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ABSTRACT 22 

Chitosan (CS) aerogels were prepared by freeze-drying as potential adsorbents for water 23 

purification, and the effect of the strategy of crosslinking was investigated by varying the amount 24 

of crosslinker (glutaraldehyde) and the sequence of steps for the preparation of the aerogel. Two 25 

procedures were compared, in which the crosslinking step was carried out before or after the 26 

freeze-drying of the starting CS solution. When crosslinking was postponed after the freeze-27 

drying step, the adsorption capacity towards an anionic dye, such as indigo carmine, 28 

considerably increased (up to +45%), reaching values as high as 534.4 ± 30.5 mg g-1. The same 29 

crosslinking strategy ensured a comparable improvement also in nanocomposite aerogels 30 

containing graphene oxide (GO), which was added to enhance the mechanical strength and 31 

provide adsorption capacity towards cationic dyes. Besides possessing good mechanical strength 32 

(compressive modulus higher than 1 MPa), the CS/GO aerogels were able to bind also cationic 33 

pollutants such as methylene blue. The maximum uptake capacity increased from 4.3 ± 1.6 to 34 

168.6 ± 9.6 mg of cationic dye adsorbed per gram of adsorbent with respect to pristine CS 35 

aerogels. 36 

 37 
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 39 

 40 
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1. INTRODUCTION 45 

Aerogels are a fascinating class of highly porous materials widely used in a number of 46 

applications in which high pore volume and large surface area play major roles (Smirnova & 47 

Gurikov, 2017; Zhao et al., 2018). Originally employed mostly for thermal insulation purposes, 48 

in recent years aerogels are finding many new fields of application, ranging from life science 49 

(Maleki et al., 2016) to food (Mikkonen, Parikka, Ghafar, & Tenkanen, 2013) and catalysis 50 

(Wan, Zhang, Ma, & Zhou, 2018). One of the main sectors in which aerogels are being 51 

successfully employed is the environmental one (Maleki, 2016). In the specific field of water 52 

remediation, biopolymer-based aerogels, and in particular chitosan (CS)-based ones, are 53 

receiving growing attention (Bhatnagar & Sillanpää, 2009; Vakili et al., 2014; Olivera et al., 54 

2016). CS possesses amine and hydroxyl groups, which are highly effective in binding both 55 

anionic pollutants and heavy metal ions (Crini, & Badot, 2008). Apart from the chemical 56 

features, the adsorption capacity of CS-based aerogels can be optimized by controlling their 57 

porosity and surface area. Being the latter strictly related to the conditions of preparation, the 58 

optimization of the production process represents a crucial aspect for the maximization of the 59 

performances of CS adsorbent for wastewater treatment (Salzano de Luna et al., 2017a). 60 

Among the possible ways of producing CS aerogels, the freeze-drying of CS hydrogels is one of 61 

the most effective (Quignard, Valentin, & Di Renzo, 2008). The challenge is obtaining a material 62 

that is highly porous, but also mechanically stable in order to be handled and possibly 63 
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regenerated and reused. The polymer concentration in the starting solution is the main parameter 64 

on which researchers have focused their attention aiming at identifying the proper trade-off 65 

between adsorption capacity and mechanical strength. As an example, Wang et al. recently 66 

showed that freeze-casted CS sponges realized from solutions at low polymer concentration have 67 

the highest adsorption capacity towards Rose Bengal dye (Wang et al., 2017). However, a 68 

compromise has to be sought for avoiding the collapse of the starting hydrogel, which must 69 

contain enough polymer for retaining its shape and size both in the swollen state and during the 70 

sublimation step. A possible strategy for enhancing the mechanical stability of aerogels is the 71 

addition of reinforcing (nano)fillers. Among others, graphene oxide (GO) has been lately used 72 

due to its tendency to self-assemble with CS chains in acid solution, thus contributing in 73 

stabilizing the hydrogel before the freeze-drying step (Zhang et al., 2011; Chen, Chen, Bai, & Li, 74 

2013). The use of GO brings about the additional advantage of an improved adsorption capacity, 75 

which is due to its inherent affinity towards specific classes of water pollutants (Kemp et al., 76 

2013; Chabot et al., 2014). Unfortunately, CS/GO aerogels are relatively unstable and tend to 77 

dissolve even in weakly acid conditions (Frindy et al., 2017). To overcome this issue, robust CS-78 

based hydrogels can be obtained by using two different approaches, namely the physical or 79 

chemical crosslinking processes (Berger et al., 2004; Bhattarai, Gunn & Zhang, 2010). In the 80 

present work, the attention is focused on the latter strategy, and particularly on the use of small 81 

bi-functional molecules as chemical crosslinking agents. Among them, dialdehydes have been 82 

often investigated and their effectiveness has been widely proven (Chang, Chen, & Jiao, 2008; 83 

