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Abstract
Industrial wastewaters are complex waters, which can contain a large variety of compounds such
as heavy metals and salts as well as nutrients, e.g. nitrogen compounds and phosphorous.
Prevention of wastewater formation is not always possible and therefore new more efficient water
treatment techniques are needed. Legislation also supports the use of more efficient water
treatment techniques, which can lead to better purification results and the recovery of valuable
compounds from wastewaters. One technique, which has been of interest, is membrane
technology. Membrane technology can separate heavy metals, salts and nutrients effectively, also
at low concentrations, which is not always possible with conventional water treatment methods.
The main disadvantage of membrane technologies is membrane fouling, which reduces the
membrane permeate flux and separation efficiency. In this thesis membrane techniques were
combined into hybrid processes to increase the efficiency of water treatment to reduce fouling and
to widen the application areas of membrane technologies, as well as to increase the awareness of
the benefits gained when using hybrid membrane processes in wastewater treatment. Three
different hybrid membrane processes were applied. Catalytically active nanofiltration membranes
were used to purify real mine wastewaters from harmful compounds, including sulphate. A
catalytic layer reduced the membrane fouling tendency. Micellar-enhanced ultrafiltration was
applied successfully to the separation of heavy metals from phosphorous-rich wastewater of a
fertilizer company to achieve selective separation. In addition, reverse osmosis and membrane
distillation were applied to the concentration of heavy metals, a metalloid and nitrogen compounds
containing synthetic wastewater efficiently. High volume concentration factor was achieved with
the RO-MD process.
In this thesis high heavy metal, metalloid, and salt removal efficiencies were achieved with all
hybrid membrane techniques. Hybrid membrane techniques were also categorized based on their
properties. The study provides new knowledge on hybrid membrane techniques in the removal of
inorganic compounds from industrial waters.

Keywords: heavy metal, hybrid membrane process, membrane distillation, membrane
technology, nanofiltration, reverse osmosis, sulphate, ultrafiltration, wastewater
treatment
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Tiivistelmä
Teollisuuden jätevedet voivat sisältää kohonneita haitta-ainepitoisuuksia, kuten raskasmetalleja
ja suoloja. Teollisuuden jätevedet voivat sisältää myös ravinteita, esimerkiksi typen yhdisteitä ja
fosforia. Jätevesien syntymistä ei aina voida ennaltaehkäistä, ja siksi uusille entistä tehokkaammille vedenkäsittelymenetelmille on tarvetta. Lisäksi myös lainsäädäntö vaatii entistä tehokkaampaa vesien puhdistusta, mikä osaltaan edistää entistä tehokkaampien puhdistustekniikoiden
kehitystä sekä erotettujen aineiden talteenottoa. Yksi aktiivisen tutkimuksen kohteena oleva
vesienkäsittelyssä käytetty menetelmä on kalvoerotustekniikka. Kalvoerotustekniikoilla voidaan
erottaa tehokkaasti raskasmetalli-ioneja, sulfaattia ja ravinteita, kuten typpiyhdisteitä teollisuuden jätevesistä myös alhaisissa pitoisuuksissa, missä yleisesti käytettävät menetelmät voivat olla
tehottomia.
Yksi kalvoerotusmenetelmien ongelma on kalvojen likaantuminen, mikä alentaa kalvojen
erotustehokkuutta ja vähentää tuottavuutta. Tässä tutkimuksessa kalvojen likaantumistaipumista
on vähennetty yhdistämällä kalvoerotustekniikoita muihin erotusmenetelmiin hybriditekniikoiksi. Tässä työssä on tutkittu kolmea eri hybridimenetelmää. Sinkkioksidilla pinnoitettuja nanosuodatuskalvoja tutkittiin ja verrattiin kaupallisiin nanosuodatuskalvoihin kaivosteollisuuden
vesien puhdistuksessa mm. sulfaatista. Katalyyttipinnoite muutti kalvoja vähemmän likaantuviksi, ja näin menetelmän tehokkuus parani. Miselliavusteisella ultrasuodatuksella erotettiin fosforipitoisesta lannoitetehtaan jätevedestä raskasmetalleja selektiivisesti, ja näin mahdollistettiin fosforin uudelleenkäyttö. Kolmannessa tutkimuskohteessa konsentroitiin kalvotislauksen ja käänteisosmoosin yhdistelmällä raskasmetalli- ja typpiyhdisteitä sisältävää synteettistä jätevettä pieneen tilavuuteen.
Työssä saavutettiin korkeita raskasmetallien ja suolojen erotustehokkuuksia kaikilla käytetyillä tekniikoilla. Työssä arvioitiin myös yhteenvetona erilaisten hybridimembraanitekniikoiden eroja ja ominaisuuksia ja tekniikoita jaoteltiin menetelmien ominaisuuksien mukaan. Työ
antoi uutta tietoa hybridimembraanitekniikoista epäorgaanisten aineiden erotuksessa teollisuuden vesistä.
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hybridimenetelmä,
kalvoerotus,
kalvotislaus,
käänteisosmoosi,
miselliavusteinen ultrasuodatus, nanosuodatus, raskasmetalli, sulfaatti, vedenpuhdistus

Acknowledgements
The research reported in this thesis was conducted in the Environmental and
Chemical Engineering research group of the Faculty of Technology at the
University of Oulu.
First of all, I want to sincerely thank my principal supervisor Prof. Riitta Keiski
who gave me the opportunity to work in her research group. I also want to thank
her for the support and invaluable guidance she gave me during the doctoral studies.
I want to express my warmest thanks to my advisors, Dr. Junkal Landaburu and Dr.
Minna Pirilä for helping me with these studies in the laboratory and throughout the
writing process. You are wonderful people and we have also had many nice
moments when travelling! I want to thank Doc. Esa Muurinen for the help during
these studies and commenting on the thesis manuscript. I would like to also
acknowledge Doc. Mika Huuhtanen, Dr. Tiina Pääkkönen and Dr. Satu Pitkäaho
for helping me with the practical at the final stage of the thesis.
Part of this work has been conducted at Corvinus University of Budapest in
Autumn 2012. I want to thank Prof. Guyla Vatai and his research group for giving
me the great opportunity to work in his group and for the marvellous hospitality.
Special thanks further go to Dr. Ildikó Galambos who helped me a lot in the work
and with practical issues during the researcher exchange period.
I want to express my gratitude to Prof. Inmaculada Ortiz from University of
Cantabria and Prof. Mika Mänttäri from Lappeenranta University of Technology
for the pre-examination of this thesis and their excellent comments on it.
I am thankful to all the co-authors of the journal papers. Without the
collaboration with you this work would not have been possible.
Neither would this work have been possible without financial support. I want
to acknowledge the Finnish Cultural Foundation, Maa- ja vesitekniikan tuki ry, Ahti
Pekkalan säätiö, European Membrane Society, University of Oulu Graduate School,
K.H. Renlundin säätiö, KAUTE foundation and Tauno Tönningin säätiö. I would
also like to acknowledge the Finnish Funding Agency for Innovation (Tekes), the
Academy of Finland, and the European Regional Development Fund (ERDF) for
financing the research projects HYMEPRO (Hybrid membrane processes for water
treatment) (845/31/2011), Sulka (Sulphur Compounds in Mining OperationsEnvironmental Impact Assessment, Measurement and Emission Abatement,
(A32164, 524/2012)), HuJa (Enhancing the treatment of metal containing storm
waters and wastewaters by using natural materials), MoniWater (Measurement of
Trace Metals from Water Matrix) and AdMatU (Design of adsorption materials and
7

units for water treatment for rural Peruvian area) projects, which offered me the
research environment in which to conduct important parts of the thesis.
My warmest thanks to all my colleagues in the ECE research group. The coffee
room of our research group has always been the place to meet people. Thank you
for you all sharing many cheerful moments there! I want to especially thank my
office colleagues Anna Valtanen, Ritva Isomäki, Hanna Valkama and Marja
Kärkkäinen making working much more enjoyable. Auli Turkki has helped me a
lot and taught me to work with membranes in practice during my master’s thesis
work, thank you! I want to thank Liisa Myllykoski for having nice and supporting
discussions and helping greatly with the paper work. Also laboratory technicians
Kirsi Ahtinen and Hannu Matilainen have been part of this thesis working process
by helping in the laboratory, so thanks goes to them as well. I want to thank all my
friends for their nice and relaxing company and sharing such pleasant time outside
work.
Finally, I express my warmest gratitude to my family, my parents Anna-Liisa
and Jaakko and brothers Arto and Mika for their support and valuable guidance in
life. Above all, I want to thank Ville, who has supported me during these years and
always believed that this work will be finalized. We have shared wonderful
moments. I love you!
Oulu, October 2016

8

Piia Juholin

List of symbols
Latin symbols
A
bi
bij
bij
b0
cpi
cfi
CSDS
ftabulated
fvalue
J
J0
Jrel
Jwater,1
Jwater,2
m
M
Pin
Pout
Pp
Q2
QR
R
R2
R2adj
Rq
Ref
Rep
t
T
V
Vf

Active membrane area [m2]
Linear coefficient
Quadratic coefficient
Interaction coefficient
Constant coefficient
Concentration of the compound i in the permeate [mg/dm3]
Concentration of the compound i in the feed [mg/dm3]
Concentration of sodium dodecyl sulphate [mM]
Fisher test critical value
Fisher test calculated value
Permeate flux [dm3/m2h]
Initial permeate flux [dm3/m2h] (in Equation 5)
Relative flux
Initial permeate flux [dm3/m2h] (in Equation 6)
Permeate flux of a fouled membrane [dm3/m2h]
Mass [g]
Molar mass [g/mol]
Pressure of the feed stream [bar]
Pressure of the retentate stream [bar]
Pressure of the permeate stream [bar]
Fraction of the variation of the response predicted by the model
Feed flow rate of the retentate stream [dm3/h]
Rejection/retention coefficient
Fraction of the variation of the response
Fraction of the variation of the response adjusted
Root square roughness
Reynolds number of the feed stream
Reynolds number of the permeate stream
Time [h]
Temperature [°C]
Volume [dm3]
Volume of the feed [dm3]
9

Vr
Wf
Wp
Xi, Xj
Y

Volume of the retentate [dm3]
Flow rate of the feed stream [dm3/h]
Flow rate of the permeate stream [dm3/h]
Coded levels of process factors studied
Predicted response

Greek symbols
ΔpTM
ΔTlog

10

Transmembrane pressure difference [bar]
Logarithmic temperature difference [°C]

Abbreviations
AAS
ANOVA
AMD
BAT
CCC
CMC
DW
FRR
GE
IMS
ICP-OES
MD
MEUF
NF
PES
RO
RSM
SDI
SDS
TOC
UF
VCF
WW
ZLD

Atomic absorption spectroscopy
Analysis of variance
Acid mine drainage
Best available technology
Central composite circumscribed design
Critical micelle concentration
Distilled water
Flux recovery ratio
Green Engineering
Integrated membrane system
Inductively coupled plasma emission spectroscopy
Membrane distillation
Micellar-enhanced ultrafiltration
Nanofiltration
Polyethersulfone
Reverse osmosis
Response surface methodology
Silt density index
Sodium dodecyl sulphate
Total organic carbon
Ultrafiltration
Volume concentration factor
Wastewater
Zero liquid discharge

11

12

List of original papers
This thesis is based on the following publications, which are referred throughout
the text by their Roman numerals:
I

García V, Häyrynen P, Landaburu-Aguirre J, Pirilä M, Keiski RL & Urtiaga A (2014).
Purification techniques for the recovery of valuable compounds from acid mine
drainage and cyanide tailings: application of green engineering principles. Journal of
Chemical Technology & Biotechnology 89(6): 803-813.
II Häyrynen P, Kääriäinen ML, Riihimäki M, Sliz R, Landaburu Aguirre J, Pirilä M,
Fabritius T, Cameron D & Keiski RL (2016). Comparison of ALD coated nanofiltration
membranes to unmodified commercial membranes in mine wastewater treatment.
Manuscript.
III Häyrynen P, Landaburu-Aguirre J, Pongrácz E & Keiski RL (2012). Study of permeate
flux in micellar-enhanced ultrafiltration on a semi-pilot scale: Simultaneous removal of
heavy metals from phosphorous rich real wastewaters. Separation and Purification
Technology 93(0): 59-66.
IV Häyrynen P, Galambos I, Szekrényes K, Keiski RL & Vatai G (2013). Concentration
of nitrogen compounds and heavy metals by a reverse osmosis-membrane distillation
hybrid process. In: Krzysztoforski J & Szwast M (eds) Proceedings from the 6th
Membrane Conference of Visegrad Countries. Polish Membrane Society: 110-122.

Juholin (née Häyrynen) was the main author of papers II-IV. In Paper I, Juholin
planned the content of the publication together with the other authors and wrote
parts of the paper concerning membrane technologies in acid mine drainage and
the purification of cyanide tailings and also the part on the use of green engineering
principles for improving environmental performance. In Paper IV Juholin was
responsible for the reverse osmosis part, while the membrane distillation
experiments were conducted primarily by the other authors.

