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Abstract

:

Thin graphene oxide (GO) film layers are being widely used as sensing layers in different types of electrical and optical sensor devices. GO layers are particularly popular because of their tuned interface reflectivity. The stability of GO layers is fundamental for sensor device reliability, particularly in complex aqueous environments such as wastewater. In this work, the stability of GO layers in layer-by-layer (LbL) films of polyethyleneimine (PEI) and GO was investigated. The results led to the following conclusions: PEI/GO films grow linearly with the number of bilayers as long as the adsorption time is kept constant; the adsorption kinetics of a GO layer follow the behavior of the adsorption of polyelectrolytes; and the interaction associated with the growth of these films is of the ionic type since the desorption activation energy has a value of 119 ± 17 kJ/mol. Therefore, it is possible to conclude that PEI/GO films are suitable for application in optical fiber sensor devices; most importantly, an optical fiber-based interrogation setup can easily be adapted to investigate in situ desorption via a thermally stimulated process. In addition, it is possible to draw inferences about film stability in solution in a fast, reliable way when compared with the traditional ones.
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1. Introduction


Optical fiber-based sensors [1,2,3,4,5,6,7] ordinarily have fiber interfaces coated with different materials, namely organic materials or even functionalization with biologic molecules to enhance sensing features. This issue is of relevance for sensing traces of a component in complex media, for example when sensing in a complex liquid medium such as wastewater [8,9,10]. Another relevant aspect to consider for the sake of sensor device reliability is the stability of the coated layers in liquid media, because they might desorb from the fiber interface. A way to assess molecular layer stability is via the so-called thermally stimulated desorption (TSD) technique [11], which has been developed to extract desorption energy parameters related to interactions among molecules used in the preparation of the molecular layers. This method has been applied, for example, to films prepared by the layer-by-layer (LbL) technique [12], in which interactions among molecules are governed by physical interactions. The TSD technique consists of placing the film onto a solid support in a solution, and the temperature is increased at a constant rate while some parameters related to the adsorbed amount are monitored, such as weight or absorbance. With this, one expects the thin film’s molecules to overcome a potential barrier at some point and to desorb, with characteristic dynamics described by an Arrhenius-type equation. As the temperature rises, the molecules deposited onto a solid support are usually measured by spectrophotometry or a quartz crystal microbalance. However, conventional spectrophotometry is not easy to adapt for in situ measurements, and a quartz crystal microbalance is limited by crystal thermal coefficients. This means that other experimental methods should be addressed, such as carrying out desorption measurements over optical fibers that have molecular layers previously adsorbed at each end or measuring light signals reflected through the fiber in an interrogation-like optical setup. This procedure allows in situ measurement of both adsorbed and desorbed amounts.



In recent years, optical fiber devices have been widely explored in the literature for hydrostatic pressure [13], lateral load [14], and strain [15,16] sensing. They have, therefore, general application as optical sensing devices; however, thin graphene oxide (GO) [17,18,19,20,21] films have gained acceptance in the development of several devices [22,23,24,25,26,27,28,29,30,31] and sensors [32,33,34,35,36,37,38,39,40]. Recently, it has been demonstrated that hollow microsphere fiber-based sensors, conforming to Fabry–Perot interferometers (FPI), can be used in sensing applications [41] by using GO as a tunable platform to enhance the spectral features of hollow microsphere FPI fiber sensor devices. This study revealed a change to the microsphere outer surface reflectivity that allowed the visibility of the reflected spectrum to be tuned by varying the number of GO layers. This allows the enhancement of the desired features of the three-wave FPI for different sensing applications. In addition, it has been suggested that this fiber-optic sensor can easily be applied to investigate in situ desorption simply by depositing the thin molecular film onto the optical fiber sensing interface and observing the device’s optical response as the solution temperature is linearly increased.