Yu et al., 2017; Omidi & Kakanejadifard, 2018). However, the crosslinking reaction involves 84 

functional groups of the CS chain, thus reducing the number of active sites in the adsorption 85 

process (Zhang et al., 2011). For this reason, the amount of crosslinker has to be contained as 86 
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much as possible (Li et al., 2016); nonetheless, its use is essential for preserving mechanical and 87 

chemical stability of CS-based aerogels obtained through freeze-drying. Despite its importance, 88 

in the literature there is a surprising lack concerning the crosslinking strategies, which are 89 

systematically relegated to the secondary role of intermediate step to be performed before 90 

freezing the resulting hydrogel. In this work we show for the first time that the crosslinking step 91 

is actually a key-parameter for optimizing the adsorption performance of CS aerogels. In 92 

particular, simply postponing the crosslinking step after freeze-drying results in a considerable 93 

increase in the adsorption capacity of CS aerogels without significant losses in terms of 94 

mechanical properties. The latter can be anyhow enhanced through the addition of GO. Besides 95 

possessing improved mechanical strength, the nanocomposite CS/GO aerogels also exhibit 96 

broad-spectrum adsorption capacity, being able to remove both anionic and cationic pollutants 97 

from water. 98 

 99 

 100 

2. EXPERIMENTAL SECTION 101 

2.1. Materials 102 

Medium molecular weight chitosan powder was purchased from Sigma Aldrich. Its deacetylation 103 

degree was determined to be ~77% through the FTIR method proposed by Sabnis and Block 104 

(Sabnis & Block, 1997). Graphite flakes (Qingdao Dahe Graphite Co. Ltd, China) were used for 105 

the preparation of graphene oxide nanosheets through the Hummers method (Hummers & Offeman, 106 

1958). Glutaraldehyde (GA) aqueous solution (25 wt.%), Indigo Carmine (IC), and Methylene Blue 107 

(MB) were purchased from Sigma Aldrich.  108 

 109 
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2.2. Aerogel preparation  110 

CS powder (20 mg mL-1) was dissolved in 0.35 M acetic acid solution at room temperature, and 111 

then GA aqueous solution was added under stirring. The GA concentration, ΦGA, was varied 112 

from 5 to 15 wt.% with respect to the CS amount. The CS/GA solutions were rapidly poured into 113 

PDMS stamps. Two sets of samples were prepared through the distinct procedures sketched in 114 

Figure 1.  115 

116 

Figure 1. Schematic representation of the crosslinking strategies adopted for the realization of a) 117 

no-GEL and b) GEL aerogels.  118 

 119 

In one case, the samples, hereinafter named as “no-GEL”, were immediately frozen in a 120 

refrigerator at -20°C. A second set of samples, below referred to as “GEL”, was instead allowed 121 

to gel at room temperature for 24 hours, and then was frozen at -20°C. The incipient crosslinking 122 

occurring in the no-GEL samples before and during the freezing step is definitely negligible with 123 

respect to the case of the GEL samples (Supplementary Material, Section S1). After being 124 

completely frozen, both the no-GEL and GEL samples were lyophilized in a vacuum freeze-125 

dryer. Finally, the as-obtained CS aerogels were subjected to a mild thermal treatment (90°C, 1 126 

hour). This last step was carried out to allow the completion of crosslinking reaction between CS 127 
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and GA in the no-GEL samples (Yu et al., 2017). The GEL samples, for which the crosslinking 128 

already took place before the freezing step, were subjected to the same thermal treatment for the 129 

sake of comparison. Note that the conditions of the thermal treatment were sufficient for the 130 

completing of the crosslinking reactions (Supplementary Material, Section S2). 131 

For the preparation of nanocomposite aerogels, GO (10 mg mL-1) was dispersed in bi-distilled 132 

water by ultrasonication. Acetic acid was added to get a 0.35 M solution. Afterwards, CS powder 133 

(20 mg mL-1) was slowly added to the GO dispersion under magnetic stirring at room 134 

temperature until complete dissolution. The CS/GO weight ratio was fixed to 2/1. After addition 135 

of GA (ΦGA = 10 wt.% with respect to the amount of CS and GO), the realization of no-GEL and 136 

