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ABSTRACT: Soil organic matter (SOM) is important to fertility, since it performs several
functions such as cycling, water and nutrient retention and soil aggregation, in addition
to being an energy requirement for biological activity. This study proposes new trends
to the Embrapa, Walkley-Black, and Mebius methods that allowed the determination of
SOM by spectrophotometry, increasing functionality. The mass of 500 mg was reduced
to 200 mg, generating a mean of 60 % saving of reagents and a decrease of 91 % in the
volume of residue generated for the three methods without compromising accuracy and
precision. We were able to optimize conditions for the Mebius method and establish the
digestion time of maximum recovery of SOM by factorial design and response surface.
The methods were validated by the estimate of figures of merits. Between the methods
investigated, the optimized Mebius method was best suited for determining SOM, showing
near 100 % recovery.

Keywords: SOM, spectrophotometry, increase in functionality, response surface.
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INTRODUCTION

Soil organic matter (SOM), which is usually estimated by total organic C content, can
be understood as the collection of organic substances and complexes present in the
soil (Silva and Mendonga, 2007). The stocking of these substances is dynamic, and it is
decreased and replenished by mineralization and immobilization mainly observed by
C and N contents (Lopes et al., 2004). Besides being essential in soil studies, the SOM
parameter is the most important one in several soil properties: structure, coloring, water
retention, and capacity of ion exchange. Thus, the SOM parameter becomes important
in guiding soil fertilizing and irrigation, and therefore its determination is requested by
fertility laboratories (Reeves, 1997; Lopes et al., 2004; Conceicao et al., 2005; Roscoe,
2006; Silva and Ribgire,-2007; Madari et al., 2009).

Mendonca

Elemental analysis, which is a process based on combustion of the sample followed by
chromatographic separation and detection of gases formed, despite being a clearer
alternative and operational for the analysis of the organic C present in SOM (Ma, 2001;
Harris, 2005), presents the inconvenience of adding to this inorganic C (carbonate), and is
a technique that is not yet feasible for most Brazilian soil fertility laboratories. This is due
to the initial and routine high cost investment of this technique. Hence, moist methods,
which are simpler and accessible, are more frequently used. Even the Interlaboratory
Program of Fertility Laboratories Quality Assessment (PAQLF, 2014), coordinated by
the National Center of Soil Research (CNPS), currently called Embrapa Soils, adopts as
standard the moist method of Embrapa (Silva, 2010).

In moist methods, SOM is oxidized by dichromate ions in an acid medium, as shown
in equation 1. In molds originating from those methods, the determination is done by
titrating Fe(ll) solution standardized to consume the excess dichromate, as shown in
equation 2, which once subtracted from the total added, determines the amount used
in carbon oxidation:

2Cr,05 g + 3C°% + 16H" ) — 4Cr’*, + 3CO, o+ 8H,0 Eq. 1
Cr,05 g + 6Fe™ o + 14H* ) —> 2Cr** ) + 6F€’* ,+ TH,0 Eq. 2

The two main moist methods for SOM analysis are Walkley and Black (1934) and Mebius
(1960). The difference between them is that external heating is used in the Mebius method,
i.e., the oxidation of SOM is considered complete; whereas in the Walkley-Black method
the increase in temperature is given only by the release of energy in the dilution of H,SO,.
That is, this method was proposed to measure SOM easily oxidizable or decomposable
of soil. To compensate for this partiality, a correction factor (1.33) is applied, whereas
this factor is not required for the Mebius method (Pansu and Gautheryou, 2003). In both
methods, since organic C is determined, the conversion to SOM is made by van Bemmelen
factor (1.724), based on the assumption that 58 % of organic matter is organic C
(Raij et al., 2001).

Although it is a metal that occurs naturally in the environment in the trivalent state
(Cr’*), considered essential to living beings, when it takes the hexavalent form (Cr®),
it is considered toxic to humans, and may cause ulceration, irritation, and inflammation;
it is also associated with the risk of cancer (Nriagu and Nieboer, 1988). Therefore, as with
most chemical analysis, SOM analysis generates, at the end of the process, residues
harmful to the environment, which require treatment for minimizing environmental
impact (Silva et al., 2005). Although this mitigation is less harmful to the environment,
it is preferable to develop alternative methods that avoid or minimize the generation of
residues (Lenardao et al., 2003).

