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Silica Gel Functionalized with Cu, Ag and ZnO as an Absorbent System in Active Packaging
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Silica gel was synthesized from rice husk silicate, a sustainable feedstock, and functionalized with 
Ag, Cu, and ZnO nanoparticles to evaluate the liquid absorption capacity of these nanocomposites 
and their potential use in active packaging. From a two-level full factorial experiment, where pH, 
silicate modulus and SiO2 concentration were tested, silicas with varied surface areas (250-750 m2/g) 
and pore volume (0.4-1.0 cm3/g) were obtained. The silica with the highest porosity (1.0 cm3/g) was 
synthesized from a solution containing silicate with a modulus of 2.0 and a SiO2 concentration of 
20 g/L, by acidification to pH 6. The product obtained showed the highest absorption of water and 
simulated body fluid (190%) and was chosen as the matrix for functionalization with nanoparticles 
produced from chemical reduction (Cu, Ag) and precipitation (ZnO) methods. The incorporation of 
ZnO nanoparticles into the silica matrix had an additional contribution to liquid absorption, at a rate 
of 0.04%/ppm.

Keywords: silica gel, functionalization, active packaging, liquid absorption, rice husk ash, 
nanomaterials.

1. Introduction
Currently, Brazil produces an average of 11 million tons 

of rice per year, with 20% of this production concentrated 
in the extreme south region of the country, totaling around 
2,500 km2 of planted area1. As a result of this agricultural 
activity, about 500,000 tons of rice husk are disposed annually 
in large, open-air deposits in the region. This results in the 
emission of atmospheric pollutants, such as greenhouse gases 
(CO2, CH4) and ash, deriving from spontaneous combustion, 
as well as the generation of leachate that contaminates the 
soil and local water sources2. Therefore, industrial initiatives 
that make rice husk a valued raw material, such as the 
production of synthetic amorphous silicas from rice husk 
ash, could encourage its environmentally correct disposal, 
in a circular economy concept, and help to decarbonize the 
agri-food sector.

Active packaging systems have been a strategy to minimize 
waste of fresh meat foods, acting to absorb exudate and inhibit 
microbial growth, protein oxidation and lipid oxidation, 
extending the food shelf-life3,4. Thus, technologies involving 
moisture control, such as desiccants and absorbents, are 
often used in packaging of fresh meats, fruits and vegetables 
to reduce water activity, while antimicrobial substances 
incorporated into packaging inhibit or eliminate spoilage 
and pathogenic microorganisms5. A variety of materials 
have been considered for use in absorbent pads, such as 

wood fluff pulp, super-absorbent polymers, nanofibers, 
super-absorbent aerogels, zeolites, silica gel, etc6-8. Similarly, 
many antimicrobial agents have been used or tested for meat 
preservation, such as synthetic preservatives9,10, essential 
oils11, cationic polymers7, nanoparticles5,12, among others. 
However, many of these preservatives have adverse effects 
and shortcomings, for instance, synthetic preservatives 
may cause cancer, degenerative diseases and poisoning9, 
essential oils are strongly volatile and can be irritating7, 
while many natural antimicrobials can alter some sensorial 
characteristics of meat3. Currently, the use of composite 
materials containing nanoparticles in active packaging 
systems has become increasingly widespread12.

The non-toxic and amorphous structure of the SiO2-
based desiccants13 allows its application in research focused 
on the area of ​​active and intelligent packaging14,15 as an 
alternative to extend the shelf life of food, maintaining its 
sensorial characteristics of appearance, aroma, consistency, 
texture, and flavor3. The action of silica gel in humidity 
control applied to active packaging can occur through the 
adsorption of relative humidity from the air and/or the 
absorption of fluids exuded by the food, and the effect of 
silica’s morphological characteristics (surface area, volume 
and pore size distribution) on the adsorption capacity of 
atmospheric moisture are the main parameters, already 
extensively covered in the literature16,17. However, it is still 
necessary to further research regarding the impacts of such *e-mail: matheus.vgz@gmail.com
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characteristics on the absorption and retention of different 
types of liquids, as well as the presence of functionalized 
metallic nanoparticles in the silica matrix.