13

14

Table of contents
Abstract
Tiivistelmä
Acknowledgements
7
List of symbols
9
Abbreviations
11
List of original papers
13
Table of contents
15
1 Introduction and aims
17
1.1 Objectives and scope ............................................................................... 18
2 Inorganic compounds in industrial wastewaters
21
2.1 Heavy metals in aqueous solutions ......................................................... 21
2.2 Nutrients in aqueous solutions ................................................................ 24
2.2.1 Phosphorous ................................................................................. 24
2.2.2 Nitrogen compounds .................................................................... 25
2.3 Salts in aqueous solutions ....................................................................... 26
2.3.1 Sulphate ........................................................................................ 26
2.3.2 Chloride ........................................................................................ 27
3 Hybrid membrane processes
29
3.1 Basics of membrane technology ............................................................. 29
3.1.1 Membrane process performance ................................................... 31
3.2 Definition and benefits of hybrid processes ............................................ 32
3.3 Categorization of hybrid membrane processes ....................................... 35
3.3.1 Chemically or biologically enhanced membrane processes ......... 37
3.3.2 Integrated processes as hybrid membrane processes .................... 39
3.3.3 Reactive membrane materials....................................................... 43
3.4 Hybrid membrane processes used in this study ...................................... 45
4 Materials and methods
47
4.1 Wastewaters as feed solutions ................................................................. 47
4.2 Experimental procedure .......................................................................... 48
4.2.1 Separation of inorganic compounds by catalytic
nanofiltration ................................................................................ 48
4.2.2 Heavy metal separation from phosphorous-rich
wastewater by micellar-enhanced ultrafiltration .......................... 51
4.2.3 Concentration of inorganic compounds by reverse osmosis
– membrane distillation ................................................................ 53
15

4.3 Analytical methods.................................................................................. 57
5 Results and discussion
59
5.1 Results of the inorganic compound separation by catalytic
nanofiltration ........................................................................................... 59
5.2 Results of heavy metal separation from phosphorous-rich
solution by micellar-enhanced ultrafiltration .......................................... 67
5.3 Results of concentration of inorganic compounds by reverse
osmosis–membrane distillation ............................................................... 72
6 Summary and conclusions
81
References
85
Original papers
95

16

1

Introduction and aims

Water is needed in almost all industrial manufacturing processes. The use of water
varies considerably between sectors and processes. As a consequence of water
usage in industrial processes, it may become contaminated and almost all the water
taken into industrial processes ends up as wastewater (Ranade & Bhandari, 2014).
Closed-loop systems and water reuse aim at optimized water use in industry to
reduce the ecological footprint. In zero liquid discharge (ZLD) water is not
discharged to the environment due to complete wastewater purification and reuse.
At the same time the need for water intake is considerably reduced. (Ahirrao, 2014)
Since water pollution in industrial processes in inevitable, water treatment
techniques are needed to reach the limits set by the environmental legislation when
waters are discharged to the environment, to enable water reuse in industrial
processes, and to avoid water pollution.
Technological improvements especially in biological, chemical and physical
water treatment in the early 20th century have created the basis for the modern water
treatment technologies. In 1960s a boom in water treatment extensively started.
(Asano & Levine, 1996) Nowadays, further concerns about water pollution are
arising and actions towards water pollution control are increasing due to more
serious water problems and tightening legislation globally.
New more stringent environmental permits limit the discharge of harmful
compounds into waters and the best available technologies (BAT) are required.
Membrane technologies are one of these BATs in wastewater treatment, e.g. in the
chemical sector, as well as in the textile or waste treatment industries.
(Buonomenna, 2013; European Commission, 2003; European Commission, 2006b;
European Commission, 2014)
Membrane based water treatment plant at industrial scale has been used since
1960s when, in the USA, reverse osmosis was applied for sea water desalination
(Mulder 1998). One example of an industrial wastewater treatment plant has been
in use since the 1990s. In Jarny, France, drinking water quality standards were
achieved from the drainage water of an iron mine by nanofiltration. The capacity
of that plant was 75 m3/h having a maximum water recovery rate of 75%. (Bertrand
et al., 1998) Also in 2007 in South Africa in the eMalahleni area reverse osmosis
was started in acid mine drainage treatment to produce drinking water. The capacity
of the water reclamation plant is 25 000 m3/day and the water recovery ratio is 99%.
(Hutton et al., 2009) Another example exists in Sotkamo, Finland, where Terrafame
Group Ltd. uses reverse osmosis for mine water treatment to separate sulphate, for
17

example, from the drainage water. The capacity of the plant is 5 040 m3/day. The
purified water can be reused in the process. However, despite these successful
industrial scale processes, there is still place for wider use of membrane
technologies in wastewater treatment. The use of membranes on an industrial scale
has been limited due to the relatively high cost of the treatment method.
Development of membrane materials and combinations of these techniques into
hybrid processes are under development to obtain more efficient and
environmentally benign water treatment technologies.
The combination of membrane techniques into hybrid membrane processes has
been studied in this work. The aim is to understand hybrid membrane processes and
their role and abilities more precisely in industrial wastewater treatment. Further
targets of this study are the reduction of fouling and improving membrane process
efficiency. The aim is also to develop membrane processes for industrial
wastewater treatment especially for heavy metals and metalloids, sulphur,
phosphorous, nitrogen compounds, and chloride ion removal to produce clean
water. These compounds can be harmful in the environment and for human and
animal health. They are found in the mining, metallurgical, or fertilizer industries.
Also the selective separation of heavy metals from phosphorous rich wastewater
has been studied to enable the reuse of valuable phosphorous in fertilizer
production. The concentration of heavy metals and nitrogen compounds has also
been studied to achieve a highly concentrated retentate stream which is easy to
handle further and from where the reuse of heavy metals, e.g. by precipitation, is
easier. In this work the waters studied have been mainly real industrial wastewaters
from mining and fertilizer industries, but also a synthetic wastewater solution,
which was based on metallurgical industry wastewater has been studied on a bench
scale.
1.1

Objectives and scope

The objectives of this work can be summarized as follows:
1.
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To find new knowledge about the removal and concentration of (heavy) metals,
sulphate and nutrients by using advanced membrane technologies, including
micellar-enhanced ultrafiltration, catalytic nanofiltration, reverse osmosis and
membrane distillation and to study membrane performance in industrial
wastewater treatment;

2.
3.

4.

To study separation of heavy metal ions, to achieve selective separation and to
concentrate ions in wastewaters by using hybrid membrane processes;
To evaluate hybrid membrane processes (catalytic membrane, micellarenhanced ultrafiltration, reverse osmosis – membrane distillation), their
differences and properties in industrial wastewater treatment compared to
standalone membrane processes;
To define the concept of a hybrid membrane process.

Paper I is a review paper about purification techniques for acid mine drainage,
cyanide tailings, and recovery of valuable compounds. Based on the literature
survey the main separation techniques for heavy metals and cyanides were revised.
In addition, twelve green engineering (GE) principles were used for assessing the
environmental performance of the separation techniques. Benefits of the use of
hybrid membrane techniques in the purification of wastewaters and recovery of
metals were shortly reviewed.
In Paper II ZnO coated nanofiltration membranes are used for real mine
wastewater purification. Commercial nanofiltration membranes were coated with
ZnO using an atomic layer deposition (ALD) technique. The coated nanofiltration
membranes were compared to uncoated commercial membranes. The membranes
were applied to separate sulphate, nitrate, chloride and manganese from real mine
wastewaters. Characteristics of the membranes, removal efficiencies and
membrane permeabilities were studied to evaluate the membranes’ performances.
Paper III studies micellar-enhanced ultrafiltration for heavy metals separation
from real phosphorous rich wastewater. The wastewater was real seepage water
from the fertilizer industry and the water contained 1.3 g/dm3 of phosphorous, and
cadmium, zinc and nickel in low concentrations (<0.5 mg/dm3), which were water
contaminants. In the paper several variables such as feed flow rate, pressure and
concentration of surfactants were studied to evaluate membrane fouling and heavy
metal removal efficiency.
Paper IV is related to the concentration of heavy metals and nitrogen
compounds from synthetic wastewater by reverse osmosis and a membrane
distillation hybrid system. Concentration was performed to obtain a small volume
of retentate, which is easy to treat further or store. In the preliminary studies two
reverse osmosis membranes, Osmonics AK and TriSep ACM2, were tested. Based
on the preliminary results, Osmonics AK was selected for further studies. Osmonics
AK was applied to concentrate the wastewater up to a volume concentration factor
of 37.5. The effect of the feed flow rate and transmembrane pressure on heavy metal
19

concentrations were studied. After this step an RO concentration membrane
distillation was used to concentrate water further. The effect of direct and counter
flow set ups, membrane type and flow rate on the permeate flux and separation
efficiency were studied.
The membrane separation processes applied in Papers II-IV can be included in
the class of hybrid membrane processes. The definition and characteristics of
hybrid membrane processes can be rather versatile. Due to their different
characteristics, hybrid membrane processes are studied in more detail, and their
characteristics are assessed in this thesis.
Table 1. Introduction of the research papers and their contribution to the research aim.
Original

The research aim

papers

Hybrid membrane

The product

process
classification

Paper I,

Introduction to the mine water treatment

review article Water purification technologies and their
assessment using GE principles
Paper II

Purification of real mine waters using commercial

Reactive materials

Clean water

Selective heavy metal removal from P-rich

Chemically

P-rich water

wastewater by MEUF

enhanced process

having low

nanofiltration membranes and ZnO coated
membranes
Study of the coating layer characteristics
Paper III

Effect of operating conditions on the permeate flux

heavy metal

Statistical design
Paper IV

Separate RO and MD stages in the concentration
process
Effect of variables, i.e. T, p, W, membrane material
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concentration
Hybrid technology

Concentrated
ions

2

Inorganic compounds in industrial
wastewaters

Industrial wastewaters have industry and site specific characteristics. The quality
of the waters depends on a wide variety of factors. The quality of the waters can
have seasonal fluctuations due to changed evaporation, rainfall, temperature etc. In
this study especially mine waters, and one water stream from the fertilizer industry
have been studied.
Besides weather conditions, the quality of mine waters is affected by bedrock
characteristics and ore processing technologies, for example. Typically mine waters
have low levels of organic compounds while inorganic compounds such as sulphate
and nitrogen compounds and heavy metals are widely present. Mine waters can
have a low pH depending on the quality of bedrock and its tendency to form acid
mine drainage. For the treatment of acidic waters lime is widely used for pH
increase when metal ions are prone to precipitate. Lime increases the pH levels
when acidic waters are not led to the environment. During the operational stage
mine wastewater can be formed from dewatering water, from enrichment processes
and drainage from waste rock storage areas. (Kauppila et al., 2013)
The fertilizer industry also produces wastewaters, which have increased the
concentrations of inorganic compounds in natural water bodies. Phosphorous
fertilizers are produced from apatite ore. Yara Suomi Oyj in Uusikaupunki has a
gypsum landfill area where rainwater infiltrates through the landfill area and
phosphorous-rich water containing low concentrations of heavy metals is collected
from a ditch surrounding the landfill site. That wastewater was used in the
experiments in Paper III.
Characteristics, such as toxicity and limits in drinking water of the compounds
studied in this thesis are represented in the following sub-chapters. These
compounds include heavy metals, phosphorous, nitrogen compounds, sulphate, and
chloride ions.
2.1

Heavy metals in aqueous solutions

The word heavy metal has many definitions and it has not been clearly defined by
any authoritative body. Heavy metal refers to the density of metals, although
density does not define the properties of the elements very well. (Duffus, 2002) As
an example, arsenic (As) has some similar properties to heavy metals. However,
arsenic is a metalloid and this is the way As has been referred to in this study.
21

Heavy metals exist in the earth crust and soil. Although heavy metals are
naturally present in the environment, concerns towards these compounds have been
raised due to anthropogenic actions. Heavy metals drift into the environment from
sources such as power plants, processing and combustion of petroleum products,
agrochemical and animal feed production, the paper and pulp industry, and the
metal and mining industry. (Suresh Kumar et al., 2015; Kauppila et al., 2013;
Periasamy & Navasivayam, 1996) Also natural soil erosion, urban runoff and
geogenic activities cause heavy metal drift into waters. (Chowdhury et al., 2016)
Heavy metals cannot degrade or be destroyed and therefore they have a
tendency to accumulate in nature. Heavy metals can also drift into the food chain
and into animal and human tissue (Chowdhury et al., 2016). Heavy metals are
harmful already at low concentrations and the health effects of heavy metals depend
on the heavy metal compounds and their oxidation state. A typical health concern
is their carcinogenic effect. Heavy metal concentrations can become significant in
sediments of water bodies and this accumulation increases their harmfulness.
(Helcom 2010; Nabulo et al., 2010) Due to the harmful nature of heavy metals,
their release into the environment is restricted in many environmental laws
(European Commission, 2006a; European Commission, 2010; Helcom, 2002).
Besides heavy metals, some other compounds such as metalloids have similar
properties to heavy metals. One of these metalloid compounds is arsenic, which is
a harmful compound at low levels. Arsenic can be found naturally in the
environment but can also be dispersed in the environment by anthropogenic activity.
Arsenic can dissolve in waters as arsenate or arsenite depending on the redox
potential, pH and biological processes. Arsenic can be found also in the form of
methylarsonate and dimethylarsenate. (EFSA, 2009)
Anthropogenic sources of arsenic are domestic wastewaters, non-ferrous metal
smelting, and refining and manufacturing of metals and chemicals. Arsenic can be
found in sea water at the level of 1.5-1.7 μg/dm3, in groundwater at 0.1-2 μg/dm3,
in areas of sulphide mineral deposits or volcanic rocks up to 3400 μg/dm3 and in
mining areas up to 48 000 μg/dm3. (EFSA, 2009)
Manganese (Mn) is a transition metal and it is the twelfth most abundant
element in the Earth’s crust. Manganese can have oxidation states of +2, +3, +4,
+6, or +7, of which the oxidation state of +2 is dominant in water at pH 4-7. Higher
oxidation states can occur in basic conditions. Manganese is a trace element and is
thus essential for humans. A concentration of manganese above 0.1 mg/dm3 in
water causes stains and an unpleasant taste and above 0.2 mg/dm3 it will form a
layer on pipes. Manganese is regarded as one of the least toxic elements. The
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recommendation given by WHO for the Mn concentration in drinking water is 0.05
mg/dm3 but health effects can occur above 0.4 mg/dm3. Exposure to excess
manganese can cause effects in the nervous system. (Patil et al., 2016; WHO, 2011)
Manganese can be removed using several different removal techniques. Possible
removal techniques include precipitation e.g. hydroxide precipitation and carbonate
precipitation, coagulation/flocculation, electrocoagulation, ion exchange,
adsorption, and membrane processes including pressure driven processes and
electrodialysis. (Patil et al., 2016; WHO, 2011) Heavy metals, transition metals and
metalloids studied in this thesis and their toxic symptoms and drinking water
quality guidelines are summarised in Table 2.
Table 2. Limits of heavy metals, metalloids and transition metals in drinking water and
their toxic symptoms. A summary of compounds studied in the thesis.
Heavy metal/

Drinking water

metalloid/

quality guideline

Literature

Toxic symptoms

transition metal
Arsenic (metalloid) 10 μg/dm3

WHO, 2011a

Long-term

symptoms:

hyperpigmentation,

hypopigmentation, skin, bladder, lung cancers,
dermal lesions.
Cadmium

3 μg/dm3

WHO,

2011a; Carcinogenic (Group 1), prostate cancer, lung

IARC

2012; cancer. Accumulates in kidneys and causes

WHO, 2010
Chromium

50 μg/dm3 (for total WHO,
chromium)

dysfunction.

2011a; Carcinogenic. Cr+3 belongs to Group 3 and Cr6+

IARC 2012

belongs to Group 1. Carcinogenic, causes e.g.
lung and, stomach cancer.

Copper

2 mg/dm3 over 1 WHO, 2011a

Essential nutrient. High dosage can cause gastric

mg/dm3

irritation, nausea, liver and kidney damage and

cause

staining
Manganese

0.05 mg/dm3

anaemia.
WHO, 2011b

(transition metal)

Essential nutrient. Over 0.1 mg/dm3 deteriorates
water taste and therefore lower concentrations
are favoured.

Nickel

70 μg/dm3

WHO,

2011a; Lack of evidence of a carcinogenic risk from oral

IARC 2012

exposure. Can cause allergy when in skin
contact. Carcinogenic when inhaled (Group 1).

