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ABSTRACT 

The development of environmentally friendly techniques to obtain mesoporous solids allows the 

construction of new and better materials, making potential use of natural resources. In this 

study, mesoporous silica with high specific surface area and controlled porosity is synthesized 

by a novel and facile method, which employs potato or corn starches as directing structure 

agent. Using SEM microscopy, the ellipsoidal morphology of potato starch and the irregular and 

polygonal shape of corn starch were determined. Pattern A and B were identified by XRD, 

corresponding to samples of cereals and tubers, respectively. The stages of gelatinization and 

retrogradation of the starches were studied, obtaining mesoporous silicas with type IV 

adsorption/desorption isotherms and specific surface areas of 708.6 m2g-1 with potato starch and 

1018.1 m2g-1 with corn starch for short gelatinization times (4 h, 353 K) and long retrogradation 

(14 h, 298 K). In addition, the use of HCl solution promoted the hydrolysis of starch in its 

monomeric unit (glucose) and the consequent bimolecular nucleophilic substitution with silica. 

The materials obtained presented a random mesoporous order and a CO2 adsorption capacity at 

373 K in the range between 150.2 and 131.4 mg CO2 g
-1. 

 

Keywords: Adsorption, Biomass, Bio-template, Carbon Dioxide, Preparation, Silica  
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1. INTRODUCTION 

There is a growing commitment to the possibility of directing research and innovation efforts 

towards achieving eco-friendly technologies [1-3]. For this, a balance must be struck between 

economic, ecological, social and political sectors. In this context, the generation of materials 

from simpler and more economical compounds, under mild synthesis conditions, minimizing 

the use of energy and recycling already used materials or waste, is certainly of great scientific 

and economic interest [4-7]. 

Porous materials of different nature are widely studied, including crystalline aluminosilicates 

such as zeolites or mesoporous silicas such as MCM41, MCM48, SBA15, among others [8, 9]. 

These materials have aroused great interest because they overcome the limitations regarding 

pore size, facilitating the diffusion of voluminous reactive and products molecules to and from 

the active centers [10-12]. Several mechanisms of mesoporous synthesis are reported in the 

open literature [13, 14]. Among them, the use of structure directing agents (SDA) as patterns or 

templates, represents one of the conventional methods, simple and easy to reproduce [15]. This 

synthesis strategy is based on the interaction of inorganic precursors with organic molecules 

that direct the formation of pores around them. Many attempts have been made to synthesize 

mesoporous silica materials using anionic, cationic, non-ionic surfactants or a combination of 

them as surfactants [16, 17]. In particular, among the most commercially used are: (i) cationic 

surfactants, such as, n-hexadecyltrimethyl ammonium bromide (CTAB) employed in the MCM-

41 synthesis [18, 19] and (ii) three-block copolymers (hydrophilic-hydrophobic-hydrophilic) as 

Pluronic for the SBA-15 production [20-22]. 

Although these structuring agents allow materials with hierarchical and stable porosity to be 

obtained, commercial templates are expensive and their complete removal temperature (~ 823 – 

873 K) is high [23-25]. Hence, the need to select non-toxic, eco-friendly and inexpensive 

materials as SDA to synthesize porous materials. 

In this sense, it is also possible to use structuring agents of biological or natural source in the 

preparation of mesoporous silica. Bio-template method is attractive in the preparation of porous 

materials. In this vein, compounds such as sponge [26], aminoacids [27] and cells [28] have 
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been used as templates to prepare porous silicon. In particular, natural wood [29] and 

phosphatidylcholine [30] were used to prepare porous titania. Zhang et al. [31] used poplar 

catkins as a bio-template to synthesize SnO2 fibers. In addition, Ma and co-workers [32] 

reported the preparation of macro/meso-porous alumina with yeast cell as bio-template. 

Recently, starch from different botanical nature and as an environmentally friendly, cheap and 

readily available natural resource has been used as a template to synthesize porous materials 

such as silicate monoliths [33], aluminosilicates [34], ZSM5 [35, 36], AlPO-n [37], TS-1 [38], 

Al2O3 [39], stoichiometric LaAlO3 mixed oxides [40] and mordenite [41]. 

On the other hand, it is important to consider that mesoporous materials are used in a wide 

range of applications to reduce greenhouse gas (GHG) emissions. Among them, the generation 

of CO2 has been subject of multiple studies in recent times [42]. The Carbon Dioxide 

Information Analysis Center (Division of Environmental Sciences of the OAK Ridge National 

Laboratory) of Tennessee (USA), established that from 1960 to the present time, the world 

average atmospheric concentration reached 400 parts by million [43]. It is estimated that, if 

GHG emissions continue at the current rate, the temperature of the earth surface could exceed 

historical values, with potentially harmful effects on the environment, biodiversity, and human 

incomes. Therefore, the development of effective methods to reduce the concentration of carbon 

dioxide in the atmosphere is essential. A viable route is the CO2 capture through adsorption 

processes, which represents an attractive method due to its low energy requirement [44]. 

Different types of materials have been studied in the capture and conversion of CO2 such as 

porous solid based on metal-organic frameworks (MOFs), zeolites, mesoporous silica, clay, 

carbons, porous organic polymers (POPs), hydrotalcite, organic-inorganic hybrids and metal 

oxides [45, 46]. 

The group of Calleja has extensive experience in the study of CO2 capture using expanded pores 

MCM41 mesoporous materials [47], SBA-15 functionalized with amino groups [48] and HMS 

(high mesoporous silica) [49]. HMS adsorbent reported a CO2 adsorption capacity of 4.19 mmol 

CO2·g
-1 (363 K, 1 bar), while double-functionated MCM41 captured 1.75 CO2·g

-1 at 318 K and 

1 bar. Similarly, SBA-15 silica modified with PEI (polyethyleneimine) and TEPA 
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(tetraethylpolyamine) adsorbed 2.05 mmol CO2·g
-1 (348 K, 1 bar) and 3.7 mmol CO2·g

-1 (318 

K, 1 bar), respectively. 

Therefore, the aim of this work is to present a convenient approach to synthesize mesoporous 

silica using starch as a harmless and cheap resource. For this, the cooperative mechanism of 

hydrothermal synthesis is applied with potato and corn starches as structure directing agents. 

