A Comparison of Visible Spectroscopy and
Atomic Absorption Spectroscopy Techniques to

Determine Silicon Availability in Sugarcane Growing Clayey Soils
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Abstract: Silicon (Si) is a beneficial element for plants, Si availability assessment is determined from Si content
in soil extracts using visible spectroscopy (Vis) and atomic absorption spectroscopy (AAS). Different
chemical extractants are developed to assess plant-available Si. The objective of this study was to compare
Si determination in soil extracts by the molybdenum blue colorimetric method and Atomic Absorption
Spectroscopy (AAS) in 36 samples of sugarcane growing soils. Five extractants included Mehlich |, 0.5 M
acetic acid, 0.5 M ammonium acetate (pH 4.8), 0.01 M calcium chloride, and 0.01 M potassium chloride.
The concentration of extractable Si was found to be maximum by Mehlich-I, followed by 0.5 M
acetic acid, 0.5 M ammonium acetate (pH 4.8), 0.01 M calcium chloride, and least by 0.01 M
potassium chloride, as determined by both Vis and AAS. The correlation between Vis and AAS
determinations was highly correlated in all extractants: Mehlich-I (R2 = 0.9803), 0.5 M ammonium acetate
(pH 4.8) (R = 0.9869), and 0.01 M calcium chloride (R° = 0.8902), 0.01 M potassium chloride (R* = 0.7406),
and 0.5 M acetic acid (R2 = 0.7287). Si extracted by different extractants was correlated between acid
extractants (Mehlich I, 0.5 M acetic acid, and 0.5 M ammonium acetate) and neutral salt extractants (0.01 M
calcium chloride and 0.01 M potassium chloride). The results suggest that these five extractants characterize
different pools of Si-supplying capacity of the soil, and the efficiency of the extractants is significantly
influenced by the extraction pH conditions. The Vis and AAS techniques are both suitable for determining Si

availability in sugarcane growing clayey soils.
Keywords: Available Si, Extractants, UV-Vis, AAS

Introduction 2016). In terms of sugarcane cultivation, Thailand

is the world's fourth-largest producer and the world's

Silicon (Si) is the second most abundant second-largest leading sugar-exporting country
element in the Earth's crust. It is responsible for (Office of the Cane and Sugar Board, 2019).
the formation of silicate minerals but it is mostly Sugarcane (Saccharum officinarum L.) absorbs Si
inert and only slightly soluble (Savant et al., 1999). from soil solutions more efficiently than any other
Si fractions in soils are classified as adsorbed, mineral nutrient (Meyer and Keeping, 2000), and
liquid, and solid. Si concentration in the liquid obtains it in the form of monosilicic acid (H,SiO,).
phase is strongly influenced by solid-phase Although agricultural soils are mostly made up of
solubility (Tubana et al., 2016). Although Si is not silicate minerals, many soils have a limiting factor
an essential nutrient for plants, it is beneficial for for crop production and an insufficient supply of
induced resistance to biotic and abiotic stresses plant-available Si (Ma and Yamaji, 2006). A review

(Guntzer et al., 2012; Majumdar and Prakash, 2020). found that the soil-available Si in clayey soils was

As a result, Si has been regarded as agronomically higher than in sandy soils (Crusciol et al., 2018a;
essential to long-term crop production. Notably, Crusciol et al., 2018b). After multiple harvests, Si
members of the grass family, such as sugarcane, concentrations in the soil will inevitably be
accumulate a significant amount of Si in their reduced as the same areas have been used for
tissues and harvested components (Tubana et al., cropping for several decades (Tubana et al.,
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2016). As a result, the current study focused on
sugarcane growing in clayey soils and considered
whether Si could improve crop yields as well as
provide other benefits.

