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Science – or the products of science like technology – is just a way of
achieving something real, something that happens, something that
works.
Richard Dawkins
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Abstract
For decades, aminopolycarboxylate chelating agents have been extensively
used in various industrial applications. The ability of chelating agents to form
stable metal-chelate complexes is the main reason for using them to manage
metal ions within water-based industrial processes. Considerable quantities
of industrial effluent containing chelating agents and heavy metals are
produced and often discharged into the environment. The toxicity of heavy
metals and the non-biodegradability of the chelating agents, as well as their
accumulation in the environment, has become cause for concern. The main
purpose of this thesis was to evaluate and develop processes for recovery of
chelated metal complexes from aqueous solution. In this regard, the
membrane electrolysis technique was evaluated for recovery of copper and
aminopolycarboxylic chelating ligands such as ethylenediaminetetraacetic
acid (EDTA), nitrilotriacetic acid (NTA), diethylenetriaminepentaacetic acid
(DTPA),
and
a
surface-active
derivative
of
DTPA,
2dodecyldiethylenetriaminepentaacetic acid (C12-DTPA) from aqueous
solution. By using this method, it was possible to simultaneously recover the
chelating ligand for further reuse and collect the metals by electrodeposition,
making the process more cost-effective and hindering the discharge of copper
ions and chelating ligands as pollutants into the environment. In addition, the
ion flotation technique with the chelating surfactant C12-DTPA could be
employed to separate metal ions, especially from their dilute solutions, and
concentrate them in a foam phase. This is because C12-DTPA has a purposebuilt functionality; besides forming strong coordination complexes with metal
ions, it is also surface-active and will readily adsorb at air-water interfaces. In
this study, C12-DTPA was effectively used in combination with foaming
agents for the removal of toxic metal ions such as Cd2+, Zn2+, and Sr2+ from
aqueous solution using ion flotation. From an economical perspective, this
method could be combined with the membrane electrolysis technique to
recover metal and regenerate chelating surfactant so that it can be reused.
The present work also shows the synthesis of metal and metal oxide(s)
nanoparticles (NPs) in alkaline aqueous solution containing chelated metal
ions, in order to fabricate metal NPs–cellulose hybrid materials. Cellulose is
the most abundant renewable material, with good mechanical performance
and chemical resistivity in a wide range of solvents, which makes it a
promising material to support metal NPs. In this respect, we developed a
rapid and inexpensive one-pot synthesis of spherical copper NPs in a cellulose
matrix. The hybrid material displayed antibacterial properties for both the

vii

gram-negative and gram-positive bacteria. The synthesis was further
developed by studying the influence of various chelating ligands and
surfactants on the NPs’ morphology and chemical composition. According to
the results, DDAO, a zwitterionic surfactant, was found to mediate the
formation of pure octahedral Cu2O NPs. In addition, a hybrid material film
composed of regenerated cellulose and synthesized Cu2O nano-octahedrons
was fabricated by spin-coating.
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Summary in Swedish
Komplexbildare av aminopolykarboxylat-typ har används i stor omfattning
och i många olika industriella applikationer under de senaste årtiondena.
Komplexbildarnas förmåga att bilda stabila metall komplex är fördelaktigt för
hanteringen av metalljoner i vattenbaserade industriprocesser, samtidigt som
stora industriella processflöden innehållande komplexbildare och metalljoner
skapar problem när de släpps ut i vår miljö. Tungmetallers giftighet och
bioackumulering, samt komplexbildarnas motståndskraft mot biologisk
nedbrytning, ger oss anledning till oro. Huvudsyftet med denna avhandling
har varit att utveckla och utvärdera processer för återvinning av kelaterade
metallkomplex
från
olika
typer
av
vattenlösningar.
En
membranelektrolysteknik utvärderades för återvinning av koppar och olika
komplexbildare
av
aminopolykarboxylat-typ,
såsom
etylendiamintetraättiksyra
(EDTA),
nitrilotriättiksyra
(NTA),
dietylentriaminpentaättiksyra (DTPA) och ett ytaktivt derivat av DTPA, 2dodecyldietylentriaminpentaättiksyra (C12-DTPA) från vattenlösningar.
Genom denna metod var det möjligt att samtidigt återvinna komplexbildare
och elektrodeponera metaller, vilket gör processen kostnadseffektiv och
hindrar utsläpp av både koppar och komplexbildare. Dessutom kan
jonflotationstekniken med det kelerande ytaktiva ämnet C12-DTPA användas
för att separera metalljoner från utspädda lösningar och koncentrera dem i en
skumfas. Detta beror på att C12-DTPA både bildar starka
koordineringskomplex med metalljoner samtidigt som att ytaktiviteten gör
att molekylen kan adsorbera vid luftvattengränsytor. I en studie användes
C12-DTPA tillsammans med skumbildare för avlägsnande av giftiga
metalljoner såsom Cd2+, Zn2+ och Sr2+ från vattenlösningar med jonflotation.
Ur ett teknoekonomiskt perspektiv skulle denna metod kunna kombineras
med membranelektrolystekniken för att återvinna metaller och samtidigt
regenerera de ytaktiva komplexbildarna. Avhandlingen presenterar också
tillverkning av cellulosahybridmaterial där metall- och metalloxid
nanopartiklar (NP) syntetiserades i en alkalisk miljö, innehållande kelaterade
metalljoner, för att i nästa steg bilda ett hybridmaterial av cellulosa med
metall- och metalloxid NP. Cellulosa som är den vanligast förekommande
biopolymeren i naturen, har bra mekaniska egenskaper och är kemiskt inert i
många lösningsmedel, vilket gör cellulosa till ett bra supportmaterial för
metalliska NP. Med detta som utgångspunkt utvecklades en snabb och billig
enstegssyntes där vi producerade sfäriska koppar-NP i en cellulosamatris.
Hybridmaterialet uppvisade även antibakteriella egenskaper för både
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gramnegativa och grampositiva bakterier. I den avslutande studien
vidareutvecklades processen genom studier av olika komplexbildares och
ytaktiva ämnens påverkan på nanopartikelmorfologin och kemiska
sammansättning. Det visade sig att DDAO, ett zwitterjoniskt ytaktivt ämne,
skapade förutsättningar för syntes av oktaedriska Cu2O NP och
avslutningsvis tillverkades en hybridmaterialfilm som bestod av regenererad
cellulosa och syntetiserade oktaedriska Cu2O NP genom spin-coating.
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1 Introduction
The increasing development of water-based industries has also led to
increased consumption of fresh water and an increased production of
wastewater with a high content of organic and inorganic pollutants. These
contaminants are mostly heavy metals and/or various chemicals used within
industrial processes to fulfill different purposes. Chelating agents, specifically
aminopolycarboxylate acids, have been extensively used to manage the free
metal ions in a variety of water-based industrial processes. Chelating agents
can prevent a range of adverse reactions, such as formation of insoluble
precipitates, undesired chemical reactions due to heavy metal catalysis, and
so on, which otherwise would have detrimental effects on several practical
processes. In such processes, industrial effluents typically contain large
amounts of heavy metals and chelating agents that are hazardous because of
their toxicity and non-biodegradability. Moreover, the distribution of these
contaminants in natural waters poses a threat to the ecological environment,
which seriously threatens human health. Therefore, studying and developing
effective methods for the recovery of chelated metal complexes from aqueous
solution is still necessary and highly desirable.
The aim of this thesis was to investigate and develop the recovery process of
chelated metal complexes from aqueous solution. For this purpose, the
membrane electrolysis technique was studied in order to recover copper and
chelating ligands from aqueous solution. In this study, the effects of different
parameters such as electrolysis time, current density, solution pH, solution
flow rate, and temperature on the recovery of copper and chelating ligands
such as EDTA, NTA, DTPA, and surface-active derivative of DTPA (C12DTPA) from alkaline solutions were examined on a theoretical and practical
basis (Paper I and Paper II). In addition, the ion flotation technique was
investigated for the removal of extremely toxic metal ions such as Cd2+, Zn2+,
and Sr2+ from aqueous solution using chelating surfactant C12-DTPA in
combination with the foaming agents DoTAC and DDAO. In this regard, the
influence of pH, foaming agent mixing ratio, and gas flow rate on the removal
of the studied metal ions was evaluated. Furthermore, the relevance of
foamability and foam stability on removal efficiency has been assessed (Paper
III). Another approach studied in this thesis was the synthesis of copper and
copper oxide NPs in alkaline aqueous solution containing copper ions and
chelating agent, in order to fabricate Cu and Cu2O NPs–cellulose hybrid
materials (Paper IV and Paper V).
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2 Metal-chelate complexes in solution
A complex is defined as “a species formed by the association of two or more
simpler species each capable of independent existence” [1]. When one of the
species is a metal ion, the resulting entity is called a metal complex, which
typically has a metal-centered structure. In this structure, the central metal
atom of a complex is bound to coordinating atoms (or donor atoms) of ligands.
Some ligands coordinate the metal atom by more than one donor atom and
form a heterocyclic ring. This ligand is known as a chelating agent and the
metal complexes that are formed are metal chelates [2]. The term chelate,
meaning lobster’s claw, was first suggested by Morgan and Drew (1920) [3].
They stated that “The adjective chelate, derived from the great claw or chela
(‘chely’) of the lobster or other crustaceans, is suggested for these caliperlike
groups which function as two associating units and fasten on to the central
metallic atom so as to produce heterocyclic rings.” [3,4]. Here, the term
“chelating agent” is regarded as a special kind of “complexing agent”. In this
study, both terms have been used as synonyms.
Chelating agents are used in a variety of industrial applications to control
metal ions in aqueous systems. The most commonly used chelating agents are
aminopolycarboxylate acids such as EDTA, DTPA, and NTA [4]. The
molecular structures of the chelating agents are presented in Figure 1.

Figure 1. Molecular structures of deprotonated aminopolycarboxylic
chelating agents (a) NTA, (b) EDTA, and (c) DTPA at alkaline pH.
Aminopolycarboxylic chelating agents form stable and water-soluble
complexes with divalent and trivalent metal ions. The schematic molecular
structures of copper and chelating ligand (i.e., NTA, EDTA, and DTPA)
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complexes of 1:1 stoichiometry are shown in Figure 2. These ligands consist
of one or more basic amino nitrogen donors with an electron pair capable of
interacting with the metal ion, and two or more acidic carboxylic acid groups,
capable of losing protons and coordinating to the metal ion through oxygen
donors. The chelating ligand (e.g. DTPA), consisting of more donor atoms,
can also form 1:2 (ligand:metal) complexes depending on experimental
conditions (i.e., pH). The nature of the bond between metal and ligand may
vary from essentially electrostatic to almost purely covalent [2].

Figure 2. Schematic molecular structures of copper and chelating ligand
complexes, (a) Cu(II)–NTA, (b) Cu(II)–EDTA, and (c) Cu(II)–DTPA at alkaline
pH, adapted from ref. [5].
In general, the chelating molecules with more donor atoms form more stable
and stronger complexes with metal ions. To describe the formation of a metal–
ligand complex, the following general equilibrium was considered:
K xyz

→ M x H y Lz ( mx + y − zn )
xM m + + yH + + zLn − ←

(1)

the equilibrium constant, Kxyz, could be expressed as follows:

K xyz =

[ M x H y Lz ( mx + y − zn ) ]
[M

m+ x

+ y

(2)

n− z

] [H ] [L ]
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where x, y, and z are appropriate stoichiometric coefficients, [Mm+] is the
concentration of metal ion, [H+] is the concentration of hydrogen ion, [Ln-] is
the concentration of ligand, and [MxHyLz(xm+y-zn)] is the concentration of metal–
ligand complex at equilibrium conditions. In general, the logarithm of
equilibrium constant (log10 Kxyz) for formation of a metal ion–ligand complex
is known as the stability constant of the corresponding complex. Since the
stability constant refers to a system in equilibrium, it can be related to the
standard Gibbs free energy change (ΔG˚), the standard enthalpy change (ΔH˚),
and the standard entropy change (ΔS˚) for chelation reaction by the following
reaction (Eq. (3)) [2]:

−2.3RT log10 K xyz = ∆G o = ∆H o − T ∆S o

(3)

where R is the universal gas constant and T is the temperature.
The strength or stability of the metal–ligand complexes is different for the
various metal ions [1–3]. The different values of stability constant for various
metal-ligand complexes may be used to predict the degree of selectivity of the
chelating agent according to circumstances. In an aqueous solution containing
a number of metal ions, a chelating agent would firstly complex the metal ion
whose metal–ligand complex has the highest value of the stability constant.
Then, the chelating agent will coordinate to other metal ions, present in the
aqueous solution, in order of decreasing values of their complex’s stability
constant [6]. The stability constant of a metal-ligand complex mainly depends
on the size of chelate ring, the number of chelate rings, the basic strength of
chelating molecules, and the nature and the number of donor atoms of
chelating molecules [2]. The strength of a metal–ligand complex could be also
influenced by the radius of metal ions. In general, smaller ions are complexed
more strongly due to higher electrostatic interactions. The stability of a
complex is also affected by enthalpy and entropy contributions [2,7]. Other
factors such as temperature, ionic strength of chelating agent and metal ion
systems may affect the stability of the complex. For instance, either increased
temperatures or high ionic strength result in lower stability constants.
However, these effects are usually negligible in most cases because the
stability constant values are so great [6]. On the other hand, hydrogen ions
can considerably influence the chelation reaction, since both metal ion and
chelating agent are sensitive to variation of the solution pH. For instance, the
pH determines the particular ionic species of aminopolycarboxylic chelating
agents that is present in the system. A decrease in pH reduces the stability of
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the complex formed, due to protonation of ligand functional groups. At too
high pH, on the other hand, the strength of the complex may be decreased,
since the formation of metal hydroxides is more favorable. The hydrolysis
products of the metal ions may also vary as a result of changes in the pH [6].
The protonation constants of chelating agents (i.e., NTA, EDTA, and DTPA)
and the stability constants for their complexes with copper ion are given in
Table 1.
Table 1. Protonation and complex formation of NTA, EDTA, and DTPA with
copper, log K (stability constant) values at 298 K, and ionic strength I = 0.1 M
[8]
Reaction