The starches were characterized by thermogravimetric analysis (TGA), X-ray diffraction 

(XRD), scanning electron microscopy (SEM) and Fourier transform infrared spectroscopy 

(FTIR). Through optical microscopy, the modification of the granule in aqueous suspension was 

analyzed at different temperatures (303 – 353 K), pH (acid, neutral and basic) and the influence 

of ethanol. Then, different times, temperatures and media were studied in the synthesis of 

mesoporous silica considering the stages of starches gelatinization and retrogradation. The 

synthesized solids were characterized with N2 adsorption/desorption at 77 K and transmission 

electron microscopy (TEM). Analyzing the results obtained, a mechanism of the most 

promising synthesis route is proposed. Finally, the samples were evaluated for CO2 adsorption 

at 373 K and compared with the results obtained by our group and the available literature. 
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2. MATERIAL AND METHODS  

In order to obtain mesoporous silica through hydrothermal synthesis and using starch as a 

structuring agent, various factors that influenced the preparation steps were analyzed. First, corn 

and potato starches were characterized by X-Ray diffraction (XRD), Fourier Infrared 

spectroscopy (FTIR), thermogravimetric analysis (TGA), and scanning electron microscopy 

(SEM). Then, modification of the granule in aqueous suspension was studied at different 

temperatures, pH and the ethanol addition. 

The properties of the solids obtained were characterized by N2 adsorption/desorption at 77 K 

and transmission electron microscopy (TEM). Finally, the materials obtained were used as 

adsorbents for CO2 capture at 373 K. 

 

2.1 Physicochemical characterization of potato and corn starches 

2.1.1 Morphology 

The morphology of the starches was observed through scanning electron microscopy (SEM). 

For this, a bank SEM microscope, Phenom World model ProX (Holland), operated between 10 

and 15 keV was used.  

2.1.2 X-Ray diffraction (XRD)  

The X-ray diffraction measurements were taken using a Shimadzu diffractometer XD-D1 model 

(Japan) operated with CuKα radiation at 30 kV and 40 mA, using a scanning rate of 1°·min-1. 

The database employed was the one provided by the manufacturer. 

2.1.3 Amylose content  

For the determination of amylose content, the method of Belhadi et al. [50] was used. For this, 

100 mg of sample were weighed, a treatment was carried out in a boiling water bath with NaOH 

and ethyl alcohol for 10 min. The pH of the sample was adjusted by adding acetic acid until 

reaching a pH between 8.6 and 9.8. An I2/IK solution was added and finally, the absorbance of 

the blue complex formed was measured in a spectrophotometer at 620 nm (Spectronic Genesys 
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5 UV-Vis, Milton Roy, USA). Likewise, a calibration curve was obtained with an amylose 

standard (Sigma, USA) from which the total amylose content (wt. %) was calculated according 

to Equation 1: 

% 𝐴𝑚𝑦𝑙𝑜𝑠𝑒 =
(𝐴𝑠𝑎𝑚𝑝𝑙𝑒−𝐴𝑏𝑙𝑎𝑛𝑘)−𝑏

𝑚
𝑥 𝐷 𝑥 

100

𝑝
 𝑥 100     Eq. (1) 

 

Where, Asample is the sample absorbance, Ablank is the absorbance of blank, b is the ordinate of 

the origin, m is the slope of the curve (mg ml-1), D is the factor of dilution (ml ml-1) and p is the 

sample weight (mg). 

2.1.4 Fourier transform infrared spectroscopy (FTIR) 

Fourier transform infrared spectroscopy (FTIR) was collected on a Shimadzu IR Prestige-21, 

model 8101M spectrometer (Japan) using mixtures of potato or corn starches with KBr, with a 

ratio of about 1 mg per 200 mg of KBr. 

2.1.5 Thermogravimetric analysis (TGA) 

Thermogravimetric analysis was conducted with a Mettler-Toledo TGA/SDTA851E instrument 

(USA). The operation was performed from 303 to 1173 K at a heating rate of 10 K·min-1 under 

nitrogen.  

 

2.2 Study and characterization of aqueous starch suspensions 

In order to reproduce the behavior of starch and approximate the studies to the synthesis 

process, the influence of temperature, pH and addition of ethanol in aqueous suspension of 

potato and corn starch suspensions was analyzed. The selected temperatures were 303, 323 and 

353 K and acidic, neutral, or basic medium were studied by adding HCl 37 wt. % or NH4OH 29 

wt. %. Ethanol addition was performed using absolute ethanol (Sigma Aldrich). In all cases, the 

molar ratios of 1.36/n (C6H10O5)n : 11 NH3 : 144 H2O : 58 C2H6O : 28 HCl were maintained. 

The behavior of the suspensions was monitored by optical microscopy using a Leica optical 

microscope, model DME (Germany), mounted with Leica EC3 camera was used. 
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2.3 Synthesis procedures of mesoporous materials 

2.3.1 Solids with potato and corn starch 

The synthesis under controlled conditions was carried out in a 250 ml two-necked balloon 

immersed in a glycerin bath and coupled to a reflux cooling tube. Potato or corn starch is used 

as directing agents of the structure and tetraethylorthosilicate as a source of silicon, which is 

added drop by drop. Final solid was obtained by centrifugation at 12000 rpm and successive 

washings with distilled water until reaching neutral pH. Finally, the solids were calcined in air 

flow at 5 K min-1 up to 823 K for 4 h to achieve the total starch elimination. 

Depending on the inherent behavior of starch in the aqueous phase, the synthesis was divided 

into two main stages: (i) gelatinization and (ii) retrogradation. In the first stage, the procedure 

was carried out at 353 K and the influence of time was analyzed at 2, 4 and 18 h. Furthermore, 

the HCl or ethanol addition in the synthesis medium was investigated.  

On the other hand, the importance of the retrogradation stage at 298 K and time of 2 and 14 h 

was studied. 

The nomenclature used for the synthesized samples was Xtg/tr/HCl-Et, where X is P or C and 

refers to potato or corn starch, t is the time (hours) of ‘g’: gelatinization or ‘r’: retrogradation. 

HCl-Et indicates the addition of HCl or ethanol, respectively. In all cases, the molar ratio of the 

synthesized solids was TEOS: 1.36/n (C6H10O5)n : 11 NH3 : 144 H2O : 58 C2H6O : 28 HCl.  