Zinc

No

health-based WHO,

guideline

2011a; Essential nutrient. No effect on health at levels

IARC 2012

found in drinking-water. >4 mg/dm3 deteriorates
water taste.
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2.2

Nutrients in aqueous solutions

2.2.1 Phosphorous
Phosphorous (P) is an essential nutrient, which cannot be replaced by other
constituents in plant and animal growth. It is a non-toxic compound, however when
consumed at high levels some digestive problems can occur. Phosphorous has made
modern agriculture and factory farming possible. Besides agriculture, phosphorous
is used also in detergents and chemicals such as phosphoric acid. Phosphorous
exists usually in the form of phosphate (PO43-) in waters. Excess amounts of
phosphate which have drifted into surface waters may cause problems due to
eutrophication. (Van Vuuren et al., 2010; U.S. Geological Survey 2015) As an
example, a lake suffering from eutrophication has a total phosphorous
concentration above 35 µg/dm3. Phosphorous can drift into waters from agriculture,
municipal wastewaters, and industry.
Phosphorous is obtained from apatite minerals, which are a non-renewable
resource. Phosphate reserves in the world are limited although there is no shortterm or mid-term signs of mineral depletion. High quality phosphorous reserves are
concentrated in few countries; Morocco and Western Sahara, China, Syria and
Jordan (U.S. Geological Survey, 2015), which makes it susceptible to political
conflict and causes variation in the price of the mineral.
A more effective use of phosphorous is needed to prolong the availability of
the mineral (Van Vuuren et al., 2010). Therefore, separation of phosphorous from
agricultural, industrial or municipal wastewaters is needed to head towards the
sustainable use of natural resources.
Phosphorous can be present in a variety of different industrial wastewaters. High
phosphorous concentrations are found in municipal wastewaters and in agricultural
waters. In the mining of phosphate rock and in the production of phosphorous
containing fertilizers it drifts also into the wastewaters. As an example, in the
environmental permit of Yara Oy Uusikaupunki fertilizer production plant the
discharge limit from the water treatment plant to the Baltic Sea for total
phosphorous concentration is 1 mg/dm3. In general, the limit for phosphorous
discharge from the chemical industry should not exceed 2 mg/dm3 (Helcom, 2002).
The most common phosphorous removal technique from wastewaters is
precipitation with salts of multivalent metal ions such as Al3+, Fe3+ and Ca2+.
Another alternative is biological phosphorous removal where phosphorous is
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incorporated into cell biomass. The formed sludge is then possible to be removed
from wastewater. (Metcalf & Eddy, 2003)
2.2.2 Nitrogen compounds
Nitrogen compounds have nine oxidation states (-3 to +5). Nitrogen compounds
tend to oxidise to nitrate (NO3-) in waters, but also nitrite (NO2-) and ammonium
(NH4+) ions can be present. These compounds are highly water-soluble and they
easily drift into ground waters. Nitrogen compounds are nutrients and they can
cause water eutrophication if they are present in excess concentrations in surface
waters. (Glass & Silverstein, 1999; Jermakka et al., 2015)
Nitrate concentration in drinking water is limited to 50 mg/dm3 (WHO, 2011).
Studies have shown that ingested nitrate in conditions where N-nitroso compounds
are formed by endogenous nitrosation is possibly carcinogenic. (IARC, 2010)
Ingested nitrate in food and drinking water has been suggested to elevate the risk
of bladder cancer, however, results are not evident (Wang et al., 2012; EspejoHerrera et al., 2015). Nitrogen compounds are also linked to blue-baby syndrome,
methemoglobinemia, having an effect on the oxygen-carrying capacity of the blood.
(U.S. Environmental Pollution Agency, 2002)
A health-based guideline for ammonium consumption has not been derived
since concentrations occurring in drinking water are not seen to endanger human
health. Ammonium ions in ground waters are usually below 0.2 mg/dm3 and in
surface waters concentrations of 12 mg/dm3 can occur. (WHO, 1996)
Nitrogen compounds can be present in many industrial wastewaters including
metal finishing wastewaters, explosives and fertilizer production or mine
wastewaters (Glass & Silverstein, 1999). Discharge of nitrogen into the water
bodies from the chemical industry should not exceed 50 mg/dm3 as a total-N
(Helcom, 2002).
Agriculture and especially the use of nitrogen containing fertilizers comprise
two thirds of the nitrogen loads in surface waters. Also, treated wastewater from
conventional activated sludge processes is one of the main nitrogen sources in
wastewaters. (Chang et al., 2013) The reuse of nutrients originating from fertilizers,
including nitrogen containing fertilizers, is gaining growing interest in Europe.
One source of nitrogen compounds in mine wastewaters is undetonated
explosives. It has been found that 15-19% of explosives stay in the ore and rock
from where they can drift to natural waters. (Häyrynen K. et al., 2008) Separation
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of nutrients from main wastewaters is thus important and also the role of passive
treatment techniques has become important in mining resorts.
Several separation techniques are possible to apply for nitrate removal from
waters. Biological denitrification, chemical denitrification using zero-valent iron or
zero-valent magnesium and ion exchange belong to the most used nitrate removal
techniques. Also membrane separation processes, such as reverse osmosis and
electrodialysis, are used as removal processes. Nitrate removal is challenging and
the cost of the treatment technologies can be relatively high. (Jermakka et al., 2015;
Bhatnagar & Sillanpää, 2011)
2.3

Salts in aqueous solutions

2.3.1 Sulphate
Sulphate (SO42-) is a common specie in waters originating from natural and
anthropogenic sources. Sulphate concentrations can increase in waters due to
industrial actions such as chemical or mining actions when sulphur containing
chemicals are used or due to the oxidation of sulphide minerals. Municipal waters
also have increased sulphate concentrations (20-500 mg/dm3). (Lens et al., 1998)
Elemental sulphur oxidises to sulphite and sulphate in waters when oxygen is
present and therefore sulphate is the main concern among sulphuric compounds in
many wastewaters (Akcil & Koldas, 2006).
Sulphate is a non-toxic compound. However, it can cause gastro-intestinal
effects at high concentrations (>500 mg/dm3) in drinking water. It can also cause
taste impairment of drinking water in concentrations above 250 mg/dm3.
Sulphate can cause environmental problems if an excess amount is released
into waters. It can cause increased salinity in water bodies causing dead zones when
heavier salty water accumulates at the bottom of basins. Increased sulphate
concentrations can be present in phosphorous recirculation and cause phosphorous
releases from sediments which leads to eutrophication. (Simate & Ndlovu 2014)
Sulphate forms salts with calcium, sodium and magnesium, for example, which
foul industrial equipment and piping easily. Their removal and cleaning can be very
challenging. In addition, sulphate can contribute towards corrosion of stainless steel
equipment in water treatment plants (Cui, 2016).
Mine wastewaters in Finland are often acidic due to the oxidation process of
sulphide minerals which produces acid mine drainage (AMD)). AMD is formed
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when sulphide minerals are exposed to water and oxygen in mineral processing.
Through several reactions, metal ions, such as heavy metals and sulphuric acid are
formed. Acid mine drainage is categorized as an extensive environmental problem
which occurs in operating and abandoned mines. (Akcil & Koldas, 2006; Al-Zoubi
et al., 2010)
Precipitation is a common method to remove sulphate from industrial and mine
wastewaters. As a drawback it consumes a lot of lime or other precipitation
chemicals and it is not able to reach sulphate concentrations below 1 g/dm3 of
sulphate. (Kauppila et al., 2013) Sulphates can be separated from wastewaters
using emerging technologies, such as nanofiltration (NF) or reverse osmosis (RO).
Selection between these two membranes depends on the feed water quality.
Certain limitations exist in the use of membranes in mine wastewater treatment.
Sulphates are severe membrane foulants and their management is important for
effective water treatment. Sulphate forms salts with calcium, sodium and
magnesium, for example, which can foul membranes and equipment easily. The
removal of the fouling layer and thus the cleaning of the fouled equipment are
challenging. Therefore, pre-treatment is often needed if sulphate concentrations are
high. (Al-Zoubi et al., 2010)
2.3.2 Chloride
Chloride (Cl-) is widely present in the environment, for example in seawater.
In addition, it is also present in industrial wastewaters. In industrial processes
chloride can cause corrosion of process equipment and when lead to the
environment it causes environmental problems (Colla et al., 2016).
Chloride does not cause health concerns at those levels found in drinking
waters.
The threshold depends on the associated cation and is in the range of 200-300
mg/dm3 for potassium, sodium and calcium chloride. High concentrations of
chloride give a salty taste in drinking water. (WHO, 2011) Chloride ion can cause
corrosion of stainless steel. (Cui, 2016)
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3

Hybrid membrane processes

Treatment of water with membrane technologies can be divided into two categories:
standalone processes and hybrid systems. A standalone system comprises just a
membrane unit without any other treatment merged with the membrane process.
Standalone processes are the simplest version of membrane processes. (Singh, 2015)
Hybrid membrane technologies have gained special interest in the 2000s. By using
hybrid membrane processes, benefits in product quality, environmental and energy
impacts and plant footprint can be obtained. (Drioli & Fontanova, 2004)
In hybrid systems other treatment technologies are used to obtain improved
performance, including a higher removal efficiency, an increased amount of treated
water, a lower fouling tendency etc. These improvements are also the goals in
process intensification and, therefore, hybrid membrane processes can be beneficial
in achieving these goals. (Drioli et al., 2011)
To understand hybrid membrane processes, the basics of membrane technology
need to be understood and are introduced in Chapter 3.1.
3.1

Basics of membrane technology

Membrane is a thin selective barrier separating two streams from each other. The
barrier can permeate selected compounds more easily than others (Judd & Jefferson,
2003; Mulder, 1998).
The most used membrane techniques are based on a pressure difference
between membrane feed and permeate sides. These techniques include micro-,
ultra- and nanofiltration and reverse osmosis. Molecules are separated based on the
size of molecules by a sieving effect in micro- and ultrafiltration. In addition, in
nanofiltration and reverse osmosis the interaction of membrane charge with ions
has a significant role in separation. Other driving forces are chemical,
electrochemical and thermal, and concentration/vapour pressure gradients. (Mulder,
1998)
Membrane materials can be made of polymeric materials, such as polyamide,
cellulose acetate, polyether sulphone, or from ceramic materials such as aluminium
oxide, zirconium oxide or silicon oxide (Judd & Jefferson, 2003; Mulder, 1998).
This work has concentrated on polymeric membranes, which are still the most used
membrane materials due to their lower price compared to other membrane materials.
Polymeric membranes also have more appropriate properties for the studies
conducted during the present work compared to ceramic membranes.
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In membrane processes the stream which goes through a membrane is called
the permeate and the rejected stream is called the retentate. Membranes can be used
for concentrating compounds or for separation of solutes from a solution. The
wanted product may be either permeate or concentrated retentate stream depending
on the desired product. Table 3 represents some examples of membrane processes
with different driving forces. The separation mechanism and application where
these techniques are applied are also shown.
Table 3. Examples

of

membrane

processes

with

pressure,

temperature,

electrochemical or concentration gradients as the driving force. (Judd & Jefferson, 2003;
Mulder, 1998; Xie et al., 2016)
Driving force

Membrane

Separation mechanism

Typical separation / application

Microfiltration

Sieving

Suspended solids

Ultrafiltration

Sieving

Colloidal particles

Nanofiltration

Sieving, electrostatic

Multivalent ions and other charged

interactions, solubility

molecules

process
Pressure gradient

diffusion
Reverse osmosis

Differing solubility and

Monovalent ions

diffusion rates of solvent
and solutes
Temperature and

Membrane

Evaporation, transport in

Non-volatile compounds from volatile

vapour pressure

distillation

pores and condensation

solution

Electrodialysis

Differing ionic size, charge Desalination of water or food, amino

gradient
Electrochemical
gradient

and charge density of

acids

solute ionsDonnan
exclusion
Concentration

Pervaporation

Solution/diffusion

Dehydration of organic solvents,

mechanism

removal of organic components e.g.

Liquid membrane

Affinity to carrier

Removal of ions, organic liquids

Forward osmosis

Diffusion, osmotic pressure Concentration of streams: activated

Dialysis

Difference in diffusion rate, Hemodialysis, alcohol reduction in

gradient / vapour
pressure
Concentration

alcohols, aromatics from water

gradient

sludge, anaerobically treated sludge.

Concentration (and Donnan dialysis
electrical potential)
gradient
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solution diffusion

beer, base recovery

Donnan exclusion

Acid/base recovery

The membrane techniques applied in this research are introduced in more detail in
the following chapters. The applied techniques include ultrafiltration, especially
micellar-enhanced ultrafiltration, nanofiltration and reverse osmosis. Thermally
driven membrane distillation has also been studied.
3.1.1 Membrane process performance
Rejection/retention coefficients of compounds and permeate fluxes are the main
characteristics defining membrane processes. The permeate flux (J) defines the
flow through the membrane per membrane area and time for permeation and it can
be calculated using the following equation
,
(1)
where V is the volume of the permeate sample, t is the time needed for collecting
the permeate sample and A is the active membrane area.
The rejection/retention coefficient (R) defines the percentage of solute
removed by the membrane process. The rejection of the solute can be calculated as
follows
1
,
(2)
where Cfi is concentration of the compound i in the feed and Cpi is the concentration
of the compound i in the permeate.
When concentrating a retentate stream to a small volume, the volume
concentration factor (VCF) is a typical coefficient, which defines the rate of
concentration.
,
(3)
where Vf is the volume of the feed at the start of filtration and Vr is the retentate
volume.
The transmembrane pressure (TMP) is an often used form of pressure in the
membrane cell. It calculates the average pressure on the membrane unit with the
equation
,
(4)
where Pin and Pout are the pressures of the feed and retentate streams, respectively.
Pp is the pressure on the permeate side, which is the atmospheric pressure and
therefore has been neglected.
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When fouling of the membrane was studied in Paper II, the relative permeate flux
(Jrel) was calculated. Relative flux is the ratio of the flux at any time during the
filtration experiment and the initial permeate flux of a clean membrane. The relative
flux is calculated using the following equation,
,

(5)

where J is the average permeate flux during filtration and J0 is the initial permeate
flux of a clean membrane.
The flux recovery ratio (FRR) is used for comparing the initial permeate flux
to the permeate flux of a fouled membrane. The equation used is
,
%
100,
6
,

where Jwater,1 is the initial permeate flux in the filtration of deionised water and Jwater,2
is the permeate flux of a fouled membrane in the filtration of deionised water.
3.2