Regarding antimicrobial activity, the use of nanomaterials, 
mainly in the form of nanoparticles and metal oxides, has 
grown in recent years18,19. The great advantage of using 
antimicrobial agents in active packaging is that it allows for 
a reduction in the preservative content in food, a measure 
that satisfies a specific market niche which seeks minimally 
processed foods with minimal levels of additives in their 
composition20. In the context of active packaging production, 
among the recent alternatives for preserving fresh food, 
nanoparticles of metals and metal oxides supported on a 
silica gel matrix stand out, which can be used in absorbent 
pads, thus managing to associate antimicrobial activity 
with high moisture adsorption capacity5. The antimicrobial 
effect of these metallic nanoparticles may be linked with the 
generation of hydrogen peroxide21, resulting either in damage 
to the cell membrane and DNA16, or in the interaction with 
enzymes from thiol groups17.

The production of functionalized silica gel from rice husk 
silicate, for use in active packaging for meat, could be an 
opportunity to stimulate the use of rice husk, decarbonizing 
agricultural production and, simultaneously, reducing the 
carbon footprint of the meat processing industry, since silica 
produced from rice husk has a much lower carbon footprint 
than materials traditionally used as absorbents in active 
packaging for meat22. Considering this, the aim of this work 
is to preliminary study the water and simulated body fluid 
(SBF) retention capacity of silica gels (obtained from rice 
husk silicate) with different morphologies, through variations 
in the synthesis conditions, as well as functionalization with 
metallic nanoparticles.

2. Experimental Procedures

2.1. Materials
The sodium silicate solution produced from RHA 

(density = 1.183 g/cm3, at 20 oC), used for the synthesis of 
silica gel, was supplied by the company Oryzasil Sílicas 
Naturais Ltda., Itaqui-RS/Brazil. The other reagents used, 
all in analytical grade, were sulfuric acid 95-97% (Merck), 
nitric acid 65% (Neon), ammonium hydroxide (Dinâmica 
Química Contemporânea Ltda), copper II acetate (Dinâmica 
Química Contemporânea Ltda), ascorbic acid (Neon), silver 
acetate (Plat-Lab), sodium hydroxide (Neon) and zinc nitrate 
hexahydrate (Neon). The simulated body fluid (SBF) was 
prepared according to the method described by Kokubo and 
Takadama23 and ISO/FDIS 23317:2007.

2.2. Characterization of sodium silicate
The %SiO2 and %(Na2O + K2O) were determined 

using the ISO 1690:197624 and ISO 1692:197625 methods, 
respectively. Initially, approximately 5 mL of silicate was 
added to a previously tared 125 mL Erlenmeyer flask and the 
mass of silicate (mS1) was determined. The sample volume 
was then adjusted to a final volume of 50 mL with distilled 
water and the solution was titrated until pH 7.00 with a 
standard solution of 0.5 M H2SO4, under vigorous stirring. 

The total volume of acid added (Vac) was finally used to 
calculate the total content of Na2O and K2O, according to 
Equation 1, where M is the acid concentration:
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Next, around 5 mL of silicate was added to a 125 mL 
Erlenmeyer flask. Then, 20 mL of distilled water was added 
and, under vigorous stirring, 3 mL of concentrated HCl. The 
solution was stirred for 5 min and then placed in an oven 
at 105 °C until all the water evaporated. After the solution 
cooled down, another 3 mL of concentrated HCl and 10 mL 
of distilled water were added. The Erlenmeyer flask was then 
placed in a water bath for 5 minutes under stirring and then 
the solution was filtered and the solid was washed with water 
at 40-50 °C until the measured conductivity of the filtrate 
was less than 10 µS/cm. Then, the filter paper containing the 
solid was dried in an oven for 2h at 105 °C, transferred to 
a previously calcined and tared crucible (mc1), and taken to 
the muffle furnace to calcine at 900 °C until constant mass 
(mc2) was achieved. The SiO2 content was then calculated 
from Equation 2:

2 1
2

2
% 100c c

s

m m
SiO

m
−

= × 	 (2)

Metallic contaminants were quantified by ICP-OES 
scanning (Inductively Coupled Plasma Optical Emission 
Spectroscopy), using Agilent Technologies equipment, 
model 720.

Another important characteristic of the silicate is the modulus 
or mass ratio (Wr), defined as the relationship between the 
mass percentages of SiO2 (12.11%) and sodium and potassium 
oxides (4.73%) present in the sample, as indicated in Table 1. 
In this study, silicates of three different modulus were used: 
Wr = 2.56 (original sample), 2.0 and 1.50, the last two being 
obtained from the addition of 8.55 g and 21.57 g of sodium 
hydroxide to 500 g of original sample, respectively.