 

2.4 Physicochemical characterization of mesoporous solids 

2.4.1 N2 adsorption/desorption isotherms 

Nitrogen adsorption–desorption isotherms were obtained at 77 K on a Quantachrome Autosorb 

(Micromeritics, USA) instrument. Previously, samples were outgassed at 523 K for 4 h under 

vacuum. The linear region of Brunauer–Emmet–Teller (BET) plots was used to calculate the 

specific surface area of the materials from nitrogen adsorption isotherms [51]. The pore volume 

was calculated assuming cylindrical pores and using the Barret, Joyner y Halenda (BJH) method 

[18, 52].  
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2.4.2 Transmission Electron Microscopy (TEM) 

On the other hand, the morphology of the synthesized materials was studied by Transmission 

Electron Microscopy (TEM). For that, a JEOL microscope, model JEM-2100 Plus (Japan) was 

used. Samples were crushed in an agate mortar and dispersed in ethanol and ultrasound. Then, a 

drop of the dispersion was deposited on the grid. Bare Cu grids of 300 mesh were used. 

Measurements were made in HRTEM mode and using an acceleration voltage of 200 kV. 

 

2.5 CO2 capture 

The CO2 adsorption experiments were carried out in a continuous flow system. The sample (ca. 

100 mg) was placed in a tubular quartz reactor of 5 mm i.d., which was placed inside an 

electrical furnace equipped with a temperature controller. Subsequently, the sample was 

dehydrated in an inert flow at 773 K during 6 h. After cooling the solid sample to 373 K, it was 

exposed to 25 ml min-1 of 30 % CO2/He. 

The effluent gases were continuously monitored by on-line mass spectrometry (Pfeiffer/Balzers 

Quadstar, QMI422, QME125, Germany). The signal m/e 44 which correspond to the main 

partition of carbon dioxide were registered though mass spectrometry. In addition, other signals 

as 2 (hydrogen), 4 (helium), 28 (nitrogen or carbon monoxide), 32 (oxygen) and 18 (water) 

were monitored. 

A typical breakthrough curve shows the evolution of the concentration of the hydrocarbon at the 

reactor outlet. The amount of CO2 adsorbed during the breakthrough experiments (adsorption 

capacity) was calculated as the difference between the area under the curve in a blank 

experiment and the area under the breakthrough curve. The equation employed was: 

𝑄𝑎𝑑𝑠 =
𝐹

𝑊
∫(𝐶0 − 𝐶)𝑑𝑡         Eq. (2) 

where QADS is the adsorbed CO2 amount, F is the CO2/He flow, C is the outlet CO2 

concentration, C0 is the initial CO2 concentration, and W is the mass of adsorbent. 
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3. RESULTS AND DISCUSSION 

3.1 Physicochemical characterization of the structure directing agents 

The final properties of the synthesized mesoporous silica could depend on the botanical species 

of structure directing agent source. Although the phytotomy is different, both starches presented 

a similar amylose content, being 23.78 ± 0.16 % for potato starch and 25.25 ± 0.11 % for corn 

starch. In addition, several techniques of physicochemical characterization of potato and corn 

starches were applied.  

3.1.1 Morphology of starch granules 

Starch grains have different shapes and characteristics depending on the plant species from 

which derived. Figure 1 shows the SEM images obtained for potato (Figure 1A) and corn starch 

(Figure 1B). 

The potato starch is characterized by ellipsoidal granules with a distance through its axis of 

symmetry close to 40 μm, as well as spheres with an average diameter between 10 and 20 μm. 

This ovoidal or piriform morphology with smooth and homogeneous surface is typical of potato 

starch. 

On the other hand, granule shape of corn starch is irregular, polygonal in the plane and are 

assumed irregular polyhedral in space with a size smaller than soluble starch, which varies 

between 5 and 35 μm. The hilum is the center of growth of the granule. The location of the 

hilum is concentric, which reveals a development of the equi-radial granule with the mentioned 

polyhedral imperfections. 

 

3.1.2 Crystalline Structure  

The XRD measurements of potato and corn starches are presented in Figure 2A. It is possible to 

observe the diffraction peaks corresponding to the crystalline fraction of starches overlapping a 

wide halo characteristic of amorphous fraction. Usually accepted model of a typical cereal 
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starch granule involves alternating amorphous and crystalline lamellae, in which the main two 

components, amylose and amylopectin are embedded.  

According to several investigation, starch can be classified to A, B and C forms. In granular 

forms, the A pattern is associated mainly with cereal starches, while B form is usually obtained 

from tuber starches (Figure 2A). C-type form is a mixture of both A and B types, but also 

occurs naturally, e.g. smooth-seeded pea and various bean starches [53]. The main difference 

between A and B types is that the former adopts a close-packed arrangement with water 

molecules between each double helical structure, while the B-type is more open, there being 

more water molecules, essentially all of which are located in a central cavity surrounded by six 

double helices [54]. 

Potato starch showed diffraction peaks at 2θ = 14.6, 16.8, 19.1, 21.9, 23.6 and 25.6 degrees, 

demonstrating a B-type diffraction pattern, characteristic for the starch found in plant tubers 

(Figure 2A-a) [55, 56]. 

Instead, the diffraction pattern of corn starch showed diffraction peaks at 2θ = 14.6, 16.8, 17.5, 

19.7 and 22.7 degrees, demonstrating a diffraction peak of A-type. This kind of crystalline 

packing forms a monoclinic type cell (Figure 2A-b) [57]. 

3.1.3 FTIR analysis  

The IR spectra obtained for starches are shown in Figure 2B. In the region at 1850-600 cm-1 of 

the FTIR spectra, a broad band at 1657 cm-1 was assigned to hydroxyl groups form water 

molecules absorbed in the amylose regions of the starch granule. In addition, the band with a 

maximum at 1464 cm-1 is attributed to the bending vibration CH2, while the band with the 

maximum at 1373 cm-1 is associated with C-O-H bending vibrations and twisting CH2. The 

bands observed between 980 and 1050 cm-1 are related to the CO bond vibrations in the 

glucopyranose rings [58]. The bands between 930 and 600 cm-1 correspond to the skeletal 

vibrations of the α-1,4-glycosidic bonds. In these regions no appreciable differences are 

observed. 
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The most significant difference in the FTIR spectra between both starches, are the band at 1737 

cm-1 that are presented in the potato starch. Hernández-Martínez et al. [59] reported the presence 

of ester group in the range of 1793-1693 cm-1 for soybean oil. In the same way, S. Jain and co-

workers [60] investigated native and modified rice starch by FTIR. The region between 950 and 

1800 cm
-1

 was referred as the fingerprint of starches with a complex spectrum. The differences 

in this area of the spectrum can be attributed to the vibrational state of the glucose unit of the 

starch monomer [61]. Modifications on the starches resulted in structural and physicochemical 

variations that lead to changes in the vibrations of the glucose molecule, resulting in differences 

in their FTIR spectra. The presence of a peak at 1724 cm-1 attributed to the vibration of the C=O 

bond of an ester group, confirming the formation of ester carbonyl groups and the substitution 

of octenyl succinic anhydride (OSA) on the samples of modified starch [62]. In this way, it is 

observed that the potato starch used for the synthesis contains ester groups unlike corn starch. 

