salts. Solution with the concentration ranges of 20, 50 and 100 ppm were also
prepared. PdCl2(s) (Pd2+) and CuCl(s) (Cu+) salts were dissolved with concentrated HCl
aqueous solution. While CuCl2·2H2O(s) (Cu2+), (NH4)2PdCl6(s) (Pd4+) and NiCl2·6H2O(s)
(Ni2+) salts were dissolved using deionised water. In the case of AgCl(s), 1 M Na2S2O3(aq)
solution was used to dissolve the salt.
3.5.2

Rejection of metals

Single-salt metal ion experiments (Pd2+, Pd4+, Ni2+, Cu2+, Cu+ and Ag+) and binary salts
metal ions experiments (Pd2+/Cu2+, Ni2+/Cu2+, Pd2+/Ni2+) mixtures, were also performed
at varying pressure of 5, 10, 15 and 20 bar. The pH of the solutions was kept at pH 2.0
and 3.0. Time (min) intervals were also varied. As for trinary-salt mixtures (Pd2+/
Ni2+/Cu2+) experiments were also performed at pressure of 5 bar and 20 bar at pH 2.0.
Retentate, feed and permeate solutions, were collected and quantified while the metal
retention was also calculated in the manner as with charged solutes.
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Introduction
This Chapter is divided into two sections (A and B). In section (A), data collected in this
study will be interpreted and discussed. Firstly, NF membranes were characterised
using SEM. The clean water permeability experiments were also performed to evaluate
membrane porosity. Flux measurements and rejection of charged solutes will be
discussed. Lastly, the functional groups of NF membranes tested will be identified and
interpreted using FTIR instrumentation.

4.1

Characterization by Scanning Electron Microscopy (SEM)

Figure 4.1 Cross sectional view of NF- Membrane

Thin film composite (TFC) membranes images of NF90, NF270 and NF-, were captured
by SEM to provide membrane’s morphology. Figure 4.1 shows the cross-section of NFindicating three distinct layers namely top polymer (1), porous support (2) and nonwoven layer (3). Top layer is the most important layer during membrane separation
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processes

[1]

. Due to the fact that, it is where charge density is found and rejections are

taking place. Porous support and non-woven layer allow permeation during membrane
processes. These layers are observed in all the NF membranes investigated in this
study. Figure 4.2 shows the top view of NF90.

Figure 4.2 Top view of NF90

The top layer of the membrane (NF90), is a microporous polysulphone supporting
layer [2]. It has a rough surface layer as shown in Figure 4.2.
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Figure 4.3. Top view of NF270

In Figure 4.3, NF270 reflects the smooth surface top-layer with no indication of pores.

Figure 4.4 Top view of NF74

In the case of NF-, the membrane has the smoothest surface top layer resembling
NF270 as seen in Figure 4.4. It can be assumed that both membranes (NF270 and NF-)
will have similar performances (permeability, rejection) based on their smooth surface
layer. However, these two membranes differ in their performance due to the membrane
surface layer functional group.

4.2

Clean water flux

Clean water permeability (Aw, ℓ.m-2.h-1.bar-1) experiments, were performed on all three
NF membranes. The permeate flow shows a linear trend as shown in Figure 4.5. An
increase in applied pressure yields a linear increase in flow rate in all membranes.

Figure 4.5 Plot of pressure vs. flux on various membranes at room temperature.

NF270 was found to have the highest flux (160 ℓ.m-2.h-1 at 20 bar). This could be due to
the large pore size distribution of this membrane, compared to the other two
membranes (NF90 and NF-). Their permeability values are listed in Table 4.1. NF90
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and NF- showed lower fluxes of 109 ℓ.m-2.h-1 and 98 ℓ.m-2.h-1 at 20 bar, and have the
lowest permeability values compared to NF270. This observation could be due to
unequal void sizes amongst NF membranes tested. All the membranes exhibit a linear
increasing trend in flux as pressure increases.

Table 4.1 Clean water permeability value for NF membranes (dead end module)
Membrane

Aw (ℓ.m-2.hr-1.bar-1)

NF90

5.10

NF-

4.54

NF270

7.50

Specifications of NF membrane’s permeability values range between 1.4 ℓ.m -2.hr-1.bar-1
and 12 ℓ.m-2.hr-1.bar-1 with applied pressure between 5 bar and 20 bar
were in accord with the ones found by Lou et al.

[4]

[3]

. These results

. All the membranes tested, adhered

to the specification ranges stated and are an indication that they are indeed NF
membranes. Therefore, the behaviour of these membranes can be related to their pore
sizes and polymer charge density.

4.3

Single salt flux

4.3.1

NaCl salt

Flux measurements for single salt (NaCl) solution, were performed to investigate the
permeability of ions (Na+ and Clˉ) on NF membranes. Figure 4.6, 4.7 and 4.8, illustrate
various

NF

membranes

tested

for

different

salt

concentrations

during

flux

measurements. As can be seen in Figure 4.6 at pH 2 and concentration of 20 ppm,
NF270 shows an increasing NaCl flux with increasing pressure (from 5 bar to 20 bar).
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Figure 4.6 Plot of flux vs pressure of NaCl on three NF membranes at 20 ppm.

Values of flux increase from 50 ℓ.m-2.h-1 at 5 bar to 200 ℓ.m-2.h-1 at 20 bar. However,
NaCl flux on NF90 and NF- also increases but at lower flux rate compared to that of
NF270. At 50 ppm (Figure 4.7), the trend in flux is similar to that at 20 ppm. However,
unlike at 20 ppm, the flux values on NF90 were higher compared to NF-.

Figure 4.7 Plot of flux vs pressure of NaCl on three NF membranes at 50 ppm.
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An increasing trend in NaCl flux on these membranes resembles the clean water flux
measurement shown in Figure 4.5 above. This indicates that, NF- has the smallest pore
sizes amongst the two membranes. In order to further investigate the influence of
concentration, experiments were conducted at 100 ppm (Figure 4.8). The flux for NaCl
solution had the same increasing trend as that at 20 ppm and 50 ppm on all membranes
as shown in Figure 4.8.

Figure 4.8 Plot of flux vs pressure of NaCl on three NF membranes at 100 ppm.

The increasing trend at 50 ppm and 100 ppm was lower compared to the one at 20
ppm. This observation at 50 ppm and 100 ppm, was due to adsorption of Na + and Clˉ
ions on NF membranes leading to possibility of concentration polarization accumulation.
Therefore, adsorption of these ions excludes them from being transported through the
permeable FS membranes. Modise

[5]

reported the same result for NF90 membrane at

concentrations of 20 ppm, 50 ppm and 100 ppm (NaCl) solutions at neutral pH.
Table 4.2 list the fluxibility measurement values of NaCl on various concentrations and
membranes at pH 2.0.
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Table 4.2 Fluxibilty measurements of NaCl on three NF membranes
Concentrations (ppm)
Membranes

20

50

100

NF90

10.18

6.14

7.34

NF-

3.96

3.7

6.28

NF270

2.57

0.8

4.10

In Table 4.2, fluxibility of NaCl on NF90 is higher at 20 ppm than at 50 ppm and
100 ppm. In the case of NF-, fluxibility of NaCl observed was higher than that of NF270
on all concentrations varied. This shows that, movement of ions (Na + and Cl ) was
higher than on NF- and N270.

4.3.2

Effects of pH on NF membranes flux for charged solutes

Figure 4.9 shows the effect of pH on NF90 membrane using NaCl and MgCl2 solutions
during flux measurements. Solution mixtures were adjusted to pH 2.0, 3.0, 5.0 and 6.95
(to monitor flux during movement of Na+ and Mg2+ ions at varying pH conditions). The
concentration used in this case was 100 ppm, and the pressure applied was kept
constant at 20 bar.
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Flux (ℓ.m-2.hr-1)

Charged solutes on NF90, 100 ppm
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Figure 4.9 Plot of flux vs pH of NaCl and MgCl2 at 20 bar.

