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Abstract. This paper prepares and investigates superhydrophobic silica aerogels doped with Crystal 

Violet dye. The primary contribution is to obtain a product with the best specifications in the shortest 

amount of time possible. In the preparation, two procedures were used: first, the modification step after 

the sample is converted to alcogel, known as CV1. Second, CV2 refers to the alteration that occurs prior 

to conversion to gel (in the sol stage). The spectral, structural, and morphological properties have been 

exanimated using FTIR, BET, XRD, and FESEM. The improved surface's hydrophobicity is assessed 

using contact angle measurements. Except for the obvious increase in density, this work shows that 

Crystal Violet dye can improve the structural properties of silica aerogel. Aerogel has higher specs and 

greater improvements when n-hexane is mixed with the sol before it transforms into gel than when it is 

changed after it goes into gel. 
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1.       Introduction   

 

Silica aerogel is a promising nanomaterial initially created by Dr. Samuel Stephen 

Kistler in 1930, involving 90% air of its volume, certifying low thermal conductivity 

(Bi et al., 2013; Xie et al., 2013). Significantly due to its low density and transparency 

(Feng et al., 2018). aerogel has a wide range of qualities that make it a viable option for 

the thermal insulation of walls and windows (Cuce et al., 2014). It can be used to 

decrease heat generation (Błaszczyński et al., 2013; Kim & Hyun, 2003; Pan et al., 

2017; Yuan et al., 2012). Various processes are used to create nano-particles of silica 

material, including vapor-phase reactions (Xu et al., 2021), sol-gel, and thermal 

decomposition (Liou , 2004). Generally, hydrophilic and hydrophobic silica aerogels are 

prepared through the sol-gel process, mainly producing aerogels (Mohammed & 

Hussein, 2020). Hydrophobic functional groups are spliced to the aerogel surface 

employing surface modification (He & Chen, 2017;  Li et al., 2016).  

Many researchers have studied the heat transfer properties of aerogel materials 

(He et al., 2019; Yuan et al., 2012). There are many techniques that mainly depend on 

the production of silica aerogel. The most commonly used are the supercritical drying 

technique (SCD) and the ambient pressure drying technique (APD) (Karamikamkar et 
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al., 2020; Mazrouei-Sebdani et al., 2021). The APD technique has been relied on as a 

more desirable and feasible alternative to traditional drying methods (Gupta et al., 

2018). Compared to the APD method, supercritical drying is a costlier and potentially 

dangerous technology. Furthermore, it requires the autoclave to operate at high 

pressures and temperatures in the presence of organic solvents. These limitations 

limited the commercial growth of aerogel manufacturing using this technique, which 

resulted in the switch to the drying process at atmospheric pressure (Oh et al., 2009; 

Rao et al., 2001). The challenge of APD is how to control the removal of pore liquid 

from a wet gel without the cussing of shrinkage or the creation of cracks, which can be 

caused by capillary pressure during the condensation of surface silanol groups (Si-OH) 

process (Al-Sharuee & Mohammed, 2019; Yun et al., 2014). This method mainly 

replaces the silanol groups with alkyl groups Si-R to avoid condensation and shrinkage 

(Nazriati et al., 2014). 

Many parameters affect the surface modification of hydrophobic silica aerogel, 

such as pH, R-molar ratio, temperature, the concentration of silanol, and the doping 

through the preparation process (Sinkó, 2010). Moreover, it was found that the doping 

in metal ions can improve the hydrophobicity property by decreasing the (O-H) bonds 

and replacing them with the bonds of metals (Peterson et al., 2014). Additionally, it was 

found that the doping in laser dyes gives more improvements in several 

characterizations of silica aerogel, such as morphological, structural, and the 

hydrophobicity property (Bhagat & Rao, 2006; Li et al., 2015). This doping achieved a 

lot of industrial applications (Sciuti et al., 2019). Some researchers succeeded in 

preparing silica aerogel doped with coumarin dye. They noticed that the interaction of 

these dyes with silica gel results in excellent uniformity and transparency in the final 

product (Haque & Husain, 2014). Another study produced doped silica aerogel with 

Rhodamine (6G) in an ambient pressure method; the study obtained a light-weighted 

material with (0.28 to 0.17) gm/cm3, high surface area, and contact angle (AL-Sharuee, 

2021). In this work, Crystal Violate is utilized as a doped dye in silica aerogel to 

investigate the characteristics of connecting and interaction between the silanol groups 

and dye. Furthermore, it focuses on the dye effect on the product through improvements 

in the surface area, average pore size and volume, contact angle, and structural 

properties. Two procedures were depended on to prepare the product in this work. 

