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Abstract Copper is a major problem in industrial
wastewater streams, seriously affecting the quality of
potential drinking water. Several approaches, including
continuous membrane processes or batch-wise application
of adsorbents, are in use to tackle this problem. Unfortu-
nately, these processes suffer from their particular draw-
backs, such as low permeance or disposal of saturated
adsorbents. However, a combination of these processes
could constitute a step towards a more efficient copper
removal solution. Here, we present a nanopaper ion-ex-
changer prepared from cellulose nanofibrils produced from
fibre sludge, a paper industry waste stream, for the effi-
cient, continuous removal of copper from aqueous solu-
tions. This nanopaper ion-exchanger comprises
phosphorylated cellulose nanofibrils that were processed
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into nanopapers by papermaking. The performance of these
phosphorylated nanopaper membranes was determined
with respect to their rejection of copper and permeance. It
was shown that this new type of nanopaper is capable of
rejecting copper ions during a filtration process by
adsorption. Results suggest that functional groups on the
surface of the nanopapers contribute to the adsorption of
copper ions to a greater extent than phosphate groups
within the bulk of the nanopaper. Moreover, we demon-
strated that those nanopaper ion-exchangers could be
regenerated and reused and that in the presence of calcium
ions, the adsorption capacity for copper was only slightly
reduced.

Keywords Cellulose nanofibrils - Heavy metal ion -
Ion-exchange - Phosphorylation

Introduction

Copper is one of the most utilized heavy metals in many
different industries found in a wide range of different
applications (Camarillo et al. 2010). In 2014, the world’s
copper consumption equalled 20.6 million short tons
(C.D.A. 2015). This is due to its excellent properties
(Lambert et al. 2014), such as very good electrical and
thermal conductivity, ductility and availability (Sa-
muelsson and Bjorkman 2014). Contamination of drinking
water can occur during mining and production processes,
where copper ions leak into water streams and are further
distributed (Akar et al. 2009; Bilal et al. 2013). Apart from
traditional applications, copper is also used as fungicide or
fertilizer for plants and as nutrient supplement for animals,
resulting in accumulation of copper in manure, ultimately
causing soil contamination and thus contamination of
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drinking water sources (Tegoni et al. 2014). Potential
sources of copper in industrial effluents also include pulp,
paper and paper board mills as well as the fertilizer
industry (Gupta 1998; Wan Ngah et al. 2002).

Even though copper is essential for the human body
(Fraga 2005; Bilal et al. 2013), high copper concentrations
are a serious problem (Shannon et al. 2008), as it causes
adverse effects in living organisms, e.g. the accumulation
of copper in the liver roots Wilson’s disease, which leads to
neurological and psychiatric defects (Araya et al. 2001;
Zamani et al. 2007). The necessary intake of copper for
humans should not exceed 5 mg per day, as defined by the
tolerable upper intake level (UL), set by the European
Commission (European-Comission 2003). Thus, according
to the WHO (WHO 2004), the limit of copper concentra-
tion in water should not exceed 2 mg L_l, which is often
exceeded in many industrialized regions. On the other
hand, due to increased prices for raw metals such as cop-
per, the capture of copper from waste streams, and thus the
recycling of this precious material, is not only important
from an ecological but also interesting from an economical
point of view (Samuelsson and Bjorkman 2014).

Currently, high copper concentrations in water are
usually tackled by various methods and processes, for
instance by chemical precipitation (Chen et al. 2009; Fu
and Wang 2011), e.g. hydroxide, sulphide or chelating
precipitation, as well as ion-exchange or adsorption (Wan
Ngah et al. 2002; Akar et al. 2009; Zhu and Li 2015; Jain
et al. 2016), e.g. with activated carbon, carbon nanotubes,
magnetic nanoparticles (Feitoza et al. 2014), low-cost
adsorbents from industrial waste streams (Castaldi et al.
2015; Cretescu et al. 2015) or bioadsorbents (Davis et al.
2003; Deng et al. 2013; Hokkanen et al. 2013; Shaheen
et al. 2013; Bansal et al. 2014; Sen et al. 2015; Komkiene
and Baltrenaite 2016). Furthermore, membrane filtration
processes (Ujang and Anderson 1996; Qdais and Moussa
2004) such as ultrafiltration, nanofiltration, reverse osmosis
or electrodialysis are utilized. Coagulation, flocculation,
flotation (Fu and Wang 2011) as well as electrochemical
treatment (Kongsricharoern and Polprasert 1995; Huang
et al. 2014) are also among those processes. Unfortunately,
all of these methods and processes exhibit drawbacks that
limit their utility. Membrane processes are usually con-
nected to process complexity, membrane fouling and low
permeate flux; coagulation—flocculation involves chemical
consumption and sludge generation; and flotation causes
high initial capital, maintenance and operational costs
(Ujang and Anderson 1996; Qdais and Moussa 2004).
Chemical precipitation is often not economically feasible
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and produces large amounts of sludge; ion-exchange resins
are often expensive and have to be regenerated, causing
serious secondary pollution; and the development of elec-
trochemical heavy metal wastewater treatment techniques
is restricted due to high initial capital investment and
expensive electricity supply (Kongsricharoern and Pol-
prasert 1995; Akar et al. 2009). The use of activated car-
bons for the adsorption of heavy metal ions is restricted due
to its high cost (Fu and Wang 2011), while utilization of
low-cost adsorbents is often limited by their adsorption
efficiencies (Cretescu et al. 2015; Komkiene and Baltre-
naite 2016). However, biosorption of heavy metals from
aqueous solutions, adsorption of contaminants on adsor-
bents based on renewable resources, is a relatively new
process that has proved very promising for the removal of
heavy metals from wastewater (Shaheen et al. 2013; Mejias
Carpio et al. 2014).