Flux measurement of NaCl increases from 100 ℓ.m-2.h-1 at pH 2.0 to 150 ℓ.m-2.h-1
at pH 3.0. However at pH values between 3.0 and 5.0, the values decrease but increase
again between pH 5.0 and 7.0. The maximum flux was observed at 112 ℓ.m-2.h-1 (NaCl)
between pH 2.0 and 3.0, while for MgCl2 it was observed at 102 ℓ.m-2.h-1 between 2.0
and 3.0. At pH above 3.0, the decrease in flux measurement on NF90, is due to the
isoelectric point (IOP), indicating that the membrane encounters a zero or negative
charge. Minimum flux was observed at 36 ℓ.m-2.h-1 (NaCl) between pH 5.0 and 6.0,
while for MgCl2 it was observed at 28 ℓ.m-2.h-1 between pH 5.0 and 6.0. At pH 7.0, the
membrane charge density seems to be more of H+ which lead to R3HN+, showing an
increase in flux from pH 5.0 to 7.0. The similar results obtained during flux
measurements on NF membranes, were reported in another study

[7]

with varying pH

levels using NaCl solution.

The signoidal-shaped trend in flux measurements for MgCl2 on NF90 was obtained as
shown in Figure 4.9. A decrease in flux at pH 3.0 for MgCl2 was similar to a decrease
obtained for NaCl flux measurement. This behaviour can also be interpreted as
reaching an IOP of the membrane. The values for Mg2+ ion seem to be lower compared
to those of Na+ since Mg2+ has larger ion size compared to Na+ ion. Hilal et al.
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[6]

reported also that Mg2+ ion has large ion size compared to Na+ ion. This could have an
effect during ion flux measurements The same IOP flux results were obtained on TFC
membrane and were reported by Tang et al.

[7]

, while Ooi et al.

[8]

found that, the IOP of

the laboratory prepared NF membrane is found between pH 3.5 and pH 4.5.
Therefore, pH conditions have an effect on flux measurement of charged solutes.

4.4

Effects of charged solute concentrations on rejection

4.4.1

Charged ion properties

According to charged solutes properties of monovalent (Na +) and divalent (Mg2+)
cations and anion (Cl-) given in Table 4.3, the salt bulk diffusivity ( D ) of Na+ ion is less
than that of Mg2+ ion. While in the case of Stokes radius (rs) or solute size, Mg2+ ion is
larger than that of Na+ ion. The Stokes radius (rs) can be calculated using the following
equation by Stokes-Einstein relationship (Equation 3.8):

rs

where rs

k BT
6 0D

(Equation 3.8)

is Stokes radius (nm), k B the Boltman constant (J.K-1),

0

as the solvent

viscosity (Pa.s-1), T is the temperature (K) and D is bulk diffusivities (m-2.s-1) at infinite
dilution. The values are an indication of molecular diameter of a solute and the Stokes
radius (solute size).
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Table 4.3 Ion characteristics of charged solutes (physical properties of the
species) [9, 10]

D × 10-9 (m2. s-1)

rs (nm)

Na+

1.33

0.18

Mg2+

0.71

0.35

Clˉ

2.03

0.12

Ions

4.5

Rejections of charged solute

4.5.1

Single salt: NaCl

The rejection behaviour of charged solute (NaCl) as single-salt on NF90 membrane was
evaluated at pH 2.0. It is experimentally proven that at low pH, the membrane surface
charge density becomes positive

[1, 11, 12]

. Separation of ions which occurs at membrane

solution interface, is established by Donnan equilibrium, which brings about equity
between the total charge of species in the membrane and those in the solution

[3, 13]

.

Donnan principle indicates that, the ion (cation or anion) having the same charge as that
of the membrane surface (co-ion) will be repelled, and ions with opposite charge
(counter-ion) will be attracted to the membrane surface as reported by Mulder

[3]

.

Figure 4.10 shows NaCl rejection data on NF90 at pH 2.0 with varying concentration
(20, 50 and 100 ppm) and varying pressure (5 to 20 bar). Rejection of Na+ ion on NF90
of 90% at 5 bar and 96% at 20 bar, were achieved at 20 ppm. While at 10 and 15 bar,
the rejection was almost constant achieving between 90% and 94% with a linear
increasing trend.
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Figure 4.10 Plot of rejection vs pressure of NaCl solute on NF90 at pH 2.0.

While at 50 ppm, rejection of 90% at 5 bar and 85% at 20 bar, was achieved. This
indicates that the membrane (NF90) is not influenced by concentration during
separation process. Therefore, an electrostatic interaction between the membrane and
the solute had an influence causing an increase in rejection. Also a typical reason
leading to an increase in rejection is membranes void (pores) size. However, at 100
ppm the rejection was between 80% and 87%, showing a decreasing linear trend as
compared to 20 and 50 ppm as the applied pressure was increased.
For NF- (Figure 4.11), highest NaCl as Na+ ion rejection observed was between 83%
and 75% also 20ppm at 5 bar and 20 bar. While for 50 ppm, similar rejection trend was
observed as 20 ppm at 5 and 20 bar respectively. A linear trend was observed showing
an increase when pressure was increased.
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Figure 4.11 Plot of rejection vs pressure of NaCl on NF- at pH 2.0.

For the highest concentration (100 ppm) solution, a decrease in rejection from
83% to 60% at 5 bar and 10 bar was achieved. While from 10 bar to 20 bar, rejection
was almost constant at ≈60%. This indicates that, the higher the NaCl concentration
solution exposed on NF-, as with NF90, the lower the rejection capacity on the
membrane. The lower rejection of NaCl on the membrane indicates the possibility of
concentration polarization accumulation on the top surface membrane layer.
Chilyumova and Thöming

[14]

reported almost the same results using lower

concentration of NaCl solution.

NF270 (highest permeate flux) had the highest NaCl rejection of 92% at 20 ppm and
71% at 50 ppm, were observed at 20 bar as seen in Figure 4.12. At 50 ppm, the
rejection trend was linear whether pressure was continuously applied from 5 bar to 20
bar. This implied that the pressure had no influence on the rejection values. For 100
ppm, the linear rejection trend was observed from 5 bar to 20 bar. An interpretation in
this case indicates that, although this membrane has high permeate flux amongst other
two membranes, a high rejection obtained was due to high membrane surface
charge [15], and electrostatic interaction between the surface layer and the solute.
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Figure 4.12 Plot of rejection vs pressure of NaCl on NF270 at pH 2.0.

Rejection of anion (Clˉ) presented in Figure 4.13, shows a decrease in rejection trend as
applied pressure increases almost in all membranes employed for the study. According
to ion characteristics of charged solutes listed in Table 4.3, the 0.12 nm Stokes radius
(solute size) for Clˉ ion, suggests an easy transportation of the ion through the
membrane than Na+ ion with 0.18 nm.
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Figure 4.13 Plot of rejection vs pressure of NaCl (Clˉ) on NF membranes at 20
ppm.
Rejection of 60% was the highest on NF90 as compared to 51% and 48% through a
positively charged density membrane surface on NF270 and NF- respectively at 5 bar.
The rejection sequence of Clˉ ion for all membrane tested was that NF90 > NF- >
NF270 as observed. High rejection observed on NF90 was due to small pore size, while
the lowest rejection on NF270 was due to membrane large pore sizes

[16]

. The

monovalent diffusion through the membrane decreased when the membrane pressure
was increased. Due to opposite charge of the surface and the ion (counter-ion), Clˉ
species will be attracted to the surface material thus leading to low rejection
performance on the membranes. Therefore, Donnan equilibrium was compensated
since the ion (Clˉ) had an opposite charge as the membrane’s positive surface charge
density, thus leading to low rejection of the anion.

4.5.2

Single salt: MgCl2

A divalent (Mg2+) ion has a larger solute size (0.35 nm) as compared to monovalent
(Na+) ion with (0.18 nm) according to the charge ion properties listed in Table 4.3. The
large solute size of this divalent ion can influence membrane rejection behaviour, which
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can result in high rejection on the membranes. High rejections of up to 98%, was
achieved at 20 ppm for Mg2+ ion on NF90 irrespective of pressure (Figure 4.14). The
high rejection achieved was due to high molecular weight and larger solute size
2+

Mg

[9, 10]

of

+

ion as compared to Na ion.
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Figure 4.14 Plot of rejection vs pressure of MgCl2 on NF90 at pH 2.0.