Firstly, the modification process was on the alcogel by adding the dye after the 

condensation step. The second was to mix the dye with n-hexane before the hydrolysis 

(this is a modification step) and quickly produce the hydrophobic aerogel. 

 

2.      Materials and methods  

 

Tetraethylorthosilicat (TEOS, 98 %) chemical formula Si (OC2H5)4 equipped 

from Sigma-Aldrich, Germany. Trimethylchlorosilane (TMCS, > (98%) chemical 

formula (CH3)3SiCl, from TCI Japan. N-hexane (C6H14 > 98%), from CHem-LAB 

(Belgium). Ethanol absolute from Schariau (Spain) > (99%). Crystal Violet dye 

chemical formula (C25N3H30Cl) molecular weight 407.979 (g/mol) from SCRC-India. 

Hydrochloric acid (HCl) (35-38%), from Thoma Baker (India). Ammonia Solution 

(NH4OH) from CDH (India). Condensed silica (CS) was made by combining TEOS as a 

precursor in ethanol and HCl (0.1 M) as an acidic catalyst, with a molar ratio of TEOS 

to Etho: HCl of (1:5: 0.2). Two procedures are available for the preparation of doped 

silica aerogel in CV. Firstly, add different amounts of 10-2 gm/cm3 from CV to CS, each 
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put under a magnetic stirrer for 15 min, then add the base catalysis (0.5M NH4OH) to 

convert the sol to the gel. After 15 min, the gel is aged for two hours, and washed in 

ethanol three times every 24 hrs. The surface modification was made by mixing TMCS 

and n-hexane at a ratio of 1:6 M under 60ºC for 24 hrs. The residual TMCS was 

removed from the modified gel by washing it in pure n-hexane for 24 hours twice at 

room temperature, then wrapping it in plastic covering small holes and letting it dry at 

ambient pressure. Then it is treated with a gradual temperature of 120ºC every 10ºC to 

get the hydrophobic silica aerogel doped in CV.  

The second procedure, called "CV2," was by adding n-hexane to CS before the 

doping step, then adding (0.5 and 2) ml of 10-2 gm/cm3 CV dye, then magnetic stirring 

for 15 min, adding 0.5M NH4OH, and 5 minutes converted to gel. It aged for 30 min 

under 50ºC, then was socked in n-hexane for 24 hrs. at 60ºC. The surface modification 

was made by using TMCS and n-hexane with an additional ratio of (1:6 M) at 60ºC two 

times every 24 hrs. Then add only the pure n-hexane three times under 60ºC for 24 

hours. Lastly, the plastic container was plastic-wrapped with tiny holes and remained 

dry at ambient pressure for 72 hours. They are treated with a gradual temperature of          

120ºC every 10 ºc to get the hydrophobic silica aerogel doped in CV. 

The bulk density of doped aerogel was calculated using mass and volume 

measurements. The volume of the aerogel was estimated using the formula V = πR2h, 

where R is the radius and h is the height of the aerogel. If "m" denotes the mass of the 

aerogel, its bulk density equals m/V. The chemical structure and band regions of 

aerogels were specified by FTIR spectroscopy (Bruker FTIR Spectrometer ALPHA II, 

USA), in the range of wave number from 400 to 4000 cm-1. The crystallinity determined 

via X-Ray Diffraction patterns of the materials was studied by (GaliPIX³ᴰ X-ray 

Detector | 2D Hybrid Pixel XRD Detector) using Cu K radiation (1.5406). The N2 gas 

adsorption-desorption technique and a surface analyzer were used to investigate the 

aerogels' structure qualities under the BET examination (BELSORP-mini II). The 

quantity of N2 gas adsorbed at different partial pressures (0.01p/p01) revealed the 

specific surface area, pore size distributions, and total pore volume. The Field Emission 

Scanning Electron Microscopy (FESEM EBSD Instrument: ZEISS SIGMA VP) was 

used to analyze the aerogels' microstructure. FESEM is performed by Energy 

Dispersive Spectroscopy (EDS) for the elemental analysis of surfaces. To estimate the 

aerogels' hydrophobicity, a water drop (3µ) was placed on the top surface of a sample. 

