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Abstract: This work focuses on the investigation of the capability of reduced graphene oxide (rGO)
filters to remove metals from various wastewater. The process to produce rGO membranes is reported
and discussed, as well as their ability to capture ions in complex solutions, such as tap or industrial
wastewater. Multi-ion solutions, containing Cu2+, Fe3+, Ni2+, and Mn2+ to simulate mine wastewater,
or Ca2+ and Mg2+ to mimic drinkable water, were used as models. In mono-ionic solutions, the
best capture efficiency values were proved for Ca2+, Fe3+, and Ni2+ ions, while a matrix effect was
found for multi-ion solutions. However, interesting capture efficiencies were measured in the range
of 30–90%, depending on the specific ion, for both single and multi-ion solutions. An attempt is
proposed to correlate ions capture efficiency with ions characteristics, such as ionic radius or charge.
Combining a satisfactory capture efficiency with low costs and ease of treatment unit operations,
the approach here proposed is considered promising to replace other more complex and expensive
filtration techniques.

Keywords: wastewater treatment; heavy metals; filtration; graphene oxide; self-assembling mem-
branes

1. Introduction

In recent years, recovery and reuse of freshwater resources has represented one of
the technological and social challenges to be faced in order to improve the quality of
human life. The use of water impacts on many aspects of civil, industrial, and agricultural
applications [1,2]. Among others, causes of pollution are found in the use of pesticides,
fertilizers, heavy metals and in plastic materials.

From a theoretical point of view, a purification treatment can be developed for any
type of wastewater, but a strong limitation is given by the possibility to achieve effective
and economical solutions [2,3]. The selection of the most appropriate treatment depends
on several factors: removal of the contaminants, reliability and flexibility of the technology,
costs, environmental compatibility, process scalability [4]. Available technologies can be
grouped in two classes: liquid-liquid systems, based on selective extractions with organic
solvents, and solid-liquid systems that mainly use ion exchange resins or solid adsorbents
as filters. The adsorption/filtration process is performed in a column, a tube, or in a
cartridge containing the adsorbent material. Following the adsorption step, the filter and
the ions retained therein can be disposed of or, more desirably, the filter can be recycled and
the adsorbed species recovered [5,6]. A number of sorbent solids are usually employed,
such as activated carbon, silica gel, pristine, and modified clay, activated silico-aluminates
and polymeric materials [7,8].
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Recently, innovative systems based on carbon nanotubes, nanofibers, graphene, and
graphene oxide have been proposed in the scientific literature, aiming to improve the
purification ability with reduced amount of sorbent material [9–11]. Although the effec-
tiveness of such novel carbon-based materials is well-known and demonstrated, their use
still presents open problems. For instance, the precursors that are needed to produce the
sorbents can contain variable amounts of both organic and inorganic impurities, which
might contaminate the water as well [5,9]. Moreover, sorbents selectivity still represents an
issue to be solved.

Therefore, several research groups have proposed the modification and the functional-
ization of carbon materials to achieve a satisfactory efficiency and selectivity [7,12]. The
proposed functionalization processes are targeted to improve the coordination properties
of carbon species in order to capture more easily the pollutants in the aqueous solution.
However, the molecules suggested for these purposes, for instance amine derivatives, can
be very complex or intrinsically dangerous for both humans and environment [13].

In this scenario, membranes based on graphene oxide (GO) and related materials have
attracted great interest from both academia and industry, even though GO structures are
still debated [14–17], because of the complexity of the material and its non-stoichiometric
composition [14,18–20].

Indeed, GO can be easily exfoliated in stable monolayer sheets and, owing to its polar
functional groups, easily dispersed in water. Oxygenated groups are also responsible for the
self-assembling properties of GO, which is able to arrange into membranes characterized
by better mechanical properties compared to those shown by graphite-based materials [19].
Other properties that make GO and its derivatives promising candidates for membrane
filtration processes are its high surface area and excellent water permeability, as well as
its effective molecular sieve properties [21]. Moreover, GO offers realistic perspectives of
production at industrial scale, since self-assembling membranes can be easily prepared by
filtration of aqueous dispersions [14,22].