At 50 ppm, MgCl2 rejection slightly increased from 88% to 97% at 10 bar and 15 bar,
respectively. An increase in applied pressure operation results in an increase in
rejection capacity (indicating that the more pressure applied on the membrane, the
more Mg2+ ion strongly interacts with the surface layer). While at 100 ppm, a linear
decrease in rejection on NF90 from 96% to 92% was obtained from 5 bar to 20 bar,
respectively. Again, this decrease in rejection trend leads to possibility of membrane
fouling (concentration polarization) to occur during membrane processes. It is clear that
an increase in rejection has partly to do with molecular weight of the ion (Mg2+). This
also includes an electrostatic interaction between positively charged membrane surface
and the solute, when compared to Na+ ion.
In Figure 4.15, NF- rejection was almost constant with ≈ 90% at 20 ppm irrespective of
the applied pressure. At 50 ppm, the rejection behaviour of NF- was almost the same as
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at 20 ppm. In this case the membrane was not influenced by concentration variation.
At 100 ppm, a decrease in rejection of Mg2+ was from 80% to 60% at 5-20 bar.
Therefore, the concentration of Mg2+ ion had an influence on membrane surface layer
which indicated that the larger the solute size, the higher the rejection by NFmembrane.
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Figure 4.15 Plot of rejection vs pressure of MgCl2 on NF- at pH 2.0.

Figure 4.16 shows a linear rejection trend of 95% and 90% from 5 bar to 20 bar at 20
ppm on NF270. At 50 ppm, the membrane has the rejection of between 50% and 60%
from 5 bar to 20 bar, of which it was lower compared to 20 ppm. But at 100 ppm, a
constant rejection trend of ≈ 98% was observed from 5 bar to 20 bar, which was the
highest rejection compare to 20 ppm and 50 ppm. This indicates that at 100 ppm, the
membrane was independent of pressure. This can further be explained that, since
NF270 has the highest permeability compared to the other two membranes, this could
be due to the predicted large pore sizes of the membrane. However, the high rejection
of Mg2+ ion at high concentration level was due to high positive charge membranes
surface layer on NF270 [15].
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Figure 4.16 Plot of rejection vs pressure of MgCl2 on NF270 at pH 2.0.

4.6

Effect of pH on NF membranes rejection

The pH (either acidic or basic medium) influences the separation capability of the
charged NF membranes

[8]

. Figure 4.17, illustrates the rejection of (Mg2+) ion as MgCl2

and (Na+) ion as NaCl on NF90 in all pH medium (2.0, 3.0, 5.0 and 7.0) at pressure of 5
bar and concentration of 20 ppm.
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Figure 4.17 Plot of rejection vs pH of MgCl2 and NaCl on NF90, 20 ppm.
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In Figure 4.17, rejection of 98% was achieved for Mg2+ ion on NF90 at pH 2.0 and 7.0,
while 77% was rejected at pH 3.0. At pH 5.0, 85% was rejected on the membrane. The
U-shaped like rejection trend was observed indicating that pH medium influenced the
rejection of Mg2+ ion on the membrane as mentioned. In the case of the monovalent
ion (Na+), rejection of 90% and 60% were observed at pH 2.0 and 7.0 respectively.
However, the lower rejection performance of the membrane at pH 3.0 was due to the
same IOP observed during flux measurements in Figure 4.9.

4.7

pH effect on rejection of MgCl2

Polymeric membrane are charged (positive or negative) due to their functional group
depending on the monomers during polymerisation process

[16]

. Figure 4.18 illustrates

the influence of charged solute (MgCl2) on all membranes at pH 2.0, 3.0, 5.0 and 7.0
performed at 5 bar.
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Figure 4.18 Plot of rejection vs pH of MgCl2 on NF membranes at 5 bar, 20 ppm.

In Figure 4.18, MgCl2 was used to evaluate pH variation with respect to the
performance of NF membranes. Rejection trend on NF90 and NF270 membranes was
almost similar from pH 2.0 to pH 7.0. A U-shaped like trend was observed on NF90
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rejecting 98% and 77% at pH 2.0 and pH 3.0 respectively while pressure was kept
constant at 5 bar. For pH 5.0 and 7.0, the rejection behaviour of the membrane
increased from 88% to 97%. In essence, an increase from pH 5.0 to 7.0 indicates that
the membranes are pH dependent.

In the case of NF270, rejection of 94% and 74% at pH 2.0 and 3.0 were achieved. At pH
3.0, a decrease in rejection was observed for both membranes (NF90 and NF270), was
due to deprotonation of H+ in the solution when pH was increased. However, at pH 5.0
and 7.0, the same rejection behaviour trend was observed as with NF90, 96% and 76%
were observed indicating dependency of the membranes on pH medium. NF-, showed a
decrease in rejection with an increase pH variation from pH 2.0, 3.0, 5.0 and 6.95.
A decrease in rejection varied from 95% at pH 2.0 to 56% at pH 7.0. The trend implies
that, these NF membranes are pH dependent. In general, NF membranes can be
conducted under acidic pH medium.

4.8

Salt mixture: NaCl/MgCl2 (Na+/Mg2+)

The binary salt (NaCl/MgCl2) mixtures were carried out at 20 ppm on pH 2.0 medium in
all three NF membranes at ratio 1:1. This was to evaluate ion distribution on
membranes as binary mixture during permeation measurements. The difference
between single salt (NaCl and MgCl2) mixture and rejection performance of NF
membranes is shown in Figure 4.19, Figure 4.20 and Figure 4.21.
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Figure 4.19 Plot of rejection vs pressure for NaCl/MgCl2 at 20 ppm.

Figure 4.19 shows that Mg2+ ion was rejected higher than Na+ ion at 5-20 bar. A
constant rejection of ≈ 94% was achieved at (5-20 bar) on NF90. On the other hand,
Na+ ion had 85% and 82% at 5 and 10 bar respectively, with 84% and 79% at (15-20
bar) on NF- membrane respectively. Therefore, movement of Na+ ion seems to be
faster as compared to Mg2+ ion, which leads to lower rejection due to its small solute
size [9, 10].
In the case of NF- (Figure 4.20), Mg2+ ion rejections of 85% and 89% at (5-10 bar) were
observed. While at (15-20 bar), 70% and 86% were achieved, respectively.
However, according to ion characteristics of charge solute, ion with larger solute size
lead to low rejection on polymeric NF membrane [9].
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Figure 4.20 Plot of rejection vs pressure of NaCl/MgCl2 at 20 ppm.

In Figure 4.21 (NF270), the performance of the membrane was interesting since lower
retention of cation was expected due to the largest pore size. However, a linear
rejection trend of ≈ 94% and 90% for Mg2+ ion at (5-20 bar). On the other hand, 90%
and 76% for Na+ ion at (5-20 bar) were achieved. It could be explained that, the lower
the membrane pressure operation, the higher the rejection of solute, depending on the
ionic size and charge of the solute.

The question could be raised with regard to largest pore sized membrane (NF270), on
the rejection performance of heavy metals e.g. PGMs. One of the reasons that make
NF270 performance high during rejection for charged solute, had to do with the
electrostatic charge since it has a high negative charge density compare to NF90 and
NF-.
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Figure 4.21 Plot of rejection vs pressure for NaCl/ MgCl2 at 20 ppm.

4.9

Surface layer characterization

Scheme 4.1 and Scheme 4.2, are adopted structures of typical NF polymeric
membranes functional groups during interfacial polymerization from Chuyang et al.

[17]

.

NF90 is a fully aromatic polyamide material, which is made from 1, 3 phenylene diamine
and benzenetricarbonyl trichloride as starting materials during interfacial polymerisation
process

[16]

. NF270 is a polyamide TFC membrane which is made from piperazine and

benzenetricarbonyl trichloride as starting materials

[17]

. As for NF-, the membrane is a

ˉ

polypiperazine amide contains carboxylic (COOH ) and amide (NHˉ) functional
groups [18].