In this work, this concept was used to investigate the stability of thin GO films in aqueous media. They were obtained by the layer-by-layer (LbL) technique together with polyethylenimine (PEI), ((PEI/GO)n), where n represents the number of bilayers. Film stability was assessed in situ by measuring the optical response of hollow microsphere-ended optical fibers covered with PEI/GO layers over time and temperature change. To better evaluate the results, the growth and desorption of thin (PEI/GO)n films adsorbed onto quartz solid supports was also characterized using common spectrophotometric measurements under different conditions. The motivation for the use of GO LbL films to demonstrate the concept that optical fiber devices can be applied to carry out a TSD technique lies in the fact that these films have been successfully used as sensing layers for different kinds of chemical sensors (e.g., for detection of triclosan in water [40] and wastewater [42]) by making use of the electronic tongue concept. In these studies, it was shown that the stability of the thin GO films is strongly influenced by wastewater matrices pH [42]. Further desorption studies carried out on GO layer stability revealed that the layers are more stable at higher pH solutions when the adsorption time for each layer is short [43]. As such, systematic results for both the adsorption and desorption of PEI/GO thin films will be also presented in this work. Emphasis is given to in situ desorption, with temperature increase at a constant rate. Furthermore, the possibility of using GO layers as an active coating material is investigated with the intent of tuning optical features towards the improvement of the optical response of fiber-optic GO-based sensors.




2. Materials and Methods


Thin films were prepared by the LbL technique [13,29] using polyelectrolyte polyethyleneimine (PEI) and graphene oxide (GO). These compounds came from Sigma-Aldrich (St Louis, MO, USA). The LbL films were adsorbed onto quartz supports and onto fused silica optical fibers by adsorbing alternate layers of PEI and GO at a solid/liquid interface. PEI aqueous solutions with a monomeric concentration of 2 × 10−2 M and GO solution with a concentration of 2 mg/mL were prepared by diluting these compounds in ultrapure water produced by a Millipore system (Bedford, MA, USA). After the adsorption of each layer, the solid support was rinsed with ultrapure water to remove any molecules that were not completely adsorbed. After rinsing the solid support, the thin film was dried using a low flux of nitrogen gas. Film growth was studied by coating quartz substrates with PEI/GO films prepared with a different number of bilayers and with different adsorption times, with values equal to 5, 15, 30, 60 and 300 s. To analyze the effect of pH on PEI/GO LbL films prepared with 12 bilayers, (PEI/GO)12, they were immersed in aqueous solutions with different pH to characterize the desorption as a function of time. The adsorbed/desorbed amounts were characterized by ultraviolet spectroscopy using a double-beam spectrophotometer UV-2101PC (Shimadzu, Tokyo, Japan).



Twelve bilayers of PEI/GO LbL films, (PEI/GO)12, were deposited on the cross sections of cleaved single-mode optical fibers (SMF). To study film desorption, the PEI/GO-coated fibers were placed in a thermostatic bath and the temperature was increased at a constant rate. The reflected optical power measurements were performed using the interrogation system schematized in Figure 1a. The optical power source used in the interrogation system was a broadband spectrum optical source centered at 1570 nm with 100 nm bandwidth. Upon reaching the end of the fiber, where the PEI/GO LBL film was deposited, this signal was reflected, returned to the optical circulator, and measured by the optical spectrum analyzer (OSA; Yokogawa AQ6370D) [38]. Figure 1b shows the reflected optical spectrum of a (PEI/GO)12 thin film coating the optical fiber. The reflected spectrum from a cleaved optical fiber with no coating was added for comparison.




3. Results


3.1. Buildup of PEI/GO LbL Films


The reflectivity measurements allowed the observation of a linear growth of PEI/GO LbL thin films with the number of bilayers, in films deposited onto cleaved or hollow microspheres optical fiber ends [38]. To analyze the growth of PEI/GO LbL films onto quartz solid supports by spectrophotometry, thin films were prepared with different numbers of bilayers and with different adsorption time periods, namely 5, 15, 30, 60 and 300 s. The films’ UV–VIS spectra were measured after the adsorption of each bilayer. As an example, Figure 2a shows the obtained spectra for films with different numbers of deposited bilayers with an adsorption time of 300 s. Similar spectra, not shown here, but with lower absorbance values, were achieved for lower adsorption times. The obtained spectra presented electronic bands at 230, 247 and 299 nm that are associated with π–π* transitions of the aromatic ring (phenol) and with the n–π* transition of the group carboxylic acid, with transitions of π-–π* type of the benzene aromatic ring and with n–π* transitions of the carbonyl group [44]. When the maximum absorbance values, achieved at the wavelength of 230 nm, are plotted as a function of the number of bilayers and for constant adsorption time, one can discern that PEI/GO films grew linearly with the number of bilayers (see Figure 2b), being in accordance with the behavior of PEI/GO bilayers deposited onto cleaved or hollow microspheres’ optical fiber ends [38]. Slopes of the fitted straight line reveal that the adsorbed amount per unit of area and per bilayer increased with adsorption time up to a constant value, thus allowing us to calculate the GO adsorption kinetics curve, which will be described in the next section. Figure 2c shows a photo of a (PEI/GO)12 LbL film prepared with an adsorption time of 60 s.