GEL CS/GO aerogels was carried out following the same procedures previously described for 137 

pristine CS aerogels. 138 

 139 

2.3. Characterization 140 

Rheological measurements were performed by means of a stress‐controlled rotational rheometer 141 

(ARG2, TA Instruments) in cone‐plate geometry (diameter 40 mm, angle 2°) with a Peltier base 142 

for temperature control. Time sweep experiments were performed to study the crosslinking 143 

kinetics at different ΦGA. The storage, G′, and loss, G′′, moduli were monitored over time at 1 rad 144 

s-1 and temperature T = 25°C. Frequency sweep tests were carried out on CS hydrogels 145 

crosslinked with different amounts of glutaraldehyde, ΦGA. The experiments were performed on 146 

samples after 24 hours that GA was added to the CS solution. The viscoelastic moduli were 147 

monitored in the linear regime in the frequency range ω = 0.1-100 rad s-1.  148 

Fourier Transform Infrared (FTIR) spectroscopy was carried out in Attenuated Total Reflectance 149 

(ATR) mode with a Perkin Elmer Spectrum One spectrometer. The ATR spectra were recorded 150 
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at a resolution of 4 cm-1 and 64 scan collections. Baseline correction was applied to the reported 151 

spectra. 152 

Scanning electron microscopy (SEM) analyses were carried out using a FEI Quanta 200 FEG 153 

microscope in high vacuum mode. The observations were performed on aerogels previously cut 154 

with a razor blade and sputter coated with a 15 nm thick Au-Pd layer.  155 

The apparent density of the aerogels, ρA, was calculated as: 156 

2
2

A

m

D H
      (1) 157 

where m is the mass of aerogel, and D and H represent the diameter and the height of the sample, 158 

respectively. 159 

The percentage porosity of the aerogels was estimated from both apparent density data (PD) and 160 

liquid infusion measurements (PL). In detail, PD, was calculated as:  161 

1 100%A
D

S

P       (2) 162 

where ρS is the skeletal density of the aerogel measured by helium pycnometer (Supplementary 163 

Material, Section S3). PL was instead measured by immersing weighed dry aerogels in an excess 164 

volume of ethanol, which was forced to enter the accessible pores through vacuum cycles. 165 

Absolute ethanol was used as testing liquid because it is a non-solvent but easily penetrates into 166 

the pores without inducing shrinkage or swelling (Nieto-Suárez, López-Quintela, & Lazzari, 167 

2016). Equilibrium was considered attained when the weight of the aerogels after immersion was 168 

found to be constant over time. PL was calculated using the following formula (Tan, Wu, Lao, & 169 

Gao, 2009):  170 

2
100%

2

EtOH EtOH
L

m
P

D H
     (3) 171 
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where ρEtOH is the ethanol density and mEtOH represents the mass of liquid penetrated in the 172 

aerogel porosity at equilibrium, which has been calculated as weight difference of the samples 173 

before and after immersion in ethanol.  174 

Mechanical tests were performed on cylindrical aerogels (area A0, height h0) by compression 175 

tests. The samples were subjected to 100 squeezing cycles up to 25% of deformation at 5 µm s-1. 176 

The normal force, FN, and plate displacement, ∆h, were recorded over time, and the engineering 177 

stress, σ, and strain, ε, were calculated as: 178 

0

NF

A
       (4) 179 

0

h

h
       (5) 180 

The compressive modulus, Ec, was estimated in the linear region of the σ-ε curves, and the 181 

residual deformation after each loading-unloading cycle, εR, was recorded.  182 

The dye adsorption behavior was investigated by batch tests. The aerogels were weighed and put 183 

in propylene tubes containing dye solutions at different concentration. The experiments were 184 

performed at neutral pH conditions. The tubes were agitated at 200 rpm at constant temperature 185 

(T = 27°C) by using a thermostated shaker with controlled temperature (SKI 4, Argo Lab). The 186 

equilibrium dye concentration after the adsorption process was determined by analyzing the 187 

solutions with a spectrophotometer at the characteristic maximum absorbance wavelength of 188 

each of the used dyes (611 nm for IC and 665 nm for MB). The equilibrium adsorption capacity, 189 

qe, was determined as: 190 

( )0 e
e

V C C
q

m

−
=       (6) 191 
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where C0 is the initial dye concentration, Ce is the equilibrium dye concentration, m is the mass 192 

of dry aerogel, and V is the volume of dye solution. 193 

 194 

 195 

3. RESULTS AND DISCUSSION 196 

3.1. Kinetics and mechanism of crosslinking reaction  197 

For a clear discrimination between samples subjected to crosslinking before and after the freeze-198 

drying step, the time window available before gelation has to be determined for the preparation 199 

of the no-GEL samples. At the same time, the samples classified as GEL have to be obtained 200 

starting from fully crosslinked hydrogels. Both these aspects were assessed through rheological 201 

analyses. The chemical gelation of chitosan with GA depends on various parameters, such as pH, 202 

ionic strength, temperature, CS and GA concentration (Roberts & Taylor, 1989; Argüelles-203 