Definition and benefits of hybrid processes

A usual the definition of a hybrid membrane process is that a membrane is
combined with other processes so that the hybrid process gives a better
performance than either of the two processes (Fane, 1996). A hybrid process can
be described as a ‘1 + 1 > 2’ process when a combination of two separation
techniques results in a better technique compared to these processes used alone.
The term ‘integrated membrane system’ (IMS) has also been used to describe a
conventional membrane process (nanofiltration, reverse osmosis) with an advanced
pre-treatment method prior to the membrane process. (Kruithof et al., 1998;
Nederlof et al., 2000; van Paassen et al., 1998) The terms ‘hybrid’ and ‘integrated’
are often used as synonyms. However, in this study the term ‘integrated membrane
process’ is used when water purification techniques are used one after another.
By using hybrid membrane processes the combinations of treatment techniques
are considered to provide an opportunity to exceed the limitations of conventional
processes (Buonomenna, 2013). Hybrid systems often target reducing weaknesses
of a certain process. Regarding membrane processes, one of the main drawbacks,
membrane fouling, is often targeted with hybrid process solutions, which also
affects the membrane lifetime and process performance. Hybrid membrane
processes can be used for increasing the quantity of treated water, to achieve higher
removal efficiency and cleaner products, and to reduce the need for membrane
cleaning. As an example, pre-treatment prior to the membrane process is one type
of a hybrid process and it can improve the flux of the membrane unit, which
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positively affects productivity and makes the process more efficient. (Ang et al.,
2015; Singh, 2015)
Options for hybrid membrane process combinations are numerous due to the
large variety of possible combinations. Besides traditional water treatment
techniques, also two or more membrane techniques can be combined into a hybrid
process.
In addition, there are numerous configuration options for process integration.
Other water treatment techniques can be integrated as a pre- or post-treatments or
they can be integrated into the same unit with the actual membrane process. One
example is using advanced and novel membrane materials or by combining the use
of chemicals into the membrane process. (Drioli et al., 2011)
In Paper I (García et al., 2014) hybrid membrane technologies have been
evaluated using the 12 Green engineering (GE) principles (Anastas & Zimmermann,
2003). In that paper, hybrid membrane technology was assessed using the 12
principles and it was evaluated which of the 12 principles are fulfilled. Principle 2
‘prevention instead of treatment’ is fulfilled because in hybrid membrane processes
fouling is often prevented by using water pre-treatment. Also principles 3 ‘design
for separation’ and 4 ‘maximise efficiency’ are realized since hybrid membrane
processes are more energy, material, time and space efficient solutions. In general,
hybrid membrane processes promote sustainable growth.
Membrane fouling
One of the biggest problems of membrane technology is membrane fouling, which
can be targeted with hybrid membrane technologies. In practice, fouling reduces
the permeate flux and can deteriorate the quality of permeate and therefore
decreases membrane performance i.e. productivity, membrane lifetime and
increases operating pressure (energy) needed. All these things increase the costs of
water treatment (Kang & Cao, 2012).
Membrane fouling can be reversible or irreversible. Irreversible fouling cannot
be removed by physical (high shear rate, back washing) or chemical cleaning.
Interactions between foulants and the membrane surface play an important role in
membrane fouling. Foulants can be attached to the membrane by adsorption, by
precipitation and crystallization, by blocking the membrane pores or they may form
a more concentrated layer of separated compounds on the membrane surface, which
can be called a gel layer or concentration polarization on the membrane surface.
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Fouling has a tendency to change membrane properties, e.g. hydrophilicity and
surface charge which can alter permeate quality. (Roudman & DiGiano, 2000)
The feed water composition, such as pH, concentration, ionic strength and
certain fouling compounds affect the fouling tendency. (Tang et al., 2011) Foulants
can be either organic or inorganic matter. Typical inorganic foulants are calcium
sulphate, calcium carbonate, magnesium sulphate etc. In this way, the fouling
tendency depends on the feed water composition. Fouling in mine wastewaters is
typically due to inorganic foulants, e.g. calcium sulphate.
Solid particles can cause abrasion and breakage of the membrane material.
They can also block flow channels and feed spacers of spiral wound membrane
elements. Particulate fouling is the most severe in lead elements and in pressure
vessels. They can be removed e.g. by screening or particulate filtration.
In scaling, sparingly dissolved ions deposit and crystallize on the surface of
membranes and process equipment when the solubility of salts is exceeded. Scaling
can be controlled by the pH adjustment or by adding antiscalants to the feed water.
(Henthorne & Boysen, 2015)
Accumulation of, e.g., microorganisms, algae or plants on the membrane
surface causes fouling of membrane and is known as biofouling. Biofouling can
reduce permeate flux of an RO system. (Cui et al., 2015) Biofouling can usually be
removed by chemical cleaning using an alkaline agent, which removes biofouling.
The cleaning is often completed with an acidic agent to remove scaling. Biocides,
such as chlorine can be used as a pre-treatment to inhibit growth of bacteria.
(Filloux et al., 2015)
Fouling can be controlled by selecting optimal operating conditions. A high
feed flow rate, operating below the critical flux (i.e. the flux below which a decline
of the flux with time does not occur), operating temperature and good membrane
material choice reduce the membrane fouling tendency. Physicochemical
properties of the membrane surface, such as hydrophilicity, roughness and
electrostatic charge, are major factors influencing membrane fouling. In general
hydrophilicity reduces membrane fouling since foulants are usually hydrophobic
compounds. (Kang & Cao, 2012; Tang et al., 2011)
In membrane processes retained compounds tend to build-up on the membrane
surface when driving forces are present. That is called concentration polarization.
The increased concentration of retained compounds on the membrane surface leads
to fouling of the membranes. Concentration polarization and fouling can be
controlled using increased shear rate in the feed stream in pressure driven processes.
(Mulder 1998)
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In addition, a good pre-treatment is very important for successful operation
which can be included in a hybrid membrane technology. Pre-treatment is already
a widely used method to reduce fouling and membrane damage by removing
colloids and compounds causing fouling. As an example, micro- and ultrafiltration
membranes are among the most used pre-treatment methods followed by
nanofiltration or reverse osmosis systems. (Henthorne & Boysen, 2015)
3.3

Categorization of hybrid membrane processes

Since hybrid membrane processes are highly versatile processes, categorization of
these techniques was necessary. In this study hybrid membrane processes have been
divided into three sections: chemically or biologically enhanced membrane
processes, integrated processes as hybrid membrane processes and reactive
membrane materials. The categorization was done based on our own experience
during the experimental part and is based on the literature survey. These categories
are introduced in more details below.
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Table 4. Examples of membrane processes combined into hybrid processes.
Hybrid

Characteristics

Example process Advantage

Reference

process
Chemically or Membrane process
biologically

where chemicals or

enhanced

biological reactions are

membrane

applied to achieve

process

desired functionalities

MEUF/SEUF

Reduced fouling and

Baek et al., 2007;

energy consumption

Dunn et al., 1985;
Marsh et al., 2012

Membrane

Control of reaction

Drioli et al., 2011;

bioreactors

conditions, high

Zhang et al., 2016b

productivity, single unit
operation

Integrated

Process operations

processes

performed in series. Can
include membrane unit
combined with other

Slurry

Simultaneous reaction Molinari et al., 2016

photocatalytic

and separation, reuse

membrane

and recovery of

reactors

photocatalyst

Coagulation - NF

Reduced fouling

Ang et al., 2016

Ion exchange –

Increased water

Vanoppen et al.,

RO

recovery, reduced

2016

scaling

membrane processes or
traditional water

Distillation –

Decreased energy

Nagy et al., 2015;

treatment techniques.

pervaporation

consumption

Rom et al., 2016

Wanjale et al., 2016

hybrid system
Reactive

Membrane material

PS/TiO2

Enhanced

membranes

having e.g.

composite

hydrophilicity,

(photo)catalytic,

nanofibre

adsorbing Cu-ions

adsorptive, magnetic or

membrane

other functionality which

Adsorptive

enhances separation

membrane

efficiency or productivity

AlMe3 + RO

Ease of operation

Salehi et al., 2016

Reduced fouling

Nikkola et al., 2014

of the process.

As a drawback membrane processes can have more complicated system design
when hybrid processes are applied especially in the case of integrated processes
where treatment techniques are in series. Also investment costs can increase due to
the more complex systems. Therefore, water treatment has to be designed carefully
so that the advantages of the process become evident compared to the
disadvantages.
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Hybrid or integrated membrane processes have been of interest for the last 20
years (Figure 1). The number of publications referring to “integrated membranes”
has increased and in 2015 the number of publications came to almost 250
documents. Membrane processes are still an underdeveloped technology and new
innovative outcomes in applications and unit structures are expected. Hybrid
membrane processes can offer new innovative solutions and they offer new
possibilities for sustainable industrial growth (Drioli et al., 2011).

Fig. 1. Number of publications having “integrated membrane” or “hybrid membrane”
mentioned in the abstract, key words or title. The subject area was limited to chemistry,
chemical engineering, material science, engineering or environmental science. Scopus
searched 25.5.2016.

3.3.1 Chemically or biologically enhanced membrane processes
One form of hybrid membrane processes is the combination of membrane
technologies, e.g. micro- and ultrafiltration, with chemicals such as surfactants and
polymers. Chemicals act as an aid to enhance separation during the filtration
process. Examples of chemicals include complexing agents, surfactants, coagulants,
antiscalants and catalysts. In 1996 the use of these membrane technologies was
already thought to have an interesting future (Fane, 1996). However, 20 years later
the technologies still play only a minor role. A drawback of these technologies is
the regeneration of the chemicals, which apparently has not reached a sufficient
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technological level. Also secondary pollution from the chemicals can cause
environmental drawbacks and the price of the technique can become high due to
the possible extensive use of chemicals.
Antiscalants are widely used in desalination processes. In desalination when
the concentration of ions increases on the membrane surface due to the
concentration polarization and increased concentration of the bulk stream,
precipitation of ions on membrane and process equipment surfaces begins to occur.
This phenomenon is called scaling. Antiscalants decrease the risk of scaling besides
the pH adjustment and chemical cleaning. (Ang et al., 2016) The mechanism for
reducing scaling is the change in the crystal morphology, which inhibits nucleation
and crystallization processes and affects the threshold inhibition. The use of an
antiscalant is an example of a chemically enhanced membrane process. Without the
use of antiscalants operating costs would increase due to the loss in membrane lifetime and process efficiency. As an example antiscalants and pH adjustment are used
in Jarny, France, where water of a flooded iron mine is treated with nanofiltration
membranes (Bertrand et al., 1998).
Membrane bioreactors (MBR) are one type of hybrid membrane process where
biological water treatment is combined with a membrane process, especially with
micro- or ultrafiltration. MBR is a successful example of a biologically enhanced
membrane process applied in industry and wastewater treatment plants. MBRs are
applied in municipal wastewater treatment, in the treatment of wastewaters from
the textile industry or in the production processes of foods, antibiotics, fine
chemicals. Reactive separation can be obtained in the MBR system. Biocatalytic
reaction and simultaneous separation are integrated into one process unit, which
enables the simultaneous separation of e.g. inhibiting compounds or the products
of the biological process. (Drioli et al., 2011; Jegatheesan et al., 2016)
Micellar-enhanced ultrafiltration
Micellar-enhanced ultrafiltration (MEUF) was applied in this study in Paper III.
This separation method is based on the use of a surfactant in the feed stream of an
ultrafiltration process. Dissolved ions which are meant to be separated are attracted
by oppositely charged surfactant molecules and they attach to the surface of a
micelle when the concentration of the surfactant exceeds the critical micelle
concentration (CMC). These large ion-micelle complexes are then retained by the
ultrafiltration membrane based on the size difference of the membrane pore and the
molecule. Ions which are not attached to the surface of a micelle are able to
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penetrate through the membrane pores due to their small size. Low energy
consumption is an advantage of the MEUF technique since the pressures remain at
the level of ultrafiltration. (Abbasi-Garravand, 2014; Dunn et al., 1985)
As a drawback, MEUF can cause secondary pollution to the environment if the
used surfactants are leaked to the permeate. Therefore, biosurfactants have been
developed to reduce the environmental risk. (El Zeftawy & Mulligan, 2011) The
MEUF technique is still under development and as an example the reuse of
surfactants from the retentate stream has to be solved to reduce environmental risks
and to increase profitability of the technique.

Fig. 2. Operational principle of MEUF.

3.3.2 Integrated processes as hybrid membrane processes
In this present work integrated membrane process was applied in Paper IV where
pressure driven reverse osmosis was combined with thermally driven membrane
distillation.
Pressure driven membrane processes
Micro- and ultrafiltration
Micro- and ultrafiltration are well known pressure driven membrane processes.
These processes can separate suspended solids and colloidal particles. The pore
size of microfiltration and ultrafiltration membranes ranges from 10 to 0.05 µm and
0.05 µm to 1 nm, respectively. The typical operating pressure for MF is between 12 bar and in UF it can vary between 1-10 bar. (Mulder, 1998) Due to the low
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operating pressure, these membrane techniques have low energy consumption
compared to nanofiltration and reverse osmosis.
Regarding hybrid membrane technologies, micro- and ultrafiltration processes
are often used as a pre-treatment method prior to nanofiltration or reverse osmosis
to reduce the fouling tendencies, which enables higher productivity and membrane
cleaning. (van Paassen et al., 1998)
Nanofiltration
Nanofiltration (NF) is one of the most known membrane separation techniques. NF
can effectively separate multivalent ions such as Ni2+, Zn2+ or SO42-. The pore size
of a nanofiltration membrane is smaller than 2 nm. Separation is based on the
sieving effect of the membrane and on the charge effects between membrane
material and the ions. Ions having a similar charge to the membrane material are
repulsed by the membrane. The operating pressure of nanofiltration membranes can
vary between 10-25 bar. (Mulder, 1998; Peeters et al., 1999) In fact, nowadays lowpressure nanofiltration membranes are developed and they can operate even at 2
bars (Labban et al., 2017).
Reverse osmosis
Separation in reverse osmosis (RO) is based on solution-diffusion model. RO
membranes can separate monovalent ions such as nitrogen compounds (NO3-, NO2or NH4+) or chloride (Cl-). RO membranes are dense membranes and water diffuses
through the membrane material. Operating pressure can vary between 15-80 bar.
(Mulder, 1998) Reverse osmosis produces very pure water and it is widely used in
desalination of sea water for drinking water production. A drawback of the RO
process is the high operating pressure which consumes a lot of energy. Additionally,
the permeate fluxes of RO membranes are relatively low and large membrane areas
are needed increasing the investment costs.
Most often when speaking about hybrid processes, this refers to the use of
several different techniques one after another. In membrane processes pretreatment is especially common, which reduces membrane fouling tendencies and
thus increases membrane profitability. The technologies combined may be
conventional treatment technologies, such as precipitation, ion-exchange or
adsorption, or other membrane technologies. One of the most used pre-treatment
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technologies in membrane processes is coagulation to remove turbidity and
suspended solids from feed water. (Dalvi et al., 1999; Ang et al., 2016)
A membrane-membrane hybrid process has two different membrane processes
used one after another. In pressure driven membrane processes usually a membrane
having a large membrane pore size (microfiltration, ultrafiltration) can be used
prior to nanofiltration or reverse osmosis units to remove colloidal particles and
thus to reduce membrane fouling. (Ang et al., 2015)
In a paper by Stoquart et al. (2012), different hybrid membrane configurations
for drinking water treatment were studied. The technologies used were activated
carbon combined with a low-pressure membrane process, such as micro- and
ultrafiltration. The article shows the different possibilities to combine two separate
technologies, such as using adsorption as a pre-treatment prior to a membrane
process, the second option is to integrate adsorption and membrane techniques into
one system. In the third configuration, adsorption was used as a post-treatment to
purify the permeate stream further.
Thermally driven membrane processes
Membrane distillation
Membrane distillation (MD) is based on a temperature difference between the feed
and permeate sides of a porous membrane. The membrane material is often a
microfiltration (MF) membrane and it is highly hydrophobic when the membrane
pores are unwetted. Volatile compounds, such as water, evaporate through the
unwetted membrane pores while non-volatile compounds, e.g., salts, stay in the
feed stream (Figure 3). Membrane distillation can be applied for the concentration
and separation of non-volatile compounds, e.g. salts, heavy metals or organic
compounds, in water and wastewater treatment. (Lawson & Lloyd, 1997; Mulder,
1998; Tijing et al., 2015)
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Fig. 3. The operational principle of direct contact membrane distillation.