From the measurement of the height (h) and width (w) of the drop, the contact angle (θ) 

was calculated according to the equation (1) (Yaghoobi & Fereidoon, 2018):  

 

𝜃 = 2 tan−1
2 ℎ

𝑤
   .                                                                  (1) 

 

3.      Results and discussion 
 

The physical properties of doped silica aerogel are prepared in two procedures 

with different amounts of dye, shown in Table 1. The difference in the surface area, 

total pour volume, and mean pour diameter because of the change in dye concentration 

Also, adding n-hexane to the sol leads to reservation dye within the silica network. The 

interaction of a polar solvent with the solution of Crystal Violet causes extraordinary 

changes in the appearance of the solutions. As previously noted, the observed 

modifications may be explained by the fact that Crystal Violet behaves as an ion-pair in 
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non-polar solvents such as n-hexane and as a solvated ion in polar solvents such as 

ethanol, methanol, etc. The behavior of dye in non-polar solutions implies that the 

solvent interaction around the dye cation is diminishing due to increasing self-

association of the solvent molecules (Korppi-Tommola & Yip, 1981). Resulting in 

decreasing the surface area, pour volume, and average pour dimeter. In the case of the 

first method, there is a washing in ethanol. This wash causes more dye loss, resulting in 

a lower concentration than before; this indicates that dye is not saved in the inner 

structure of silica aerogel, as evidenced by density values. 

 
Table 1. Some of the physical properties of silica aerogel doped with Crystal Violet 

 

Type of 

samples 

Amount 

of dye 

(ml) 

Surface 

area(m2/

g) 

Mean 

pore   

diameter 

(nm) 

Total pore 

volume 

(cm3/g) 

Vm 

(cm3/g) 

Average 

Particle 

size nm 

Density 

g/cm3 

Contact 

angle 

θ 

CV1 

0.5 944 3.5 4.4 204 29.76 0.247 151.75 

1 935 4.1 3.1 188 33.09 0.272 143.36 

1.5 920 4.9 2.90 200 38.62 0.284 147.98 

2 903 12.138 2.742 207 45.49 0.258 145.58 

CV2 
0.5 970 13.93 3.37 222 42.87 0.087 153.18 

2 754 5.653 1.066 173 53.35 0.135 146.72 

 

FTIR analysis 

FTIR analysis for two types of doped silica aerogels, CV1 and CV2, is illustrated 

in figures 1 (a and b). In all samples, there are noticeable strong peaks at 1313 cm-1 and 

460 cm-1 due to Si–O–Si bands (Han et al., 2015). As the dye concentration rises, this 

trough becomes less visible. The bending stretching of Si-CH3 was seen in the peaks at 

3285, 1588, and 1013 cm-1. At the same time, the peaks assigned to the H-OH lie at 

3556 and 1690 cm-1. Furthermore, the peak attributed to the Si-OH at 1160 cm-1 is 

significantly reduced with the subsequent alteration of TMCS/n-hexane, as shown in the 

figures. Because of the high effect of a modified solution, the hydrophobic groups 

(alkyl) replaced the hydrophilic ones (silanol groups). This peak becomes weaker when 

increasing dye concentration, as shown in the figure, leading to the success of the 

modification of TMCS/n-hexane, and surface modification was almost completed (Al-

Sharuee, 2019; Berardi & Zaidi, 2019). Other peaks were observed at 3556 and                   

1690 cm-1 and were attributed to H-OH bands which were much reduced, to the point 

that the Si-OH 1160 cm-1 peak was no longer noticeable (Linhares et al., 2019). With 

the comparison between the two figures, it can be said that the addition of n-hexane to 

the sol before converting to gel Fig. 1(b), plays an important role in modifying the silica 

surface and, with low concentration, improves the hydrophobicity property as shown in 

contact angle values. 

