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A B S T R A C T

In this work, the influence of graphene oxide (GO) reinforcement on keratin based smart hydrogel and its
application for the emerging pollutant ciprofloxacin removal was studied. Firstly, the obtained material was
characterized by Infrared Spectroscopy, Scanning Electronic Microscopy, Small angle X-ray Scattering and
Swelling and Rheological behavior. The results showed that the keratin hydrogel and those nanocomposites
containing GO present stimuli responsive behavior by changing the swelling along with the pH. Keratin hy-
drogels and the ones containing 0.5% of GO showed a similar behavior where swelling decreased between pH 6
and 5. The introduction of GO at 2% changed this inflection point at a value between pH 7 and 6. Also, the
swelling of the shrunk hydrogels was higher when containing 2% GO. This effect was probably due to the steric
hindrance generated by the nanosheets and their functional groups, partially interfering with keratin chains
interaction. The antibiotic was adsorbed in the different active sites in the hydrogel provided by the keratin and
the GO structures. After that, the composite adsorption isotherms against ciprofloxacin (CPX) and its kinetics
were studied. The ability of the material to expand at high pH allowed a better desorption of the CPX. Thus,
reusability presented a better performance when basic washings were used.

1. Introduction

Several contaminants are defined in each country legislation and
usually monitored. However, in the past years other contaminants have
been found in water bodies. These pollutants are generally produced by
pharmaceuticals, daily care and agro-livestock industries, hospital
waste, personal hygiene products and therapeutic drugs. These sub-
stances, usually hormones, antibiotics and surfactants, are continuously
introduced into the environment and are prevalent at small con-
centrations, which can affect water quality and potentially impact on
drinking water supplies, ecosystem and human health.

Ciprofloxacin (CPX) is a fluoroquinolone antibiotic active against
gram-positive and gram-negative bacteria and used to treat a wide
variety of infections in human and animals. CPX low biodegradability
and toxic effects on environmental bacteria have been well documented
Moreover, bacteria can develop resistance when antibiotics are in
concentrations lower than the minimal inhibitory concentration [1].

CPX had been found in water and wastewater at concentrations typi-
cally< 1 μg L−1 but the concentrations found in the hospital effluents
(3–87 μg L−1) and drug production facilities (31mg L−1) are much
higher [1–3] The removal of CPX from wastewater has become an
important issue in order to avoid the unwanted consequences in the
ecosystems and in the therapeutic uses of this drug.

Many remediation techniques have been described over the past
years. Physical remediation methods such as nanofiltration, reverse
osmosis, electrodialysis or adsorption with activated carbon, are costly
and have maintenance and consumables problems [4–6]. Moreover,
few of these techniques can deal with emerging pollutants, such as CPX.
Thus, an increment in the use of low cost sorbents, is preferred. Within
the low cost and availability biosorbents is keratin [7–10]. It can be
obtained from waste materials from the livestock and poultry industry
such as hair, wool, hooves, horns, feathers, etc. Due to the character-
istics of the material, porous sponge or film-like structures may be
obtained which are flexible but with poor mechanical properties for use
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in batch or column systems. Thus, hybrid materials based on keratin
have been developed, mainly conjugated with organic counterparts, for
example chitosan-keratin, polylactic-keratin, gelatin-keratin [11,12].

The currently reported keratin extraction methodologies have the
disadvantage of being costly and only allowing a small portion of the
keratin present in the raw material to be recovered. One of the most
used techniques described uses a mixture of β-mercaptoethanol, SDS,
urea and TRIS and then a dialysis is performed. In this technique a low
amount of keratin (20%) is solubilized with a high cost and a negative
impact on the environment. However, in a previous work of our group,
a pH-responsive keratin hydrogel was obtained by a partial hydrolysis
method, using a green friendly technique. The efficiency was around
100%. In this material two extreme states were detected. One at low
pH, for which swelling is minimum, and one at high pH, for which
swelling is maximum. In addition, the material responsiveness was re-
versible [13].