Monal, Goycoolea, Peniche, & Higuera-Ciapara, 1998). For our purposes, only ΦGA was varied 204 

while keeping fixed all other variables. As soon as GA is added, the CS solutions exhibited a 205 

typical liquid-like behavior (G′′ > G′) irrespective of the GA concentration (inset of Figure 2a). 206 

Both moduli increase over time, the growth of G′ being more pronounced. As a result, G′ reaches 207 

and eventually surpasses G′′ at a certain time instant, tGEL, which can be taken as a rough – and 208 

yet sufficient for our purposes – estimate of the “gel time” (Normand, Muller, Ravey, & Parker, 209 

2000). The so-obtained values of tGEL are reported in Figure 2a as a function of the amount of 210 

crosslinker.  211 

 212 
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 213 

Figure 2. a) Gel time of CS solutions at different ΦGA. Representative time-dependent storage 214 

(full symbols) and loss (empty symbols) moduli are reported in the inset. The curves have been 215 

vertically-shifted for the sake of clarity, from bottom to top: ΦGA = 5, 7.5, 10, 12.5, and 15 wt.%. 216 

b) Frequency-dependent storage (full symbols) and loss (empty symbols) modulus for CS 217 

hydrogels crosslinked with different ΦGA; the curves refer to samples 24 hours after GA addition 218 

to the CS solution. The error bars represent the standard deviation over three independent 219 

measurements. 220 

 221 

As expected, the more GA is added to the CS solution, the shorter is tGEL (Roberts & Taylor, 222 

1989; Mi et al., 2000). Stable hydrogels were not obtained at ΦGA = 2.5 wt.%, at least in the 223 

adopted processing conditions (Supplementary Material, Section S4). On the other hand, samples 224 

at ΦGA > 15 wt.% were not considered as the rapidity of the gelation makes it difficult to obtain a 225 

truly no-GEL sample. Frequency sweep tests confirmed that all the samples prepared according 226 

the GEL procedure were fully crosslinked before freeze-drying, as proved by the frequency 227 

independence of G′ (Figure 2b). 228 
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FTIR analyses was performed on no-GEL and GEL aerogels at the end of the thermal treatment 229 

to investigate possible effects of the different crosslinking strategy on the reaction path. The 230 

results are shown in Figure 3 for two samples at low (5 wt.%) and high (15 wt.%) GA content. 231 

 232 

 233 

Figure 3. FTIR spectra of no-GEL and GEL CS aerogels crosslinked with ΦGA = a) 5 and b) 15 234 

wt.% after thermal treatment. The spectrum of not crosslinked CS aerogel is also reported as 235 

reference.  236 

 237 

In the spectrum of not crosslinked CS aerogel, the typical stretching vibrations of hydroxyl and 238 

ammine groups can be observed around 3300 cm-1. In addition, CH3 symmetric stretching, C‒O‒239 

C stretching, and C‒OH stretching can be recognized at around 2936 cm-1, 1150 cm-1 and 1065 240 

cm-1, respectively (Lavorgna, Piscitelli, Mangiacapra, & Buonocore, 2010; Nagireddi, Katiyar, & 241 

Uppaluri, 2017). In the spectra of crosslinked CS aerogels, the appearance of a peak at 1655 cm-1 242 

and a shoulder at 1562 cm-1 can be attributed to the formation of imine N=C and ethylenic C=C 243 

bonds, respectively. These new vibration bands indicate that a Schiff base reaction occurred 244 

between CS chains and GA molecules, and this holds true regardless of the concentration of GA 245 
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used and the procedure adopted for the preparation of aerogels. Furthermore, the absence of the 246 

peak at 1720 cm-1 related to free aldehydic groups indicates that unreacted GA is not detectable 247 

in the aerogels (Monteiro & Airoldi, 1999). The results of FTIR are in agreement with gel 248 

fraction measurements (Supplementary Material, Section S5), which confirm the occurrence of 249 

the crosslinking reactions irrespective of preparation procedure and amount of GA. 250 

