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ARTICLE INFO ABSTRACT

Keywords: This paper evaluates corn starch aerogels, studying different crosslinking agent (trisodium citrate) concentrations
Corn starch (1:1, 1:1.5, and 1:2) and sorption conditions (contact time, adsorbent weight, and initial concentration)
Aerogel

regarding the potentially toxic elements (PTEs) [Cd(II) or Zn(II)] adsorption of the aqueous systems. Besides,
other properties of aerogels, such as structural properties, specific surface area, and mechanical performance,
were evaluated. For adsorption results, better values were observed in adsorption capacity and efficiency for the
initial concentration of 100 ppm. In addition, an adsorption time of 12 h and an adsorbent weight of 3.0 g
obtained better results due to the possible balance in this time and the high specific surface area available for Cd
(ID) adsorption. As for the type of adsorbent, the Aero 1:1.5 sample (intermediate crosslinking agent concen-
tration) obtained better results, possibly due to the high porosity, smaller pore sizes, high pore density, and high
specific surface area (198 m2~g’1). In addition, hydroxyl groups in the starch aerogel removed Cd(II) ions with
30 % adsorption efficiency. Lastly, Aero 1:1.5 obtained a high mechanical strength at compression and a

Potentially toxic elements

satisfactory compressive modulus. In contrast, starch aerogels did not absorb the Zn(II) ion.

1. Introduction

Water contamination is one of the causes of the degradation of water
resources, with studies indicating their possible exhaustion in up to
three decades [1,2]. These contaminants of water resources can be found
in domestic effluents, industrial waste, surface, and groundwater [3,4].
Among these contaminants, one of the most worrying nowadays is
potentially toxic elements (PTEs) due to their high mobility and bio-
accumulation in living beings and humans, generating several problems
[5,6].

Ion toxicity depends on mobility, influenced by the original mineral
form, mobilization processes, and oxidation state [7,8]. Cadmium ion
[Cd(ID)] is a potentially toxic element found in the earth's crust, widely
used in mining, processing metallic materials, battery production, and
cigarette production [9]. It is a non-essential metal for human health,
generating liver dysfunction, pulmonary edema, testicular damage,
osteomalacia, damage to the adrenal glands, hematopoietic system, and,
more aggressively, cancer [10]. In contrast, zinc ion [Zn(II)] is an
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essential metal, being a crucial micronutrient for new classes of enzymes
and indispensable for the function of more than 300 enzymes [11].
However, it causes the breakdown of the plasma membrane zinc transfer
set in large quantities, thus triggering apoptosis and even allowing cell
death [12].

The partial or total removal of contaminants from water treatments
is necessary to improve pre-and post-consumer water quality [13].
Recently, emerging removal methods have been gaining ground in in-
vestigations [14,15]. Adsorption has been gaining ground as a process of
separation, purification, and/or detoxification on an industrial scale,
which conventional and non-conventional materials can achieve, such
as porous solids [16-19].

Adsorbents are reactive substrates with a high surface area to
interact with contaminants and molecules [20,21]. Aerogels are highly
porous structures that have been used as non-conventional adsorbents to
remove contaminants from water [22]. Due to their high surface area,
lightness, and compositional versatility, aerogels are excellent candi-
dates for promoting contaminant adsorption, promoting remediation of
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Fig. 1. Step-by-step scheme of starch-aerogel preparation.
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Fig. 2. Scheme of the steps related to the study of adsorption of corn starch aerogels by ICP-MS.
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Fig. 3. The visual aspect of corn starch aerogels, highlighting Aero 1:1 (red circle), Aero 1:1.5 (blue circle, and Aero 1:2 (green circle), respectively.
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Fig. 4. Stress (kPa) versus strain (%) curves for corn starch aerogels.

contaminated areas [23-26]. One of the current materials used to

Aero 1:1.5
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Aero 1:2

Table 1
Mechanical performance values for corn starch aerogels.

Mechanical performance values Starch aerogels

Aero 1:1 Aero 1:1.5 Aero 1:2
Compressive modulus (kPa) 107.4 £ 1.0 100.5 +£ 0.7 123.0 + 4.0
Maximum compressive strength 375+ 4.3 33.4+£0.7 31.0 £ 3.0

(kPa)

Maximum strain at compression (%) 68.0 + 4.3 75.1 +£ 3.0 73.3+45
5 % strain strength (kPa) 3.5+ 1.0 56+ 1.2 10.0 &+ 3.0
10 % strain strength (kPa) 7.0+ 1.6 8.4+ 1.0 8.0 + 2.0
20 % strain strength (kPa) 11.2+2.0 10.0 £ 1.3 11.3+ 1.0

prepare aerogels is polymers, in which polysaccharides are promising
molecules to synthesize these porous structures [27,28].

In recent years, numerous papers have brought applications of
functionalized materials, such as composite materials containing the
chelating agent, to improve the PTEs' removal from contaminated water.
However, most current functionalized adsorbent systems cover research
for composite materials from silica and sensors containing organic
molecules for the removal of metal ions, dyes, and organic compounds
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Fig. 5. Nitrogen adsorption/desorption isotherm curves by BET surface area analysis of corn starch aerogels prepared by varying the crosslinking agent concen-

tration (Aero 1:1, Aero 1:1.5, and Aero 1:2).

Table 2
Average values of BET-specific surface area, pore diameter, and pore volume for
corn starch aerogels.

Samples Specific surface area Pore diameter Pore volume
(m>g ") (nm) (em®g ™"
Aero 1:1 403.0 2.3 0.42
Aero 198.0 2.6 0.24
1:1.5
Aero 1:2 183.5 2.4 0.18

[29-44]. However, chelating agents such as aminopolycarboxylic acids
(APCAs) and organic molecules may cause severe problems when
functionalized materials containing these compounds are disposed on
the environment. Studies point out that these compounds (such as
nitrogenous and reactive molecules) cause eutrophication when dis-
carded in ecosystems due to the increased proliferation of algae gener-
ated. It occurs by releasing nitrogen in the liquid medium. In addition,
there is the possibility of promoting the destruction of cell membranes of
some types of bacteria, promoting the impoverishment of the local soil
or the quality of water bodies [45,46]. Thus, this paper investigated
sustainable and biodegradable materials to develop a porous adsorbent
to remove PTEs from contaminated water.