The mechanical properties of the keratin gel may also be improved
by adding a nanoobject to act as a filler. In this regard, graphene de-
rivatives have gained increased interest. Graphene is a one-atom-thick
planar sheet with sp2 bonded carbon atoms that are densely packed in a
honeycomb crystal lattice. Unlike graphene, graphene oxide (GO) has
in its structure a large number of functional groups such as hydroxyls,
epoxides, carbonyls and carboxyls that increase it solubility in hydro-
philic solvents and reactivity. The GO have been extensively used in the
past years as a filler and may add adsorption sites to the nanocomposite
[14,15]. It is an interesting nanoobject to be included in low-cost ad-
sorbents since it can be obtained from natural graphite. Moreover, other
carbon based materials have proven good performance for the removal
of CPX by adsorption systems, such as carbon nanotubes, alginate GO
hydrogels, together with other nanomaterials such as magnetite nano-
particles [3,16–19] Also, nanomaterials combined with Advanced
Oxidation Techniques such as photocatalytic degradation, have been
thoroughly studied in the last years [20,21].

The aim of this work was to develop a stimuli-responsive nano-
composite from keratin and GO in order to remediate CPX from was-
tewater. The obtained material was characterized by Infrared
Spectroscopy, Scanning Electronic Microscopy, Small angle X-ray
Scattering and Swelling and Rheological behavior. After that, the
composite adsorption isotherms, its kinetic behavior against CPX and
reusability were studied.

2. Experimental section

2.1. Materials

The bovine horn was kindly provided by Veterinarian Juan
Fernandez Pego. Natural graphite powder (< 50mm particle size) was
purchase from Merck (Germany), Water was filtered and deionized with
a MilliQ, Millipore system (Milford, MA, USA). The other reagents used
were of analytical grade.0

2.2. Graphene oxide (GO) synthesis

Graphite oxide was prepared through Hummers method [22].
Briefly, graphite powder (2.0 g) and sodium nitrate (1.0 g) were mixed
with sulfuric acid (46mL) in an ice bath with sustained agitation for
4 h. Then, potassium permanganate (6.0 g) was added under stirring.
The reaction mixture was kept at 35 °C for 2 h. Afterwards, 92 mL of
water was added, keeping the solution in the ice bath, and the mixture
was further diluted by the addition of 200mL of water after keeping the
temperature at 98 °C for another 2 h. Hydrogen peroxide (20mL) was
then added to reduce the residual potassium permanganate and stirring
continued until the mixture turned brown. Finally, the mixture was
centrifuged to obtain the graphite oxide powder. In order to clean out
any remnants of salt and acid, the powder was re-dispersed in ultra-
pure water and centrifuged several times. The powder was finally dried

at 80 °C. The graphite oxide (30mg) was exfoliated into GO monolayer
nanosheets (nGO) by batch sonication at 35 kHz for 30min after dis-
persion in 15mL of citrate buffer (0.4 M; pH: 4.20). Then, the suspen-
sion was centrifuged and the pellet was washed with water and then
with methanol. The methanol was removed by heating in an oven at
60 °C and the nGO was then stored at room temperature.

2.3. Preparation of keratin materials

Horn was milled with a file and sieved through a 250 μm sieve.
Then, the horn powder was washed three times with distilled water and
three times with ethyl acetate to remove fat in mass/volume ratios of
1 g powder / 50mL solvent. After every washing step the powder was
centrifuged 5min at 2000 rpm and the supernatant was discarded. After
that, the powder was dried in an oven at 37 °C overnight. Keratin (1 g)
powder was mixed with 9ml dilution of NaOH 1M in Ethanol (25ml).
The mixture was left at 45 °C for 4 h. After that time, it was mixed with
different amounts of nGO (in order to obtain a 0.5 and 2.0% w/w nGO
hydrogels), the mixtures were homogenized through a syringe and left
at 45 °C in an oven until constant mass was achieved. For the pre-
paration of the 0.5 and 2.0% relationships, a nGO stock solution was
prepared by weighting 50mg and suspending in 100 μl of ethanol and
sonicating 10min at 35 kHz. Ten microliters and 20 μl of the nGO
ethanolic suspension were added for the KerGO 0.5% and 2% respec-
tively. The final product was a dry block of keratin that was easily
hydrated in water to form the hydrogel. The keratin blocks obtained,
were thoroughly washed with deonized water in order to remove all
NaOH residue. After hydration, the hydrogel form of the material was
obtained. Three type of materials were obtained: a keratin hydrogel,
named Ker, and two GO containing nanocomposites, named KerGO
0.5% and KerGO 2%.

