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A B S T R A C T   

In the present work, microfibrillated cellulose (MFC) suspensions were produced by high-pressure homogeni-
zation and subsequently used to fabricate MFC membranes (C-1) by vacuum filtration followed by hot-pressing. 
A polyketone (PK50) was chemically modified by Paal-Knorr reaction to graft imidazole (IM) functional groups 
along its backbone structure. The resulting polymer is referred to as PK50IM80. By solution impregnation, C-1 
was immersed in an aqueous solution of PK50IM80 and subsequently hot pressed, resulting in the fabrication of 
MFC/PK50IM80 composite membranes (C-IMP). Another method, referred to as solution mixing, consisted in 
adding MFC into an aqueous solution of PK50IM80 followed by vacuum filtration and hot-pressing to obtain 
MFC/PK50IM80 composite membranes (C-MEZC). C-IMP and C-MEZC were characterized by a wide range of 
analytical techniques including, X-ray photoelectron spectroscopy, Fourier-transform infrared chemical imaging, 
scanning electron microscopy, atomic force microscopy, dynamical mechanical analysis, tensile testing as well as 
streaming zeta potential, and compared to C-1 (reference material). The results suggested that C-IMP possess a 
more homogeneous distribution of PK50IM80 at their surface compared to C-MEZC. C-IMP was found to possess 
significantly enhanced Young’s modulus compared to C-1 and C-MEZC. The tensile strength of C-IMP was found 
to improve significantly compared to C-1, whereas C-1 possessed significantly higher tensile index than C-IMP 
and C-MEZC. Furthermore, the presence of PK50IM80 at the surface of MFC was found to significantly shift the 
isoelectric point (IEP) of the membranes from pH 2.3 to a maximum value of 4.5 for C-IMP. Above the IEP, C-IMP 
and C-MEZC were found to possess significantly less negative electrical surface charges (plateau value of � 25 
mV at pH 10) when compared to C-1 (plateau value of � 42 mV at pH 10). Our approach may have implication to 
broaden the range of filtration applications of MFC-based membranes.   
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1. Introduction 

Materials derived from natural resources, including cellulose, are 
particularly relevant to design greener products, e.g. composite mate-
rials [1,2]. Cellulose is one of the most abundant, renewable and 
biodegradable polymers available on earth [3]. From this raw material, 
microfibrillated cellulose (MFC) can be obtained [4]. MFC is commonly 
produced by high-pressure mechanical processes including 
high-pressure homogenization and microfluidization [5]. MFC is 
constituted of a mixture of several grades of cellulose nanofibers (CNFs), 
each of them having different size distribution dimensions including 
height, width and length. It usually comes in the form of an aqueous 
gel-like substance, whose viscosity can be controlled by adjusting its 
solid content [6]. The width distribution of finer fractions of MFC fibres 
is relatively wide with lower values close to 20 nm and higher values 
that can go up to 300 nm [7]. Their length is typically of several microns 
[5,8]. CNFs have been used as building blocks to fabricate a range of 
cellulose-based materials including aerogels [9,10], hydrogels [10], 
macrofibres [11], nanocomposites [12] and membranes [13], to name a 
few. Membranes made of CNFs are also referred to as nanopapers in the 
literature [13]. These membranes possess high tensile mechanical 
properties [14], low thermal expansion coefficient [15], high oxygen 
barrier performance [16,17] as well as adequate permeability [18,19]. 
This equips fibrillated cellulose membranes with relevant features for 
their applications in separation processes including water treatment [13, 
20]. For the removal of chemical species including cations Ca2þ and 
Mg2þ, cellulose membranes do not possess adequate pore size (typically 
from 40 to 300 nm), which is too large for the efficient removal of these 
chemical species from water by size exclusion [21]. Moreover, their 
adsorption capacity has been reported to be low since the hydroxyl 
groups available at the surface of MFC exhibit limited electrostatic in-
teractions with cations [20]. 

A strategy that has been proposed to overcome this issue is to 
chemically modify the surface of cellulose fibres by introducing func-
tional groups [13,20]. These chemical groups can tune the magnitude of 
the negatively charged surfaces over a wide range of pH to better match 
the magnitude of the positive charges of targeted cations and improve 
selective adsorption efficiency [22]. This strategy was found to improve 
significantly the removal efficiency of cellulose membranes [20]. Fine 
control over the magnitude of the electrical surfaces of polymeric 
membranes has been reported to be crucial for efficient separation, 
especially when the solute size is much smaller than pore size [23]. 
Direct chemical modification of cellulose fibres exhibits, however, 
several drawbacks since these chemical modifications commonly 
require the use of expensive solvents and chemicals as well as additional 
steps. Another drawback is that typically only the hydroxyl group 
positioned at C6 in the molecular structure of cellulose is available for 
chemical modification owing to its higher reactivity [24]. As a result, 
higher degrees of substitution than 1 cannot be facilitated, which in turn 
limits the removal efficiency. 

A potential approach to overcome this is the combination of CNFs 

with amorphous polymers bearing numerous functional chemical 
groups able to interact with positively charged chemical species, 
without sacrificing the specific surface area and mechanical properties 
of the resulting membrane. The latter is particularly challenging since 
the intercalation of polymer in between MFC fibres might disrupt the 
effective mechanical performance of the cellulose membranes as it has 
been suggested before for bacterial cellulose (BC)/polyvinyl alcohol 
(PVA) nanocomposites [25]. In addition to increasing the number of 
interactions with cationic species, the polymer could potentially help 
controlling membrane pore size, depending on the composite membrane 
fabrication method used, to make them more suitable for separating 
cationic chemical species from water by size exclusion. This could result 
in the formation of composite membranes that would treat water by 
three mechanisms: (i) electrostatic and (ii) chelating interactions as well 
as (iii) size exclusion. 