3.2. GO Adsorption Kinetics


As recently demonstrated [38], reflectivity measurements enabled the in situ adsorption kinetics curve of a GO layer on a (PEI/GO)n/PEI thin film to be determined, demonstrating that the GO adsorption follows an exponential curve with a characteristic adsorption time of 600 ± 30 s, not revealing the common behavior of polyelectrolytes where the kinetics curves follow two mechanisms. However, at short adsorption times, i.e., at the initial stages of adsorption, the curves present some noise. To confirm the results reported in the literature and to go further in understanding the adsorption/desorption processes of GO molecules onto positively charged surfaces, spectrophotometric measurements were carried out to obtain the amounts of adsorbed GO per unit of area during different adsorption processes. As the spectrophotometric measurements are relatively time-consuming, as it is necessary to measure the film spectra for each bilayer and the reflectance measurements present a high error bar at the beginning of the kinetics curve, only short adsorption periods of time were considered for the preparation of the thin films. The GO adsorption kinetics curve obtained from spectrophotometric measurements can be constructed by plotting the fitted slopes of the straight lines in Figure 2b versus the adsorption time. This method of obtaining adsorption kinetics curves was developed by Raposo and Oliveira [45] and has an advantage over the traditional method, in which the adsorbed amount is measured with the adsorption time. In the latter case, the adsorption kinetics curve is not true since the balance of molecules that are being adsorbed is being interrupted to make measurements of the UV–VIS spectra. Thus, when representing the slope of the growth curves of LbL films, the adsorption process of each layer is interrupted only once, not contributing to false measurements of adsorbed quantities [45,46]. Figure 3 shows the GO adsorption kinetics curve obtained by representing both the slopes of the straight lines in Figure 2b and the optical power variation as a function of adsorption time. In a first analysis, the kinetics curves obtained in Figure 3 seem to show a growth behavior in which the amount adsorbed increases to a constant value. However, when carefully analyzing the growth of an adsorbed layer in these films, it appears that the kinetic curve of adsorption of a polyelectrolyte layer appears to have two plateaus. The plotted points reveal that the adsorbed amount per unit of area and per bilayer increases with adsorption time up to a constant value for an adsorption time of about 10–15 s and then grows again until it reaches a plateau. This indicates that the adsorption kinetics curve of GO on PEI layers at shorter adsorption times presents a first short characteristic time associated with a nucleation process, followed by a second adsorption process associated with diffusion process as in accordance with the adsorption of polyelectrolyte molecules on solid supports [45], and also as observed in situ during the adsorption of GO onto optical fibers measured by reflectance [41]. The comparison of both types of kinetics curves allow to conclude that, although the optical fibers present some error at the beginning of the kinetics curves, the achieved results for longer times are reliable.



The plotted points of adsorbed amount obtained from the spectrophotometric data shown in Figure 3 are in accordance with the kinetics curves of the adsorption of polyelectrolyte molecules obtained by the same method of preparation, as demonstrated by Raposo et al. [45]. In fact, the polyelectrolyte adsorption kinetics curve shows a behavior that can be explained by the following equation:


  Γ =  Γ n   (  1 − exp  (  −  t   τ n     )   )  +  Γ d   (  1 − exp  (  −    (   t   τ d     )     n  J M A      )   )   



(1)




where Γ corresponds to the amount adsorbed per unit area;    Γ n    and    Γ d    are constants that represent the maximum amounts adsorbed during each process;    τ n    and    τ d    are the characteristic times of the nucleation and diffusion processes, respectively; and    n  J M A     is the time exponent variable, a value that relates to the type of adsorption that occurs in the film. This equation appears to be adequate because the presence of these two levels is verified, suggesting that the kinetics of adsorption of polyelectrolytes on the solid support that is immersed in the polyelectrolyte solution is described by two different processes. It appears that in the first seconds of adsorption, the amounts adsorbed are linearly dependent on the concentration of polyelectrolyte in the solution and that this corresponds to the adsorption of molecules or aggregates of polyelectrolyte molecules that are close to the surface of the solid support when it is dipped. For this reason, this first process is called nucleation. The other slower process with longer characteristic times can be explained in terms of diffusion-like processes. As the polyelectrolyte molecules are adsorbed, their electrical charges, being of the same signal, the molecule of the same species that are in solution. However, the presence of counterions and/or co-ions reduces the ionic interaction between polyelectrolytes, allowing the adsorption of more polyelectrolyte molecules by a process controlled by diffusion.