 251 

3.2. Effect of crosslinking strategy on the structure and properties of the CS aerogels  252 

The morphology of no-GEL and GEL CS aerogels is shown in Figure 4 for representative 253 

samples prepared with low (5 wt.%) and high (15 wt.%) GA content. 254 

 255 

 256 

Figure 4. SEM micrographs of cross-sectioned a, b) no-GEL and c, d) GEL CS aerogels 257 

crosslinked with ΦGA = a, c) 5 wt.% and b, d) 15 wt.%. The scale bars correspond to 500 µm. 258 

 259 
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The aerogels at low ΦGA (Figure 4a and c) are characterized by a cellular structure, with pore size 260 

ranging from several tens to few hundreds of microns. The no-GEL sample exhibits a more 261 

homogeneous pore size distribution, whereas non-spherical and elongated pores with crumpled 262 

and thicker cell walls are noticed in the GEL sample. At high ΦGA (Figure 4b and d), the porous 263 

structure of the aerogels becomes less regular, and no clear differences can be noticed between 264 

the no-GEL and GEL samples. Actually, despite the apparent morphological similarity on the 265 

scale of hundreds of microns, the data of apparent density and porosity reveal the existence of 266 

subtle differences between the two sets of samples (Figure 5).  267 

 268 
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 269 

Figure 5. a) Apparent density, b) percentage porosity calculated from density data, and c) 270 

percentage porosity obtained from liquid infusion measurements for no-GEL (red circles) and 271 

GEL (blue squares) CS aerogels crosslinked with different ΦGA. The error bars represent the 272 

standard deviation over ten independent measurements. 273 

 274 

The apparent density of the no-GEL CS aerogels (~35 mg cm-3) is slightly lower than that of 275 

GEL ones (~37 mg cm-3). Both values are in line with recent literature data on similar systems 276 
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(Wang et al., 2017). Moreover, A  is almost independent from ΦGA in both systems, in 277 

agreement with results by Ye et al. on poly(vinyl alcohol)/GO aerogels crosslinked (before 278 

freeze-drying) with different contents of glutaraldehyde (Ye, Liu, & Feng, 2017). Since the 279 

values of A  are comparable for no-GEL and GEL systems, the aerogel porosity determined 280 

from density data (PD) is essentially the same irrespective of the crosslinking strategy (Figure 281 

5b). On the other hand, a significant difference is found between the two sets of samples when 282 

the aerogel porosity is measured by liquid infusion method (Figure 5c). The no-GEL samples 283 

exhibit much higher PL values than the GEL ones. Moreover, a slight inverse dependence of PL 284 

on the amount of crosslinker can be noticed. Although the comparable values of A  indicate that 285 

the total volume of voids is the same, this result points out that the degree of interconnectivity of 286 

the porosity is different in the two systems. For no-GEL aerogels PL was found to be very similar 287 

to PD, meaning that the porosity of this sample is fully interconnected. This is likely due to the 288 

untimely freezing of these samples, which preserves the fine aerogel texture against collapse 289 

driven by capillary tension (Valentin et al., 2005). In contrast, a partial loss of pore 290 

interconnectivity occurs in the GEL samples, which are left for 24 hours at room temperature for 291 

the completing of the crosslinking step. As a result, in the GEL samples PL is much lower than 292 

PD, being about 20% lower than the PD of the no-GEL systems.  293 

Another important difference between the no-GEL and GEL aerogels is related to their swelling 294 

properties (Supplementary Material, Section S6). In both sets of samples, the swelling degree, 295 

SD, monotonically decreases upon increasing the amount of GA. This is due to the increasingly 296 

higher hydrophobic character of GA-crosslinked chitosan (Poon, Wilson, Headley, 2014) and to 297 

the higher rigidity of the CS aerogels in the presence of a higher number of chemical crosslinks, 298 

which limit the deformability of the polymer network. It is worth noting that the swelling degree 299 



17 

 

of the no-GEL samples is systematically higher than that of GEL ones. This result can be 300 

correlated to both the different microstructure of the two sets of samples and to a higher rigidity 301 

of the CS architecture, which is thus less prone to swell in the presence of water. 302 

The observed differences in the microstructural features of the CS aerogels produced with the 303 

two different crosslinking strategies have a strong impact on the macroscopic performances. The 304 

mechanical properties of the aerogels were investigated through cyclic compression tests. The 305 

results are reported for two representative samples, namely no-GEL and GEL aerogels at ΦGA = 306 