Various composite manufacturing methods have been reported to 
combine cellulose fibres with polymers. These include melt extrusion 
[26], vacuum impregnation [27], compression moulding [28], solvent 
casting [26], in-situ biosynthesis [25], solution impregnation [25] and 
solution mixing [29,30], to cite only a few. Each method possesses its 
advantages and drawbacks, which need to be taken into account 
depending on various parameters including the polymer to be used and 
its targeted application. One of the advantages of solution impregnation 
and solution mixing methods is that they are both compatible with 
papermaking production methods. Up to date, various polymers have 
been combined with MFC fibres with the aim of improving mechanical 
properties as well as providing new properties or functionalities [31]. 
These include, among others, polyvinyl alcohol [25], polylactide [28,32, 
33], cellulose acetate butyrate [34], polymethylmethacrylate [35] or 
acrylic resins [27]. 

Polyketones (PKs) are a family of polymers that so far have not been 
evaluated regarding the generation of cellulose fibre-containing com-
posites. PKs are produced by copolymerization of carbon monoxide 
(CO), a toxic product of combustion reactions, in controlled stoichio-
metric proportions with unsaturated hydrocarbons monomers (propyl-
ene and ethylene) [36]. These thermoplastic polymers offer several 
advantages over others. PKs can be chemically modified by Paal-Knorr 
reaction under mild experimental conditions, where high-conversion 
degree (up to 80%) of 1,4 dicarbonyl groups can be obtained [37]. 
This results in the introduction of numerous functional groups including 
amine and imidazole moieties along the backbone structure of PKs [37]. 
The Paal-Knorr reaction is a simple and inexpensive route that in-
troduces pyrrole rings along with other functional or multi-functional 
groups into the macromolecular structure of PKs [37–40]. This has 
been reported to allow for obtaining chemically modified PKs with 
imidazole pendant groups that possess excellent ability to remove 
cationic chemical species from water [41]. 

The present study focuses on introducing, for the first time, imid-
azole moieties onto the surface of cellulose nanofibers by combining 
MFC with imidazole-chemically-modified-PK (PK50IM80). This was 
performed by two methods: solution impregnation and solution mixing, 

Fig. 1. Schematic representation of the chemical modification of PK50 with imidazole by Paal-Knorr reaction.  
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resulting in the fabrication of novel composite membranes. We propose 
that the mechanical properties and the magnitude of the electrical sur-
face charges of MFC/PK50IM80 membranes can be modified by 
combining MFC fibres with PK50IM80 that possesses controlled 
amounts of amine and imidazole moieties along its polymer backbone. 
This approach will potentially help obtaining MFC-based membranes 
with various electrical surface charge features to allow widening their 
range of filtration applications. 

2. Materials and method 

2.1. Materials 

Commercial bleached eucalyptus cellulose pulp (solid content ¼
13.5%) having an α-cellulose content of 90.2% was kindly supplied by 
CMPC (Nacimiento, Chile) and used as received to produce MFC. The 
sugar composition of the pulp was quantified by high performance 
liquid chromatography and found to be 74.2% glucans, 14.8% xylans 
and 0.8% arabinans among other constituents. Polyketone (PK50) with a 
total olefin ratio of 50% ethylene and 50% propylene (PK50, Mw 3636 
Da), was chemically modified with 1-(3-aminopropyl)-imidazole (IM) 
(Mw 125.17 Da) (Sigma-Aldrich, The Netherlands) via Paal-Knorr re-
action (Fig. 1). This modified PK50 polymer is referred to as PK50IM80. 
IM80 indicates that PK50 has been modified with IM with a 1,4 dicar-
bonyl conversion aiming at 80% [37] (see Supplementary Data for more 
details). Distilled water was used in all experiments unless specified 
otherwise. 

2.2. Production of never-dried microfibrillated cellulose 

Never-dried MFC was obtained by high-pressure homogenization of 
bleached eucalyptus cellulose pulp. Initially, a volume of 13.6 mL of 
eucalyptus pulp (solid content 13.5%) was added to 486 mL of milliQ 
water. The mixture was then subjected to two successive homogeniza-
tion passes using a kitchen blender (TH-850 D, Thomas, Germany) to 
disperse the pulp into water (5 min at 31 000 rpm each). The aqueous 
suspension of cellulose was subsequently homogenized using a high- 
shear homogenizer (T-25 Digital Ultraturrax, IKA, USA) for 10 min at 
13 000 rpm. Finally, the suspension, having a solid content of 0.5%, was 
homogenized by 6 successive passes through a double chamber high- 
pressure homogenizer (SPX, APV-2000, Denmark) at a pressure of 
~1000 bars. The final aqueous suspension with a solid content of 0.48 
wt% was stored in a refrigerator (~4 �C) until further use. 

2.3. Fabrication of microfibrillated cellulose membranes 

30 mL of MFC suspension (solid content of 0.48 wt%) was vacuum 
filtered for ~30 min using polyvinylidene fluoride filters (45 mm 
diameter, 0.22 μm pore size, Durapore, Ireland) and a vacuum pump 
(Rocker 400, Taiwan). At the end of the filtration process, a wet filter 
cake was obtained that was subsequently sandwiched between two fine 
metallic meshes and pressed at a pressure of 6 MPa for 10 min to remove 
the excess of water. The resulting membrane was subsequently dried for 
30 min at 100 �C using a heat-press (Rheinstern, Germany). The ob-
tained MFC membrane is referred to as C-1 and corresponds to our 
reference material throughout the entire study. The grammage of the 
membranes (~40 mm in diameter) was determined by calculating the 
ratio between their weight (g) and surface area (m2). The thickness of 
the membranes was measured using a digital micrometer gauge (Accud, 
0–25 mm, resolution 0.001 mm, Japan). 