The purpose of employing FTIR is to identify relative amount of polymeric species
(functional group) present in NF membranes used. The spectra of 3 overlapping
membranes, analysed using FTIR over wavenumbers ranging from 4000-650 cm-1, are
presented in Figure 4.22.
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N

N

In Figure 4.22, NF90 membrane’s top layer (polysulfone) was associated with the
strongest peak at 1240 cm-1 [17, 19], while the carbonyl (C=O) gave the strong band in the
region 1700-1720 cm-1, but was picked at 1713 cm-1. An aromatic stretching band in the
region 3100-3000 cm-1, was absorbed as a weak peak at 3053,3 cm -1 for this
membrane, and are in accord with the previous study

[20]

. The halide (Clˉ) which had a

strong stretching vibration, was associated in the region 785-540 cm-1, which was
peaked at 691,8 cm-1 as primary chloride [19].

Figure 4.22 NF membranes analysis for functional group determination by FTIR.

The diamine group which was used to prepare NF270 was associated as a small band
in the range at 1640-1550 cm-1, but absorbed nearly at ≈1505 cm-1 (Figure 4.22). This
also

includes

chloride,

which

was

picked

in

the

same

region

as

NF90.

Therefore, polyamide membranes (NF90 and NF270) exhibited the almost same
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functional groups with regards to their spectra. In the case of NF-, almost the same
region of polysulfone, chloride and carbonyl group, were associated.
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CHAPTER 4

RESULTS AND DISCUSSIONS: SECTION B
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Introduction
This section (B), illustrates the effects of varying oxidation states metal rejections to
different pH medium, concentration levels and applied pressure on all three tested
membranes, are given and discussed. Rejection of single, binary and trinary solution
mixtures of metals on NF membranes is discussed. Fouled membrane images captured
on SEM/EDX, are also given and discussed.

4.10

Rejection of metal ions

Synthetic metal salt solutions of PdCl2, (NH4)2PdCl6, CuCl, CuCl2·2H2O, NiCl2·6H2O and
AgCl, were filtered in a similar manner as charged solutes (NaCl and MgCl 2) on three
NF membranes (NF90, NF270 and NF-). These NF membranes have a negative
surface charge density at ≥ pH 7.0

[1, 2]

. The surface layer of these NF membranes

become positive charge at low pH medium due to the protonation of the amide
functional group

[3, 4]

. In this study, all the experiments were performed at pH 2.0. The

influence of concentration (20, 50 and 100 ppm) on the rejection behaviour of the NF
membranes was investigated at varying pressures of 5, 10, 15 and 20 bar. As for the
halide (Clˉ) ion, its close proximity to the NF membranes results in an increase in
membrane surface charge

[5]

. However, in this study, its influence in rejection

measurement is not considered. Only metal ions (Pd2+, Pd4+, Cu2+, Cu+, Ni2+ and Ag+) in
their oxidation states were considered for the rejection on different membranes.

4.10.1

Single salt rejection: Pd2+as (PdCl2)

Solution of PdCl2 was exposed on three NF membranes. Figure 4.23 illustrates the
rejection of Pd2+ ion on NF membranes conducted at 20 ppm and at varying pressure
(5, 10, 15 and 20 bar).
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Figure 4.23 Plot of rejection vs pressure of PdCl2 on NF membranes at 20 ppm.

Figure 4.23 shows that Pd2+ ion had a rejection of 89% and 74% at 5 bar and 10 bar
respectively. 60% and 49% was rejected at 15 and 20 bar respectively on NF90. In the
case of NF-, 81% and 40% rejections were achieved at 5 and 10 bar, while at 15 and 20
bar rejections decreased to 20% and 17%, respectively. It appears that rejection on the
NF90 and NF- decreases as pressure increases. In the case of NF270, rejection of
about 50% was achieved at 5, 10 and 15 bar respectively. At 20 bar, the rejection
further decreased to 20%. At 20 ppm the performance amongst these three NF
membranes indicates that, higher rejections were achieved on NF90 followed by NFand NF270. The high rejection observed on NF90 with rough surface layer, was due to
its small pore size

[6]

. The intermolecular repulsion between the solute and membrane

surface layer, lead to high rejection behaviour of the membrane, since the membrane
become positively charged at low pH causing repulsion of cations

[4]

. While for NF- with

smooth surface layer, the rejection was influenced by its small pore size. In the case of
NF270 with smooth surface layer, low rejections observed were due to its larger pore
size. Similar results on NF90 and NF270 were also reported by Chuyang et al. [7]

104

Figure 4.24 Plot vs rejection of PdCl2 on NF membranes at 50 ppm.

At 50 ppm, a similar decreasing rejection trend of Pd 2+ ion was also observed on NF90
membrane (Figure 4.24). Rejection of 96%, 80% and 79% were achieved at 5, 10 and
15 bar respectively. While at 20 bar a low rejection of 60% was observed. In the case of
NF-, rejection of 58% and 39% were achieved at 5 and 10 bar respectively. As the
pressure was increased from 15 to 20 bar, the rejection decreased further to about
20%. It appears that at 50 ppm, Pd2+ ion was highly rejected than at 20 ppm. This
indicates that an electrostatic interaction of Pd2+ ion and the membrane surface at 50
ppm, seemed to be stronger than at 20 ppm. In the case of NF270, low rejection was
obtained compared to NF-. Rejection of 20% at 5 bar was observed while at 10, 15 and
20 bar, rejections of less than 15% were achieved. The low rejections achieved by
NF270 were also due to large pore size. The rejection observed after sequence was
that NF90 > NF- > NF270 for Pd2+ ion.
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Figure 4.25 Plot of rejection vs pressure of PdCl2 on NF membranes at 100 ppm.

At 100 ppm (Figure 4.25), an increasing rejection trend at varying pressure on NF90
and NF- was observed, unlike at 20 and 50 ppm. Rejection of 76% and 80% at 5 bar
and 10 bar respectively, were achieved on NF90. While at 15 and 20 bar, the rejection
increased from 82% to 95%. In the case of NF-, the rejection increased from ≈ 81% at 5
bar to ≈ 83% at 10 bar, respectively. Rejection of 90% and 93% were observed at 15
and 20 bar, respectively. It can be assumed that, an increase in rejection behaviour of
these two membranes (NF90 and NF-) for Pd2+ ion was independent of the pressure
applied.
Murphy and Chaudhai

[8]

reported similar results using Ni2+ ion and confirmed that an

increase in rejection, was because the ion transportation due to convection becomes
significant compared to diffusion. As for NF270, rejection of 72% and 70% were
achieved at 5 and 10 bar. Interestingly, rejection decreased by about 65% at 15 and 20
bar. This low rejection performance on NF270 at 15 and 20 bar, was due to
membrane’s large pore sizes as it has been mentioned before. Therefore, this implies
that some of Pd2+ and Clˉ ion went through the membrane.
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4.10.2

Single salt rejection: Pd4+as (NH4)2PdCl6

The effect of rejection capacity for Pd4+ ion was compared to Pd2+ ion on NF
membranes in order to investigate the influence of charge density. Figure 4.26 illustrate
the rejection performances of Pd4+ ion on all membranes.

Figure 4.26 Plot of rejection vs pressure of PdCl6 on NF membranes at 20 ppm.

In Figure 4.26, Pd4+ ion tends to have a constant rejection of ≈ 99,99%, from 5 to 20 bar
on NF90. While NF- showed a slight decrease in rejection from 74% at 5 bar to 49% at
10 bar. Rejection decreased to ≈ 40% when the pressure was increased to 15 and 20
bar. In the case of NF270, a decrease in rejection of 52% and 40% at 5 and 20 bar
respectively was achieved. Once again, NF90 proved to be the best performing
membrane with high rejection of Pd4+ ion. Therefore, the high rejection of Pd4+ ion
compared to Pd2+ ion was due to high ionic charge and solute size of the ions. Similar
rejection sequence of Pd4+ ion, was found that NF90>NF->NF270 as with that for Pd2+
ion.
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At 50 ppm (Figure 4.27), the constant rejection trend of 81% was observed from 5 to 20
bar on NF90. This suggests that NF90 is independent of pressure. However, NFachieved rejection of 60% and 40% at 5 and 10 bar respectively. While at 15 and 20 bar
(28% and 23%) were observed. While in the case of NF270, the membrane had a
constant rejection of 25% from 10 to 20 bar. The rejection results for NF90 clearly show
that, it is the best performing NF membranes amongst the three, due to its small pore
size.