2.3. Silica gel synthesis
To obtain silica gels of different surface areas and pore 

morphologies, a full factorial experimental design (DOE) of 
3 factors at 2 levels with a central point (CP) was applied. 
The factors chosen were the silicate modulus (Wr), the SiO2 
concentration and the final pH, with levels varying as indicated 

Table 1. Full factorial experiment matrix with 2 levels and 3 input 
factors (silicate modulus, SiO2 concentration and final pH) for 
evaluating the effect of synthesis parameters on the morphological 
characteristics of silica gel.

Test
Wr [SiO2] pH
― g/L ―

R1 2.56 30 8
R2 1.50 30 4
R3 1.50 10 4
R4 2.56 10 4
R5 1.50 10 8
R6 2.56 10 8
R7 2.56 30 4
R8 1.50 30 8
CP 2.00 20 6
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in Table 1. The control factors that were kept fixed were the 
concentration of sulfuric acid, the precipitation temperature, 
and the time of precipitation. Except for CP, performed in 
duplicate, all other syntheses were performed only once.

Procedure: To a 1,000 mL beaker, 600 mL of a previously 
prepared sodium silicate solution, with the required modulus and 
concentration of silicon dioxide, were added. After confirming 
that the temperature of the silicate solution was within the 
range of 25 ± 2 °C, the sulfuric acid solution (1.070 g/cm3) 
was added drop by drop, under vigorous stirring at a constant 
rate, in order to reach the final pH in 60 ± 5 min. After adding 
the acid, the reaction mixture was kept under stirring for 
another 60 min, and then placed in an oven at 105 °C for 24 
h to evaporate. The hydrogel obtained was then fragmented, 
suspended in 100 mL of distilled water preheated to 40 °C, 
filtered through filter paper and washed in successive steps 
with 2.5 L of water at 40 °C to remove sodium sulfate. The 
washed silica was dried again at 105 °C for 24 h and stored 
in a desiccator26-28.

2.4. Synthesis of metallic nanoparticles for 
functionalization of silica gel

The synthesis of ZnO-Silica proceeded via the precipitation 
method29. Initially, 5 g of silica and 50 mL of deionized water 
were added to a 250 mL flat-bottom flask. Then, 1.0 mL of 
0.005 M zinc nitrate solution and, subsequently, 10 mL of 
0.1 M NaOH solution were added to the suspension, drop 
by drop, under magnetic stirring. The temperature of the 
mixture was raised to 60 °C and kept under stirring for 1 h. 
After filtering and washing the precipitate, it was subjected 
to calcination at 400 °C for 1 h. The ZnO-Silica obtained 
was preserved in a desiccator.

Silica gels functionalized with Cu (Cu-Silica) were 
synthesized by the chemical reduction method30,31. In a 
flat-bottom flask, 5 g of silica gel and 50 mL of deionized 
water were added. Then, 15 mL of 5% NH4OH were added 
to the suspension, drop by drop and under magnetic stirring, 
followed by 1.0 mL of 0.005 M copper (II) acetate solution. 
After the temperature was raised to 80 °C, 1.7 mL of a 
0.004 M ascorbic acid solution was added dropwise to the 
mixture, keeping it under stirring for 12 h. After filtering 
and washing, the precipitate was dried in an oven at 105 oC 
for 24 h and stored in a desiccator.

The preparation of Ag-Silica was also conducted according 
to the chemical reduction method31,32. Initially, 5 g of silica gel 
and 50 mL of deionized water were mixed in a flat-bottom flask. 
Under magnetic stirring, 1.1 mL of 0.1 M NaOH solution was 
then added and, subsequently, 15 mL of 5% NH4OH. Soon 
after, 1.0 mL of 0.005 M silver acetate solution was added 
drop by drop and left to stir for 30 min, and the mixture was 
then neutralized with concentrated HNO3. After filtration and 
washing, the precipitate was dried in an oven at 105 °C for 24 
h and stored in a desiccator. Figure 1 presents the flowchart 
with the main steps of the methodology used in this work.