NTA (H3L)

EDTA (H4L)

DTPA (H5L)

9.46–9.84

9.52–10.37

9.90–10.79

HL + H = H2L

2.52

6.13

8.40–8.60

H2L + H = H3L

1.81

2.69

4.28

H3L + H = H4L

1.00

2.00

2.70

H4L + H = H5L

-

1.50

2.00

H5L + H = H6L

-

0.00

1.6

H6L + H = H7L

-

-

0.7

H7L + H = H8L

-

-

-0.1

M (OH) L + H = ML

9.20

11.40

-

M + L = ML

13.00

18.78

21.20

ML + H = MHL

1.60

3.10

4.80

MHL + H = MH2L

-

2.00

2.96

MH2L + H = MH3L

-

-

-

MH2L + 2 H = MH4L

-

-

-

ML + M = M2L

-

-

6.79

M + 2 L = ML2

17.40

-

-

L + H = HL

Cu(II)

In a Cu(II)–chelating ligand (i.e., NTA, EDTA, and DTPA) system, the
constant values given in Table 1, along with the hydrolysis constants for
copper ion, can be used to plot the distribution of various stable copper
species at various pH values for the certain initial concentrations of copper
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and ligand ions (Figure 3). From the distribution plot of different ionic species,
the predominant ionic species and their fractions can be identified at different
pH values.

I= 0.100 M
[Cu 2+ ] TOT =

[NTA 3−] T OT =

50.00 mM

50.00 mM

CuNTA −

1.0

CuO(cr)

0.8

Fraction

0.6

CuHNTA

0.4 Cu 2+

Cu(NTA) 24−
Cu(NTA)OH 2−

0.2

0.0
2

4

6

8

10

12

14

pH

t= 25°C

(a)

I= 0.100 M
[Cu 2+ ] TOT =

[EDTA 4−] T OT =

50.00 mM

Cu(EDTA) 2−

1.0

50.00 mM
Cu(EDTA)OH 3−

Cu(H 2EDTA)
0.8
Cu(HEDTA) −
Fraction

0.6

0.4

0.2 Cu 2+
CuO(cr)
0.0
2

4

6

8
pH

(b)

6

10

12

14
t= 25°C

I= 0.100 M
[Cu 2+ ] TOT =

[DTPA 5−] T OT =

50.00 mM

50.00 mM

Cu(DTPA) 3−

1.0
Cu(H 2DTPA) −

CuO(cr)

Cu(HDTPA) 2−

0.8

Fraction

0.6

0.4

2+
0.2 Cu

0.0
2

4

6

8
pH

10

12

14
t= 25°C

(c)
Figure 3. Distribution plots of copper, complexed with equimolar (a) NTA, (b)
EDTA, and (c) DTPA as a function of pH, at 298 K, and I = 0.1 M. The plots
were obtained using the software MEDUSA [9], and the curves for (a) Cu(II)–
NTA and (b) Cu(II)–EDTA were calculated from thermodynamic data sets
included in the program. The thermodynamic data for Cu(II)–DTPA [8] was
added to the software to plot the distribution diagram of (c) Cu(II)–DTPA
(precipitation of crystalline CuO (cr) is also possible in the studied complex
solutions in alkaline conditions).
In addition, to take into account acidic–basic reactions occurring
simultaneously with chelation reactions, the conditional stability constant
(log10 K′) of a metal ion–ligand complex is introduced as a practical expression
of chelate strength as a function of pH [6,10]. Over the entire pH range, the
conditional stability constants of the aminopolycarboxylate chelating agents
investigated here are increased dramatically by raising the pH of the complex
solution from acidic to slightly alkaline due to the dissociation of the acidic
groups in the chelating agent, and vary with either a different chelating agent
or metal ion. The values of conditional stability constants for Cu(II)–NTA,
Cu(II)–EDTA, and Cu(II)–DTPA systems [6] are plotted as a function of pH,
which show how the strength of metal–ligand complexes varies at different
pH values; see Figure 4.
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Figure 4. The conditional stability constants (log10 K′) for Cu(II)–NTA, Cu(II)–
EDTA, and Cu(II)–DTPA systems [6] versus pH. The line is a fit to the data to
guide the eye.

2.1 Chelating surfactant
The term chelating surfactant refers to the combined concepts of chelation and
surface activity. The chelating surfactant consists of a hydrophilic headgroup
with chelating ability and a hydrophobic tail that provides surface activity to
the structure. Therefore, chelating surfactants can form complexes with metal
ions and will readily adsorb at air–water interfaces [11]. Because of these
properties, chelating surfactants can be applied to effectively separate metal
ions from aqueous solution via ion flotation techniques and concentrate them
in a foam phase [12]. From an economic perspective, it is desirable that a metal
product can be recovered from the foam phase with regeneration of the
chelating surfactant [13]. The chelating surfactant studied in this work, was
synthesized as a combination of a hydrocarbon chain (C12-) and a headgroup
mimicking the structure of DTPA [11], one of the strongest
aminopolycarboxylic chelating agents in technical use [4,6]. The molecular
structure of C12-DTPA as a surface-active derivative of DTPA is shown in
Figure 5.
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Figure 5. Molecular structure of the amphoteric 2-dodecyldiethylenetriamine
pentaacetic acid (C12-DTPA) at alkaline conditions. C12-DTPA has eight
possible donor atoms that can coordinate metal ions, i.e., five carboxylate
oxygen atoms and three nitrogen atoms. The donor atoms become
increasingly protonated when reducing the pH.

3 Treatment of metal-chelate complexes
in solution
Chelating agents have been widely used in many industries, such as in metal
plating, minerals, pulp and paper, textiles, detergents, agriculture, photo,
water treatment, etc. Among the chelating agents, aminopolycarboxylate
acids such as EDTA, DTPA, and NTA have the most applications [4,14]. The
ability of chelating agents to form stable metal complexes is the main reason
for using them to manage free metal ions within water-based industrial
processes for various purposes. For example, chelating agents can prevent a
variety of detrimental reactions, such as formation of insoluble precipitates,
undesired catalytic reactions due to heavy metal, and so on, which otherwise
would have effects on the practical processes [11]. In such processes,
industrial effluents commonly comprise heavy metals and chelating agents
that are hazardous because of their toxicity and non-biodegradability [15].
Moreover, these contaminants end up in natural waters, which poses a threat
to the ecological environment and consequently threatens human health [16].
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In the environment, strong chelating agents (e.g. aminopolycarboxylate acids)
are mostly present as metal complexes. The presence of chelating agents in
high concentrations in wastewaters and surface waters may also cause the
remobilization of metals from sediments and industrial sludge [4,14].
Therefore, it is reasonable and even essential to find a solution for the
problems associated with wastewater containing heavy metals and chelating
agents.
To minimize these problems, chelating agent modification has been found to
be a viable option [11,12, 17–20]. Chelating agents can only be modified if they
have been synthesized to be biodegradable [17,18] and surface-active [12,19].
Biodegradable chelating agents have lower long-term environmental effects,
because of their degradation [18,20]. However, to meet requirements for
biodegradability, inherent weaknesses appear in their molecular structure
that can cause degradation during use as a result of insufficiently strong
complexation with metal ions compared to conventional chelating agents.
This limits the use of biodegradable chelating agents in industrial applications
where conventional chelating agents would be used. Even aside from these
limitations in applications of biodegradable chelating agents, heavy metals
are not degradable, and they should still be removed from the wastewater
using a suitable treatment method. A typical effluent treatment could remove
metals, except where the industrial effluents contain strong chelating agents
that may have to be treated individually [20]. For example, the presence of
strong chelating agents in effluents suppresses metal hydroxide precipitation,
which leads to failure in wastewater treatment plant, since chelated metals are
mostly soluble over a wide pH from acidity to alkalinity. Using organic
removal treatments, such as oxidizing techniques, has been found to be
beneficial in reducing the adverse effects of chelating agents prior to metal
precipitation [20]. However, it is desirable to seek alternative treatment
techniques to minimize the loss of chelating agents and recycle them from
industrial effluents for economic and practical reasons.
On the other hand, chelating agents have also been modified to be surfaceactive; these are known as chelating surfactants, which have purpose-built
functionality – besides forming strong coordination complexes with metal
ions, they are also surface-active [11] and will readily adsorb at air–water
interfaces. Chelating surfactants can be substituted for conventional chelating
agents in industrial applications, since they can effectively coordinate metal
ions and the resulting chelating surfactant–metal complexes can be easily
separated from aqueous solution via ion flotation technique and isolated in a
foam phase. From both economic and environmental perspectives, it is
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essential that a metal product and chelating agents can be recovered from
their complex solution prior to their discharge to the environment.
To this end, many water and wastewater treatment technologies have been
explored and developed to treat chelated metal compounds as diverse
pollutants in aqueous solutions. The methods studied are chemical
precipitation [15], membrane filtration [21], ion exchange [22], reverse
osmosis [23], cementation [24], oxidation [25], adsorption onto metal oxides
[26], activated carbon [27], functional polymers [28], chitosan [29,30], silica
[29], goethite [31], and electrochemical methods [32–44]. Most of these
technologies, such as chemical precipitation and adsorption [32], generate a
secondary waste product that still incorporates metals and/or chelating agents.
This secondary waste product then requires storage and subsequent
treatment in order to recover these substances, adding technical complexity
and risk to the process. In contrast, electrochemical methods, where an electric
field is applied between anodes and cathodes, have been developed and
efficiently used for the treatment of wastewater [32–44]. These techniques are
regarded as fast and well-controlled; they require fewer chemicals, provide
good reduction yields, and produce less waste [32]. It should be noted that the
expensive electricity supply and relatively large capital investment of
electrochemical water or wastewater treatments have been the main reasons
limiting their application in industry. However, to meet the increasingly
stringent environmental regulations regarding wastewater discharge,
electrochemical techniques have regained their importance worldwide
during the past three decades. At the moment, electrochemical techniques
have achieved such a degree of development that they can be used without
concern regarding process cost and efficiency [33].
Electrochemical methods can be utilized in various configurations, including
electroreduction and electrooxidation [33,34], electrocoagulation [33,35], and
electroflotation [33,36,37]. In general, electrocoagulation and electroflotation
techniques result in secondary waste products [33]. In addition, it has been
found that the presence of EDTA in metal solutions to be treated by
electroflotation makes the metal removal process ineffective due to formation
of highly stable metal–EDTA complexes that are soluble in water over an
extended pH region [36]. In conventional electroreduction and
electrooxidation processes, metal ions, which can be reduced
electrochemically in aqueous solution, are electrodeposited onto the cathode,
and chelating ligands are oxidized and destroyed at the anode of the
electrolysis cell [34]. The main oxidation intermediates of chelating ligands
have been reported elsewhere [25]. However, in membrane electrolysis cells,
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besides electrodeposition of metal ions, the anode and cathode chambers are
separated to prevent anodic oxidation of chelating ligands during treatment
[40–44]. Reviewing the studies regarding using a batch membrane cell [40–44]
revealed that this approach must be studied with a view to improving the
current efficiency of the process to make it more feasible for industrial use.
Further, although this technique shows promise for treating aqueous
solutions containing metals and chelating ligands, it should be noted that
electrochemical techniques are unsuitable for treating dilute solutions and
effluents because of the mass transport difficulties encountered when
electrolyzing dilute solutions. Electrochemical treatment of a dilute solution
requires the use of an electrolysis cell with a specific design (i.e., electrode of
high surface area) to make the removal and recovery of the relevant
components feasible. One possible approach to overcome the problems of
treating dilute metal solutions could be to first employ an ion flotation
technique with a chelating surfactant to separate and concentrate the metal
ions [12], and then to apply electrolysis in a membrane cell to the concentrated
complex solutions. It would then be possible to recover the chelating
surfactant for further reuse and simultaneously collect the metals by
electrodeposition in a membrane electrolysis cell, making the process more
economical and more environmentally friendly.
In the present work, we studied the electrochemical recovery of copper
complexed with chelating agents (i.e., EDTA, NTA, and DTPA), and surfaceactive derivative of DTPA, C12-DTPA, from aqueous solution using a
membrane electrolysis cell.