Starch is considered the second polysaccharide more abundant on
the planet [47]. Due to its abundant presence of hydroxyl functional
groups in starch structure and eco-friendly approach, this material is
promising for developing sustainable adsorbents [48]. However, low
works used starch aerogels to adsorb contaminants. Hammi et al.
developed HKUST-1 and ZIF-8 in a colloidal solution of different mo-
lecular weight chitosan biopolymers. One of the colloidal solutions used
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Fig. 6. Concentration (ppm) results after adsorption for the Blank systems and
the acidic NaOH solution without the adsorbent related to Cd%* systems.

was starch and chitosan as templating to remove Red congo dye from
contaminated water [49]. However, in this work, starch was used to
support removing the contaminant. Thus, this work aims to evaluate
corn starch aerogels with different crosslinking agent concentrations
(corn starch proportion: crosslinking agent) regarding the adsorption
capacity and efficiency related to aqueous systems containing Cd(II) and
Zn(Il) ions alone, as well as their mechanical performance. Besides,
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Fig. 7. Results of a) concentration (ppm) after adsorption, b) adsorption capacity (mg-g~), and ¢) adsorption efficiency (%) for systems containing the divalent
cadmium ion at an initial concentration of 20 ppm, varying the type of adsorbent and the weight, related to the measured times, respectively.

condition sorption, such as adsorbent weight, time, and initial concen-
tration, was investigated to comprehensively in-depth the system sorp-
tion of these metal ions.

2. Experimental
2.1. Materials

The corn starch aerogels were developed from corn starch, contain-
ing 27 % (w/w) of amylose and 73 % (w/w) of amylopectin, which was
supplied by Corn Products Brazil (PRODUCTS®/CASCO® Industrial
Corn Starch - 030050). Sodium hydroxide was purchased from Casa
Americana (Sao Paulo, Brazil), citric acid was purchased from Synth
(Sao Paulo, Brazil), and distilled water was used to prepare all the aer-
ogel solutions.

The study of the adsorption of divalent metal ions [Cd(II) and Zn(II)]
by starch aerogels was carried out using metal ion salts in the form of
nitrates [cadmium nitrate tetrahydrate PA (Exodo, Sao Paulo, Brazil)
(CdN20g-4H20) and zinc nitrate hexahydrate PA (Dinamica, Sao Paulo,
Brazil) (Zn(NO3)2-6H20), distilled water, milli-Q water, sodium hy-
droxide PA (NaOH), nitric acid PA (HNOs) (Synth, Sao Paulo, Brazil),
and distilled nitric acid.

2.2. Aerogel synthesis

The corn starch aerogels were prepared from adaptations of the
methodology described by Abhari, Madadlou, and Dini [50] and pre-
viously developed and published in a previous paper [47]. The prepa-
ration methodology was synthesizing a corn starch aerogel, crosslinked
by citric acid in a base medium (formation of trisodium citrate) and
dried by freeze-drying. The nomenclature of the samples was based on
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the proportion of corn starch and crosslinking agent, respectively (Aero
1:1, Aero 1:1.5, and Aero 1:2). Fig. 1 elucidates the step-by-step meth-
odology used to prepare starch aerogels.

2.3. Characterizations

2.3.1. Visual aspect

The visual aspect of corn starch aerogels before and after adsorption
tests were evaluated from images obtained by a Xiaomi Technology Co.
Ltd. camera (Haidian District, Beijing, China), with a resolution of 8000
x 6000 pixels, digital light stabilization, and a sensor size of 1/two ”.

2.3.2. Shrinkage rate

The aerogel's shrinkage is an essential characteristic of the devel-
opment of aerogels. This aspect depends on the drying type and the
intrinsic structure of the material. The shrinkage rate (%) is given by the
variation in dimensions of the hydrogel and aerogel after drying, as
described by Wang et al. Eq. (1) describes the diameter variation of the
hydrogel (Ly) and the aerogel (L¢) formed after drying by lyophilization
[51]. The measurements of the diameter of the aerogels were performed
in quadruplicates, with the aid of a digital caliper, measuring them in
millimeters (mm).

0

Lo— L
)= ‘

Shrinkage Rate (% x 100% 1

2.3.3. Mechanical compressive analysis

Mechanical compressive analysis was performed to evaluate
compressive modulus (kPa), compressive strength (kPa), and strain at
break (%). This analysis was adapted from ASTM D-695-15 [52] and
Kucharek, MacRae e Yang [53]. A texture analyzer (model XTplus, TA
instruments) was used on the compressive pattern model, using a
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Fig. 8. Results of a) concentration (ppm) after adsorption, b) adsorption capacity (mg~g’1), and c) adsorption efficiency (%) for systems containing the divalent
cadmium ion at an initial concentration of 100 ppm, varying the type of adsorbent and the weight, related to the measured times, respectively.

constant uniaxial compression speed of 1 mm-min~!, pre-and post-
testing speed of 600 mm-min~!, and a 5 kN load cell. The samples were
prepared according to ASTM D-695-15 [52], using the cylindrical sam-
ple type with a diameter of 8.4 &+ 0.2 mm and height of 10.5 + 0.5 mm.
Thus, the tests were performed on ten samples of each composition, an
anisotropic material.

2.3.4. Specific surface area (BET)

The surface area of corn starch and nanocellulose aerogels were
investigated by ultra-high purity nitrogen adsorption and desorption
isotherms at 77.3 K using the Brunauer, Emmet, and Teller (BET)
equation (Quantachrome Instruments, mod. Nova 1200e, Kingsville,
TX). Before measurement, approximately 200 mg of the sample was
heated at 110-115 °C for 4 h under a vacuum for degassing. For surface
area determination, the adsorption isotherms in the linear region of the
BET plot (at a relative pressure P/PO0 in the range from 0.05 to 1) were
used using a multipoint BET [54-56].

2.3.5. Adsorption of cadmium and zinc

The adsorption studies were based on the methodology of batch
adsorption experiments as described by Herman, Fabian, and Jézsef
Kalmar. It consists of dry samples of corn starch aerogels immersed in a
solution containing the ion to be removed. This system was kept under a
controlled temperature of approximately 25 + 5 °C and rotation of 120
rpm [57], as presented in Fig. 2.