2.5. Characterization

2.5.1. Assessment of surface area and morphology
The morphological characteristics of the silica gel before 

and after functionalization with metallic nanoparticles 
(NPs) were determined from nitrogen adsorption/desorption 
isotherms at 77 K in a Microtrac nitrogen surface area and 
pore size distribution (PSD) analyzer (BELSORP-mini II). 
The surface area was determined by the BET method33. For 
predominantly mesoporous samples (pore size between 

Figure 1. Flowchart with the main steps of the methodology used in this work.
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2 and 50 nm), the PSD curves were obtained from the 
desorption isotherms, using the BJH method34. In the case of 
predominantly microporous silicas (pores of up to 2 nm), the 
PSD curves were obtained from the treatment of adsorption 
isotherms, using the MP method35. In all tests, samples were 
first degassed for 3 h at 300 °C under N2 flow.

2.5.2. Assessment of liquid absorption and retention 
capacity

The assessment of the water absorption capacity and SBF 
by the silica samples before and after being functionalized 
with metallic NP’s was carried out using the methodology 
proposed by Schaller and collaborators36, where, after drying 
the silica at 105 °C for 12 h, approximately 1 g of sample 
was weighed (with a minimum precision of 1 mg) into a 
previously tared Falcon tube. Then, 15 mL of the test liquid 
was added and left to rest for 5 h, before centrifuging the 
suspension at 3,400 rpm for 20 min. Next, the unabsorbed 
amount of liquid was carefully removed, and the tube was 
weighed again. The maximum liquid retention capacity 
was obtained by the weight difference between the drained 
centrifuged sample and the dried sample.

2.5.3. Morphological assessment by transmission 
electron microscopy (TEM)

Sample preparation for TEM analyses involved the 
deagglomeration and dispersion of silica gel before and 
after functionalization with metallic nanoparticles through 
the application of ultrasonic energy in a Sonics sonicator 
(Vibra-Cell). In a beaker, 1.25 g of silica was added to 15 
mL of absolute ethanol. The sonication of the samples 
proceeded with the introduction of the titanium tip to a depth 
of 19 mm and the application of an acoustic power of 32 
W, pulsed at 80%, for 15 min. An ice bath was used around 
the beaker containing the suspension to avoid overheating 
the sample. The sonicated samples were left to rest for 24 
h. Afterwards, an aliquot of the dispersion supernatant 
was collected, and 0.05 mL was added to a 5 mL beaker 
containing 0.5 mL of absolute ethanol. The suspension was 
then sonicated for 1 min in an ultrasonic bath and, shortly 
after, copper sample holders coated with Formvar® carbon 
film were immersed in 1 drop of suspension and left to dry 
for 12 h. After drying the sample holders’ images of both 
the pure silica gel (matrix) and the silica gel functionalized 
with metallic nanoparticles were obtained from a JEOL 
transmission electron microscope (JEM-1011), operating 
with an acceleration potential of 80 kV.

2.5.4. Determination of nanoparticle content in silica 
samples

To quantify the metallic nanoparticles present in silica 
gel, the samples were prepared according to the EPA 3051A 
method and analyzed by ICP-OES according to the SMEWW 
3120 B and EPA 6010C methods. The EPA 3051A preparation 
method consists of microwave-assisted acid digestion using 
nitric acid (HNO3) and hydrochloric acid (HCl). However, 
since this method is not intended to perform total sample 
decomposition, extracted analyte concentrations may not reflect 
the total sample content. On the other hand, methods like 
SMEWW 3120 B and EPA 6010C describe the determination 
of trace elements in aqueous solution. A standard aerosol is 
generated in a suitable nebulizer and spray chamber and is 
injected into the plasma at temperatures of 6,000 to 8,000 K. 
The resulting ionization of a high percentage of atoms 
produces ion emission spectra that was analyzed using a 
monochromator to examine the wavelengths of the emission 
spectra. The method also lists recommended analytical 
wavelengths and estimated instrumental detection limits.

3. Results and Discussion

3.1. Sodium silicate composition
Knowing the chemical composition of the sodium silicate 

used is essential, both for controlling the silica gel synthesis 
reaction and for verifying the suitability of the raw material 
in terms of the presence and levels of metallic contaminants. 
Table  2 shows the values ​​for the compositional analysis 
of sodium silicate. The majority of contaminants present 
came from agricultural waste itself, but the high mercury 
content stands out, with 2 mg/L being found in the sample 
analyzed. In this case, the source of contamination was 
probably the sodium hydroxide used to produce sodium 
silicate in industrial scale.