3.1 Membrane electrolysis
A membrane electrolysis cell comprises cathode and anode, which are
divided by a cation-exchange membrane in order to avoid negatively charged
ion transport between the electrolytes. In this cell, the electrolyte solution
surrounding the cathode is known as catholyte and the electrolyte near the
anode is called anolyte. Catholyte electrolyte contains copper and chelating
ligand, whereas anolyte electrolyte consists of sodium sulfate (Na2SO4).
During membrane electrolysis, Na+ ions from the anolyte solution diffuse and
carry the current through the cation-exchange membrane into the catholyte
solution to complete the electrical circuit of the process. Increasing the anolyte
Na+ concentration should therefore lead to improved current efficiency and
recovery. However, increasing anolyte Na+ concentration has been
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demonstrated to result in a slight increase in current efficiency and recovery
[41]. With the application of the electric field, water molecules are reduced at
the cathode with the evolution of H2 gas and formation of OH– ions, leading
to an increase in the pH of the catholyte solution. This reaction is obviously
the side reaction at the cathode that decreases the current efficiency of the
process [40,41]. In addition, water molecules are oxidized at the anode with
the evolution of O2 and the production of H+ ions, reducing the pH of the
anolyte solution. Schematic illustration of copper and chelating ligand
recovery in a membrane flow cell is seen in Figure 6. The oxidation reaction
of water (Eq. (4)) [45] is the main anodic reaction in this process.

2 H 2O → O2 + 4H + + 4e− , E o = −1.23V

(4)

In catholyte solution containing copper and chelating agent, free copper ions
and chelated copper complexes can be reduced to metallic copper (Cu) and
cuprous oxide (Cu2O) at the cathode. The possible cathodic reactions of
copper complexed with chelating agent (Ln-), for example, CuL2-n complex, can
be described by the following reactions:

CuL2− n + 2e − → Cu + Ln −

(5)

2CuL2−n + 2OH − + 2e− → Cu2O + 2 Ln − + H 2O

(6)

Also, the following cathodic reactions, Eqs (7–10,12,13) [45] and Eq. (11), [46]
may occur at the cathode:

Cu 2+ + 2e− → Cu, E o = +0.34V

(7)

Cu 2+ + e− → Cu + , Eo = +0.15V

(8)

Cu + + e− → Cu, E o = +0.52V
−

(9)
−

o

Cu2O + H 2O + 2e → 2Cu + 2OH , E = −0.36V

(10)

2Cu 2+ + 2OH − + 2e− → Cu2O + H 2O, E o = +0.17V

(11)

2H + + 2e− → H 2 , E o = 0V

(12)

2 H 2O + 2e− → H 2 + 2OH − , E o = −0.83V

(13)
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where all the standard potentials (E○) are reported versus standard hydrogen
electrode (SHE).
To investigate the performance of the membrane electrolysis process, the
overall current efficiency (η) and specific electricity consumption (Ecell) were
calculated, and are represented by Eqs (14) and (15), respectively.

η=

∆CvnF
∆t I

(14)

where ΔC is the change in concentration of copper (mol L–1) in Δt (sec), v is
the volume of the catholyte solution (L), n is the number of electrons
transferred in reaction, I is the applied electrical current (A), and F is the
Faraday constant (96485 C mol–1).

Ecell =

VIt
N

(15)

where V is the average cell voltage during the process (V), t is the duration of
electrolysis (h), and N is the amount of Cu deposited onto the cathode (mol);
Ecell is expressed in Wh mol–1. To calculate η and Ecell for electrochemical copper
recovery from a complex solution containing chelating agent, the change in
copper concentration in catholyte solution needs to be considered due to the
possible presence of copper oxides in electrodeposits. To estimate more
accurately the amount of electrochemically recovered copper, the effects of
change in solution volume and loss of copper from solution due to sampling
during electrolysis were taken into account.
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Figure 6. Schematic illustration of copper and chelating ligand (Ln-) recovery
(Eq. (5)) in a membrane flow cell at alkaline pH.

3.2 Ion flotation
Ion flotation, first introduced by Sebba in 1959 [47], is a separation and
concentration technique for removing and recovering metal ions from dilute
aqueous solutions [13]. The general approach has been to add conventional
anionic surfactants as collectors to the metal ion solution to be treated and the
subsequent passage of gas bubbles through the solution, providing a
sufficiently large solution–gas interfacial area. In this process, the metal ion of
interest, interacting with surfactant, adsorbs at the solution–gas interface and
can be removed and concentrated in a foam phase. Therefore, to perform the
ion flotation technique, a sufficiently strong interaction between metal ion and
surface-active reagent in the solution, which can be appropriately foamed, is
needed. To fulfill these requirements, sometimes additional chemicals such as
chelating agents and/or foaming agents have been added to the solution to be
treated [13,48]. Ion flotation can be used to recover or remove most of the

15

metallic elements in the periodic table from aqueous solutions [13]. From an
economic perspective, it is essential that a metal product can be recovered
from the foam phase with regeneration of the surface-active reagents used. In
this regard, electrolysis in a membrane cell may be an alternative method to
recover the surface-active reagents for further reuse and simultaneously
collect the metals by electrodeposition at the cathode.
In the current study, we investigated ion flotation of dilute aqueous solutions
of three different toxic metal ions (i.e., Cd2+, Zn2+ and, Sr2+). The collector
studied was a chelating surfactant, C12-DTPA, in combination with two
foaming agents DoTAC and DDAO.
3.2.1 Foamability and foam stability
Foams are dispersed systems, consisting of gas bubbles surrounded by liquid
films that are generally stabilized by surfactants. Foaming behavior of a
solution is typically characterized by foamability and foam stability.
Foamability is the ability of a given solution to form foam and can be
determined as the foam volume formed in a certain period of time, or as the
time required to obtain a certain volume of foam. Similarly, foam stability can
be monitored by the change in foam volume over time [49].
Foamability and foam stability of the surfactant system are important factors
that influence ion flotation efficiency. The foam properties of a surfactant
solution depend on the physicochemical properties of foaming solution such
as surface tension, surface elasticity and bulk/surface viscosity, as well as the
structural properties such as foam film thickness [49–51]. The total amounts
of surfactants adsorbed at the gas–water interface and their rate of adsorption
affect the foamability of a foaming solution [51]. Foam stability is determined
by bulk and surface viscosities, the Gibbs–Marangoni effect and various selfdestructive mechanisms (i.e., foam drainage, Ostwald ripening, and bubble
coalescence), as well as the structural properties and especially film thickness
of foam [49–51]. The CPP of a surfactant has been found to be one of the most
useful concepts for studying foam properties. An increase in the packing of
the surfactants at the surface leads to an increase in both surface elasticity and
viscosity, resulting in a high foamability and proper foam stability [51,52]. In
this study, foamability and foam stability for the different C12-DTPA metal ion
complex solutions containing DoTAC and DDAO as foaming agents were
determined at three different pH values. Furthermore, the relevance of foam
properties on the separation efficiency of the ion flotation process has been
assessed.
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3.3 Synthesis of cellulose–Cu/Cu2O NPs hybrid material
Metal particles in the nanometer size range often show interesting physical
and chemical properties, sometimes differing from those of the bulk metals.
To be usable and manageable, NPs often need to be incorporated in a matrix
of some kind. The functionality of the particles in such composites depends
on the nanoparticle size, morphology, composition, crystallinity [53], and
dispersion in the matrix, all of which require careful control of synthesis
conditions [54]. Among several candidate matrix materials, cellulose is
especially promising as it provides good mechanical performance and
chemical resistivity in a wide range of solvents [54–66], while being an
inexpensive and “green” material.
Several methods have been proposed for preparing metal NPs–cellulose
hybrid materials with unique electronic, catalytic, magnetic, and biomedical
properties [54–66]. Most such approaches involve the impregnation of solid
cellulose materials with metal ions followed by reduction into metal and/or
metal-oxide NPs using either chemical reduction [54–66] or other reduction
techniques [54,60,65,66]. Another convenient approach could be to firstly
synthesize the NPs, and then to incorporate them into a cellulose matrix. In
the case of reduction techniques, chemical reduction method is a simple, lowcost and scalable technique that requires a reducing agent to reduce copper
ions to metallic Cu and/or cuprous oxide Cu2O.
In this study, we fabricated Cu/Cu2O NPs–cellulose hybrid materials via a
chemical reduction method using two synthetic protocols. Cellulose is the
regenerated cellulose from its highly alkaline aqueous solution (i.e.,
NaOH/urea and LiOH/urea solvent systems). Here, we used formaldehyde
(HCHO) as a reductant, which exhibits sufficiently high reducing potential at
high pH. In the case of the copper solution, a suitable chelating ligand (i.e.,
EDTA, NTA, etc.) is required in this system to stabilize the copper ions at high
pH, preventing the formation of Cu(OH)2. In this system, the following
overall chemical reactions might occur when copper-chelate complexes (CuL2n) are reduced to Cu (Eq. (16)) and/or Cu2O (Eq. (17)) [67]:

CuL2−n + HCHO + 3OH − → Cu(s) + HCOO − + 2H 2O + Ln −
2−n

2CuL

−

−

(16)
n−

+ HCHO + 5OH → Cu2O(s ) + HCOO + 3H 2O + 2 L

(17)

where Ln- and CuL2-n are chelating ligand and copper-chelate complex,
respectively.
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In Paper IV, we report on a rapid and scalable one-pot synthesis of spherical
Cu NPs of a narrow size distribution templated by an in situ-regenerated
cellulose network in a water-based solvent system. Paper V presents the
production of cellulose–octahedral Cu2O NPs hybrid material by blending
synthesized Cu2O NPs and cellulose solution in a LiOH/urea solvent system,
and then spin coating this blend. In this paper, the influence of various
chelating ligands such as EDTA, DTPA, and surface-active derivative of
DTPA (C12-DTPA), as well as surfactants (i.e., CTAB, DoTAC, SDS, and
DDAO) on the morphology and composition of the NPs produced was also
investigated.

4 Experimental procedure
Here, the main experimental techniques used in this study are presented. All
the details regarding materials, sample preparation, and analytical methods
can be found in the published articles based on this work.

4.1 Calculation of distribution curves
Metal ion speciation in aqueous solution containing chelating ligand can
provide valuable insight into the mechanisms involved in treatment of metalchelate complexes. In this study, the distribution curves of different ionic
species were calculated and plotted as a function of pH using the software
HySS [68] and MEDUSA [9]. To calculate distribution diagrams, it is necessary
to know the concentrations of metal ion and chelating ligand along with the
equilibrium constants for dissociation and chelation. Hydrolysis constants of
the studied metal ions were taken into consideration in the calculation of
distribution curves. When calculating the distribution diagrams, the effect of
the counterion of the metal salts on the complexation was not considered
because of the high affinity of the chelating ligand for the metal ions. In this
work, the distribution curves for the copper ion–chelating ligand (i.e., NTA,
EDTA, and DTPA) systems (Paper I and Paper II ), as well as the distribution
curves for metal ion (i.e., Sr2+, Zn2+, and Cd2+)–DTPA systems (Paper III) were
calculated and plotted as a function of pH.
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4.2 Electrolysis in membrane cell
In the present study, a membrane flow cell was used to investigate the
electrochemical recovery of copper and chelating ligand (i.e., NTA, EDTA,
DTPA, and C12-DTPA) from their alkaline complex solutions. The
electrochemical experiments were performed in membrane cells,
commercially known as Electro MP-Cell and Micro Flow Cell, designed and
delivered by ElectroCell A/S, Denmark. In the membrane cell, the electrolyte
solution surrounding the cathode is known as catholyte and the electrolyte
near the anode is called anolyte. Catholyte electrolyte contains copper and
chelating ligand, whereas anolyte electrolyte consists of sodium sulfate. For
copper and the chelating agent recovery (Paper I), the experimental setup
consisted of an Electro MP-Cell, catholyte and anolyte storage tanks, a DC
power supply, magnet pumps, and flexible pipes; see Figure 7. This cell is
composed of a cathode and anode separated by a Nafion N324 cationexchange membrane, surface area 100 cm2 (10 cm × 10 cm), to hinder anion
transport between the electrolytes. In all experiments, the distance between
electrode and membrane was maintained at approximately 6 mm by
positioning a PTFE flow frame and an EPDM gasket. The cathode was made
of Ti, whereas the anode was a DSA® O2.

Figure 7. Experimental setup, from left to right, (a) DC power supply, (b)
reference electrode Ag/AgCl 3M KCl, (c) Electro MP-Cell, (d) catholyte control
container, (e) catholyte and (f) anolyte storage tanks.
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In addition, for copper and chelating ligands DTPA and surface-active
derivative of DTPA (C12-DTPA) recovery (Paper II), the experimental setup
consisted of a Micro Flow Cell, catholyte and anolyte storage beakers, a DC
power supply, peristaltic pumps, and flexible pipes; see Figure 8. The Micro
Flow Cell was composed of a cathode and anode divided by a cationexchange membrane (Nafion N324) of surface area 10 cm2. In all the
experiments, the electrode and membrane were kept about 6 mm apart by
placing a PTFE flow frame with PVDF flow distribution mesh. The flow mesh
was used to promote turbulence flow. The cathode was made of Ti, whereas
the anode was a DSA® O2 in all the experiments.