5 wt.%, in Figure 6a and 6b, respectively. 307 

 308 

 309 
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 310 

Figure 6. Representative stress-strain curves of a) no-GEL and b) GEL CS aerogels at ΦGA = 5 311 

wt.%. The compressive modulus and residual deformation over different loading/unloading 312 

cycles are reported in the insets. c) Compressive modulus calculated at the first and last loading 313 

cycle and d) residual deformation (100th cycle) as a function of ΦGA for no-GEL and GEL CS 314 

aerogels. The error bars represent the standard deviation over five independent measurements. 315 

 316 

The σ-ε curves are characterized by an elastic region (ε < 5%), corresponding to the bending of 317 

cell walls, followed by a plateau region due to buckling phenomena (Ye, Liu, & Feng, 2017). For 318 

both the no-GEL and GEL systems, EC is almost halved after the first loading-unloading cycle 319 
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due to permanent cracking of the aerogel structure upon compression. The subsequent 320 

compression cycles do not cause further decrease of Ec (insets of Figure 6a and 6b). A similar 321 

trend was observed for εR, which gradually increases until reaching a constant value. The 322 

aerogels at higher ΦGA share the same qualitative behavior. For both sets of samples, increasing 323 

ΦGA causes an improvement of the mechanical strength, which is in line with previously reported 324 

results (Li et al., 2016). In particular, both the compressive modulus of the first (
1st

CE ) and last (325 

100th

CE ) cycle monotonically increase with the crosslinker content (Figure 6c), while ΦGA has a 326 

negligible effect on the residual deformation (Figure 6d). Regarding the effect of the crosslinking 327 

strategy, the EC of the GEL samples is about twice that of the no-GEL ones, whereas the values 328 

of εR are only slightly affected. It is interesting to observe that the subtle morphological 329 

differences emerged from the analysis of apparent density and porosity data end up having a 330 

substantial effect on the compressive modulus. However, it should be noted that the no-GEL 331 

samples keep a sufficiently high compressive modulus, ranging from 0.28 ± 0.05 MPa to 0.44 ± 332 

0.06 MPa at ΦGA = 5 and 15%, respectively.  333 

Due to its inherent affinity with CS-based adsorbents, Indigo Carmine was selected as probing 334 

anionic pollutant for investigating the adsorption behavior of the CS aerogels obtained with the 335 

different crosslinking strategies. The results of the adsorption tests are shown in Figure 7, where 336 

the equilibrium adsorption capacity is reported for the no-GEL and GEL samples as a function of 337 

the equilibrium dye concentration.  338 
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 339 

Figure 7. Equilibrium adsorption isotherms for a) no-GEL and b) GEL CS aerogels crosslinked 340 

with different ΦGA in the presence of IC. Solid lines correspond to the best fitting with the 341 

Langmuir isotherm model. The error bars represent the standard deviation over three 342 

independent measurements. 343 

 344 

The adsorption isotherms of both no-GEL and GEL CS aerogels share the same qualitative trend: 345 

qe rapidly increases at low dye concentrations, and then it reaches a plateau that is distinctive of 346 

an equilibrium saturation point. Such a behavior is typical of homogeneous adsorption processes, 347 

in which all the adsorption sites share the same affinity for the adsorbate. In similar cases, the 348 

Langmuir isotherm model (Langmuir, 1916) is more suitable than the Freundlich one 349 

(Freundlich, 1906) to describe the adsorption behavior (Supplementary Material, Section S7). 350 

Apart from the similarity in the overall trend, Figure 7 clearly shows that the adsorption capacity 351 

of the no-GEL CS aerogels is significantly higher than that of GEL systems for each investigated 352 

value of ΦGA. The observed increase ranges between 35% and 45%, which is higher than the 353 

percentage difference between no-GEL and GEL samples in terms of interconnected porosity PL 354 

(see Figure 5.c). This suggests that the better performances of the no-GEL samples could not be 355 
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solely due to a difference in terms of accessible porosity, but additional mechanisms can also 356 

play a role. Although the dye removal process is essentially governed by adsorption phenomena 357 

(Supplementary Material, Section S8), the differences in the swelling behavior also play a role in 358 

determining the overall dye uptake capacity of the aerogels. Indeed, the interactions among dye 359 

molecules and active sites for adsorption in the internal pore surface of the aerogels are expected 360 

to be favored in the case of a high SD value. The data of Figure 7 also show that the dye uptake 361 

capacity steadily diminishes when increasing the amount of crosslinker for both no-GEL and 362 