3.2. Surface area and pore morphology of silica gel
Firstly, the influence of silica gel processing parameters 

on morphology and sorption capacity was evaluated. In 
addition to being widely used to determine the BET surface 
area and PSD of porous solids, measuring adsorption at the 
gas/solid interface is also fundamental for understanding 
these materials’ nature and surface behavior. Adsorption 
isotherms can show different characteristic shapes, can be 
divided into eight groups according to an extended IUPAC 
(International Union of Pure and Applied Chemistry)37 

Table 2. Chemical composition of sodium silicate produced from rice husk ash.

Composition (%) Contaminants (mg/L)

SiO2

As 0.044 Se <1.00 Ca 15.60 Mn 0.167
12.11 Pb 0.259 Al 1.580 Co 0.147 Mo 0.095

S 1.891 Ba <1.00 Cu 0.105 Ni 0.742

Na2O+K2O
Fe 0.273 Be <0.50 Cr <1.00 Ti 0.137

4.73 P 60.52 Bi 1.369 Sn 1.200 V 0.063
Hg 2.040 B 0.556 Mg 1.180 Zn 1.250
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classification and provide important preliminary information 
about the structure of the adsorbent pores, allowing the 
choice of the most appropriate analysis method to be used 
in each case37,38.

Figure  2 presents the N2 adsorption and desorption 
isotherms at 77 K of the silica gels synthesized in this study. 
According to the IUPAC37 classification, in Figure 2a, it is 
evident that samples R1, R5, R6, R8 and CP, acidified to a 
higher final pH (6 – 8), present Type IV isotherms and H1 
hysteresis loop, typical characteristics of materials with a 
structure of cylindrical pores ranging in size between 2 and 
50 nm (mesopores).

The isotherms of samples R2, R3, R4 and R7, synthesized 
at pH = 4 and presented in Figure 2b, showed a Type 1 
format, typical of predominantly microporous solids (pores 
≤ 2 nm). However, these isotherms also showed small H4 
hysteresis loops, indicating the presence of narrow slit-like 
mesopores. Therefore, based on the analysis above, the BJH 
method was used to obtain the PSD curves for samples R1, 
R5, R6, R8 and CP (Figure 3a), while for samples R2, R3, 
R4 and R7 the MP method was applied (Figure 3b).

From the application of the BET, BJH and MP methods 
in specific regions of the adsorption/desorption isotherms, the 
BET surface area (SBET), BET constant (CBET), pore diameter 
at the distribution peak (dp), and total volume of pores (Vp) of 

silica gels produced under different synthesis conditions were 
obtained, which are shown in Table 3. The results of the PSD 
analysis confirm the preliminary assessment carried out based 
on the isotherms’ classification, since the samples considered 
microporous (R2, R3, R4 and R7) presented dp ≤ 2 nm and the 
samples considered predominantly mesoporous (R1, R5, R6, 
R8 and CP) showed dp in the range of 2 to 50 nm. Furthermore, 
microporous samples exhibited a surface area of ​​742 ± 14 m2/g, 
approximately 2.5 times larger, and a pore volume of 0.49 ± 
0.05 cm3/g, on average 1.7 times smaller than predominantly 
mesoporous silicas. It is also observed that after 80 days the 
characteristics of microporous silicas, on average, did not 
change significantly, while the mesoporous silicas experienced 
an average reduction of 19 m2/g in surface area. This change 
may be the result of a process known as Ostwald ripening, in 
which small particles dissolve and redeposit at the junction 
region between larger particles (necks), due to the greater 
solubility of convex surfaces (higher surface energy). The 
higher final conductivity of the washing water of mesoporous 
silicas (113 ± 32 µS/cm) compared to microporous silicas (6.7 
± 1.8 µS/cm) indicates a much larger remaining amount of 
sodium sulfate in them, which can also have contributed to 
the accelerated aging of mesoporous samples39.

The effect of varying reaction conditions on the silica 
gel’s morphological characteristics can be better assessed 

Figure 3. Pore size distributions (PSD) for: (a) mesoporous silica samples, using BJH method (desorption branch), and (b) microporous 
silica samples, using MP method.

Figure 2. Nitrogen adsorption/desorption isotherms at 77 K for silica gels synthesized at (a) pH = 6 to 8 and (b) pH = 4.
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by analyzing Figures 4  to 6, which show the impacts of 
variations in the silicate modulus, final pH of the reaction and 
SiO2 concentration on both in the analysis of BET surface 
area and in total pore volume of silica gel. In Figure  4, 
it is observed that only the final pH of the reaction has a 
significant effect on the surface area of ​​the silica gel, with 
a sudden drop in SBET for pH ≥ 6. A similar behavior can be 
observed in Figure 5 for the average pore diameter, with a 
sudden increase in dp for pH ≥ 6 and resulting in a drastic 
change in morphology, from microporous to mesoporous.