Figure 8. Experimental setup, from left to right in image (I), (a) computer to
record the cell voltage and cathodic potential values during electrolysis, (b)
DC power supply, (c) voltmeter, (d) peristaltic pumps, (e) Micro Flow Cell, (f)
catholyte and anolyte storage beakers, (g) reference electrode Ag/AgCl 3M
KCl, and (h) pH meter instrument. Image (II) is the magnified photo of the
setup.
In both setups, electrolysis was carried out with constant current supplied by
a DC power supply, which was also used to determine the cell voltage. The
cathode potential was determined using a voltmeter to measure the potential
between the cathode and the reference electrode. The reference electrode
Ag/AgCl 3M KCl was connected to the cathodic half-cell via plastic piping
through the flow frame, acting as a salt bridge. During the electrolysis, the
pumps circulated the anolyte and catholyte between the storage tanks and the
anode and cathode compartments of the electrolysis cell, respectively.
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4.2.1 Cyclic voltammetry
Cyclic voltammetry can provide general information about electrochemical
reactions of the species in the electrolyte at the electrode surface. Regarding
the electrochemical study of the solution containing copper chelated
complexes, this technique can be used to verify the involved copper species
in electrodeposition process [69]. In this work, the electrochemical study of
the solution containing copper and chelating ligands (i.e., NTA, EDTA, DTPA,
and C12-DTPA) was briefly carried out using a three-electrode cell setup with
a Ti working electrode, a Pt cage counter electrode and an Ag/AgCl 3M
reference electrode. The results of the cyclic voltammetry study mainly
indicated the influence of the stability constant of copper chelated complexes
on electrodeposition of copper in the complex solutions studied. In this study,
a Versa STAT 4 potentiostat (Princeton Applied Research) equipped with
VersaStudio software was used to obtain the voltammetric curves presented
in Paper I and Paper II.

4.3 Ion flotation
In the current study, we investigated ion flotation of dilute aqueous solutions
of three different toxic metal ions (i.e., Cd2+, Zn2+ and, Sr2+) (Paper III). The
collector studied was a chelating surfactant, C12-DTPA, in combination with
two foaming agents, DoTAC and DDAO. The molecular structures of the
foaming agents are shown in Figure 9.

Figure 9. The molecular structures of foaming agents (a)
dodecyltrimethylammonium chloride (DoTAC), a cationic surfactant and (b)
dimethyldodecylamine-N-oxide (DDAO), a zwitterionic surfactant, which is
cationic at low pH.
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Ion flotation was performed at room temperature in a customized flotation
cell with a volume of 1.6 L (Figure 10), consisting of a plexiglass cylinder with
an inner diameter of 80 mm and a sintered glass frit 60 mm in diameter
(porosity 4, VWR, Sweden) mounted at the bottom of the cell. Nitrogen gas
flows through the frit to induce the bubbles in solution. A valve on the top of
the cylinder was used to control the rate of the foam transport out of the
flotation unit. Flotation proceeded until the formation of stable foam ended.
To estimate the metal ion removal efficiency, samples were taken at certain
intervals from the foaming solution for metal ion analysis.

Figure 10. The flotation cell used in the study. Gas (e.g. nitrogen or
compressed air) is purged through a glass frit at the bottom of the cell, giving
rise to bubbles. The foaming agents and chelating surfactant–metal ion
complexes adsorb at the interface of the bubbles and rise to the surface, where
a foam is created. The accumulated froth is then pushed by the gas through
an outlet, collected and weighed. Samples for metal analysis are taken from
the bulk solution through the outlet at the bottom of the flotation cell.
4.3.1 Study of foam properties
Foamability and foam stability of the surfactant system are important factors
that influence the ion flotation efficiency; see Paper III. The study of foam
properties was performed using modified home-built equipment based on the
method reported previously [70], consisting of a chromatographic glass
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column with a millimeter-graded height scale; see Figure 11. The column had
an inner diameter of 40 mm and a mounted sintered glass frit with a nominal
porosity of 40 to 100 µm (ISO 4793) close to the outlet. A sample volume of 50
mL was put into the column for testing. A plastic syringe with a stipulated
volume of 250 mL was used to inject 100 mL air for 20 sec through the porous
glass frit by pressing the syringe piston using a linear actuator (LINAK model
LA 14, LINAK Scandinavia AB, Sweden). The linear actuator was controlled
by a DC power supply (Zhiaoxin model KXN-1560D, Shenzhen Zhaoxin
Electronic Co. Ltd, China). Duplicates were performed on each sample, and
the mean value and variation were calculated for the foamability and foam
stability from the height and half-life time of the formed foam, respectively.
Bubble size distributions were determined with a Krüss Dynamic Foam
Analyzer, DFA100 (Krüss GmbH, Germany).

Figure 11. Set-up for the foamability and foam stability studies. From left to
right: graded glass column, air syringe, linear actuator, DC power supply. In
the experiments, 100 mL air was injected for 20 sec through the porous glass
frit into 50 mL of the sample, whereafter the height and half-life time of the
formed foam were measured.

4.4 Cellulose-based hybrid material synthesis
In the current study, we investigated the fabrication of cellulose–Cu and/or
Cu2O NPs hybrid materials (Paper IV and Paper V). The synthesis procedure
offers a general approach to developing various low-cost hybrid materials
with improved functionality and biocompatibility for utilization areas such as
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catalysis, functional textiles, and food packaging, as well as for electronic
applications. The experimental procedures are described as follows.
4.4.1 Cellulose solution
The cellulose was a sample of dissolving pulp with viscosity of 450 ml g–1
supplied by Domsjö Fabriker, Örnsköldsvik, Sweden. Cellulose was
dissolved directly in aqueous 7 wt% NaOH / 12 wt% urea solution precooled
to –12 °C to prepare a transparent 0.5 wt% cellulose solution [71] for use in
synthesis of cellulose-templated copper NPs, as presented in Paper IV. In
addition, cellulose was dissolved directly in aqueous 4.6 wt% LiOH / 15 wt%
urea solution precooled to –12 °C to prepare a transparent 1 wt% cellulose
solution [72] for production of Cu2O NPs–cellulose hybrid material (Paper V).
4.4.2 In situ synthesis of cellulose-templated copper NPs
The following describes the simple synthetic procedure to produce Cu NPs
fixed in a cellulose network (Paper IV). 20 g of an aqueous NaOH/urea
solution with a cellulose concentration of 0.5 wt% was added into 50 mL of a
0.01 M copper complex solution (CuSO4·5H2O):EDTA:NTA under magnetic
stirring at ambient temperature. The highly alkaline mixed solution was
stable without any indications of copper ion precipitation or cellulose
coagulation. Thereafter 12 mL of 1 M H2SO4 solution was injected into the
mixed solution, lowering the pH to 13.3, and regeneration of cellulose in a
highly swollen state immediately occurred. Next, 30 mL formaldehyde
(HCHO, 36 wt% solution) and sodium hydroxide were added to reduce the
chelated cupric ions in situ. Continuous addition of NaOH in a solid form
(pellets, 0.21 mol) that gradually dissolved was found to be the fastest and
most successful protocol (under 20 min at ambient temperature). As the
NaOH gradually dissolved, the blue color of the solution gradually
diminished and turned colorless. Simultaneously, the color of the cellulose
flocs changed from white to dark brown, indicating formation of metallic
copper. The hybrid material was separated by simple vacuum filtration,
washed thoroughly with distilled water and dried in air at room temperature
before further characterization. The sequential protocol of the proposed
synthetic procedure is schematically depicted in Figure 12.
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Figure 12. Schematic of the simple preparation route for the in situ synthesis
of Cu NPs in a matrix of regenerated cellulose at ambient temperature.

4.4.2.1 Study of antibacterial properties of hybrid material
Antibacterial properties of the hybrid material were tested using bacterial
strains of Escherichia coli (gram negative) and Staphylococcus aureus (gram
positive), following methods described in the literature [73,74]. For primary
inoculation the freeze-dried pellets were dissolved in a phosphate buffer. 100
µL of the suspension was transferred to an Eppendorf tube with 900 µL of
autoclaved LB (luria broth), containing 10 g tryptone, 5 g yeast extract and 10
g NaCl per liter. After 24 h bacteria were plated on to LB-agar (15 g agar L–1),
in a dilution series, the number of colonies was counted, and absorbance was
measured at 600 nm in the respective samples to construct standard curves
for further measurements. Bacteria were then inoculated into new Eppendorf
tubes, three replicates for each bacterial strain containing 1 ml LB and 4 mg of
hybrid material. Three controls for each strain were also inoculated,
containing LB and 4 mg of pure cellulose. Dilutions of the original bacterial
suspensions were done so that each culture started at ~ 0.5 McFarland (abs.
0.08–0.1 at 600 nm). The tubes were incubated at 37 °C in a heating block put
on a shaker. Measurements of the density of the bacterial cultures were taken
after 24 h, 48 h and 72 h. 100 µL were taken from each culture and measured
against a blank. The blank consisted of LB-media with the hybrid material in
the samples, and of LB-media with cellulose in the controls. All samples were
vortexed briefly before measurement. All absorbance measurements were
taken using a Shimadzu UV-1800 spectrophotometer. Pictures were taken of
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the samples and controls at 24 h, 48 h and 72 h using a Nikon 50D digital
camera. The results are presented in Paper IV.
4.4.3 Synthesis of Cu and/or Cu2O NPs
The following describes the simple synthetic procedure to produce Cu and/or
Cu2O NPs (Paper V). In a typical procedure, a 0.01 M copper complex solution
(CuSO4):chelating ligand (i.e., EDTA, DTPA, and C12-DTPA) was prepared.
To determine the effects of different surfactants on the synthesized NPs, a 0.01
M copper complex solution (CuSO4):EDTA:chemicals (i.e., CTAB, DoTAC,
SDS, DDAO, trimethylamine N-oxide dehydrate, and tetramethylammonium
hydroxide pentahydrate) was used. The molecular structures of CTAB, SDS,
trimethylamine N-oxide dehydrate, and tetramethylammonium hydroxide
pentahydrate are presented in Figure 13. The alkaline copper complex
solution (containing 0.012 mol NaOH in 50 ml) was stable without any
indication of Cu(OH)2 precipitation. To synthesize Cu and/or Cu2O NPs,
about 6.5 ml of formaldehyde (HCHO, 36 wt% solution) and NaOH (pellets,
0.125 mol) were continuously added into 50 mL of the above complex solution.
The NPs synthesis was completed in under 20 min. The product was
separated by simple vacuum filtration, washed thoroughly with distilled
water, and air dried at room temperature before further characterization. The
synthetic procedure was performed under constant magnetic stirring at
ambient temperature.

Figure 13. The molecular structures of (a) hexadecyltrimethylammonium
bromide (CTAB), (b) sodium dodecyl sulfate (SDS), (c) trimethylamine Noxide dehydrate, and (d) tetramethylammonium hydroxide pentahydrate.
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4.4.3.1 Preparation of Cu2O NPs–cellulose hybrid material
The procedure to fabricate Cu2O NPs–cellulose hybrid material is described
as follows (Paper V). First, 0.007 g of synthesized octahedral Cu2O NPs were
dispersed in 1 g of an aqueous 4.6 wt% LiOH / 15 wt% urea solution. Then,
0.27 g of the resulting suspension was carefully mixed with 0.27 g of 1 wt%
cellulose solution in 4.6 wt% LiOH / 15 wt% urea. To fabricate Cu2O NPs–
cellulose hybrid material, the resulting mixture was immediately spin-coated
at 3400 rpm for 40 sec on a silicon piece (ca. 10 mm × 10 mm) that was
pretreated with 1 M NaOH for 30 sec and rinsed with distilled water and
ethanol. The prepared sample was placed in an ethanol bath for 1 h and then
in a distilled water bath at room temperature for 2 h to regenerate the cellulose.
Thereafter, the hybrid material was air dried at room temperature and
collected for further analysis.

5 Results and discussion
5.1 Simultaneous recovery of copper and chelating ligand
using a membrane electrolysis cell (Paper I)
In Paper I, we aimed to investigate the simultaneous electrochemical recovery
of copper and EDTA from an alkaline solution using a membrane flow cell
operating in recycle mode as a function of operation time, solution pH,
applied current density, and temperature at a constant flow rate. In addition,
the recovery of copper from its complex solution with DTPA and NTA was
studied at constant pH during electrolysis and compared with the complex
solution with EDTA regarding differences in conditional stability constants
with copper. The experimental setup, used in this study, was shown in Figure
7. The effects of operating parameters on current efficiency and electricity
consumption were also evaluated. In this section, we present the effects of
temperature and copper complex stability on the recovery. The results of this
study showed that this method can be applied effectively for the recovery of
copper and chelating agents from their complex solutions. More
comprehensive results of this study can be found in Paper I.
The recovery of copper from an equimolar solution containing Cu(II) and
EDTA (0.05 M) after 12 h treatment is shown in Figure 14. It can be seen in
this figure that more than 90% copper is recovered from the solution after 12
h treatment. As also shown in Figure 14, copper recovery was more rapid up
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to about 5 h treatment. Later, with the depletion of copper complexes in the
catholyte, the recovery rate gradually decreases. The current efficiency (Eq.
(14)), evaluated over the full 12 h of treatment, was calculated to be 37% and
the specific electricity consumption (Eq. (15)) was 0.48 kWh mol-1 for the
recovery of copper.