To obtain the parameters of Equation (1) with so few experimental points, we started by using only the first points to determine the time constant characteristic of the nucleation process and make the fit only to the first term of Equation (1):   Γ =  Γ n   (  1 − exp  (  −  t   τ n     )   )   . Then, all points were used to determine the time constant of the diffusion process, using only the second term of Equation (1). All fitted values are listed in Table 1. The calculated characteristic time value, 70 ± 20 s, was very far from that obtained by reflectivity when the GO was adsorbed onto optical fibers, which was 10 min [41]. This difference was due to the low number of experimental values. Bearing in mind that most of the points were obtained for short adsorption times, it was decided to use the value calculated in [43], in conjunction with the characteristic nucleation time, 7 ± 3 s, to calculate the adsorbed quantities for each process. Using these values, it was possible to determine the maximum adsorbed amounts during each process, which are also listed in Table 1. Thus, we could conclude that the adsorption kinetics of GO molecules follow the adsorption behavior of polyelectrolytes, and therefore, that there are two processes in their adsorption. It should be noted that in the literature [41], the adsorption of GO is explained by only one process, but if one carefully analyzes the obtained curves, there is a small threshold for short adsorption times. The decrease of adsorption time also led to increased uniformity of the films as observed by optical microscopy (data not shown here), a result which is crucial for optical applications.




3.3. GO Desorption Kinetics


To study the effect of temperature on desorption of GO molecules from the PEI/GO LbL films, 12 bilayers films were prepared with an adsorption period of time of 60 s. These films were immersed in beakers with ultrapure water at temperatures of 25, 50 and 80 °C. The temperature control provided by a thermostatic bath. Only these temperatures values were chosen due to long characterization times. From time to time, the films were removed from the water and their UV–VIS spectra were measured. Figure 4a is an example of the evolution of the measured spectra with the immersion time when the film was immersed in ultrapure water at 80 °C. Similar curves with less difference between spectra were achieved for the other temperatures, but the respective spectra are not shown here. Instead of these spectra, Figure 4b presents a graph with the differences in absorbance values between 230 nm and 400 nm normalized to the value calculated at a desorption time of 0 s, plotted against time and the respective temperature of desorption. Although at 25 °C, the experimental points exhibit a small decay with the desorbed amount per unit area being almost null, the GO amount decreases linearly with the immersion time in the solutions at fixed temperature. The slopes of these curves plotted against the temperature reveal that as the temperature increases, the desorbed amount increases in a non-linear fashion. By analyzing the UV–visible spectra of Figure 4a, one can observe a shift of peak position to higher wavelengths, which is in accordance with the hydrothermal reduction of GO [47] and with the observed effect of PEI to act as a GO-reducing agent when both are placed at 80 °C [48]. Moreover, temperature influences both the GO reduction and GO desorption, even in the interlayer spacing between GO layers. Kim et al. [49], using experimental methods and density functional theory, demonstrated that multilayer graphene oxide produced by oxidizing epitaxial graphene is a metastable material at room temperature with a characteristic relaxation time of about one month. The authors also concluded that graphene oxide reaches a nearly stable reduced O/C ratio and exhibits a structure deprived of epoxide groups and enriched in hydroxyl groups. Therefore, the reduction of the GO with temperature and time justifies the loss of electrical charges with consequent decreased interaction between GO and PEI molecules.