In the case of total pore volume, shown in Figure 6, pH 
clearly has a major effect, but the silicate modulus and SiO2 
concentration also seem to have a small contribution to the 
characteristic. Given these results, silica with a larger total 
pore volume was the one produced with intermediate values 
of Wr and SiO2, at the central point.

According to the classical theory of silica polymerization 
proposed by Iler40, the small particles formed at the beginning 
of the process, with sizes smaller than 5 nm, are highly soluble 
due to their high surface energy, and tend to dissolve and 
redeposit on larger particles (Ostwald ripening), leading to 
particle growth. When the reaction is carried out at pH ≥ 6, 
the depolymerization/polymerization rate is high, so that the 
particle continues to grow rapidly until it reaches approximately 
10 nm in diameter (SBET = 300 m2/g). On the other hand, 
when the reaction occurs at pH = 4, the maturation process 
is very slow, and particle growth becomes negligible after the 
particle reaches 4 nm (SBET = 750 m2/g). Furthermore, at pH 
≥ 6, the surface is more negatively charged and the repulsion 
between silica particles is high, leading to a lower aggregation 
rate and resulting in the formation of aggregates with longer 
branches and greater pore volume. On the contrary, at pH = 
4, the surface of the silica particles is poorly charged, leading 
to a high rate of aggregation, and resulting in the formation 
of more compact aggregates, with smaller pore volumes40.

In the hygroscopic regime, the adsorbent capacity of a 
porous solid is the result of the combination of two factors: 
the interaction potentials and the morphology of the adsorbent. 
The phenomenon of adsorption occurs when the potential 
energy of interaction between adsorbate and adsorbent, φ, 
equals the work that needs to be done to take a molecule from 
the gaseous state to the adsorbed state. The total adsorbate-

adsorbent interaction energy comprises the contributions of 
the dispersive, φd, and specific, φs components. The dispersive 
component involves van der Waals forces, while the specific 
component may involve permanent electrical monopoles or 
multipoles, hydrogen bonds, acid-base interactions, etc41. In 
the case of silicas, specific interactions are preponderant, and 
therefore the degree of surface hydroxylation of silica is an 
important physicochemical characteristic for the adsorption 
phenomenon, as surface silanol groups can interact with water 
molecules and other molecules polarized by hydrogen bonds42.

The BET constant, obtained from the BET method for 
determining surface area, reflects the material’s surface 
adsorption energy and can be used as an approximate 
measure of the relative proportion of surface siloxane and 
silanol groups. Thus, the lower the CBET value, the lower the 
degree of the silica’s surface hydroxylation and its capacity 
to adsorb moisture should be43. The effect of varying reaction 
conditions on CBET is shown in Figure  7. It is observed 
that the silicate modulus does not appear to have affected 
CBET significantly, but it is quite evident that, at lower pH 
and [SiO2], the silica synthesized showed a lower degree 
of surface hydroxylation. According to Legrand  et  al.44, 
silanol groups are formed during the synthesis of silica, 
due to the process of condensation of silicic acid on the 
surface, and the degree of surface hydroxylation is strongly 
dependent on the preparation method. However, the literature 
researched does not indicate a clear relationship between the 
synthesis parameters and this characteristic. The hypothesis 
considered to explain the phenomenon is that at low pH the 
central silicon atoms become more electrophilic due to the 
electronic drainage suffered, becoming more susceptible to 
attack by silanol groups (condensation). Consequently, acid 
catalysis favors the formation of more linear chains (lower 
number of hydroxylated ends), while basic catalysis leads 
to more highly branched network structures (higher number 
of hydroxylated ends), since reactions in terminal silicon 
atoms are favored45. In addition, it can be expected that for 
lower silicate concentrations the polycondensation kinetics 
are controlled by diffusion, so that the surface silanols have 
enough time to react with each other before condensing 
with new silicic acid molecules, increasing the proportion 
of siloxane bridges on the surface.

Table 3. Characteristics of silica gel obtained from sodium silicate from rice husk under different synthesis conditions, immediately after 
analysis and after stabilization.