The numerous soil Si extractants combined
with issues surrounding the solubility and availability
of Si in agricultural soils necessitate additional
research. Because total Si content is unrelated
to soluble Si in soils, analysis of soil-available Si
is one of the most commonly used methods for
determining whether or not Si deficiency will occur
in the soil at a locale. To evaluate plant-available Si,
various chemical extractants are being developed.
Calcium chloride, which only extracts the easily
soluble Si fraction, was found to have the highest
correlation to sugarcane yield (Crusciol et al., 2018b;
Haysom and Chapman, 1975); acetic acid is one
of the extractants used on a large scale (Crusciol
et al., 2018a). Phonde et al. (2014) discovered a
correlation between cane vyields and naturally
available soil Si extracted with 0.5 M ammonium
acetate. In further investigations to verify Ca and
Mg extraction in normal soil testing analysis,
potassium chloride should be examined for Si
extraction. (Crusciol et al., 2018a); one of the most
basic versions of universal extractants used to
extract plant nutrients in soil samples is dilute
double acid (Mehlich 1) (Mylavarapu et al., 2002).
Different analytical techniques have been proposed
to determine Si in chemical extracts and water
samples, including the ultraviolet-visible (UV-Vis)
and atomic absorption spectrometry (AAS) (Yang
et al., 2015) or by ICP (Wang et al., 2004). A Vis
method uses a light absorption spectrometer
based on the molybdenum blue at lower Si
concentrations and its higher sensitivity. In
addition, dissolved Si can also be determined by

AAS using a nitrous oxide-acetylene flame (Liang
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et al., 2015). AAS is still used to measure Si due to
its precision, accuracy, and high sensitivity. The
cost of analysis is lower than ICP. The objective of
this study was to compare Si determination in soil
extracts by the molybdenum blue colorimetric
method and atomic absorption spectroscopy
(AAS) in 36 samples of sugarcane growing soils
for development method application in routine

analysis laboratories.
Materials and Methods

Sampling sites

The soil sampling sites were selected
from sugarcane plantation areas in Khlong Hat
District, Sa Kaeo Province, with 36 clayey soil
samples collected. There are Thap Phrik (Tpk),
Klang Dong (Kld), Wang Nam Yen (Wyn) and
Wang Saphung (Ws) soil series. The soil sampling
method involved collecting a composite sample at

a depth of 0 - 30 centimeters.

Physical and chemical properties analysis

Soil samples from the study areas were
air-dried and ground to pass through a stainless
sieve of 2 mm. All samples were analyzed for
the basic physical and chemical properties of
soil. The ranges of basic physical and chemical
properties of the soils were: pH 5.58 - 8.13, organic
matter 33.05-62.08 g kg'j, Bray ll-available phosphorus
0.00 - 0.04 g kg%, exchangeable potassium 0.03 -
0279 kg'j, exchangeable calcium 1.38-10.39 g kg'1,
and exchangeable magnesium 0.28-1.18 g kg™
The texture of the soil samples ranged from clay
loam to clay, though the majority was clay (%clay
27.09 - 58.61). pH was based on soil: water 1 : 1
(Thomas, 1996), with organic matter determined by
Walkley and Black Titration (Walkley and Black,
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1934), available phosphorus by the Bray Il method
(Bray and Kurtz, 1945) and extractable K, Ca, and
Mg by 1 M NH,OAc pH 7.0 (Pratt, 1965), while soil
texture was determined by a pipette method (Day,
1965; Kilmer and Alexander, 1949).

Methods for extraction of soil-available Si
Extractable Si was extracted using the
conventional method; five Si extractants are shown
in Table 1. The Si extracted from the soil solution
was separated into two experiments to compare
the method with the Vis and AAS. For all analyses
of Si in soil, plastic laboratory vessels were used
and washed successively in a 5% HNO,and a 0.1 M
NaOH for greater than or equal to 5 hours each and

then rinsed with deionized water after each bath.

Determination of soil Si availability

The Vis analysis for Si was carried out with a
Lambda 265 (UV-Vis; Lambda 265; PerkinElmer;
USA) using a modified molybdenum blue method
developed by Duboc et al. (2019). The developed
color method is suitable for analyzing water
samples and chemical extracts. Such water samples
often contain greater concentrations of phosphate,

