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ABSTRACT

The paper presents results of research on the properties and application of cellulose-based (CEL)
composite membranes with graphene oxide (GO) addition for the removal of heavy metals from
aqueous solutions. Composite membranes (GO/CEL) were prepared by phase inversion from CEL
solutions in 1-ethyl-3-methylimidazolium acetate (EMIMACc) containing addition of GO in the form
of nanoparticle dispersion in N,N-dimethylformamide (DMF). The paper demonstrates how the
amount of GO addition influences the structure and physicochemical and separation properties of
GO/CEL composite membranes. Infrared spectroscopy, thermal analysis, X-ray crystallography and
scanning electron microscopy were used in structural studies. Investigations of transport properties
have shown that the introduction of 2%, 10% and 20% of GO into the composite membrane improves
its transport properties, resulting in a 2-, 5- and 10-fold increase in permeate flux. The paper also
investigated the use of GO/CEL composite membranes in removal of selected heavy metals (lead,
zinc, cobalt and nickel) from aqueous solutions determined by atomic absorption spectrometry. It was
found that ~100% removal of heavy metals is obtained for membranes containing 2%, 10% and 20% of

GO in the cellulose matrix.
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1. Introduction

Water pollution caused by toxic heavy metals (cadmium,
chromium, copper, mercury, nickel, lead, zinc) discharged
from industrial and agricultural sources is one of the most
serious environmental and public concerns. Water contam-
inated with heavy metals also penetrates into soils, causing
their pollution. Although many heavy metals are needed at
trace element levels for humans, animals and plants, their
excessive amounts can cause many toxic effects. Soil con-
tamination can be removed by physical, chemical, biological
and combined remediation methods [1]. Different physical
or chemical methods can be used to remove heavy metal
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ions from water, including adsorption or membrane process
(ultrafiltration [UF], reverse osmosis [RO], nanofiltration
[NF] and electrodialysis [ED]) [2-5]. An important feature of
the technique used is its effectiveness and low price.
Cellulose is one of the most widespread, inexpensive
and biodegradable polymers used in the textile, chemical,
pharmaceutical, construction and energy industries [6,7]. The
presenceofhydrogenbonds[8,9]incellulosemakesthepolymer
insoluble in water and in most solvents [10,11]. Thus, various
systems, such as: NaOH/CS,, N-methylmorpholine-N-oxide
and water mixture (NMMO/H,0O), LiCl/dimethylacetamide
(DMAc), dimethyl sulfoxide and tetrabutylammonium flu-
oride mixture (DMSO/TBAF) and ionic liquids are used for
processing of cellulose [12]. Ionic liquids are often called
“green” solvents [13], due to their biodegradability and low
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toxicity [14]. These compounds may replace traditional cellu-
lose systems in the future [9,15,16]. The cellulose dissolved in
ionic liquids can easily be precipitated using polar solvents
[9]. Regenerated cellulose in the form of flocs, fibres or mem-
branes [16-18] hydrogels and aerogels, microspheres and
beads [12] is less crystalline and more porous [18-22].

An interesting and modern material used for the pro-
duction of polymer composites is graphene oxide (GO). GO
has many different oxygen-containing functional groups,
such as epoxy, hydroxyl, carbonyl, carboxyl [23,24]. Oxygen
groups give hydrophilic properties to GO, making it easy to
form its stable aqueous dispersions [25,26] at concentrations
above 3 mg/mL [27]. GO can also be dispersed in organic
solvents such as N,N-dimethylformamide, N-methyl-2-
pyrrolidone, tetrahydrofuran and ethylene glycol [28]. GO
is also used in membranes, along with carbon nanotubes
[29-32] and graphene [33-35]. It allows obtaining thin, mono-
layer films [30-33] which can be used for desalination and UF
[33,34,40,41] as well as membrane distillation [42].

The diversity of oxygen functional groups arranged on
the GO surface makes it easy to be dispersed in polymer with
functional groups to form durable bonds [24,43]. The poly-
mer that meets the above requirements is the cellulose from
which Liu et al. [44] obtained cellulose composite membranes
by filtration of GO solution on pure cellulose membrane.
Other researchers mixed subhydrolized microcrystalline
cellulose in the form of suspension with GO dispersion and
then dried it obtaining membranes [45]. Kim et al. [46] used
NMMO as a solvent for obtaining GO/cellulose composite
membranes. Nanocomposite aerogels, on the other hand,
were obtained from bamboo fibres dissolved in a NaOH/PEG
mixture to which water dispersion of GO was added [47].
Zhang et al. [48] described the method of obtaining microbe-
ads of cellulose with GO addition in NaOH/urea solution.
GO-containing microbeads were obtained in the process of
bacterial cellulose synthesis [49]. Other researchers mixed the
grinded bacterial cellulose with GO dispersion and formed a
composite film [50]. Rui-Hong et al. [51] obtained hydrogel
by introducing NaOH and urea and cellulose into the aque-
ous dispersion of GO, and mixing it with PVA solution. Still
other researchers [52] received composite membranes using
a layer-by-layer method.

