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ABSTRACT  

The sol-gel process is a commonly used methodology for producing silica gels with 

tailored textural properties. However, the full conventional procedure involves several 

steps and is complicated and time-consuming, preventing production on a large scale. In 

the present study, as a more practical approach, microwave heating was applied via the 

acid-base synthesis of different precursor mixtures. By evaluating the effect of 

microwaves at each synthesis step, optimal pathways were established resulting in 

considerable time-saving. Mesoporous gels with porosities of around 70 per cent were 

obtained with a reduction in time consumption of more than 90 per cent compared to 

conventional methods. Strict control of the production stages has led to a much better 

understanding of the contribution of each stage to the overall process, making it possible 

to much more accurately evaluate the effects of applying microwave technology on the 

final properties of the materials with a view to optimizing their production.  
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1. Introduction 

Silica gel was widely employed as an adsorbent in gas mask canisters and as a dehydrating 

agent for pharmaceutical supplies during World War I [1]. Since then, silica materials 

have become popular due to their qualities that make them suitable for many applications 

such as catalysis supports (i.e. drug delivery) [2–4], environment protection agents (i.e. 

adsorbents and oil-spill clean-up) [5–7], thermal and acoustic insulation systems [8–10], 

electronic components [11–13], and optical applications (i.e. sensors, optical fibers, and 

radio luminescent devices) [14–17]. 

A silica gel network is formed by nanometer-sized spherical particles that are covalently 

linked together via siloxane bridges (Si-O-Si), derived from the condensation of silanol 

groups (Si-OH). The most commonly used precursors for the synthesis of these materials 

are alkoxysilanes (i.e. tetramethylorthosilicate, TMOS, and tetraethylorthosilicate, 

TEOS), although sometimes these synthesis procedures are rather complex [18,19]. 

However, presently sol-gel technology is the most common pathway for developing 

polymeric materials with specific controlled properties. The reactions generated by silica 

polymerization from alcoxide precursors consist of hydrolysis and condensation steps 

[20,21]. Specifically, a recent study by Echeverria et. al [22] with TEOS as the Si 

precursor in acid-catalyzed conditions demonstrated that during hydrolysis reactions, the 

kinetic constants increase in each step (k0<k1<k2<k3, see Scheme 1) and only the fourth 

hydrolysis is reversible. Additionally, they concluded that even total or partially 

hydrolyzed products are condensed to form a three-dimensional network, the reaction 

mainly involves completely hydrolyzed molecules, and this reaction is the limiting step 

on the mechanism. The reactions involved in TEOS polymerization in acidic conditions 

described above can be represented as follows:  
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a) Acid Hydrolysis  

Si(OC2H5)4−n(OH)n + H2O   
kn

→
   Si(OC2H5)3−n(OH)n+1 + C2H5OH     for n=0,1,2 

Si(OC2H5)(OH)3 + H2O   
k3

↔
k−3

   Si(OH)4 + C2H5OH 

b) Acid Condensation  

2Si(OH)4
kC1

→
(OH)3Si − O − Si(OH)3 + H2O    

(OH)(Si(OR)2O)𝑚 − Si(OH)3 + Si(OH)4
kC2

→
(OH)(Si(OR)2O)𝑚+1 − Si(OH)3  + H2O    

 

Scheme 1. Global mechanism of TEOS polymerization in acid conditions. 

 

Finally, aging and drying procedures under optimal conditions are necessary to produce 

silica gels with specific porous properties. A large number of options for carrying out 

these steps have been reported in the literature including supercritical drying [19,23,24], 

exchange solvent application [19,25,26], and surface chemistry modification [27,28]. The 

significant common objective of these procedures is to ensure the preservation of the 

properties of the gel structure during drying (i.e. low density, high surface area >300 m2g-

1, mean pore diameter 10-30 nm, and high porosity >80%) [19,25,29]. However, most of 

the procedures reported up to now are not really effective for the mass production of this 

kind of material. 

Consequently, some research groups have focused their work on using classical 

techniques for drying (i.e. simple evaporation), optimizing the properties of the gel by 

means of aging treatments in order to promote the strength of the silica network and to 

minimize the possibility of the network collapsing during drying [19,21,30]. Additionally, 

the acidic or basic character of a solution has a marked influence on the crosslinks 

produced by aging reactions [23,28]. In this regard, basic aging is widely used because it 
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promotes polycondensation and Ostwald ripening reactions that lead to an increase in 

pore size and pore volume [23,31,32]. Nevertheless, certain high temperature and 

pressure conditions, the use of expensive reagents, and additional modification with an 

ageing solvent are still required in order to reduce the time needed for the synthesis (i.e. 

at least 5 days at ambient conditions) [23,24,26,31,32]. 