The intensities of bands O-H, C-H, Si-C, and Si-O-Si for the two samples (CV1) 

and (CV2) from the FTIR spectrum are illustrated in table 2. The higher transmitted 

point in these spectra is signed as the (max) mark. The Si-OH is gradually increased by 

increasing the amount of dye. This indicates more modifications and more replacements 

in alkyl groups. This is supported through an increased contact angle. 
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X-Ray diffraction 

Fig. 2 (a, b) illustrates the X-Ray diffraction of silica doped in Crystal Violet in 

different ways, with CV1 and CV2 having the same amount of addition (2 ml). 

Amorphous silica is responsible for a very large diffraction hump on the XRD graph of 

composite material, extending from 2θ equal to 12° to 26° on the composite material. 

Another strong peak is detected at 2θ = 2.4°, which corresponds to the mesoporous 

characteristic of the material and is measured. An organized structure of mesoporous 

material was proven using small-angle XRD patterns and conspicuous diffraction peaks 

(Hrubesh). These results indicate that the produced samples are characterized by high 

transparency, allowing the passage of significant amounts of light due to the large 

quantities of silica that make them up. 

 

 

 

Fig. 1. FTIR spectrum for silica aerogel prepared in different procedures 

 

Table 2. Characteristic intensities in FTIR spectra 

 

Si-OH Si-CH CH OH length 
Amount of 

dye (ml) 
Name 

28.4 17.5 4.5 0.7 78.2 0.5 

CV1 
26.6 15.1 3.3 0.5 80.1 1 

27.4 16.8 3.4 0.3 80 1.5 

28.1 17.5 4.1 0.8 80 2 

28 15.5 2.5 2 76.1 0.5 
CV2 

32 24 2 1.3 75 2 

 

 

FESEM and EDS analysis 

Fig. 3 (a, b) showed the microstructure of the two samples, CV1, and CV2 (for the 

two samples, the amount of added dye to the sol was 2 mL) by Field Emission Scanning 

Electron Microscopy (FESEM) images. At different magnifications, the silica aerogel 
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exhibited a pearl chain or small ball morphology with a three-dimensional network that 

was constructed by nanometer-sized silica particles. It observed a smooth surface with 

no aggregations, besides at the same magnification. It was noted that the average 

particle size in the case of the addition of n-hexane (CV2) was bigger than when it was 

added after being converted to gel; this was returned to be the molecular dye in the silica 

network. On the other hand, the dye is soluble in non-polar or slightly polar organic 

solvents. Furthermore, there is no evidence of microstructural inhomogeneous from the 

two ways of preparation, such as significant inter-granular pores between the silica 

particles. This means that the doped silica aerogel in Crystal Violet does not negatively 

affect its homogeneous properties. 

 

  
(a) (b) 

 

 

Fig. 2. XRD silica doped in Crystal Violet (a) CV1(b) CV2 

 

 The elemental analysis of surfaces in SEM is performed using EDS. The 

qualitative analysis of Si, O, C, and Cl for CV1 and CV2 samples is observed as 

illustrated in Figs. 4 (a, b). The detection limit in EDS depends on sample surface 

conditions; the smoother the surface, the lower the detection limit. Relatively, there is a 

lot of Si, O, and C in the structure of doped silica aerogel when n-hexane is added to the 

sol in the condensation step, compared to when the addition is converted to gel in the 

alcogel step. At the same time, the same amount of Cl is noticed in both cases. In the 

case of CV1, washing in ethanol plays an essential role in reducing these amounts, 

except when there is no effect. In contrast, in the case of CV2, a lot of the mentioned 

quantities remain within the silica network. They will appear in the Dynamic Light 

Scattering analysis. 

 

Nitrogen adsorption-desorption diagram (BET) 

The isotherm of N2 adsorption-desorption of the aerogels of the two samples, 

CV1 and CV2, (for the two samples, the amount of added dye was 2ml only for the CV1 

sample, and 0.5 and 2ml for the CV2 samples) is shown in Fig.5 (a, b, and c), 

respectively. All aerogel samples exhibited a typical Type II adsorption-desorption 

isotherm, indicating that the aerogels produced in this investigation are mesoporous            

(Li et al., 2002; Shi et al., 2006). The isotherm of a doped aerogel type (CV2), generated 
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with n-hexane added to the silica sol, is identical to that of a control aerogel synthesized 

compared with (CV1). The hysteresis loop can be seen in both the aerogel samples (a) 

and (b) figures. It has cylindrical pores in its structure, which makes it show a unique 

H2(b) hysteresis loop. complexity of pore structures, in which network effects are 

significant. When it comes to the type H2 (b) loop, it is related to the pore-blocking 

return to doping in the dye, but the size range of neck widths is much more significant. 