This paper presents the results of previously unreported
studies on GO/CEL composite membrane formation from a
homogeneous dispersion of nanosized GO additive in the
cellulose solution as well as the effect of adding GO nanopar-
ticles on the structural and morphology and transport proper-
ties of the CEL membranes. First, GO was synthesized using
the modified Hummers’ method [53] and then dispersed in
N,N-dimethylformamide (DMF). Cellulose was dissolved in
alow-temperature ionic liquid: 1-ethyl-3-methylimidazol ace-
tate (EMIMAC) [54,55], in contrast to the work of Tang et al. [52]
who used [Bmim]Cl. A method of combining the cellulose
solution with the dispersion (GO) was developed to obtain
a homogeneous solution from which the composite mem-
branes were then formed, using phase inversion method, by
coagulation in distilled water. The GO/CEL membranes are
a composite in which cellulose chains containing hydroxyl
groups form hydrogen bonds with oxygen functional
groups on the surface and edges of GO flakes The interac-
tions between cellulose and GO were previously reported by
Tang et al. [52], and Wan and Li [47] (Fig. 1). This paper also
presents previously unreported research on the effect of the
presence of heavy metal ions on the transport properties and
high degree of rejection of composite membranes GO/CEL.

2. Experimental
2.1. Materials

Cellulose (long fibres), ionic liquid (EMIMAC), graphite
powder <20 um, were purchased from Sigma-Aldrich (Poland,
Poznan). NaNO,, 98% H,SO,, KMnO,, 30% H,0,, DMF, NaCl,
Co(NO,),, Ni(NO,),, Pb(NO,),, ZnCl, were purchased from
Avantor Performance Materials Poland S.A. (Poland, Gliwice).
All the chemicals were used without further purification.

2.2. GO synthesis and preparation of GO/DMEF dispersion

GO was obtained according to modified Hummers’
method [53]. GO synthesis and its properties (X-ray diffrac-
tion [XRD], thermal analysis [DSC], infrared spectroscopy
[FTIR]) as well as their results were very similar to those
obtained in our earlier work [56]. Wet GO was dried in a

Fig. 1. Schematic diagram hydrogen bonds (black bold line) between GO (bottom) and CEL macromolecular chains (top). Grey

balls — carbon, white balls — hydrogen, red balls — oxygen.
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laboratory drier at 60°C to obtain a brown precipitate which
was then dispersed in DMF on an ultrasonic bath to obtain a
5.2% GO/DMEF dispersion.

2.3. Membrane formation

Initially, a 5% solution of cellulose in the EMIMAc was
prepared. The mixture of cellulose and EMIMAc was thor-
oughly mixed and then heated in a microwave oven in
intervals of 3 x 5 s, taking care that the temperature of the
mixture did not exceed approximately 40°C. The resulting
cellulose solutions were left for 24 h to deaerate. In order
to prepare solutions for forming GO/CEL composite mem-
branes, adequate amounts of cellulose and ionic liquid were
first weighed (Table 1) and cellulose solutions were prepared
as described above. Appropriate amounts of 5.2% GO/DMF
solution (Table 1) were then added to the cellulose solutions,
thoroughly mixed and sonicated for 15 min. The obtained
GO/CEL solutions were allowed to deaerate for 24 h.

Cellulose membranes were prepared using phase inver-
sion method. For this purpose, pre-prepared solutions were
poured on a level, clean glass plate. Then a polymeric film
was formed using casting knife with an adjustable thickness
fixed at 0.2 mm. Finally, it was rapidly coagulated in distilled
water at room temperature until the membrane was detached
from the glass. A thin layer of polyester fabric followed by
layers of tissue paper is used to separate the cellulose mem-
branes. This prevents the cellulose from sticking to the filter
paper and facilitates the drying of the cellulose. Membranes
were dried under glass plate load.

2.4. Measurements of water flux

The transport properties of the formed membranes were
tested using a Millipore Amicon 8400 UF cell with a 350 mL
capacity and a 7.6 cm membrane diameter that was equipped
with an equalizing tank with an 800 mL capacity. First, dry
membranes were immersed in distilled water for 1 h. Then, they
were treated with distilled water for an additional 2 h under a
pressure of 0.2 MPa to improve the membrane stability. UF tests
were performed at operational pressures of 0.1, 0.15 or 0.2 MPa.
Permeate flux (] ) was calculated using the following formula:

Q

Jo=2

)

where ] is water flux (L/m?x h), Q is the permeate volume (L),
A is the effective membrane area (m?) and ¢ is the permeation
time (h).