Sample

24 h after synthesis 80 days after synthesis

SBET CBET dp Vp SBET CBET dp Vp

m2/g ― nm cm3/g m2/g ― nm cm3/g

R1 289 93 8.1 0.746 266 99 8.1 0.744
R2 722 101 1.3 0.481 715 98 1.3 0.476
R3 742 88 1.4 0.543 751 84 1.4 0.550
R4 754 88 1.4 0.528 765 84 1.4 0.534
R5 260 112 10.6 0.868 244 107 10.6 0.841
R6 295 108 8.1 0.802 276 103 8.1 0.799
R7 750 121 1.2 0.425 740 117 1.2 0.423
R8 331 95 9.2 0.875 305 99 9.2 0.870

CP(1) 323 99 9.2 0.944 302 103 10.6 0.946
CP(2) 292 102 10.6 0.954 282 104 10.6 0.974

Where: SBET = BET surface area; CBET = BET constant; dp = pore diameter at the distribution peak; Vp = total volume of pores.
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Figure 6. Effects of variations in the silicate modulus (a), final reaction pH (b) and SiO2 concentration (c) on the total volume of pores 
(Vp) of the silica gel.

Figure 4. Effects of variations in the silicate modulus (a), final pH of the reaction (b) and SiO2 concentration (c) on the BET surface area 
(SBET) of the silica gel.

Figure 5. Effects of variations in the silicate modulus (a), final pH of the reaction (b) and SiO2 concentration (c) on the average pore 
diameter (dp) of the silica gel.
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3.3. Liquid absorption capacity of silica gel
Figures 8 and 9 show the absorption properties of liquid 

water and simulated body fluid by the different synthesized 
silicas. It was observed that the degree of absorption was 
directly proportional to the average size and total volume 
of the material’s pores, and inversely proportional to the 
surface area. Furthermore, no correlation was observed 
between liquid absorption capacity and CBET, indicating 
that the degree of surface hydroxylation does not affect this 
property significantly.

The observed behavior is opposite to what would be 
expected for the water adsorption in the vapor phase by silica 
gels commonly used as desiccants17,46, which confirms that 
the ability to absorb liquids is strongly related to the presence 
of large structural “voids”, and less dependent on the surface 
activity of the silica. Therefore, the mesoporous silica group 
(R1, R5, R6, R8 and CP) exhibited greater liquid absorption 
than the microporous silica group (R2, R3, R4 and R7).

3.4. Evaluation of the effect of silica 
functionalization with ZnO, Ag and Cu on 
morphological characteristics and liquid 
absorption

The exuded liquid from fresh meat products during 
their storage tends to increase the free water availability 
for oxidation and rancidity reactions, making its removal 
essential to extend the food’s storage time3. As observed in 
the results above, due to the greater capacity to absorb water 
and simulated body fluid, the silica gel sample identified as 
“CP” was chosen to be used as matrix for doping with metallic 
nanoparticles with proven antimicrobial activity29,31. In this 
context, Table 4 shows the morphological characteristics 
determined by BET, the liquid absorption properties of the 
silica gel functionalized with metallic nanoparticles obtained, 
and the amount (nominal) of Cu, Ag and ZnO nanoparticles.

It is observed that the chemical modification resulted 
in an average reduction of 14% in the surface area and 
an increase of 5 to 9% in the total pore volume of the 
functionalized silicas in relation to the CP matrix. This change 

can be attributed, theoretically, to the partial digestion of the 
structures during alkali treatment, which favors the Ostwald 
maturation process39. In part, the increase observed in the 
functionalized silica gels’ pore volume in relation to the CP 
matrix may explain the observed increase in water and SBF 
absorptions, however, the ZnO-Silica sample presented a 
superior water absorption and SBF in comparison to the 
other samples. In order to further investigate this behavior, 
two more silicas functionalized with ZnO were prepared, 
with nominal dopant levels of 81 mg/kg and 407 mg/kg, and 
new water absorption tests were carried out. The results of 
these water absorption tests for ZnO-functionalized silicas 
with varying ZnO contents are shown in Figure 10.

From the intersection of the trend line with the y 
axis in Figure  10, a water absorption value of 215% is 
obtained, indicating that the increase in pore volume could 
be responsible for only 11% increase in water absorption 
capacity (the absorption of the PC sample was 194%), which 
would also be consistent with the absorption trend shown 
by the mesoporous samples in Figure  8a. Therefore, the 
results obtained indicate that the observed excess absorption 
may be related to the presence of ZnO particles introduced 
into the silica matrix. According to Li  et  al.47, the water 
absorption capacity of functionalized silica also depends 
on the polarizability of the metallic particles supported 
in the matrix. Thus, the greater the polarizability of the 
doping material, the stronger the attractive forces between 
the nanoparticle and water, which can result in a greater 
capacity for liquid retention by the material.