2.4. Swelling studies

In order to assess the swelling behavior of the material, 0.02 g of a
dried material was equilibrated in different 10mM phosphate solutions
ranging from pH 4 to pH 8. After equilibrium was reached, the hy-
drogels were removed from the solution and accurately weighted.

2.5. Spectroscopic characterization

ATR-FTIR (diamond attenuated total reflectance) of keratin mate-
rials were recorded using a Nicolet iS50 Advanced Spectrometer
(Thermo Scientific). ATR-FTIR spectra were recorded with 32 scans and
a resolution of 4 cm−1.

The investigation of the ultrastructure of the hydrogels swelled at
different pH values was performed by Small Angle X-ray Scattering
using the SAXS1 beamline of the National Synchrotron Light Laboratory
(LNLS), Campinas, Brazil. The SAXS measurements were performed at
room temperature in transmission geometry with λ=1.55 Å (8 keV).
The 2D SAXS spectra were monitored using a Pilatus 300 K detector. A
sample to-detector distance of 0.9 and 3m and an exposure time of 60 s
were used. The samples were placed with their surfaces perpendicular
to the direction of the incident X-ray beam and parallel to the X-ray
detector. The scattering intensity (I) was measured as a function of the
scattering vector (q) from 0.04 to 2.5 nm−1. The background and
parasitic scattering were determined by using an empty sample holder
and were subtracted for each measurement.

2.6. Rheological behavior

The rheological behavior of the hydrogels with different GO content
were studied. Amplitude sweeps were performed first in order to de-
termine the linear viscoelastic range (LVR). The elastic or storage
modulus, G' (ω), the viscous or loss modulus, G” (ω) and complex
viscosity (η*) of the studied materials were obtained in small-amplitude
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oscillatory shear flow experiments using a rotational rheometer from
Anton Paar (MCR-301) provided with a CTD 600 thermo chamber. The
tests were performed using parallel plates of 25mm diameter and a
frequency range of 0.1–500 s−1. The measurements were carried out at
room temperature (20 °C). All the tests were performed using small
strains (γ=0.5%) to ensure the linearity of the dynamic responses. All
the runs were repeated using different samples. The gap width used was
700–800 μm.

2.7. Microscopic characterization

Electron microscopy images were obtained on a Zeiss Supra 40
scanning electron microscope (SEM). The hydrogels swelled at different
pH were freeze-dried and coated with gold, before the observation.

2.8. CPX adsorption and reuse assays

Ciprofloxacin adsorption behavior was evaluated in batch condi-
tions at 25 °C with constant stirring. The influence of pH, adsorption
kinetics and adsorption isotherms were determined. Adsorption capa-
cities, qeq (mg/g) were calculated by sorbate decay in the solution su-
pernatant. In all assays approximately 20mg of dried material were
immersed in 5mL of CPX containing solutions. Absorbance was mea-
sured at 274 nm using an UV–Vis Spectrophotometer (Cecil CE 3021,
Cambridge, England). For all experiments the qeq was determined ac-
cording to the following equation:

= −q C C V m( ) /eq eq0 (1)

where C0 (mg/L) is the initial concentration, Ceq (mg/L) is the equili-
brium concentration in the liquid phase, V (L) is the volume of liquid
phase, and m (mg) is the mass of the adsorbent. All adsorption assays
were carried out in plastic vessels. Blank experiments were conducted
in order to verify the absence of sorbate precipitation and/or adsorption
to the walls of the vessels. For the evaluation of the pH influence and
kinetic behavior a CPX initial concentration of 10mg/L was used. For
the equilibrium assays CPX initial concentrations ranged from 1 to
950mg/L. Kinetic and equilibrium assays were performed at the op-
timum adsorption pH (pH 5).

Reuse assays were carried out using the same procedure of the ad-
sorption assays as a first stage. A CPX initial concentration of 10mg/L
at pH 5 was used for the adsorption cycles. After adsorption the ma-
terials were transferred to an acid (pH 4) or basic (pH 8) desorption
solution and let stand overnight. The samples were dried between cy-
cles in order to accurately determine the swelling. Then, they were
transferred to a new CPX containing solution for a second adsorption
cycle. This procedure was repeated up to 5 adsorption cycles.