2.5. Measurements of rejection

Standard solutions of Pb(NO,), with a concentration
of 60 mg/LL and NaCl, Co(NO,),, Ni(NO,), and ZnCl,
with concentrations of 6 mg/L were prepared to study the
separation properties of the produced composite membranes.
In addition, a mixture of synthetic wastewater contain-
ing 6 mg/L NaCl, Co(NO,),, Ni(NO,),, ZnCl, and 60 mg/L
Pb(NO,), were prepared.

Then, 200 mL of successive standard solutions were
added to the UF cell with the test membrane and the stirrer.
The permeation process was carried out at a working pres-
sure of 0.2 MPa and 20 mL doses of permeate were tapped,
measuring simultaneously the time of the permeate dis-
charge from the test tank. Permeate flux (J) was calculated
using Eq. (1), assuming that in this case Q is the permeate
volume (specific test solution).

Ion concentrations of the subsequent metals were
determined using atomic absorption spectrometry (A Analist
100 AAS, Perkin-Elmer International Rotkreuz Branch P.O.,
Switzerland, Rotkreuz), and the rejection coefficient (R) was
calculated using Eq. (2):

c
R=[1-—= [100%
Cf

where R is the rejection performance of the membrane (%),
and C,and C, are the concentrations of metal ions in the per-
meate and feed solution (mg/L), respectively.

@)

2.6. Analytical methods

All measurements were performed using a Nicolet 6700
FT-IR spectrometer (Thermo Electron Corp., Madison, WI,
USA) equipped with photoacoustics MTEC model 300 acces-
sory. Samples for photoacoustic testing were placed in a
special snap holder. The following measurement parameters
were used: resolution, 4 cm™; spectral range, 500-4,000 cm™;
detector — deuterated thioglycine (DTGS); number of scans,
64. Data collection and post-processing were performed
using OMNIC software (v. 8.0, Thermo Electron Corp.).

XRD investigations were performed with a URD 63
Seifert diffractometer. Cu Ka radiation was used at 40 kV and
30 mA. Monochromatization of the beam was obtained by
means of a nickel filter and a pulse-height analyser. A scin-
tillation counter was used as a detector. Diffractograms were
recorded from 18° to 26° with a step of 0.01°. Each diffraction
curve was corrected for polarization, the Lorentz factor and
incoherent scattering.

Table 1

Composition of the solutions for the preparation of membranes
Membrane designation “0” A B C D E F
Amount of 5.2% GO/DMF solution (g) 0 0.05 0.1 0.5 0.97 4.8 9.7
Amount of CEL (g) 2.5 2.5 2.5 2.5 2.5 2.5 2.5
Amount of EMIMAC (g) 47.5 47.45 474 47.0 46.53 427 37.8
Concentration of GO (% w/w) 0 0.1 0.2 1 2 10 20
Concentration of CEL (% w/w) 100 99.9 99.8 99 98 90 80
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Thermal studies of the membranes were conducted
using a MDSC 2920 differential scanning calorimeter (TA
Instruments, Poland, Warszawa). The DSC curves obtained
were analysed using the TA Instruments Universal V4.5
software package. Measurements were performed under a
nitrogen atmosphere (flow rate 40 mL/min) while heating at
20°C/min from -20°C to 300°C.

Membrane surface morphologies and their cross sections
were observed using a JSM 5500 LV scanning electron micro-
scope (JEOL, Poland, Warszawa). All samples were coated with
alayer of gold in a JEOL JFC 1200 vacuum coater at 3 x 107 torr.

3. Results and discussion

As a result of the experiment cellulose membranes (“0”)
and cellulose composite membranes (A-F) which differed
in colour depending on the amount of GO addition were
obtained (Fig. 2). In order to make images, translucent mem-
branes were placed on filter paper. The “0” membranes are
colourless, while the other diaphragms are in shades of grey.
The more GO addition in the membrane, the darker compos-
ite GO/CEL membrane is.