Figure 11 shows the micrographs obtained by TEM for 
silicas functionalized with Cu-Silica (a, b), Ag-Silica (c, d) 
and Zn-Silica (e, f) obtained at different magnifications. It 
was observed that all nanoparticles had an approximately 
spherical shape, with Ag and ZnO nanoparticles having sizes 
of up to 15 nm, while Cu nanoparticles had a larger size, 
up to 30 nm, but within the range considered to have high 
antimicrobial activity48. Furthermore, all identified metallic 
nanoparticles are apparently anchored in the matrix, with 
no isolated particles identified. The enhanced antimicrobial 
effectiveness of nanoparticles and nanofilms, compared to 

Figure 7. Effects of variations in the silicate modulus (a), final pH of the reaction (b) and SiO2 concentration (c) on the BET constant 
(CBET) of silica gel.
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materials with micrometric-scale compositions, is attributed 
to the increased surface area available for interactions with 
microorganisms. Since the migration of these agents into food 
is undesirable, the strategy of anchoring the nanoparticles 
in a matrix, such as silica, is normally adopted49.

The silica gel functionalized with Ag and ZnO 
nanoparticles were also tested as absorbent pads in active 
packaging for meat products and the results were presented 
in a separate publication50. The antimicrobial activity of these 
nanocomposites through agar diffusion tests was studied, as 
well as its effectiveness in application in a prototype packaging.

4. Conclusion
This work demonstrated the influence of the synthesis of 

silica gel and its functionalization with metallic nanoparticles 
on the liquid absorption capacity, in order to preliminarily 
evaluate the potential use of these nanocomposites in 
absorbent pads for active packaging.

Figure 8. Influence of total pore volume (a), surface area (b) and average pore diameter (c) on the water absorption capacity of silica gel.

Figure 9. Influence of total pore volume (a), surface area (b) and average pore diameter (c) on the simulated body fluid (SBF) absorption 
capacity of silica gel.

Table 4. Morphological characteristics and liquid absorption properties of silicas functionalized with Cu, Ag and ZnO nanoparticles.

Sample

Content of Adsorption N2 at 77 K Liquid absorption

added metal SBET Vp water SBF

mg/kg m2/g cm3/g % %

Silica “CP” ― 292 0.960 194 187
Cu-Silica 64 252 1.047 209 221
Ag-Silica 108 259 1.045 204 209

ZnO-Silica 814 245 1.011 245 244

Figure 10. Effect of ZnO nanoparticle content on the water absorption 
capacity of functionalized silica gel. The absorption capacity of 
the silica gel identified as CP, used as a matrix for the synthesis of 
silica functionalized with ZnO, is indicated as a reference in the 
red dashed line.
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The silica gel was synthesized from sodium silicate 
obtained from rice husks, a circular and renewable material 
with a lower carbon footprint than traditional materials 
currently applied for this purpose. By varying the silica gel 
synthesis parameters explored by 2×3 factorial design (DOE), 
it was possible to obtain silicas with varied surface areas 
(250 – 750 m2/g) and pore volume (0.4 – 1.0 cm3/g). The 
water and simulated body fluid absorption tests indicate that 
the absorption capacity of these liquids is influenced mainly 
by the size and volume of silica pores (directly proportional), 
with no apparent contribution from surface activity. This 
behavior contrasts with what could be expected for the 
water adsorption in the vapor state. The sample that showed 
the greatest effectiveness in absorbing liquids was the CP 
sample, and thus it was used as a base for functionalization 
with metallic nanoparticles.

Nanoparticles of Ag, Cu and ZnO were successfully 
incorporated into the silica gel matrix. The Ag and ZnO 
nanoparticles presented sizes of up to 15 nm, while the Cu 
nanoparticles presented a larger size, up to 30 nm, within 
the range considered to have high antimicrobial activity. 
The presence of ZnO nanoparticles in silica appears to have 

contributed, effectively and proportionally to their content, 
to the absorption of water and simulated body fluid. The 
antimicrobial activity of these nanocomposites was studied, 
and the results were presented in a separate publication.
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