sodium hydroxide, suspended materials, and other

impurities. Specifically, an aliquot of sample extract
containing 1 ml was added to a marked 10-ml
centrifuge tube, deionized water 7.75 ml, acidified
molybdate with 0.50 ml, and then mixed by hand
vortexing. After 10 = 3 min, 0.5 mL of 20 % tartaric
acid was added and then mixed by hand
vortexing. After 5 £ 1 min, 0.25 ml of the 1-amino
2-naphthol-4-sulphonic  acid reducing agent
was added to the solution and then mixed by
hand vortexing. After allowing 1 hour for color
development, absorbance was measured at a
wavelength of 630 nm. Standard curves were
prepared as 0.0, 0.5, 1.0, 2.0, 3.0, 4.0, and 5.0 mg
Si L. The AAS analysis for Si was carried out with
a Varian 240 (AAS; AA240; Varian; Palo Alto,
CA, USA). Flames were produced by a nitrous
oxide - acetylene. The wavelength of 251.6 nm
was used for the AAS analysis of solution Si.
Method validation was reported with a percentage
of recovery by spiking a known amount of Si
standard. Analytical solutions were prepared using
an appropriate dilution of 1000 pg mL" Si atomic
absorption spectroscopic standard (PerkinElmer;
USA) into each extract of selected soil samples and
measuring the difference between the spiked sample

and the original sample.

Table 1. Five extraction methods for determination of soil-available Si
Soil:
Period

No. Extractant solution pH References

ratio "
1 Mehlich | (0.05 M HCI, 0.0125 M H,S0,)  1:10 1.27 1 Modified from Mylavarapu et al. (2002)
2 0.5 M Acetic acid 1:10 2.54 1 Korndorfer et al. (2004); Snyder (2001)
3 0.5 M NH,0Ac 1:10 4.84 1 Fox et al. (1967)
4 0.01 M CaCl, 1:10 5.46 1 Korndorfer et al. (2004)
5 0.01 M KCI 1:10 5.67 1 Crusciol et al. (2018b)
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Statistical data analysis

The relationships among available Si in
soil using various extractants for Si assessment in
clayey soils and comparing the Si determination in
these extracts by the molybdenum blue colorimetric
method and atomic absorption spectrometry (AAS)

were tested using Statistica software.
Results and Discussion

Comparison of soil Si determined by Vis and AAS
in different extractants

The correlation between Vis and AAS
determinations was highly correlated in all
extractions: Mehlich-I (R 0.9803), 0.5 M
ammonium acetate (pH 4.8) (R° = 0.9869), and
0.01 M calcium chloride extractions (R° = 0.8902),

0.01 M potassium chloride (R* = 0.7406), and 0.5
M acetic acid (R* = 0.7287). Linear regressions
indicated that the amount of soil Si estimated by
Vis analysis was slightly higher than that by AAS
analysis in all extractions (Figure 1).

Ammonium molybdate reacts exclusively
with monosilicic acid to form a colored complex,
enabling an alternative to the molybdenum
blue method to determine only monosilicic acid
(Govett, 1961). Consequently, it has been utilized
to study the kinetics of monosilicic acid release
from non-monosilicic species by observing the
time-dependent color development of the Si-Mo
complex (Wada and Wada, 1980; Xu and Harsh,
1993). Si determination can be incorporated into
routine soil testing using AAS analysis, which is

more expeditious.

Mehlich | 0.5 M Acetic acid
- ™ .
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Figure 1. Correlation

Si (mg kg™") by Vis
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Mehlich | may have been able to extract
more Si than the four extractants and depolymerize
all of the non-monomeric Si in the solution.
According to the strong correlation between the
slopes of the linear regression for Mehlich |,
extractable Si that was discovered by AAS and Vis
was close to a ratio of 1: 1. This outcome was in
line with earlier research that found high acidity to
be the most crucial element in maintaining the
stability of monomeric Si (ller, 1979). A further
indication that these reagents were suitable
to extract or preserve labile monosilicic acids
in solutions was the high correlation between
AAS and Vis methods for 0.5 M NH,OAc, which
showed relationships that were slightly less than
1:1. The correlation between Vis and AAS
determinations in the 0.5 M acetic acid and 0.01 M
potassium chloride methods suggests that special
care must be taken with soil samples containing
a high concentration of soil-available Si.

The spike recovery of extract samples
determined by AAS and Vis is shown in Table 2.
The recovery of Si in spiked soil samples was
between 89.8 - 102.2 % for Vis and 65.5-77.2 %

for AAS determination. A Vis determination with

a return percentage close to 100 percent is
regarded as highly accurate. In all extractions,
spike recovery by the AAS-Si was lower than spike
recovery by the Vis-Si because the samples were
diluted before analysis.