Cellulose nanofibrils (CNF), a special type of cellulose
with fibrils in the nm range (Klemm et al. 2011), were
recently demonstrated to be capable of removing different
kinds of ions by adsorption in static media whereby via the
introduction of certain functional groups, such as acid or
ammonium groups, the effect of adsorption of heavy metal
ions, dyes or nitrates can be enhanced to a great extent
(Hokkanen et al. 2013; Jin et al. 2013; Pei et al. 2013; Yu
et al. 2013a, b; Karim et al. 2014; Liu et al. 2014; Sehaqui
et al. 2014). CNF can be produced from industrial waste
streams, for example fibre sludge, and do not necessarily
require chemicals or solvents for their production. Thus, a
material from a renewable resource is at hand which has
the capacity to adsorb pollutants from aqueous solutions
(Klemm et al. 2011; Jonoobi et al. 2012). Phosphate-
modified CNF were recently shown to be particularly
suitable as adsorbent for heavy metals (Bozic et al. 2014;
Liu et al. 2015). Anyhow, the problems associated with
adsorbent materials, e.g. batch-wise application, non-con-
tinuous operation (Bhatnagar and Sillanpaa 2011), have
also to be tackled for these CNF adsorbents.

Apart from application as adsorbent, CNF can also be
utilized for manufacturing of nanopapers, using paper-
making processes (Henriksson et al. 2008; Sehaqui et al.
2010; Lee et al. 2012). Such nanopapers can be used as
tight aqueous ultrafiltration or organic solvent nanofiltra-
tion membranes (Mautner et al. 2014, 2015). However, the
permeance of these membranes was still relatively low and
pores too large for the removal of (copper) ions. Moreover,
for the adsorption of heavy metal ions conventional
nanopapers lack suitable amounts of functional groups,
such as phosphate groups.
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In this study, our approach was to combine the advan-
tages of a natural adsorbent material and membrane fil-
tration processes. We prepared phosphorylated cellulose
nanofibrils using fibre sludge, a paper industry waste
stream, as cheap and abundant raw material. These phos-
phorylated CNF were processed into nanopaper ion-ex-
changers to capture copper ions in a filtration process. The
advantage of this approach is that it constitutes a continu-
ous process, and thus, adsorbent material disposal problems
are avoided, as backwash operations can be easily per-
formed as shown in our paper. The development of an
adsorbent into a continuously working nanopaper ion-ex-
changer represents a step forward in tackling the problem
of heavy metal, i.e. copper, accumulation in water
resources.

The production of cellulose nanofibrils was conducted in
spring 2014 at Lulea University, and the phosphorylation
of the cellulose nanofibrils was carried out in spring 2014
by the University of Maribor. Preparation of the nanopa-
pers was done in summer 2014 at Imperial College Lon-
don, and the testing of the nanopapers was performed in
summer and autumn 2014 at Imperial College London as
well as in summer 2015 and winter 2015/16 at the
University of Vienna.

Materials and methods
Materials

H5;PO,, Cu(NO3),, KOH, NaOH, HCl and KCI were pur-
chased from Sigma and used without further purification.
For permeance measurements, deionized water was used
which was further purified with a UV unit (Synergy Mil-
lipore, Molsheim, France).

Preparation of unmodified CNF

Unmodified nanofibrils were prepared according to a pro-
cess previously reported (Jonoobi et al. 2012) from fibre
sludge, which had a cellulose and hemicellulose content of
95 and 4.75 %, respectively, and was kindly provided by
Processum AB (Domsjo, Sweden). Briefly, the sludge raw
material was immersed in distilled water at a consistency of
3 wt% for 2 h and then dispersed using a mechanical
blender (Silverson L4RT, Chesham Bucks, England) at
3000 rpm for 10 min. Subsequently, unmodified nanofib-
rils, herein termed CNF-0, were obtained by grinding the
suspension with an ultrafine grinder (MKCA 6-3, Masuko
Sangyo, Kawaguchi, Japan).