Membrane distillation can operate at low temperatures (60-90°C). The low
temperature of a feed stream enables the use of waste heat in heating the feed stream.
Furthermore, the use of solar energy has been developed to be used as a driving
force. (Schwantes et al., 2013)
Since membrane distillation is based on the temperature difference, osmotic
pressure does not affect this membrane technique. A high salt concentration does
not change the permeate flux significantly and therefore membrane distillation is
suitable for concentrating highly concentrated solutions. At high concentrations,
impurities can crystallize and therefore the technique can be combined with
Eutectic freezing, for example, and zero liquid waste can thus be achieved (Burn et
al., 2015).
Membrane distillation can be divided in direct contact distillation, vacuum
membrane distillation, air-gap membrane distillation and sweeping gas membrane
distillation. The difference between these processes is how the permeate is
condensed into a liquid. Direct contact membrane distillation is the most used
technique due to its low energy consumption, and it has a high permeate flux and
easy installation. In vacuum membrane distillation the permeate side is under
vacuum and the evaporated permeate is condensed outside the membrane system.
Air-gap membrane distillation also has a condensation unit outside the membrane
system, but it is under atmospheric pressure. Sweeping gas membrane distillation
has a gas stream, which drifts permeate into the condensation system. (Lawson &
Lloyd, 1997)
Membrane distillation has been used until now mainly on a pilot scale (Burn et
al., 2015). The European Commission has defined MD as an emerging technology
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in water treatment, for example, in sea water desalination (European Commission,
2014). The cost of MD depends highly on the energy source since this technique
requires heating of the feed stream. The use of solar or wind power energy, or waste
heat produced in industrial processes can make this technique more viable to use
on an industrial scale. (Schwantes et al., 2013)
3.3.3 Reactive membrane materials
In this study in Paper II catalytically active nanofiltration membranes were applied
for purification of real wastewaters originating from the mining industry.
Membrane material modifications have been intensively studied in recent years.
Modified membranes can be defined as being part of hybrid membrane processes
if the membranes are reactive, e.g., adsorptive or magnetic, or if they have
(photo)catalytic properties.
The use of nanotechnology for membrane modifications has gained interest
among researchers. Compounds which have been studied for nano-enhanced
membranes are, e.g., carbon nanotubes, clay nanoparticles, silver nanoparticles,
TiO2, ZnO, SiO2, ZnO2, Fe3O4, or Al2O3 nanoparticles which have been
incorporated with polymeric membranes (Madaeni et al., 2015). Often the goal of
using nanoparticles is to gain better membrane characteristics, such as increased
hydrophilicity, which often improves the water permeate flux and decreases fouling.
Additionally, increased chemical and mechanical strength, anti-bacterial
characteristics, photocatalytic activity, adsorptive characteristics, thermal
resistance, and increased porosity can be obtained with the use of nanoparticles.
These further lead to enhanced membrane productivity, savings in energy costs and
ultimately promotion of sustainable development. (Goh et al., 2016; Madaeni et al.,
2015)
There are several membrane modification techniques. Catalytic nanoparticles
can be added into the membrane matrix during membrane preparation. Another
possibility is to modify the membrane by adding a coating layer on the surface or
by incorporating nanoparticles in the membrane matrix in a casting phase. Coating
can be performed using several techniques. Examples of coating techniques for
polymeric membranes include a sol-gel dip-coating method (Brinker et al., 1991;
Grégori et al., 2014), a corona plasma method (Moghimifar et al., 2014), and an
atomic layer deposition method (Nikkola et al., 2014). (Bet-moushoul et al., 2016)
In this study, ALD was used for coating NF membranes in Paper II.
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(Photo)catalytic membrane
The advantages of a (photo)catalytic membrane material are the ability to degrade
the organic foulants into smaller compounds or by changing the chemical properties
of inorganic compounds to less harmful ones. A coating layer can also make the
membrane surface more hydrophilic, which enhances permeability and decreases
membrane fouling tendencies. (Zhang et al., 2016b)
When a semiconductor is illuminated with UV-light (photons) whose energy is
equal to or greater than the band gap energy of the semiconductor, electrons are
excited from the valence band to the conduction band. Then an electron-hole pair
is formed, which separate into a free electron and a hole. The holes on the
semiconductor (catalyst) surface can react with water when hydroxyl radicals are
formed, which takes part in the oxidation processes of organic matter. (Herrmann,
1999; Zhang et al., 2016b)
Adsorptive membrane
An adsorptive membrane is a reactive membrane, which has functional groups such
as –COOH, –SO3H, and –NH2 on the membrane surface. The active sites can form
complexes or may initiate ion exchange with removable compounds such as heavy
metals. Adsorptive membranes can remove compounds, which are even smaller
than the membrane pore size. A large pore size enables low operating pressure,
resulting in a low energy demand and a high permeate flux. (Liu & Bai, 2006) Also
iron oxide (Fe3O4) can act as an adsorbent and promote the removal of copper ions
or arsenic from water (Sabbatini et al., 2010; Daraei et al., 2012; Madaeni et al.,
2015).
Magnetic membranes
In magnetic membranes, e.g. iron, an oxide (Fe3O4) gives magnetic properties to
the membrane. It has been found that with magnetic membranes the permeate flux
can be enhanced as well as the rejection and the fouling resistance of the membrane.
Insertion of magnetic particles into the membrane matrix can provide the
membrane with new functionalities. Magnetic membranes have been studied
especially in air and gas purification. (Madaeni et al., 2015; Rybak & Kaszuwara,
2015) Magnetic ionic liquid membranes have been applied in the separation of

44

ibuprofen and alfa-pinene where a magnetic field increased the permeability of the
compounds due to decreased viscosity of the ionic liquids. (Daniel et al., 2016)
3.4

Hybrid membrane processes used in this study

The hybrid membrane processes used in laboratory experiments in this study have
been summarised in Table 5.
Table 5. Hybrid membrane processes used in this study and their characteristics.
Number

of Type of hybrid process

Paper
II

of

hybrid Advantage

process
Reactive

membrane ZnO coated commercial NF Reduced membrane fouling

material
III

Characteristics

Chemically

membrane
enhanced Micellar-enhanced

membrane process

Selective separation of heavy

ultrafiltration

metals

from

wastewater,

P-rich
low

real
energy

consumption
IV

Integrated
process

membrane Reverse
membrane

osmosis
distillation

and High water recovery, high VCF
in

series
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4

Materials and methods

4.1

Wastewaters as feed solutions

The wastewaters used in this study were mainly real wastewaters from the mining
or the fertilizer industries. Also wastewater from the metallurgical industry was
studied by using a synthetic solution. The concentrations of the synthetic solutions
were based on the concentrations of the compounds that can be present in real
wastewaters in the metallurgical industry.
Wastewaters from the mining industry
In Paper II four different mine wastewaters (WW1-WW4) were studied (Table 6).
These wastewaters were mildly contaminated mine waters from different process
steps. The waters were originated from two mine sites. WW1 is process water
which is typically treated in an overland flow area. The other waters studied are
from overland flow areas and mildly contaminated mine water which are posttreated before leading it to the surrounding water bodies. All the studied waters
have increased concentrations of sulphate. In addition, manganese, nitrate and
chloride ions separation were studied in Paper II. Additionally, conductivities was
measured to observe the change of total concentration of ions in the solutions.
Table 6. Characteristics of the mine wastewaters used in Paper II.
Parameter

WW1

WW2

WW3

pH

8.3

9.1

5.7

WW4
6.5

Conductivity [mS/cm]

11.8

6.3

4.0

11.1

SO42- [g/dm3]

9.6

3.3

2.3

5.6

Mn [mg/dm3]

1.1

0.2

0.08

1.0

Cl- [mg/dm3]

60.7

40.0

15.7

14.6

NO3- [mg/dm3]

25.7

3.6

39.5

2.2

Wastewater from the fertilizer industry
In Paper III wastewater from the fertilizer industry was studied. The wastewater
was seepage water from a gypsum landfill area. Rain water infiltrated through the
gypsum landfill area and the seepage water was collected from a ditch, which had
high concentrations of phosphorous (2.5 mg/dm3) and heavy metals (0.37 mg/dm3
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of cadmium and 0.41 mg/dm3 of copper). Heavy metals contaminated the
phosphorous-rich seepage water, making its re-use as a feedstock for fertilizer
production not possible.
Wastewater from the metallurgical industry
The metallurgical wastewater used in the filtration experiments in Paper IV was a
synthetic solution. The synthetic wastewater solution was prepared based on the
heavy metal and nitrogen compound concentrations which can be present in
wastewaters of the metallurgical industry. The heavy metals, metalloids and
nitrogen compounds and their concentrations studied were Cr6+ (0.5 mg/dm3), Ni2+
(0.5 mg/dm3), As3+ (0.5 mg/dm3), As5+ (0.5 mg/dm3), NO3- (80 mg/dm3) and NH4+
(10 mg/dm3). The pH of the solution was 7.0 adjusted with 1.0 M NaOH at the
beginning of the experiment. The experiments in Paper IV were conducted in
multiple stages. The above mentioned heavy metals, metalloid and nitrogen
compounds concentrations were used in the first experimental stage.
In the second RO stage, with a more heavily concentrated solution, the feed
water contained 3.29 mg/ dm3 of Cr6+, 5.30 mg/ dm3 of Ni2+, 2.5 mg/ dm3 of total
As, 382 mg/ dm3 of NO3- and 53 mg/ dm3 of NH4+, while the pH was 3.0 at the
beginning of the experiment to avoid precipitation of the metals. After the second
RO stage water was led to the membrane distillation.
4.2

Experimental procedure

4.2.1 Separation of inorganic compounds by catalytic nanofiltration
Nanofiltration experiments were performed in a Sepa CF II medium/high foulant
membrane unit. This was used for testing of flat sheet membranes (membrane
active area 0.014 m2) in the cross-flow mode. The flat sheet membrane was stacked
in the membrane cell together with the feed and permeate spacers and the feed
channel adjustment shims.
A Wanner Hydra Cell diaphragm pump model G-03 was used for pumping the
wastewater. The pressure was adjusted with a valve attached on the retentate side.
The operating pressure was measured from the inlet and outlet of the membrane
cell. The temperature was kept constant (21 ± 1 °C) with a thermal bath. The system
was operated in a total recycle mode, where the retentate and the permeate streams
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were recycled back to the feed tank. The volume of the feed was 5 dm3 and the flow
rate was kept at 1.6 dm3/min in all of the experiments. The superficial flow velocity
on the membrane surface was approximately 0.3 m/s.

Fig. 4. Cross-flow filtration equipment. The system consisted of a Sepa CF membrane
cell (1), a feed tank (2), a Wanner Hydra-Cell diaphragm pump (3), a retentate valve (4),
and pressure gauges before and after the membrane cell (5). The temperature of the
feed water was measured from the feed tank (6). (Paper II)

Membrane characterizations
In Paper II the coated and uncoated nanofiltration membranes were characterized
using Zeta-potential, contact angle, and surface roughness measurements to study
membrane surface charge, hydrophilicity and roughness, respectively. A Field
Emission Scanning Electron Microscope was used for the evaluation of the effect
of heat treatment done prior to the coating process. Visual imaging using a light
microscope was used to visually observe the depletion of the membrane during the
filtration experiments. The characterization results were compared between the
coated and uncoated membrane materials to observe how the coating layer affects
the characteristics and performance of the membranes.
Zeta potential
The zeta potential of NF and RO can be measured by measuring the streaming
potential, which is based on double layer theory. In the double layer theory ions are
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not distributed randomly in a solution which is in contact with a charged surface.
Counter ions are more concentrated near the charged surface than in the bulk of the
solution, which causes a potential difference between these areas. The potential is
highest close to the charged surface. (Peeters et al., 1999)
The Zeta potential analysis in Paper II was performed with a Becmann Coulter
Delsa Nano C particle analyser using a Flat Surface Cell unit. A Quartz Glass sheet
was used as the control material. Standard solid particles (Otsuka Electronics) were
used in NaCl solution of 10 mM in surface zeta potential control measurements and
also in membrane sample measurements. The cell constant was measured using a
10mM NaCl solution. The sample size analysed was 35 x 15 mm.
Microscopic figures
Visual characterization and imaging of the topography of the membrane materials
were performed with a Mitutoyo Quick Vision Ace light microscope. The
membranes used were the same size as they had been in the experiments and the
analysis was non-destructive so that the microscopy analysis could be performed
before and after the tests for the same sample.
FESEM analysis
In Paper II a Field Emission Scanning Electron Microscope (FESEM) Zeiss Ultra
Plus was used to analyse the changes in the membrane surface before and after
heating the membranes, which was necessary in the preparation of ALD coated
membranes. Prior to the analysis the membrane surface was sputtered with
platinum. The FESEM imaging was performed in the Centre of Microscopy and
Nanotechnology at the University of Oulu.
Contact angle measurements
The contact angle measurement method has been applied to measure the wettability
of the membrane surfaces by using the height-width method. The drop-size was
limited to 1.5 µl. The contact angles of droplets at three different locations were
averaged and standard deviations were calculated.
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Surface roughness measurements
A Bruker ContourGT optical profilometer was used in analysing the surface
roughness in VSI mode. The size of the inspected area was 0.3 mm2. The
measurement was performed at three different locations on the membrane samples
and the root square (Rq) roughnesses were extracted, then the results were averaged
and standard deviations were calculated.
4.2.2 Heavy metal separation from phosphorous-rich wastewater by
micellar-enhanced ultrafiltration
Micellar-enhanced ultrafiltration experiments were conducted in Paper III with a
spiral wound module. The feed volume was 15 dm3 and it was operated in total
recycle mode. The pump was a Grundfos CRNE1 multistage centrifugal pump,
which was used to adjust the feed flow velocity. Operating pressure was adjusted
with a valve installed in the retentate stream. The temperature was kept at 21 ± 1 °C.
The schematic diagram of the system is presented in Figure 5.