In the literature it has been proposed that reduced graphene oxide (rGO) can show
improved filtration properties [19]. rGO can be easily obtained by reducing GO; the
reduction may partially affect the ability of forming stable filter membranes, which is
considered to rely on a macroscopic mechanical behavior [19,23]. Membrane formation
derives from the abovementioned self-assembling capability of GO, which may be kept if
a moderate and controlled reduction of its oxygen functional groups is carried out. As a
matter of fact, the functional groups lying on GO basal planes are responsible for secondary
bonds holding together the layers of GO itself [19]. A previous work has pointed out that
cracks and uneven surfaces are obtained upon increasing the reduction time; in particular,
the capability to form free-standing membranes is lost if 72 h of reduction are exceeded [19].
Indeed, the reduction has an effect on both pore size and interlayer distance, thus possibly
increasing capture ability and/or selectivity toward different pollutants [24].

GO can be thermally reduced in an inert or reducing atmosphere at temperatures
higher than 100 ◦C. The reduction takes place because of the progressive removal of the
oxygenated functional groups; however, losses up to 30% can result in a detrimental loss
of active material and in structural distortions [14]. Alternatively, chemical reduction
with different reducing agents has been proposed. Hydrazine and its derivatives have
been reported as reducing agents of choice [14]. However, hydrazine, in view of its many
hazards for both humans and environment, poses major demands for more friendly and
sustainable reagents. In this respect, L-ascorbic acid (L-AA) has been reported to show an
effective capability in reducing GO [16].

With these premises, this paper proposes a simple process to obtain self-assembling
rGO-based membrane filters starting from an aqueous dispersion of GO. Parameters
optimization to obtain the membranes via vacuum filtration, as well as to achieve a proper
reduction degree, are also assessed. Membranes morphological and micro-structural
characterization is discussed in order to demonstrate their applicability as filters for metal-
polluted wastewater and water softening [25,26].
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Aqueous solutions with composition similar to real mining wastewater, containing
Cu2+, Fe3+, Ni2+, and Mn2+, or close to drinkable water, containing Ca2+ and Mg2+, have
been used to prove the effectiveness of the proposed membranes. An attempt to understand
ions capture mechanism and ions-sorbent interactions is also offered.

2. Materials and Methods

GO-based membranes were produced by vacuum filtration of a solution containing
either GO or rGO, after reduction at different times (24, 48, and 72 h). L-ascorbic acid
(L-AA) (Sigma Aldrich, Milan, Italy) was employed as reducing agent.

A 4 mg/mL commercial GO dispersion (Graphenea, San Sebastian, Spain) was used,
consisting of monolayer GO flakes (<10 µm) dispersed in water at pH 2.2–2.5. The rGO
solution was prepared according to [23] by diluting the commercial aqueous dispersion
at a final GO concentration of 0.4 wt.%, after dehydrated L-AA was added in the ratio
GO/L-AA = 1/10 (wt./wt.) [23]. The mixture was stirred at room temperature for 24, 48,
or 72 h; these reduction times have already proved, in a previous work, to preserve both
self-assembling properties and integrity of the membrane surface [23].

As reported in Figure 1, the suspension containing rGO was poured into a Gooch
crucible sealed with a PVDF membrane filter (Millipore, Milan, Italy). Once the crucible was
filled, vacuum was applied (water pump) until the formation of a self-standing membrane
was completed. The membrane was then dried at 60 ◦C for 2 h. The same experimental
route has also been applied to prepare GO membranes, without performing the reduction
by L-AA.
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Figure 1. Schematic representation of the production process of reduced graphene oxide (rGO)
membranes.

Morphology and structure of the membranes were analyzed by different techniques.
FT-IR spectra were recorded with a FT-IR spectrometer Nicolet Nexus coupled with an
IR-microscope ThermoElectron Continuµm (Thermo Fisher Scientific, Waltham, MA, USA).
In order to reduce the possible structural changes of the membranes during the preparation
of the specimen, a diamond anvil cell (DAC) accessory fitted to the 15Xreflective Cassegrain
microscope (Thermo Fisher Scientific, Waltham, MA, USA) objective was used. A small
portion of the membrane was placed into the DAC and analyzed in transmission mode
accumulating 128 scans with a resolution of 4 cm−1.
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Raman spectra were recorded by a Jobin Yvon Labram HR800 Raman spectrometer
(HORIBA Jobin Yvon, Kyoto, Japan) coupled with an Olympus BX41 microscope (Olympus
Italia, Segrate, Italy) equipped with a 50X objective. The excitation line at 632.8 nm of a
HeNe laser (Manufacture, City, State Abbr (if USA), Country) was applied. Spectra were
recorded in a micro-Raman setup, placing the membrane directly under the microscope
objective. The laser power was set at 50 µW to prevent heating effects or laser-induced
graphitization/degradation of the samples. Spectra were recorded averaging four acquisi-
tions each one of 30 s.