3.4. Thermostimulated Desorption of GO


The possibility of characterizing GO layer adsorption kinetics in situ from the measurement of reflectivity in optical fibers was recently demonstrated by Monteiro et al. [10]. The advantage of the in-situ measurement of very low amounts through reflectivity measurements, by means of an optical interrogation experimental configuration, suggests that a similar procedure could also be used to study in situ GO desorption. Thus, to complement the already obtained data from desorption kinetics of PEI/GO films in water as a function of immersion time presented in the previous subsection, similar desorption experiments were carried out in situ using the optical interrogation system presented in Figure 1. Thermostimulated desorption in solution, that is, at the solid–liquid interface, was first presented by Raposo and Oliveira [11], and it has been demonstrated that this technique allows to determine the interaction energies at play in the adsorption of polyelectrolytes. This information is not straightforward to attain from desorption kinetics curves obtained in the previous subsection. Thus, to address the in situ study of desorption kinetics in PEI/GO films in aqueous medium, (PEI/GO)12 films were deposited in cleaved single-mode optical fibers and their reflectance was monitored. The fibers were immersed in water, the temperature of which was linearly increased over time, and the reflectivity was measured as a function of the temperature in an in situ TSD-like procedure. The obtained results, shown in Figure 5a, revealed a consistent decrease in reflectivity with temperature, indicating that GO molecules were being desorbed from the cleaved fiber cross section. As reflectivity is proportional to the amount of GO molecules adsorbed onto the cleaved fiber surface, one can also sketch the curve for the desorbed amount per unit area as a function of temperature. Under these conditions, it is now possible to apply the Raposo and Oliveira procedure [11]. Taking into account that the adsorbed molecules need to overcome a potential barrier to be able to desorb, the characteristic time of the desorption can be described by an Arrhenius-like equation,   τ  ( T )  =  t ∞   e     E  d e s     R T      , where    t ∞      denotes the reciprocal of the natural desorption frequency (vibrational frequency of the molecule–surface bond),    E  d e s     is the desorption activation energy, R is a gas constant and T is the absolute temperature. The desorption process can then be described by the equation:


       d Γ    d e s     d t   =    (   Γ i  −  Γ  d e s    )    τ  ( T )     



(2)




where    Γ  d e s     is the amount desorbed per area,    Γ i    is the initial amount adsorbed per area and t is the desorption time. Considering a constant heating rate, α = dT/dt, the activation energy for desorption can be obtained through the graph of   ln  (  d  Γ  d e s   / d t  )    as a function of   1 / T  , which should be a straight line, or adjusting the integral of Equation (2), considering the asymptotic expansion of the exponential integral and only considering the first term of the series:


  ln  (     Γ i  −  Γ  des    (   T o   )     Γ i  −  Γ  des    ( T )     )  =    τ ∞     − 1   R   α  E  des      (   T 2  exp  (  −    E  des     R T    )  −  T o    2  exp  (  −    E  des     R  T o     )   )   



(3)







As a remark, this equation should be used when the variations in the desorbed amount are very small and the error of the derivative of this same amount is large [38]. This is the case with the mass quantities of GO desorbed in the present case. Thus, considering the function   f  ( T )  = ln  (     Γ i  −  Γ  des    (   T o   )     Γ i  −  Γ  des    ( T )     )    and representing it as a function of absolute temperature, we obtained the graph in Figure 5b that can be adapted by the second term of Equation (3). This equation adapts perfectly, with a correlation coefficient of 0.99, taking the value of the data obtained experimentally and with the calculated parameter      E  des    R    taking the value 14,000 ± 2000 K−1, which allows us to calculate the value of 119 ± 17 kJ/mol for the desorption activation energy. This value falls within the range of interaction energy values of ionic groups of opposite charges, as would be expected, since the GO is making connections with the PEI that has the opposite electrical charge. It is thus proved that the interaction that leads to the adsorption of GO molecules is the electrostatic interaction and that the other physical connections contribute little to the formation of these films. Therefore, these films were revealed to be quite stable at low temperatures, in the 25 °C region, as can be inferred from Figure 4b.





4. Discussion


The absorption spectra of (PEI/GO)12 films produced with different adsorption times revealed a linear growth of absorbance with the number of bilayers, implying that larger adsorbed amounts are achieved for longer adsorption times. The adsorption kinetics of GO molecules analyzed for short adsorption times indicate that there are two main adsorption processes: a nucleation process that takes place at short adsorption times and a diffusion process that takes place at long adsorption times. This indicates that the adsorbed amount of GO per unit of area increases with the adsorption time, reaches a small plateau and then increases again until a constant value is attained. The characteristic times of these processes were 7 s and 600 s, respectively, following the typical polyelectrolyte adsorption behavior.



Stability of PEI/GO films prepared with different adsorption times indicated that desorption increases with both immersion time and temperature. Although desorption at low temperatures was insignificant, greater desorption took place for 60 min at a temperature of 80 °C, allowing us to deduct that PEI/GO films are no longer stable at higher temperatures for long desorption times. However, no detectable desorption occurred when films were immersed in water at room temperature, allowing us to attest that these films can be used as sensors under these conditions.