Figure 4.27 Plot of rejection vs pressure of PdCl6 on NF membranes at 50 ppm.

At 100 ppm (Figure 4.28), rejection of ≈ 63% was observed at 5 and 10 bar on NF90.
But the rejection of Pd4+ increased when the pressure was increased from 15 to 20 bar
(80% and 93%) was observed. As for NF-, a slight decrease in rejection was observed
when pressure was increased. The rejection of 40% and 35% at 5 and 10 bar were
achieved respectively. However, at 5 and 20 bar, constant rejection of ≈ 35%, was
achieved on this membrane.
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Figure 4.28 Plot of rejection vs pressure of PdCl6 on NF membranes at 100 ppm.

Under the current conditions, this shows that these two NF membranes are
concentration and pressure dependent. On the other hand NF270 showed rejections of
19% and 15% (5 and 10 bar), while 10% and 12% (15 and 20 bar) were observed. This
decrease in rejection could also be associated with the possibility of concentration
polarization accumulation, since high concentration leads to flux decline and low
rejection performance of NF membranes [4, 9].

4.10.3

Single salt rejection: Cu+ as CuCl

The monovalent ion (Na+) tends to have a low rejection compared to multivalent ion
(Mg2+) due to their unequal ionic charge and solute size

[10, 11]

. Figure 4.29 shows the

rejection ability of NF membranes for the monovalent (Cu+) ion at 20 ppm.
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Figure 4.29 Plot of rejection vs pressure of CuCl on NF membranes at 20 ppm.

A constant rejection of ≈ 75% from 5 to 20 bar for Cu+ ion, was achieved on NF90
(Figure 4.29). In the case of NF-, a constant rejection of ≈ 68% was achieved from 5 to
20 bar. However, NF270 had a slight lower rejection amongst the other two
membranes, with about 68% (highest) and 43% (lowest) at 5 and 20 bar respectively.
The rejection performances of the membrane on the monovalent ion (Cu +), showed a
low performance at 20 ppm. This was due to the fact that some Cu+ ions went through
the membrane as a result of small solute size and charge of the ion. This indicates that
the pressure applied had little influence on the rejection of the monovalent ion.
At 50 ppm (Figure 4.30), an increasing rejection was observed as the pressure is
increased. Rejection of 59% and 80% at (5 and 10 bar), was achieved, with constant
rejection of 96% at 15 and 20 bar. In the case of NF- high rejection capacity of 96% and
95% was observed at 5 and 10 bar respectively. But a huge decrease in rejection
performance of NF from 15 bar (R ≈ 15%) to 20 bar (R ≈ 40%) was observed. This huge
decrease in rejection at (15 to 20 bar) could imply that, the membrane was adsorbing
some of the Cu+ and Clˉ ions, even though some went through membrane layers as
permeate.
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Figure 4.30 Plot of rejection vs pressure of CuCl on NF membranes at 50 ppm.

NF270 had a poor rejection performance of 37% and 11% at 5 bar and 20 bar
respectively. At higher concentration (50 ppm) the rejection was high as compared to 20
ppm. This could be due to the fact that, the membrane had an easy passage for Cu + ion
to pass through polymeric membrane layers at 20 ppm, as compared to 50 ppm. In
essence, the membrane (NF90 and NF-) pore sizes were occupied by ions as the
concentration increases from 20 to 50 ppm which leads to high rejection measurements.
At 100 ppm (Figure 4.31), a very low rejection of Cu+ ion was achieved on NF90 and
NF- membranes compared to 20 and 50 ppm. Rejection of 63% and 20% on NF90 were
observed at 5 and 10 bar, respectively. But the rejection performance of the membrane
decreased from 15% (15 bar) to 10% (20 bar). On other hand, NF- had a better
rejection compared to NF90 achieving 77% and 70% at 5 and 10 bar respectively. While
from 15 to 20 bar, a constant rejection of ≈ 43%, was achieved.
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Figure 4.31 Plot of rejection vs pressure of CuCl on NF membranes at 100 ppm.

NF270 had a very low rejection of 7% at 5 bar, while it maintained a constant rejection
of 5% from 10 to 20 bar. This could be related to the bigger pore size as seen with high
flux measurement in Figure 4.5 in Section A (Chapter 4). Therefore, it can be reported
that, high concentration solutions tend to lead to low rejection measurements on NF
membranes as the pressure is increased. The lowest rejection of Cu+ ion at high
concentration (100 ppm) level, could lead to concentration polarization or fouling
accumulation as reported by Ahmad and Ooi [4].

4.10.4

Single salt rejection: Cu2+ as CuCl2·2H2O

Rejection of Cu2+ ion as CuSO4 has been previously reported using NF90-2540
nanofiltration membrane in an acidic medium

[12, 13]

. The response was satisfactory with

the rejection of 98% achieved. In this study, the rejection of Cu2+ ion as CuCl2·2H2O is
evaluated using NF90, NF270 and NF- membranes at pH 2.0 while varying
concentrations and pressure. Figure 4.32 illustrates the rejection of Cu2+ ion on NF
membranes at 20 ppm.
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Figure 4.32 Plot of rejection vs of CuCl2 on NF membranes at 20 ppm.

In Figure 4.32, a very high rejection on NF90 was achieved as the pressure was
increased. Constant rejections of (98%) at pressure (5-20 bar), were achieved for Cu2+
on NF90. This implies that, the 2+ oxidation state of copper metal is not influenced by
pressure as with Cu+ ion at 20 ppm. The high rejection of Cu2+ ion against Cu+ ion, is
due to the fact that ionic charge and molecular weight of Cu 2+ ion, is larger than that of
Cu+ ion. However, NF270 and NF- achieved constant rejection trend of ≈90% from 5 to
20 bar. This high increase in rejection for Cu2+ ion was due to membrane surface layer
charge density (positive at low pH) which could repel positive ion. This rejection was
also influenced by the smallest pore size of the membrane. Similar results were
obtained as reported by Karakulski et al. [12], and Ahmad et al [13].
Figure 4.33 indicates that at 50 ppm, rejection of 80% and 77% at (5 and 10 bar) for
Cu2+ ion on NF90 were achieved. The rejection slightly decreased to 74% at 15 bar and
64% at 20 bar. The data shown in Figure 4.33, indicates that the rejection of the
membrane is pressure and concentrations dependent. In the case of NF-, rejection of
about 95% was achieved at 10 bar, while at 5 bar it was 85%, and at 20 bar (75%) was
achieved.

113

Figure 4.33 Plot of rejection vs pressure of CuCl2 on NF membranes at 50 ppm.

If two rejection trends on 20 ppm and 50 ppm can be compared, it will indicate that at 20
ppm, there is high rejection as compared to 50 ppm. This means that, the passage of
the solvent was favoured as compared to that of the solute, which remains quasiconstant

[14]

. The rejection on NF270 was 58% and 26% at 5 and 10 bar respectively,

while 16% and 10% were achieved at 15 and 20 bar, respectively. Again, NF270
performed poorly compared to other NF membranes due to its large pore sizes.
At 100 ppm (Figure 4.34), rejection of 80% (5 bar) and 77% (10 bar) for Cu2+ ion, was
observed on NF90. While 15 bar and 20 bar, a constant rejection of 70% was achieved.
It is clear that, the decrease in rejection trend at 100 ppm, was not much as compared
to Cu+, Pd2+ and Pd4+ ions on NF90. In the case of NF-, constant rejection of (85%) for
Cu2+ ion was observed from 5 bar to 20 bar.
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Figure 4.34 Plot of rejection vs pressure of CuCl2 on NF membranes at 100 ppm.

The performance of NF- shows that, pressure did not have any major influence during
rejection behaviour of the membrane. In the case of NF270, the rejection was also low
with about 65% (5 bar) and 55% (10 and 15 bar), and at 20 bar (50%). Therefore, it can
also be mentioned that, high concentration exposed on NF membranes can lead to
possibility of fouling the membrane. This can also lead to flux decline and low rejection
percentage. In general, rejection of Cu+ against Cu2+ ion is lower with regard to the
solute size.