3.1. Characterization techniques
3.1.1. Scanning electron microscopy analysis

Scanning electron microscopy (SEM) enabled the obser-
vation of the surface morphology of skin layer, the support
layer and cross sections of the obtained membranes (Fig. 3).
In SEM images of cross sections of membranes (Fig. 3-1), the
pure cellulose membrane (“0”) is observed to be compact but
slightly rough, which makes it clearly distinguishable from
the GO/CEL composite membranes. The cross section of
membrane A and B is similar to each other. In the case of com-
posite membranes A and B, apart from the roughness, hori-
zontal cracks appear. In addition, 0.1% and 0.2% GO addition
increases the thickness of the membranes (Figs. 3(A-1) and
(B-1)). The structure of cross section C and D membranes
were different from all others. Membranes containing 1%
and 2% GO have a compact structure, but with visible hor-
izontal cracks (Figs. 3(C-1) and (D-1)). By comparing the
thickness of the membranes with one another, it can be seen
that a 1% addition of GO to the composite membrane C
reduces its thickness, which is comparable with the thickness
of the “0” membrane. In SEM images of membrane E, a large
numbers of horizontal cracks can be observed. The structure
of membrane F cross section is very rich and diametrically

L 0” A

different from the other ones. In Fig. 3(F-1), membrane can
be observed as entirely composed of transversely arranged
flakes. On the basis of microscopic observations of cross sec-
tions of the membranes, the effect of GO addition on the cel-
lulose matrix can be easily observed. The effect of increasing
the amount of GO in the composite membrane is the appear-
ance of an increasing number of cracks, which may result
from the arranging of components in the composite.

In the images (Fig. 3-2), the morphology of the skin layer
of the membranes can be observed. Membrane “0” is char-
acterized by an even, smooth surface. While the surfaces of
composite membranes with small amounts of GO addition
(membrane A, B, C) is very rich: it has corrugations, spherical
beads and recesses. In contrast, the skin layers of membrane
D, E and F are different from the others. On the relatively
flat surface of these membranes, cracks and recesses are
observed, the number and size of which increases with the
amount of GO addition in the direction of membrane D to F.

The surface of the support layers of all membranes
(Fig. 3-3) is richer in various morphological structure ele-
ments compared with the skin layer. Hollows and spheri-
cal beads, the number and size of which increase with the
amount of GO addition, can be observed. In the case of mem-
branes E and F, apart from hollows, numerous cracks appear
on the surface of the support layer.

3.1.2. FTIR analysis

The molecular structure of the skin surface was inves-
tigated using the FTIR spectroscopy (Fig. 4). The character-
istic wide band of the elastic O-H vibrations indicating for
the formation of hydrogen bonds is observed between 3,700
and 2,400 cm™ (Fig. 4(a)). We can observe the widening of
this band with the quantity of GO introduced to the cellu-
lose membranes. The GO addition probably causes loosening
of the structure between of cellulose macromolecule chains
and introduces additional hydroxyl groups. The band at a
wavelength of approximately 2,900 cm™ is the effect of the
stretching vibrations of the C-H oscillator. No significant
differences in this range of wave numbers indicate that the
configuration of the groups containing this oscillator is pre-
served. There are no significant differences in the molecular
structure of the system [44]. The band with a peak at approx-
imately 1,110 cm™ is the effect of oscillation of etheric C—-O-C
groups between the rings and the band with a peak at approx-
imately 1,050 cm™ is the result of C-O-C vibrations in the
pyranose ring [44]. In the case of GO/CEL composite mem-
branes (membranes B-F), widening of the bands from the

B C D E F

Fig. 2. Images of pure cellulose membranes (“0”) and GO/CEL composite membranes (A —0.1% GO; B - 0.2% GO; C - 1% GO, D - 2%

GO; E - 10% GO; F - 2% GO, respectively).
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Fig. 3. SEM images for membranes: 1 — cross section; 2 — skin layer; 3 — bottom layer.
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Fig. 4. FTIR spectra of pure cellulose membrane “0,” GO and
GO/CEL composite membranes (A-F). (a) The characteristic
wide band (3,700 + 2,400 cm™) of the elastic O-H indicating the
formation of hydrogen bonds between GO and CEL.

wavelength of approximately 1,400 to 1,000 cm™ is observed,
resulting from the presence of GO in the mixture [47]. The
intensity of this band slightly increases as the GO concentra-
tion in the cellulose matrix increases. For GO/CEL composite
membranes, band intensities are observed at wavelengths
of approximately 1,740 and 1,630 cm™ corresponding to the
vibration of C=O groups in GO along with the amount of GO
introduced to the cellulose membranes.

3.1.3. XRD analysis

Fig. 5 shows wide angle x-ray scattering (WAXS) diffrac-
tion curves of membrane “0” (the pure cellulose) and the
pure GO. The curve of cellulose exhibits the typical diffrac-
tion patterns of cellulose II crystalline structure revealed by
the characteristic peak at 20 = 12.6° and close to each two
adjacent peaks at 20 = 20.3° and 21.2°. These peaks can be
indexed as (-110), (110) and (-121), respectively. The WAXS
curve of the GO shows the sharp diffraction peak at 20 = 9.0°
(d-spacing = 0.98 nm) which reflects the gallery gap of the
layered structure of the GO. Fig. 6 presents WAXS diffrac-
tion patterns of GO-cellulose membranes. The curves exhibit
all peaks characteristic for cellulose II crystal as well as the
GO peak, whose angular position is shifted towards the
lower diffraction angles with the decreasing GO content.
Such peak shift indicates an increase in the distance between
the carbon layers in the GO. Compared with pure GO, this
distance increases from 0.98 to 1.6 nm for membranes B and
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Fig. 5. WAXS patterns of membrane “0” (the pure cellulose) and
the pure GO.
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Fig. 6. Examples of WAXS patterns of cellulose membranes (the
letters on the left indicate the membrane code).