Figure 14. Change of copper recovery with electrolysis duration (current
density, 1 A dm-2; pH, 10; T, 295 K). The photo of solution samples taken
during experiment was also provided. The line is a fit to the data to guide the
eye.
5.1.1 Effect of temperature on recovery
Experiments were performed to investigate the temperature dependence of
the electrolysis in relation to the amount of copper recovered. Figure 15a
indicates that increasing the temperature from 295 to 333 K improved the
copper recovery under constant applied current density and pH. The
improvement is attributable mostly to the increased diffusion of species in
electrolyte with increasing temperature. Another reason for the improvement
could be the lower stability constant of the copper complex with chelating
agent due to increasing temperature, as each 38°C increase in temperature
reportedly lowers the stability constant on the order of only one log unit [6].
In addition, it was previously reported that increasing the temperature leads
to decreased viscosity and surface tension of solution and increased hydrogen
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evolution [75]. For the experiment at the highest studied temperature (333 K),
the amounts of EDTA recovered as a result of copper electrodeposition were
determined by analysing the concentration of free EDTA in catholyte solution
(see Figure 15b). As expected, the results indicated that the EDTA recovery
was nearly identical to the copper recovery, although the electrolysis was
performed at high temperature. The recovery percentages of copper and
EDTA were previously determined for experiments performed at ambient
temperature and with different values of parameters such as anolyte Na+
concentration, current, and electrolysis time. These percentages indicated that
the copper and EDTA recovery are almost the same, differing by a maximum
of 3%. However, a close look at these results reveals that an increase in anolyte
Na+ concentration leads to a decrease in the difference between copper and
EDTA recoveries [42].
The results indicate that increasing the temperature from 295 to 333 K
increased the current efficiency from 65% to 85% and consequently decreased
the specific electricity consumption from 0.29 to 0.18 kWh mol–1. This is
attributable to increased ion mass transport through the electrolyte and to the
electrolyte conductivity, resulting in reduced cell voltage and energy demand.
The morphology [75] and quality of copper electrodeposits may be influenced
by varying the operating temperature.

Figure 15. (a) Effect of operating temperature on copper recovery for various
electrolysis times (pH, 10; current density, 1 A dm–2), (b) EDTA recovery for
various electrolysis times (T, 333 K; pH, 10; current density, 1 A dm–2).
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Figure 16 shows the SEM images and XRD pattern of copper electrodeposits
for the experiment at the highest studied temperature (333 K). The SEM
images show that copper was electrodeposited, forming a layer almost 20 µm
thick, and that a cauliflower-like structure formed on the cathode during
electrolysis. According to the XRD pattern, copper was recovered mainly as
metallic copper (Cu) and partly as cuprous oxide (Cu2O) and cupric oxide
(CuO). The electrodeposition of cuprous oxide is expected to take place in
copper and chelating agent-containing solutions [76] based on reaction in Eq.
(6). This can be explained by the higher OH– concentration near the electrode
[76] and by the stability region of the cuprous oxide [77] for an aqueous
solution comprising Cu(II) and EDTA. Furthermore, based on the stability
region of the cupric oxide [77], the occurrence of cupric oxide in the recovered
material seemed not to be due to the studied operating conditions, since the
cupric oxide can be precipitated in Cu(II)–EDTA complex solution (see Figure
3b) and in solution at higher OH– concentrations [78].

Figure 16. (a) SEM image of recovered copper, (b) SEM cross-sectional image
of recovered copper, (c) XRD pattern of recovered copper (pH, 10; current
density, 1 A dm-2; T, 333 K; t, 5 h).
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5.1.2 Effect of copper complex stability on recovery
The stability constant (log10 K) of a metal ion-chelating agent complex plays a
vital role in the recovery of copper from solution. The stability constants
values of various complexed copper species with studied chelating ligands
(i.e., NTA, EDTA, and DTPA) can be found at certain temperature and ionic
strength [6,8,17]. For example, at T = 298K and I = 0.1 M, the stability constant
(log10 K) values for CuNTA-, Cu(NTA)OH2-, and CuNTA24- are 13.0, 9.2, and
17.4, respectively. At the same conditions, log10 K values for CuEDTA2-,
Cu(EDTA)OH3- complexes are 18.8 and 11.4, respectively. The stability
constant value for CuDTPA3- complex is 21.2 [8]. In addition, the conditional
stability constant (log10 K’) of a metal ion-chelating agent complex is
introduced as a practical expression of chelate strength as a function of pH by
taking into account acidic-basic reactions occurring simultaneously with
chelation reactions. Over the entire pH range, the conditional stability
constants of the aminopolycarboxylate chelating agents investigated here are
increased dramatically by raising the pH of the complex solution from acidic
to slightly alkaline, due to the dissociation of the acidic groups in the chelating
agent, varies with either different chelating agent or metal ion [6,17]. For
example, at pH 4, log10 K’ = 10.2 for EDTA; however, at pH 8–12, comparably
small changes in the logarithmic values of the conditional stability constants
can be noted for EDTA, i.e., pH 8, 10, and 12 give log10 K’ values of 16.3, 16.6,
and pH 15.7, respectively [6]. At the same pH values, the log10 K’ values for
NTA are 11.0, 11.9, and 12.0 and for DTPA are 17.6, 18.7, and 17.4, respectively
[6]. To investigate the effect of copper complex stability on the recovery
process, a set of experiments was performed in which the pH and chelating
agent were varied. The alkaline pH scale allows us to study the copper
recovery from the most stable complexes in comparison with acidic
conditions. In addition, studying the copper recovery at constant pH during
electrolysis makes it possible to identify the effect of the conditional stability
constant. However, in the pH 1–9 range, the highest copper recovery from a
complex solution with EDTA is reportedly determined at an initial catholyte
solution pH of approximately 2.2 [41,42], where log10 K’ ≈ 6.5 [6] and
predominant species may be free copper ions and protonated copper
complexes, Cu(HEDTA)- and Cu(H2EDTA), see Figure 3b. In addition, the
presence of EDTA in solutions extends the copper solubility over a wider
(alkaline) pH range, due to the higher stability of the Cu(II)–EDTA complex
in comparison with copper hydroxide(s).
As seen in Figure 17a, varying the catholyte pH between 8 and 12 had a minor
effect on the observed copper recovery rate. This may be expected as there
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was no notable change in the conditional stability constant (log10 K’) of Cu(II)–
EDTA within the pH 8–12 interval, as discussed earlier. It can be also seen in
Figure 17a that the copper recovery was almost linear with increasing
electrolysis time at a current density of 1 A dm–2 and at ambient temperature.
The maximum recovery of copper was approximately 70% after 5 h of
experiment. The average current efficiency was calculated to be 68% for the
recovery of copper at different operating catholyte bulk pH values and the
average specific electricity consumption was 0.27 kWh mol–1. Figure 17b
shows the copper recovery percentage from complex solutions of Cu(II)–NTA,
Cu(II)–EDTA, and Cu(II)–DTPA at a current density of 1 A dm–2 and ambient
temperature, where the catholyte pH was kept constant at 10. As shown in
Figure 17b, the maximum recovery of copper from NTA, EDTA, and DTPA
in 5 h of treatment was approximately 71%, 69%, and 52%, respectively. The
recovery trends display relatively clear dependencies on their conditional
stability constants with copper at a constant pH 10. This is not surprising,
since here the differences between the conditional stability constants of the
copper complexes with NTA, EDTA, and DTPA are considerably larger than
was the case in the pH study of EDTA (log10 K’Cu(II)-DTPA > log10 K’Cu(II)-EDTA >>
log10 K’Cu(II)-NTA). This effect is even more obvious for the Cu(II)-NTA and
Cu(II)-EDTA complex solutions when the amounts of copper recovered
within the first 3 h of treatment were compared. As seen in Figure 17b, the
recoveries of copper from NTA and EDTA complex solutions after 3 h of
treatment were approximately 55% and 45%, respectively. Then, beyond the
first 3 h of treatment, the rate of copper recovery from the NTA complex
solution gradually decreased due to the depletion of copper species in the
catholyte solution and reached almost the same recovery percentage of copper
from the EDTA complex solution at the end of the experiment. One might
have expected to find even larger differences, especially between NTA and
EDTA/DTPA, due to the obvious differences in conditional stability constants.
A considerably higher complex stability should lead to the need for a higher
overpotential in order to electrodeposit copper from an alkaline Cu(II)
complex–based electrolyte. Consequently, the higher complex stability
should lower the current efficiency (as the rate of side reactions increases) and
increase the specific electricity consumption. The current efficiencies (η) of
copper deposition from NTA, EDTA, and DTPA complex solutions after 5 h
were approximately 70%, 65%, and 50%, whereas the specific electricity
consumptions (Ecell) were 0.26, 0.29, and 0.36 kWh mol–1, respectively.

32

Figure 17. (a) Effect of catholyte bulk pH on copper recovery versus time
(current density, 1 A dm–2; T, 295 K), (b) copper recovery from different
complex solutions versus time (current density, 1 A dm–2; pH, 10; T, 295 K).

5.2 Electrochemical recovery of copper complexed by
DTPA and C12-DTPA from aqueous solution (Paper II)
In Paper II, the electrochemical recovery of copper and chelating surfactant
from an aqueous solution was investigated. In this respect, a novel chelating
surfactant, C12-DTPA in which the chelating headgroup exactly corresponds
to DTPA, was compared to the conventional chelating agent DTPA. This
involved a careful investigation of the simultaneous electrochemical recovery
of copper and chelating ligands (DTPA and C12-DTPA) from an aqueous
solution using a membrane electrolysis cell as a function of operation time,
solution flow rate, applied current density, and pH of solution. The
experimental setup, used in this study, was presented in Figure 8.
During membrane electrolysis, in a catholyte solution containing copper and
chelating ligand, free copper ions and chelated copper complexes can be
reduced to metallic copper (Cu) and cuprous oxide (Cu2O). The possible
cathodic reactions of free copper ions have been reported previously, see
Paper I. In case of metal ion, C12-DTPA and DTPA show similar chelation
behavior [19] the equilibrium constants for DTPA (i.e., dissociation constants
of DTPA, and chelation constants of copper complexes with DTPA) [8] were
used in order to identify predominant soluble complexes at various pH in
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copper-chelating ligand system. In alkaline Cu(II)–DTPA solution, the
predominant soluble complex is CuDTPA3- (Figure 3c), which can be reduced
to Cu and Cu2O by the cathodic reactions in Eq. (5) and Eq. (6), respectively.
Schematic illustration of copper and chelating ligands (i.e., DTPA, and C12DTPA) recovery in a membrane flow cell is seen in Figure 18. Additionally,
the possible arrangements of Cu(II)-DTPA complexes and surface-active
Cu(II)–C12-DTPA complexes at the electrolyte–cathode interface during
electrolysis are shown in Figure 18a and Figure 18b, respectively.

Figure 18. Schematic illustration of copper and chelating ligand (Ln-: DTPA,
C12-DTPA) recovery (Eq. (5)) in a membrane flow cell at alkaline pH. the
possible arrangements of soluble complexes in (a) Cu(II)–DTPA, and (b)
Cu(II)–C12-DTPA solutions.
5.2.1 Effect of solution flow rate on recovery
The effect of flow rate was studied using three different flow rates; 0.2, 0.4,
and 0.6 L min–1 in an equimolar solution of Cu(II) and chelating ligands. Plots
of the copper recovery against the electrolysis time for (a) Cu(II)–DTPA, and
(b) Cu(II)–C12-DTPA complex solutions at different flow rates are shown in
Figure 19, illustrating how the recovery of copper and chelating ligand from
Cu(II)–DTPA and Cu(II)–C12-DTPA complex solutions developed with
respect to time. As seen in Figure 19, copper recovery from each complex
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solution was improved by increasing the solution flow rate from 0.2 to 0.4 L
min–1, but a further increase to 0.6 L min–1 had very little effect.
It has previously been shown that an increase in flow rate enhances copper
reduction efficiency by facilitating the transport of electroactive species to the
cathode surface [79,80]. Moreover, the hydrogen gas bubble coverage could
affect the mass transport of copper complexes negatively via water reduction
at the cathode. The bubble coverage is strongly dependent on the solution
flow rate, the current density, the nature of the gas, and the material and
surface condition of the electrode [81], as well as solution composition and
concentration [82]. However, the gas evolution at the electrode has been found
to accelerate mass transfer in several ways, as described in four proposed
models: the microconvention model, the penetration model, the
hydrodynamic model, and the surface renewal model [82]. In addition, it is
widely accepted that the increase of bubble coverage on the cathode
shadowing gradually the active electrode surface [81,83]. Thus, these effects
strongly influence the main electrochemical reaction at the cathode. It is
reported that the key mechanism controlling the fraction of the active
electrode surface is the ability of bubbles to detach from the electrode [83]. This
ability depends not only on the capillary forces acting between adhering
bubbles [83], but also on the force due to electrolyte circulation at a certain
flow rate past the electrode [81]. Since the hydrogen gas evolution at the
electrode could play an important role on electrochemical recovery of copper
and chelating ligand, it would be interesting to examine various electrode
materials (i.e., carbon based electrode) with different hydrogen overpotential,
which could also be of interest due to economic reason. In this study, titanium
cathode was used as it has been used for copper production as permanent
electrode because of its corrosion resistance property and its unique features
for the later detaching the copper electrodeposit from cathode [84].
As seen in Figure 19a, it seems that increasing flow rate from 0.2 to 0.6 L min–
1 has no noticeable influence on the recovery percentage of copper and DTPA,
which indicates that the recovery process might be controlled by electron
transfer mechanism. The recovery percentages of copper and C12-DTPA were
compared to those of copper and DTPA at certain flow rates (Figure 19). At a
flow rate of 0.2 L min–1, 45% and 30% of copper were recovered in 180 min
operation of the cell from complex solutions of DTPA and C12-DTPA,
respectively. When the solution flow rate increased to 0.4 L min–1, the recovery
percentages of copper were about 50% and 65% from complex solutions with
DTPA and C12-DTPA, respectively. The dramatic improvement in copper
recovery from Cu(II)–C12-DTPA solution (Figure 19b) could be due to the
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increase in flow rate enhancing the bubble detaching rate, and thereby
decreasing the shadowing bubble coverage on the cathode and facilitating
mass transport of copper complexes. It has previously been shown that the
bubble coverage can be greatly decreased by increasing the flow rate above a
certain flow rate level and then remains almost constant [81]. Moreover,
surfactants adsorbing at the gas-liquid interface both decrease the hydrogen
bubble size and hinder bubble coalescence, which is also beneficial for the
recovery process [85]. At a current density of 30 A m–2, a further increase in
flow rate to 0.6 L min–1 had no noteworthy effect on the recovery. This
indicates that flow rates between 0.4 and 0.6 L min-1 result in equivalent
bubble coverage on the cathode at this current density.