2.9. Point of zero charge determination

The point of zero charge (PZC) of Ker and KerGO nanocomposites
was determined by the drift method [23] Briefly, a solution of 0.01mol
L−1 NaCl, was boiled to remove dissolved carbon dioxide and used to
prepare several solutions with an initial pH ranging from 4 to 8. Then,
0.05 g of the material was added to 10ml of each solution and in-
cubated at room temperature for 48 h. The final pH was measured and
plotted against the initial pH. The pH point at which the curve of the
final pH crosses the pHinitial=pHfinal line is the PZC.

2.10. Statistics and graphics

All quantitative results were obtained from triplicate samples. Data
were expressed as means ± SD. Statistical analysis was carried out
using a two-way ANOVA test and a Bonferroni post-test. A value of
p < 0.05 was considered to be statistically significant. SAXS 2 D
images and scattering profiles were analyzed with Bioxtas Raw. R

language and environment was used for statistical computing and
graphics [24,25].

3. Results

3.1. Macroscopical characterization

The Ker and KerGO nanocomposites are obtained as dried pieces
that can swell to thick hydrogels that withstand handling.
Supplementary Data 1 (SD1) shows Ker gel and KerGO 2% nano-
composite in the dry and swelled form. These materials are stiff enough
to bear mechanical stirring if they contain up to 2% w/w. GO. KerGO
4% nanocomposites were also tested with unfavorable properties.
Although KerGO 4% were macroscopically stiffer than the 2% ones,
they were brittle and small grains detached from the edges upon me-
chanical stirring. The resistance to mechanical stirring, together with
the easy manipulation and the high hydration of the gels are remark-
able properties when it comes to its applicability in heterogeneous
adsorption systems. On one side, the hydrogel form, allows the easy
diffusion of solutes within the keratin structure, allowing maximum
interaction with the protein functional groups. On the other side, the
resistance of the material allows the application on-site and reuse of the
systems.

3.2. Rheological behavior

Fig. 1 presents the rheological behavior of Ker and KerGO nano-
composites. All samples showed a gel-like behavior with G’ values
higher than G’’, meaning that the elastic component is dominant over
the viscous component. This dominance of G’ over G’’ has been widely
reported as indicative of the presence of a hydrogel [26]. For practical
reasons of requiring a stiff gel for use as a biomaterial, having a ma-
terial with G’>G’’ at all frequencies is usually qualitatively sufficient
to characterize how a particular gel will behave in an application [27].
The reinforcement provided by the addition of GO within the keratin
structure was evidenced as an increase in G’ values along with the rise
in GO percentage. This would imply that the nanosheets endow the
material with greater mechanical strength which will benefit its ma-
nipulation of the material when it is introduced and removed for ad-
sorption in heterogeneous phases.

Fig. 1. Frequency dependence of the storage modulus, G′ (full symbol), and
Loss modulus, G’’ (empty symbols), of Ker and KerGO nanocomposites.

M.L. Peralta Ramos et al. Journal of Environmental Chemical Engineering 6 (2018) 7021–7028

7023



3.3. Infrared spectroscopy

Fig. 2, SD2 and SD3 showed the FT-IR spectra of the nGO, Ker,
KerGO 0.5% and KerGO 2.0%. In the spectrum of nGO (SD2), the band
at 1240 cm−1 is attributed to the CeOeC bond stretching which de-
monstrated the formation of epoxy groups. The presence of carboxyl
and carbonyl functional groups could also be detected at 1400 cm-1 and
1720 cm−1, which corresponded to CeOH and C]O stretching, re-
spectively [28]. These bands were not present in the KerGOs spectra
probably due to the low percentage of the nanoobject. The Ker, KerGO
0.5% and KerGO 2.0% spectra showed no differences between them in
regard to new bands. The observed bands correspond to those found in
a keratin gel spectrum: amide bands were observed at 1638 cm−1,
which corresponded to the elastic vibration of the C]O bond, and at
1535 cm−1, which corresponded to the bending deformation of the
CeNeH bond (Fig. 2 and SD3) [29]. When comparing each spectrum,
the only appreciable difference is a higher relative intensity of the band
at 1392 cm−1 respect the 1447 cm−1 band, in the KerGO 2.0%. This
difference is negligible in Ker and KerGO 0.5% spectra. Being this band
related to CH deformation and not present in the GO spectrum, this
change in relative intensity can be originated in a keratin structural
conformation change introduced by GO at 2% loading.