In contrast, microwave heating has already proven to be a very efficient method for 

material synthesis. Besides being an economical and easily scalable technique, it has been 

used, for example, for the sol-gel synthesis and/or drying of resorcinol-formaldehyde 

(RF) gels resulting in a notable reduction in the length of the procedure, with almost no 

impairment of the properties of the final carbonaceous xerogels compared to traditional 

procedures [33–35]. Even with this background, there are few studies in the literature 

where this technology has been chosen to enhance the production process of silica gels. 

Most studies have used microwave heating after the gelation and curing process [36,37], 

where its role is restricted to merely evaporating residual water from the aged gels. Only 

two studies have reported the sol-gel process being performed under microwave heating 

[38,39]. However, in neither case did these authors analyze the use of microwaves at each 

stage of the synthesis process or optimize the exposure times. Based on those experiences, 

it is open to question whether there is a more effective way to incorporate microwave 

heating into the synthesis of silica xerogels. Furthermore, by considering textural 

properties as a response variable, additional advantages to the time reduction may be 

found, with microwave technology being a possible replacement for the expensive 

treatments used to date. 

On these grounds, the hypothesis this study proposes is that the appropriate use of 

microwaves in the different stages of the silica xerogel synthesis process (i.e. 

polymerization, curing and drying) may influence certain reactions that would lead to 
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materials with different properties from those obtained traditionally, in addition to 

allowing shorter production times. 

Figure 1 shows the hypothetical proposed mechanism for the microwave-assisted 

synthesis of silica gels under acid-basic catalyzed conditions. During the gelation stage, 

microwave interactions with the polar functional groups produce vibrations and therefore 

an increase in the local temperature. As a consequence, this effect may promote certain 

reactions to greater extent than conventional methods, increasing the condensation rate 

between partially and totally hydrolyzed molecules. Thus, a gelled polymeric network 

may be formed in a shorter time, with a higher degree of cross-linking and a stronger 

structure (i.e., the orange steps in Figure 1). When this structure is subjected to basic-

aging conditions, where polycondensation and Ostwald ripening reactions usually take 

place, typical bonds with larger, more uniform pore sizes are formed. However, the initial 

polymeric structure in this aging stage may be different when microwaves are used, and 

combining the vibration caused by microwave heating with an excess of OH- ions may 

lead to a different final structure from that produced by conventional methods. 

For this reason, in this study, the influence of microwave heating on synthesis time and 

the porous texture of the final materials is assessed by focusing on the microwave 

application at each individual production stage (i.e. gelation, curing and drying). The 

effects of using this technology are evaluated in combination with the acid-basic 

catalyzed procedure, applied to different precursor mixtures by variation of TEOS, acid 

catalysts (HCl) and ethanol molar ratios. 
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Figure 1. Hypothetical synthesis pathways of silica gels with (─) and without (---) 

microwave-assistance. 

 

2. Material and methods 

2.1. Synthesis of silica xerogels 

Silica xerogels were prepared by the sol-gel method using tetraethylorthosilicate (TEOS, 

Chem-Lab, 99%) as the silica precursor, ethanol as the solvent (J.T. Baker, 96%), MilliQ 

quality water and HCl as catalysts (VWR, 37%). The molar relations 

TEOS:EtOH:H2O:HCl used for the precursor solutions (see Table 1) were restricted by 

poly-phasic tendencies and the long gelation times reported in previous studies using 

conventional conditions [32,40]. TEOS was first mixed with ethanol using a magnetic 

stirrer in a glass beaker. During the stirring at room temperature, 85% of the required 

volume of water was added dropwise, while the HCl/TEOS molar ratios were adjusted 

by adding 0.04 M HCl. Finally, taking into consideration the volume of HCl solution 
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added in the previous step, the desired total volume of water was achieved by dropwise 

addition. The total volume prepared of each precursor mixture was 20 ml. The procedure 

used for preparing the precursor solution was the same in all cases, though some samples 

required extra stirring time in order to obtain a homogeneous solution. 

In order to establish the optimal synthesis conditions, a conventional method employed 

by Estella et. al. [23,40] was considered as a reference to define the different stages of the 

synthesis process and to evaluate the effect of microwave heating on each individual 

stage. During the first two steps of this reference methodology, the precursor mixtures 

are kept in a closed container. Once the gelation step is completed, 5 ml of 2 M solution 

of NH3(ac) (Acros Organics, 25%) are used during aging to promote a mesoporous 

structure [23,24]. Traditionally these gels are then aged and dried at room temperature to 

prevent the network from collapsing. This leads to very long preparation times (See Table 

1). 

In order to evaluate the effect of using microwave heating for the synthesis of silica gels, 

four different process conditions were selected (See Table 1) for the gelation and aging 

steps, which are crucial for the formation and crosslinking of the polymeric structure, and 

therefore key for tailoring the final properties of the silica gels.  