4.10.5

Single salt rejection: Ni2+ as NiCl2·6H2O

The rejection of Ni2+ ion as NiCl2·6H2O is evaluated using NF90, NF270 and NFmembranes at pH 2.0 while varying concentrations and pressure. Figure 4.35, illustrate
the rejection behaviour of the membranes at 20 ppm.
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Figure 4.35 Plot of rejection vs pressure of NiCl2 on NF membranes at 20 ppm.

At 20 ppm (Figure 4.35), R=84% and R=90% at 5 and 10 bar respectively, were
obtained on NF90. At 10 and 15 bar, the rejection value shows a constant rejection, but
decrease at 20 bar. This could be interpreted that due to the strong interaction between
membrane material (surface layer) and the solute, has tendency to increase the
rejection capacity of the membrane. On the other hand, NF- rejection of 97% (highest)
at 5 bar and adopted a constant rejection trend of 84% at 10 and 15 bar respectively,
but the rejection decreased to 70% at 20 bar. As for NF270, the membrane proved to
have a better rejection performance in the range of 80% and 75% at 5 and 20 bar. The
high charge density of the membrane (NF270), resulted in an increase in rejection
ability.
In Figure 4.36, a constant rejection of 98% was achieved on both NF90 and NFmembranes from 5 to 20 bar at 50 ppm. In essence, both membranes were not
influenced by concentration, and their predicted pore sizes are close as seen during
water flux measurement in Figure 4.2 Section A (Chapter 4). But in the case of NF270,
slight decrease in rejection from 61% (5 bar) to 56% at (10 bar), were obtained. The
large pore size of NF270, lead to a low rejection performance of the membrane.
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Figure 4.36 Plot of rejection vs pressure of NiCl2 on NF membranes at 50 ppm.

At 100 ppm (Figure 4.37), NF90 had high rejection of Ni2+ ion compared to Cu2+ and
Pd2+. A constant rejection of ≈ 98% from 5 to 15 bar was achieved. While at 20 bar,
85% in rejection was observed. On the other hand, NF- had 92% and 78% at 5 and 10
bar respectively. But at 15 bar, the rejection increased slightly to ≈ 96%, while at 20 bar
it decreased to 80%. This shows that, the rejection in this membrane is dependent on
pressure. But in the case of NF270, rejection of 85% (highest) at 5 bar and 50%
(lowest) at 20 bar, were achieved.

117

Figure 4.37 Plot of rejection vs pressure of NiCl2 on NF membranes at 100 ppm.

The high concentration tends to lead to low rejection, especially in the case of NF270. In
essence, this situation can cause fouling depending on the nature and stability of the ion
when increasing an applied pressure. In another study

[15]

it was also observed that

NF90 rejected Ni2+ ion higher than NF- at pH 2.4 than at pH 3.2. This was due an
increase in protonation of H+ in a solution mixture at pH 2.4. Murphy and Chaudhari

[8]

observed similar rejection trend and reported that, the rejection of Ni 2+ ion decreases
when the concentration of the feed solution increases.

4.10.6

Single salt rejection: Ag+ as AgCl

The effect of single salt (AgCl) on NF membranes was investigated with the view of
monitoring the movement of Ag+ ion in the membrane. The rejection of Ag+ ion, were
done at varying pressure and concentration as illustrated in Figure 4.38.
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Figure 4.38 Plot of rejection vs pressure of AgCl on NF membranes at 20 ppm.

In Figure 4.38 (20 ppm), NF90 had the rejection of 85% and 79% at 5 bar and 10 bar
respectively, 76% and 60% were achieved at 15 and 20 bar respectively for Ag+ ion.
While for NF-, rejection of 78%, 80% and 70% were observed at 5, 10 and 15 bar,
respectively. In this case, the rejection was not huge. But at 20 bar, 60% was achieved
as the lowest rejection. However, in the case of NF270 the rejection was 76% at 5 bar
and 59% at 20 bar. Again NF270 performed poorly as compared to the other two NF
membranes, due to its large pore sizes. Therefore, amongst all membrane tested in the
study, NF270 is not the suitable membrane for the filtration of metal ions.
At 50 ppm (Figure 4.39), NF90 had a constant rejection of ≈ 90% from 5 bar to 20 bar.
The high rejection observed is due to high molecular weight of the ion as compare to
Cu+ ion. While in the case of NF-, rejection of 90% and 87% at 5 and 10 bar
respectively, were observed. As the pressure increases from 15 bar to 20 bar, the
rejection decreased drastically to 20%.
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Figure 4.39 Plot of rejection vs pressure of AgCl on NF membranes at 50 ppm.

NF270 also performed poorly amongst the three membranes due to its large pore sizes.
This membrane achieved 58% and 77% at 5 bar and 10 bar respectively, with 90%
(highest) at 15 bar and 38% (lowest) at 20 bar. NF90 and NF- seems to be the best
membranes for metal ions rejection compared to NF270 during membranes processes.
This is because the pore sizes for NF270 are large enough to allow some of the metal
ions to pass through as permeate [5].
Figure 4.40 illustrates that at 100 ppm, NF90 showed a decreasing trend in rejection of
Ag+ ion from 5 to 20 bar. Constant rejection of 79% at 5 and 10 bar was observed.
While a decrease in rejection from 43% at 5 bar to 17% at 20 bar, were achieved. While
NF-, rejected 85% at 5 bar and 76% at 15 bar respectively. This rejection behaviour was
influenced by concentration as the pressure increases. Both NF90 and NF-, has shown
a dependency of pressure.
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Figure 4.40 Plot of rejection vs pressure of AgCl on NF membranes at 100 ppm.

In the case of NF270, less than 40% of Ag+ ion was rejected, while Cl ion was
transported through the membrane as permeate due to counter ion with the membrane
surface layer and small ionic charge. As a result, monovalent ions are rejected lower
than divalent and multivalent ions [16].

4.11

Effects of pH on NF90 rejection

The polymeric membrane (NF90) has generally proven to be the best performing
membrane compared to NF- and NF270. This has to do with the small pore sizes and
membrane’s surface charge density layer. This membrane (NF90), has a positive
charge at low pH. Negative charge tendencies are also gained at high pH

[17]

. This is

due to the charge of the amide group on the membrane surface. According to water
permeability study on NF membrane in Section A (Chapter 4), NF90 has larger pore
size density compared to NF-. Figure 4.41, illustrate pH influence on the rejection of
metal ions (Pd2+, Cu2+ and Ni2+) performed at 5 bar.
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Figure 4.41 Plot of rejection vs pH of ionic metals at varying pH on NF90 at 5 bar.

In Figure 4.41, Cu2+ ion shows an almost S-shaped like from pH 2.0 to 6.1. Rejection of
98% was achieved between pH 2.0 and 3.0. A lower pH and hence higher H +
concentration will cause an electric double layer of positive charges on the membrane
surface

[18]

. But a slight decrease in rejection between pH 3.0 and 5.0 was observed

with an increase at pH 6.1. A slight decrease in rejection at pH 3.0 indicates an
isoelectric point (IOP), which is a net or zero charge of the membrane. This IOP was
also observed during rejection of charged solutes (NaCl and MgCl 2) in Section A
(Chapter 4). At pH 6.1, the solution of metal ions precipitated. This was caused by an
increase in Cl content with increasing pH level, which resulted in fouling the membrane
pores. It could also be caused by tendency of metal ions to undergo reduction/oxidation
into other states. Similar S-shaped trend like was found for Pd2+ and Cu2+ ions. Pd2+ ion
had rejection of about 89%, and was less compared to Cu 2+ ion which had a rejection of
about 98% at pH 2.0. Though Pd2+ has high molecular weight compared to Cu2+ ion, the
membrane charge density could also be responsible for Pd 2+ ion during membrane
separation process.
As for Ni2+ ion, an opposite rejection trend was observed to that of Pd 2+ and Cu2+ ion.
Even though it has been mentioned that at pH 6.1, precipitate is formed in a solution
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during rejection experiments, it was observed that Ni2+ ion resulted in high rejection on
the membrane (NF90). Precipitation formation or fouling on the membrane surface
reduces the membrane’s life-time, while causing slow movement of ion to pass through
the membrane. Therefore, rejection of these metal ions on the NF90 membrane shows
a dependence on pH. Generally, pH has an influence in separation and rejection
membrane processes.