For in-depth comprehension of the adsorption mechanism of corn
starch aerogels, some parameters were chosen as fixed and others as
variables, seeking to observe their influences on the adsorption capacity
and efficiency [58,59], highlighted in Egs. (2) and (3), respectively.
Thus, concentration measurements were performed by Inductively

632

Coupled Plasma Mass Spectrometry (ICP-MS), using an Agilent Tech-

nologies, model 7900 (Hachioji, Japan) instrument to obtain data to find

adsorption capacity (mg - g~ 1) and efficiency (%). Cadmium and zinc

standards were prepared from a standard solution of these ions (Perki-

nElmer, Inc., USA) to construct the calibration curve.

M x Vs 100%
m,

Adsorption capacity (Q) (mg.g™') = )

a

Cy— Cy
Adsorption efficiency (E)(%) = (Ocil) x 100%
0

3

Co (mg~L’1) is the initial concentration, C¢ (mg-L’l) is the concen-
tration at each time of withdrawal of the aliquots or the equilibrium
concentration, m, is the adsorbent weight, and Vg is the volume of the
adsorption solution containing potentially toxic elements ions.

The temperature of the systems was 25 + 5 °C, and the agitation was
120 rpm, considered the study's fixed parameters. These parameters
were controlled by accommodating the systems in a Shaker Benchtop
Incubator with Agitation and Heating (Solab Equipment for Labora-
tories, model SL-222/E). The other fixed parameters were the ions, the
volume of solution used, and the pH of the solutions. The ions investi-
gated were cadmium [Cd(I)] and zinc [Zn(I)]. In addition, the volume
of the solution was 100 mL of solution and the constant pH for all ions
and at all concentrations tested was approximately 4-5, with a pH
previously chosen as fixed due to the good results previously described
in the literature [59-61].

In contrast, the variable parameters were the adsorbent weight (g),
the initial concentration (ppm), the time (h), and the type of aerogel
used. In addition to the systems containing each ion, measurements
were carried out without the ion's presence and in the nitric acid
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fixed, and varying the time and the adsorbent weight, corresponding to a) time of 12 h of adsorption and 0.5 g of adsorbent weight, b) time of 12 h of adsorption and
3.0 g of adsorbent weight, c) time of 48 h of adsorption and 0.5 g of adsorbent weight, and d) adsorption time of 48 h and 3.0 g of adsorbent weight.

solution. The systems were prepared using stock solutions containing
each of the ions, at a concentration of 1000 ppm and 200 ppm, with a
dilution ratio of 1:9, where 90 mL was a solution of nitric acid (HNO3)
0.01 M and 10 mL of the stock solution, thus resulting in each system
containing 100 ppm and 20 ppm (initial concentration) [57]. The pH
adjustment between 4 and 5 was from a 0.1 M sodium hydroxide solu-
tion added to each system containing the ions [31]. The time interval for
the adsorption was 12 h and 48 h, aiming to evaluate the maximum
adsorption time or the equilibrium adsorption [62]. The adsorbent
weight was chosen considering a low weight ratio of 0.5 g and extrap-
olating to 3.0 g of adsorbent [63].

An NWF wrapper (non-woven fabric) was used for packaging the
corn starch aerogels, aiming to make prototypes to apply the adsorbents.
It is due to possible inertia in the adsorption process, as this type of
fabric, in addition to being porous, allows the permeation of the solution
for contact with the aerogels, promoting their protection [64,65].
Therefore, the aerogels were sealed inside the NWF wrappers using a
Timer Sealer (M30 Sela Bivolt, NK Embalagens).

The adsorption systems containing the ions were named according to
the type of aerogel, the adsorbent weight used, and the concentration of
the initial used to remove the ions [Aero (ratio starch: crosslinking
agent) M(adsorbent weight) CI (initial ion concentrationy]. As for the samples
characterized as Blank systems, the systems without the presence of ions
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(only acid, base for pH adjustment, and adsorbent) were named by the
type of aerogel, and the weight used [Aero (ratio starch: crosslinking
agent) M(adsorbent weight) Blank]. Moreover, the systems with the ions and
the NWF without the aerogel were named NWF CI (initial ion concentration)-
Finally, the solutions containing only the acid solution were named
Blank HNOs.

2.3.6. General factorial

For a statistical evaluation of the adsorption capacity (Q) and
adsorption/removal efficiency (E) data, their results were treated in the
experiment design software (Design-Expert® Version 11 Software) using
General Factorial, previously used to plan the experiments performed.
The Multilevel Categoric factorial function was used to evaluate the in-
teractions between the variables of aerogel type, initial concentration,
adsorption time, and adsorbent weight related to the responses
mentioned above in triplicate [66,67]. For factorial evaluation, the 3D
surface graphics model was used to exemplify and demonstrate the in-
teractions and differences between the samples to understand the most
significant factors, thus showing the best factors that result in better
results.

2.3.7. X-ray photoelectron spectroscopy (XPS)
The XPS experiments were conducted on a ThermoFisher Scientific
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3.0 g of adsorbent weight.

K-alpha + model, with A1 Ka monochrome radiation at room temper-
ature. Spectra were performed with 10 or 20 eV for high-resolution
scans. All data were processed in CASAXPS software.

3. Results and discussion
3.1. Structural formation of aerogels

Fig. 3 presents images of the starch aerogels prepared by different
crosslinking agent concentrations followed by freeze-drying.

It was verified that all the aerogels presented a visual aspect like an
open-cell foam, with apparent roughness, observed in Fig. 3. This
appearance of solid foam was verified by Ferreira and Rezende, who
prepared ultralight cellulosic materials from cellulose microfibrils iso-
lated from eucalyptus pulp and dried them in a conventional oven [68].
Dogenski et al. also obtained foam-like aerogels with apparent rough-
ness. They reported that the process of gel formation is essential.
However, the aqueous medium is also one of the determining factors for
forming aerogels with a rigid structure and without collapse [69].