Following that hydrothermal treatment, the hysteresis loop of this type has been seen in 

monocellular silica foams, and some mesoporous ordered silica, among other materials.  

 

  
(a) FESEM image for CV1 

  
(b) FESEM image for CV2 

 

Fig. 3. FESEM image for the sample of aerogel doped with (a) CV1 (b) CV2 

 

The pore volume of the aerogel type (CV1) from BET was examined, and the hysteresis 

loop was compressed. A distinction between pores was shown to be responsible for the 

change in adsorption isotherms seen with age. In Fig. 5(c), the hysteresis loop was of the 

H3 type, with open cylindrical mesopores that showed adsorption hysteresis. The 

following two characteristics distinguish the Type H3 loop: I. The adsorption branch is 

similar in shape and behavior to a Type II isotherm. The lower limit of the desorption 

branch is generally located near the cavitation-induced adsorption branch. These loops 

are produced by non-rigid aggregates of plate-like particles (for example, some clays), 
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but they may also be produced if the pore network is composed of macropores that have 

not been filled with pore condensate. (Štengl et al., 2006). 

 

  
(a)                                                                                 (b) 

Fig. 4. EDS analysis for (a) CV1 (b) CV2 samples 

 

  

(a) (b) 

 

 
(c) 

Fig. 5.  N2 adsorption–desorption isotherms for the doped silica aerogels: 

 (a) CV1 (b) CV2 0.5 ml (c) CV2 2ml 
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Contact angle measurement 

The quality of the hydrophobic qualities can be determined by measuring the 

contact angle between a water drop supported on the external surface and the surface 

under consideration. While maintaining the aerogels in the same environment, it was 

possible to investigate the influence of doping and the addition of n-hexane on silica 

sol on the hydrophobicity of the aerogels by measuring the contact angle between the 

aerogels. The variation in contact angle of the aerogel's samples for CV1 in the amount 

of dye was (0.5, 1, 1.5, and 2 ml) represented in figures 6 (a, b, c, and d) respectively, 

whereas the contact angle of the aerogel's samples for CV2 in the amount of dye was 

(0.5, and 2 ml) represented in Figs. 6 (e, f). 

 

  
(a) CV1 (0.5ml) (a) CV1 (1ml) 

  
(a) CV1 (1.5ml) (a) CV1 (2ml) 

  
(a) CV2 (0.5ml) (a) CV2 (2 ml) 

 

Fig. 6. Photographic image of doped silica aerogel prepared in different procedures 

   

From Fig. 6, it can be said that the hydrophobicity property is affected by two 

parameters in this work; the first is the amount of dye, which means their 

concentration, and the second is the environment of preparation. Generally, it is 

observed that the dye concentration can improve the contact angle because of the 

nature of the structure of this dye, which consists of carbon and chloride molecules. 

Also, the pH of the sol was 8, which means that the preparation environment was basic. 

In alkaline solutions, nucleophilic hydroxyl ions attack the electrophilic central carbon 

of the dye, leading to the replacement of the hydroxyl ions with alkyl groups (Krause 

& Goldring, 2019).    
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4.  Conclusions 

 

The surface and composition properties of superhydrophobic silica aerogel are 

improved when doped with Crystal Violet dye under normal atmospheric pressure. In 

this work, n-hexane was used as the starting modifier for catalysis. This step played a 

significant role in retaining the dye within the silica network, leading to the attainment 

of a high contact angle, low density, and nano-homogeneous structure. This prompts us 

to think of increasing research and study in the future to use different types of laser 

dyes in grafting silica gel to obtain better specifications. and taking into account that 

the concentration has a significant role in changing the structural and spectral 

properties of the produced silica. 
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