GEL aerogels. This is due to the decrease of available active sites for adsorption due the 363 

crosslinking reaction between amine groups of CS chains and GA molecules (see Figure 3).  364 

 365 

 366 

3.3. Effect of crosslinking strategy on the properties of nanocomposite CS/GO aerogels  367 

The addition of nanoparticles is often proposed as a powerful strategy for improving the 368 

performances of CS-based adsorbents and/or imparting them new functionalities (Chen, Chen, 369 

Bai, & Li, 2013; Salzano de Luna et al., 2017b). Zhang et al. already showed that the addition of 370 

GO has a beneficial effect on the mechanical properties of not crosslinked CS aerogels (Zhang et 371 

al., 2011). However, the way in which the crosslinking strategy may affect the properties of 372 

nanocomposite aerogels remains poorly understood. CS/GO systems were realized following the 373 

two preparation procedures previously described for pristine CS aerogels. Note that, since the 374 

presence of GO nanosheets has a negligible effect on the gelation kinetics of the CS solution 375 

(Supplementary Material, Section S9), the distinction between no-GEL and GEL samples 376 

remains meaningful. 377 
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The mechanical performances of CS/GO aerogels obtaining through the two different 378 

crosslinking strategies (ΦGA = 10 wt.%) are summarized in Figure 8. The compressive modulus 379 

is calculated at the first cycle, whereas the residual deformation refers to the 100th cycle. 380 

 381 

 382 

Figure 8. a) Compressive modulus (1st cycle) and b) residual deformation after 100 cycles for 383 

no-GEL and GEL CS/GO nanocomposite aerogels. ΦGA was 10 wt.%. The data of pristine CS 384 

aerogels are also reported as reference. The error bars represent the standard deviation over five 385 

independent measurements. 386 

 387 

The compressive modulus of the CS/GO aerogels is significantly improved with respect to 388 

pristine systems, and this holds true for both the classes of samples. This means that the 389 

crosslinking strategy is an important parameter to act on, even in case of nanocomposite CS 390 

aerogels. The effect is much more pronounced for the no-GEL sample, whose modulus increases 391 

by about 200%. The toughness also benefits from addition of GO nanosheets, with a significant 392 

reduction of the extent of plastic deformation after 100 loading/unloading cycles. The no-GEL 393 

system exhibits a better recoverability, with a decrease of the residual deformation of about 70%. 394 

Overall, these results prove that the addition of GO mitigates the detrimental effect of the no-395 
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GEL crosslinking strategy, which should be definitely preferred if the goal is achieving high 396 

adsorption capacity. The latter also benefits from the inherent adsorption capacity of the GO. 397 

Chitosan-based adsorbents are indeed well-known for their outstanding ability in trapping 398 

anionic pollutants, while their effectiveness towards cationic dyes is rather scarce because of 399 

adverse electrostatic interactions (Crini, & Badot, 2008). On the contrary, thanks to its peculiar 400 

surface chemistry, GO is particularly suitable for the removal of positively charged molecules 401 

(Chen, Chen, Bai, & Li, 2013). For this reason, the adsorption capacity of no-GEL and GEL 402 

CS/GO nanocomposite aerogels was tested using Methylene Blue as cationic dye probe. The 403 

equilibrium adsorption capacity of the sample at ΦGA = 10 wt.% is reported in Figure 9 as a 404 

function of the equilibrium dye concentration for no-GEL and GEL CS/GO aerogels.  405 
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 406 

Figure 9. Equilibrium adsorption isotherms for no-GEL (blue squares) and GEL (red circles) 407 

CS/GO aerogels (ΦGA = 10 wt.% with respect to the amount of CS and GO) in the presence of a) 408 

IC and b) MB. Sample legend is reported in part a). Solid lines correspond to the best fitting with 409 

the Langmuir isotherm model. The error bars represent the standard deviation over three 410 

independent measurements. 411 

 412 

The Langmuir model well fits the adsorption isotherms of all the investigated samples in the case 413 

of both anionic and cationic pollutants (Supplementary Material, Section S10). This suggests that 414 
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the presence of GO does not significantly alter the adsorption mechanism of the developed 415 

aerogels significantly. The adsorption ability towards IC of the CS/GO aerogels is slightly 416 

reduced with respect to pristine CS one, due to the low affinity between GO and IC molecules. 417 

Moreover, part of the amino groups of the CS chain, which are active sites for IC adsorption, 418 

interacts with the functionalities of the GO nanosheets. On the other hand, this slight decrease 419 