2.4. Preparation of microfibrillated cellulose/polyketone composite 
membranes 

An aqueous solution of 10 mg/mL PK50IM80 was prepared by 
adding 500 mg of PK50IM80 into 50 mL of distilled water in a glass 

beaker. A few drops (0.03 mL each) of acetic acid were added to adjust 
the pH of the polymer solution to 5 to facilitate the dissolution of 
PK50IM80. 

The first method for the preparation of each composite membrane 
was immersion of an MFC membrane in 10 mL of the previously pre-
pared PK50IM80 solution for 20 min. Each impregnated membrane was 
squeezed for 10 min between filter paper and metal plates under a 
weight of 10 kg to gently remove the excess of water and pressed at 6 
MPa for 10 min and finally dried for 30 min at 100 �C using a heat-press 
(Rheinstern, Germany). This fabrication method is referred to as “solu-
tion impregnation” and the resulting composite membranes are referred 
to as C-IMP. The PK50IM80 content present in C-IMP was calculated 
from the weight difference between oven-dried MFC membranes before 
and after impregnation. An average weight content value of 3.8 � 0.01% 
was obtained. 

A second method was used to prepare composite membranes. For 
this, 30 mL of MFC suspension (solid content of 0.48 wt%) was mixed 
with 10 mL of the PK50IM80 solution (~10 mg/L). The mixture was 
magnetically stirred for 10 min and vacuum filtered (Rocker 400, 
Taiwan) using polyvinylidene fluoride filter discs (45 mm diameter, 
0.22 μm pore size, Durapore, Ireland). The wet filter cake was first 
squeezed for 10 min between filter papers and metal plates under a 
weight of 10 kg and kept under a pressure of 6 MPa for 10 min to further 
remove most of the excess of water. Finally, each membrane was dried 
for 30 min at 100 �C using a heat-press (Rheinstern, Germany). The 
composite membranes obtained using this method are referred to as C- 
MEZC. The PK50IM80 content present in C-MEZC was estimated from 
the difference between the solid weight content present in the 30 mL of 
MFC suspension and the weight of oven-dried C-MEZC. An average 
weight content value of 1.7 � 0.01% was obtained. The porosities (P) of 
C-1, C-IMP and C-MEZC membranes were determined using equation 
[42]: 

P¼ð1 �
ρmembrane

ρcellulose
Þ � 100 (1)  

where ρmembrane corresponds to the bulk density of the membrane and 
ρcellulose corresponds to the density of cellulose with a value of 1.46 g 
cm� 3 [43]. The porosity values obtained may overestimate the porosity 
of the membranes since the real density cellulose can be lower than 1.46 
g cm� 3. 

2.5. Characterization of MFC and the composite membranes 

2.5.1. Morphology of microfibrillated cellulose by atomic force microscopy 
The morphology and size distribution dimensions including height, 

width and length of the MFC fibres contained in MFC suspensions was 
assessed by atomic force microscopy (AFM). An aqueous suspension of 
MFC (0.48 wt%) was diluted to 10 mL to reach a final concentration of 
~0.01 wt% by adding Milli-Q water. The suspension was subsequently 
sonicated using an ultrasonic probe (Misonix XL 2020, USA) for 2 min at 
25 W. Then a few μL drops of the sonicated MFC suspensions were 
deposited onto a mica substrate and air-dried under ambient conditions 
prior to imaging. The height, width and length size distributions were 
estimated by performing 100 individual measurements. 

2.5.2. Surface chemical analysis by FTIR microscopy 
The molecular structure and 2D chemical images of the surface of 

MFC and composite membranes were assessed using FTIR spectroscopy 
and microscopy, respectively. The system consisted of a spectrometer 
(Frontier, PerkinElmer, USA) with two DTGS NIR and MIR detectors, 
both covering a range between 14700 and 350 cm� 1 with a spectral 
resolution of 4 cm� 1. The imager (Spotlight 400, PerkinElmer, USA) was 
equipped with a detector type MCT MIR (7800-720 cm� 1) with a reso-
lution greater than 2 cm� 1. ATR-FTIR imaging mode with a pixel reso-
lution of 1.56 μm, resolution of 16 cm� 1, 16 scans and diffuse reflectance 
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mode with a pixel resolution of 6 μm resolution of 16 cm� 1 and 16 scans 
were used to generate the spectra, as well as surface chemical images. 
The chemical images were corrected from atmospheric contributions. To 
assure repeatability, the sample mounted onto the platform was first 
scanned in visible mode to select the position to be subsequently 
assessed by FTIR microscopy. The coordinates of the selected position 
allowed to return to the exact same study area. 

2.5.3. Surface elemental composition by X-ray photoelectron spectroscopy 
The elemental surface composition of MFC (C-1) and composite 

membranes (C-IMP and C-MEZ) was quantified by X-ray photoelectron 
spectroscopy (XPS) using Al Kα X-rays as source, a spot size of 400 μm 
and an energy step size of 1 eV for the survey and 0.1 eV for detailed 
analysis, respectively, on a Thermo Scientific Nexsa Photoelectron 
Spectrometer. Samples were etched for 60 s using a low-energy Ar 
cluster (6000 eV, 1000 atom clusters) prior to analysis to clean the 
surface of the sample. 

2.5.4. Surface morphology by field emission scanning electron microscopy 
The surface morphology of MFC and composite membranes was 

observed by field emission scanning electron microscopy (FESEM, 
Inspect F50, FEI, USA) and atomic force microscopy (AFM). SEM images 
were acquired using an acceleration voltage of 5–10 kV according to 
image acquisition. The samples were gold coated under vacuum for 10 
min resulting in the deposition of a 5 nm gold layer at their surface. The 
surface atomic composition of the samples was identified by energy 
dispersive X-ray spectroscopy. AFM height and maximum force images 
were acquired by fast force mapping mode using a Jupiter XR system 
(Asylum Research – an Oxford Instruments Company, Santa Barbara, 
CA). Asylum Research cantilevers were used with a nominal force con-
stant of 6 Nm� 1 and a resonance frequency of 1500 kHz. All cantilevers 
had a reflective coating on their back side. 