Fig. 5. Schematic diagram of the cross-flow equipment. F is the feed stream, P is the
permeate stream, R is the retentate stream, (1) feed tank, (2) centrifugal pump, (3) liquid
flow meter, (4) pressure gauges, (5) membrane module, (6) valve and (7) thermometer.
(Paper III, Published by permission of Elsevier)

The membrane material was polyethersulphone (PES) (PW-series, GE Water &
Process technologies). The membrane used was a spiral wound module having an
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active membrane area of 1.6 m2 (module length 1.016 m and module diameter 6.1
cm). The feed channel spacer thickness was 0.0012 m. The pH range of the PES
membrane was from 2 to 10 in continuous use and the short term pH tolerance was
1.0-11.5.
Cleaning of the membrane was done after each experiment. The membrane was
first rinsed with deionised water for 30 minutes. To avoid membrane fouling
chemical cleaning was done with a mixture of Divos 116 VM19 (Divos) cleaning
agent in the concentration of 0.3 v% and SDS of 8.0 mM for 40 minutes. After the
chemical cleaning the membrane was rinsed with deionised water for 30 minutes.
Statistical design of experiments
The most common way to perform experiments is to vary one variable at a time.
In a one variable at a time design the effect of each variable requires one experiment
and the number of experiments can become rather large. Statistical experimental
design is used in designing experiments to reduce the number of experiments and
to conduct a thorough analysis of the results. Furthermore, interactions between
variables can be detected with the statistical experimental design approach, which
cannot be found when one variable only is changed at a time. Optimization and
determining the optimum values are also possible when using a statistical design
for experiments. (Goupy, 1993)
Table 7. Coded and actual levels of the factors studied at the RSM part of the study.
(Paper III)
Factors

Level
Star points (-α)

Low (-1)

Centre (0)

High (+1)

Star points (+α)

CSDS (mM)

36

40

60

80

84

TMP (bar)

1.8

2.0

3.0

4.0

4.2

v (m/s)

0.11

0.13

0.24

0.35

0.37

In the statistical design of an experiment, variables are divided into quantitative and
qualitative variables. Quantitative variables have certain numerical levels, which
are coded in the experimental design, e.g., a. -1, 0 or +1. Qualitative variables such
as membrane material or wastewater type can also be used in the experimental
design.
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When performing the statistical design of experiments the first task of a study
is to observe the main variables. In the screening phase the models developed are
in the form of linear empirical models as presented in Eq. 7.
Y

b

∑

∑

b X

∑

b XX,

(7)

where Y is the response, b0 is the constant, and bi is the linear coefficient and bij is
the quadratic coefficient and Xi and Xj are the main effects.
The most common screening designs used are full factorial design and
fractional factorial design. Full factorial design is a design where all combinations
of factors and their levels are applied. For variables having two levels the number
of experiments is 2f where f is number of factors. Full factorial design is a
commonly used design and it gives extensive information about the effects of the
factors. However, this design requires a large number of experiments and it is not
very efficient.
The screening phase can be complemented with a response surface
methodology (RSM). RSM helps to evaluate the most important factors in more
detail and to find optimum values for the variable. Non-linearity, i.e. quadratic
terms of the empirical model, are evaluated by using Equation 8.
Y

b

∑

b X

∑

b

∑

∑

b XX,

(8)

One type of design is the Central Composite Circumscribed design, which is a
design where star points are added to the design at the distance α from the centre
point. The star points establish new highest and lowest levels to the design. When
star points are added, the factor has five levels which are high and low levels and
the high and low level star points. In a design having two factors, the star points are
at the distance of 1.414 from the centre point.
A statistical means of design was used in Paper III for the design of the
experiments and data analysis using MODDE 8.0 software (MKS Data Analytics
Solutions). Full factorial design was first applied. The full factorial design was
complemented with a central composite circumscribed (CCC) design to evaluate
the quadratic terms. In this study three factors were studied in 17 experiments.
4.2.3 Concentration of inorganic compounds by reverse osmosis –
membrane distillation
The reverse osmosis – membrane distillation hybrid process was applied in Paper
IV.
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Reverse osmosis
The concentration experiments were performed in two stages. In the reverse
osmosis experiments the equipment used was a DSS Minilab 20 membrane unit.
RO membranes were stacked in the holder with spacers. The inlet and outlet
pressures were measured. The feed temperature was kept constant at 30 ±1 °C.

Fig. 6. Schematic diagram of reverse osmosis membrane unit DSS Minilab 20. The
system consisted of a feed tank (1), a pump (2), a membrane cell (3), a retentate valve
(4), a rotameter (5), pressure gauges at the inlet and the outlet of the membrane cell (6),
a thermometer (7). (Paper IV)

The membranes used were the Osmonics AK polyamide reverse osmosis
membrane from GE Water and Process Technologies and the ACM2 fully aromatic
polyamide composite reverse osmosis membrane from TriSep Corporation. The
membrane area of one flat sheet membrane was 0.018 m2.
The experiments were conducted in two stages. In the preliminary tests the
optimal operating conditions were found. Two different feed flow rates and three
operating transmembrane pressures were tested with the Osmonics AK and Trisep
ACM2 membranes using deionized water. The feed flow rates were 250 dm3/h and
500 dm3/h. The operating pressures tested were 10, 25 and 40 × 105 Pa and 7, 16
and 25 × 105 Pa with the ACM2 and OsmonicsAK membranes, respectively. The
lower operating pressure with the OsmonicsAK membrane was due to its lower
pressure operating range. A membrane area and feed flow rate of 500 dm3 and 25
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× 105 Pa respectively, were selected for the Osmonics AK, for the optimal operating
conditions in respect to the highest rejection coefficient values for heavy metals
and nitrogen compounds for further concentration studies.
After finding the optimal operating conditions (25 × 105 Pa, 500 dm3/h)
concentration experiments were performed with both membranes studied. The feed
volume was 15 dm3.
Since the Osmonics AK membrane showed better performance it was selected
for further studies. A more concentrated feed solution (3.29 mg/ dm3 of Cr6+, 5.30
mg/ dm3 of Ni2+, 2.5 mg/ dm3 of total As, 382 mg/ dm3 of NO3- and 53 mg/ dm3 of
NH4+) was used in the experiments. The pressure was set to 10 bars, the flow rate
was 500 dm3/h and the pH was adjusted to 3.
Membrane fouling was studied by measuring the permeate flux at several
pressures immediately after the experiment. The membranes were cleaned by
flushing them for 45 minutes with deionised water. After flushing, the permeate
flux was measured again to observe if chemical cleaning was necessary. In the
experiments with high concentrations the membrane was cleaned with 2% citric
acid and 0.1% NaOH solutions for 20 minutes each. Membrane flushing with
deionised water was conducted between and after the chemical cleaning.
Membrane distillation
In the membrane distillation experiments two different hydrophobic polypropylene
membranes were applied. The membranes used in the MD experiments are shown
in Table 8.
Table 8. MD membranes used in the experiments. (Paper IV)
MD 020 CP 2N

MD 020 FP 2N

Manufacturer

MYCRODYN

MYCRODYN

Membrane material

polypropylene

polypropylene

Pore size (m)

0.2

0.2

capillary

hollow fibre

Number of capillaries

40

250

Inner diameter (mm)

1.8

0.6

Membrane surface (m2)

0.1

0.2

5-40

5-40

0.5

0.5

Membrane geometry

Processing temperature (oC)
Membrane length (m)

55

The membrane distillation was performed with capillary and hollow fibre
membrane elements having membrane area of 0.1 m2 and 0.2 m2, respectively. The
feed water was fed inside the fibres while water permeated through the membrane
to the outer side of the fibres. Peristaltic pumps (Multifix M 80) were used for
pumping the permeate and feed streams at constant flow rates. The amount of
permeate was monitored with a Sartorius PMA 7500 scale and the data was sent to
a computer. The temperatures of the feed and the retentate were kept constant by
using a thermostatic bath.
Four types of experimental configurations were used to investigate the water
flux of the membranes and to find the best experimental set up. In three set ups a
direct flow was used and different cooling configurations were tested. The best
cooling configuration having the highest cooling capacity was selected and it was
also tested in the counter flow mode. It was observed that the counter flow set up
gave the highest permeate flux and therefore it was selected to further concentrate
the retentate (concentrate) from the reverse osmosis studies. The membrane
distillation system is presented in Figure 7.

Fig. 7. Schematic diagram of the applied membrane distillation system. (1) heating bath
and heat exchanger, (2) peristaltic pump, (3) feed beaker, (4) permeate beaker, (5)
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peristaltic pump, (6), cooling bath and heat exchangers, (7) thermometer, (8) MD unit,
(9) and (10) thermometers. (Modified from Paper IV)

4.3

Analytical methods

In paper III heavy metals, i.e., cadmium and copper, were quantified by atomic
absorption spectroscopy (AAS) (Perkin Elmer, AAnalyst 4100). Otherwise heavy
metal (e.g. Cd, Ni, Cu, Zn) concentrations were analysed using inductively coupled
plasma atomic emission spectroscopy (ICP-OES). ICP-OES was also used in the
analysis of P, SO4-, As3+ and As5+ (as total arsenic concentration), nitrogen
compounds (NO3- and NH4+) and Mn. SDS concentrations were measured using a
total organic carbon (TOC) analyser (GE Analytical Instruments, Sievers 900) to
analyse TOC concentration in the samples. In Paper II Cl- and NO3- concentrations
were analysed with Sentek ion-selective electrodes.
In Papers II and III the pH values have been measured with Denver Instruments
model 20 and 50 pH-meters while Schott CG 853 and VWR CO30 conductivity
meters were used for the conductivity measurements.
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5

Results and discussion

5.1

Results of the inorganic compound separation by catalytic
nanofiltration

In Paper II nanofiltration was used to remove sulphate, manganese, nitrate and
chloride from four different real mine waters. A commercial nanofiltration
membrane (NF270) was used to observe the effect of the new catalytic membrane
material and the hybrid membrane process on the improvement of the purification
results. Roughness, contact angle and zeta potential of the commercial and coated
membranes were measured and the results were compared to each other.
Membrane characterisations
In the measurement of contact angle, it was observed that the contact of the coated
membrane increased as a function of coating thickness (Figure 8). The increased
contact angle value refers to the lower hydrophilicity of the membrane and the
membrane repels water more effectively. As a drawback, increased hydrophobicity
can be related to increased fouling, besides many other factors, however, this was
not observed in the filtration experiments. Increased fouling takes place because
fouling particles tend to be hydrophobic and thus the hydrophobic membrane
surface attracts them and they attach to the surface. (Mustafa et al., 2016; Rana &
Matsuura, 2010)

59

Fig. 8. Contact angle as a function of coating thickness for NF270 and NF90 membranes.

According to the zeta potential measurements at pH 7 the zeta potential value of
the original membrane material was -28 mV and -15 mV for NF270 and NF90,
respectively. That result is similar to that found in the literature at the same pH
(Hilal et al. 2015; Rizwan and Bhattacharjee 2007). The zeta potential of the coated
NF270 membrane changed from -28 mV to -13 mV when a ZnO layer thickness of
20 nm was used on the membrane surface. This made the membrane surface charge
smaller and it was closer to the isoelectric point which led to the smaller membrane
surface charge. This causes less interaction between the membrane and the
removable ions which can further reduce the fouling tendency of the membrane
when oppositely charged ions are not attracted by the membrane as effectively as
before the coating.
According to the surface roughness analyses it was noticed that the membrane
surface became rougher when the coating layer was added (Figure 9). It has been
found that unevenness can promote the membrane permeate flux due to the increase
in the area of the membrane which is in contact with the feed solution (Hirose et
al., 1996; Vrijenhoek et al., 2001). In this study the permeate flux values of the
coated membranes did not give a clear benefit in the permeate flux improvement
compared to the uncoated NF270 membrane. In the filtration of wastewater 1 and
3 the permeate flux improved slightly from 31.4 to 31.6 dm3/m2h and from 45.0 to
47.3 dm3/m2h, respectively. However, that is in the range of variation. With
wastewater 2 and 4 no improvement was observed.
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However, in the literature it has been also noted that an increased membrane
roughness can increase the membrane fouling tendency since the foulants can be
attached more easily in the valleys of an uneven surface (Vrijenhoek et al., 2001).
In this study the tendency of membrane fouling was not increased as can be noticed
from the relative flux and flux recovery ratio results (Figures 10 and 11).

Fig. 9. Roughness values as a function of coating thickness for NF270 and NF90
membranes.

Permeability experiments
High permeate flux decreases the flux recovery ratio since a more severe
concentration polarization layer is formed on the membrane surface when
membranes are more prone to fouling. Based on the flux recovery ratio (FRR) study,
membrane fouling of a ZnO coated membrane decreased compared to the
unmodified N270 membrane (Figure 10). As a comparison the FRR values of the
NF90 membrane varied according to the wastewater used. With wastewaters 1 and
2 the FRR was the highest whereas with wastewaters 3 and 4 the FRR was the
lowest with the NF90 membrane. Since membrane fouling did not increase in the
experiments despite a rougher membrane surface, we can estimate that the catalytic
surface has reduced the irreversible fouling compared to the commercial
membranes.
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Fig. 10. Flux recovery ratio of uncoated and coated membranes with four different real
wastewaters.

The relative flux also slightly increased when the coated membranes were used
(Figure 11). The relative flux is used to compare a clean water flux and a flux of
wastewater during the filtration experiments. Based on this we can determine that
the ZnO coating layer positively affected the membrane performance since the
relative flux of the coated membrane increased slightly compared to the uncoated
membrane.
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Fig. 11. Relative fluxes of commercial nanofiltration membranes and a coated
nanofiltration membrane with four wastewaters.

Removal efficiencies of the coated nanofiltration membranes got variable results in
the experiments (Figures 12 a)-d)). Interestingly, the negative rejection of nitrate
ions was improved when the coated membranes were applied. Factors which affect
on the negative rejection are pressure and feed solution characteristics such as mole
fraction and concentration. Negative rejection can occur when charged
nanofiltration membranes are used. Multivalent ions are rejected effectively, and to
keep electroneutrality on both sides of the membrane, monovalent ions are less
rejected and even permeated through the membrane. (Tsuru et al., 1991; Mänttäri
& Nyström, 2006) It is possible that in this study the rejection efficiency of
multivalent ions was high and therefore nitrate was concentrated in the permeate
stream with NF270 and coated NF270 membranes. Negative rejection was not
observed with NF90 membrane due to the membrane charge and the smaller pore
size.
Negative rejection can be exploited in the selective separation of compounds.
In this study fractionation of nitrate from sulphate and heavy metal containing
wastewater was shown to be possible. Since the other contaminants are removed,
nitrate, which is an important nutrient, can be exploited more easily. A similar clear
decrease in the rejection with the coated membrane was observed with chloride
ions. The reason for the decrease in chloride and nitrate rejections is in the charge
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of these ions. Nanofiltration membranes can separate multivalent ions more
effectively due to their higher electrical charge. Since nitrate and chloride are
monovalent ions, the membrane does not repel them as effectively. In the coating
process the zeta potential changed from -28 to -13 mV after coating. Therefore,
electrical repulsion is not as effective without the coating layer on the surface. On
the other hand, a less charged membrane is not prone to fouling as easily.
Manganese and sulphate removal efficiencies were high with all the
membranes applied, >91% and 89%, respectively. Sulphate and manganese were
removed efficiently since they are multivalent ions. In the case of manganese, some
precipitation was observed during the experiment which was observed as a
decreased manganese concentration in the retentate stream. Manganese was
possibly precipitated on the surfaces of the filtration system.
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membranes.