D. The step-wise increase of d-spacing might be due to the
interactions between the GO and cellulose by hydrogen
bonds (Fig. 1), which might already be saturated at low load-
ing of the GO. Therefore, the increase in the distance between
carbon galleries in GO is more pronounced when the ratio of
cellulose content to GO content increases.

3.1.4. DSC analysis

In the analysis of DSC curves, we can observe the sequence
of thermal effects corresponding to the changes taking place
in the material of the studied GO/CEL composite membranes
during heating. In the order of rising temperature, we record
successively: moisture evaporation, then GO phase decom-
position and characteristic endothermic thermal effect occur-
ring in a temperature range of 250°C-300°C, indicating the
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presence of residual amounts of ionic liquid in the membrane
structure, used for plastification of cellulose (Fig. 7). The first
two effects are confirmed multiple times in the form of pub-
lished thermogravimetric analysis (TGA) results [47,48]. The
third of the observed effects was related to the presence of the
ionic liquid, for which in DSC studies, in the same tempera-
ture range, a very strong endothermic peak with an enthalpy
value of almost 490 J/g is observed. In case of GO/CEL com-
posite membranes, the minimum temperature values of the
discussed peak change, without specific trend against the
content of GO in the samples, at a relatively narrow range
of 275°C-279°C, and the corresponding enthalpy values
between 68 and 74 J/g which corresponds to the 14%-15%
content of ionic liquid. Although within the analysed tem-
perature range 250°C-300°C one should be aware of the pos-
sibility of exothermic effects related to the decomposition of
the cellulose matrix; however, due to the specific interaction
between GO and cellulose, demonstrated inter alia in a study
by Zhang et al. [48], the thermostability of the GO/CEL mem-
brane matrix has been effectively raised to over 300°C in our
case.

The characteristics of DSC curves registered for the tested
membranes (Fig. 8) enable distinguishing two basic types
among them: composite membranes with relatively low GO
content of a few percent (B-D) and those with GO content
exceeding a dozen percent (E and F).

25
20-
Effect associated
with residual
of ionic liquid
157 Evaporating of water
g Decomposition
= of graphene oxide
3 1.0
w
§
0.5
0.0
-0. T T T T T T
. 0 E 100 150 200 250 3
Bolp Temperature (°C) Universal V4 5A TA Instruments

Fig. 7. Transitions occurred in material of membranes during the
heating revealed on DSC curve.

Table 2

B. Fryczkowska et al/ |/ Desalination and Water Treatment 117 (2018) 6677

In terms of the water evaporation effect in the samples,
the corresponding minimum temperature of the T endo-
therm and the specific enthalpy values of the AH__ transition
decrease monotonically with the increase in the GO content,
with slight changes within the first group of membranes
(B-D) and clear, step-wise changes between groups (Table 2).
The nature of the changes of the indicated parameters con-
firms the results obtained by SEM (Fig. 3). The diameters of
pore present in the structure of composite membranes, shown
in the SEM images, increase as a function of the GO modifier,
which corresponds to the possibility of easier water release
(moving T towards increasingly lower temperatures).

Another transition that needs to be taken into account
when analysing the DSC curves is the thermal dissociation of
GO. This transformation is reflected in curves in the form of
a characteristic endothermic effect, occurring in the tempera-
ture range of 150°C-250°C. For membranes with GO con-
tent not exceeding 2%, the discussed transition corresponds
to the wide exothermic peak temperature with a maximum
at T, , oscillating in the narrow range of 218.5°C-219.6°C
and the enthalpy values of AH_, , slightly increasing as a
function of GO content. For membranes E and F, the distri-
bution of GO on DSC curves is different, taking the form of
two non-separated exothermic peaks. One peak is placed
in similar area as the one observed for membranes B-D.
Second, additional peak has a maximum temperature of less

Heat Flow (W/g)
o

B3

250 300
Universal V4.5A TA Instruments.

50 0 5 100 150 200

Temperature (°C)

ExoUp

Fig. 8. DSC curves of composite GO/CEL membranes. Curves
were registered at the heating mode with the rate of 20°/min in
nitrogen atmosphere (flow 40 mL/min).