Moreover, one of the essential parameters for the formation of aer-
ogels is the shrinkage rate of aerogels. This aspect is recurrent in the
aerogel's drying process as well as in the intrinsic structure of the
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precursor material. It is generated by forming hydrogen bonds between
the macromolecules of the chain structure of the three-dimensional
network [70]. Therefore, the Aero 1:1, Aero 1:1.5, and Aero 1:2 sam-
ples obtained a shrinkage rate of 20.0 &+ 5.0, 11.1 + 4.0, and 17.0 + 2.0,
respectively.

From the results obtained for all samples, the Aero 1:1.5 sample had
the lowest shrinkage rate among the aerogels studied. It indicates the
lower impact of the freeze-drying process with an intermediate con-
centration of the crosslinking agent. Vareda, Lamy-Mendes, and Duraes
reported that aerogels generally have an acceptable shrinkage rate
below 25 %, maintaining their dimensional stability without significant
changes due to drying and the formation of hydrogen bonds in organic
aerogels [71]. The slight influence of freeze-drying drying on the
shrinkage rate compared to supercritical drying, described by Czlonka,
shows that the main factor responsible for this aspect is the formation of
intermolecular bonds between the polymer chains during crosslinking
[70]. Furthermore, let us evaluate the Aero 1:1 and Aero 1:2 samples. A
higher shrinkage rate can be correlated with a higher densification of the
structure and, therefore, a higher density of the aerogels [72], showing
that the sample with a possible lower density is Aero 1:1.5 aerogel.
Therefore, all the prepared starch aerogels had a foam appearance, with
apparent roughness, without defects or collapsed structure, and still
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Fig. 11. Visual aspect images at the beginning of the Cd(II) adsorption tests and after 12 and 48 h for the Aero 1:1.5 m3 o Cl;o0 sample.
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Fig. 12. Concentration (ppm) results after adsorption for the Blank systems and
the acidic NaOH solution without the adsorbent related to Zn(II) systems.

with a low shrinkage rate, showing the efficiency of the aerogel's
structure obtaining.

3.2. Mechanical compressive analysis

Fig. 4 presents the stress-strain curves for three aerogel types, eval-
uating the mechanical compressive performance.

The behavior of the stress-strain curves presented in Fig. 4 is classi-
fied as typical curves of a bioaerogel. It is corroborated by Buchtova
et al., who verified that the stress-strain curves for bioaerogels contain a
linear elastic region at low strains, allowing the determination of the
modulus of elasticity, and showing a stress plateau, corresponding to a
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progressive buckling of the cell walls, and densification of the material
at high strains, where the stress abruptly increases [73]. Ganesan et al.
also observed the exact behavior of the stress-strain curves for cellulose
aerogels [74]. Besides, from the stress versus strain curves in Fig. 4,
Table 1 presents the results of compressive modulus, maximum
compressive strength, and strain strength at 5, 10, and 20 % (kPa), as
well as the maximum strain at compression (%).

Evaluating the compressive modulus results highlighted in Table 1,
the sample that presented the highest value of compressive modulus was
the Aero 1:2, with 123.0 + 4.0 kPa. It was possibly due to the increase in
the crosslinking agent concentration, resulting in a higher cell density,
which generated a high compressive modulus. Wang et al. presented
that increased compressive modulus is possibly due to the formation of
structures with higher crosslink density, which can dissipate energy
more effectively under applied stress [75].

Regarding the maximum compressive strength (kPa), according to
the increase in the crosslinking agent concentration, there was a
decrease in the compressive strength value. This phenomenon may have
occurred due to the influence of pore size. As previously discussed in
previous results [47], the difference in pore size values between the Aero
1:1 and Aero 1:2 samples for the most prominent pores was 163.4 pm,
and for the smallest pores, it was 14.4 pm; thus, the Aero 1:2 sample
performed the highest values of macropores. Ganesan et al. claim that
smaller pore sizes result in higher mechanical strength than larger pores
[74]. In contrast, Wu et al. observed that larger pores lower aerogel
compressive strength and elasticity [76], justifying the previous affir-
mative. Furthermore, this statement supports the higher pore density
value of 54.3 cont. mm ™2, which was 1.5 times greater than the pore
density of the Aero 1:1 sample and 9.7 times higher than the Aero 1:2
sample [47].

The same trend of the maximum compressive strength values was
observed for the maximum strength values at 5, 10, and 20 %, showing a
slight difference between the samples but still supporting a greater de-
gree of crosslinking for the Aero 1:2 sample allowing a higher value of
mechanical strength. The same crosslinking trend and increase in these
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values were observed in the work of Zhao, Tian, and Huang. They
evaluated these results and increased aerogel strength as the degree of
crosslinking of clay-reinforced starch aerogels increased [77]. Wang
et al. obtained excellent mechanical properties due to a higher cross-
linking degree. It was due to the higher degree of crosslinking and
interlacing of the polymer chains, which are associated with a higher
percentage of crosslinking agents, thus forming an ordered and stable
three-dimensional crosslinking agent structure [78].

Another influence on the mechanical strength of aerogels was
described in previous work. The degree of crosslinking observed by the
ratio of 1582/995 cm ™! peaks associated with crosslinking increased by
73 % between samples Aero 1:1.5 and Aero 1:1, and 12 % between Aero
1:2 and Aero 1:1.5 samples, correlating with the increase of mechanical
performance of these samples. The increase in water absorption
confirmed this association with the increased crosslinking of the system
because the lower the water absorption, the more the structure is
crosslinked due to the decrease in the movement of the chains for water
permeation in its structure [47]. Therefore, there was a slight increase in
the maximum strain at compression, corroborating the decrease in the
maximum compressive strength values. It was caused by the collapse of
the pore walls due to the decrease in the amount of force that the sample
resists [79], showing that intermediate concentrations of crosslinking
agent (Aero 1:1.5) are better at maintaining the mechanical properties of
starch aerogels.

3.3. Specific surface area (BET)

One of the main characteristics that make aerogels a promising
candidate for applications, as in the case of adsorption, is the surface
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area. According to Ganesan et al., starch aerogels have a surface area
ranging from 100 to 400 m?g~! [80]. The BET (Brunauer-Emmett—
Teller) method consists of the adsorption/desorption of nitrogen under
pressure to characterize the surface area, pore size, and pore volume
[81]. Therefore, Fig. 5 shows the nitrogen (N3) adsorption/desorption
isotherm graphs of the starch aerogel samples, varying the concentration
of the crosslinking agent.