Fig. 12. a) - d). Removal efficiency of ions from four different real mine wastewaters by using NF270, ZnO coated NF270 and NF90

In summary, the coating layer did not lead to a significant improvement in the
removal efficiency of the compounds studied. The rejection of NO3- especially
became more negative when the coated membranes were applied. However, the
clearest benefit of the coating layer was observed regarding the improved FRR and
relative flux values, which indicate reduced membrane fouling tendency.
Coating layer depletion
In these experiments coating layer depletion was observed. The zinc concentration
increased slightly especially in the permeate samples. Additionally, in microscopic
pictures some coating layer wearing was noticed (Figure 13). The use of a coated
membrane in a cross-flow system can increase depletion because shear forces in
the vicinity of the membrane are high compared to the dead-end modules. However,
if these membranes are used on a large scale, they also have to withstand high shear
forces. More development in the coating technique is needed to find a coating
method, which makes the inorganic coating material bind effectively on the
membrane surface.

Fig. 13. Microscopic pictures before (on the left) and after (on the right) the experiment.

Catalytic membrane as a hybrid technique
A catalytic membrane utilised in a hybrid technique can have advantageous
properties compared to the conventional membrane processes. In this case a hybrid
membrane process was implemented in the form of a reactive material where the
properties of a catalytic material (ZnO) were combined with a nanofiltration
membrane. The catalytic membrane was improved by the ZnO coating material
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which reduced the membrane fouling tendency. The catalytic membrane gained
advantageous properties from the catalytic material without losing the
nanofiltration membrane properties. The catalytic ZnO material has anti-bacterial
properties and thus can reduce the growth of micro-organisms on the surface. Also
organic compounds can be oxidised into smaller molecules, which reduces the
fouling phenomena. ZnO can also enhance the oxidation of metals to metal
hydroxides and thus cause precipitation of metals. (Leong et al.), 2014)
A ZnO coated nanofiltration membrane can also be used in the presence of UVlight and the photocatalytic activity of ZnO material can be utilised. In
photocatalysis especially organic compounds can be mineralized even to CO2. This
form of hybrid membrane process is easy to apply and therefore the study of new
reactive materials is attractive.
5.2

Results of heavy metal separation from phosphorous-rich
solution by micellar-enhanced ultrafiltration

In Paper III micellar-enhanced ultrafiltration was applied for the removal of
cadmium and copper from phosphorous-rich real wastewater. MEUF was an
efficient hybrid process for the selective separation of heavy metals from
phosphorous rich wastewater and can thus enable phosphorous recovery. The
variables (feed flow velocity, pressure and concentration of SDS) and responses
(permeate flux, rejection coefficients of cadmium and copper) of the experiments
are represented in Table 9. The coded values of the variables are presented in Table
7 in the Materials and Methods section.
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Table 9. Variables and responses of the experiments (MEUF) conducted. (Paper III)
Variables

Responses
CSDS [mM]

Flux [dm3/m2h]

RCd [%]

RCu [%]

-1

-1

70.51

67.38

52.70

-1

-1

76.13

69.67

61.91

-1

+1

-1

95.72

68.02

59.92

+1

+1

-1

155.4

71.03

65.04

N5

-1

-1

+1

81.51

79.53

76.13

N6

+1

-1

+1

72.77

81.84

75.67

N7

-1

+1

+1

120.5

79.19

76.00

N8

+1

+1

+1

169.1

81.47

81.18

N9

0

0

0

133.5

76.10

70.73

N10

0

0

0

109.6

78.50

73.89

N11

0

0

0

127.3

80.63

72.54

C12

-α

0

0

80.63

77.18

71.70

C13

+α

0

0

120.8

77.05

71.28

C14

0

-α

0

75.39

76.30

69.93

C15

0

+α

0

158.4

76.90

72.83

C16

0

0

-α

130.7

66.08

57.43

C17

0

0

+α

124.4

85.64

79.97

Exp. name

Velocity

Pressure

[m/s]

[bar]

N1

-1

N2

+1

N3
N4

Based on the responses of experiments coded N1-N11 and presented in Table 9 full
factorial design was used in the first stage to find the most important factors of the
experiments. CCC was later complemented with a central composite circumscribed
(CCC) design (experiment name C12-C17) to study the factors in more detail. The
empirical model developed based on the experiments is expressed as follows:
122.84

12.26

29.60

18.31

15.10

(9)

The validity of the empirical model was examined with analysis of variance
(ANOVA). The results show that Fvalue < Ftabulated and p > 0.05. The variation of the
response predicted by the model, Q2, is 0.901. The response percentage of variation
explained by the model (R2) is 0.955 and R2adj is 0.940. These values are over 0.8
which is required for a good model.
It was observed that the permeate flux increased linearly when transmembrane
pressure was increased from 2 to 4 bar (Figure 14). The effect of the feed flow
velocity on the permeate flux displayed non-linear behaviour. The optimum
permeate flux was obtained at the cross-flow velocity of 0.24 m/s. The permeate
flux increased linearly until that point due to the increased shear forces and
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turbulence at the membrane surface which reduces the concentration polarization
layer. However, at higher velocities, the permeate flux did not improve at the same
rate since the concentration polarization layer cannot be further diminished.
(Llanos et al., 2009; Zhang et al., 2016a). The highest permeate flux was obtained
at the highest pressure levels at each feed flow velocity setting, which is typical in
pressure driven membrane processes.

Fig. 14. Response surface plot of the effect of the feed flow velocity and pressure on
the permeate flux. (Paper III)

Transmembrane pressure and cross-flow velocity both have an effect on the
permeate flux and significant interaction was observed between these factors. In
this study, it was observed that at a low feed velocity (0.13 m/s) the permeate flux
increased moderately when transmembrane pressure was increased from 2 to 4 bars,
whereas at a high feed flow rate (0.35 m/s) the increase in the permeate flux was
substantially higher at the same pressure range. At low feed flow rates,
concentration polarization is more substantial due to the accumulation of micelles
on the membrane surface. This causes a lower increase in the permeate flux when
the pressure is increased to higher levels. (Lobo et al., 2006; Huang et al., 2015)
The effect of the feed flow rate was also studied by comparing the flux to the
deionized water flux, which is known as the relative flux (Figure 15). Other
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variables (concentrations of SDS and transmembrane pressure) were kept constant
while the cross-flow velocity was varied. At a low cross-flow velocity value (0.13
m/s) the relative flux was low whereas the highest relative flux was achieved at a
cross-flow rate of 0.24 m/s. In addition, at a low cross-flow rate the relative flux
decreased constantly, which can indicate membrane fouling and a constant
accumulation of foulants on the membrane surface.

Fig. 15. Relative fluxes for low, centre point and high cross-flow velocities while
transmembrane pressure was kept constant at 3 bar and the SDS feed concentration at
60 mM. (Paper III)

Besides the permeate flux, the removal efficiency of cadmium and copper were
studied in Paper III at SDS concentrations of 36, 60 and 84 mM. When the
concentration of SDS was increased from 36 to 60 mM, the removal efficiency
increased (Figure 16). However, above an SDS concentration value of 60 mM, the
increase in the rejection coefficients of cadmium and copper slowed down. When
SDS was added to water, more micelles were free to bind heavy metal ions in the
water. However, after a certain point, an increase in the surfactant concentration did
not increase heavy metal binding due to the changes in the shape and the
aggregation number of the micelles (Samper et al., 2009; Xu et al., 2007). In
addition, an excess amount of SDS can negatively affect the permeate flux
(Schwarze et al., 2012) and operating costs, and therefore optimization of the
surfactant concentration is important. Rejection of phosphorous was low, reaching
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approximately 10% or less. Therefore, MEUF was efficient for the removal of
heavy metals from phosphorous-rich wastewater.

Fig. 16. The effect of SDS concentration on cadmium and copper removal efficiency
(Paper III).

MEUF as a hybrid membrane process
MEUF as a hybrid membrane process was efficient for the selective separation of
heavy metals from phosphorous-rich real drainage water. In this case study
ultrafiltration, which cannot separate heavy metal ions itself, has been combined
with the use of chemical surfactants forming micelles. Without this chemical aid,
heavy metals would pass through the membrane.
The clear benefit of a hybrid technique was the selective and efficient
separation of heavy metals from phosphorous-rich wastewater. The pressure
required in the experiments was low (less than 4.2 bar) and therefore the energy
consumption was low compared to other alternatives (e.g., nanofiltration or reverse
osmosis), which require much higher operating pressures. Leakage of surfactant
into the environment has been seen as a drawback of this technique, which
increases environmental pollution and operating costs (Danis & Aydiner, 2009;
Landaburu-Aguirre, 2012). However, in this study leakage was relatively low since
only approx. 2 mM of SDS was observed in the permeate stream. That
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concentration exceeds the limit 0.5 mg/dm3 of SDS, which is found to be nontoxic
to fish and other aquatic life (Bondi et al., 2015). To reduce the impact to the
environment, development of biodegradable biosurfactants can be a solution to this
problem.
As a drawback, in this case the price of SDS is still high and this limits its use
on an industrial scale. Also precipitation of SDS was observed with calcium ions
and an effective pre-treatment to remove calcium is needed if the technique is used
on a larger scale. Since the retentate stream contains an increased concentration of
surfactant, it requires post-treatment and reuse of the surfactant. Treatment methods
have been developed and possible techniques are the temperature increase at low
pH or the combination of acidification and chelation (Schwarze et al., 2014; Anthati
& Marathe, 2011).
5.3

Results of concentration of inorganic compounds by reverse
osmosis–membrane distillation

In Paper IV synthetic water containing heavy metals (Cr6+, Ni2+), a metalloid (As3+,
As5+), and nitrogen compounds (NO3- and NH4+) was concentrated using a bench
scale reverse osmosis–membrane distillation system in two separate units. First,
experiments were conducted at low ionic concentrations with the volume
concentration factor up to 5.0 with Osmonics AK and TriSep ACM2 membranes.
Concentration with reverse osmosis was continued in another set of experiments
up to a VCF of 37.5 with the Osmonics AK membrane, which was used in the MD
experiments. In the MD membrane the type and configuration, temperature
difference and concentration rate were studied to find the optimal operating
conditions. Rejection coefficients were studied for the both the techniques applied.
Reverse osmosis experiments
The optimal feed flow rate and operating pressure were found for the reverse
osmosis process in the preliminary tests. An operating pressure of 25 bar and a feed
flow rate of 500 dm3/h were selected for further studies.
The removal efficiencies of heavy metals and nitrogen compounds are
represented in Figures 17 and 18 for the TriSep ACM2 and Osmonics AK
membranes, respectively. The removal efficiencies have been calculated using Eq.
2. The nickel rejection coefficients were high, and achieved over 99% at all the
experimental points. The removal of chromium was also very efficient being 9772

98% with the TriSep ACM2 membrane and 99% with the Osmonics AK. The good
removal efficiencies of these heavy metals might be due to the polyvalent
characteristics of the ions. Polyvalent ions can be rejected efficiently since they can
be highly hydrated and their hydration radius can be large. Hydrated ions are ions
which are surrounded by water molecules, whose oppositely charged side faces
towards the ion forming a shell around the ion. (Gullinkala et al., 2010; Tansel et
al., 2006).
The feed water contained 0.5 mg/dm3 of both As3+ and As5+ ions, however, only
the total arsenic concentration was analysed from the samples. The total arsenic
removal with the OsmonicsAK membrane was 88-93% in the experiment at low
concentration (VCF <5), while the TriSep ACM2 was able to remove the total
arsenic by approx. 85%. In the part of the study where the higher volume
concentration factors were studied the rejection coefficient improved from 78% up
to 99%. In fact, it was found that the concentration of arsenic decreased both in the
permeate and retentate streams, which indicated precipitation of the ions in the feed
stream.
A sudden decrease in the total arsenic removal efficiency was observed below
VCF 2 with both membranes used (Figure 17 and 18). This might be due to a
change in the speciation of arsenic oxyanions, which are formed in water solutions,
as a function of the pH. As5+ is more prone to changes in the removal efficiency as
a function of pH whereas the pH level does not affect As3+ removal. Also
competition and the charge of ions at changing ionic strengths of solution can
change the removal efficiency. Arsenic and ionic strength concentrations influence
the removal efficiency of As+3 because at an increasing concentration the As3+
removal efficiency decreases whereas As5+ is not affected by the concentration.
However, in general As5+ is easier to remove with filtration techniques. (Bissen &
Frimmel, 2003; Seidel et al., 2001) In this study pH was not measured during or
after the experiment and some changes in pH might have been present. Ionic
strength and concentration of arsenic ions increased during the study, which can
also explain the changes in the removal efficiency for arsenic.
Ammonium and nitrate ions were also removed effectively with both the
membranes studied at low solution concentrations. Ammonium was rejected by
over 97% with both the membranes studied at VCF values below 5. Nitrate
rejections were 95% and 96% with the ACM2 and Osmonics AK membranes,
respectively. Nitrate and ammonium removal can often be challenging with a
nanofiltration membrane. Since tight reverse osmosis membranes were applied in
this study, high removal efficiencies were achieved. The separation mechanism in
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RO membranes is diffusion and differences in solubility of compounds. In diffusion
mainly the ions of the solvent molecules (water) cannot pass through the membrane
and therefore separation of monovalent ions is also effective.

Fig. 17. Rejection of compounds with the TriSep AMC2 membrane as a function of VCF
(QR= 500 l/h, ∆pTM=25 bar, T=30 °C). (Paper IV)

Fig. 18. Rejection of compounds with the Osmonics AK membrane as a function of VCF
(QR= 500 l/h, ∆pTM=25 bar, T=30 °C) (Paper IV).
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Substantial changes in the permeate fluxes of dilute solutions (VCF <5) with the
TriSep ACM2 and Osmonics AK membranes were not observed (Figure 19). The
flux of the TriSep ACM2 membrane was 29 dm3/m2h, while the Osmonics AK
membrane had a permeate flux of over 140 dm3/m2h. As a comparison, the
permeate fluxes of clean Osmonics AK and TriSep ACM2 membranes with
deionised water were 167 dm3/m2h and 30 dm3/m2h, respectively. Permeate flux of
deionised water with the ACM2 membrane was almost the same as in the
concentration study, which indicates that the ionic concentration of the solution has
been low and osmotic pressure has not been significant. The flux of the Osmonics
AK decreased slightly at the beginning of the experiment, however, at a VCF >2 it
remained constant, which indicates that there is no irreversible membrane fouling
present. A decrease in the permeate flux in the beginning of the experiment is usual,
especially at higher permeate fluxes. The permeate flux of the TriSep ACM2 was
constant through the concentration experiment, which may be due to the low
permeate flux. Based on these permeate flux results, considerable membrane
fouling was not observed. Due to the higher permeate flux and good heavy metal
rejection coefficient the Osmonics AK membrane was selected for further studies
to obtain a higher VCF rate.

Fig. 19. Permeate fluxes at VCF 1-5 (QR= 500 l/h, ∆pTM=25 bar, T=30 °C) (Paper IV).

In the experiments with higher concentration factors, the rejection of chromium
and nickel remained constantly very high at over 99% (Figure 20). Interestingly,
the ammonium rejection coefficient started to decrease at VCF 6.3 and the total
75

arsenic rejection coefficient increased, respectively. A probable cause for the
increased arsenic rejection was precipitation due to the low concentration in the
retentate stream. The change in pH from 3 to 5 during the concentration experiment
could have affected the ammonium removal,
The rejection coefficient of nitrate ions first increased from 81% to 97% until
VCF 9.4, however, it started to decrease after that point. Changes in the pH and
ionic strength are possible causes for the changed nitrate removal efficiency.
Precipitation of nitrate was not observed during the study.