Figure 19. Effect of solution flow rate on copper recovery versus time: (a)
Cu(II)–DTPA, and (b) Cu(II)–C12-DTPA (pH, 10; current density, 30 A m–2).
5.2.2 Effect of current density on recovery
The performance of the cell was evaluated by varying the applied current
density in the range of 10–50 A m–2 with a constant solution flow rate of 0.6 L
min–1 for complex solutions of Cu(II)–DTPA and Cu(II)–C12-DTPA. Figure 20
presents the recovery percentage of copper as a function of time at different
current densities, with the pH of the catholyte solution kept constant at 10.
As seen in Figure 20a, the copper recovery increased significantly as the
current density increased from 10 to 50 A m–2 in the Cu(II)–DTPA complex
solution. The maximum copper recovery after 180 min of operation was about
13%, 50%, and 70% at current densities of 10, 30, and 50 A m–2, respectively,
indicating that the recovery was highly dependent on the applied current and
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possibly under electron transfer control condition. The results of recovery at
various flow rates (see Figure 19a) also indicated that the recovery process
might be controlled by electron transfer mechanism, as there was no
considerable changes in copper and DTPA recovery at the flow rates studied.
In the Cu(II)–C12-DTPA complex solution, recovery improvements were
observed when the current density was increased from 10 to 30 A m–2, but
further increase in current density did not boost the recovery (see Figure 20b).
It seems that the recovery of copper and C12-DTPA might be under electron
transfer control condition between 10 and 30 A m–2. Since an increase in
current density from 30 to 50 A m–2 had no effect on the recovery percentage,
one could conclude that recovery process may reach to mass transport control
condition at 30 A m–2. The maximum copper recovery from the Cu(II)–C12DTPA complex solution within 180 min treatment at current densities of 10,
30, and 50 A m–2 was around 18%, 65%, and 65%, respectively.

Figure 20. Effect of current density on copper recovery versus time:
(a) Cu(II)–DTPA, and (b) Cu(II)–C12-DTPA (pH, 10; flow rate, 0.6 L min–1).
It has previously been shown that an increase in applied current density
improves the recovery rates of metal and conventional chelating agents from
their complex solution, and that the current efficiency decreases with
increasing current density [41]. The decrease in current efficiency of the
recovery process is the result of increasing hydrogen gas evolution on the
cathode in an aqueous electrolyte, which itself is a side reaction of copper
reduction [41,86]. Moreover, the change in applied current density influences
the size of the evolved hydrogen bubbles, as does the composition and
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concentration of the electrolyte [85,87]. The rate of hydrogen evolution, the
size of bubbles, and the residence time of bubbles at the electrode surface
determine the fractional bubble coverage [88]. However, the fractional bubble
coverage can be decreased by increasing the electrolyte flow, as a practical
parameter [81]. The difference seen in Figure 20 between Cu(II)–DTPA and
Cu(II)–C12-DTPA in the copper recovery at the maximum applied current
density (50 A m–2) is most likely related to a corresponding difference in
fractional surface coverage of the cathode. This implies an insufficient flow
rate of the electrolyte in relation to the specific hydrogen evolution occurring
due to surfactant adsorption at the bubble interfaces in the Cu(II)–C12-DTPA
solution, as discussed in the previous section. According to Eigeldinger and
Vogt [81], the fractional bubble coverage is strongly dependent on the flow
velocity (flux) of the electrolyte solution over the cathode. The effect is shown
to be significant at least up to flow velocities around 0.20 m s–1. In our system,
a flow rate of 0.6 L min–1 corresponds to a flow velocity of 0.05 m s–1. At a fixed
flow velocity of 0.05 m s–1, the relation between the fractional bubble coverage
and the current density is more or less linear, and an increase in current
density from 30 to 50 A m–2 would mean an increase in fractional surface
coverage of approximately 30% [81]. It should be noted that the previous
investigation was performed on more conventional electrolyte solutions,
however the effect of flow velocity seems to be even more pronounced.
5.2.3 Effect of solution pH on recovery
A series of experiments were performed on an equimolar complex solution
containing Cu(II) and chelating ligand to examine the effect of catholyte
solution pH on recovery. The pH value of the catholyte solution increased
continuously during electrochemical recovery due to the simultaneous
reduction of water molecules at the cathode surface. The change in catholyte
solution pH influenced the chelation behavior of both DTPA and C12-DTPA.
The chelation ability of these ligands is the result of their possessing three
amines and five carboxylic groups as donor atoms. In theory, the charge can
vary from +3 at low pH to −5 at high pH [11,17]. In solutions with pH between
7 and 12, DTPA ligands could be found in three different ionic species with
the net charge of −3, −4, and −5, whereas by adding an equimolar
concentration of copper ions, CuDTPA3– is the only stable complex (see Figure
3c). Additionally, the conditional stability constant of the complex (log10
K’CuDTPA3-) varies as a function of the pH of the solution. For instance, the
highest conditional stability constant of copper complex with DTPA is found
within the pH range of 8 to 9 [17], and elsewhere within the pH range of 9 to
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10 [6]. Figure 21 shows the effect of pH on the copper recovery from complex
solutions of Cu(II)–DTPA and Cu(II)–C12-DTPA at a current density of 30 A
m–2 and a flow rate of 0.6 L min–1 after 180 min treatment, as well as the
conditional stability constants of the copper complex with DTPA [6]. It has
previously been reported that the evolved bubble size distribution depends
on solution pH [89] and surface tension [85,90], which also affects the bubble
coverage at the electrode [88]. In a surfactant-free solution, the hydrogen
bubbles are larger under acidic conditions; an increase of pH up to 3 reduces
the hydrogen bubble size, which thereafter remains almost constant up to pH
12 [89]. The addition of a surface-active agent lowers the surface tension of the
electrolyte solution and increases the wetting of the electrode. It has also been
shown that lowering the surface tension of the electrolyte reduces the size and
residence time of the evolved hydrogen bubbles, and consequently
diminishes the hydrogen bubble coverage at the electrode surface [85,90].
Before an electrolysis treatment, the surface tension of Cu(II)–DTPA complex
solution is 72 mN m–1 in the studied pH range from 7 to 12 and at the nearly
high ionic strength (1.6 M). However, the surface tension of Cu(II)–C12-DTPA
complex solution was about 45 mN m–1. It is clear from the above
considerations that the copper recovery from Cu(II)–C12-DTPA complex
solutions will be higher than that from Cu(II)-DTPA complex solutions.
For the Cu(II)–C12-DTPA solution, there was a more or less inverse correlation
between the copper recovery and the conditional stability constant of the
copper-chelating ligand complex as a function of solution pH (see Figure 21).
The results clearly indicate that the highest conditional stability constant of
Cu and DTPA (pH = 10) [6] led to the lowest copper recovery efficiency from
the Cu(II)–C12-DTPA complex solution. The conditional stability constants of
copper complexes with DTPA and C12-DTPA are almost the same [19]. The
pH influenced the copper recovery more noticeably in Cu(II)–DTPA complex
solutions than in Cu(II)–C12-DTPA complex solutions. In the Cu(II)–DTPA
system, the variation of copper recovery versus pH cannot be explained by
differences in surface tension, as this remained constant over the pH range
studied. The observed differences in recovery between Cu(II)–DTPA and
Cu(II)–C12-DTPA must be due to differences in the dominant patterns of
diffusion of the copper complexes to the cathode, as a result of the surfaceactive property of C12-DTPA and its influence on bubble coverage.
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Figure 21. Effect of pH on copper recovery from (○) Cu(II)–DTPA and (□)
Cu(II)–C12-DTPA complex solutions compared to (▲)the conditional stability
constant of Cu(II)–DTPA (log10 K’CuDTPA3-)[6] (current density, 30 A m–2; t, 180
min; flow rate, 0.6 L min-–1). The line is a fit to the data to guide the eye.

5.3 Chelating surfactant C12-DTPA used for removal of Cd2+,
Zn2+, and Sr2+ by Ion flotation (Paper III)
In Paper III, we have studied ion flotation of dilute aqueous solutions of three
different toxic heavy metal ions: Cd2+, which has been found to induce
damage to the kidneys and skeleton of mammals [91]; Zn2+, with known
toxicity to aquatic life [92]; and Sr2+, which has a very toxic radioactive isotope
(90Sr) that can exchange calcium and incorporate into bone tissue [93]. The
collector studied was the chelating surfactant, C12-DTPA, in combination with
two foaming agents, DoTAC and DDAO. The molecular structure of chelating
surfactant and foaming agents are given in Figure 5 and Figure 9, respectively.
The influence of pH, foaming agent mixing ratio and gas flow rate on the
removal of studied metal ions is reported. Furthermore, the relevance of
foamability and foam stability on the separation efficiency has been assessed.
The results of this study showed that the chelating surfactant C12-DTPA
having excellent chelating properties for all the studied ions above pH 7. In
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combination with correctly chosen foaming agents, the optimized surfactant
system could be expected to provide very efficient remediation of waters
contaminated with metal ions via ion flotation.
5.3.1 Influence of pH on chelation and ion flotation efficiency
The ability to bind metal ions strongly and specifically is a prerequisite for the
removal of metal ion via ion flotation. The chelating power of DTPA, defining
the headgroup of the chelating surfactant C12-DTPA investigated in this study,
is well known after extensive use in different technical applications [6]. DTPA
has eight possible donor atoms that can coordinate to metal ions, and the
strength of interaction, usually depicted by the conditional stability constant,
is dependent on the specific metal ion’s physical properties and the solution
conditions; especially the pH [6]. The interactions of aminopolycarboxylic
acid structures like DTPA with metal ions of higher valency than one usually
give very high conditional stability constants that are reported as log10 K’
values. In a recent investigation it was shown that logarithmic conditional
stability constants of five different C12-DTPA–divalent metal ion complexes,
determined via competition measurements by ESI-MS, are very close to the
values of similar metal complexes formed with DTPA [19]. The difference in
chelation power between the two ligands was found to be │Δlog10 K’ ≤ 0.4│,
which implies that the hydrocarbon tail of C12-DTPA affects the coordination
chemistry of the headgroup to a very limited extent. The conditional stability
constants (log10 K’) for complexes between DTPA and the studied metal ions
(i.e., Sr2+, Zn2+, and Cd2+) are given in Paper III. As C12-DTPA and DTPA show
similar chelation behavior [19], the equilibrium constants for DTPA [8] and
hydrolysis constants of studied metal ions [9,94,95] were used to calculate and
plot the distribution curves of various ionic species as a function of pH for Sr–
DTPA, Zn–DTPA, and Cd–DTPA systems (Figure 22). The distribution plots,
seen in Figure 22, can provide valuable insight into the understanding of the
changes in ion flotation efficiency of Sr2+, Zn2+ and Cd2+ in presence of C12DTPA over the pH interval.
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Ion flotation of the different metal ion chelates was performed at different pH
values with a ratio between C12-DTPA, DoTAC and DDAO set to 1:1.8:4.2. In
Figure 23a, the metal ion removal at pH 5 is displayed versus time, and in
Figure 23b it is plotted as a function of pH. From the result in Figure 23a, it
can be seen that both Zn2+ and Cd2+ are completely removed from the solution
after 50 min, whereas, somewhat surprisingly, removal of Sr2+ cannot be
observed. In Figure 23b, the ion removal efficiency for different samples at
different pH values after 50 min flotation is shown. At pH 5 the ion flotation
efficiency for removal of Zn2+ and Cd2+ is close to 100%, as previously shown,
but the removal efficiency decreases gradually below 60% as the pH is
increased to 7 and 9, respectively. The removal of Sr2+ is however found to
increase from zero up to slightly above 70% at pH 7, and to approximately
60% at pH 9. The distribution curves in Figure 22 suggest that both zinc and
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cadmium ions are completely chelated at pH between 5 and 12. Strontium
ions, however, only occur as free Sr2+ at pH 5, but in their chelated form as
SrDTPA3– to about 40% and 98% at pH 7 and 9, respectively. For strontium
particularly this is very well reflected by the outcome of the flotation at pH 5,
shown in Figure 23a, where no removal of strontium from the solution is
registered during ion flotation. Although showing a reasonable increase in
removal at pH 7, the removal is significantly lower at pH 9 than what would
be expected solely by studying the calculated distribution curve. Moreover,
for Zn2+ and Cd2+, from the point of view of chelation the removal by ion
flotation is decreased radically and seemingly unmotivated when the pH
exceeds 5, see Figure 23b. It is clear that explanations to these experimental
observations at higher pH values cannot be found in the chelation ability and
instead need to be searched for within the processes of foaming and bubble
stabilization. Although ion flotation of studied metal ions (i.e., Sr2+, Zn2+, and
Cd2+) with a mixture of C12-DTPA, DoTAC and DDAO at pH 5 shows that Sr2+
ion can be selectively removed over Cd2+ and Zn2+ ions from solution (Figure
23), one needs to determine the selectivity coefficients between studied metal
ions to evaluate the selectivity of the chelating surfactant. A method to
measure ion selectivity of a surfactant by ion flotation has been proposed for
several metal ions of different charges [96].