According to Thommes et al., in their [UPAC technical report, they
present the adsorption/desorption isotherms of nitrogen, classifying
them according to the design of the curve. Therefore, from the appear-
ance of the isotherm curves in Fig. 5, all samples presented a typical type
IT isotherm curve. It corresponds to the physisorption of most gases in
nonporous or macroporous adsorbents [81]. The design of the isotherm
curve is connected to what was observed in the results of scanning
electron microscopy regarding the mean pore size in previous work
[47]. Da Costa et al. also observed BET's exact design of nitrogen
adsorption isotherm curves, classifying their natural biocomposites
based on sericin/alginate/poly(vinyl alcohol). They observed a ten-
dency towards a macroporous structure due to obtaining a type II
isotherm curve of its material, aiming at the recovery of ytterbium in a
packed bed column [82]. In addition, Wang et al. investigated the effect
of supercritical drying methods using CO5 and freeze-drying using liquid
nitrogen to prepare cellulose nanofibrils (CNF) aerogels. They observed
that their aerogels had an isotherm curve design for freeze-drying, like
type II. However, observing a small number of micropores and meso-
pores in their aerogel structure formed due to the slow rise at small,
applied pressures [51].

Table 2 shows the average values of BET-specific surface area, pore
diameter, and pore volume obtained for the corn starch aerogels,
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corroborating the design of the nitrogen adsorption/desorption
isotherm curves.

It is observed that the Aero 1:1 sample had a higher surface area
compared to the other samples. Furthermore, as the concentration of
crosslinking agent increased, a decrease in surface area and pore volume
was observed. According to Ganesan et al., the BET method for evalu-
ating the surface area of polysaccharide aerogels, or bio-aerogels, is
limited due to the contraction the structure may undergo due to the type
of precursor molecule employed. In the case of polymers formed by
glycosidic units and with a high presence of crosslinks, there may be, in
addition to contraction and shrinkage, the formation of macropores
[80], that is, evaluating the results of the pore sizes by scanning electron
microscopy, the apparent density and the percentage of shrinkage, the
Aero 1:1.5 sample is still more promising than the other samples due to
the low shrinkage it has suffered after drying by freeze-drying, obtaining
a less dense structure, with the presence of macropores observed by SEM
and micropores obtained by BET, with a good pore density and the
lowest density.

3.4. Adsorption of cadmium and zinc

3.4.1. Adsorption capacity and efficiency of Cd(Il) from starch aerogels

Fig. 6 presents the concentration results for Blank systems without
the Cd(II) related to the results obtained by the ICP-MS.

First, evaluating the concentration results of Fig. 6 obtained for the
Blank systems, without the presence of Cd(II), containing the adsorbent
and without its presence (Blank HNOj3), there was a tiny presence or
trace of the ions in these systems because the concentration is close to or
equal to 0 ppm. Therefore, it was proved that the non-interference of this
ion through contamination of the systems could generate an analytical
error in the systems with the presence of the ion. In addition, the
integrity of the adsorbents in the acidic medium was observed, so they
were not adsorbed.

Proving the non-interference of the systems without the presence of
cadmium ion, Fig. 7 present the results from the systems with the
addition of divalent cadmium ions, with 20 ppm initial concentration,
highlighting concentration (ppm), adsorption capacity (mg - g~1) and
efficiency (%), respectively.

For systems at 20 ppm Cd(II) concentration, Fig. 7.a shows the results
at 0, 12, and 48 h. After 12 h of adsorption, all samples showed a slight
decline in final concentration. Their respective deviations and analytical
errors were minor for samples containing NWF and starch aerogel.
However, the same behavior was the opposite for the system that con-
tained only the NWF (without the presence of the starch aerogel),
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showing an imprecision and a significant analytical deviation. Possibly
the NWF (non-woven fabric), made of polypropylene, only absorbed the
content on its surface (in some cases) but without complete adsorption
due to the wettability of its fibers by water. Wei et al. stated that NWF
made of PP could be used for the adsorption of metals due to its char-
acteristics such as disordered fiber structure, high specific surface, low
cost, and degradable nature. However, due to its hydrophobicity and
inert chemical structure, it resulted in low affinity with water and
metals' adsorption, compromising the metal ions' adsorption aspect and
thus requiring a surface modification of these fibers [65]. In the case of
the adsorbent prototype (NWF and starch aerogel), no modification of
the NWF was carried out, thus proving the non-adsorption of cadmium
in the fibrillar structure of the NWF and allowing the textile and fibrillar
bioriented structure of the NWF to make it feasible for the permeation of
contaminated water to enter contact with the aerogel.

For the adsorbent prototypes, concentration results for all aerogel
samples showed a removal between 2 and 4 ppm, resulting in a small
removal of cadmium II ions when the initial concentration was lower
(20 ppm). The same trend was observed for the adsorption capacity
results (mg-g~!), with a small variability for all aerogels. However,
comparing the weight of the adsorbent used (0.5 and 3.0 g, respec-
tively), the lower weight of the adsorbent resulted in a higher adsorption
capacity. Lei et al. also observed the same phenomenon in the adsorp-
tion of cadmium II on highly stable dopamine-modified magnetic
nanoadsorbents. They observed that if the initial concentration and
volume of cadmium are constant, the number of cadmium ions in con-
tact with the surface of the adsorbent per unit weight decreases with the
increasing dosage of the adsorbent [83].

As for the adsorption time, both adsorption capacity and efficiency
were influenced. A shorter adsorption time of 12 h was more satisfactory
than 48 h. The equilibrium adsorption time occurred in 12 h, with a
shorter adsorption time due to the appropriate forces produced for mass
transfer between the solid and liquid phases, as described by Zadeh,
Esmaeili, and Foroutan [84]. Compared with other adsorbents, such as
polyethylene microspheres, which obtained a maximum adsorption ca-
pacity of 0.01 mg-g~! between 12 and 48 h [85], the Aero 1:1 sample
and adsorbent weight of 0.5 g obtained an adsorption capacity of 0.2 +
0.1 mg-g ! and adsorption efficiency of 21.0 + 6.2 %. It demonstrates
higher adsorption efficiency of corn starch aerogels than the adsorbents
described in the literature. In contrast, Fig. 8 presents the results of the
100 ppm initial concentration, regarding concentration (ppm), adsorp-
tion capacity (mg - g 1), and efficiency (%), respectively.