4.12

Binary mixtures

4.12.1

Salt rejection: Rejection of PdCl2/CuCl2 (Pd2+/Cu2+)

The binary salt (PdCl2/CuCl2) mixtures of 20 ppm each were exposed and filtered on
NF90 and NF- membranes at pH 2.0. The results are shown in Figure 4.42 and Figure
4.43. NF90 and NF- membranes gave satisfactory rejection. This was generally proven
for metal ions rejection from Figure 4.24 to Figure 4.34. It is clear NF270 membrane is
not good for rejecting metal ions. An example of NF270 membrane’s poor performance
was shown in Figure 4.27 (Section 4.10.2) for CuCl rejection at 100 ppm. The rejection
for CuCl as Cu+ ion on NF270 was the poorest amongst all metal ions rejection.
Therefore, NF270 will be excluded during binary and trinary solution mixture
experiments.
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Figure 4.42 Plot of rejection vs pressure of PdCl2/CuCl2 on NF90 at 20 ppm.

At 20 ppm (Figure 4.42), Pd2+ ion had high rejection of 98% and 95% on NF90, at 5 and
10 bar respectively. The rejection slightly decreases at 15 bar (92%) and 20 bar (90%).
The same rejection trend was observed for Cu2+ ion with, rejection of 96% (5 bar) and
94% (10 bar), respectively. These results indicate that, Pd2+ ion is lower as compared to
Cu2+ ion, which lead to an increase in rejection of Pd2+ ion than that of Cu2+ ion.
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Figure 4.43 Plot of rejection vs pressure of PdCl2/CuCl2 on NF- at 20 ppm.
In the case of NF- (Figure 4.43), Cu2+ ion seems to be permeating more as compared to
Pd2+ ion. As a result, an increase in pressure leads to a decrease in rejection of the Cu 2+
ion. Rejection on NF- of between 95% and 97% at (5 -10 bar), were achieved while 45%
and 38% were observed at 15 bar and 20 bar respectively. On the other hand, rejection
of Pd2+ ion on NF- was 99.1% at 5 bar and 93% at 10 bar respectively. While from 10
bar to 20 bar, the membrane’s performance for Pd 2+ ion decreased to about 51% (15
bar) and 19% (20 bar).
In general, distribution movement of Cu2+ ion seems to be lower than that of Pd2+ ion,
which resulted in higher Cu2+ ion rejection than Pd2+ ion. This had to do with the metal
ions molecular weight.

4.12.2

Rejection of PdCl2/NiCl2 (Pd2+/Ni2+)

The difference in rejection of the two ions (Pd2+ and Ni2+) in a binary mixture was
evaluated on two NF membranes. Figure 4.44 and Figure 4.45 illustrates the rejection of
these ions as binary mixture at 20 ppm.
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Figure 4.44 Plot of rejection vs pressure of PdCl2/NiCl2 on NF90 at 20 ppm.

In Figure 4.44, highest Pd2+ ion rejection of 98% and 80% at 5 and 10 bar were
observed on NF90. While at 15 and 20 bar, 72% and 45%, were achieved respectively.
In the case of Ni2+ ion, 96% and 90% at (5 and 10 bar) were observed, while for 15 and
20 bar, 70% and 56% was obtained. However, distribution movement of Pd2+ ion was
low compared to Ni2+ ion. This had to do with the charge and molecular weight of Pd 2+
ion which resulted in high rejection than Ni2+ ion.
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Figure 4.45 Plot of rejection vs pressure of PdCl2/NiCl2 on NF- at 20 ppm.

In the case of NF- (Figure 4.45), Ni2+ ion mostly dominated in rejection as compared to
Pd2+ ion. Rejections of 96% at 5 bar and 60% at 20 bar, were achieved respectively. As
for Pd2+ ion, 98% was rejected at 5 bar and 23% at 20 bar. In this case, Ni2+ ion was
favoured by NF-. Therefore, high rejection on NF membranes is not only based on
molecular weight but also the charge of the ion

4.12.3

[19]

.

Rejection of CuCl2/NiCl2 (Cu2+/Ni2+)

Mohsen-Nia et al. [20] employed reverse osmosis (RO) membrane for removing Cu2+ and
Ni2+ as binary mixtures and reported that, 98% of metal ions were recovered at low
pressure. Figure 4.46 and Figure 4.47, indicate the rejection capability of NF90 and NFon binary solution mixtures of Cu2+ and Ni2+ ions for varying pressure (5, 10, 15 and 20
bar) and 20 ppm.
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Figure 4.46 Plot of rejection vs pressure CuCl2/NiCl2 on NF90 at 20 ppm.

In Figure 4.46, rejection of both metal ions seems to have similar decreasing trend with
increasing pressure on NF90. Rejection of 97% and 87% at 5 and 10 bar respectively,
were observed for Cu2+ ion. As the pressure was increasing at (15-20 bar), 88% and
50% rejections were achieved. On the other hand, rejection of Ni 2+ ion was 86% (5 bar)
and 81% (10 bar), while at 15 bar (78%) and 20 bar (75%) were achieved. As a result,
Cu2+ ion was rejected the most throughout the entire applied pressure, except at 20 bar.
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Figure 4.47 Plot of rejection vs pressure (CuCl2/NiCl2) on NF- at 20 ppm.

As for NF- (Figure 4.47), rejection of Cu2+ ion was also high with rejection of 95% and
88% at 5 bar and 10 bar, respectively. But Ni2+ ion, was lessly rejected with <95% and
<40% also at 5 bar and 20 bar. This implies that, an ion with a high molecular weight
(Cu2+) was highly rejected as compared to (Ni2+). These results correspond with the one
reported by Mohsen-Nia et al.

[20]

. Under acidic condition, the membranes are able to

perform best at low pressure and concentration levels. However, the charge density of
the polymeric membrane also determines the rejection capacity of the ions.

4.13

Trinary salt mixture:

4.13.1

Salt rejection: PdCl2/NiCl2/CuCl2 (Pd2+/Ni2+/Cu2+)

Investigations of rejection of “trinary” salt mixture using NF membrane have not been
considered much. The competition amongst metal ions in the same solution is
monitored, using ion distribution mechanism (Donnan exclusion) during co-ions
analysis. The concentrations of the solution considered were 20 ppm and 100 ppm at
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pH 2.0. However, the solution at pH 5.0 was ignored, since it lead to precipitation on the
membrane top layer due to an increase in chloride (Clˉ) content and subsequent fouling.
Figure 4.48, indicates the rejection of three metal ions (Cu2+, Ni2+ and Pd2+) on NF
membranes. All ions had the rejection of ≈ 97% on 20 ppm at low applied pressure of 5
bar. But the rejection decreased as the pressure was increased. This showed that, at
lower pressure the membrane performs best during rejection. In the case of Pd2+ ion,
the rejection was constant with ≈ 96% from 5 bar to 15 bar, and ended with 65%
rejection at higher pressures. Ni2+ and Cu2+ ion shared the same deceasing rejection
trend from 5 bar to 20 bar with increasing pressure. This implies that, NF membranes
are able to reject metals better at low concentration solution and at low pressures.

Figure 4.48 Plot of rejection vs pressure of PdCl2/NiCl2/CuCl2 on NF90, 20 ppm.
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Figure 4.49 Plot of rejection vs pressure PdCl2/NiCl2/CuCl2 on NF-, 20 ppm.

NF- shows a decrease in rejection of all ions as shown in Figure 4.49. Ni2+ ion remained
highly rejected from low to high pressure applied. But Pd2+ ion which was expected to
be highly rejected due to its high molecular weight exhibited low rejection. As for Cu2+
ion, the rejection was 90% at 5 bar but decreased to 58% at 20 bar. It can be explained
that, the charge density of Ni2+ ion is less strong than that of Pd2+ and Cu2+ ions when
they are all in a solution mixture and at these conditions. This could also be because, an
electrostatic interaction between the membrane and the solute, was reduced by the
functional group (NHˉ) that make up the surface charge.
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Figure 4.50 Plot of rejection vs pressure of PdCl2/NiCl2/CuCl2 on NF90, 100 ppm.