2.5.5. Crystalline structure by powder X-ray diffraction 
The crystalline structure of the MFC and composite membranes was 

investigated by powder X-ray diffraction. Each diffractogram was 
generated using a diffractometer (Bruker D8 Advance, United Kingdom) 
equipped with a monochromatic radiation source of Cu Kα radiation (λ 
¼ 1.54 Å) at 40 kV and 30 mA and a step time of 0.02� each 0.1 s in the 
diffraction angle 2θ range of 5–80�. The diffraction patterns of the 
samples were processed using Origin Pro Software. 

2.5.6. Thermal stability by thermogravimetric analysis 
Thermogravimetric analysis (TGA) was conducted using a thermal 

analyser (TA instruments model Q50, USA). Each sample having an 
initial mass of ~10 mg was subjected to a temperature range of 20–800 
�C at a heating rate of 10 �C min� 1 under nitrogen atmosphere with a 
flow rate of 40 mL min� 1. 

2.5.7. Thermomechanical properties by dynamic mechanical analysis 
The thermomechanical performance of MFC and composite 

membranes was determined by dynamic mechanical analysis (DMA, 
PerkinElmer DMA 8000, country) with a heating rate of 3 �C min� 1 at a 
constant frequency of 1 Hz. The samples (thin strips having dimensions 
of 5 � 20 � 0.07 mm) were analysed in the temperature range of 0–200 
�C. 

2.5.8. Tensile mechanical properties 
Tensile mechanical properties of the MFC and composite membranes 

were determined using a universal tensile testing machine (Zwick/Roell 
Z005, Germany). Tests were performed on strips (~20 mm � 1 mm �
0.06 � 0.01 mm) cut from the fabricated membranes using razor blades. 
Prior to analysis, the strips were mounted onto cardboard testing cards 
and glued using two-part epoxy glue. The temperature and the relative 
humidity were of 25 �C and 48%, respectively. The thickness of each 
specimen was measured at three different locations along the length of 
the sample using a digital micrometer gauge (Accud, 0–25 mm, reso-
lution 0.001 mm). The crosshead displacement speed of the tensile tester 
was set to 1 mm min� 1 and the gauge length was of 20 mm. At least 5 
samples were tested for each material. Average values are reported 
along with their associated standard deviations used as error values. 

2.5.9. Specific surface area by inverse gas chromatography 
The specific surface area of MFC membranes (C-1) and composite 

membranes (C-IMP and C-MEZ) was assessed by inverse gas chroma-
tography (iGC) at 30 �C and 0% RH using a surface energy analyser 
(Surface Measurement Systems, London, UK). ~200 mg of membrane 
strips (3 mm wide) were cut and inserted into a measurement column 
(inner diameter 4 mm, outer diameter 6 mm). The specific surface area 
of the samples was then determined by octane retention at various 
coverages resulting in p/p0p0 of 0.05–0.35, with the specific surface 
area being computed using the Brunauer-Emmett-Teller (BET) model 
from the centre of mass of the peaks. 

2.5.10. Magnitude of electrical surface charges by streaming zeta-potential 
The magnitude of electrical surface charges of MFC (C-1) and com-

posite membranes (C-IMP and C-MEZ) was quantified by measuring 
ζ-potential as function of pH using an electrokinetic analyser (Anton 
Paar SurPASS, Graz, Austria) in an adjustable gap cell (~150 μm). The 
electrolyte solution (1 mM KCl) was pumped through the cell at pres-
sures steadily increasing up to 300 mbar and the ζ-potential determined 
from the streaming current. The pH was controlled by titrating 0.05 mol 
L� 1 KOH and HCl, respectively, into the electrolyte solution. Four 
measurement points were obtained for each sample and average values 
are reported along with their associated standard deviations used as 
error values. 

3. Results and discussion 

The morphology of the MFC fibres prepared by high-pressure ho-
mogenization was assessed by atomic force microscopy (AFM). AFM 
images are displayed in Fig. 2. The dimensions of MFC fibres are 

Fig. 2. Atomic force microscopy (AFM) images of microfibrillated cellulose fibres obtained by high-pressure homogenization.  
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influenced by many factors including raw material, chemical and 
enzymatic treatments [44]. The images show the typical MFC fibre 
bundle morphology as reported before in the literature for MFC fibres 
derived from eucalyptus pulp [45]. From these images the height, width 
and length size distributions of the fibres were determined. These are 
reported in Fig. S1. Their height and width varied from 5 to 40 nm and 
30–280 nm, respectively, whereas their length varied from ~500 nm to 
6 μm. 

A photograph of MFC and composite membranes is shown in Fig. 3. 
MFC membranes were white as typical for bleached eucalyptus pulp. For 
both C-IMP and C-MEZC composite membranes a brownish color was 
observed, which was related to the incorporation of PK50IM80 within 
the MFC fibre network. Table S1 reports thickness, bulk density, gram-
mage and density values obtained for C-1, C-IMP and C-MEZC 
membranes. 

Figs. S2a and S2b show FTIR spectra of PK50IM80 and MFC (C-1), 
respectively, with bands being summarized in Table S3. For PK50IM80 
an absorbance band located at a wavenumber position of ~3100 cm� 1 

was associated to the stretching of the protons in the pyrrole ring C¼C-H 
[46]. In the wavenumber range of 2900-2850 cm� 1, absorption peaks 
associated with the stretching mode of the CH (alkyl) groups of the PK 
backbone were noted [47]. At a wavenumber position of ~1700 cm� 1, 
an absorption band related to the vibrational motions of carbonyl groups 
present in the polyketone backbone structure was also observed [40]. At 
a wavenumber position of ~1650 cm� 1 an absorption peak associated 
with the vibrational motions of C¼C that belong to pyrrol ring structures 
of PK50IM80 appeared [40]. The full spectroscopical description of 
PK50IM80 can be found in Supplementary Data (Figs. S3 and S4). 