When determining SOM by the Walkley-Black method, which is the most requested
of laboratories, more than 1.0 L of residue every four samples analyzed is generated.
In the Agro-environmental Analysis Laboratory (LAA) of the National Center for Research
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in Rice and Beans, currently called Embrapa Rice and Beans (CNPAF), for instance,
a mean of 4,000 SOM determinations per year are held, resulting in over 1,000 L of
sulfochromic residue; this great generation of residues is harmful to the environment.
Moreover, considering the National Solid Residue Policy, instituted by Law No. 12305
(Brasil, 2010), which determines that residue management should contemplate measures
for reduction of residue generation, its treatment, and its environmentally appropriate
disposal. Hence, the development of alternative methods that eliminate or reduce the
production of residues containing sulfuric acid and chromium is necessary, thus reducing
environmental liabilities and the cost of their treatment and their disposal in landfills.
This responsible practice for the generation and disposal of chemical residues is planned
in Good Laboratory Practice and in 1ISO 24512:2007.

New propositions methods became feasible thanks to advances in instrumental techniques.
They produce faster results and minimize the residues and effluents generated (Costa
Filho and Poppi, 2002). In addition, these techniques are simple, and feature precision
and accuracy equivalent or superior to classical methods, of the easy interpretation of
results, low cost, and with broad applicability both in industry and in research (Galo and
Colombo, 2009; Pereira et al., 2011; Gigante et al., 2014).

For instance, UV-VIS spectrophotometry (ultraviolet-visible) became the instrumental
technique most used in analytical laboratories, thanks to its robustness and diverse
applicability: characterization of chemical or biochemical reactions, determination of
endpoints in titration, kinetic studies, research in new drugs and of optical properties of
substances (Paim et al., 1998; Rocha and Teixeira, 2004; Gigante et al., 2014).

In theory, the determination of SOM for both moist methods mentioned could be carried
out by VIS spectrophotometry, for their concentration is proportional to the Cr(lll) formed
that has greenish coloration. The manuals of fertility analysis of Embrapa (Silva, 2010)
and the Agronomical Institute of Campinas - IAC (Raij et al., 2001) present this alternative
determination using dilute sulfuric acid and soil samples with known contents by the
titrametric method as standards for the calibration curve. This method results in lower
quality calibration (r*<0.98) and other spectrophotometric methods (r*=0.99), which can
lead to inconsistencies in studies in which the accurate SOM determination is important.
This lower analytical quality can be explained by two main factors: (i) the deviation of
the titrametric method is propagated with the spectrophotometric deviation (Harris,
2005); and (ii) due to the addition of a lower quantity of sulfuric acid, the titrimetric
method results in less heat release and less recovery time or access to organic carbon
(Chan et al., 2001).

In the Mebius method by spectrophotometry, on the other hand, pure organic substances
are used as calibration standards. Reference methodology suggests the use of glucose
(Pansu and Gautheryou, 2003), but other organic substances may be used, containing
an appropriate amount of C, such as sucrose, EDTA, and biphthalate, which is the
substance indicated for analysis of the chemical oxygen demand in water (APHA, 1995).
The proportion of sulfuric acid used in the Mebius method is the same as in the
Walkley-Black method. The possibility of reducing the amount of acid can be investigated,
since there is compensation for external heating to the Mebius method, and this is also
a parameter subject to optimization.