In Figure 4.50, NF90 had highest rejection of about 100% for Pd 2+ ion at 5 bar when the
pressure was increased at 100 ppm. But a low rejection was observed at high
pressures. Ni2+ and Cu2+ were rejected with about < 95% as compared to Pd2+ ion at
low pressures (5 bar). These results are comparable to NF- membrane at 100 ppm.
This indicates that their rejection of metal ions on these NF membranes, are
independent of concentration but dependent on the pressure applied at this conditions.
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Figure 4.51 Plot of rejection vs pressure for PdCl2/NiCl2/CuCl2 on NF-, 100 ppm.

In the case of NF- (Figure 4.51), the highest rejections are associated with low
concentration solution mixtures and varying pressure applications. Ni2+ ion rejection was
< 95%, while that of Cu2+ ion was < 90% followed by Pd2+ ion with < 80%. Therefore,
the sequence of the rejection trend follows that Ni2+ > Cu2+ > Pd2+ ion at 100 ppm. The
permeation of ions on the membrane is dependent of molecular weight of the solute or
salt solution.
In general, high concentration solution exposure to the membrane, can lead to either
higher or lower rejection capacity. This also depends on the charge density on the
membrane surface material. Therefore, lower concentration solution and applied
pressure conditions during membrane separation processes; result in high rejection
performances of NF membranes.
It can be summarised that, the metal ion oxidation states influence the membrane
capacity during rejection, and thus depends on the chemical stability of the metal ion.
Hence, it was proved that higher the valence electron of the metal ion e.g. Pd 4+ and
Pd2+, Cu2+ and Cu+ ions, the higher the rejection on NF membranes. Therefore, NF
membranes can be operated at an acidic medium to reject metals even better. This was
proven in this study, during rejection measurements of the ions.
133

4.14

Fouling

4.14.1

SEM images of used membranes

Fouling or concentration polarization, leads to flux decline during membrane
processes

[21, 22]

. This is due to deposition of materials which will lead to build-up on the

membrane surface during permeation

[9]

. Scanning electron microscopy was employed

to capture images of fouled and cake layer formation on NF- membrane surface layer.
Figure 4.52 indicate crystallization of foulants (Ag+ and Clˉ) and other materials at 20
ppm. While Figure 4.53, is an image of definite cake-layer formation at 100 ppm.
Particles magnification at 900 X shows the scattered foulants after forming
crystallization at pH 3.0. As mentioned in Figure 4.1, in Section A, the membrane (NF-)
is characterised as having low flux measurement with a smooth surface layer. This was
because the deposition of foulants easily clogs the membrane as they have small pore
sizes.

Figure 4.52 SEM image of fouled NF-membrane by AgCl at pH 3.0, 20 ppm.
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AgCl, due to its lowest solubility in water and other chemicals or solvents, has a
tendency of being reduced from Ag+ to Ag0. Therefore, the concentration polarization
(fouling) which was caused by Ag+ and Clˉ ions, were adsorbed on the membrane
surface layer. These lead to a cake layer formation on the membrane as shown on
Figure 4.53. This situation can lead to flux decline and reduce the membrane lifetime
operation. The composition of AgCl and other elements found on the membrane surface
as foulants are listed in Table 4.3 as elemental composition by weight percentages.

Figure 4.53 SEM image of fouled NF- membrane by AgCl at pH 3.0, 100 ppm.
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Figure 4.54 EDX elemental composition specta
The amounts of elemental composition by weight percentage present on the membrane
surface layer and pores are listed on Table 4.3. Silver (Ag+) is one with the highest
content of 38.45%, followed by Na+ ion with about 16.45% and so forth. Oxygen (O22-)
was the lowest with an indication that, most of it went through the membrane since it is
a counter ion as the membrane surface layer.

Table 4.3 SEM/EDX elemental composition by weight.
Element
Composition %

S

Ag

Na

Al

Cl

C

O

15.93

38.45

16.45

13.91

2.12

13.19

-10.78
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5.1

Conclusion

Rejection measurements study of both charged solute and metal ions as might occur in
mining wastewater, were successfully evaluated on NF membranes. This was done
through varying their oxidation states at varying concentrations, pressure and pH levels.
Therefore, the hypothesis was proven and the objectives were achieved with regard to
the rejection performances of the NF membranes for the platinum group metals. The
performance of the NF90 and NF- gave satisfactory and convincing rejection values of
> 90% compared to NF270. This was even so when operated at low pressure and
concentration in acidic (pH 2.0) medium and at concentrations as low as between 20
ppm and 50 ppm. Since pH influence the separation and rejection process, pH 2.0 on
average, gave a high rejection trend as compared to pH 3.0 and pH 5.0. This was due
to an increase in protonate (H+) on the positively surface layer material. But at pH 7.0,
the rejection of both metals and charged solutes, tends to increase in rejection as
pressure applied increase.
During membrane characterization, flux measurements using pure water in Section A
(Chapter 4), revealed the characteristics of the membranes before a sample could be
exposed to it. An increasing trend in flux measurements at an increasing pressure, was
in accordance with the membrane permeability performance sequence of NF270 >
NF90 > NF-, at all concentrations of 20 ppm, 50 ppm and 100 ppm. As for rejection
study of the charged solutes, divalent (Mg2+) ion gave a highest rejection than
monovalent (Na+) ion. Amongst membranes employed, NF90 gave a high rejection
levels. The counter ion (Clˉ), which seemed to permeate through the membranes, did so
due to the opposite charged (counter ion) with the membrane surface charge density.
NF90, which is also regarded as loose reverse osmosis type, proved to be excellent in
rejecting single salts and inorganic metals as divalent (Cu 2+ and Ni2+) ion and
multivalent (Pd4+) ion with > 95% and ≈ 99,91% at low pressures and concentrations.
But Pd2+ seemed to be favoured on NF90 than NF-, with rejection > 90%. Even though
during membrane characterization, NF90 was found to have slightly higher flux
measurements as compared to NF-, but had high rejection ability than NF-. Its charged
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surface layer made of polyamide, contributed during an electrostatic interaction with the
solute thus leading to high rejections. In the case of monovalent (Ag + and Cu+) ions,
although most would permeate through the membrane, a fair rejection of > 85% was
achieved at low concentration and in acidic medium.
As for binary and trinary solution mixture, the competition amongst the ions was high,
due to their molecular weight. Ni2+ and Pd2+ ions were rejected on a varying trend on
both NF90 and NF-, but NF- favoured Ni2+ while NF90 did so for Pd2+, at both 20 and
100 ppm solution mixtures.
NF270 membrane was eliminated during metals rejection of binary and trinary inorganic
metal solution mixtures, due to its low performance on average of < 80%. This
membrane performed well, however during charged solute rejection studies. This could
be linked to the fact that, the varying oxidation state and metal ionic charge had an
influence on the performance of this membrane.
In general, NF- had almost similar rejection trends as with NF90 on all experiments
carried during the studies. The characteristics which are closer to NF90 during flux
measurements on the membranes were also observed. Therefore, the two membranes
recommended for rejection of metals at acidic mediums. It can be reported that, the
more solution is concentrated, the lower the flux and rejection which will lead to
concentration polarization or fouling on NF membranes. This was justified by SEM/EDX
spectra analysis during elemental compositions of the foulants in Figure 4.26 and Figure
4.27 (Chapter 4 under Section A). It can be further emphasized that, the performance of
NF- membranes are dependent on pH, concentration and pressure.

5.2

Recommendations

NF membranes have abilities to remove or reject metal ions depending on the surface
charge density of the membrane. Therefore, the following points can be outlined for
further improvement on membrane rejection performance:
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 An acidic medium should be considered for NF membranes applications during
wastewater treatment, since they have capability to remove metals at both high
and low concentration levels.
 Low pressure operation should be utilized for high cations or metals rejection, in
order to minimize the energy consumption during membrane processes.
 Coating or impregnation of NF membranes with a chelating agent e.g. EDTA to
increase surface layer to obtain > 95% of the metals ions.
 The process for NF membrane process should be viable and easy to operate at
high pilot plant scale as experienced on dead end module.
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