In general, increasing the initial concentration from 20 ppm to 100
ppm, there was a sudden decrease in concentration after 12 h, steadying
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until 48 h. Evaluating only NWF samples, such as TNT Cl;oo, low
adsorption values, and high adsorption capacity and efficiency,
following the same trend of high deviations as the 20 ppm initial con-
centration samples.

In the adsorbent prototypes, a concentration decrease between 20
and 30 ppm for 100 ppm initial concentration samples was found,
affecting higher adsorption capacity and efficiency. Awual et al. verified
the same trend of values that indicated a possible application for this
purpose. On the other hand, to use this adsorbent remediation
contaminated environments with a high concentration of cadmium ions
[86]. It is likely due to the increase in driving force, i.e., the stronger
concentration gradient at the higher concentration, thus driving the Cd
(I1) ions to the surface of the adsorbent [87]. Then, it resulted in a more
effective removal of Cd(II) ions from the surface of the aerogel. Besides,
a higher adsorbent weight (3.0 g) resulted in higher cadmium removal.
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This effect is contrary to the result presented in the weight of 0.5 g.
Bakole et al. obtained the same result for Cd(I), investigating the
adsorption of the potentially toxic elements using two different nano-
adsorbents: purified carbon nanotubes and polyhydroxybutyrate func-
tionalized carbon nanotubes [88]. Thus, the general factorial from DOE
evaluation proved the previous conclusions, analyzing adsorption ca-
pacity and efficiency. Four variables were chosen, X1 (adsorbent type)
and X2 [initial concentration (mg-gfl)] as fixed variables on the X axis,
to observe the results of adsorption capacity (Fig. 9) and adsorption
efficiency (Fig. 10) in the Y axis. Besides, the adsorption time (12 and 48
h) and the adsorbent weight (0.5 and 3.0 g) were varied.

From the results of the general factorial obtained by the 3D surfaces,
for the adsorption capacity response, the initial concentration of 100
ppm presented superior results than the adsorption capacity results of
the initial concentration of 20 ppm, proving what was discussed
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Table 3
Peak areas for Cls and Ols spectra for Aero 1:1.5 before adsorption, and the
Aero 1:1.5 m3 o Cl;o0 sample after adsorption of Cd(II) and Zn(1I), respectively.

Peak area Samples
Aero 1:1.5 Aero 1:1.5 after Aero 1:1.5 after
before Cd(1I) adsorption Zn(II) adsorption
adsorption
Peak 1 - Cls (C—C 1.7 x 10%° 2.5 x 10%° 2.3 x 10%°
and C—H bonds)
Peak2-Cls(C—OH 9.6 x 10° 2.8 x 10%° 2.7 x 10%°
and C—O0—C
bonds)
Peak 3 - Cls 1.7 x 10%° 1.7 x 10%° 2.1 x 10%°
(0—C=0 bonds)
Peak 1-01s (C=0 7.3 x 10'° - -
bonds)
Peak 2-01s (O—H 3.6 x 10'° 9.8 x 10'° 1.0 x 10%°
bonds)
Peak 3-01s (C—0 8.6 x 10° - -
bonds)

previously. Islam et al. also observed this trend, in which they found that
Cr(VI) sorption increased with increasing o Cr(VI) ion concentration
[89]. Consequently, a higher initial concentration generates more sig-
nificant removal of contaminants, indicating the possible applicability of
these adsorbents for remediation of environments with high content of
contaminants.

There was a slight difference between the two initial concentrations,
analyzing the adsorption efficiency results, and there is not a very sig-
nificant difference between the adsorption efficiency of the aerogel
types. Besides, higher-weight aerogel (3.0 g) generated better results, as
observed in Fig. 10.b and d, respectively. Hasanpour and Hatami re-
ported that the high percentage removal of potentially toxic elements
increases quickly with an increase in the dosage of adsorbents due to
greater accessibility of the surface area and exchangeable sites [90]. In
contrast to Naushad et al., they correlated the decrease in the adsorption
capacity and the aggregation of para-aminobenzoic acid functionalized
activated carbon sites, which increased adsorbent and decreased the
total surface area [91]. Thus, a more porous adsorbent weight generates
more available active sites, improving metal ion removal.

On the other hand, evaluating the average results of the adsorption
capacity and efficiency, as well as the evidence of the interactions be-
tween the factors evaluated by the 3D surface obtained by the DOE,
among these results, the sample Aero 1:1.5 m3 ¢ Cl;09, with 12 h contact
time have obtained better results. Higher values of adsorption capacity
(0.47 + 0.03 mg-g_l) and adsorption efficiency (30.0 + 0.5 %) were
obtained. It agrees with data obtained in previous studies by Camani
et al. The sample Aero 1:1.5 presented larger average pore sizes (180.7
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+ 41.1 pm) and smaller (33 £+ 11 pm) that were lower than the other
crosslinking agent concentrations (Aero 1:1 and Aero 1:2) [47].
Furthermore, a higher porosity (90 %) and high specific surface area
(198.0 m?-g~ 1) were found in this sample. Liu et al. found that smaller
pores promote excellent retention and adsorption capacity than samples
with larger pore size distribution [92]. Zhou et al. claim that high
porosity and water permeability (generated by the material's affinity for
water) can promote greater metal ion diffusivity in the hydrogel struc-
ture [93]. Besides, Rahman et al. correlated the high detection, ab-
sorption, and adsorption capability of 3-methoxyanaline (3-MA) due to
the large surface area of porous nanocomposite formed by a thin layer of
Agy0@Las03 NSs into glassy carbon electrode [94].

Lastly, hydroxyl groups generate the cation-n interactions between
-OH and cadmium ions, resulting in possible more complexation and
higher adsorption [95,96]. Kubra also associated the Cu(II) removal
with the complexation bonding with functional groups present into 4-
dodecyl-6-((4-(hexyloxy)phenyl)diazenyl)benzene-1,3-diol (DPDB)
ligand of composite material based on mesoporous silica monoliths [97].
However, Aero 1:1.5 obtained the best result due to the availability of
hydroxyl groups [98] and high surface area, which promoted hydrogen
bonds interacting with Cd(II). Then, Fig. 11 presents visual aspect im-
ages of the Aero 1:1.5 m3 ¢ Cl; oo sample at the Ty, T12, and Tyg of the Cd
(II) adsorption tests and the scheme explaining the adsorption
mechanism.