3.1.4 Thermogravimetric studies 

Figure 3A shows the mass losses as a function of temperature obtained by TGA for potato and 

corn starches. The respective differential thermal analysis curves are plotted in Figure 3B. Three 

important zones are observed where the most pronounced weight losses are represented in the 

thermogravimetric analysis.  

The first zone that occurs at temperatures below 373 K corresponding to physisorbed water [63] 

and represents a loss of 19 and 10 % for potato and corn starch, respectively. A second zone of 

thermal degradation that is in the range of 473 to 643 K, which corresponds to the 

decomposition of carbohydrates and low molecular weight components such as starch [64, 65]. 

The third zone that manifests itself above 643 K was observed only in potato starch and 

corresponds to the decomposition of higher molecular weight polysaccharides, among which are 

protein residues and lipids. Although in region 2 the potato and corn starches present a 

decomposition of 54 % and 79 %, respectively, significant differences are observed in the 

decomposition at high temperatures (zone 3). Potato starch shows a significant weight loss (22 
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%), while corn starch is almost negligible (5 %). The ash content is similar in both cases, being 

6 % for corn starch and 5 % for potato starch. 

It is important to bear in mind that for the synthesis of mesoporous SiO2, the directing agent of 

the structure must be removed at the end of synthesis. Particularly, these results indicate that 

after the synthesis of mesoporous silica, both starches will be eliminated around 800 K. 

 

3.2 Influence of the ethanol addition, pH and temperature in aqueous starch suspensions 

The modification of starch grain morphology was studied by adjusting the temperature between 

303 K and 353 K, different pH, with and without ethanol addition and following by optical 

microscopy. 

3.2.1 Study of pH influence 

Figure 4 presents de microscopic images obtained when the corn starch is in neutral (Figures 

4A, 4B, 4C), basic (Figures 4D, 4E, 4F) and acid (Figures 4G, 4H, 4I) medium at different 

temperatures.  

At room temperature, the granule of corn starch in neutral aqueous suspension (Figure 4A) has a 

polygonal shape and the typical malt cross, with homogeneous sizes close to 18.7 μm. In this 

context, it is important to note that starch granules are insoluble in water at room temperature. 

However, water can be absorbed in a reversible way due to their highly organized structure and 

great stability caused by the multiple interactions that exist with their two constituent 

polysaccharides [66]. When the suspension is heated to 323 K (Figure 4B), the morphology of 

the granules is maintained and the average size is 19.6 μm. This slight increase in grain size is 

associated with the beginning of the imbibition or water absorption in the amorphous 

intermicellar areas, which are the least organized and most accessible. In this zone, hydrogen 

bonds are not as numerous or rigid as in crystalline areas. As the temperature increases and 353 

K is reached, more water is retained, the grain begins to swell and increases in volume as shown 

in Figure 4C. Once the amorphous fragment has been fully hydrated, the crystalline particles 
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initiates a similar process, but this requires more energy. In general, when starch is subjected to 

certain temperatures, the granule reaches its maximum volume and loses its crystallinity. 

Specifically in this case, the corn starch granule at 353 K loses its polygonal morphology and 

increases its size to a value close to 29.7 μm, due to the hydration of the grain. In addition, the 

image shows a smooth edge which indicates that there is no rupture of the granule. 

On the other hand, when the suspension is basic, the morphology of the corn starch granule is 

similar to that in neutral conditions with increasing temperature. At 303 K, the starch grain 

presents the typical morphology of corn with an average size of 17.1 μm (Figure 4D). When the 

temperature increases to 323 K (Figure 4E), the grain maintains its morphology and even the 

malt cross, indicative of the non-absorption of water at this temperature. The average grain size 

is 17.0 μm. On the contrary, in Figure 4F it is observed that when 353 K is reached, the malt 

cross is lost, and the grain size increases to values close to 41.1 μm. The kinetic energy of hot 

water breaks the hydrogen bonds between the starch molecules. As hydrogen bonds are formed, 

the water has a greater ability to penetrate the granule and swelling and consequent enlargement 

of the grain occurs. This process is irreversible and occurs after reaching a critical or 

“gelatinization” temperature [67]. Therefore, the incorporation of NH4OH to the solution 

promotes the absorption of water at 353 K, due to the fact that the grain size increases from 29.7 

μm (Figure 4C) to 41.1 μm (Figure 4F). It is also observed that the grain does not have well-

defined edges and presents roughness on the inside due to the beginning of the breakdown of 

the granules, where they release amylose and amylopectin chains that form the colloidal 

network. The breakdown of the starch grain is associated with the gelatinization process which, 

in this case, is promoted by the presence of ammonium hydroxide. 

The most noticeable difference is seen when the medium is acidified with HCl. In Figure 4G the 

swelling of the starch grain at room temperature is shown, reaching an average size of 63.5 μm. 

In addition, the tortuous edges of the grain and the irregularity of its interior as a result of its 

rupture are highlighted. Thus, as the temperature increases to 323 and 353 K, the grain breaks 

down to sizes of 25.0 and 17.6 μm, respectively (Figure 4H and 4I). Consequently, it can be 
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highlighted that using an acid medium and low temperatures in the synthesis medium favors the 

gelatinization process, that is, the disintegration of the native granule structure [68]. 