A Milestone Ethos 1 (1000 W) device was used to apply the microwave heating when a 

closed system was required. Glass beakers with the precursor solution were placed inside 

Milestone containers and heated until gelation. Following that, 5 ml of 2 M NH3(ac) was 

added to the alcogel, which was then subjected to different periods of aging again inside 

closed containers from the microwave device. Finally, the drying step was performed in 

a multimode microwave oven (in-lab design and construction), previously used for drying 

purposes [35]. The samples not subjected to the aging process were directly placed inside 
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the multimode microwave oven after the addition of NH3(ac). Both the conventional and 

microwave-assisted synthesis samples were dried at 30oC until constant weight. 

As Table 1 shows, the resulting silica xerogels were labelled as ‘SG’ followed by a letter 

’A’ or ‘B’ depending on the ethanol/TEOS ratio and the value of the HCl/TEOSratio, 

whereas the H2O/TEOS ratio was kept constant at 5.5. Next, the synthesis conditions were 

added to indicate the type of heating applied followed by the reference of aging time 

where applicable. For example, sample SG-A2.5-MW2 refers to a silica xerogel prepared 

with a TEOS:EtOH:H2O:HCl molar ratio of 1:4.75:5.5:0.00025 obtained by microwave-

assisted synthesis and aged for 2.5 h. In total, 20 samples were synthetized. 

 

Table 1. Experimental design variables: molar ratios and synthesis conditions applied.  

Sample ID 
Molar ratio   Aging 

Ethanol:TEOS Water:TEOS HCl:TEOS (10-4)   T (ºC) Time (h) 

Conventional Gelation, Aging and Drying (C) 

SG-A1-C 4.75 5.5 1     NO 168 

SG-A2.5-C 4.75 5.5 2.5     NO 168 

SG-B1-C 3 5.5 1     NO 168 

SG-B2.5-C 3 5.5 2.5     NO 168 

Conventional Gelation, Aging and Drying with MW (G) 

SG-A1-G 4.75 5.5 1     40 2.5 

SG-A2.5-G 4.75 5.5 2.5     40 2.5 

SG-B1-G 3 5.5 1     40 2.5 

SG-B2.5-G 3 5.5 2.5     40 2.5 

Microwave assistance in each step (MW) 

SG-A1-MW1 4.75 5.5 1     40 0 

SG-A2.5-MW1 4.75 5.5 2.5     40 0 

SG-A1-MW2 4.75 5.5 1     40 2.5 

SG-A2.5-MW2 4.75 5.5 2.5     40 2.5 

SG-A1-MW3 4.75 5.5 1     40 8 

SG-A2.5-MW3 4.75 5.5 2.5     40 8 

SG-B1-MW1 3 5.5 1     40 0 

SG-B2.5-MW1 3 5.5 2.5     40 0 

SG-B1-MW2 3 5.5 1     40 2.5 

SG-B2.5-MW2 3 5.5 2.5     40 2.5 

SG-B1-MW3 3 5.5 1     40 8 

SG-B2.5-MW3 3 5.5 2.5     40 8 

NO: Without heating 

Gelation was conducted at 60 ºC in all samples. 

Drying was conducted at 30 ºC in G and MW series, in C series it was conducted without heating. 
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2.2 Silica xerogel characterization 

Textural parameters, such as density, pore volume, pore size, surface area and porosity 

were evaluated. Before their characterization, all the samples were outgassed under 

vacuum without heating overnight. 

Helium density (ρHe) was measured by means of helium pycnometry (AccuPyc 1330 from 

Micromeritics), whereas envelopment density (ρEnv) was determined using a GeoPyc1360 

analyzer (Micromeritics). Sample porosity (Pρ) and pore volume (Vρ) were calculated on 

the basis of their helium and envelopment densities as follows: 

𝑃𝜌(%) = (1 −
𝜌𝐸𝑛𝑣

𝜌𝐻𝑒
) 100 [1] 

𝑉𝜌 = (
1

𝜌𝐸𝑛𝑣
−

1

𝜌𝐻𝑒
) [2] 

Nitrogen adsorption at 77.3 K was carried out using a Tristar II volumetric adsorption 

analyzer from Micromeritics. N2 adsorption data (molecular cross section 0.162 nm2) 

were used to determine specific surface areas by the Brunauer-Emmett-Teller (SBET) 

method according to criteria described by Rouquerol et al. [41], and by applying the 

Dubinin-Radushkevich (DR) method; total pore volume (VN2) from the amount adsorbed 

at p/pº ~ 1;average pore diameter (DDFT) and pore size distribution were calculated with 

the aid of Micromeritics SAIEUS (N2 2D-NLDFT heterogeneous surface model); and 

micropore volume (VMicroDR) with their corresponding surface area (SDR) by applying the 

Dubinin-Radushkevichmethod. Mesopore volume (VMeso) values were obtained by 

subtracting the amount of micropore volume from total pore volume determined from the 

N2 isotherm.  
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The morphological characterization of the samples was performed by scanning electron 

microscopy (SEM) using a Quanta FEG 650, fed with an accelerating voltage of 25kV, 

at 400,000X magnification and equipped with a secondary electron detector (EDT, 

Everhart-Thornley). All the samples were metalized (Ir) and attached to an aluminum tap 

by means of conductive double-sided adhesive tape. 