Therefore, higher porosity, high specific surface area, hydroxyl
groups, smaller pore sizes, higher initial ion concentration, and higher
adsorbent weight promote more significant adsorption of the Cd(II) ion,
as shown in Fig. 11, illustrating the visual aspect images. At Ty, as well as
after T2 and T4g, in addition to a proposal on how the adsorption of
cadmium ions on the aerogel surface occurs.

3.4.2. Adsorption capacity and efficiency of Zn(I) from starch aerogels

Starch aerogels were evaluated as adsorbents for zinc ion [Zn(II)]
adsorption systems. Thus, Fig. 12 shows the concentration results for
Blank systems without the Zn(II).

Evaluating Fig. 12, the same trend for the Blank systems (without the
contaminating ion) with Cd(II) was observed for the systems with Zn(II).
In this way, it was possible to verify that there was no interference of this
ion through the contamination of the adsorption systems, thus allowing
a minor analytical error in the ion systems. Thus, Figs. 13 and 14 eval-
uate the adsorption systems with Zn(II) ions, presenting the concentra-
tion results and adsorption capacity and efficiency for the initial
concentration of 20 and 100 ppm, respectively.

In contrast to the bivalent cadmium ion, the Zn(II) adsorption, both
for the NWF Clyg (Fig. 13) and NWF Cly g (Fig. 14) samples, showed the
non-affinity of Zn(Il) ions with PP fibrillar structure of the non-woven
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Fig. 18. Possible adsorption mechanism of starch aerogel related to Cd(II) ions.
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fabric. The same behavior was observed for prototype samples con-
taining corn starch aerogels. Both concentrations of 20 ppm and 100
ppm presented no adsorption since the final concentration, the adsorp-
tion capacity, and the adsorption efficiency obtained results lower than
0, negligible, and even harmful.

Wang et al. claim that the decrease in Zn(II) adsorption capacity is
lower for pH less than 6. It is due to decreasing the electrostatic repul-
sion between the adsorbent and Zn ions at a pH close to 6 [99]. It may be
one of the justifications for the non-existent adsorption of Zn(II) ions on
the surface of corn starch aerogels. Another explanation that can be
reported to support the non-adsorption of Zn(II) ions by corn starch
aerogels is the preference of the divalent zinc ion for functional groups
such as amine and carboxyl instead of the hydroxyl groups present in the
structure of corn starch aerogels. Anirudhan et al. investigated the
adsorption of Cu(Il) and Zn(II) ions from aqueous solutions using ami-
noxylated polymerized banana stem (APBS) as an adsorbent. They
observed that the complexation of the Zn(II) ion occurred at active sites
that contained amine functional groups originating from the structure of
the synthesized adsorbent [100]. This hypothesis can be found in more
recent works, such as those by Dardouri et al., who investigated the
adsorption of Zn(II), Cd(II), and Fe(III) using modified polystyrene with
amine groups, with subsequent crosslinking using 2,2'-dichlorodiethyl
ether, followed by tris-(2-chloroethyl)-phosphate. They found that the
high adsorption selectivity of Fe(III) and Zn(II) ions can be explained by
their high affinity with the oxygen and amino acid atoms of the diethyl
ether and organophosphate groups [101].

Moreover, Fig. 15 presents the images of the visual aspect after the
adsorption process and a scheme of the non-adsorption of zinc ions in
the crosslinked structure of corn starch aerogels.

Therefore, the concentration of intermediate crosslinking agent
(Aero 1:1.5) showed a higher degree of crosslinking, smaller pore sizes,
and higher density of smaller pores, lower density, and higher porosity,
as seen in previous work. However, in this paper, this crosslinking
concentration (1:1.5) showed a porous structure with a low shrinkage
range, a high specific surface area, better adsorption capacity adsorption
of cadmium ion [CA(II)], and better mechanical performance at the
concentrations studied (Aero 1:1 and Aero 1:2).

The adsorption time of 12 h showed more conclusive results, possibly
being the time to reach equilibrium adsorption, proven by the increase
in concentration values after 48 h. The adsorbent weight of 3.0 g showed
better values, possibly due to the increase in the available area and
contact surface of aerogel, whose Aero 1:1.5 sample showed better
values, reaching an adsorption efficiency of 30.0 %. The Aero 1:1.5
sample obtained lower density, higher porosity, smaller pore sizes, and
higher pore density than the other samples, resulting in a high specific
surface area.

3.4.3. Adsorption mechanism comprehensive

From adsorption results obtained by ICP-MS analysis and multivar-
iate factorial design of experiments (DOE), Aero 1:1.5 was the highest
adsorption between all samples. Thus, XPS analysis was performed to
evaluate the binding energy modifications, seeking to understand the
possible adsorption mechanism for this porous material. Then, Fig. 16
presents the XPS survey spectra of Aero 1:1.5 before adsorption, the
Aero 1:1.5 m3 o Cljo9 sample after adsorption of Cd(II) and Zn(II), and
atomic concentration for their samples, respectively.

In the survey spectra, all samples - before and after adsorption —
presented atomic species as Cls, Ols, N1s, and Nals, corresponding at
284 eV, 534 eV, 401 eV, and 1072 eV, respectively [102]. Besides, it is
observed that the same trend of peaks comparing Aero 1:1.5 before and
after adsorption of Cd(II) and Zn(II), with the appearance of two peaks of
S2p at 168 eV and N1s at 400 eV. These peaks may be unconsidered due
to low atomic percentage after Cd(II) and Zn(II) adsorption. However,
Nals at 1072 eV obtained higher atomic concentration before adsorp-
tion due to aerogel synthesis, in which sodium hydroxide is used to
generate trisodium citrate, which is the crosslinking agent of this
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crosslinked structure. As sodium is part of the crosslinking agent chain
that participates in the crosslinking, the available sodium ions may have
decreased in concentration after adsorption, as these ions may have been
released in the aqueous solution containing the ions. Thus, it generated
an availability of interaction of the Cd(II) and Zn(II) ions to sites that
once interacted with Na ions. Ma et al. reported the same behavior due
to the presence of Na ions in the zeolite structure [103]. Another fact to
prove this hypothesis was a pH increase after Cd(II) adsorption, from 5.0
to 8.0, showing the influence of Na ions on the aqueous solution,
generating NaOH, which increased the media pH. Evaluating XPS
spectra for Cls and O1s species in Fig. 17, some considerations for the
adsorption process are found. Then, Table 3 denotes the peak areas for
each Cls and Ols species, respectively.