For all of these reasons, this study proposes methodological developments that enable
the spectrophotometric determination of SOM by the methods of Embrapa, Walkley-Black,
and Mebius instead of titrametric determinations. With these substitutions, we intend to
increase functionality and reduce the amount of residues containing Cr. For the Mebius
method, the optimum conditions will be those of highest SOM recovery, and to Embrapa
and Walkley-Black methods by spectrophotometry, the optimum conditions will be those
that return SOM equivalent to titrimetric determinations.
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Chemists often use statistical tools for experimental design, such as factorial design and
response surface analysis, for the optimization of experiments with several variables
such as analytical procedures and industrial processes (Barros Neto et al., 2001; Bona
et al., 2002; Aznar and Maduro, 2008). These tools enable relevant inferences from a
reduced experiment and consider the effects of interactions between factors (Aznar and
Maduro, 2008). This is important, as it was experimentally observed that level change
to a factor can alter other responses with synergistic or antagonistic effect, which it
was not possible to assess with univariate studies (Weinert et al., 2008; Breitkreitz
et al., 2014). Therefore, factorial design has been used in a diversified way such as in
the analysis of metals (Pereira Filho et al., 2002), plants (Marques et al., 2012; Souza and
Sena, 2012), and soils (Dolatto et al., 2012). Although there are few results of response
surface application, using this tool, it was possible to find the optimum conditions for:
(i) extrusion of soybean bran (Barros et al., 1987), (ii) spectrophotometric determination
in pharmaceutical formulations (Weinert et al., 2008), and (iii) fruit productivity and
guality because of the use of fertilizers (Mattos et al., 2004).

This study investigated the hypothesis that acid volume and heating time are important
parameters in the Mebius method. Thus, the objective of this study was to optimize
SOM recovery by application of the factorial design and response surface methodology.
Furthermore, this study proposed spectrophotometric methods with results statistically
equivalent to Embrapa and Walkley-Black titrametric methods.

MATERIALS AND METHODS

Instrumentation

A digital automatic burette was used, with 0.01 mL resolution and precision less than 0.1 %,
for titrametric Embrapa, Walkley-Black, and Mebius methods. To the new methodological
propositions, the measurements were performed in the VIS spectrophotometer at 590 nm
and 16 mm optical path, through cylindrical and individual buckets per sample for greater
functionality and security of the analysts.

Samples

Representative samples of LAA routine were considered. Furthermore, samples provided by
the PAQLF of CNPS covering different Brazilian regions were used. The selection of samples
was carried out to obtain a wide physicochemical diversity, considering contrasting soil
management, textural features, SOM contents, and origin. The pretreatment of samples
consisted of air drying, followed by grinding and sifting in 2 mm mesh, thus obtaining
thin air-dried soil samples.

Embrapa method (Silva, 2010)

Here, 0.5 g of soil samples were weighed in 250 mL Erlenmeyer flasks, with 10.0 mL
of sulfochromic solution added (K,Cr,0, dried at 105 °C at 0.0835 mol L™ and H,SO, at
50 %, v:v), and then the Erlenmeyer mouth was covered with a watch glass. The samples
were taken to the pre-heated electric plate and kept for 5 min after verifying soft boiling.
After cooling the samples, 80 mL of deionized water, 2.0 mL of H;PO, p.a. and four drops
of the indicator solution of Ferroin 0.025 mol L* were added. The samples and blank
tests were titrated with a solution of Fe(NH,),(S0,),.6H,0 (or other salt containing Fe**)
0.5 mol L™ in pH 0.3. The turning point of the titration is noticeable by the appearance of a
reddish-brick coloring. The blank test is required to standardize the Fe** ion concentration
in the titrant solution.

If the sample develops a reddish-brick color when the indicator is added, the sulfochromic
solution was insufficient to oxidize all SOM of the sample. In this case, another 10.0 mL
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of the sulfochromic solution must be added, and the electric plate heating process is
repeated before titration.

New spectrophotometric alternative to the Embrapa method
(Spectrophotometric Embrapa)

Here, 0.5 g of soil sample was weighed in a 50 mL Erlenmeyer flask, with 4.0 mL of
sulfochromic solution added (K,Cr,0, dried at 105 °C at 0.0835 mol L* and H,SO, at
50 %, v:v) and then the Erlenmeyer mouth was covered with a watch glass. The samples
were taken to the pre-heated electric plate and kept for 5 min after verifying soft boiling.
After cooling the samples, 20 mL of deionized water was added. After one night of
decantation, part of the supernatant was divided into aliquots, with a suggested volume
between 4 and 6 mL for a cylindrical bucket with a diameter of 16 mm, which then
underwent spectrophotometric reading in absorbance mode at 590 nm.