3.4. Microscopic characterization

Fig. 3 showed the SEM images of the different hydrogels. The to-
pography of the samples was similar in all the cases. Nevertheless, it
could be observed that the porous structure partially collapses with the

addition of 2% GO. As seen in the FT-IR spectra, the higher GO con-
centration used introduces detectable variations in the keratin organi-
zation whereas the lower concentration used resembles similar to the
parent material. In conclusion, the GO presence did not produce a
chemical change in the sample but introduced a structural change in the
matrix.

3.5. Swelling behavior and PZC

Fig. 4 showed the swelling behavior of the Ker hydrogel and the
KerGO nanocomposites. As it could be seen, all samples present stimuli
responsive behavior by changing the swelling % along with the pH. In
Ker and KerGO 0.5% samples the behavior was similar: an inflection
point was observed between pH 5 and 6, where the swelling % de-
creased abruptly. However, the introduction of GO at a higher con-
centration (2%) changed this inflection point at a value between pH 6
and 7.

The pH responsive behavior of the keratin hydrogel mechanism was
discussed in a previous work [13]. Briefly, it was proposed that at lower
pH values, the keratin structure was collapsed due to the presence of
protonated −COOH which were able to establish hydrogen bonds
among the protein domains. This interaction allowed the protein chains
to closely interact, reducing the material total volume. This lead to a
material with low swelling, few pores, and a tight network which in-
teracted with water only by adsorption to its outer hydrophilic sites. On
the other hand, at high pH states less interchain hydrogen bonds would
be formed in the keratin structure due to deprotonation of carboxyl
groups. Thus, higher structure associations would be disfavored and
water would be enter within the protein chains in order to hydrate the
hydrophylic groups, allowing a higher swelling. This change in swelling
is relevant especially between pH 5 and 6 because the pKa of most acid
aminoacid is around 4. Regarding the nanocomposites, in the KerGO
0.5% the influence of the GO nanosheets in swelling was negligible.
Thus, the swelling behavior was similar to the Ker gel. However, for the
KerGO 2% the swelling inflection point shifted to higher pHs probably
due to the presence of acidic groups in GO which hinder the aminoacid
deprotonation. This was supported by the PZC curves. As can be seen in

Fig. 2. FT-IR spectra of Ker and KerGO nanocomposites.

Fig. 3. SEM images of Ker and KerGO nanocomposites.

Fig. 4. Swelling behavior at different pH values of Ker and KerGO nano-
composites.
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SD4, With the addition of 0.5% of GO, the PZC of the Ker (7.6) slightly
diminishes to a value near pH 7.3. Nevertheless, when 2% of GO is
added, the shifts are significant in one pH unit, decreasing to a value
around pH 6.6. Thus, in KerGO 2%, the nanocomposites became more
negative at lower pHs, due to GO deprotonation rather than aminoacid
deprotonation. The presence of more acidic groups nearby the protein
acid groups would locally diminish the acidity of the latter leading to
the need of higher media pH for the increase in the nanocomposites
swelling.

In addition, for KerGO 2% the swelling at the pHs where the
structure is collapsed is higher than for the other materials. This, could
be due to a higher steric hindrance in keratin chains folding when 2%
GO is introduced. This would increase the distance among chain that
allowed water to enter between the polypeptide structure.

3.6. Small angle X-ray scattering

Fig. 5 showed the Kratky representation of the SAXS profiles of Ker
and KerGO nanocomposites equilibrated at different pHs. The Kratky
representation present information from the folding state and flexibility

of a protein. As can be seen in Fig. 5, the conformation state of the
keratin in the nanocomposites at the different pHs is different from the
pristine keratin. This is probably generated by the impossibility of the
chains to fully interact when the nanosheets are present. At higher pHs,
a peak around 0.05 nm−1 indicates the presence of a local organization
of similar spatial dimensions in all materials. Nevertheless, for the na-
nocomposite this structure shifts to higher q which means smaller
structures. Also, this peak is broader for the nanocomposites. This in-
dicates that the introduction of GO is interfering with keratin organi-
zation, at the both levels tested.