For MFC (C-1), an absorption band located at a wavenumber position 
of ~3330 cm� 1 was associated to the stretching vibrations of OH groups 
in the cellulose [46], whereas the bands located between 2900 and 2800 
cm� 1 and ~1638, 1427, 1157, 1020 and 893 cm� 1 were related to 
vibrational motions of moieties that belong to the molecular structure of 
cellulose [46]. 

FTIR-ATR spectra of MFC (C-1) and composite membranes (C-IMP 
and C-MEZC) are shown in Fig. 4 and the full assignment information is 
reported in Table S2. For C-IMP and C-MEZC membranes, it was possible 
to observe an absorption band located at a wavenumber position of 
~1700 cm� 1 as indicated by the black arrows. This band relates to the 
vibrational motion of carbonyl moieties [40]. This confirmed that 
PK50IM80 was adsorbed at the surface of MFC fibres during the prep-
aration of the composite membranes. The relative intensity of the 
carbonyl absorption band obtained from the composite membranes was, 
however, lower than for PK50IM80 due to the dilution effect, as ex-
pected (3.8 and 1.7% of PK50IM80 for C-IMP and C-MEZC, 
respectively). 

The elemental composition at the surface of MFC and composite 

Fig. 3. Photograph of MFC membrane (C-1) and composite membranes prepared by solution impregnation (C-IMP) and solution mixing (C-MEZC).  

Fig. 4. FTIR spectra of MFC membrane (C-1), polyketone chemically modified 
(P50IM80) and composite membranes (C-IMP and C-MEZC) using attenuated 
total reflectance (ATR). The black pointed line indicates the presence of the 
carbonyl absorption band in PK50IM80, C-IMP and C-MEZC. 

Table 1 
Binding energy (BE) and elemental atomic concentration obtained from high 
resolution X-ray photoelectron for microfibrillated cellulose membrane (C-1) 
and composite membranes prepared by solution impregnation (C-IMP) and so-
lution mixing (C- MEZC).  

Material Binding energy (eV) Elemental atomic composition (%) 

C 1s N 1s O 1s C 1s N 1s O 1s 

C-1 284.8 399.5 532.3 67.1 0.4 32.5 
C-IMP 284.9 399.7 532.3 65.9 2.2 32.0 
C-MEZC 285.7 399.8 532.4 65.7 2.0 32.3  
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membranes was quantified by X-ray photoelectron spectroscopy (XPS). 
The corresponding data are reported in Table 1. In Fig. S5 XPS low- 
resolution survey spectra for C-1, C-IMP and C-MEZC are shown. The 
spectrum of C-1 displays the signal of C 1s, N 1s and O 1s, while C-IMP 
and C-MEZC exhibited similar signals but with a more intense signal 

peak for N 1s, indicating the presence of PK50IM80. In Fig. S6a, the 
high-resolution C 1s spectrum for the C-1 in the binding energy range of 
280–298 eV is shown. Two peaks, located at ~284.5 and 286.0 eV, 
attributed to C-C and C-O moieties, respectively, were found. For the 
spectra of C-IMP and C-MEZC (Figs. S6b and S6c) the peak located, 
respectively, at ~284.9 and 285.7 eV correspond to the binding energy 
of C 1s in C-C bonds was more intense when compared to C-1. This was 
explained by the presence of PK50IM80 located at the surface of C-IMP 
and C-MEZC composite membranes that exhibited a higher carbon 
content than cellulose, due to a high amount of C-C bonds along the 
backbone structure of PK50IM80 (compare Fig. 1). Table 1 reports the 
binding energy (BE) and atomic composition (%) obtained for C-1, C- 
IMP and C-MEZC. The fractions of nitrogen were 0.4, 2.2 and 2.0%, 
respectively. This increase in nitrogen content measured at the surface of 
C-IMP and C-MEZC was associated to the presence of PK50IM80, which 
was similar albeit slightly higher for C-IMP compared to C-MEZC. This 
confirms the similar PK50IM80 wt contents present in both C-IMP and C- 
MEZC composite membranes. 

Powder X-ray diffraction patterns obtained for C-1, C-IMP and C- 
MEZC membranes are shown in Fig. 5. The diffraction peaks located at 
diffraction angle positions of 2θ ¼ ~15, ~16, ~23 and ~35� corre-
sponded to the diffraction planes (110), (110), (200) and (004), 
respectively [48]. This indicated that the polymorph of the cellulose 
source corresponded mainly to the cellulose Iβ crystalline form as it is 
usually the case for plant cellulose [48]. Moreover, the diffraction pat-
terns demonstrated that the composite fabrication methods did not 
affect the crystalline structure of MFC fibres. It is important to preserve 
as much as possible thermal and mechanical properties of MFC fibres 
that both rely on crystallinity in order to realize appropriate thermal and 
mechanical properties in the composite materials, too. No additional 

Fig. 5. Powder X-ray diffraction patterns of microfibrillated cellulose mem-
brane (C-1, black full line) and composite membranes prepared by solution 
impregnation (C-IMP, red dashed line) and solution mixing (C- MEZC, blue 
dotted line). 

Fig. 6. Optical and FTIR chemical images of composite membranes prepared by solution impregnation C-IMP (a,b) and solution mixing C-MEZC (c,d) showing the 
distribution of PK50IM80 at their surface. The concentration of PK50IM80 increases in the color order: blue < green < yellow < red. 
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diffraction peak was observed that would indicate the presence of 
crystalline PK50IM80 suggesting that it is present in its amorphous form. 