A similar behavior is observed with potato starch. Figure 5 shows the images obtained with 

potato starch at neutral (Figures 5A, 5B and 5C), basic (Figures 5D, 5E and 5F) and acid 

(Figures 5G, 5H and 5I) pH at different temperatures. Starch suspension at room temperature 

(Figure 5A), presents ovoid or pyriform morphology typical of potato starch, with a 

heterogeneous grain size and close to 45.5 μm. At 323 K some small breaks in the grain stand 

out, indicated in Figure 5B. The swelling of the granule is observed once it reaches 353 K. 

Under these conditions the grain size increases to 87.5 μm (Figure 5C). With the NH4OH 

addition, a similar trend is observed as in neutral conditions. As the temperature increases, the 

absorption of water and consequent swelling of the granule occurs. The main difference 

observed compared to the neutral medium is that the average grain size is larger as the firing 

progresses, being 57.9 μm and 102.5 μm at 323 K (Figure 5E) and 353 K (Figure 5F), 

respectively. This indicates that as with corn starch, the presence of NH4OH promotes water 

absorption. 

On the other hand, in an acid medium the main difference is observed. At room temperature 

(Figure 5G) the starch grain absorbs water, increasing its size to values close to 174.5 μm and 

observing the grain breakdown. Once cooking begins, the presence of starch grains is no longer 

visible (Figures 5H and 5I), probably due to its hydrolysis. Acid hydrolysis during cooking of 

starch granules results in the formation of dextrins or short chain polymers. The acid breaks 

down the starch molecule. 

3.2.2 Study of EtOH addition 

The study of EtOH influence is analyzed taking into account that in hydrothermal synthesis of 

MCM41 type mesoporous materials, ethanol is used as a co-solvent to favor the dilution of the 

surfactant in the aqueous medium [18, 69]. 
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Following with the same line of analysis, Figures 6 and 7 show the microscopic images 

obtained for potato and corn starch, respectively, with the addition of ethanol, at different 

temperatures and pH.  

When the synthesis medium is neutral, the potato starch grain size increases slightly as the 

cooking temperature increases. It reaches mean values of 39.0, 41.9 and 49.2 μm at 303, 323 

and 353 K, respectively (Figure 6, microscopies A-C). At high temperatures, the potato starch 

grain does not absorb water or break down. Therefore, the evidence is clear that the addition of 

ethanol in neutral conditions delays the gelification process of potato starch. When the synthesis 

medium is basic (Figure 6, microscopies D-F), the starch grain swells only at 353 K, producing 

an increase in the size of the granule at values of 70.8 μm. Although water absorption occurs, 

the size achieved is 30 % lower than the value reported in the absence of ethanol. In the same 

vein, when the medium is acidic, a similar trend is observed. In the presence of ethanol at 353 

K, the swelling of the granule is achieved with average values of 70.4 μm. However, the 

addition of ethanol inhibits acid hydrolysis towards lower molecular weight compounds. In this 

context, it can be observed that regardless of the medium pH and the synthesis temperature, the 

aggregation of ethanol retards the absorption of water and inhibits the gelling/hydrolysis 

processes.  

In the case of corn starch (Figure 7), a different effect is observed compared to potato starch. In 

general terms, the sizes of the granules are maintained at different pH and temperatures, 

preserving the absorption and gelification processes. 

As a summary of this section, it was observed that starch suspensions require a moderate 

temperature to promote water absorption by the grain, swelling and consequent hydration. 

When this process is irreversible, amylose and amylopectin chains are released as a 

consequence of the gelatinization process. Therefore, the temperature of 353 K (gelatinization 

temperature) was selected to carry out the silica synthesis as a consequence of the release of 

glucose units or short-chain polymers to be used as directing agents of the structure. 

On the other hand, in both starches it was observed that the presence of ethanol delayed the 

gelation, as a consequence of dehydration process. Despite this, two solids were synthesized 
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with ethanol addition to verify this effect. In addition, the results suggest that the acidic medium 

would favor the breakage of the grain as a consequence of hydrolysis. 

 

3.3 Synthesis of Mesoporous Materials  

In this context, mesoporous silica samples were synthesized in neutral and acid aqueous 

medium, adding tetraethylorthosilicate (TEOS) as a source of silicon and potato or corn starches 

as directing agents of the structure. The silica materials obtained and the synthesis conditions 

selected are summarized in Table 1. During the synthesis, two stages of the starch are studied: 

(i) gelatinization at 353 K and times of 2, 4 and 18 h and in some cases and, (ii) starch 

retrogradation, lowering the temperature to 298 K and different times (2 and 14 h). Furthermore, 

the influence of ethanol addition and acidification of the synthesis medium with HCl solution 

was analyzed. 

 

3.3.1 Preparation with potato starch 

The textural properties were studied in order to characterize the porous structure of silica 

samples. Figure 8A shows the N2 adsorption and desorption isotherms obtained at 77 K for the 

samples synthesized with potato starch considering only the gelatinization stage (Figure 8A-a), 

with retrogradation stage (Figure 8A-b) and finally, with the ethanol addition (Figure 8A-c). 

According to IUPAC classification, the isotherms obtained are type II which corresponds to 

non-porous or macroporous adsorbent solids. Table 2 shows the quantitative values of specific 

surface area, pore volume and pore diameter. P18 sample shows a surface area of 34.2 m2 g-1, 

with a volume and average pore size of 0.09 cm3 g-1 and 23.8 nm, respectively. When the starch 

retrogradation stage is considered, the textural properties are notably improved, reaching values 

of specific surface area of 130 m2 g-1, pore volume of 0.49 cm3 g-1 and average pore size of 22.5 

nm. It is important to note that starch gelation occurs when water diffuses through the granule, 

then it swells substantially due to the hydration of its amorphous part [70, 71]. The gelation 
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process initially occurs in the amorphous region, favored by the weak hydrogen bonds present 

in this area. When starch granules swell and their components are in solution, the properties of 

the medium change from a simple starch suspension to a paste. Then, the retrogradation occurs 

when the paste generated in the gelation refrigerates [72]. During this process, amylose 

molecules associate with other glucose units to form a double helix, while amylopectin 

molecules recrystallize by assembly their small chains [73]. It is observed that for potato starch 

it is important to consider both stages of gelation and retrogradation to obtain a material with 

good textural properties. 

On the other hand, the addition of ethanol in the synthesis medium produces a decrease in 

textural properties, such as the specific surface area and pore volume. In accordance with what 

was observed by optical microscopy, the addition of ethanol under neutral conditions delays the 

gelation process of potato starch, which directly influences in the textural properties of the 

material obtained. 