Finally, the surface functional groups of the silica xerogels were determined by applying 

Fourier transformed infrared spectroscopy, in a ThermoNicolet-6700 FT-IR 

spectrometer, equipped with Deuterated Triglycine Sulfate and Thermoelectricity Cooled 

(DTGS-TEC) and Mercury-Cadmium-Telluride(MCT-A) detectors. The samples were 

milled and dried under vacuum overnight without heating. For each sample, 64 scans 

were performed using attenuated total reflectance (ATR) and diffuse reflectance (DR). 

 

3. Results and discussion 

3.1. Influence of the microwave-assisted processes on synthesis times 

As previous studies have already shown, the amount of ethanol and HCl in the precursor 

mixtures of silica gels have a great influence on the gelation time [20,24,40]. Samples 

from series A exhibits longer gelation times than series B due to the larger amount of 

ethanol present in the precursor solutions (Figure 2). Although its presence as a solvent 

produces more homogeneous solutions, an excess of this agent has a negative effect on 

gelation due to a dilution effect, which decreases the interaction between reactants. 

Furthermore, even though the addition of acid accelerates the rate of hydrolysis, it has 

also been reported that acid-catalyzed polymerization of TEOS has a limiting effect on 

the condensation reactions, promoting the formation of linear molecules [22,42], thus 

increasing the gelation time, at least under the synthesis conditions used in this study. 
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This is why longer gelation times are also observed for samples with larger amounts of 

HCl (see Figure 2). These trends are registered with both synthesis procedures (i.e. 

conventional and microwave heating). However, an enormous amount of time is saved 

when microwave heating is used for the synthesis.  

The gelation time is halved when any precursor mixture is heated by microwaves, as 

Figure 2 shows. The largest reduction in silica gel synthesis time due to microwave 

heating is in the aging step, which is reduced from the 168 h required by conventional 

methodology to 8 h using microwave heating. This considerable reduction was adopted 

based on preliminary studies, which demonstrated an insignificant influence on the final 

properties with aging times longer than 8 h. However, the aging times used in this study 

were selected in order to show the evolution of the material over this short period of time. 

The reason for this behavior is probably the increase in reaction kinetics when microwave 

heating is used. Similar results have also been reported for other kinds of materials 

produced by microwave assisted sol-gel processes such as resorcinol-formaldehyde gels 

[33,34] and MCM-41 (ordered silicate system) [43]. 

 

Figure 2. Influence of molar ratio HCl:TEOS, EtOH:TEOS and heating method (C, 

conventional; MW, microwaves) on gelation time (Tg) 
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3.2. Textural properties of the silica xerogels 

In the previous section, the hypothesis about time reduction at each stage of the synthesis 

was confirmed. The next step was to evaluate the influence of experimental methods and 

aging time on textural properties when microwave heating is applied. 

All the resulting xerogels presents similar shapes of adsorption-desorption N2 isotherms. 

According to the IUPAC classification [44], all the isotherms are of type IV and present 

a hysteresis loop, which is typical of micro-mesoporous materials. The hysteresis curves 

presented by the samples in this study are referred to as H1 and H2b. The H1 type 

hysteresis loop is found in materials with uniform mesopores (i.e. template silicas, 

carbons and glass with controlled porosities). An almost vertical drop of the desorption 

isotherm indicates that the size distribution of neck width is similar to the size distribution 

of the width of the pore/cavity. The H2b type hysteresis loop appears in more complex 

structures with larger neck size distribution (i.e. mesocellular silica foams, mesoporous 

ordered silicas) [44]. It is important to note that all the isotherms shows a limit of 

adsorption at high relative pressures (i.e. plateaus), indicating the absence of macropores. 

To illustrate the main results from different treatments, Figure 3 shows some of the silica 

xerogel N2 isotherms to illustrate: a, b) the influence of experimental methods with the 

variation of the HCl:TEOS ratio and c, d) the effect of aging time in samples with the 

same HCl content. It shows that the influence of microwave heating on the reactions 

occurring during the different steps of the synthesis process depends on the composition 

of the precursor mixture. In Figure 3a, the isotherms are almost superimposed, indicating 

that in this case there is no influence of the synthesis procedure, whilst in Figure 3b, where 

more acid was used in the precursor solution, there is a clear influence of microwave 
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heating on the resultant porous structure. In this case, and according to the position of the 

hysteresis loop, the use of microwaves during polymerization, aging, and drying steps 

(sample SG-A2.5-MW2) produces wider pores and higher porosity than the sample where 

microwave heating is used only for the ageing and drying steps (sample SG-A2.5-G). 