Overall, these results demonstrated that
both AAS and Vis determinations for Si analysis
exhibited minor matrix effects in the various
extractions. The Vis and AAS techniques are
both suitable for determining Si availability in
sugarcane-growing clayey soils. However, Vis also
has limitations due to color measurement. The
reaction must take one hour for the color to
develop. This procedure could potentially interfere
with other substances. The Vis utilizes more
chemicals but it is less susceptible to tool
deterioration than AAS, which requires more
equipment and gas to operate the tool. The AAS
should be determined using the flame technique
because this method has the added benefits
of being both dependable and time-efficient.
Each element has a characteristic absorption
wavelength. However, nitrous oxide must be used
as the oxidant instead of air for elements such as

Si that form refractory oxides.

Table 2. Spike recovery for Si determination by Vis and AAS in five different extractants

Extractants Vis (%) AAS (%)
Mehlich | 102.2 76.9
0.5 M Acetic acid 97.5 77.2
0.5 M NH,OAc 89.8 65.5
0.01 M CaCl, 98.9 71.8
0.01 M KCI 98.6 72.0
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Relationship between available Si in soils extracted
with different extractants

The Si extraction pool of five extractants
from the soil, expressed by overall means of soil Si
over 36 samples, is shown in Figure 2. The highest
extractable was found in Mehlich I, followed by 0.5
M acetic acid, 0.5 M ammonium acetate, 0.01 M
calcium chloride and 0.01 M potassium chloride,
respectively. Meanwhile, a similar tendency was
found in AAS determination.

The Si content of the acid extractant
(Mehlich I, 0.5 M acetic acid, and 0.5 M NH,0Ac)
was greater than that of the neutral salt extractant
(0.01 M CaCl, and 0.01 M KCI). In general, Si
extractors that use acidic solutions perform better
than neutral ones because Si can be extracted
more efficiently from the soil when the pH of the
extractant is low (Narayanaswamy and Prakash,
2010). Consequently, Mehlich | extracted more
available Si from all soils than other extractants. It
could be concluded that the extraction conditions
and soil composition (particularly primary silicates,
clay minerals, and amorphous components)
have a significant effect on the efficiency of

the extractants (Berthelsen and Kordorfer, 2005;

Vis (A)

o
=}
S

N
=}
S

w
1=
S

15
1=}
S

1=
S

0.5M

0.01 M Calcium

0.01 M

Extractable Si in soil (mg kg™)
=)

Mehlich | 0.5 M Acetic

acid Ammonium chloride Potassium

acetate chloride

Extractants

Sailaja et al., 2019). Wang et al. (2004) also
demonstrated similar results and reported that
various extractants possessed the characteristics
of soil Si-supplying capacity pools.

A similar trend was observed in neutral
salt extractants (0.01 M CaCl, and 0.01 M KCI).
The plant-available Si contents extracted by these
two extractants were found to be positively
correlated with each other, as shown in Figure 3.

This relationship implies that both methods
could extract the same soil Si-species. If it does
not change the pH of the soil solution, the salt that
(CaCl,)
should be a good Si extractant. The 0.01 M CaCl,

is a diluted neutral salt that should be capable of

promotes ionic strength stabilization

extracting soluble Si, which represents the more
labile forms in soils, primarily monomeric silicic
acid. Although the chemical process involved has
not been studied extensively and little has been
done to gain a better understanding of the kinetics
of ion release from the solid phase to the solution
phase, the extractant, 0.01 M CaCl,, simulates the
ionic strength of the solution (Crusciol et al.,
2018a). Poor correlations between 0.01 M CaCl,

and 0.01 M KCI and other acid extractants

S (B)

~ 500

(mg kg

400
300

AA
o I I

Mehlich |

05M

Extractable Si in soil

0.5 M Acetic 0.01 M Calcium 0o1T M

acid Ammonium chloride Potassium

acetate chloride

Extractants

Figure 2. Comparison of mean extractable Si for 36 soils by five extractants using Vis (A) and AAS (B)

methods
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suggest that the 0.01 M CaCl, extraction (Table 3
and 4), like the KClI extraction procedure, may only
reflect a transient status of soil soluble Si. A lower
linear correlation was observed between 0.01 M
CaCl, and 0.01 M KCI between Mehlich I, 0.5 M
acetic acid, and 0.5 M NH,OAc extractions, as
shown in Tables 3 and 4. These methods may
Melhich |
extracted specifically adsorbed Si, while 0.5 M
acetic acid and 0.5 M NH,OAc dissolved some

extract three different forms of Si.