For standard solutions of the calibration curve, in a 50 mL Erlenmeyer flask, we added
4.0 mL of sulfochromic solution (K,Cr,0, dried at 105 °C at 0.0835 mol L and H,SO, at 50
%, v:v). Then, variable volumes of a standardized solution of Fe(NH,),(S0,),.6H,0 0.5 mol L™
at pH 0.3 were added and a complementary volume of deionized water was added to a total
volume of 24.0 mL. Standard solutions were not heated. The description of the volumes
added and the expected concentration of the absorbing species Cr** are shown in table 1.
Standard solutions were prepared on the same day that the reagents were added to
samples for this method and to other spectrophotometric methods described in this study.

If a bucket with an optical path other than 16 mm was used, the final volume of 24.0 mL
was changed in such a way that the samples remained in the region of spectrophotometry
linearity. For instance, for a 10 mm optical path, we suggest the adjustment of the final
volume to 15.0 mL for the absorbances to be similar to those obtained in this study.

Walkley-Black method (Walkley and Black, 1934; Pansu and Gautheryou,
2003; Silva, 2010)

Here, 0.5 g of soil sample was weighed in a 250 mL Erlenmeyer flask, with 10.0 mL
0.167 mol L K,Cr,0, added (dried at 105 °C) and then 20.0 mL of concentrated H,SO,
was added. The flasks were swirled for 1 min for homogenization, and the samples were
kept static for 30 min. Then, 200 mL of deionized water, 10.0 mL of H;PO, p.a. and four
drops of the solution indicator of 0.025 mol L™ Ferroin were added. The samples and
blank tests with solution of Fe(NH,),(S0,),.6H,0 (or other salt containing Fe**) 0.5 mol L™
at pH 0.3 were titrated.

Table 1. Preparation conditions of standard solutions used in the calibration curve of the
spectrophotometric method alternative to the Embrapa method

Standard solution Volume added for preparing standard solutions
[cr® b I Fe(Nglga(é')?n4())zl.s_|;|zo‘1’ Deionized H,0
H,SO, at 50 %, v:v :

mg L* mL

0.0000 4.00 0.00 20.00
0.0018 4.00 0.25 19.75
0.0052 4.00 0.75 19.25
0.0104 4.00 1.50 18.50
0.0157 4.00 2.25 17.75
0.0209 4.00 3.00 17.00
0.0261 4.00 3.75 16.25

@ [Cr’*] indicated are for a hypothetical situation in which the result of the calculation of the standardization
of Fe(NH,)(S0,),.6H,0 solution is 0.50 mol L™; for different values, [Cr**] should be recalculated.
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New spectrophotometric alternative to the Walkley-Black method
(Spectrophotometric Walkley-Black)

Here, 0.2 g of soil sample was weighed in a 50 mL Erlenmeyer flask, with 4.0 mL of K,Cr,0,
0.167 mol L™ added, and then 8.0 mL of H,SO, p.a. was added, with the samples kept
static for 30 min, and finally, 12.0 mL of deionized water was added. After one night of
decantation, part of the supernatant was divided into aliquots, with a suggested volume
between 4 and 6 mL for a cylindrical bucket with a diameter of 16 mm; spectrophotometric
readings in absorbance mode at 590 nm were then performed.

For standard solutions of the calibration curve, in a 50 mL Erlenmeyer flask, we added
4.0 mL of K,Cr,0, 0.167 mol L™ and then 8.0 mL of H,SO, p.a. After being kept static
for 30 min, variable volumes added of a standardized solution of Fe(NH,),(50,),.6H,0
0.5 mol L at pH 0.3 were added and a complementary volume of deionized water was
added to a total volume of 24.0 mL. The description of the added volumes and expected
concentrations of the absorbing species Cr** are shown in table 2.

Mebius method (Mebius, 1960; Pansu and Gautheryou, 2003)

Here, 0.5 g of soil sample was weighed in a 25 mL test tube, with 10.0 mL of K,Cr,0,
0.167 mol L™* added (dried at 105 °C) and then 20.0 mL of concentrated H,SO,. The
reflux during heating was obtained by sealing the tubes with screw cap with a Teflon
inner part. The samples were taken to the preheated micro-Kjeldahl block digester and
stabilized at 150 °C, in which they were kept for 30 min.

After cooling the samples, they were quantitatively put into 250 mL Erlenmeyer flasks,
with 10.0 mL of H;PO, p.a. to make the volume approximately 200 mL, and titrated for
the tests as in the Walkley-Black method.