3.7. Ciprofloxacin adsorption at different pH values

The performance of the nanocomposites as adsorbents was eval-
uated using CPX. The effect of CPX adsorption at pH values of 4.0 to 8.0
was evaluated (Fig. 6). The adsorption capacity was significantly higher
at pH 5 than for higher and lower pHs. Above the pKa (6.09) of the CPX
carboxylic groups, the repulsion between them and the keratin and GO
deprotonated acidic groups became relevant. This effect is expressed as
very low adsorption capacities for Ker and KerGO 0.5% nanocomposites
[30]. Below pH 4 both the protein and the CPX carboxilic groups would
be protonated, diminishing the interaction. Also, at lower pHs a certain
repulsion was also expected due to the protonation of the basic groups
in the aminoacids and the CPX amino (pKa 8.74 for the nitrogen on the
piperazinyl ring) [30]. Thus, CPX is adsorbed at a pH where the equi-
librium of charged groups from keratin and GO results in the electro-
static attraction between their carboxilates and protonated amino
groups from CPX with minimum repulsion due to a low proportion of
carboxilates from the antibiotic. Thus, the presence of negatively
charged groups in GO could be the reason of the increment of the ad-
sorption capacities of the nanocomposites respect the Ker gel. Also, the
difference in the adsorption capacity observed between KerGO 0.5%
and 2% could be originated in the steric hindrance introduced by GO
between keratin chains which could lead to more accessible interaction
sites and, therefore, higher capacities. Solutions equilibrated at pH 5

Fig. 5. Kratky representation of SAXS profiles of Ker and KerGO nanocomposites equilibrated at different pHs.

Fig. 6. Effect of media pH in the adsorption of CPX (10mg/L) on Ker and
KerGO nanocomposites.
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were used for kinetic and isotherm assays.

3.8. Adsorption kinetics

The materials' adsorption capacities over time, presented in SD5,
were analyzed by comparing the kinetic behavior adjustment to the
pseudo-first order, pseudo-second order, Elovich and modified
Freundlich models in their non-linear forms. Table 1 summarizes each
material parameters for every model. The mathematical kinetic models
and their summary are presented in Supplementary Data. The good-
ness-of-fit was determined by the corrected Akaike’s information cri-
teria (AICc). Smaller AICc values represent better curve fittings. For all
samples, adsorption equilibrium was achieved within four hours. Ac-
cording to the pseudo-first and pseudo-second order adsorption rate
parameters Ker hydrogels presented a higher adsorptive rate than the
KerGO. Nevertheless, the equilibrium concentration for Ker hydrogels
was lower. This could be due to a lower mobility of keratin chains in
KerGO respect to Ker because of their interaction with GO and probably
because of steric hindrance when it comes to the expansion of the
network that make available the adsorption sites.

The adsorption rate on GO is lower than in keratin while adsorption
capacity is greater. For all samples, the model that fitted better was the
pseudo-first order which could indicate that the adsorption rate would
be dominated by one main step. Since the m parameter of the Modified
Freundlich’s model was in all cases far from a value of 2, this dominant
step would not be related to intraparticle diffusion [31]. Thus, probably
the adsorption step would be leading the kinetic rate.

3.9. Adsorption isotherms

Ciprofloxacin adsorption isotherms were obtained after equilibrium
time at pH 5. Data was fitted using to two and three parameters iso-
therm models: Two parameters: Langmuir, Freundlich and
Dubinin–Radushkevich (DeR) models; three parameters:
Redlich–Peterson (ReP) and Sips models. Adsorption equilibrium data
is presented in SD6 and Table 2 presents the results obtained from the
fitted models. The mathematical models are presented in Supplemen-
tary Data. Since KerGO 2% contains a greater amount of GO, it was
expected that this material will present the greater adsorption capacity.
Nevertheless, both Langmuir and Sips maximum capacity parameters
showed to be greater for the KerGO 0.5%. This could be due to the
presence of GO nanosheets stacking in KerGO 2%. Stacking will pro-
duce the unavailability of the internal binding sites of the nanosheets.
Thus, at low sorbate concentrations KerGO 2% presents higher capa-
cities than KerGO 0.5%, which could be due to a higher number of
peripheral binding sites. On the contrary, when higher amounts of
sorbates are used as initial concentration, peripheral groups became
saturated and the occupation of internal binding sites in KerGO 2%
would be unreachable, whereas due to a higher dispersibility, internal
groups of GO sheets in KerGO 0.5% would be available leading to

higher adsorption capacities. For other GO containing nanocomposites,
as Zn-GO-nanocellulose maximum capacities of 10.86mg/g were re-
ported [32]. On the other hand, studies involving GO and carboxylic
polymers, such as sodium and calcium alginate, reported higher qmax,
66.25 and 86.12mg/g respectively, probably due to the contribution of
carboxylates from GO and the alginate [17,19]. Literature also present
reports with higher CPX maximum adsorption capacities, typically for
materials with high GO content such as chitin-GO nanocomposites
containing 25%w/w GO [14].