Both surface and cross-section of the produced membranes were analyzed by a scan-
ning electron microscope (SEM) Zeiss EVO 50 EP (Zeiss, Jena, Germany) with a spectrome-
ter OXFORD INCA energy 2000 (Oxford Instruments, Abingdon, UK). The samples were
previously coated with a thin layer of gold in order to make their surfaces conductive. SEM
was operated at an electron high tension (EHT) voltage of about 20 kV at high vacuum
(around 10−5 torr).

X-ray diffraction (XRD) patterns of the membranes were collected in the range
of 2–30◦ 2θ by using a Bruker D8 Advanced diffractometer (Bruker Italy, Milan, Italy),
a monochromated Cu Kα radiation (λ = 0.154 nm), 0.02◦ 2θ of step scan and 1 s per step.

Thermogravimetric measurements were carried out up to 1000 ◦C by means of the
EXSTAR 6000 TG/DTA 6300 (Seiko Instruments, Chiba, Japan), employing a nitrogen
atmosphere (flow rate = 55 mL·min−1) and a heating ramp of 10 ◦C·min−1.

The filtration capability was tested by contacting a 4 mg rGO membrane with 50 mL
of model solutions for 10 min, followed by vacuum filtration. Two different applications
were considered: mine wastewater and drinkable water softening.

Mine wastewater composition, representing the concentrations detected in the final
steps of common industrial purification processes prior to discharge [27], consists of Fe3+,
Mn2+, Ni2+, Cu2+ in molar ratios as depicted in Table 1.

Table 1. Composition of the mine wastewater model solution.

Ion
Concentration

[mg/L] [mM]

Fe3+ 4 0.0716
Mn2+ 1 0.0182
Ni2+ 0.4 0.0068
Cu2+ 4 0.0063

Concerning water softening, Ca2+ and Mg2+ concentrations were set to reproduce the
tap water concentration of our laboratory, i.e., 1 mmol/L for both ions.

As ions precursors, nitrates were selected for Ni2+ (Ni(NO3)2·6H2O) and Mg2+ (Mg(NO3)2·
6H2O), while chlorides were used for Fe3+ (FeCl3·6H2O), Ca2+ (CaCl2·2H2O) and Mn2+

(MnCl2·4H2O), all supplied by Sigma Aldrich.
Single ion and multi-ion solutions were analyzed, so as to evaluate the possible

matrix effect or the mutual influence among ions when co-present in solution. Single ions
concentrations were selected equal to the specific ion concentration in the corresponding
multi-ion solution.

Metal analysis before and after the filtration step was performed by means of ICP-OES
technique using a PerkinElmer OPTIMA 7000 DV spectrometer (Perkin Elmer Italia, Milan,
Italy). The average of three measurements is reported, and the estimated measurement
error is within 1%.

The capture efficiency was calculated by the difference between the initial ion concen-
tration (C0,i) in the starting solution and the residual one (Cf,i) according to Equation(1):

ηc(%) =
C0,i − Cf,i

C0,i
.100 (1)
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3. Results and Discussion
3.1. Membranes Characterization

SEM images of both surface and cross-section of GO and rGO membranes, prepared
with different reduction times, are reported in Figure 2.
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Figure 2. Surface (left) and cross-sectional (right) SEM images of (A,B) pristine GO; (C,D) rGO
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All rGO membranes exhibit an appreciable macroscopic roughness which increases
with the reduction time. Moreover, the presence of several bright areas, that are less
detectable on the pristine GO surface (Figure 2A), is also evident. Such a roughening effect,
apparently related to reduction conditions, can be ascribed to a decrease of surface order
upon increasing GO reduction time [23].
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The analysis of the cross-sections shows that the slightly corrugated membranes
are characterized by a macroscopic multilayer structure. The multilayer structure might
originate from the production procedure, which implies the formation of the membrane
by emptying, under vacuum, the funnel containing the GO or rGO dispersion. Therefore,
the overall membrane thickness is the result of a continuous stacking of single layers.
Apparently, the layers within a single membrane are characterized by similar thickness. No
sharp differences were found among membranes obtained at different reduction times, and
thicknesses in the range from 1.5 to 2.5 µm were measured for all the prepared membranes.