exchangeable Si. At the same time, 0.01 M CaCl,
and 0.01 M KCI extracted more easily soluble Si.
These findings suggested that the Si removed by
these extractants could be divided into two
categories, including acid extractants (Mehlich I,
0.5 M acetic acid, and 0.5 M NHAOAC) and neutral
salt extractants (0.01 M CaCl, and 0.01 M KCI).
Soil extraction with 0.01 M CaCl, and 0.01 M KClI
reflects a primarily transient pool of soluble Si for
a specific soil condition. Some researchers have
this
samples, to characterize mobile forms of Si,

used extraction, particularly on moist

CaCl, - KCI - Vis (A)
o w
= y = 0.7614x + 7.1316
E 60 .
= R = 0.7496 e
[T} & Po. v "
— PP vt F T ~
E 20 f (]
=
b
a

20 0 40 50 &0

0.01 M CaCl, - Si (mg kg™)

with monosilicic acid being the dominant form,
along with polysilicic acids and both inorganic
and organic Si complexes (Ma and Takahashi,
2002; Matichenkov et al., 2000). Because the
polymerization and depolymerization of soluble Si
are heavily influenced by soil pH, salt concentration,
and dry-wet cycles (ller, 1979), it is doubtful that this
method can provide a reasonable Si nutritional status
for the soil over the course of a growing season. The
second category of Mehlich |, 0.5 M acetic acid and
0.5 M NH,OAc extractants, removes Si that is either
mobile or loosely bound, as well as some fractions in
amorphous forms (Matichenkov et al., 2000; Savant
et al., 1999). Mehlich | extracts extremely high levels
of Si. It should be noted that Mehlich |, as a multi-
element extractant, has been widely used by
many researchers and laboratories for the routine
testing of soil available P, K, Ca, Mg, and even
certain micronutrients (Mylavarapu et al., 2002).
Nonetheless, Mehlich | has not been compared

to other extractants in terms of predicting plant-

available Si.
CaCI2 - KCl - AA (B)
o
? y = 0.8719x + 4.5923
- 4 R? = 07827
1]

i) 4 5 6 ]

0.01 M KCI1 -

0.01 M CaCl, - Si (mg kg”)

Figure 3. A significant linear correlation documented between calcium chloride (A) and potassium

chloride (B) extractions
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Table 3. A linear correlation between soil Si extracted by five extractants using Vis

Y\X Mehlich | Acetic acid NH,OAc CaCl,
Acetic
y = 0.3954x + 85.421
acid
R? = 0.2875*
NH,OAc Yy =0.1866x +3.5582 vy =0.2304x + 27.426
R2 = 0.5926* R2 = 0.4912*
CaCl, y = 0.0226x + 31.754 y =0.01x + 39.387 y=-0.028x + 44.526
R2 = 0.0597 R2 =0.0064 R2 = 0.0054
KClI y =0.0304x + 25.285 y=0.0195x + 33.968 y =0.0339x + 36.134 y=0.7614x +7.1316
Rz =0.1401* R2=0.0313 Rz =0.0103 R2 = 0.7496*
* Indicates the significance of values at P < 0.05
Table 4. A linear correlation between soil Si extracted by five extractants using AAS
Y\X Mehlich | Acetic acid NH,OAc CaCl,
Acetic
y = 0.2903x + 118.32
acid
R2 = 0.2663*
NH,OAc vy =0.1369x + 25.955 y =0.232x + 27.06
R? = 0.5224* R? = 0.4746"
CaCl, y =0.0311x + 24.364 y =0.0355x + 28.692 y = 0.0236x + 35.186
Rz =0.1243* R2=0.0513 R2 =0.0026
KCl y =0.0243x + 27.009 y=0.0372x + 28.141 y=-0.0196x + 38.572 'y =0.8719x + 4.5923

R*>=0.0778

R?=0.0578

R?=0.0018 R?=0.7827*

* Indicates the significance of values at P < 0.05

To further explain the difference in

extractability, the measured pH in the pure
extractants used in this study followed the order
Mehlich | (1.27) < 0.5 M acetic acid (2.54) < 0.5 M