Fig. 6 shows optical and FTIR images from the surface of the com-
posite membranes (C-IMP and C-MEZC). For C-IMP, one can see that 
P50IM80 polymer was distributed homogeneously on the membrane 
surface (green zones). A few blue zones were observed, which corre-
sponded to low concentration areas of PK50IM80. For C-MEZC, a higher 
number of more agglomerated blue pixels indicated that PK50IM80 was 
not as well homogeneously dispersed at the surface of the membrane as 
compared to C-IMP. This result suggested that the solution impregnation 
method promotes a more homogeneous distribution of PK50IM80 on the 
surface of the composite membranes. On the other hand, the mixing 
method apparently promoted deeper intercalation and possible entan-
glement of PK50IM80 along the thickness of the cellulose membrane. 

Fig. 7a–b shows 2D chemical images obtained by principal compo-
nent analysis (PCA). The surface of the composite membranes prepared 
by solution impregnation (C-IMP) exhibited a more homogeneous dis-
tribution of PK50IM80 as compared to the composite membranes pre-
pared by solution mixing (C-MEZC). The green and red colors 
corresponded to regions with high concentration of PK50IM80 whereas 
the blue color corresponds to regions with lower amounts of PK50IM80. 

Fig. 8 shows scanning electron micrographs obtained from the sur-
face of MFC (C-1) and the composite membranes (C-IMP and C-MEZC). 
From Fig. 8a and b, it is possible to observe that the respective surfaces 
of C-1 and C-IMP were constituted mainly of a highly dense network of 
fibres. This was also suggested by AFM images (Figs. S7 and S8). A few 

pores could be observed as indicated by the white arrows (Fig. 8a–c). 
Fig. 8c shows that the surface of C-MEZC composite membranes was 
mainly constituted of a highly dense fibres network with a more porous 
structure in some areas. In Fig. 8b the width of CNFs is indicated. This 
range started from ~7 nm and finishes at ~140 nm, which was in good 
agreement with the estimation obtained by AFM imaging (compare 
Fig. 2). As a whole, SEM imaging suggested that the presence of 
PK50IM80 did not affect the surface morphology of MFC fibres, which 
was also suggested by AFM imaging (compare Figs. S7 and S8). This 
agreed with the fact that a low weight fraction of PK50IM80 was 
introduced into the composite membranes (3.8 � 0.01% and 1.7 �
0.01% for C-IMP and C-MEZC, respectively). The surface composition of 
MFC membranes as well as C-IMP and C-MEZC composite membranes 
was identified by EDX. The results are reported in Table S4 and indicate 
the presence of nitrogen for both C-IMP and C-MEZC. This was related to 
the presence of PK50IM80, which was successfully deposited at the 
surface and intercalated within MFC fibres. 

Thermograms of MFC membranes (C-1) and composite membranes 
(C-IMP and C-MEZC) are shown in Fig. S9 and corresponding DTG 
curves in Fig. S9b. C-1, C-IMP and C-MEZC exhibited three thermal 
degradation stages. The first thermal stage corresponded to a weight loss 
of ~5% starting at about 50 �C and finishing at ~200 �C. This was 
mainly associated with the loss of moisture from the membranes. A 
second thermal event was identified with an onset at a temperature of 
200–230 �C, with its maximum of the DTG curve at about 330 �C, cor-
responding to the main weight loss as reported in Table S5. This weight 

Fig. 7. Principal component analysis (PCA) images of the spatial distribution of PK50IM80 at the surface of a) impregnated (C-IMP) and b) mixed (C-MEZC) 
composite membranes. FTIR spectra corresponding to the white crosses positions located in the PCA images of the composite membranes: c) solution impregnated (C- 
IMP) and d) solution mixed (C-MEZC). The concentration of PK50IM80 increases in the color order: blue < green < red. 
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loss corresponded to the thermal degradation of cellulose and 
PK50IM80. Finally, a third thermal stage was found to occur over a 
temperature range between 350 and 600 �C. No thermal event was 
observed above 600 �C. 

Dynamic mechanical analysis (DMA) was utilized to study the ther-
momechanical properties of MFC membranes (C-1) and composite 
membranes (C-IMP and C-MEZC). Figs. S10a and S10b show the storage 
modulus (E’) and the ratio of the dissipated to the stored energy (tanδ), 
respectively, as a function of temperature. For all membranes, the trend 
of the storage modulus as a function of temperature was similar. For 
example, the glassy region as indicated by a drop of the storage modulus 
was observed in the temperature range of 0–50 �C. A contribution to this 
loss at 50 �C may be stemming from the presence of moisture, which 
evaporated from samples. After this, it was observed that the storage 
modulus decreases both in the glassy region as well as in the rubbery 
state. At all temperatures (0–200 �C), the storage modulus was signifi-
cantly higher for C-IMP than for C1, followed by C-MEZC (Table 2, at 25 
�C). Interestingly, a plateau was observed for C-IMP and C-1 from ~50 to 
100 �C and ~80–140 �C, respectively, where their storage modulus 
remained almost constant. On the other hand, for C-MEZC, the storage 
modulus steadily decreased upon increasing temperature. At 200 �C, the 
storage modulus of C-IMP remained higher than for C-1 and C-MEZC. 
The higher storage modulus values of C-IMP as compared to C-1 and C- 
MEZC may have arisen from several reasons. First of all, PK50IM80 was 

found to be more homogeneously distributed on the surface of C-IMP 
membranes compared to C-MEZC. Another explanation must be related 
to the composite preparation method, for which it is believed that the 
solution impregnation method preserves the hydrogen bonding of the 
MFC fibre network, whereas during the solution mixing method the 
presence of PK50IM80 throughout the MFC fibre network hindered the 
hydrogen bonding between MFC fibres, resulting in lowered the storage 
modulus of C-MEZC compared to C-IMP. 