Values of characteristic temperatures and enthalpies of: water evaporation and graphene oxide thermal decomposition evaluated on
the basis of DSC curves (Fig. 8) for GO/CEL membranes with the different content of graphene oxide modifier

No  Membrane GO content Temperature of Enthalpy of water =~ Temperature of GO  Enthalpy of GO
% water evaporation  evaporation decomposition decomposition
Tw ev/OC Af{w ev/OC TGO d/OC Af{GO d/] g71

1 A 0.1 124.0 209.2 215.5 36.1

2 B 0.2 132.0 259.0 219.6 55.8

3 C 1.0 130.9 259.3 218.5 56.0

4 D 2.0 129.0 261.9 218.5 56.9

5 E 10.0 112.5 238.3 164.9/217.5 40.9/47.6

6 F 20.0 100.1 238.1 164.9 219.4 61.4/39.8
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than 165°C and the enthalpy rising significantly from 40.9 to
61.4 J/g for a GO content of threshold of 20%.

The analysis of the presented calorimetric study results
and the previous reference to presented WAXS diffraction
study results (Fig. 6) allowed to conclude that in the case of
relatively high content of graphite oxide, the excess modifier
is separated and a separate GO phase appears in the compos-
ite membrane structure. The sizes of GO precipitates (grains)
are large and clearly visible in SEM images (Fig. 3-1). In case
of membrane E, these are single scales embedded in a single
GO/CEL matrix. In the case of membrane F (as a characteristic
structure) almost all its volume is filled with flakes. The sec-
ond GO phase, whose presence was confirmed throughout
the entire series of composite membranes, is dispersed in the
cellulose matrix well enough to not be visible in SEM images.
This phase decomposes at temperatures significantly higher
(by over 50°C), which is reflected directly in the DSC curves.
This fact is confirmed by previously mentioned literature [48]
and the results of FTIR studies presented in this paper, whose
analysis showed the presence of hydrogen bonds between
oxygen atoms of effectively exfoliated graphene GO surfaces,
and hydrogen atoms of cellulose hydroxyl groups.

At this point, it is worth to emphasize the pioneering
nature of the DSC results of GO/CEL membranes presented
above. Calorimetric studies proved to be particularly use-
ful in correspondence to SEM, WAXS and FTIR techniques.
Previous literature reports on thermal studies of this type of
materials were practically limited to the use of TGA.

3.2. Transport properties of membranes

An important parameter determining the transport
properties of membranes is the specific permeate flux (Fig. 9).
As a result of the experiment, cellulose membranes (mem-
brane “0”) and cellulose composite membranes (membranes
A-F) were obtained which, depending on the qualitative
composition, differed in their transport properties. The
lowest values of volumetric permeate flux were recorded for
the membrane “0,” and for the subsequent pressures of 0.1;
0.15 and 0.2 MPa, were respectively: 2.93 + 0.02; 3.76 + 0.07
and 4.36 £ 0.03 L/m? x h. Slow but slight increase in the

45 -

40

®0.10 [MPa]
35 - ®0.15 [MPa]
m0.20 [MPa]
30 -
25 -

20 A

15 4

10 +

Permeate water flux [L/m2xh]

B C D E F
Type of membrane

Fig. 9. Pure water permeability for pure cellulose membrane and
GO/CEL composite membranes.

permeate flux, which is observed with the increase of work-
ing pressure, may indicate a compact structure of membrane
“0”. It can therefore be assumed that membrane “0” is com-
posed of closed pores, which is confirmed by SEM images
Fig. 3(“0”-1).

The transport properties of the composite membranes A,
B and C are similar. The permeate flux for these membranes
increases slowly with the increase in working pressure and for
0.2 MPa it is: 4.58 + 0.32 (membrane A); 5.26 + 0.10 (membrane
B); 5.43 +0.07 (membrane C) L/m?x h, respectively. The results
show that the addition of 0.1% w/w; 0.2% w/w; 1.0% w/w of
GO to the cellulose only slightly improves the transport prop-
erties of the obtained GO/CEL membranes. In the case of mem-
branes A and B, it can be assumed that the structures observed
in SEM images contain mainly closed pores. However, in the
case of the C membrane, low values of the permeate water flux
may be a result of the formation of hydrogen bonds between
GO molecules and cellulose chains (Fig. 1), which result in
hydrophobic of membrane described in our earlier publica-
tion [57]. This can be confirmed by the low thickness of the C
membrane observed in SEM images (Fig. 3(C-1)).