Table 2. Preparation conditions of standard solutions used in the calibration curve of the
spectrophotometric method alternative to the Walkley-Black and Mebius method

Ss?lzgi?;: Volume added for preparing standard solutions
(1)
[cr® 0.1I;Z7C:72\ooi L2 H,SO, p.a. Fe(N:“s)a(osg“;’I'E.tlzo Deionized H,0
mg L* mL
Walkley-Black method
0.0000 4.00 8.00 0.00 12.00
0.0035 4.00 8.00 0.50 11.50
0.0104 4.00 8.00 1.50 10.50
0.0208 4.00 8.00 3.00 9.00
0.0313 4.00 8.00 4.50 7.50
0.0417 4.00 8.00 6.00 6.00
0.0521 4.00 8.00 7.50 4.50
Mebius method

0.0000 4.00 9.50 0.00 10.50
0.0035 4.00 9.50 0.50 10.00
0.0104 4.00 9.50 1.50 9.00
0.0208 4.00 9.50 3.00 7.50
0.0313 4.00 9.50 4.50 6.00
0.0417 4.00 9.50 6.00 4.50
0.0521 4.00 9.50 7.50 3.00

@ [Cr’*] indicated are for a hypothetical situation in which the result of the calculation of the standardization
of Fe(NH,)(S0,),.6H,0 solution is 0.50 mol L™; for different values, [Cr**] should be recalculated.

Rev Bras Cienc Solo 2016;40:e0150150 6



Souza et al. Development of Alternative Methods for Determining Soil Organic Matter

’r-
‘
Y\

New spectrophotometric alternative to the Mebius method
(Spectrophotometric Mebius)

For this, 0.2 g of soil sample was weighed in a 25 mm test tube, with 4.0 mL of K,Cr,0,
0.167 mol L™ (dried at 105 °C) added and then 9.5 mL of concentrated H,SO,. The tubes
were sealed with a screw cap with the inner part made of Teflon. The samples were taken
to the preheated micro-Kjeldahl block digester and stabilized at 140 °C, where they were
kept for 5 h and 30 min. Finally, 10.5 mL of water were added. The state of rest and
the transfer of the solution to the 16 mm bucket for spectrophotometric readings were
performed identically to the Walkley-Black spectrophotometric method.

For standard solutions of calibration curve, in 25 mm test tube, 4.0 mL of K,Cr,0, 0.167 mol L
and 9.5 mL of H,SO, p.a. were added. Then, variable volumes of a standardized solution
of Fe(NH,),(S0,),.6H,0 0.5 mol L™ at pH 0.3 were added and a complementary volume of
deionized water to a total added volume of 24.0 mL. Finally, the tubes were closed and
homogenized. Standard solutions were not heated. The description of the added volumes
and expected concentrations of the absorbing species Cr’* are shown in table 2.

Multivariate optimization of digestion of spectrophotometric Mebius method

A 5% factorial design was adopted (Barros Neto et al., 2001), considering the volume of
H,SO, (Vi2s04) at levels of 2.0, 4.0, 6.0, 8.0, and 10.0 mL, and digestion time (T) at levels
of 36, 108, 180, 252, and 324 min as factors. With the results of this design, a Response
Surface (RS) was built to identify the maximum recovery region of SOM.

Validation of analytical Walkley-Black and Mebius spectrophotometric methods

For the two proposed methods, the following figures of merit: (i) linearity, and (ii) detection
limit were evaluated:

_ 3.5Db.BEC Eq. 3
100

LoD

(iii) quantification limit,
=10.SDb.BEC Eq. 4
100

LoQ

where SDb is the standard deviation of blank and BEC is the background equivalent
concentration, obtained by dividing the absorbance means of the blanks by the angular
coefficient of calibration; (iv) precision at repeatability level by replicates of the same
sample, and at intermediate precision level by the results of the sample by different
analysts in independent trials; and (v) accuracy.

Two certified reference materials of Elemental Microanalysis were used for accuracy
estimation of the methods: Soil Standard Clay OAS or clay soil standard, code B2184,
number 133317, NIST 143d; and Soil Standard Sandy OAS or sandy soil standard,
code B2180, number 133506, NIST 143d. The known contents of organic C of these
two samples were obtained by the mean of 15 determinations by the elemental
analysis reference technique, carried out by the National Institute of Standards and
Technology (NIST).