The tanδ values of MFC membranes (C-1) and composite membranes 

Fig. 8. Scanning electron microscopy (SEM) images obtained from the surface of (a-b) microfibrillated cellulose membrane (C-1), composite membranes prepared by 
(c-d) solution impregnation (C-IMP) and (e-f) solution mixing (C-MEZC). The small white arrows (a, c and e) indicate the presence of pores at the membrane surface. 
Scale bars correspond to 1 μm. Dimensions indicated in b) correspond to the width of cellulose nanofibers whereas in d) and f) they correspond to the width of 
cellulose nanofibers covered by the chemically modified polyketone matrix. 

Table 2 
Storage modulus and glass transition temperature (Tg) obtained from dynamic 
mechanical analysis for microfibrillated cellulose membranes (C-1) and as 
composite membranes prepared by solution impregnation (C-IMP) and solution 
mixing (C-MEZC).  

Material Storage modulus (GPa) at 25 �C Tg (�C) 

C-1 5.4 – 
C-IMP 6.7 50 
C-MEZC 4.6 60  

Fig. 9. Representative stress-strain curves of microfibrillated cellulose mem-
brane (C-1, black full line) and composite membranes prepared by solution 
impregnation (C-IMP, red dashed line) and solution mixing (C-MEZC, blue 
dotted line). 
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(C-IMP and C-MEZC) as a function of temperature are reported in 
Fig. S10b. One can see that combining PK50IM80 with MFC fibres 
decreased tanδ values, particularly for C-MEZC compared to C-IMP. This 
suggests that C-IMP membranes possessed better ability to dissipate 
energy than C-MEZC membranes. 

Fig. 9 shows stress-strain curves for MFC membranes (C-1) and 
composite membranes (C-IMP and C-MEZC). The detailed mechanical 
properties are reported in Table 3. One can see that the Young’s modulus 
of C-IMP is significantly higher than for C-1 and C-MEZC, which was in 
good agreement with storage modulus data obtained by DMA. Also, C- 
IMP and C-MEZC possessed significantly higher stress at failure (without 
significant difference between them) compared to C-1. Strain at failure 
as well as work of fracture did not significantly change upon addition of 
PK50IM80 to MFC fibres. Values of work of fracture have been related to 
a layer-to-layer delamination deformation mechanism of a form of 
layered composites [49]. In the present study, this mechanism was also 
present as shown by SEM images, where delamination between the 
layers constituting MFC membranes (C-1) and composite membranes 
(C-IMP and C-MEZC) occurred (Fig. S11). The presence of PK50IM80 did 
not seem to either prevent nor favour their deformation mechanism by 
delamination as suggested by strain at failure and work of fracture data 
showing no significant difference between C-1, C-IMP and C-MEZC. 

The significantly higher Young’s modulus of C-IMP compared to C-1 
and C-MEZC may be governed by how well the fibre/fibre hydrogen 

bonding interactions between the MFC fibres constituting the network 
can be preserved during the manufacturing process and, as a result, may 
maintain the stress transfer ability of the MFC network present in the 
composite material. In a previous work, MFC/polylactic acid (PLA) 
laminated composites were fabricated and their stress transfer efficiency 
was found to be dominated by the MFC network rather than at the 
interface between PLA and the surface of the MFC network as quantified 
by Raman spectroscopy [28]. The presence of PK50IM80 located mainly 
at the surface of C-IMP, as suggested by FTIR 2D imaging, might have 
played a role in the consolidation of the network structure where MFC 
fibres located at the surface bound together during fabrication. Similar 
behaviour has previously been observed for BC/PLA laminated com-
posites [32]. The significantly lower Young’s modulus of C-MEZC 
compared to C-IMP may be due to disruption of the strong attractive 
hydrogen bonding that normally form within the MFC fibre network due 
to the presence of PK50IM80 throughout the bulk membrane structure. 
This has been suggested to occur for BC/PVA nanocomposites [25]. 
Instead, C-IMP seems to behave like a laminated composite system, 
which contributes to significantly increase Young’s modulus while 
maintaining tensile strength [28,33]. Tensile index values of C-1, C-IMP 
and C-MEZC are reported in Table 3, which is a way to normalize tensile 
strength values with respect to grammage. C-1 possessed significantly 
higher tensile index than C-IMP and C-MEZC. This is mainly because C-1 
possessed significantly lower grammage than C-IMP and C-MEZC as 
reported in Table S1. The higher grammage values of C-IMP and C-MEZC 
did originate from the incorporation of PK50IM80 within their network 
structure. 

Table 3 reports specific surface area values determined by iGC for 
MFC membranes (C-1) and composite membranes (C-IMP and C-MEZC). 
These values, although quite low, were not found to be significantly 
affected by the presence of PK50IM80, confirming the hypothesis of 
maintained pore structure. 

Fig. 10 shows streaming zeta-potential (ζ) data obtained for MFC 
membranes (C-1) and composite membranes (C-IMP and C-MEZC) as a 
function of pH. For C-1, the trend was similar to data reported before for 
a range of cellulose membranes, including phosphorylated cellulose 
nanofibre (CNF) membranes [50], bacterial cellulose (BC) as well as 
TEMPO-oxidized CNF membranes [22]. The zeta potential value of C-1 
was positive (~5 mV) at pH ~2, and decreases upon pH increase, 

Table 3 
Tensile mechanical properties and specific surface area values for MFC (C-1) and 
composite membranes prepared by impregnation (C-IMP) and mixing (C-MEZC) 
methods.  