The XRD patterns of pristine GO and rGO membranes are plotted in Figure 3. Upon
increasing the reduction time, one can observe a clear and progressive decrease of the in-
tensity of the characteristic GO reflection around 11◦ 2θ [28,29]. A corresponding interlayer
distance of 7.98 Å was calculated, more than two-fold that of graphite (d = 3.4 Å). The larger
interlayer distance of GO has been reported to be due to the oxygen-containing functional
groups of the basal plane and to water molecules intercalated between layers [23,28].
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By increasing the reduction time, a progressive broadening of the GO reflection
becomes evident; the calculated interlayer distance decreases from 7.98 to 3.3 Å for GO
and rGO-48h, respectively, while for the sample reduced 72 h the 11◦ 2θ reflection is no
longer detectable. After a prolonged reduction treatment, the material probably suffers an
amorphization and a probable graphitization inception [30]. A progressive formation of
graphite in the reduced samples is confirmed by the appearance of an additional reflection,
even though wide and slightly pronounced, at 26.7◦ 2θ [31]. Broadness and intensity of
such reflection may be related to graphite formation upon GO reduction. Indeed, in the
presented samples graphite probably originates from graphene that, in turn, has been
generated during the reduction of GO [32].

On the other hand, the diffractogram also exhibits the typical features of the PVDF
membrane filter used in the funnel as support during GO-based membranes production,
corresponding to the additional reflections at 18◦ and 20◦ 2θ. The PVDF membrane was
kept while performing XRD measurements, in order to ensure a sufficient rigidity to rGO
membranes and to prevent potential damages or corrugation during the analysis [23].
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Therefore, it may be also possible to assign the reflection at 26.7◦ 2θ to the monoclinic
α-phase of PVDF, resulting in an overlap with one of the graphites [33–35].

Figure 4 displays FT-IR (4A) and Raman (4B) spectra of the GO membrane compared
with those of rGO membranes obtained after 24 and 72 h of reduction.Minerals 2021, 11, x FOR PEER REVIEW 8 of 17  
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In the FT-IR spectrum of the GO membrane (Figure 4A) it is possible to observe the
spectroscopic features assigned to the presence of oxygenated functional groups which
are characteristic of this class of materials [36]. In particular, we can identify: (i) in the
3500–3000 cm−1 region, the broad and strong absorption band assigned to the OH stretch-
ing vibrations; (ii) near 1750 cm−1, the C=O stretching modes; (iii) the strong and structured
band near 1600 cm−1, assigned to the stretching vibrations of C=C bonds of GO layers; iv)
in the 1400–900 cm−1 region, the intense absorptions due to the stretching and bending
vibrations of CO groups; v) near 1300 cm−1, the vibration of epoxy groups. Comparing the
different spectra of the membranes, a decrease of the intensity of some bands is observed
by increasing the time of reduction. In the spectrum of rGO-72h all the bands assigned to
OH, COC, and epoxy functional groups are practically absent. The remaining ones located
at 1730 cm−1 (C=O stretching), 1570 cm−1, and 1250 cm−1 (C=C stretching vibrations
which turn out to be IR enhanced by the polarizing effect of the residual C=O groups),
suggest that during the process of reduction some extended but still structurally disordered
graphene moieties grow inside the rGO layers. All Raman spectra (Figure 4B) show similar
features, namely the G band near 1600 cm−1, similar to the graphitic peak observed in
graphene/graphite systems, assigned to the collective C=C stretching modes, and a D band
near 1330 cm−1, similar to the Disorder peak observable for chemically and or structurally
disordered graphene layers [37]. Comparing the spectra of GO and rGO membranes, it
is possible to observe, as a function of reduction time: (i) the decrease of the background,
(ii) the sharpening of D and G bands, and (iii) the rise in intensity of the second order 2D
and D + G bands. Considering the ratio I(D)/I(G), which describes the overall grade of
disorder of graphene moieties, it is possible to calculate a value of 2.4 for the GO membrane
and values of 2.1 and 2.0 for rGO-24h and rGO-72h membranes, respectively [36,38]. All
these findings strongly suggest that graphene regions inside the rGO layers form and
grow during the reduction process. The lower structural disorder and oxidation level
observed for the rGO-72h sample with respect to the GO membrane can be also quantified
by computing the average crystallites size as suggested in reference [15], resulting in an
increase from 15.9 nm to 19.2 nm from GO to rGO-72h respectively.