However, the conventional methodology produces even higher porosity, according to the 

higher adsorption volume reached at the saturation point. This could be due to the longer 

times used during conventional synthesis, which may produce a more resistant structure 

that could prevent partial collapse during the evaporation process. Based on this fact, 

different aging times were used during the microwave heating process (Figures 3c and 

3d). 

In general, the porosity of the silica gels improves when microwave heating is used during 

gelation, aging and drying (i.e. the whole synthesis process with microwave heating), and 

when certain aging times under microwave heating are used. This improvement, 

accompanied by the previously noted reduction in synthesis time, indicates notable 

progress in silica gel production by the introduction of microwave heating. 

 

a) 
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c) 

 

d) 

 

Figure 3. Influence of microwave radiation on 77K N2 isotherms of studied xerogels 

when: a, b) it is applied to different steps of sol-gel process; c, d) increase the time of 

exposure while aging  

 

In order to better understand the differences between samples, Figure 4 shows the pore 

size distributions obtained from the isotherms in Figure 3 by applying the 2D-NLDFT 

model. In addition to the differences expected from the shape of the isotherms which 

qualitatively indicates the variation of pore volume and mean pore size in each case, the 

model quantitatively shows that most of the samples exhibit a distribution of pore sizes 

between 2-12 nm, only three samples extended beyond 16 nm (i.e. SG-A2.5-C, SG-B1-

MW3 and SG-B2.5-MW3). These samples have the longest aging times of the samples 

examined. This clearly indicates how important this parameter is for producing a strong 

polymeric structure.  
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c) 

 

d) 

 

Figure 4. DFT pore size distribution 77K N2 isotherms of studied xerogels when: a, b) 

it is applied to different steps of the sol-gel process; c, d) increased exposure time while 

aging. (Micromeritics SAIEUS N2 2D-NLDFT heterogeneous surface model) 

 

Table 2 shows the textural parameters of the silica xerogels obtained in this study. 

Although apparently there are no marked differences between the results, some general 

trends are worth noting. Total pore volumes calculated from densities and the amount of 

N2 adsorbed are practically the same in all cases. Furthermore, all of the samples are 

fundamentally mesoporous on the basis of the calculated pore volumes (see VMicroDR and 

VMeso in Table 2). In terms of specific surface areas, values calculated from the DR method 

are slightly larger than those using the BET equation, with values around 433-632 m2/g 

(SDR) and 397-581 m2/g (SBET). 

In general, all the samples present relatively high porosities (i.e. above 60%), and clearly 

the use of microwave heating during the entire synthesis process produce an increase in 

porosity, reaching values up to 70%. The influence of microwaves on the aging reactions 

does not seem to be very significant, as the G series (i.e. ageing and drying with 

microwaves) present similar values to the C series (i.e. conventional method). However, 

using the microwave during the gelation process made a difference, resulting in samples 

with higher mesopore volumes and wider pore sizes. Especially if longer aging times are 

used (i.e. SG-B1-MW3 which presents 0.98 cm3/g of mesopores with a mean pore size of 

10.6 nm). 
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Table 2. Textural properties of silica xerogels obtained from conventional and 

microwave-assisted synthesis. 

Sample ID 

Density  Porosity  Total pore volumen  Pore volume  Specific surface area  Pore size 

ρHe ρenv   Pρ   Vρ VN2   VMicroDR Vmeso   SBET SDR   DDFT 

(g/cm3) (g/cm3)   (%)   (cm3/g) (cm3/g)   (cm3/g) (cm3/g)   (m2/g) (m2/g)   (nm) 

Conventional Gelation. Aging and Drying (C) 

SG-A1-C 1.97 0.76   61   0.81 0.78  0.17 0.61   431 468   7.2 

SG-A2.5-C 1.98 0.74   63   0.85 0.86  0.15 0.71   398 433   8.3 

SG-B1-C 2.01 0.70   65   0.93 0.91  0.16 0.75   397 442   8.8 

SG-B2.5-C 2.05 0.78   62   0.79 0.73  0.16 0.57   415 457   7.0 

Conventional Gelation. Aging and Drying with MW (G) 

SG-A1-G 2.03 0.79   61   0.77 0.75  0.18 0.57   460 495   6.5 

SG-A2.5-G 2.04 0.84   59   0.69 0.69  0.21 0.48   560 591   5.2 

SG-B1-G 2.17 0.78   64   0.82 0.75  0.18 0.57   458 491   6.4 

SG-B2.5-G 2.1 0.77   63   0.83 0.76  0.17 0.59   443 483   6.8 

Microwave assistance in each step (MW) 