Figure 23. Ion removal efficiency after flotation of sample solutions containing
Sr2+, Zn2+ or Cd2+ (a) versus flotation time at pH 5, and (b) versus pH after 50
min. The initial metal ion concentration was 8.3 10-6 M. The ratio between C12DTPA, DoTAC and DDAO was set to 1:1.8:4.2, and the nitrogen flow rate was
1.0 L min–1. The lines are only to guide the eye.
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5.3.2 Foamability and foam stability in the chelating surfactant–foaming
agent systems
Foamability and foam stability for the different C12-DTPA metal ion samples
containing DoTAC and DDAO as foaming agents were determined at three
different pH values using home-built equipment, shown in Figure 11.
Foamability and foam stability of the surfactant system are important
parameters that control the ion flotation efficiency. In the foamability and
foam stability experiments performed, the cationic surfactant DoTAC and the
zwitterionic surfactant DDAO were mixed together with the chelating
surfactant C12-DTPA and different metal ions at various pH values. Compared
to single surfactant systems, the properties of surfactant mixtures in solution
can be influenced by the synergistic effect, for instance mixtures can show
lower surface tensions than single compounds. For the C12-DTPA/DoTAC and
C12-DTPA/DDAO mixtures, the maximum synergism and minimum CMC
were observed at pH 5 and 7, respectively [97]. In addition, the surfactant
composition in a mixture may change both the surface charge density and the
type of foam film which affects the foam stability [49]. It has also been shown
that surface charge and the surfactant headgroup area of a pH sensitive
chelating surfactant can be controlled either by salt addition or pH changes.
As the results showed the lower surface charge the thicker the foam film with
a reduction of the drainage effect. In this regard, decreasing pH or adding a
complexing metal ions can reduce the surface charge and leads to an increase
in cohesive forces between surfactants at the interface, and an increase of the
interface rigidity [96]. The results of foam properties study from the different
experiments are presented in Table 2. In our mixed system, the synergism in
mixed surfactant solutions and the complexation of metal ions with chelating
surfactant may be the most important phenomena that control the foam
properties. From the results shown in Table 2, it is clear that there are no
changes in the foamability of solution containing Sr2+ between pH 5 and 7.
However, when the pH reaches 9, the foamability is improved by almost 20%.
The stability of foam formed in solution containing Sr2+ is higher at pH 7 and
9 in comparison with pH 5. Although both above-mentioned phenomena can
contribute to foam properties, the reduction in surface charge density, as a
result of complexation of Sr2+ with C12-DTPA, can explain the improvement in
foam properties when the pH increases from 5 to 9. The results of foam
properties are in agreement with the results of Sr2+ removal at different pH
values (Figure 23b). The results showed that Sr2+ cannot be removed from the
solution at pH 5, even though the foam properties of solution sufficient for
ion flotation. This can be explained by the Sr2+ speciation results presented in
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Figure 22 that there is no complexation of Sr2+ with C12-DTPA at pH 5. As can
be seen in Figure 23b, the removal of Sr2+ is increased to about 70% and 60%
at pH 7 and 9, respectively. The distribution curve for Sr-DTPA in Figure 22
shows that strontium ions can exist in their chelated form as SrDTPA3- to
about 40% and 98% at pH 7 and 9, respectively. It seems that Sr2+ speciation
results cannot sufficiently explain the changes in Sr2+ removal efficiency at
pHs 7 and 9. However, the changes in Sr2+ removal efficiency appeared to be
related to the stability of foam (Table 2), which can be influenced by both the
complexation of metal ions with chelating surfactant and the synergism in
surfactants mixture. Moreover, the results shown in Figure 23b for Zn2+ and
Cd2+ removal efficiencies points to that the removal is decreased from almost
100% to 60% when the solution pH is increased from 5 to 9, respectively. This
trend in the removal efficiency cannot be reasoned by Zn2+ and Cd2+ speciation
results in Figure 22, since zinc ions and cadmium ions are fully complexed
with C12-DTPA between pH 5 and 9. However, the decrease in Zn2+ and Cd2+
removal efficiencies at higher pH values seemed to be dependent on the
stability of foam, which is formed from their corresponding solutions at
studied pHs. The results of foam half-life for both Zn2+ and Cd2+ in Table 2
show that foam formed at pH 5 is more stable than foam formed at pH 7 and
9.
Table 2. Foamability and foam half-life for different metal ions and C12DTPA:DoTAC:DDAO mixtures (1:1.8:4.2) at different pH values

In addition, the image analysis of two different foams containing chelated
strontium and cadmium ions were examined. According to the results, the
Sr2+-containing foam showed a lower drainage rate and thus higher stability
than the Cd2+-containing foam. The results were in accordance with those
presented in Table 2, where the Sr2+ samples showed higher foam stability
than Cd2+ (and Zn2+) at increasing pH values.
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5.3.3 Influence of the addition of foaming agents on ion flotation
efficiency at different pH values
The ion flotation efficiency should not be defined by the removal of metal ions
from the flotated solution only, but more importantly take into account the
concentration of metal ions obtained in the collected froth. A high metal ion
concentration in the froth implies that the amount of water in the collected
foam is low, indicating a low water transfer, which of course is beneficial for
the efficiency of the separation process. During flotation, the interactions
between metal-C12-DTPA complex and added surfactant will affect the
amount of metal-C12-DTPA complex that can be removed with the foam. In
Figure 24 this is exemplified for the removal of Sr2+ at different chelating
surfactant–foaming agent ratios and flow rates. As can be noticed from the
plot in Figure 24a, there is a clear relation between the concentration of
strontium ions in the collected foam and the molar ratio between DoTAC and
DDAO; a higher amount of DoTAC gives a higher concentration of Sr2+. This
is probably related to stronger interactions between C12-DTPA and DoTAC,
compared to between C12-DTPA and DDAO. Strong interactions imply that
the C12-DTPA metal ion complexes are efficiently transferred from the bulk
phase together with the foaming agents to the collected foam. On the other
hand, the total removal of Sr2+ increases with higher amounts of DDAO
present in the foaming agent mixture. This gives an indication that the
foamability is higher at higher DDAO ratios, and also that comparably more
water is carried over from the flotated solution to the froth than at higher
DoTAC ratios, which is of course negative for separation efficiency.
The efficiency in separation by flotation is also highly dependent on foam
stability. To test how this affects the ion flotation efficiency, the removal of
strontium from the solution and the ion concentration in the collected froth
after flotation was studied at different nitrogen gas flow rates, and the
outcome is shown in Figure 24b. The removal of Sr2+ does not depend on the
gas flow rate, as can be seen from Figure 24b. However, at the lowest gas flow
rate investigated, 1 L min–1, the highest concentration of Sr2+ in the froth could
be encountered. At a gas flow rate of 1 L min–1, the Sr2+ concentration in the
froth was almost 400 times higher than its initial concentration in the bulk
solution. However, at higher gas flow rates, 2 and 3 L min–1, the Sr2+
concentration in the froth was only just around 40 times higher, although that
the interfacial area increases as the gas flow rate increases. This shows that the
mass transport of Sr2+ complexed with C12-DTPA to the solution-gas interface
is not rate controlling for the removal under studied experimental conditions.
This also suggests that the foam stability is sufficient to withstand long
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enough the gravitational force acting on the froth in the flotation cell, draining
the foam of liquid, making it dryer and thus increasing the Sr2+ concentration
in the collected froth.

Figure 24. Removal of strontium ions from sample solution versus
concentration in the collected froth at pH 7 after 70 min flotation. (a) Effect of
different
chelating
surfactant–foaming
agent
ratios
(C12DTPA:DoTAC:DDAO) at an injected gas flow rate of 3 L min–1. (b) Effect of
injected nitrogen gas flow rates in the flotation cell at a ratio of 1:3:7 between
C12-DTPA, DoTAC and DDAO.

5.4 In situ synthesis of cellulose-templated copper NPs
with antibacterial properties (Paper IV)
In Paper IV, We report a facile in situ synthesis of spherical copper NPs
templated by a gelled cellulose II matrix under alkaline aqueous reaction
conditions. In under 20 min, the hybrid material could be obtained in a onepot reaction. The synthesis procedure (Figure 12) offers a general approach to
designing various low-cost hybrid materials of almost any shape, and the
concept could be extended to utilization areas such as catalysis, functional
textiles, and food packaging, as well as to electronic applications.
FE-SEM images and XRD pattern of the hybrid material are given in Figure
25. The images show the fairly uniform dispersion of Cu NPs in the 200–500
nm size range distributed throughout the cellulose matrix (Figure 25a). The
XRD pattern in Figure 25b has peaks corresponding closely to the known
diffraction lines of Cu, cellulose II, and Cu2O. The diffraction pattern is clearly
dominated by metallic copper, while cuprous oxide is present as a minority
phase. Based on the intensity of the Bragg peaks, we estimate that the ratio
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between the amounts of Cu and Cu2O exceeds 80:20. The clear presence of
cellulose II indicates that the cellulose has indeed been recrystallized in the
process. Using the Scherrer equation, the average crystallite size of copper
was estimated from the line broadening of diffraction peaks to be in the 15–
30-nm range, assuming that the contributions of chemical disorder and
mechanical strain to the line broadening of peaks are negligible. This
crystallite size estimate is in agreement with the TDCs of the polycrystalline
spherical particles observed in the FE-SEM images (see, e.g., insets of Figure
25b).

Figure 25. (a) FE-SEM images of synthesized hybrid material, Cu NPs in a
regenerated cellulose network, at two magnifications (b) XRD pattern of
hybrid material. The positions of the expected Bragg peaks from copper (black
lines), cellulose II (blue dotted lines), and cuprous oxide (red arrows) are
marked and labeled with their respective Miller indices. The insets show FESEM images of the sample, highlighting the polycrystalline nature of the NPs
in the cellulose matrix.
The FE-SEM images in Figure 25a show the morphological characteristics of
the hybrid material, where Cu NPs are well dispersed throughout the
cellulose matrix. Under the extremely alkaline conditions of the synthesis,
dissociation of the few carboxyl acid groups present in the cellulose polymer
is obvious. More importantly, numerous hydroxyl groups in the glucose units
of cellulose are also dissociated, especially at the C6 carbon [98]. The ionized
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hydroxyl groups keep the regenerated cellulose in a highly swollen state, act
as effective nanoreactors, and provide improved conditions for the in situ
synthesis of the NPs. Under the extreme alkaline conditions, the dissociated
hydroxyl functions not only outcompete the complexing agent and anchor the
copper ions tightly onto the cellulose via electrostatic and ion–dipole
interactions/complexation, but also, after reduction, stabilize the prepared Cu
NPs via surface interactions [55]. Compared with a simple mixture of the
composite components, this process presents some advantages. As the host
macromolecular chains play a templating role in the synthesis, the
distribution of Cu NPs inside the cellulose matrix is improved and aggregate
formation is prevented. At the same time, the polymer chains play an
important role, leading to a narrow size distribution and well-defined shape
of the metal NPs [99]. The mechanism of the autocatalytic reduction of
chelated copper ions by HCHO under alkaline conditions is derived from the
mixed–potential theory applied in the interpretation of electroless copper
plating [100–102]. In general, the oxidative reaction of HCHO leads to the
chemical reduction of (chelated) copper ions to Cu and Cu2O under the
consumption of hydroxide [103]. Thin-film formation in electroless deposition
is characterized by three simultaneous crystal-building processes: nucleation,
growth into TDCs, followed by coalescence [104]. Initially, nucleation
proceeds from the copper single-crystal substrate, and the average density of
the TDCs increases with deposition time. Later, the average TDC density
reaches a maximum and then decreases with time. In the stage of decreasing
TDC density, coalescence is the predominant crystal-building process. As can
be seen from the inset in Figure 25b, showing the Cu NPs in high resolution,
the mechanism is probably applicable for the description of cellulosetemplated copper nanoparticle formation as well. Schematic of the proposed
steps of cellulose-templated Cu NPs synthesis was given in Figure 26.
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Figure 26. Schematic of the proposed steps of cellulose-templated Cu NPs
synthesis: (i) adsorption of copper ions by electrostatic complexation with
dissociated C6 hydroxyl groups in cellulose, creating the necessary nucleation
sites for (ii) reduction and crystallite growth; (iii) the finally formed Cu NPs
decorating the cellulose II matrix.
Antibacterial properties of the cellulose-templated Cu NPs material were
tested with Escherichia coli (gram negative) and Staphylococcus aureus (gram
positive) bacterial strains [73]. As can be seen from Figure 27a, the growth of
both strains of bacteria was clearly inhibited in the suspensions containing the
hybrid material. After 72 h, the culture density remained the same in E. coli
(0.32 OD), but continued to decline in S. aureus (0.08 OD). Controls remained
roughly the same as at 48 h, with a small increase in S. aureus (Figure 27a).
Figure 27b shows the visual comparison of the effect of cellulose–Cu NPs on
cultures of Escherichia coli and Staphylococcus aureus after 24, 48, and 72 h.
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Figure 27. (a) Effect of the Cu NPs–cellulose hybrid material on bacterial
growth in suspensions of Escherichia coli and Staphylococcus aureus. Cultures
were inoculated at approximately 0.5 McFarland (OD 0.08–0.1). Absorbance
at 600 nm was measured at the time of inoculation and after 24, 48, and 72 h.
(b) Visual comparison of the effect of cellulose–Cu NPs on cultures of
Escherichia coli and Staphylococcus aureus after 24, 48, and 72 h. A and B denote
E. coli with added cellulose–Cu NPs and controls, respectively. C and D
denote S. aureus with added cellulose–Cu NPs and controls, respectively.