Increase in the distilled water flow through cellulose com-
posite membranes is observed for GO addition at a concentra-
tion of 2% w/w; 10% w/w; 20% w/w. The permeate volumetric
flux values for the working pressure of 0.2 MPa are: 10.24 +0.22
(membrane D); 21.71 + 0.68 (membrane E); 40.20 + 2.33 (mem-
brane F) L/m?x h, respectively. The results shows that the addi-
tion of GO to cellulose in amounts of 2% w/w; 10% w/w; 20%
w/w improves the transport properties of the obtained GO/CEL
membranes 2, 5, 10 times in comparison with the membrane
“0”. Thus, it can be assumed that membranes D, E, F due to
the large amount of GO, have a layered structure (Figs. 3(D-1),
(E-1) and (F-1)) which facilitates the transport of water despite
the high thickness of these composite membranes.

Studies on the transport properties of membranes based
on pure CEL and GO/CEL composites indicated the possibil-
ity of using the obtained membranes for the separation of met-
als. Pure cellulose membrane (“0”), and membranes D, E and
F, which were characterized by definitely high permeate flux
values, were selected for the separation properties investiga-
tions (Fig. 9). The investigations were carried out for each salt
solution separately (individual ions and mixture of synthetic
wastewater) and for each membrane separately (Fig. 10).

280

240 = membrane "0'
membrane D

B membrane E

W membrane F

Flux [L/m2xh]
8

80

water Na (1) Zn () Ni (1) Co (IN) Pb (I1)

mixture of salts

Fig. 10. Volumetric permeate flux for individual ions and
synthetic wastewater mixture measured for pure cellulose
membrane and selected GO/CEL composite membranes for
working pressure of 0.2 MPa.
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During the investigation of separation properties, a signif-
icant increase in the volumetric permeate flux was observed
under the impact of the heavy metal ions flowing through
the membranes (Fig. 10). For the membrane obtained from
pure cellulose (membrane “0”), it was observed that the flow
is 4.34 L/m? x h for distilled water, while the solutions of salts
(bivalent ions) increased the flow through this membrane in
the following order: zinc 9.6 L/m? x h, cobalt 10.80 L/m? x h,
lead 12.08 L/m? x h and nickel 14.08 L/m? x h. In the case of
synthetic wastewater mixtures, the permeate flux for the “0”
membrane increases ~2.8 times relative to the flow of distilled
water.

In the studies of transport properties of these membranes,
it was observed that under the influence of the solution
containing Zn(Il), Ni(Il) and Co(Il) ions the permeate flux
is increased five to six times and for successive ions is: 49.6;
50.6; 50.1 L/m? x h (membrane D); 115.9; 118.5; 119.4 L/m? x h
(membrane E); 248.1; 240.6; 244.3 L/m?* x h; (membrane F),
respectively. While for the feed containing individual Pb(II)
ions and a mixture of synthetic wastewater, it was observed
that the permeate flux was 50.3; 50.1 L/m? x h (membrane D);
117.6; 118.5 L/m? x h (membrane E); 184.6; 174.5 L/m? x h
(membrane F). During the investigation, it was observed that
sodium ions do not affect the volumetric permeate flux at all.

3.3. Separation properties of membranes

As a result of the transport properties studies, it was
observed that the membranes produced in the experiment can
be used to remove bivalent heavy metal ions from aqueous
solutions. All obtained membranes, both of pure cellulose and
cellulose with addition, are characterized by high rejection
coefficient (R) values. Membrane “0” (Fig. 11(a)) is charac-
terized by a rejection coefficient which, for the subsequent
ions, was: 100% (Co); 93% (Zn); ~69% (Pb); 40% (Ni); 1% (Na),
respectively. On the other hand, the studies carried out on
the synthetic waste water mixture (Fig. 11(b)) showed that
the R coefficient for the pure cellulose membrane was: 100%
(Co); ~87% (Zn); ~71% (Pb); ~79% (Ni), ~2% (Na), respec-
tively. Comparing the results obtained, it was observed that
in the mixture of synthetic wastewater, the preferential rejec-
tion of nickel ions on the membrane “0” and the increase in
the degree of lead ion rejection with respect to zinc ions, for
which the R-coefficient decreases, occurred.

All cellulose GO/CEL composite membranes studied
in the experiment are characterized by higher rejection
coefficient values than membrane “0” (Fig. 11). Thus, the
nanoaddition of GO in the cellulose matrix increases the
amount of heavy metal ions deposited on the membranes.
By analysing the results obtained for membrane D, it can be
observed that 2% w/w of GO addition results in the highest
values of R coefficient, which is 100% (Co); 98%-100% (Zn);
97% — 99% (Ni); 69% — 71% (Pb), respectively. And the
increase in the amount of GO addition to 10% or 20% does
not improve the degree of ion rejection on membranes, but
even slightly decreases it by 1%.