A desorption activation energy value of 119 ± 17 kJ/mol was obtained from the in situ thermally stimulated desorption experiments carried out in cleaved single-mode optical fibers through reflectivity measurements, revealing that the mechanism leading to the adsorption of GO molecules is mainly electrostatic interactions. The absence of other peaks in the desorption curve that could be associated with lower-energy interactions allows to conclude that other physical interactions have a low contribution to the process. It should also be noted that the reflection technique used in optical fibers is an excellent technique for studying thermally stimulated desorption at the liquid–solid interface of adsorbed molecules that provide some reflection features to the interface. In summary, the films were stable at temperatures below or equal to 25 °C, for periods of immersion time shorter than 2 h. In this way, it is possible to affirm that the PEI/GO films are reliable for tuning optical fiber reflectivity for use as sensing devices in aqueous medium at temperatures in the range of 5 to 30 °C. Furthermore, optical fibers can be used to study thermally stimulated in situ desorption at the liquid–solid interface, if of course the adsorbed molecules provide reflection features to the interface.




5. Conclusions


This study allowed us to conclude that the adsorption of GO on PEI/GO LbL films follows the general two-stage adsorption processes found for polyelectrolytes. The first adsorption stage takes place within the first seconds, in which adsorption is dominated by the attaching of molecules that are bound to the last polyelectrolyte layer through ionic interactions. At a given adsorption time, these adsorbed molecules somehow prevent more molecules from being adsorbed, and for larger adsorption times, the presence of counterions and the diffusion process enable more GO molecules to be adsorbed. As a result, these molecules adsorbed later are not so strongly bound to the last polyelectrolyte layer and can be easily removed by desorption. Therefore, the layers with shorter adsorption times are more stable than those obtained for higher adsorption times. This study also revealed that the GO films are stable at low temperatures when immersed in aqueous media for short periods of time. In this way, it is possible to assert that the PEI/GO films are suitable for application in optical fiber sensor devices at low temperature, and most importantly, that one can use optical fibers to study thermally stimulated desorption at the liquid–solid interface of reflecting molecules in a simple, fast, reliable, and user-friendly way.
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Figure 1. (a) Schematic of the experimental configuration used to measure the reflected optical signal power of the cleaved fibers possessing a (PEI/GO)12 LbL film adsorbed on its cross section. (b) Reflected optical spectra of a (PEI/GO)12 coated optical fiber and of a cleaved optical fiber with no coating. (PEI/GO)12: polyethyleneimine/graphene oxide layer-by-layer films prepared with 12 bilayers; SMF: single-mode optical fiber; OSA: optical spectrum analyzer. 
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Figure 2. (a) Absorbance spectra of PEI/GO LbL films with different numbers of bilayers prepared with 300 s of adsorption time for each layer; (b) absorbance at 230 nm as a function of the number of bilayers of PEI/GO LbL films prepared with different adsorption time periods, namely 5, 15, 30, 60 and 300 s; and (c) image of a (PEI/GO)12 LbL film prepared with an adsorption time of 60 s. The area of the quartz solid substrate where the film is deposited was 13 × 26 mm2. 
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Figure 3. In situ kinetics of the adsorption of GO onto a (PEI/ GO)n /PEI thin film as measured by reflectance and by UV–visible spectroscopy (adsorbed amount per unit of area). The blue line corresponds to the fitting with Equation (1). 
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Figure 4. (a) Time evolution of absorbance spectra for the film immersed in ultrapure water at 80 °C; (b) normalized absorbance values at 230 nm as a function of the immersion time of (PEI/GO)12 films in water at constant temperature, namely 25, 50 or 80 °C. 
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Figure 5. (a) Thermally stimulated desorption of GO in SMF fibers: shown in blue is the variation of reflected optical power as a function of temperature, and shown in orange is the quantity of desorbed GO. (b) Graph of   f  ( T )  = ln  (     Γ i  −  Γ  des    (   T o   )     Γ i  −  Γ  des    ( T )     )    as a function of absolute temperature. The blue line corresponds to the fitting of the   f  ( T )      points with the second term of Equation (3). 
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Table 1. Adsorption kinetics parameters obtained from the fit of Equation (1) to experimental data.
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	Equation (1) Parameters
	Calculated Values





	   Γ n    (a.u.)
	0.022 ± 0.003



	   τ n    (s)
	7 ± 3



	   Γ d    (a.u.)
	0.13 ± 0.02



	    τ d     ( s )    
	600 ± 30 1



	nJMA
	1



	R
	0.992







1 Value calculated in [29].
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