5.5 Synthesis of Cu and Cu2O NPs/fabrication of octahedral
Cu2O NPs–cellulose hybrid film (Paper V)
In Paper V, we present a water-based approach for synthesis of monodisperse
Cu and Cu2O NPs from copper sulfate solutions via reduction with
formaldehyde under alkaline conditions at room temperature. The NP
morphology and composition was controlled by various surfactants. A novel
cellulose–based hybrid material was also prepared by spin-coating of
octahedral Cu2O NPs dispersed in a water-based cellulose solutions
containing LiOH/urea.
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5.5.1 Influence of surfactant on synthesis of Cu and Cu2O NPs
In the chemical reduction-based route, surfactants and polymers have been
effectively used as shape- and/or size-controlling agents to produce NPs with
specific morphology and as stabilizers to prevent the aggregation of particles
[63,105–110]. In Paper IV, we have previously observed that regenerated
cellulose (cellulose II) serves both as stabilizer and template, resulting in the
synthesis of copper NPs in the size range of 200–500 nm, which were smaller
than the synthesized copper particles in the present study. In this study, the
polycrystalline spherical Cu particles of 1–1.5 µm were obtained in copper
complex solution comprising EDTA. To investigate the influence of
surfactants on the morphology and composition of synthesized materials,
control experiments were performed in which the same chemical amount of
cationic CTAB and DoTAC, anionic SDS, and zwitterionic DDAO were added
to a 0.01 M CuSO4: EDTA solution. Figures 28 and 29 show HR-SEM images
and XRD patterns of the materials produced in the above-mentioned solutions.
The HR-SEM images in Figure 28a–c clearly reveal that the studied ionic
surfactants affected the synthesis of NPs almost to the same extent, resulting
in polycrystalline spherical NPs of 600–900 nm, which were relatively smaller
than the particles synthesized in absence of surfactant (particles of 1–1.5 µm).
It should be noted that both cationic surfactants have similar headgroups,
while CTAB (C16-) has a longer hydrocarbon chain length than DoTAC (C12-).
In addition, the counterions of CTAB and DoTAC are Br- and Cl-, respectively,
which also may affect the morphology of obtained NPs [111]. The
representative XRD patterns in Figure 29a–b showed that the cationic
surfactants did not alter the phase composition, which is found to consist of
metallic copper. However, in presence of anionic SDS, the XRD pattern
indicated Cu2O present as a minority phase in the obtained material (Figure
29c). On the other hand, when zwitterionic DDAO was adopted, pure Cu2O
nano-octahedrons were formed, as verified with HR-SEM and XRD (Figure
28d and Figure 29d). To the best of our knowledge, there have been no studies
regarding the use of DDAO to promote the synthesis of pure faceted Cu2O
NPs (i.e., octahedron) via chemical reduction. To investigate the role of DDAO
in the formation of faceted Cu2O NPs, synthesis was also performed in which
the same chemical amount of trimethylamine N-oxide, resembling the
hydrophilic headgroup of DDAO, and tetramethylammonium hydroxide, as
a non-oxygen-containing nitrogen compound, were added to a 0.01 M
CuSO4 :EDTA solution before reduction. The HR-SEM and XRD
characterization of the obtained materials showed that polycrystalline
spherical particles of Cu were produced. It seems that both trimethylamine
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N-oxide and tetramethylammonium hydroxide had no influence on either
morphology or chemical composition of the synthesized particles. This
suggests that the effect of DDAO on the successful synthesis of faceted Cu2O
NPs is a consequence of the combined surface activity properties and specific
headgroup functionality. The concentration dependency of DDAO additions
was tested from 0.001 to 0.1 M and octahedral Cu2O NPs were obtained at all
concentrations. Since the composition and morphology of synthesized
particles were unaffected by the changes in DDAO concentration, it can be
concluded that this compound, which consists of amine oxide, was not the
source of oxygen for copper oxide formation, but still a reaction mediator. A
similar conclusion can be made when the use of trimethylamine N-oxide did
not lead to copper oxide formation under comparable experimental
conditions. It has been previously reported that the atmosphere under the
synthesis, especially the presence of oxygen gas, could play a key role in
controlling the morphology of nanocrystals [112]. In their surfactant-free
approach, Xu et al. found that the morphology of Cu2O NPs can be tuned
through reducing Cu(OH)2, using a suitable reducing agent (i.e., hydrazine
hydrate and sodium ascorbate) under controlled atmosphere conditions (i.e.,
Ar and air) at ambient temperature. Cu2O octahedrons could be produced
when the hydrazine hydrate was adopted as the reducing agent in air
atmosphere [112]. In addition, the synthesis of Cu2O NPs with different
morphology has been achieved upon slow oxidation of Cu colloidal solutions
exposed to air at ambient temperature [111]. On the basis of these
explanations, it would not be unreasonable to assume a similar situation
occurs in our case. Since all the experiments were performed in air
atmosphere, DDAO could facilitate the contact between Cu nuclei and
dissolved oxygen gas due to its surface-active properties and promote the
reaction, leading to the formation of Cu2O NPs.
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Figure 28. HR-SEM images of synthesized materials in 0.01 M Cu(II)–0.01 M
EDTA solutions containing (a) 0.01 M CTAB, (b) 0.01 M DoTAC, (c) 0.01 M
SDS, and (d) 0.01 M DDAO. The images show the polycrystalline structure of
spherical copper NPs of 600–900 nm, synthesized in solutions (a)–(c) and
octahedral cuprous oxide NPs of 500–900 nm, formed in solution (d). The
images on the right-hand side are of synthesized materials (a)–(d) at higher
magnifications.
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Figure 29. XRD patterns of synthesized materials in 0.01 M Cu(II)–0.01 M
EDTA solutions containing (a) 0.01 M CTAB, (b) 0.01 M DoTAC, (c) 0.01 M
SDS, and (d) 0.01 M DDAO. The positions of the expected Bragg peaks from
copper (black lines), and cuprous oxide (red arrows) are marked and labeled
with their respective Miller indices. The diffraction pattern denoted by * in the
plot stems from the type RA Millipore membrane filter used to separate
synthesized material by simple vacuum filtration.
5.5.2 Fabrication of octahedral Cu2O NPs–cellulose hybrid film
Fabrication of cellulose–based hybrid materials comprising metal and metal
oxide NPs has attracted a great deal of attention in terms of practical
applications and development of biocompatible hybrid materials [54,55,63].
The NPs’ size, morphology, composition, crystallinity, and distribution in the
matrix influence the properties of hybrid material. Cellulose, as the most
abundant biopolymer, has good mechanical properties and chemical
resistivity in a wide range of solvents, which makes it an excellent candidate
for the production of low-cost, environmentally friendly, and functional
hybrid materials. In Paper IV, we recently reported on the synthesis of
spherical copper NPs templated by a regenerated cellulose II matrix under
alkaline aqueous reaction conditions. In the present study, celluloseoctahedral Cu2O NPs hybrid films were fabricated by spin-coating of Cu2O
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NPs dispersed in a cellulose solution (Figure 28d and Figure 29d). In Figure
30, the XRD pattern and HR-SEM images of the hybrid material are shown.
The images indicate that the Cu2O nano-octahedrons are well distributed
throughout the regenerated cellulose matrix. As seen in Figure 30, the XRD
pattern of the film shows that the hybrid material is composed of cellulose II
and pure Cu2O. This type of hybrid material is more easily handled than nonscaffolded NPs and highly interesting, since faceted Cu2O NPs (i.e.,
octahedrons) have potential application in many fields, such as photocatalysis,
solar cells, catalysis, gas sensors and hydrogen production [63,67,105].

Figure 30. HR-SEM images and XRD pattern of hybrid material produced by
spin-coating technique with cellulose solution containing octahedral Cu2O
NPs (see Figure 28d and Figure 29d). The positions of the expected Bragg
peaks from cellulose II (blue lines), and cuprous oxide (red arrows) are
marked and labeled with their respective Miller indices. The images (a) and
(b) on the right-hand side are high magnification HR-SEM images correspond
to the rectangles (a) and (b) in the left-hand side image.
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6 Conclusions and further perspectives
This study has mainly focused on the development and evaluation of
chelated-metal recovery processes from aqueous solution. The results indicate
that the membrane electrolysis technique could be effectively applied in order
to recover copper and different aminopolycarboxylic chelating agents. By
using this method, it is possible to simultaneously recycle the chelating ligand
for further reuse and collect the metals by electrodeposition, making the
process more cost-effective and hindering the discharge of copper ions and
chelating ligands as pollutants into the environment. The electrochemical
recovery of copper complexes with C12-DTPA could be further studied by
applying an accurate and proper setup to investigate the effect of fractional
bubble coverage, dynamic surface tension, and current distribution in this cell
configuration during the operating time. Moreover, the voltammetry and
electrochemical quartz crystal microbalance (EQCM) techniques could
provide valuable information about electrochemical reactions of the
electroactive species in the electrolyte at the electrode surface. Studies
regarding the electrochemical recovery of other metals (e.g. zinc, cadmium,
nickel, cobalt, etc.) complexed with chelating ligand are also highly interesting.
In addition, electrochemical methods could be effectively combined with a
foam flotation method for the chelating surfactant C12-DTPA to recover metal
and C12-DTPA. In this respect, to treat dilute metal solutions, the ion flotation
technique with chelating surfactant C12-DTPA could be employed to separate
and concentrate the metal ions, and thereafter the membrane electrolysis
method could be applied to the concentrated solutions to recover metal and
chelating surfactant. This makes the overall treatment more sustainable and
helpful in complying with increasingly stringent environmental regulations.
In addition, this study shows that chelating surfactant C12-DTPA can be
effectively used in combination with two foaming agents for the removal of
extremely toxic metal ions such as Cd2+, Zn2+, and Sr2+ from aqueous solution
using the ion flotation technique. It was found that the removal of metal ions
from the flotation cell depends on their chelation behavior with C12-DTPA and
on the foaming properties of the samples, both of which change with the pH
of the system. Taking the above considerations into account, it would be
useful to design and optimize a selective ion flotation process in competitive
systems for the target metal ions.
Another approach studied in the present work was the synthesis of metal and
metal oxide NPs in alkaline aqueous solution, containing chelated metal ions,
in order to fabricate metal NPs–cellulose hybrid materials. Cellulose is a
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promising material to support metal NPs as it provides good mechanical
performance and chemical resistivity in a wide range of solvents, while being
an inexpensive and “green” material. In this regard, we developed a rapid
and inexpensive one-pot synthesis of spherical copper NPs in a cellulose
matrix by reducing chelated copper ions using a reducing agent under
ambient conditions. The synthesized hybrid material displays obvious
antibacterial properties for both gram-negative and gram-positive bacteria.
By using the same method, we also studied the influence of various chelating
ligands and surfactants on the synthesized NPs’ morphology and chemical
composition. According to the results, DDAO, a zwitterionic surfactant, was
found to mediate the formation of pure octahedral Cu2O NPs, most likely
because of a combination of surface activity and headgroup specificity. In
addition, a hybrid material composed of regenerated cellulose and
synthesized Cu2O nano-octahedrons was produced by spin-coating.
Future work based on this study could be designing various hybrid materials
of almost any shape and examining them in numerous potential applications,
including electronic devices, optics, catalysis, photocatalysis, gas sensors,
solar cells, wastewater treatment, and biomedical materials. In addition, the
synthesis of other metal/metal oxide NPs and selective functionalization of
biopolymers such as cellulose using the synthesized NPs are highly
interesting for their practical applications.
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