Preparation of phosphorylated CNF

To a CNF-0 suspension in water (3.0 wt%), H3PO, (85
vol%) was carefully (keeping the temperature below
30 °C) added via a dropping funnel to reach a H;PO,
concentration of 10.7 mol L™!. Afterwards, the reaction
mixture was heated to 100 °C in an oil bath and stirred
for 30 min, and subsequently the slightly yellow-
coloured reaction mixture was cooled to room tempera-
ture in an ice bath. Phosphorylated CNF (CNF-P) were
collected by centrifuging ten times at 9000 rpm for
15 min until the supernatant was clear. After each pass,
the supernatant was decanted and replaced by fresh
ultrapure water. The CNF-P dispersion was then dialysed
(the weight cut-off of the dialysis membrane was
6-8 kDa) against ultrapure water for 5 days (exchanging
the water every day) until neutral pH was reached. The
final dispersion was subsequently sonicated for 2 min
and stored in a refrigerator.

Characterization of phosphorylated CNF
Determination of the Zeta-potential of CNF

The C-potential of CNF was measured using elec-
trophoresis with a Zeta-sizer (Malvern Nano ZS, Malvern,
Herrenberg, Germany) at 20 °C using a high concentration
zeta-potential cell (ZEN1010). A voltage of 40 V was
applied across the nominal electrode spacing of 16 mm.
Samples were prepared at concentrations of 0.005 wt% in
MQ water and measured over a pH range from 12.5 to 2 by
titration of 0.1 mol L™' NaOH and 0.1 mol L~" HCI,
respectively. The samples were ultrasonicated and stirred
for 2 min prior to the measurements in order to improve
particle dispersion. Mean values & standard deviations
were calculated from at least four individual
measurements.

Phosphate content by potentiometric titration

Potentiometric titrations with 0.5 wt% suspensions of the
phosphorylated CNF in water were performed using a twin-
burette instrument Mettler-Toledo T70 (Mettler-Toledo,
Ljubljana-Dobrunje, Slovenia) under inert atmosphere (N,
bubbling) as reported before (Liu et al. 2015). Briefly,
suspensions of CNF and acidic or alkali solutions,
respectively, were prepared in MQ water with low car-
bonate content (<1075 mol Lfl). The titration experiments
were carried out at 0.1 mol L™! ionic strength, as set with
KCI. The pH value was measured with a Mettler-Toledo
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DG-117 combined glass electrode. Blank titration was
carried out under the same conditions.

The total amount of phosphate groups per unit mass
CNF I'g (mmol gfl) was determined from the volume of
KOH added for the CNF sample, from which the volume of
the blank was deducted, according to Eq. 1:

I =" ([CI"] ~ [K*] + [OH ] ~ [H")) 1)

whereby m is the mass of CNF and V is the corrected
volume of KOH used. The values in the square brackets
denote the molar concentrations of the ionic species: [Cl ]
and [K"] are known from the added volumes of HCI and
KOH, respectively, and [OH ] and [H"] are known from
the measured pH.

Manufacturing of nanopapers

Nanopapers were prepared following a protocol reported
previously (Hasani et al. 2008; Sehaqui et al. 2010; Lee
et al. 2012). Initially, the concentration of CNF was
adjusted to 0.3 wt% by adding water. Subsequently, these
CNF-in-water  suspensions were blended (Breville
VBL065-01, Oldham, UK) for 2 min to obtain a homo-
geneous suspension, followed by vacuum filtration onto a
cellulose filter paper (VWR 413, Lutterworth, UK) to
produce a filter cake. The resulting filter cakes were wet-
pressed (10 kg) between blotting papers (3MM Chr VWR,
Lutterworth, UK) for 5 min to further absorb the excess
water, ultimately exhibiting a moisture content of 85 %.
Consolidation and drying of the filter cakes were conducted
in a hot-press (25-12-2H, Carver Inc., Wabash, USA) (1 t,
1 h, 120 °C) by sandwiching between fresh blotting papers
and metal plates. CNF-P and CNF-O nanopapers with
25 ¢ m~2 (gsm), corresponding to thicknesses of 25 pm,
were prepared.

By mixing and blending equal amounts of CNF-0 and
CNEF-P, respectively, at 0.3 wt%, suspensions for the pro-
duction of hybrid nanopapers (CNF-H), which consisted of
equimolar mixtures of modified and unmodified CNF, were
prepared, followed by filtering, pressing and hot-pressing
as described above. CNF-H nanopapers with 50 (gsm),
which were composed of each 25 gsm CNF-P and 25 gsm
CNF-0, with a thickness of 50 pm were prepared, con-
taining the same amount of phosphate groups as 25 gsm
CNF-P nanopapers.