Fig. 20. Rejection of compounds with the Osmonics AK membrane as a function of VCF
at high concentrations (QR= 500 l/h, ∆pTM=10 bar, T=30 °C (Paper IV).

At VCF 5-37.5 the permeate flux began to slow down above VCF 15 (Figure 21).
At high VCF levels the permeate flux decrease may be due to the precipitated
arsenic and chromium ions, which can negatively affect the fluxes. Precipitation
was observed due to the increased turbidity of the feed solution and the decreased
chromium and the arsenic concentrations. In a membrane process solid compounds
form a cake layer on the membrane surface and the cake resistance inhibits the
permeability of water through the membrane. Also an increased ionic strength of
the solution decreases permeability due to the increased osmotic pressure.
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Fig. 21. Permeate flux at VCF 5-37.5 with the Osmonics AK membrane (QR= 500 l/h,
∆pTM=10 bar, T=30 °C) (Paper IV).

Membrane distillation experiments
In the preliminary membrane distillation experiments the optimal operating
conditions were studied (Table 10). The effect of logarithmic temperature
difference, feed and permeate flow rates, system configuration and membrane
module type were factors which were tested to find the best operating conditions.
Reynolds numbers were also calculated for the feed and permeate streams. The
operating conditions selected for further studies were a counter flow configuration
with a high flow of the feed stream and a low flow rate of the permeate stream. The
counter flow configuration kept the temperature profile even along the membrane
module resulting in an even mass transfer and good permeate flux through the
membrane.
The permeate flux was the highest at the highest temperature difference. The
highest permeate flux obtained was 0.64 kg/m2h. However, it was observed that the
flow rate of the hot feed stream affected the permeate flux more than the
logarithmic temperature difference. The high flow rate of the hot feed side enhances
the mixing and the temperature difference at the membrane surface when the
temperature difference stays high.
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Table 10. The effect of variables on the permeate flux in the MD experiments. In the
versions a), b) and c) the flow direction was direct whereas in the version d) a counter
flow mode was applied. (Modified from Paper IV)
Version

Membrane type Set up

Wf,

Wp, L/h

Ref

Rep

∆Tlog ℃

a)

b)
c)

MD020FP2N

MD020FP2N
MD020CP2N

basic

J,
kg/m2h

L/h
20

20

35.09

49.72

11.43

0.36

30

30

53.19

75.35

10.55

0.41

20

30

35.55

75.24

10.69

0.38

30

20

53.07

50.50

10.10

0.43

cooling

20

20

36.91

44.37

17.53

0.38

coil

40

20

73.55

47.15

15.00

0.45

cooling

20

20

14.09

13.87

20.96

0.53

40

20

28.66

14.47

20.84

0.64

coil + precooled
DW
d)

MD020CP2N

cooling
coil + precooled
DW

In the MD concentration experiment a concentrated retentate (VCF 5) was used
from the RO process as a feed. As can be found from Table 11, the rejection of
heavy metal ions (Cr6+ and Ni2+) was very efficient at over 99%. The total As
removal was also high, i.e., 98.0%. Nitrogen compounds were also effectively
removed. NO32- was removed by 99.2% whereas NH4+ was rejected by 82%. The
results are in agreement with the literature. Heavy metals (Cr, Ni) and nitrate are
not volatile and their removal efficiencies were over 98%, while ammonium ions
are volatilized to some extent (removal efficiency of 82%) due to the lower vapour
pressure. In the MD experiment, a VCF of 1.8 was obtained and therefore the total
VCF of the integrated RO-MD system was 9.
Table 11. The rejection coefficients in the membrane distillation experiments (Paper IV).
NH4+ mg/dm3

NO32- mg/L

Total As µg/dm3

Cr6+ µg/ dm3

Ni2+ µg/ dm3

Feed

56

347

3600

3020

1668

Retentate

71

530

5670

4440

1915

Permeate

12.64

4.08

110.11

0.82

0.82

Rejection %

82.2

99.2

98.1

99.9

99.9
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Evaluation of RO-MD as a hybrid technique
In this case study reverse osmosis was first applied to concentrate heavy metals, a
metalloid and nitrogen compounds into a small volume. An RO process was
complemented with an MD process to achieve an even higher VCF more effectively
in a separate process unit. This aims to achieve zero liquid discharge, high water
recovery and more efficient use of water. Also a highly concentrated retentate
makes the handling and post-treatment of heavy metals more economic compared
to more diluted solutions.
Reverse osmosis was an efficient technique as the first stage unit to concentrate
heavy metals, a metalloid and nitrogen compounds. Nitrate and ammonium ions,
which can be challenging to concentrate with membranes, were also effectively
concentrated up to VCF 9.4 when the removal efficiency started to decrease. At
higher volume concentration factors (VCF 10) the permeate flux decreased, which
can be because of the increased osmotic pressure. Therefore, the use of membrane
distillation for concentrating further the solution was seen as important.
Membrane distillation, which was applied as the second process stage also
separated heavy metals very effectively. Ammonium and nitrate were separated by
82 and 99%, respectively. The decreased nitrogen compound removal efficiency of
the RO process was avoided with MD. Furthermore, the increase in the
transmembrane pressure with RO can be avoided with MD.
Membrane distillation was able to concentrate the retentate stream of the RO
process. However, in this study the feed stream into the MD process was relatively
dilute. The best results of the RO-MD hybrid process would have been obtained if
the feed stream would have been highly concentrated in the RO process when less
water is needed to evaporate in MD. The temperature difference in the MD process
is relatively low and waste heat, for example, can be exploited to heat the feed
stream. In this study the best permeate flux was obtained at the highest logarithmic
temperature difference (20.84 °C) tested. To achieve a high permeate flux in MD,
a good temperature gradient is required as well as a high shear force on the
membrane surface. A drawback in this study was that the permeate flux of
membrane distillation was relatively low. Better optimization, i.e. a higher
temperature difference of the system, would have given better permeate fluxes.
In MD processes hydrophobic microfiltration membranes are used. These
membranes are not fully designed for membrane distillation and therefore material
development for this purpose will probably be seen in the near future to avoid
membrane wetting and to achieve improved membrane performance. The desired
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MD membranes would have a good wetting resistance, which requires a very
hydrophobic material and small uniformly distributed pores. In addition, the
desired membranes should not be very prone to fouling. To achieve a high permeate
flux, the materials should have low thermal conductivity to avoid heat transfer
though the membrane and should have a low vapour transfer resistance.
Furthermore, a study of crystallization is needed to understand and enhance the MD
process. (Alkhudhiri et al., 2013; Alklaibi & Lior, 2005; Wang & Chung, 2015;
Kim et al., 2016)
In an RO-MD hybrid process both RO and MD benefit from each other and
therefore this is a good example of hybrid membrane processes. RO can reduce the
volume of the solution to be treated with MD, which works best at high
concentrations when the mass of evaporated water is smaller. The RO-MD hybrid
process is beneficial if the compounds separated are non-volatile. Energy savings
in the reverse osmosis process can be achieved when high ionic strength solutions
are concentrated with membrane distillation. In this way high pressure conditions
are avoided and energy savings can be achieved. In addition, the membrane lifetime
can be prolonged when very high pressures are not applied.
The RO-MD process becomes potentially more profitable if there is some
waste heat or renewable energy available. Waste heat can be used since the process
is run at relatively low temperatures, at approximately 70 °C. Usually, in an MD
membrane fouling is not as big a problem as in the pressure driven membrane
processes. (Gullinkala et al., 2010; Peng et al., 2015) The use of an RO-MD hybrid
process is still under development, but in certain process cases this could be a
verified option to achieve a highly concentrated brine with a lower use of energy.
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6

Summary and conclusions

Water is required in almost all industrial processes and consequently water
contamination is unavoidable. Closed water circulation and zero liquid discharge
are often the aim in industrial processes. However, still today the aims are not being
realised, and wastewaters are formed and led to the environment. The need to treat
wastewaters is increasing due to closed circulation and more stringent
environmental legislation. One wastewater treatment method is membrane
separation, which is classified as the best available technique in several industrial
sectors. To make these membrane technologies more efficient, they can be
combined into hybrid membrane processes.
In this thesis the (hybrid) membrane processes, as well as other water treatment
techniques for acid mine drainage and treatment of cyanide tailings were studied
(Paper I). Green engineering principles were used for the evaluation of water
treatment methods. It was observed that when hybrid membrane technologies are
used, GE principle 2, ‘prevention instead of treatment’, was realised. ‘Design of
separation’ (GE principle 3) and ‘maximize efficiency’ (GE principle 4) were also
fulfilled in hybrid membrane processes.
The use of a ZnO coated catalytic nanofiltration membrane in mine wastewater
treatment for the removal of sulphate, manganese, nitrate and chloride from real
wastewater to produce cleaned water more efficiently was studied as the first hybrid
water treatment technology (Paper II). The performances of the coated membranes
were compared to the uncoated commercial membranes. The membrane flux
recovery was improved after coating the nanofiltration membrane. The membrane
characteristics (e.g., hydrophilicity and zeta-potential) were changed in the coating
process. The advantage of using the coated nanofiltration membrane was the
reduction in membrane fouling. Fouling reduction mechanism can be due to the
ability of ZnO to inhibit growth of bacteria and to oxidise metal ions into metal
hydroxides. However, more material development is required to improve
hydrophilicity, to increase membrane removal efficiency and permeate flux, and to
improve the wearing resistance of the coating layer.
The second hybrid technology studied in this thesis (Paper III) was MEUF,
which was applied for the selective separation of heavy metals from phosphorousrich wastewater, which had originated from a fertilizer production plant. MEUF
was an efficient method to separate heavy metals such as Cd and Cu from the real
wastewater, while phosphorous permeated through the membrane, enabling the
separation of phosphorous and its reuse for fertilizer production. The advantage of
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using MEUF for the selective separation is the low energy consumption due to the
low operating pressure required. A drawback of the MEUF process is the use of a
surfactant, which in this case was SDS. The use of SDS increases the operating
costs and therefore regeneration of the chemical is essential if the technique is to
be used on an industrial scale. Also precipitation with SDS as a water pre-treatment
method needs to be replaced with some other more economic treatment method. In
this study, SDS was used as a precipitation chemical since it precipitated calciumions existing in the real wastewater of the fertilizer industry. The pre-treatment has
to be replaced with a more economic method to make this technique more feasible.
Reverse osmosis and membrane distillation for heavy metal and nitrogen
compound concentration from synthetic water simulating wastewater of the
metallurgical industry was the third hybrid method studied in this thesis (Paper IV).
High heavy metal and arsenic removal efficiencies were obtained in both reverse
osmosis and membrane distillation processes. The removal of nitrogen compounds
was also high, however, the NH4 removal was slightly smaller being under 85% in
the MD process due to its higher volatility. Concentration was achieved up to a
VCF of 37.5 in reverse osmosis. At high VCF the permeate flux decreased due to
an increase in osmotic pressure and fouling, which was probably caused by the
precipitation of arsenic and chromium ions and at the same time turbidity of the
feed solution increased. To avoid membrane fouling, the concentration was
continued in the MD system. By using MD as the second process step, problems
such as RO membrane fouling and a decrease in the permeate flux were avoided.
However, in this study the feed solution was too dilute to achieve the best benefit
from the RO-MD process.
The used hybrid membrane processes (catalytic nanofiltration membranes,
MEUF and RO-MD) were used for different purposes since the catalytic
membranes aimed at water purification, while the MEUF was used for selective
separation and RO-MD for concentration of the retentate. Although all the
techniques applied had different goals, the separation of heavy metals, salts and
nutrients were the key aims and all these techniques accomplished this task
effectively.
Benefits of using hybrid membrane technologies were found in all the casestudies compared to standalone membrane processes. The hybrid membrane
techniques improved the process performance in different ways depending on the
case-study. Membrane performance was improved by decreasing the fouling
tendency when ZnO coated membranes were applied, and energy consumption was
decreased while separation of heavy metals was enabled in the MEUF process.
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Energy efficient concentration was performed when MD was added after the RO
process to concentrate the retentate stream further. Although these techniques
improved the process performance, more studies are needed to review the
advantages and disadvantages thoroughly.
Based on these studies hybrid membrane processes were evaluated in industrial
wastewater treatment for water purification, selective separation and concentration
of harmful compounds. In addition, the concept of a hybrid membrane process was
defined and categorized.
As a conclusion, hybrid membrane technology is a wide concept since under
this term many different kinds of membrane techniques and process solutions are
used. The term ‘hybrid membrane technology’ contains, e.g., reactive materials,
chemically or biologically enhanced membrane processes and also processes in
series. In general, the definition of 1+1>2 can be used to mean that hybrid processes
can benefit from each other by having better process performances compared to the
individual techniques when they are used alone. Energy savings, increased
permeability, increased membrane life-time and reduced membrane cleaning are
among the benefits of hybrid processes. Hybrid membrane technologies have to be
selected case by case to optimize the advantages. Feed water quality and quantity,
and requirements for permeate quality affect the process technique selected.
Future aspects
Since the legislation is becoming ever more stringent and environmental concerns
are increasing, the need for more efficient water treatment processes is evident. In
this study micellar-enhanced ultrafiltration, reverse osmosis-membrane distillation
and catalytic nanofiltration were evaluated as hybrid membrane techniques in water
purification. Regarding micellar-enhanced ultrafiltration, selectivity towards the
removable ions is required and needs further study. Further studies are also needed
on the pre-treatment of water to avoid precipitation with calcium-ions, as well as
the regeneration of surfactants. Without regeneration the use of chemicals is still
too extensive and the cost of MEUF becomes too high. In addition, environmental
concerns arise.
The reverse osmosis–membrane distillation process is the most developed
hybrid technique of the three techniques studied in this thesis since these two
techniques are used one after another and they are more developed techniques. The
RO-MD process is a viable technique if the energy used in the MD process is taken
from a waste heat source (heat integration) or from a renewable energy source, such
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as solar energy. Due to the energy source of this process, the suitability of this
technique combination enhances selectivity and in certain cases this will be a good
option for concentrating the retentate stream of an RO process into a small volume.
The catalytic membrane process is an interesting technique to be applied in
water treatment. The main areas to be developed are the reduction of coating
depletion and developing the surface properties of the membrane material to be less
prone to fouling. The development of more hydrophilic characteristics is especially
desired as well as high permeation. Enhancing the performance of catalytic
membranes in the presence of a UV-light source is interesting and testing has been
started in our research group in organic compound degradation and removal. Since
ZnO is photocatalytically active, UV irradiation can enhance the performance of
the coated membranes by degrading organic compounds and by changing the
oxidation states of heavy metals. Membrane hydrophilicity can also be enhanced
using UV-light.
The hybrid membrane processes studied within this thesis are still developing
and they are not yet used on an industrial scale. These techniques offer advantages
compared to the traditional water treatment methods and compared to standalone
membrane processes. Further development is still needed to be able to use these
techniques on a large scale.
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