NH,OAc (4.84) < 0.01 M CaCl, (5.46) < 0.01 M

177

KCI (5.67). These orders corresponded to the total
amount of extractable Si found in this study.
Previously, it was demonstrated that a high
concentration of H" dissolved aluminosilicates and

released Si into a solution (Beckwith and Reeve,
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1964; Wang et al., 2004). However, the solubility
of crystalline or amorphous Si was essentially
constant at solution pH 2-8.5, so the kinetic factor
would prevent the dissolved Si from reaching a
new equilibrium with a solid phase (e.g., quartz or
amorphous Si) (ller, 1979). As a result, an inverse
relationship between soil solution pH and Si
concentration has frequently been observed
(Wang et al., 2004). Thus, Mehlich | extracts more
soil Si than any other extractant tested in this
study. The extraction of more Si by Mehlich | than
0.5 M acetic acid and 0.5 M NH,OAc suggests
that factors other than acidity may dominate soil Si
extractability. According to ller (1979), certain
anions affect the dissolution of silicate minerals or
the displacement of strongly adsorbed Si. Acidity
and anions could have an additive effect on Si
release from soils. The combined effect of dilute
double acid could explain why Mehlich | (0.05 M
HCI, 0.0125 M H,SO,) extracted the most soil Si,
followed by 0.5 M acetic acid and 0.5 M NH,OAc
extractions.

According to Haynes (2014), the pH of
the extractant solution can easily lead to an
overestimation of the soluble Si content when
acetic acid is used. Some acetates (CHSCOO'
NH;) and acetic acid (CH,COOH) are used to
remove soluble Si and certain exchangeable Si
from soils (Sailaja et al., 2019). Because AAS and
UV-Vis determinations of soil-extractable Si yield
comparable results, which suggest that non-
monosilicic soluble species and/or colloidal Si
may precipitate out of the aqueous phase during
0.5 M NH,OAc extraction. The polymerization
of monomeric Si and coagulation of soluble
polysilicic acids as well as colloidal Si increased
with increasing salt concentration,
between pH 3.5 and 5.5 (ller, 1979). To prevent

particularly
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clay mineral destruction during the extraction of
soluble and exchangeable Si, the pH should
be adjusted to 4.5 - 4.8, as suggested by Ayres
(1966), Cheong and Halais (1970), and Fox et al.
(1967).

Conclusion

The correlation between Vis and AAS
determinations was highly correlated in all
extractions: Mehlich-I (R 0.9803), 0.5 M
NH,OAc (pH 4.8) (R* = 0.9869), and 0.01 M CaCl,
extractions (R° = 0.8902), 0.01 M KCI (R
0.7406), and 0.5 M acetic acid (R° = 0.7287).

Linear regressions

indicated that the amount
of soil Si determined by Vis analysis was slightly
higher than that by AAS analysis in all extractions.
The Vis and AAS techniques are both suitable
for determining Si availability in sugarcane-
growing clayey soils. However, the benefit of this
study is its ability to determine the amount of Si
available for all types of soil globally, and those
methodologies have been applied to soil samples
to extract the soil-available Si and identify the crop
Si requirement. Melhich | extracted specifically
adsorbed Si, while acetic acid and NH,OAc
dissolved some exchangeable Si as well. Calcium
chloride and potassium chloride extracted more
easily soluble Si. The lower pH of the extractant
has a higher Si extraction power from the soil.
The Si extraction pool from soil was found to be
the maximum in Mehlich |, followed by 0.5 M
Acetic acid, 0.5 M NH,0OAc, 0.01 M CaCl,, and the
least by 0.01 M KCI. The results suggest that
these five extractants characterize different pools
of Si-supplying capacity in the soil and that the
the extractants

efficiency of is significantly

influenced by the extraction pH conditions. More
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research is needed to determine the relationship
between available Si in soil using various
extractant solutions and the Si yield of sugarcane,
as well as to identify the most suitable Si
extractant in the soil and how to manage the
availability of Si in soil. Mehlich | and KCI could
be alternative methods for extracting Si because
they are frequently used to determine available
plant nutrients in routine soil analysis and are
relatively inexpensive. Further, the KCI method has
additional advantages over others as it is easy to
prepare and does not require a concentration of

acids, thus reducing risk for the operator.
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