The membranes were also characterized by thermogravimetric analysis; TG and DTG
curves are reported in Figure 5A,B, respectively.
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A complex situation is evidenced in TG curves. Five fundamental weight losses,
associated with different thermal phenomena, may be identified; for the sake of clarity,
they are reported in Table 2 along with the corresponding temperature ranges and the
hypothesized decomposition phenomena.

Table 2. Temperature ranges, weight losses, and decomposition phenomena of pristine GO and of
rGO membranes reduced for different times.

T Range
[◦C]

Phenomenon Weight Loss [%]

GO rGO-24h rGO-48h rGO-72h

25–80 Evolution of
physisorbed water 11.7 7.8 7.2 9.8

80–135 Evolution of
intercalated water 3.0 3.3 4.0 4.3

135–220 Loss of weak
oxygenated groups 25.0 24.0 18.1 14.5

220–550 Decomposition of
oxygenated groups 7.2 5.0 10.2 8.6

550–1000 Breakdown of GO
framework 34.0 34.4 40.4 24.9

The first thermal phenomenon, corresponding to the evolution of physically adsorbed
water, takes place at temperatures lower than 80 ◦C and is common to all samples.

A second thermal phenomenon (Figure 5A, Table 2) occurs in the temperature range
80–135 ◦C; it accounts for weight losses of 3–4%, similar in all samples, which can be
related to the evolution of water molecules intercalated in GO and rGO layers [39]. Such
phenomenon can be identified in the DTG curves (Figure 5B) as the slight asymmetry on
the left side of the stronger features detected at higher temperature. Its limited detection is
mainly due to the small intensity of the phenomenon and to the strong overlapping of the
two curves.

The third thermal phenomenon, occurring in the 135–220 ◦C range, is accompanied
by marked weight losses; for instance, a loss of 25 wt.% was calculated for GO samples
(Figure 5A, Table 2). However, the extent of the weight loss decreases by rising the
reduction degree. Furthermore, the increasing of the reduction time induced a shift of
the maxima of the DTG curves towards lower temperatures (Figure 5B). Temperature
range, extent and symmetry of the DTG curve measured for GO (Figure 5B) suggest the
decomposition of organic compounds. In particular, this phenomenon can be ascribed to
the fast removal of oxygenated functional groups and consequent GO thermal reduction.
Similar effects were observed also in rGO samples; however, the features were less intense
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and broader, with maxima shifted to slightly lower temperatures. The associated weight
losses progressively decrease on increasing the reduction time, from 25 wt.% of GO down
to 14 wt.% of rGO-72h (Table 2). This phenomenon can be related to the presence of a lower
number of oxygenated groups in the material, as expected upon reduction. Moreover,
the broadening and the slight shift in the temperature of the maxima could suggest the
presence of different thermal phenomena all occurring at very close temperatures, thus
associated with oxygenated groups of different nature (i.e., carboxylate, anhydride or
lactone ones [40]).

The thermal phenomenon taking place at higher temperatures (220–550 ◦C) corre-
sponds to a limited weight loss (7–10 wt.%, Table 2), and it can be ascribed to the elimination
of residual oxygenated functional groups, such as phenol and carbonyl ones, more strongly
bonded to the GO backbone [41].

Finally, the progressive weight loss associated to the 550–1000 ◦C range corresponds
to the breakdown of the GO framework [18].

3.2. Metal Capture Tests

As already reported, rGO-based materials, characterized by lower interlayer distance,
showed remarkable performances in ions capture [19,24]. Indeed, if a lower amount of
functional groups is present in reduced samples, layers are likely closer and this can
definitely increase secondary bonds strength, which may imply a better effectiveness in
ions capture due to electrostatic interactions. Therefore, rGO-72h sample was selected for
filtration experiments in view of its close similarity with a graphitic material (i.e., interlayer
distance about 3.3 Å), and because it retained the required self-assembling properties for
membrane applications, despite the strong reduction.