Material Young’s 
modulus 
(GPa) 

Stress 
at 
failure 
(MPa) 

Strain 
at 
failure 
(%) 

Work of 
fracture 
(MJ 
m� 3) 

Tensile 
index 
(Nm 
g� 1) 

Specific 
surface 
area (m2 

g� 1) 

C-1 4.5 � 0.5 49.7 �
2.2 

1.7 �
0.3 

0.5 � 0.1 63.6 �
1.3 

1.13 

C-IMP 5.9 � 0.3 60.1 �
4.6 

1.5 �
0.2 

0.5 � 0.2 51.9 �
2.2 

1.24 

C-MEZC 4.4 � 0.2 54.9 �
2.7 

1.8 �
0.3 

0.6 � 0.1 57.6 �
2.2 

1.20  

Fig. 10. Zeta-potential (ζ) as a function of pH as measured by streaming potential measurements for MFC (C-1) and composite (C-IMP and C-MEZC) membranes.  
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reaching the isoelectric point (IEP) at pH ~2.4. This lowered zeta po-
tential value was due to the gradual deprotonation of acidic moieties 
present at the surface of MFC fibres [22]. At pH > 2.4 the zeta potential 
values became more negative, reaching a plateau value of ~ � 40 mV at 
pH ~7.5. This magnitude of the zeta potential plateau was higher than 
reported in previous works with plateau values of ~ � 26 mV for TEMPO 
oxidized-CNF [22] and ~� 20 mV reached for BC [22], which were also 
reached at a pH ~7.5. 

For C-IMP and C-MEZC, the trend differed from C-1. When pH was 
increased from 2 to 3, zeta potential values increased from ~5 up to 15 
mV. In a previous work, it has been reported that imidazole groups 
grafted onto pendant groups of PK50 exhibited positive surface charge 
(cationic behaviour) under acidic conditions [37]. The magnitude of the 
positive surface charge was found to increase upon increasing the pH 
from ~3 to 7 [37]. At pH > 3, the zeta potential values started 
decreasing due to the gradual deprotonation of acidic moieties that 
belong to MFC fibres. The IEP was reached at pH ~4.5 and 4.2 for C-IMP 
and C-MEZC, respectively. Thus, the presence of PK50IM80 significantly 
shifted the IEP from ~2.4 (for C-1) up to 4.5 (for C-IMP) due to the 
presence of imidazole groups acting as weak acids. These groups 
induced a charge compensation effect to the MFC fibres. Isoelectric 
points close to 4.5 have been reported for polymeric membranes based 
on polyamide [51], polyacrylonitrile [52] or polyamidoamine [53], 
similarly to our C-IMP composite membrane. 

At pH > IEP, the zeta potential values of C-IMP and C-MEZC became 
negative, reaching minimum values of ~ � 24.1 � 6 mV and ~� 20.5 �
2.9 mV at pH 10, respectively. These plateau values were close to values 
reported before for TEMPO-CNF membranes [22]. This decrease of zeta 
potential values was due to the gradual deprotonation of moieties that 
belong to MFC fibres but also to the deprotonation of cationic to neutral 
moieties of imidazole groups in the PK50IM80 upon increasing pH [54]. 
These plateau values of � 24 mV and � 21 mV were lower than for C-1, 
which further revealed that a charge compensation effect occurred 
affecting the electrical surface charges of MFC fibres due to the presence 
of imidazole groups that reduce the magnitude of the lower negative 
electrical surface charge at the composite membranes’ surface. 

4. Conclusions 

In this work, microfibrillated cellulose (MFC)/imidazole-modified 
polyketone (PK50IM80) composite membranes were prepared and 
characterized. MFC was produced by high-pressure homogenization and 
used to prepare MFC membranes (C-1) by vacuum filtration and hot 
pressing. PK50 was chemically modified by Paal-Knorr reaction leading 
to the introduction of imidazole functional groups within the molecular 
structure of PK. The resulting modified PK was referred to as PK50IM80. 
MFC/PK50IM80 composite membranes were fabricated by two 
methods: solution impregnation and solution mixing. The resulting 
composite membranes were named C-IMP and C-MEZC, respectively. 
The surfaces of C-IMP and C-MEZC were imaged by FTIR microscopy. 
The results suggested that a more homogeneous distribution of 
PK50IM80 at the surface of MFC was obtained using solution impreg-
nation method. The successful deposition of PK50IM80 was further 
confirmed by identifying (EDX) and quantifying (XPS) the nitrogen 
atoms present at the surface of the composite membranes. Their thermal 
properties were also investigated by TGA and DMA. TGA suggested that 
MFC and composite membranes possessed similar thermal stability. The 
mechanical properties of MFC and composite membranes were deter-
mined by dynamical mechanical analysis and tensile tests. Both tech-
niques revealed that C-IMP possessed significantly higher stiffness than 
C-1 and C-MEZC. Tensile testing demonstrated that C-IMP had signifi-
cantly higher tensile strength compared to C-1 whereas strain at failure 
as well as work of fracture were similar for all materials. Also, C-1 was 
found to possess a significantly higher tensile index value compared to 
C-IMP and C-MEZC. The deposition of PK50IM80 onto MFC was not 
found to significantly affect specific surface area. The amplitude of the 

electrical surface charges of MFC and C-IMP and C-MEZC membranes 
were quantified by streaming zeta-potential as a function of pH. Com-
posite membranes were found to possess an isoelectric point (IEP) at pH 
~4.5, close to IEP values reported before for polyamide, poly-
acrylonitrile or polyamidoamine composite membranes. MFC mem-
branes were found to possess an IEP at pH ~2.4. Also, at pH > IEP, 
composite membranes were found to possess lower negative surface 
charges (down to ~ � 22 mV) than MFC membranes (down to ~ � 41 
mV). We showed that by combining MFC with controlled amounts of 
PK50IM80, it was possible to tune the mechanical properties, control the 
magnitude of the negative electrical surface charges of the resulting 
composite membranes as well as shifting their isoelectric point from 2.4 
to 4.5. Our approach paves a new way to adjust the surface properties of 
MFC-based membranes. These could be used as filtration membrane for 
the selective removal of a wide range of chemical species from water 
including metallic cations. 
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