The mean free energy of adsorption can be indicative of the type of
adsorption interaction. Its value can be estimated from the parameter of
Dubinin-Radushkevich parameter EDR. When chemisorption is the main
mechanism of adsorption, EDR value is in the range of 8–16 kJ/mol, as
the case for the KerGO nanocomposites, and lower values would in-
dicate physisorption. This means that CPX would be mainly interacting
by a charge associated mechanism rather than a physisorption inter-
action such as π-π stacking with the unsaturated hexagonal rings of
nGO.

3.10. Reuse assays

The reutilization of the material was studied by intercalating ad-
sorption and desorption cycles. Two different desorption solutions were
assayed: an acid solution at pH 4 and 8. Fig. 7 shows the qeq in different
adsorption cycles. It can be observed that the capacity presents lower
decays among cycles in those gels desorbed at pH 8. This could have
been due to the stimuli-responsive behavior of the material. At high pH,
the greater expansion of the gel net, would lead to a desorption equi-
librium. The KerGO 2% treated at pH 8 showed the better performance,
since it had the higher capacity through the different cycles.

4. Conclusions

The reinforcement of a keratin based smart material was achieved
by the introduction of GO nanosheets. The addition of GO would not
alter the interaction between the keratin chains, thus maintaining the
3D integrity of the material. Moreover, even after being dry, the ma-
terial can swell in contact with water. Due to the lack of detection of
strong interactions or new covalent bonds, it was proposed that the GO
is acting as a filler. Also an important feature of the nanocomposite, the
pH-responsive behavior was maintained regardless the introduction of
the nanoobject. Nevertheless, inflection point of swelling for the KerGO
2% nanocomposites shifted to higher pHs probably due to the influence
of GO acidic groups.

The changes in the keratin structure by the addition of GO were
evidenced by the SAXS experiments, showing that the introduction of
GO is interfering with keratin organization. The nanocomposites also
showed a greater mechanical strength which will benefit the manip-
ulation of the material when it is introduced and removed for adsorp-
tion in heterogeneous phases.

Table 1
Kinetic model parameters.

Model Parameter Ker KerGO 0.5% KerGO 2%

Pseudo-1st order qe (μg/g) (529 ± 14) 689 ± 26 (1.19 ± 0.02)×103

k1 (h−1) 1.3 ± 0.1 0.7 ± 0.1 0.65 ± 0.04
AICc 434.77 497.65 606.53

Pseudo-2nd order qe (μg/g) (6.3 ± 0.3)×102 (8.2 ± 0.5)×102 (1.52 ± 0.06)×103

k2 (g/(μg.h)) (2.5 ± 0.5)×10−3 (1.0 ± 0.3)×10−3 (4.1 ± 0.6)×10−4

AICc 449.03 497.45 621.87
Elovich α (μg/(g.h)) (1.7 ± 0.6)×103 (1.2 ± 0.4)×103 (1.3 ± 0.2)×103

β (g/μg) (7 ± 1)x10−3 (5.3 ± 0.7)×10−3 (2.4 ± 0.2)×10−3

AICc 461.788 499.93 637.74
Modified Freundlich kf (L/(μg. h)) 350 ± 16 369 ± 25 566 ± 25

m 3.3 ± 0.5 3.0 ± 0.4 2.4 ± 0.2
AICc 470.87 505.04 659.03
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The emergent contaminant, CPX, adsorption to the nanocomposite
was studied. Probably the mechanism of adsorption is related to elec-
trostatic attraction.

The reuse of this material was also studied. The treatment with
bases achieved the best performance benefited from the pH-respon-
siveness of the material. This might be due to the expansion that the
keratin gel net suffers at high pH values, leading to a higher interaction
between the CPX and the solvent.
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