Therefore, the following sections describe the preliminary results on the capture
capability of rGO-72h membranes toward model solutions for water softening and for the
adsorption of transition metal ions in mine wastewater. These tests, because of their limited
number, are not supposed to be exhaustive, but they could allow lying the groundwork for
the further development and production of filtration tools based on rGO.

For both applications, single ion and multi-ion solutions were considered and ana-
lyzed. Single ion solutions were employed first to enucleate the behavior of each ion toward
sorbent interaction, then to compare the single ions behavior in a complex matrix. In real
applications, indeed, wastewater containing a single component is not likely to be met.

3.2.1. Water Softening

For water softening experiments, the tap water of our laboratory was considered as
reference; thus, model solutions containing either Ca2+ or Mg2+ ions were prepared first
(1 mmol/L), followed by a bi-ion solution incorporating both Ca2+ and Mg2+ at the same
concentration. In Figure 6, the results of filtration tests for both single ion and bi-ionic
solutions are plotted in terms of ions capture efficiency.

Membrane capture in mono-ionic solutions evidenced an efficiency higher than 30%
for both ions, but a slightly higher affinity toward Ca2+ can be inferred as well.

When the mixed solution of the ions, with comparable concentration, is analyzed,
a decrease in capture efficiency can be found. However, the Ca2+ ions capture was only
slightly lowered (−5%) while Mg capture was halved. These results suggest the presence of
both a matrix effect and the already mentioned preferential capture toward Ca2+ ions. The
slight decrease of Ca2+ capture efficiency can be explained with a competition for capture
sites when also Mg2+ is present.

Considering these preliminary results, the use of rGO membranes can represent a
valid alternative to other sorbent materials and would deserve further development.
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3.2.2. Transition and Heavy Metals Capture in Mine Wastewater

Similarly to water softening applications, also mine wastewater was considered, and
both mono-ionic solutions and multi-ion ones were analyzed. Results are plotted in Figure 7.
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The sorbent material exhibited very high affinity toward all ions; indeed, capture
efficiencies higher than 50% were calculated for all of them, with much larger affinity
toward Fe3+ and Ni2+, whose capture values even exceeded 90%.

The larger affinity for Fe3+ was preserved in multi-ion solutions too, where a capture
efficiency of 94% was obtained. Conversely, a significant worsening affects the capture
efficiency of the other components, particularly Ni2+ and Mn2+. Indeed, Ni2+ capture
decreased from 96% down to 14%, and Mn2+ was not captured at all. Once more, a strong
matrix effect, i.e., a mutual influence among the ions when co-present, has to be considered.
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However, sample sites saturation or site competition effects are not able to explain such a
behavior in this case, because of Fe3+ constant capture. A possible explanation could be
found in the mixed solution equilibria, where pH modification can occur in view of the
co-presence of the different ions. Indeed, the pH value could shift ions equilibria toward
more soluble species or aquo-complexes that are not able to interact with rGO capture
sites. Therefore, pH values of both single- and multi-ion solutions were measured, and
compared with the capture efficiency (ηi %). Results are reported in Table 3.

Table 3. pH of the mono- and multi-ion solutions and capture efficiency.

Ion pH Mono pH
Multi

ηi %
Mono

ηi %
Multi

Fe3+ 3.8

3.7

92 94
Cu2+ 4.4 57 32
Ni2+ 5.0 96 14
Mn2+ 5.4 59 0

A pH effect on the multi-ion solution is quite clear. In the case of Fe3+ ions, for which
the pH of the multi-ionic solution, i.e. 3.7, was the same of the mono-ionic one, i.e. 3.8,
almost the same ion capture was maintained (96% and 94% for the mono- and the multi-ion
solutions, respectively). The farther the pH of the multi-ionic solution is from that of the
mono-ionic ones, the more marked is the decrease in the capture ability. Therefore, the
retaining efficiency of Cu2+ ions is halved, that of Ni2+ ions is about 10% of the mono-ionic
one, while no capture occurred for Mn2+ ions.