In addition, Figure 8B shows the nitrogen adsorption and desorption isotherms by acidifying the 

synthesis medium. An IV-type isotherm typical of mesoporous materials with the appearance of 

the hysteresis cycle because of the mesoporous filling process is observed when 18 h and 353 K 

are used for the gelation stage and it is retrograded for 14 h at room temperature (Figure 8B-d). 

The hysteresis loop manifested is type-H2, typical of inorganic oxides such as silica [74]. 

Acidifying the synthesis medium, high values of the textural properties and representative of the 

mesoporous materials were obtained, with specific surface area, pore volume and average pore 

size of 639.3 m2 g-1, 0.28 cm3 g-1 and 6.3 nm, respectively. The pore size distribution (PSD) is 

shown in Figure S1-A (Supplementary Data). In this way, the positive effect of the HCl addition 

during the synthesis is highlighted (Table 2). As observed with optical microscopy (Section 

3.2.1), the presence of hydrochloric acid promotes the gelatinization stage, generating grain 

rupture as a consequence of acid hydrolysis. 

In this context, the gelatinization time was reduced to 4 h and kept the rest of the conditions 

constant. In this case, Figure 8B-e shows the N2 adsorption and desorption isotherm of 
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P4/14/HCl sample, which is type-IV with a hysteresis loop type-H2, representative of a 

mesoporous material with high surface specific area (708.6 m2 g-1), pore volume (0.38 cm3 g-1) 

and average pore size (3.9 nm). Therefore, by reducing the gelatinization time and acidifying 

the medium, the mesoporous material with the highest specific surface area is obtained. The 

pore size distribution is shown in Figure S1-A (Supplementary Data). 

Finally, the influence of the retrogradation stage was analyzed by decreasing time from 14 to 2 

h. Figure 8B-f display that P18/2/HCl sample shows a behavior similar to that of the P18/14 

solid, where the adsorption and desorption isotherm obtained is type II corresponding to non-

porous materials, with a specific surface area of 350.8 m2 g-1 (Table 2). The PSD is shown in 

Figure S1-A (Supplementary Data). Therefore, the behavior could be attributed to the porosity 

caused by the interparticle space, as a consequence of nanoparticles packing, that is, a secondary 

mesoporosity. 

Consequently, it is important to highlight that both retrogradation stage and synthesis in an acid 

medium are two key aspects to obtain mesoporous materials with good textural properties. 

On the other hand, in order to analyze the morphology obtained for more relevant samples, 

Figures 9 and 10 show TEM images obtained for calcined P18/14 and P4/14/HCl samples, 

respectively.  

Clear differences in TEM images are observed. On one hand, the sample with low surface area 

(P18/14) presents agglomerated and interconnected spherical nanoparticles and not well 

defined, with an average size between 10 and 20 nm (Figure 9). The packing of nanoparticles 

leaves hollow spaces, generating inter-particles mesoporosity that is, a secondary mesoporosity. 

These results agree with what was observed from the adsorption and desorption isotherms of N2. 

On the other hand, P4/14/HCl sample with a specific area of 708.6 m2 g-1 presents a 

homogeneous spherical morphology with an average particle size close to 30 nm and a more 

defined porous structure (Figure 10) in concordance with the nitrogen adsorption and desorption 

isotherms. 
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3.3.2 Preparation with corn starch 

In order to compare the results obtained with potato starch with other botanical source, samples 

were prepared using corn starch under the same synthesis conditions. Figure 11 and Table 3 

show the N2 adsorption and desorption isotherms and quantitative values of the textural 

properties obtained when corn starch was used as the structure directing agent.  

Similar behavior to that reported when the synthesis is carried out with potato starch is 

observed. C18/14, C18 and C18/14/Et samples show a type II isotherm typical of non-porous 

materials (Figure 11A). It should be noted that C18/14 sample presented a surface area of 310.1 

m2 g-1, probably due to the presence of a secondary mesoporosity generated by the interparticle 

space, as occurred with potato starch. 

Analyzing the isotherms obtained when the synthesis is performed in an acid medium, type IV 

isotherms are observed, typical of mesoporous materials (Figure 11B). In addition, C4/14/HCl 

sample presented excellent textural properties, reporting a specific surface area of 1018.1 m2 g-1, 

pore volume of 0.15 cm3 g-1, and an average pore size of 5.6 nm. The pore size distribution is 

shown in Figure S1-B (Supplementary Data). Significant improvement in surface area and pore 

volume was observed in all samples. Therefore, it is important to highlight the importance of 

HCl to promote starch hydrolysis during mesoporous silica synthesis, regardless of the botanical 

source of the structure-directing agent. 

Figure 12 presents TEM images obtained for C4/14/HCl sample. Uniform spherical morphology 

with a homogeneous diameter close to 300 nm is observed. In addition, the presence of regular 

pores is hinted at in agreement with the results observed through N2 adsorption and desorption. 

3.3.3 Comparison of samples synthesized with starches and CTAB 

Mesoporous MCM41 synthesis was reported previously by our group [18, 23, 71]. For that, n-

hexadecyltrimetilammonium bromide (CTAB) was used as template. The N2 adsorption and 

desorption isotherms obtained for this material was type IV according to the IUPAC 

classification, which are typical of mesoporous materials [18, 75, 76], with a strong inflection at 
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relative pressures p/p° > 0.3, which indicates the uniformity of the mesoporous size distribution. 

The MCM41 sample showed a surface area and pore volume values of 1295 cm2 g-1 and 0.39 

cm3 g-1, respectively. Thus, the values obtained using potato and/or corn starch are similar and 

representative of a mesoporous silica such as MCM41. On the other hand, the TEM images 

corresponding to MCM41 sample showed a spherical morphology with mean size close to 500 

nm [75-77]. Instead, mesoporous materials synthesized with CTAB as a surfactant are identified 

as mesoporous silicas that present a one-dimensional cylindrical pore packing in a hexagonal 

assembly [76]. This arrangement is characteristic of these materials and occurs because aqueous 

solutions of the quaternary cationic surfactant CTAB are used in the preparation and consequent 

formation of micelles. 

In comparison to starches, they do not have the ability to form micelle, so the materials obtained 

do not present a defined order as observed by small-angle X-ray scattering. The generated 

mesoporosity has a random order defined by the arrangement of the starch and the generated 

bonds. 