Regarding C1s and O1s spectra of samples before and after Cd(II) and
Zn(II) adsorption (Fig. 17), the Cls spectra for two steps presented the
three peaks. Before adsorption (Fig. 17.a), peak 1 is located at 285.1 eV,
2 at 286.7 eV, and 3 at 288.4 e V, which are associated with C—C and
C—H bonds, C-OH and C—0O—C bonds, and O—C—=0 bonds, respec-
tively [104]. After Cd(I) and Zn(II) adsorption (Fig. 17.c and e), these
peaks were shifted for low values than Aero 1:1.5 before adsorption.
This chemical shift of the C element may be regarded as an adsorption
process, in which carbon groups participate the interaction with Cd(II)
and Zn(I) [105], in which Zn(II) may have had a small interaction,
proved by ICP-MS results.

For Ols spectra, before adsorption (Fig. 17.b), some peaks were
observed, as 531.4 eV, 532.9 eV, and 536.1 eV, in which these peaks are
related to C=0, O—H, and C—O bonds, respectively [104]. After Cd(II)
and Zn(II) adsorption, peak 1 (531.4 eV) and peak 3 (536.1 eV) dis-
appeared from the spectra, maintaining peak 2 at 532.9 eV for Zn(II)
adsorbed aerogel sample and shifted this peak for Cd(II) adsorbed aer-
ogel sample. According to Wang, Zhu, and Wang, a decrease in the peak
area ratio of C=0 and C—O bonds was verified, whereas the peak area
ratio of O—H increased. This decrease is linked to the complexation of
heavy metal, in which O atoms donate electrons to heavy metal ions,
resulting in an electron density of O decrease [104].

Comparing the peak area for Cls and O1s species found in Table 3,
C—OH and C—O—C bonds had a significant decrease in this peak area,
and O—H bonds presented an increase, especially for Aero 1:1.5 after Cd
(II) adsorption, proving the ICP-MS, due to the highest adsorption than
Zn(II) ion. Vieira et al. have also observed increased C1s bond intensity
due to interaction with Cr(VI) ion [106]. In addition to the possible
chemical adsorption observed by the XPS, the pore size observed in the
previous work may be one of the factors to help the Cd(II) adsorption. As
mentioned above, Aero 1:1.5 presented large average pore sizes (180.7
+ 41.1 pm) and pore density (37.4 cont. mm™~2). However, it presented
the lowest small pore size (33 & 11 pm), the highest pore density (54.3
cont. mm’z), and an excellent specific surface area (198 mz-g’l) [471.
Faghihian, Nourmoradi, and Shokouhi reported that the pore size, pore
distribution, surface area, and surface chemistry of the adsorbent
contribute to improving the adsorption process [107]. Hao et al. related
the action of small pore size to facilitate the copper ion adsorption due to
the formation of active sites coordination between copper ion and gra-
phene oxide/montmorillonite composite aerogel [108]. Lastly, Awual
et al. obtained Co(II) removal of contaminated water due to the large
pore volume and high surface area of the mesoporous inorganic silica
[109]. Therefore, as seen in Fig. 18, hydroxyls and carbon-based groups
decrease the Na™ ion number of trisodium citrate after adsorption. Still,
the presence of the smallest pore size and high pore density of starch
aerogel with intermediate crosslinking agent concentration acted
slightly on the adsorption mechanism to Cd(II) for Zn(II).

4. Conclusions
This study focused on the influence of different crosslinking agent

concentrations and adsorption conditions on the corn starch aerogels'
performance regarding the adsorption of Cd(II) and Zn(II) ions,
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structural characteristics such as visual aspect and shrinkage rate, spe-
cific surface area, and their mechanical performance. For the adsorption
of Cd(II) ions, more significant adsorption was observed for the systems
prepared with an initial concentration of 100 ppm than 20 ppm. It was
statistically confirmed by the general factorial obtained in the 3D graphs
of the DOE. It is due to the increase in driving force, on the other hand,
the stronger concentration gradient from the higher concentration (100
ppm).

From the general factorial evaluation obtained by DOE and the
adsorption capacity and efficiency results, the Aero 1:1.5 sample, with
the adsorbent weight of 3.0 g and from an initial concentration of 100
ppm, presented the best Cd(II) removal performance. A high specific
surface area was found by porous structures, considering greater
porosity and smaller pore size, that corroborated an improvement of
capacity and efficiency of adsorption of Cd(Il) ions, as well as the
presence of hydroxyl groups. This fact was proved by XPS results, in
which hydroxyl groups and carbon-based groups could have helped in
the adsorption process. Besides, the decrease of Na+ ions in aerogels
after adsorption, the highest pore density of small pores, and high spe-
cific surface area were proved as possible adsorption mechanisms. In the
case of Zn(II) adsorption, there was no or minimal adsorption of this ion,
showing better adsorption of aerogel to adsorb cadmium ions at pH 4.
This higher adsorption for Cd(II) ions is attractive due to the highly toxic
character of this ion, which must not exceed the 3.0 ppb limit in
contaminated water. The starch aerogel adsorbed between 20 and 30
ppm, a value far above that allowed by legislation, proving the effec-
tiveness of removing Cd(II) ions.

Corroborating the results of cadmium ion adsorption, higher elastic
modulus, and mechanical strength, good compression was obtained by
the Aero 1:1.5 sample. It showed that smaller pore sizes promote better
compressive strength due to lower stress concentration in smaller pores
than in larger ones. The application of this material for the adsorption of
cadmium ions of highly contaminated sites is due to the presence of
hydroxyl groups and high specific surface area, apart from developing
dynamic filtration systems to which it mechanically resists, promoting
the removal of PTEs from contaminated water.
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