Moreover, a double-layer nanopaper (CNF-P top) with a
40 gsm CNF-0 substrate and a 10 gsm active CNF-P top
layer was produced. It was prepared by first filtering a
CNF-0 suspension onto which a CNF-P suspension was
casted. The double-layer wet filter cake was finally pressed
and hot-pressed as described above.

’r @ Springer

Characterization of nanopapers
Determination of the Zeta-potential of nanopapers

The C-potential of CNF-0, CNF-P (top) and CNF-H
nanopapers was determined with a SurPASS electrokinetic
analyser from Anton Paar (Graz, Austria). The {-potential
was measured as a function of pH in an adjustable gap cell
(gap width 100 pm) by pumping the electrolyte solution
(1 mM KCl) through the cell and steadily increasing the
pressure to 300 mbar, while the pH was controlled by
titrating 0.05 mol L ™' KOH and 0.05 mol L™" HCl into the
electrolyte solution. To determine the C-potential, the
measured streaming current was used.

Morphology of the cellulose nanopapers by SEM

The morphology of modified and unmodified nanopapers
was characterized using scanning electron microscopy
(SEM). Prior to SEM, the nanopapers were mounted onto
aluminium stubs using carbon tabs and gold coated (K550
sputter coater, Emitech Ltd, Kent, UK) for 2 min at
20 mA. SEM images were taken using a LEO Gemini 1525
FEG-SEM (Leo Electron Microscopy Ltd, Cambridge,
UK) at an accelerating voltage of 5 kV.

Mechanical properties of cellulose nanopapers by tensile
tests

Tensile properties of the nanopapers were determined
using a 5969 Dual Column Universal Testing System (In-
stron, Darmstadt, Germany) with a 1 kN load cell at 25 °C
and 50 % RH with a gauge length of 20 mm and a testing
velocity of 1 mm min~'. With a laboratory paper, cutter
strips (40 x 5 mmz) were cut from the nanopapers,
whereby the thickness was separately measured for each
specimen before measurements at five different spots using
a digital micrometre (705-1229, RS components, Corby,
UK).

Nanopaper pure water permeance and copper adsorption
performance

Two parameters were used to evaluate the performance of
the nanopapers: the pure water permeance and copper ion
adsorption. To study the permeance, discs of nanopapers
with a diameter of 49 mm were soaked in deionized water
for three days ensuring equilibration, placed on a porous
stainless steel plate and installed in a Sterlitech (Kent,
USA) HP4750 stirred dead-end cell with an active filtration
area of 1460 mm?. At a head pressure of 0.2 MPa nitrogen,
deionized water was forced through the nanopapers at
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20 °C. Measuring the volume permeated per unit area per
unit time resulted in values for the pure water permeance
[L m™2 h™!' MPa~!'] (Mautner et al. 2016).

To study the copper ion adsorption, 1 mmol L™" solu-
tions of Cu*" ions (from Cu(NOj3), pH 5.5) in deionized
water were passed through the nanopapers. Permeate
fractions of 2-5 mL were collected and diluted by a factor
of 3 to enable analysis by ICP-OES (PerkinElmer Optical
Emission Spectrometer Optima 2000 DV, Perkin Elmer,
Waltham, USA). The mass of adsorbed copper ions per
unit nanopaper area [mg m~ 2] was computed from the
volume of each permeate fraction and its concentration and
plotted versus the permeate volume. The adsorption
capacity, i.e. the ratio of the mass of adsorbed copper to the
total mass of phosphorylated CNF [mg g~ '], was calcu-
lated from the total mass of adsorbed copper ions.
Regeneration of copper loaded nanopapers was demon-
strated by washing with 0.1 M H3;PO,. Washed nanopapers
were tested again according to the protocol described
above. Furthermore, to evaluate the influence of calcium
ions onto the adsorption of copper onto CNF-P nanopapers,
dynamic adsorption studies were performed with aqueous
solutions containing 1 mmol L™ of each Cu*" and Ca*",
respectively.