SG-A1-MW1 2.02 0.74   64   0.86 0.92   0.23 0.69   581 632   6.6 

SG-A2.5-MW1 2.03 0.85   58   0.69 0.68   0.20 0.48   527 558   5.3 

SG-A1-MW2 2.03 0.75   63   0.83 0.78   0.17 0.61   448 488   7.0 

SG-A2.5-MW2 2.03 0.81   60   0.74 0.72   0.18 0.54   479 513   6.0 

SG-A1-MW3 2.04 0.77   62   0.81 0.78   0.16 0.62   412 450   7.5 

SG-A2.5-MW3 2.03 0.76   62   0.81 0.79   0.18 0.61   475 516   6.8 

SG-B1-MW1 2.01 0.66   67   1.02 1.01   0.19 0.82   481 521   8.3 

SG-B2.5-MW1 2.03 0.85   58   0.69 0.72   0.19 0.53   493 524   5.9 

SG-B1-MW2 2.04 0.79   61   0.78 0.77   0.17 0.60   437 475   7.0 

SG-B2.5-MW2 2.03 0.81   60   0.74 0.77   0.18 0.59   459 495   6.6 

SG-B1-MW3 2.01 0.58   71   1.22 1.16   0.18 0.98   444 496   10.6 

SG-B2.5-MW3 2.02 0.61   70   1.15 1.09   0.16 0.93   419 459   10.1 

 

It is important to note that silica gels with a similar composition have been reported to 

have similar textural properties to those presented in this study (i.e. Vp 0.3-0.9 cm3/g, pore 

diameter 3-8 nm, SBET 600-900 m2/g). However, those samples are the result of more 

complex and more expensive synthesis procedures [25,45]. 

 

3.2.1. The influence of experimental methods on porosity 

Given that gelation and aging are the steps that determine the formation of the polymeric 

network and therefore the stages with the greatest influence on the final properties of the 

silica gels, it is worth examining the role of microwave heating in these stages separately. 



17 
 

In Figure 3a, it is clear that the adsorption isotherms for SG-A1 obtained by different 

methods overlap. In other words, when a small amount of HCl is added to the precursor 

mixture, the experimental methodology used during synthesis has no influence on the 

final pore properties of the samples. The absence of significant variation can be seen in 

the parameters in Table 2 and in pore size distributions (Figure 4a). At this acid 

concentration, condensation is less limited and there is no effect on the properties that can 

be attributed to the use of the microwave. However, microwave heating is therefore 

recommended as a means of saving synthesis time in the production process. 

In contrast, in samples with larger amounts of acid there is a clear difference between the 

nitrogen adsorption isotherms. In this case, each method used for the synthesis presents 

particular characteristics. Conventional gels exhibit an H1 type hysteresis loop 

corresponding to a structure with more open cylindrical pores, while microwave-assisted 

gels exhibit isotherms with an H2b type hysteresis loop, indicating that the pores in the 

sample have narrower necks, which impede the desorption of nitrogen during the 

characterization test [44]. In addition, Figure 4b shows a wider distribution of pore size 

for the sample synthetized using the conventional method. Unlike the other samples 

compared in Figures 3b and 4b, the sample corresponding to the conventional synthesis 

method has a longer aging time (i.e. SG-A2.5-C). This is why the marked differences 

above-mentioned can be attributed to the reactions that take place at this stage [23,31,32]. 

While polycondensation and Ostwald ripening contribute to the formation of open pores, 

the pore sizes are modified, generating a wider size distribution. This produces silica gels 

with more mesoporosity, as can be clearly seen from the volume adsorbed close to the 

saturation point as well as from the pore size distribution (i.e. higher pore volume and 

higher pore size), and even from the lower microporosity and smaller surface area (i.e. 

0.15 cm3/g and 398 m2/g for SG-A2.5-C, see Table 2).With the remaining samples, the 
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use of microwave heating only for the aging step produces a sample with more 

microporosity (i.e. 0.21 cm3/g and 560 m2/g for SG-A2.5-G), ca. 160 m2/g more than the 

sample produced by conventional heating, while the use of microwave heating for the 

whole process (i.e. SG-A2.5-MW2) leads to materials with intermediate values of 

micropore volume. From pore size distribution, the characteristic pore sizes are 

established between 5.2 and 8.3 nm, with the sample prepared using microwave radiation 

in the full process presenting intermediate sizes, a narrower pore size distribution, and the 

maximum signal. This is an advantage over series G, whose differences in textural 

properties could be due to the weaker structures formed during gelation under 

conventional heating. In other words, the use of microwave heating during gelation makes 

a clear difference promoting the involve reactions, and possibly leading to a stronger 

polymeric network, thereby minimizing collapse during drying and resulting in samples 

that are more porous than series G.  

A comparison of the samples in series C (i.e. conventional heating for gelation and aging) 

with series G (i.e. conventional heating applied only for gelation) shows that series G 

have narrower pore sizes and lower pore volumes (e.g. pore sizes of 8.3 and 5.2, and pore 

volumes of 0.85 and 0.69 for samples SG-A2.5-C and SG-A2.5-G respectively). 