(about 10%) is largely offset by the acquisition of appreciable adsorption capacity towards MB. 420 

In particular, the maximum adsorption capacity inferable from fitting the experimental data with 421 

the Langmuir model grows up to 168.6 ± 9.6 and 87.2 ± 5.2 mg g-1 for the no-GEL and GEL 422 

sample, respectively (Supplementary Material, Section S10). Overall, our results in terms of 423 

mechanical strength and broad-spectrum adsorption capacity (i.e. removal ability towards both 424 

anionic and cationic dyes) proved that postponing the crosslinking after the freeze-drying step is 425 

extremely preferable for the development of highly performing adsorbents for water purification. 426 

This is also highlighted in Table 1, in which the properties of the no-GEL CS/GO aerogel are 427 

compare to those of comparable systems reported in the literature.  428 

  429 
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Table 1. Comparison of the maximum dye adsorption capacity and mechanical performances of 430 

the CS/GO aerogel obtained performing the crosslinking after the freeze-drying (no-GEL 431 

sample) with literature data on comparable systems.  432 

 

Adsorbent 

Max qe 

for IC  

[mg g-1] 

Max qe for 

MB  

[mg g-1] 

EC/ρA 

[MPa/(g cm-3)] 
Reference 

CS/GO (2/1) no-GEL 

aerogel 
377 169 31.2 This study 

D
y
e 

ad
so

rp
ti

o
n
 c

ap
ac

it
y

 

PVA/reduced GO (2/1) 

aerogel 
165   Xiao et al., 

2017a 

CS/GO (1/7.5) powder 86   

Banerjee, 

Barman, 

Mukhopadhayay, 

& Das, 2017 

PVA/reduced GO (2/1) 

aerogel 
250   Xiao et al., 2017b 

CA/GO (2/3) aerogel 62 767  
Xiao, Lv, Song & 

Zheng, 2018 

CS/GO (1/1) aerogel 

microspheres  
 180  Yu et al., 2017 

CS/GO (1/1) aerogel  200  
Qi, Zhao, Lin & 

Wu, 2018 

CNF/GO (7/3) aerogel  81  Ma et al., 2016 

Magnetic CS/GO (4/3) 

powder 
 180  Fan et al., 2012 

M
ec

h
an

ic
al

 p
ro

p
. 

CS/reduced GO (1/4) 

aerogel  
  15.5 

Zhang et al., 

2018 

CS/reduced GO (1/5) 

aerogel 
  27.9 Li et al., 2018 

PVA/reduced GO (2/1) 

aerogel 
  10.7 Xiao et al., 2017b 

CA/GO (2/3) aerogel   25.1 
Xiao, Lv, Song & 

Zheng, 2018 

 433 

 434 
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CONCLUSIONS 435 

The goal of the present work was highlighting the relevance of the conditions of preparation of 436 

CS-based aerogels in terms of mechanical properties and dye adsorption capacity. Samples were 437 

prepared following two procedures, which differ in terms of the order of the sequence of the 438 

crosslinking and freeze-drying steps. Apparent density data and porosity measurements showed 439 

that the two families of samples share the same overall porosity, but the degree of pore 440 

interconnectivity of the samples crosslinked after the freeze-drying step was higher. These 441 

samples exhibited better performance in terms of dye adsorption capacity, with an increase of the 442 

adsorption ability towards Indigo Carmine of about 45%. Such a notable result was obtained at 443 

the price of a reduction of the compressive modulus, which, however, remained high enough for 444 

potential applications of the aerogels as adsorbents for wastewater treatment. The addition of GO 445 

was found to improve the mechanical strength. The aerogels crosslinked after the freeze-drying 446 

step particularly benefited from the reinforcing action of GO, with three times increase of the 447 

compressive modulus and negligible propensity to plasticization after repeated loading/unloading 448 

cycles. More importantly, all the nanocomposite CS/GO aerogels exhibited broad-spectrum 449 

adsorption capacity, being able to retain both anionic (Indigo Carmine, up to 376.8 ± 32.3 mg g-450 

1) and cationic (Methylene Blue, up to 168.6 ± 9.6 mg g-1) dyes owing to the combination of the 451 

adsorption features of polymer and nanoparticles. Finally, performing the crosslinking step after 452 

the freeze-drying one confirmed to be the better strategy for dye adsorption purposes even for the 453 

nanocomposite aerogels. 454 

 455 

 456 

 457 
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