Results and discussion
Phosphorylated CNF

Production of CNF-0 from fibre sludge, an industrial waste
stream material, resulted in cellulose nanofibrils with
diameters between 10 and 100 nm, with the maximum of
the diameter distribution being located around 30 nm, and
lengths in the pm region (Jonoobi et al. 2012). This base
material was used directly for the production of nanopapers
as well as for the preparation of phosphorylated CNF-P.
The phosphorylation reaction (Kokol et al. 2015) was
carried out through esterification of cellulosic OH groups
with phosphoric acid at 100 °C, as shown in Scheme 1.
The success of this modification reaction was confirmed
by means of potentiometric titration and {-potential mea-
surements. The amount of phosphate groups grafted onto
the cellulose fibrils, as determined by conductometric
titration, was 18.6 £ 2.3 mmol kg~', which equals an
overall degree of substitution (DS) of just 0.001. It can be

Scheme 1 Modification of
cellulose nanofibrils with
phosphate groups

HO

o §

HO
OH s

assumed that the phosphoric acid was attached to the cel-
lulose chain in the form of a phosphate group by one ester
bond via the reactions of the cellulose hydroxyl groups
(Sufiet et al. 2010). The modification reaction led to slight
alterations of the fibrils; hydrolysis of fibrils located in
amorphous regions of the surface of the CNF took place,
resulting in a yield of 85 %. Further in-detail characteri-
zation (including IR and SEM before and after modifica-
tion, NMR, XRD, capillary electrophoresis, colorimetry,
DSC and TGA) of the phosphorylated CNF used in this
study can be found in a preceding study (Kokol et al.
2015).

The modification of CNF with phosphate groups is
anticipated to influence the surface charge of CNF. {-Po-
tential measurements (Fig. 1) displayed a significant
change in the {-potential of the native nanocellulose fibrils
due to the CNF modification. Unmodified CNF-0 exhibited
a negative {-potential over the whole range of pH exam-
ined between —2.5 and —21 mV. A plateau around
—20 mV at high pH can be observed, which indicates that
the surface is acidic as all dissociable functional groups are
fully deprotonated (Lee et al. 2012). With decreasing pH,
the {-potential increases due to the protonation of func-
tional groups. Above pH 4, phosphate-modified CNF-P
exhibit negative {-potential, too, but on a lower level (—21
to —31 mV). This lower (-potential is due to the intro-
duction of acidic phosphate groups on the surface of the
nanofibrils eventually improving adsorption of positively
charged heavy metal ions, i.e. copper ions (Kokol et al.
2015). However, at pH 2.5, charge reversal and thus a
positive {-potential of 3 mV was found. Below the iso-
electric point (iep), the grafted moieties, present in the
form of hydrogen phosphate groups, are protonated,
resulting in increased C-potential. This is in good correla-
tion with the pK,; value that is 2.1 for phosphoric acid
(Guthrie 1977).

Phosphorylated CNF nanopapers

From phosphorylated CNF-P, nanopapers intended for the
continuous capture of copper ions via an ion-exchange
mechanism were prepared using a papermaking process
(Mautner et al. 2014, 2015). The grammage of CNF-P
nanopapers was set to 25 g m~> (gsm), corresponding to a
thickness of 25 um. Moreover, a hybrid nanopaper (CNF-
H) was prepared, in which CNF-P and CNF-0 were mixed

OR
H3PO,4 OH
FrRR A '
-H,0 OOR R=Hor O=—P—OH
100°C, 30 min OR |,
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Fig. 1 {-Potential of CNF-P and CNF-0 as function of pH

in equal amounts (25 gsm CNF-P and 25 gsm CNF-0,
respectively), thus ensuring equal amounts of phosphate
groups within 25 gsm CNF-P and 50 gsm CNF-H
nanopapers. Furthermore, a double-layer nanopaper was
developed, for we hypothesized that the adsorption effi-
ciency of functional groups located on the surface of a
nanopaper is higher than those of functional groups in the
bulk of a nanopaper. Therefore, a thin layer (10 gsm) of
CNF-P was deposited onto a CNF-0 (40 gsm) support,
termed “CNF-P top”. In addition, for comparison reasons,
nanopapers from unmodified CNF-0 with a grammage of
25 gsm gsm, corresponding to a thickness of 25 pum, were
prepared according to the same principal protocol.

In nanopapers from pure phosphorylated CNF-P (Fig. 2
left) and hybrid nanopapers made from mixtures of phos-
phorylated and unmodified CNF (Fig. 2 right), a homoge-
neous network of nanofibrils was formed. Differences

Signal A = InLens
Mag = 60.00 KX
—~ 3

EHT = 5.00 kV
WD = 6.7 mm

could be observed regarding the alignment of the fibrils.
Whereas in CNF-H nanopapers fibrils appear to align over
larger distances, in CNF-P nanopapers it seems that due to
repulsive forces caused by the negatively charged phos-
phate groups a more chaotic network has been formed.

The surface charge of adsorption materials most
prominently affects their effectiveness. Information
regarding type of moieties present and their relative con-
centrations on a materials surface is provided by its (-
potential. Additionally, as cleavage of functional groups at
enhanced temperatures might have taken place during the
nanopaper production process, the C-potential provides
information about the type and concentration of functional
groups. The {-potential of the nanopapers as function of pH
in a 1 mol L™" KCI electrolyte was measured for CNF-P
(top), CNF-H and CNF-0 nanopapers (Fig. 3).