In order to better understand the pH effect, an analysis of the equilibria was per-
formed on both mono-ionic and multi-ionic solutions with the Hydra-Medusa software
(Version 16.1). This software is able to predict qualitatively the evolution of species in solu-
tions as a function of pH, on the basis of thermodynamic data. The picture resulting from
the analysis of the chemical equilibria of mono-ionic solutions is reported in Table 4. It can
be noticed that, at the pH values of the operating conditions of the experiments (Table 3),
all species are present in cationic or charged complex form, thus surely soluble. This is an
important validation of the assumption that the ions are adsorbed on the membrane and
not blocked as precipitated salts.

Table 4. pH ranges and corresponding species as computed by the Hydra-Medusa software.

Metal
pH Range

0–4 4–8 8–12

Fe

Fe2+

FeOH2+

FeCl2+

Fe(OH)2
+

Fe(OH)2.7Cl0.3 Fe2O3

Cu Cu2+

CuCl+
CuOH+

Cu2(OH)2
2+

CuO
Cu(OH)3

−

Cu(OH)4
2−

Cu(OH)2

Mn Mn2+

MnCl+
Mn2+

MnCl+
Mn2(OH)3

+

MnOH+

Mn(OH)2

Ni Ni2+ NiOH+ Ni(OH)2
Ni(OH)3

−

Regarding the comparison with the tri-ionic solution, the pH effect can be still inferred
(all the ions are present in their cationic form); however, an additional phenomenon has to
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be present to explain the preferential capture of Fe3+. Accordingly, supposing the ions exert
some electrostatic interaction with the residual functional groups of rGO, ions properties,
such as dimensions and/or charges, have to be considered. The ionic radii (hydrated and
non-hydrated) and their charge/radius ratio are compared in Table 5.

Table 5. Ionic radii and charge/radius ratio [42,43].

Ion Ionic Radius [nm] Hydrated Radius [nm] Z2/r [1/nm]

Fe3+ 0.065 0.480 140.63
Cu2+ 0.073 0.419 54.05
Ni2+ 0.069 0.404 57.14
Mn2+ 0.083 0.438 48.00

On the bases of data reported in Tables 3 and 5, the following considerations can be
done. The permeation ability through a membrane can be generally explained on the basis
of thermodynamic and physical characteristics of the involved species. Captured ions
occupy surface sites and pore holes of the membrane, and the separation may be due to size
exclusion or to the electrostatic characteristics of the ions in the aqueous phase [42,44]. The
oxygen functional groups of GO play a role as well in determining the interlayer spacing
and the interaction with cations [45]. At the same time, water or ions could insert themselves
into the graphene layers and increase the interlayer spacing. In dry conditions, the GO
membrane has a d-spacing of about 8 Å, while in liquid media this value may reach 14 Å.

On the other hand, after reduction rGO exhibits defects that facilitate the movement of
water molecules and, at the same time, reduce the interlayer distance toward the graphite
value, i.e., 3.4 Å. This narrow spacing allows both charge selectivity and sieving depending
on the type and diameter of hydrated ions [46,47].

At a first glance, the size exclusion mechanism may be considered more plausible
because the reduction process causes narrower d-spacing between sheets and lower elec-
trostatic interactions, following the loss of functional groups. Therefore, if the diameter of
hydrated ions is larger than rGO channels, the ions are retained by the membrane because
of steric hindrance.

However, another possible explanation, laying on electrostatic considerations, can be
given observing the Z2/r ratio as well as the flexibility of the hydration shell. The Z2/r
ratio is correlated to the hydration potential, which denotes the attraction between an ion
and water molecules. For larger ions, the charge is more dispersed, therefore the hydration
shell is held with a weaker electric field. On the contrary, if the hydration shell is held
strongly, cations can be blocked in the hydrophilic regions of the membrane. In general,
the hydrated shell of small cations remains unchanged and the water molecules around
them are at a fixed distance even if they are constantly exchanged with bulk ones [42,47].

Water flows through the hydrophobic non-oxidized sp2 regions formed between the
contiguous nanosheets rather than in oxidized regions. However, the available hydrophobic
regions in these membranes are insufficient to form well-defined nanochannels [44].