Therefore, the use of microwaves during the aging step does not seem to offer any 

additional advantages apart from notable time saving (2.5 h in the case of the series G and 

168 h in the case of series C). 

Figure 5 shows SEM images of samples from Figure 3b. Differences in polymeric 

structure can be clearly seen. The nodules in SG-A2.5-C are clearly defined and of 

variable size, a consequence of aging reactions. This morphology is in good agreement 

with the textural properties presented for these samples. The more variable and better 

defined nodules in sample SG-A2.5-C create a more open structure that allows easy 
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desorption and leads to a wider distribution of pores. Sample SG-A2.5-G is more compact 

due to its weaker structure, which is likely to collapse. However, the polymeric network 

seen in SG-A2.5-MW2 lies somewhere between the other two cases, with a certain 

amount of porosity with well-defined nodules, but not as clearly defined as those 

produced by the conventional method, while the nodules seem to be more uniform in size. 

Although the aging step in the presence of microwaves does not produce similar results 

to the conventional process, it is clear that microwaves have a greater effect during the 

gelling step. Furthermore, this influence directly affected condensation reactions, because 

under conditions where these are not a limiting factor (i.e. at lower HCl:TEOS ratios), 

microwaving seems to offer no advantages. This could be a consequence of the coupling 

interactions of the Si-OH dipole encouraged by microwave heating, as suggested by 

Zhong et. al. [37], and proof of the so-called “microwave effect” that is very often 

questioned in microwave organic synthesis [46]. This microwave effect causes early 

crosslinking which produces reinforced polymer chains. These results are in full 

agreement with the mechanism proposed above in the hypothesis. 

 

   

Figure 5. Morphological differences of silica xerogels obtained from conventional and 

microwave-assisted synthesis. 
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3.2.2. The influence of aging time on textural properties when microwave heating is 

applied 

Aging time is particularly important for the development of the porous network, because 

as previous studies have demonstrated, condensation reactions continue to take place 

during this stage of the synthesis process [23,31]. As expected, isotherms obtained from 

different aging times in Figure 3 (c and d) show that longer aging periods give rise to 

materials with higher pore volumes. In fact, for samples SG-B1-MW3 and SG-B2.5-

MW3 the aging development was such that the resultant isotherms exhibit a type H1 

hysteresis loop. As mentioned above, this isotherm shape represents an open pore 

structure, which is only obtained after long periods of aging. In addition, the 

corresponding pore size distribution curves (see SG-B1-MW3 and SG-B2.5-MW3 in 

Figure 4) keep the distribution shape of conventional samples with a wider distribution. 

Although the main pore size is not necessarily related to the aging time; it is clear that the 

shorter the aging time, the narrower the distribution and the greater the microporosity. 

This is consistent with the fact that crosslinking reactions and the Ostwald ripening effect 

promote bigger pores and a wider distribution. However, the increase in pore size does 

not necessarily occur during the early parts of the aging period. 

Furthermore, it should be pointed out that the reactions that occur during conventional 

aging usually lead to larger pore volumes and smaller surface areas as a consequence of 

the increased pore size (e.g. 8.8 nm, 0.91 cm3/g and 397 m2/g for sample SG-B1-C, Table 

2). However, samples synthesized with microwaves which have a high pore size and pore 

volume (i.e.10.6 and 10.1 nm, 1.16 and 1.09cm3/g for SG-B1-MW3 and SG-B2.5-MW3, 

respectively), still retain a relatively large surface area (i.e. 444 and 419 m2/g for SG-B1-

MW3 and SG-B2.5-MW3, respectively), as can be seen in Table 2.That means that 
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depending on the structure produced after gelation in the presence of microwave heating, 

the aging reactions will result in a different network. 

The results show that there is a synergic effect when microwaves are used for the whole 

synthesis process, as better properties are achieved (i.e. higher porosity) than in samples 

obtained by microwave heating in just one step in the procedure (see results from 

synthesis C, G and MW1), in addition, these properties are achieved in less time. 

SEM images taken from samples SG-B2.5 show the morphological result of this synergic 

effect (see Figure 6). Again, the sample that was synthesized under conventional 

conditions (i.e. SG-B2.5-C) shows well-defined nodules with a slight variation in size. 

This variation in nodule size is larger in the microwave-synthesized sample (i.e. SG-B2.5-

MW3), hence its wider pore distributions and high pore volume (see Figure 4d and Table 

2). These big nodules could be attributed to the enhancement of crosslinking reactions 

and the so-called Ostwald ripening effect [19,23] by microwave heating. Finally, in the 

morphology of sample SG-B2.5-MW1 there is almost no variation in nodule size and the 

absence of good definition and a less porous structure caused by microwave heating can 

be seen.  