As expected, unmodified CNF-0 nanopapers exhibited
negative (-potential over the whole pH range examined,
attributed to the presence of a small amount of carboxyl
groups, such as uronic acids, originating from residual
hemicelluloses in the pulp, which are available to cellulose
oxidation during the pulping operation (Olszewska et al.
2011). Just as for CNF-0 nanofibrils, the {-potential of CNF-
0 nanopapers increased with decreasing pH value, with an
extrapolated iep of pH 2. Phosphorylated nanopapers
exhibited negative (-potential at pH > 4 as well, but on a
lower level with a plateau at around —60 mV. This was due
to the introduction of acidic phosphate groups that have been
grafted to the surface of the cellulose nanofibrils. Because of
this very low {-potential, adsorption of heavy metal ions such
as Cu”" on the negatively charged surface of the nanofibrils
should be improved. Similar to the {-potential of CNF-P
fibrils, at pH 3.5 charge reversal takes place for CNF-P

s

Signal A = InLens
Mag = 60.00 KX

EHT = 5.00 kV
WD = 5.9 mm

Fig. 2 SEM images of CNF-P nanopapers (leff) with 25 gsm/25 um thickness and CNF-H nanopapers (right) with 50 gsm/50 pm thickness

(magnification: x60,000)
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Fig. 3 (-Potential of CNF-P (top), CNF-0 and CNF-H nanopapers as
function of pH

nanopapers. Hybrid nanopapers, containing both modified
CNF-P and unmodified CNF-0, exhibited a -potential that
reflects the average of CNF-P and CNF-0. A plateau at
around —45 mV, right in between —60 mV for CNF-P and
—30 mV for CNF-0 nanopapers, respectively, was mea-
sured. The iep is at pH 3.5 just as for CNF-P. Thus, copper
adsorption should still be feasible but presumably at a lower
level as for pure CNF-P but higher compared to CNF-O0.
Interestingly, for CNF-P top, the C-potential is higher at
higher pH as compared to CNF-P, similar to CNF-H,
demonstrating the influence of the CNF-0 support onto the -
potential. In addition, starting from pH 5 and below, the (-
potential is lower as compared to CNF-P and also the iep is
lowered from pH 3.5 to 3.0.

Tensile properties of nanopapers

In order to evaluate the feasibility of the nanopapers in real
filtration experiments, mechanical properties were deter-
mined by tensile tests. The results for tensile strength,
Young’s modulus and strain to failure are summarized for
all nanopapers in Table 1 compared to a conventional filter
paper VWR 413.

The pure CNF-P nanopaper was found to be the stiffest
but also most brittle nanopaper. It exhibited the highest

Young’s modulus but also lowest strain to failure and
tensile strength. This can be explained by repulsion of
introduced phosphate groups that render the nanopaper
brittle. Opposed to that the completely unmodified CNF-0
nanopaper exhibited a very high tensile strength and strain
to failure, which are comparable to conventional nanopa-
pers (Lee et al. 2012). As one would expect, mixtures of
CNF-0 and CNF-P fibrils in CNF-H nanopapers and lay-
ered structures, such as in CNF-P top nanopapers, exhibited
mechanical properties in between pure CNF-0 and CNF-P
nanopapers. Compared to conventional, commercially
available filter papers, all of the nanopapers showed
superior mechanical behaviour. Thus, it is to be expected
that the nanopapers are capable of readily withstanding
mechanical stresses experienced during filtration
experiments.

Nanopaper permeance and copper adsorption performance

In order to quantify the performance of membranes, usually
two parameters, the permeance and the rejection of pollu-
tants, are analysed. In this study, the rejection was
expressed by the adsorption of copper ions on the
nanopaper ion-exchanger. The permeance (P) was mea-
sured using deionized water in a dead-end cell. As P is very
prone to be varying over time, the equilibrium P had to be
established. To do so, the permeance of nanopapers was
tested until it did not change more than 1 % during one
hour. The results of these measurements are presented for
all types of nanopapers in Fig. 4.