The explanation of the observed phenomenon may be
too high concentration of GO in the composite, resulting in
the formation of layers and cracks, which were observed
in cross sections (Figs. 3(D-1), (E-1) and (F-1)). We do not
know exactly how the cellulose and GO layers arrange in our
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Fig. 11. Rejection coefficient on pure cellulose membrane
and GO/CEL composite membranes of (a) single metals;
(b) subsequent metals in synthetic wastewater.

composite. However, Chen et al. [58] show that the arrange-
ment of electronegative and electropositive components of
the composite is responsible for the separation properties
of the membranes and the order in which heavy metals are
removed from the solutions.

The results of the study show that the membranes
obtained in the experiment are characterized by very high
rejection coefficient values in relation to divalent metal ions
of cobalt, zinc, nickel and lead. For Co(Il) ions, total rejection
is observed on each studied membrane, both for the solution
containing single ions and for the synthetic wastewater mix-
ture. In the case of other ions, on the other hand, the degree of
rejection (R) of divalent ions is in the range of 85%-99%. Low
rejection coefficient for sodium ions (1%-2%) indicates that
we have obtained an UF membrane.

The observed changes may be the result of interactions
between functional groups of cellulose chains and metal ions.
The cellulose membrane is charged negatively and the charge
is derived from hydroxyl groups (primary and secondary),
which, according to Lewis theory, are hard bases. Co*, Ni*,
Zn?*, Pb* ions, on the other hand, are indirect acids. Thus,
forming chemical (ionic and hydrogen) bonds between metal
ions, cellulose chains is possible. The resulting combination
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Table 3
Comparison of properties of membranes used to remove heavy metals
Membrane J, (L/m? = h) Ion Testing condition Rejection (%) References
HPEI-modified GO & EDA 5.01 Pb(NO,), 1 mg/L, 0.1 MPa 95.7 +0.7 [59]
NiCl, 1 mg/L, 0.1 MPa 96.0 + 3.8
ZnCl, 1 mg/L, 0.1 MPa 974 +2.0
Membrane D 10.24 Pb(NO,), 60 mg/L, 0.2 MPa 89.3+2.9 This work
Ni(NO,), 6 mg/L, 0.2 MPa 97.3+3.0
ZnCl, 6 mg/L, 0.2 MPa 100
Membrane E 21.71 Pb(NOa)2 60 mg/L, 0.2 MPa 88.8 +4.1 This work
Ni(NO,), 6 mg/L, 0.2 MPa 96.2+24
ZnCl, 6 mg/L, 0.2 MPa 100
Membrane F 40.20 Pb(NO,), 60 mg/L, 0.2 MPa 87.0+3.9 This work
Ni(NO,), 6 mg/L, 0.2 MPa 95.7 +2.5
ZnCl, 6 mg/L, 0.2 MPa 100

rejects heavy metal ions on the membrane but does not cause
fouling. The increase in the permeate flow, on the other hand,
may result from the formation of channels through which
small particles of water flow freely.

Comparison of the results we obtained with literature
data is difficult because there are no studies on the use of
this type of membranes for heavy metal separation. The
literature is broadly describing studies in which the mem-
brane separation layer is GO in pure or modified form. In
Table 3, an attempt was made to compare the results of the
studies discussed above with those of Zhang et al. [59]. In the
cited work, GO modified with ethylenediamine (EDA) and
hyperbranched polyethyleneimine (HPEI), constituted a sep-
aration (skin) layer of polycarbonate membrane. Comparing
the membranes from the study by Zhang et al. [59] to the
GO/CEL composite membranes, similar rejection coefficient
values can be observed for solutions containing nickel and
zinc ions, although, in our experiment, six times higher con-
centrations were used. Comparison of the lead ions rejection
factor leads to slightly lower values for membranes D, E, F,
while the Pb* concentration used is 60 times higher than
that the one reported by Zhang et al. [59]. It has also been
observed that GO/CEL composite membranes show 2, 4 and
8 times greater permeate flux values than for HPEI mem-
brane modified with GO & EDA.

4. Conclusions

Introduction of GO into the cellulose matrix influenced
the process of membrane formation and, consequently,
physicochemical, transport and separation properties of
GO/CEL composite membranes. Structural studies (WAXS,
FTIR, DSC) have shown the formation of hydrogen bonds
between GO and CEL. In addition, they have shown that
the incorporation of a small GO additive into the cellulose
membranes results in a homogeneous composite in which
the individual components are connected by hydrogen
bonds. The use of SEM, WAXS and DSC allowed to state
that in the case of a relatively high GO content, the excess
admixture separates and an isolated GO phase occurs in

the GO/CEL composite membrane structure, and it is
responsible for very good transport and separation mem-
brane properties. Composite membranes containing 2%,
10%, 20% GO have a very good rejection of heavy metal
ions. Due to the bactericidal GO admixture, CEL/GO com-
posite membranes can also find a potential application for
water disinfection [60].
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