Concerning the experiments on water softening of this work, the higher selectivity
for Ca2+ might be due to steric hindrance, its radius being larger than that of Mg2+. On
the contrary, as far as model solutions of mining wastewater are concerned, the higher
capture efficiency for Fe3+ ions might be explained focusing on ions size in the hydrated
form and on the ionic charge. Indeed, Fe3+ has a hydrated ionic radius larger than the other
ones and a greater charge, so it can interact more strongly with rGO surface functional
groups. Focusing on Mn2+, the charge is very similar to the one of Cu2+ and Ni2+, but the
hydrated radius and the Z2/r ratio are similar or greater. After the contacting step with the
multi-ion solution, it greatly permeates through the membrane. This unexpected behavior
was also reported in other studies [48], which proved how adsorption may be sometimes
influenced by the specific kind of coordination and in particular by the related geometry,
square-planar for Cu2+ [49] while trigonal-bipyramidal for Mn2+ [50]. The difference in
coordination results in a smaller average distance between Cu2+ and carboxylate groups
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and a higher interaction energy; on the other hand, the Mn2+ conformation is less stable
and this may lead to a lower capability to be adsorbed by the filter [48]. Therefore, when
differently charged ions are present in the solution to be treated, it seems that an electrostatic
mechanism is prevailing and, regarding this work, this may be the reason why iron has
been captured more effectively compared to other ions.

Table 6 shows the effectiveness of the rGO-72h membrane in terms of adsorption
capacity (in mg of captured metal over the sorbent mass).

Table 6. Sorption capacity of the rGO-72 membrane for metal ions removal in mono- and
multi-ion solutions.

Ion
Adsorption Capacity

(mono-ion)
[mg/g]

Adsorption Capacity
(multi-ion)

[mg/g]

Fe3+ 38.4 37.0
Cu2+ 27.4 14.9
Ni2+ 16.0 4.2
Mn2+ 12.2 -

A precise and explicit comparison is not easy with efficiency values reported in
the literature for other carbon-based materials because of the great variety of operating
conditions and treated polluted solutions, but an appreciable agreement has been found.
Indeed, various studies have been conducted about the use of carbon nanotubes [51],
biochar fabricated from biomasses [52], activated carbons [53] in several processes intended
to remove heavy metals such as Fe, Cu, Mn, Ni, Pb, Cd, Hg, Cr, Zn, Co with efficiencies
variable in the range 1–70 mg/g, but such values are strongly influenced by the specific
operating conditions, techniques, plants, and ions concentrations. GO-based composites,
mainly used as powders interacting for several hours with polluted solutions to be treated,
have also been developed to remove and/or recover toxic or precious metals such as Pb,
Cr, Fe, Cd, Zn, Mn, Cu, Au [54–57]. Capacities higher than 100 mg/g have been obtained
for Cu removal [55,56] while values around 20 mg/g have been calculated upon treating
Fe- and Mn-containing solutions [58].

4. Conclusions

Self-assembling membranes based on graphene oxide (GO) have been developed
aiming to be used as filter in the treatment of wastewater containing metal ions. A facile,
inexpensive, and eco-friendly chemical reduction route was employed exploiting L-ascorbic
acid as the reducing agent. Among differently reduced membranes, the one reduced
for 72 h, showing significant amorphization and graphitization while keeping the self-
assembling behavior, was selected for preliminary filtration tests. Indeed, it was assumed
that a lower interlayer distance compared to GO or less reduced rGO membranes can
effectively influence the capability in ions capture.

Model solutions for both water softening applications and transition metal ions from
the mining industry have been treated. Single- and multi-ion solutions have been con-
sidered in order to assess selectivity toward different species and to account for possible
adsorption sites competition and matrix effects.

Concerning water softening experiments, rGO filters proved to be more selective
toward Ca2+ ions, likely because of their higher ionic radius compared to Mg2+. On the
contrary, as far as the transition metal ions solution is concerned, all the species showed
a satisfying affinity (capture efficiencies between 57% and 96%) with rGO in single-ion
tests, whereas a high capture efficiency (>90%) was kept for Fe3+ only in the more realistic
multi-ion experiments. This may be ascribed to electrostatic reasons since Fe3+ presents a
higher charge that can enhance the interaction with the filter adsorption sites.

The preliminary results of this work seem to be promising in terms of the feasibility
of the use of rGO as filter in wastewater treatment and of its selectivity toward specific
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ions, as well as to boost further studies investigating several wastewater concentrations
and possible recovery of the adsorbed species.
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