The 25 gsm CNF-P nanopapers exhibited almost the
same P as 50 gsm CNF-H nanopapers of about 2 L m™>
h™! MPa~'. This showed that the introduction of phosphate
groups reduces the permeance of nanopapers. This result
was confirmed by the permeance for pure 25 gsm CNF-0
nanopapers, which was two times higher as compared to
the 25 gsm CNF-P nanopapers. This phenomenon is pos-
sibly due to the fact that the modified CNF fibrils with a
more negative (-potential as compared to CNF-0 (see
Fig. 1) are better dispersed in the CNF pulp, and therefore,
after filtration the papers consist of fewer large aggregates

Table 1 Tensile properties of

Nanopaper Tensile strength ¢ Young’s modulus E Strain to failure ¢
CNF-0, CNF-P (top) and CNF- (MPa) (GPa) (%)
H nanopapers compared to filter
paper VWR 413: tensile CNF-P 514 8.7 0.80
strength ¢ (MPa), Young’s :
modulus E (GPa) and strain to CNE-P top 89.0 6.1 3.19
failure & (%) CNF-H 95.3 7.1 1.73
CNF-0 120.3 6.3 5.06
Filter paper 31.6 1.9 2.45
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Fig. 4 Stable permeance of CNF-P (top), CNF-0 and CNF-H
nanopapers

resulting in bigger pores. The permeance of nanopapers
was thus found to be in the range of commercial reverse
osmosis membranes, which are usually required to tackle
metal ions in membrane processes.

The utility of phosphorylated CNF nanopapers as
adsorption membrane for the continuous removal of copper
ions from aqueous solutions was demonstrated by filtration
experiments. Cellulose nanofibrils, in particular those mod-
ified with phosphate groups, have already been demonstrated
to adsorb heavy metal ions such as copper ions in static
experiments with incubation times of several hours (BoZzi¢
et al. 2014; Liu et al. 2014, 2015). Yet, in real-time filtration
experiments, the contact time between adsorbent and
adsorbate is only seconds or even fractions of seconds,
potentially allowing for a much faster and thus more efficient
process. Consequently, dynamic adsorption experiments
were performed to explore the feasibility of copper adsorp-
tion onto modified CNF for these short contact times.

A solution of copper nitrate in deionized water at a
concentration of 1 mmol L™", equivalent to 63.5 mg Cu(II)

Fig. 5 Image of a CNF-P top
nanopaper after adsorption tests
(left). Adsorbed copper ions can
be easily perceived as turquois
haze on the surface of the
nanopaper. Image of the same
CNF-P top nanopaper after
treatment with 0.1 M H3PO, to
desorb the copper ions (right)

* @ Springer

L', corresponding to strongly copper contaminated water,
similar to effluents from mirror industries (Liu et al. 2015),
was used to determine dynamic adsorption characteristics
of CNF-P nanopapers. Since batch adsorption tests (Bozi¢
et al. 2014) showed only limited heavy metal adsorption by
CNF-0, CNF-0 nanopapers were not tested regarding their
dynamic copper adsorption performance. CNF-P (top) and
CNF-H nanopapers, respectively, were installed in a dead-
end cell, and the copper solution was passed through and
permeate fractions were collected. Figure 5(left) shows a
photograph of a CNF-P top nanopaper after filtration tests.
A turquois haze on the surface of the nanopaper shows that
the surface of the nanopaper was loaded with Cu(Il) ions.
This demonstrates the capability of phosphorylated
nanopapers for copper removal. Moreover, simply washing
the nanopapers with 0.1 M H;PO, (Fig. 5 right) allows to
regenerate the nanopaper ion-exchanger; the adsorbed
copper was removed and the nanopaper ion-exchanger can
be reused.

The copper concentration of each permeate fraction was
determined by ICP-OES, and the amount of copper that has
been removed from the particular effluent was calculated.
The amount of adsorbed copper has then been related to the
active membrane area used and plotted against the per-
meate volume (Fig. 6).

Apparently, the initial slopes of the curves are almost
identical for CNF-P and CNF-H and slightly increased for
CNEF-P top, whereby in the presence of equal concentra-
tions of Ca®" and Cu”" ions the copper adsorption was
influenced only to a minor extent. In the latter case, at first
hardly any difference was found but the overall copper
adsorption capacity was slightly reduced. The initial slopes
correspond to the primary adsorption of copper onto the
surface of the nanopaper and suggest that phosphate groups
on the surface of a nanopaper contribute more to copper
adsorption than phosphate groups on fibrils located in the
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Fig. 6 Mass of adsorbed copper per unit filtration area versus
permeate volume for CNF-P (top) (with/without Ca competition) and
CNF-H. The error of each individual data point corresponds to the
error of the experiment which was equal to 2 %

bulk of the nanopaper. When saturation of the nanopaper
was reached, the curve levelled off. The saturation level
quantifies the maximum adsorption capacity of the ion-
exchange nanopapers. This value was obviously approxi-
mately the same for CNF-P (190 mg m~?) and CNE-P top
(195 mg m™~?) nanopapers and significantly higher than for
CNF-H (150 mg m~?). This situation was explained by the
higher number of phosphate groups on the surface of
nanopapers made purely from CNF-P or having a thin layer
of CNF-P on top, respectively. Thus, apparently it is not the
total mass of modified CNF-P in the nanopaper that is
responsible for efficient copper adsorption. Rather the
concentration of phosphate groups on fibrils located on the
surface of the nanopaper dominates adsorption of copper,
thus influencing the amount of copper that can be removed.
This observation also reflects the results from {-potential
measurements (Fig. 3). This was due to a greater