It is observed that the results obtained using both potato and corn starch are comparable with 

samples synthesized with CTAB surfactant and are promising and encourage further study. 

 

3.4 Mechanism of synthesis  

It is important to reach a global understanding of the synthesis mechanism, in order to advance 

in the area of mesoporous materials synthesis using natural structure directing agents. Until 

now, mesoporous solids with high specific surface area and good textural properties have been 

obtained considering the starch gelatinization and retrogradation stage and acidifying the 

synthesis medium.  

Considering the results obtained, a scheme of reactions that occur during the synthesis in acid 

medium is proposed in Figure 13. For this, the first stage of starch solubility and gelation and 

the second of retrogradation are considered. Certainly, under acidic conditions at 353 K, a first 
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stage occurs which consists of acid hydrolysis of starch and alkoxide (TEOS). In the case of 

TEOS, a colloidal suspension is obtained while the silanol groups (Si-OH) are formed and 

ethanol is released [78]. Simultaneously, potato or corn starch molecules depolymerize or break 

bonds randomly, producing smaller fragments corresponding to their monosaccharide such as 

glucose. The hydroxonium ion attacks the oxygen in the glycosidic bond and then hydrolyzes 

the bond. The degree of hydrolysis depends on time. In this case, it has been shown that 4 h 

were enough to obtain solid materials with the expected properties. Then, the binding 

mechanism of glucose with hydrolyzed TEOS corresponds to a SN2 nucleophilic substitution 

on the Si atom [79]. 

When the synthesis temperature is lowered to 298 K, condensation reactions of the hydrolyzed 

TEOS and glucose are promoted. The polymerization of the silanol groups forms structures 

linked by siloxane bonds (Si-O-Si) with remove of water and ethanol. It should be noted that 

there is no cationic surfactant in the synthesis medium that promotes the formation of micelles 

and consequent mesoporous ordering thus, there is a significant fraction of silanol groups that 

polymerize without ordering. On the other hand, monosaccharides such as glucose join to form 

disaccharides through the condensation reaction itself. In this way, from the association of two 

glucose molecules (bound to the hydrolyzed TEOS) disaccharides are formed (releasing a water 

molecule) which, when eliminated by calcination, leave holes that correspond to the observed 

pores. 

Then, it can be summarized that the presence of acid is important, to promote the hydrolysis of 

the silicon source and the starches used. In addition, it is essential to increase the temperature 

during hydrolysis to further promote starch solubilization and, finally, lower the temperature to 

carry out the condensation and polymerization stage. Finally, all the materials are calcined in air 

flow to stabilize the material, eliminating the starch present. 

3.5 CO2 capture at low temperature  

Silica-based mesoporous materials are widely used in low-temperature CO2 adsorption 

processes. Therefore, the materials synthesized with starch and better textural properties were 
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evaluated in CO2 adsorption at 373 K and compared with the reference solid MCM41 

synthesized with CTAB. 

In this sense, the determination of rupture or breakthrough curves is a direct method used to 

determine the adsorption capacity of adsorbent materials. Figure 14 compares breakthrough 

curves for carbon dioxide adsorption at 373 K on MCM41 sample and those synthesized with 

potato and corn starches. In addition, CO2 adsorbed amount (Qads) and the ratio between Qads per 

specific surface area are presented in Table 4. 

The reference material MCM41 synthesized with CTAB, presents an adsorption capacity of 

168.6 mg CO2 gads
-1. The materials prepared with potato or corn starches in an acid medium 

showed comparative values with an adsorption capacity between 37.0 and 150.2 mg CO2 gads
-1. 

Table 4 show the CO2 adsorbed amount linked to the specific surface area thus, the adsorbent 

solid behavior strongly depends on the textural properties achieved. It stands out that the solid 

P18/14/HCl is the one that presented the highest amount of CO2 adsorbed per surface, reporting 

a ratio value of 0.22 mg CO2 m
-2. All the materials synthesized with potato or corn starches in 

an acidic medium and with high condensation times (14 h) presented higher amounts of 

adsorption per specific surface than the reference solid MCM41. 

When comparing these results with those reported in the open literature, mesoporous materials 

based on SBA-15 and functionalized with different contents of amine groups to promote carbon 

dioxide adsorption are observed. Callejas et al. [48] reported CO2 adsorption values with solid 

SBA-15 of 19.7 mg CO2 m-2 at 318 K, indicating a ratio of 0.03 mg CO2 m-2. After 

functionalizing it with high contents of polyethyleneimine (PEI) (30 and 50 wt. %), the amount 

of adsorbed CO2 increased to 60.8 and 75.0 mg CO2 g
-1, respectively. Reasonably, when high 

PEI contents were incorporated, the specific surface area decreases, the ratio between the 

amount adsorbed and the available area increases to 0.40 and 1.53 mg CO2 m
-2 for SBA-PEI(30) 

and SBA-PEI(50), respectively. When the amine-type was changed and functionalizing with 10 

wt. % of diethylenetriaminopropyl (DT-NNN), the material adsorbed 80.0 mg CO2 g
-1, which 
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indicates 0.98 mg CO2 m
-2 [80]. It is important to highlight that these adsorption results were 

obtained at a lower temperature.  

In this way, it is observed that CO2 adsorption values obtained with non-functionalized 

mesoporous silica and synthesized with potato or corn starch present values comparable to those 

currently reported in the available literature. 

Thus, it can be seen that it is possible to synthesize a mesoporous silica-based material in 

random order using a natural structure-directing agent such as starch. It is not minor to take into 

account that the results can be extrapolated to starches from different botanical sources. 

 

4. CONCLUSIONS 

Mesoporous silica with specific surfaces area of 708.60 and 1018.10 m2 g-1 were synthesized 

using potato and corn starch as directing agent of the structure, respectively. The stages of 

starch gelatinization and retrogradation are necessary to achieve materials with good textural 

properties. In addition, the optimal synthesis conditions are linked to the acidification of the 

medium to promote the hydrolysis of starch into its monomeric units (glucose) and subsequent 

SN2 nucleophilic substitution process to interact with the silicon source. The presence of ethanol 

in the synthesis medium is not favorable due to the dehydration process that leads to delayed 

starch solubility and gelation.  