Moreover, depending on the composition of the precursor solution, different aging times 

are required to obtain the properties of the conventional silica gels used as a reference 

(Table 2). Except in the case of sample SG-A2.5, the other procedures achieve this target 

from conventional samples in less than 8 hours. Furthermore, the samples with a lower 

HCl/TEOS ratio (i.e., SG-A1 and SG-B1) almost achieve the same pore diameter as the 

reference samples without any aging (i.e. samples labelled as MW1), possibly due to the 

stronger network produced during the gelation stage with microwaves. In this case, the 

microwave effect and lower media acidity favor a porous and stronger structure after 

gelation. 
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Figure 6. Synergistic effect at different aging times using microwave-assisted synthesis. 

 

Finally, depending on the composition of the mixture, microwave heating is able to 

generate more rigid networks during the gelling step. But regardless of the initial mixture, 

when microwaves are combined with an appropriate aging time, that will produce silica 

gels with resistant networks, larger pore sizes and a different morphology than that 

achieved by the conventional method. This confirms the hypothesis presented at the 

beginning of this study. 

 

3.3. Determination of superficial groups by FTIR 

In order to obtain a better understanding of the potential reactions favored by microwave 

heating and their effect on the final structure of silica gels, the surface functional groups 

of some samples were characterized using FT-IR. To that end, conventional samples and 

microwave-assisted samples with and without an aging period (MW1 and MW3) were 

selected from compositions SG-A1 and SG-B2.5.  

Figure 7 shows FT-IR spectra of selected samples in two different intervals: 4000-2200 

and 1400-500, no bands of interest are detected in the region between 2200-1400. In the 

1400-500 cm-1range (i.e., ATR technique), the most intense peak at around 1090 cm-1 

along with its shoulder at 1100 cm-1, can be attributed to the asymmetric stretching 

vibration of the Si-O-Si bond, a highly characteristic signal for this kind of material. The 
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band at 796 cm-1 is also generated by this kind of bond and corresponds to bond bending 

and bond deformation vibrations [23,29,47]. However, the band at 970 cm-1, which is 

attributed to signals characteristic of Si-OH bonds in silica gels [23,47], is better defined 

in the microwave-assisted samples, whereas it is a mere shoulder in the conventional 

samples. 

 
a) 

 

b) 

 

c) 

 

d) 

 

Figure 7. FT-IR spectra of some of the samples obtained by conventional and microwave 

assisted methods. 

 

The other region in which notable changes between the samples are apparent (Figures 7c 

and 7d, from DR analysis) is at around 3740 cm-1, which corresponds to stretching 

vibrations from terminal or isolated Si-OH (i.e. no hydrogen bridge formation). Another 

silanol contribution occurs in the range 3650-3200 cm-1. These signals correspond to 

silanol involved in the formation of hydrogen bridges. The bands between 2990 and 2900 

cm-1 are attributed to symmetric-asymmetric stretching vibrations from C-H.  In other 
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words, they represent TEOS without any reactions and they are also visible in the FTIR 

spectra of more mature xerogels [29,40,47]. 

The FTIR spectra from microwave-heated and conventional samples exhibit differences 

in the superficial groups. For example, the presence of silanol groups in microwave-

assisted samples is indicative of a lower condensation rate, while the presence of C-H 

groups in these spectra can be attributed to the residual condensation reactions between 

partially hydrolyzed species during microwave heating. 

The presence of functional groups demonstrating incomplete condensation of partially 

hydrolyzed species corroborates early cross-linking due to the microwave-effect. The 

larger amount of silanol groups in the final structure of the microwave-assisted gels 

compared to conventional gels might be a consequence of the breakup of siloxanes or 

hydrolysis of Si radicals. It does not mean a less mature polymeric structure, but simply 

a different one. This proves that reactions promoted by microwaves produce a new 

network with slightly different properties, improved by the typical reactions generated 

during the aging stage.  

 

4. Conclusions 

The microwave-assisted synthesis of silica gels offers not only the clear advantage of 

reducing thesynthesis time, but alsothe possibility of using moderate operating conditions 

of temperature and pressure. The hypothesis regarding the influence of microwave 

heating on the reactions involved during synthesis, as well as its positive effect on the 

final structure of the polymeric network was proven. 

In terms of reaction kinetics, the complete synthesis of silica xerogels benefited from the 

introduction of microwaves. However, its role as a determining factor in the porous 
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properties of the material becomes more important during gelation. The reason is that the 

reactions promoted by microwave heating enhance crosslinking reactions during this step, 

resulting in a different polymeric network from that produced by the conventional 

method. This effect has not been previously detected in other kinds of materials, such as 

resorcinol-formaldehyde gels, and it could possibly be due to certain functional groups in 

silica intermediates that absorb microwaves.  

It has been demonstrated that silica xerogels can be obtained by means of a quick and 

simple process based on microwave heating, resulting in silica gels with more 

microporosity, narrower mesopores and a higher surface area than those produced from 

conventional methods. Additionally, the same properties of silica xerogels previously 

reported can be achieved with this technology but with a considerable saving of time. 
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