Table 2 Adsorption capacity for CNF-P, CNF-H and CNF-P top
(virgin, with competing Ca and after regeneration) nanopapers

Nanopaper Adsorption capacity
(mg g~")

CNF-P 7.7

CNF-H 5.9

CNF-P top 19.6

CNF-P top: calcium competition 18.1

CNF-P top: after regeneration 19.4

accessibility of phosphate groups on fibrils located on the
nanopaper surface compared to those on fibrils buried in
the bulk of the nanopapers.

The level of saturation of copper adsorbed on the
nanopapers per unit area is a measure for the total quantity
of copper that can be adsorbed. Ultimately, the adsorption
capacity, i.e. the amount of milligram copper per gram
active adsorption agent, in this case phosphorylated CNF-
P, was computed from the amount of copper adsorbed by
the nanopaper at the saturation level (Table 2). These
results confirm again the hypothesis that CNF-P on the
surface of the nanopapers contributed more to the removal
of copper from aqueous solutions. CNF-P top, which
contains only a 10 gsm layer of phosphorylated CNF
deposited on a CNF-0 substrate, was capable of adsorbing
almost 20 mg copper per g CNF-P. This was over two
times more than a pure CNF-P nanopaper is capable of and
more than three times of what a nanopaper made from a
mixture of CNF-P and CNF-0 was able to adsorb. The
lower value of CNF-H nanopapers, as compared to CNF-P
nanopapers, even though both types of nanopapers contain
equal amounts of phosphorylated CNF, could be explained
by the fact that in CNF-H a lower amount of modified CNF
is located on the surface of the nanopaper, where pre-
sumably higher adsorption efficiency can be achieved.

The results of adsorption capacities of CNF-P nanopa-
pers are comparable to adsorption capacities of other
biosorbents from industrial/agricultural residues, whereby
particularly CNF-P top nanopapers outperform many of
them (Bilal et al. 2013; Titi and Bello 2015). However, the
adsorption efficiency is by far higher as contact times of
only a couple of seconds are required, whereas for batch-
wise adsorption usually contact times of several hours are
applied. Unfortunately, adsorption capacities of state-of-
the-art commercially available adsorbers could not yet be
achieved (Fu and Wang 2011), which is due to the rela-
tively low amount of phosphate groups in the CNF-P grade
used (18.6 mmol kg™"). Nevertheless, if it becomes pos-
sible to prepare CNF with higher degrees of surface
modification, increased adsorption capacities are antici-
pated (Kokol et al. 2015; Liu et al. 2015). It was also found
that the presence of equal concentrations of Ca®" and Cu*"
ions resulted in reducing the copper adsorption capacity by
less than ten per cent. Ultimately, regenerated nanopapers,
achieved by washing with phosphoric acid, exhibited only
a marginally lower adsorption capacity.
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Conclusion

Cellulose nanofibrils were modified with phosphate groups
by reacting CNF derived from cellulose sludge, a waste
stream from paper industries, with phosphoric acid. Suc-
cess of the modification reaction was confirmed by con-
ductometric titration and zeta-potential measurements.
Phosphorylated CNF nanopapers, intended to be used as
ion-exchange nanopapers for the capture of copper ions,
were manufactured via a papermaking process. CNF-P
nanopapers exhibited lower permeance as compared to
unmodified CNF nanopapers. The nanopaper ion-ex-
changers were demonstrated to be able to adsorb copper
ions in dynamic filtration experiments, i.e. while water
containing copper ions was passing the nanopapers. It was
found that nanopapers were able to adsorb copper from
aqueous solutions up to 200 mg per one m? filtration area
equivalent to almost 20 mg copper per one g phosphory-
lated CNF. Another result of this study was that phosphate
groups on the surface of the nanopaper apparently con-
tribute more to the overall copper adsorption than func-
tional groups within the bulk of the nanopapers.
Furthermore, we demonstrated that, in analogy to con-
ventional ion-exchangers, our nanopapers could be regen-
erated and reused without significant loss in adsorption
capacity. Moreover, the adsorption capacity for copper was
reduced by only ten per cent when calcium ions were
present in the same concentration. It can be summarized
that nanopapers comprising phosphorylated nanofibrils are
efficient as membranes for copper removal from contami-
nated water via electrostatic interactions. The conclusion
can be drawn that a thin layer of modified CNF on the
surface of a paper results in highest efficiency concerning
permeance and copper adsorption.
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