The most promising material obtained showed a CO2 adsorption capacity of 0.22 mg CO2 m
-2 at 

373 K. These values are close to those synthesized with the commercial CTAB surfactant. 

Starches from different botanical sources but similar physicochemical properties led to the 

synthesis of mesoporous silica with similar synthesis conditions and textural properties. In this 

way, it is possible to predict and extrapolate the synthesis conditions to different starches used 

as directing agents of the structure. 
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Figures and Tables 

Figure 1. SEM images of (A) potato and (B) corn starch granule. 
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Figure 2. (A) XRD patterns and (B) FTIR spectra of (a) potato and (b) corn starches. 
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Figure 3. Curves of sample (A) mass loss and (B) derived from the mass with respect to 

temperature, plotted against heating temperature for (a) potato and (b) corn starches. 
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Figure 4. Microscopic images of corn starch solution at different pH and temperatures: 

neutral (A, B and C); basic (D, E and F) and acid (G, H and I) medium. 
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Figure 5. Microscopic images of potato starch solution at different pH and 

temperatures: neutral (A, B and C); basic (D, E and F) and acid (G, H and I) medium. 
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Figure 6. Microscopic images of potato starch modified with ethanol at different 

temperatures and in neutral (A, D and C), basic (D, E and F) and acid (G, H and I) 

medium. 
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Figure 7. Microscopic images of corn starch solution at different pH and temperatures 

with ethanol addition: neutral (A, B and C); basic (D, E and F) and acid (G, H and I) 

pH. 
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Figure 8. N2 isotherms at 77 K for samples synthesized with potato starch in (A) neutral 

or (B) acidic synthesis medium of (a) P18, (b) P18/14/Et, (c) P18/14, (d) P18/14/HCl, 

(e) P4/14/HCl and (f) P18/2/HCl samples. 
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Figure 9. TEM images of P18/14 sample. Conditions of synthesis: 18 h at 353 K of 

gelation and 14 h at 298 K of retrogradation with potato starch. 
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Figure 10. TEM images of P4/14/HCl sample. Conditions of synthesis: 4 h at 353 K of 

gelation and 14 h at 298 K of retrogradation with potato starch and HCl 37 wt. %. 
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Figure 11. N2 isotherms at 77 K for samples synthesized with corn starch in (A) neutral 

and (B) acidic synthesis medium of (a) C18/14, (b) C18, (c) C18/14/Et, (d) C18/2/HCl, 

(e) C18/14/HCl and (f) C18/14/HCl samples. 
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Figure 12. TEM images of C4/14/HCl sample. Conditions of synthesis: 4 h at 353 K of 

gelation and 14 h at 298 K of retrogradation with corn starch and HCl 37 wt. %. 
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Figure 13. Scheme of the possible reactions that occur during the synthesis in acid 

medium. 
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Figure 14. Breakthrough curves corresponding to CO2 adsorption on (a) MCM41-

CTAB, (b) C4/14/HCl, (c) C18/14/HCl, (d) P18/14/HCl, (e) P4/14/HCl, (f) P18/2/HCl 

and (g) C18/2/HCl adsorbents. Conditions: 100 mg of adsorbent, 25 cm
3
 min

-1
, 373 K 

and 30 % CO2/He. 
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Table 1. Nomenclature of silica samples and synthesis conditions used. 

Starch 
Sample 

Name 

Gelatinization
(a) 

Retrogradation
(b) 

Aggregates 
tg (h) tr (h) 

Potato 

(P) 

P2 2 - - 

P4 4 - - 

P18 18 - - 

P18/2 18 2 - 

P18/14 18 14 - 

P18/14/Et 18 14 EtOH 

P18/2/HCl 18 2 HCl 

P18/14/HCl 18 14 HCl 

P4/14/HCl 4 14 HCl 

Corn 

(C) 

C2 2 - - 

C4 4 - - 

C18 18 - - 

C18/25 18 2 - 

C18/14 18 14 - 

C18/14/Et 18 14 EtOH 

C18/2/HCl 18 2 HCl 

C18/14/HCl 18 14 HCl 

C4/14/HCl 4 14 HCl 
(a) The temperature of gelatinization was 353 K, and (b) the retrogradation temperature was 298 K. 

Table 2. Textural properties of samples prepared with potato starch. 

Samples SBET
(a)

/m
2
g

-

1
 

VP
(b)

/cm
3
g

-

1
 

DP
(c)

/nm 

P18 34.2 0.09 23.8 

P18/14 130.0 0.49 22.5 

P18/14/Et 17.1 0.04 15.1 

P18/14/HCl 639.3 0.28 6.3 

P4/14/HCl 708.6 0.38 3.9 

P18/2/HCl 350.8 0.05 6.8 

(a) Surface specific area, calculated by BET method, (b) Pore volume, 

determined by BJH method and (c) Pore diameter. 

 

 

Table 3. Textural properties of samples prepared with corn starch. 

Samples SBET
(a)

/m
2
g

-

1
 

VP
(b)

/cm
3
g

-

1
 

DP
(c)

/nm 

C18 26.9 0.08 13.7 

C18/14 310.1 0.07 7.1 

C18/14/Et 25.8 0.04 7.9 

C18/14/HCl 752.0 0.29 3.7 

C4/14/HCl 1018.1 0.15 5.6 

C18/2/HCl 322.1 0.39 4.0 
(a) Surface specific area, calculated by BET method, (b) Pore volume, 

determined by BJH method and (c) Pore diameter. 
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Table 4. Dioxide carbon adsorption results. 

Samples 

Qads
(a)

  

(mg CO2 g
-

1
ads) 

Qads/SBET 

(mg CO2 m
-

2
) 

MCM41-

CTAB 

168.6 0.13 

P4/14/HCl 135.7 0.19 

P18/14/HCl 139.1 0.22 

P18/2/HCl 40.3 0.11 

C4/14/HCl 150.2 0.15 

C18/14/HCl 131.4 0.17 

C18/2/HCl 37.0 0.11 
(a) The adsorbed CO2 amount per gram of adsorbent. 
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Highlights 

1. With potato starch, mesoporous SiO2 was obtained with a surface area of 708.6 

m
2
g

-1
 

2. With corn starch, mesoporous SiO2 was obtained with a surface area of 1018.1 

m
2
g

-1
 

3. The amount of CO2 adsorbed at 373 K was comparable with MCM41-CTAB 

4. The synthesis must be carried out in an acid medium and retrograding the starch. 
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