RESULTS AND DISCUSSION

Spectrophotometric alternatives for Embrapa and Walkley-Black methods

Stricter and more restrictive laws regarding the limits for the discharge of residues were
elaborated as a result of the concern with environmental reserves and for containing
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environmental accidents of disastrous proportions. Thus, industries and other generators,
such as Embrapa, have been seeking clean alternatives that eliminate or minimize
the generation of chemical residues. This trend of clean innovation was called Green
Chemistry, and among its main principles, it presents: (i) the prevention of residues
generation; (ii) the economy of atoms or development of synthetic processes; (iii) the
design of safe products; and (iv) intrinsically safe chemistry for accident prevention
(Ayres, 1949; Lenardao et al., 2003; Prado, 2003; Silva et al., 2005).

Before the excessive volume of residues generated by Embrapa and Walkley-Black
methods, for alignment with green chemistry principles, pre-tests were conducted by
reducing the soil mass from 0.5 to 0.2 g. Since K,Cr,0, must be present in a stoichiometric
relationship with analytes, and H,SO, is responsible for the energy release per milliliter of
solution and access to organic C (APHA, 1995), these reagents have been proportionally
reduced with mass reduction. No significant differences were observed for means and
variance, respectively by t and F tests at a 95 % confidence level. In addition, LAA uses
reduced mass to analyze samples of PAQLF by the Embrapa method since 2013, obtaining
|Z-score| <2, indicating a satisfactory performance, for all variables analyzed. The results
accumulated over two years indicate that reduced mass can be used in SOM analysis
without compromising the accuracy and precision of the method. This initial adaptation
enabled the study of spectrophotometric determination of SOM with reduced mass.

The first significant difference between titrimetric and spectrophotometric methods for the
analysis of SOM is the use of H;PO, on the first method. This is necessary because the PO;~
complexes with Fe** from the soil, removing their yellow coloring (Pansu and Gautheryou,
2003). This color removal facilitates the visualization of the turning point during titration
with Fe’* solution. On the other hand, for spectrophotometric analysis, the addition of this
acid is not necessary, as the interfering Fe’* does not have light absorption at 590 nm,
a wavelength which is used in the spectrophotometric methods proposed here.

By Ringbom curve (Ayres, 1949), set for x [Cr’*] Absorbance, built with concentration
samples of contrasting SOM, it was possible to identify the linear region of the
method (Figure 1). Due to linearity deviations of Lambert-Beer Law at low and high
concentrations (Harris, 2005), it was possible to set an equation of 3™ order whose
derivative is an equation of 2" order which has as the “x vertex” 0.089 mol L™ of Cr**,
the point of maximum sensitivity. Considering this optimum point, the linear region of
reading, and the concentration range found in routine samples of LAA, we decided to
increase the volume up to 24.0 mL of sample in order to optimize the use of the linear
spectrophotometric range.

For the calibration of the spectrophotometer, the following: (i) soil samples with known contents
by titrametric methods from Embrapa and Walkley-Black, (if) pure organic substances, and
(iii) solutions obtained by reaction between Cr,07 and Fe** ions were evaluated.

The use of samples as calibration standards, suggested in the manuals of Embrapa (Silva,
2010) and IAC (Raij et al., 2001), resulted in low-quality analytical calibrations (r’<0.98).
The spread of deviations from the titrametric method to the spectrophotometric one
and the heterogeneity of standard soil samples may be the main factors for the low
performance of this type of calibration.

The second alternative investigated was the use of two pure substances (potassium
and glucose biphthalate) for spectrophotometric calibration, which resulted in linear
adjustments of satisfactory analytical quality (r*>0.99) (Figure 1). However, SOM contents
found using calibrations from these two pure substances are significantly higher than
those obtained by the titrametric methods investigated. Results indicate that part of
SOM of the standards was oxidized by a factor adverse to Cr,03” ions, causing a decrease
in slope of the calibration linear adjustment and consequently the contents of samples
have been overrated to contents obtained by the titrametric method.

Rev Bras Cienc Solo 2016;40:e0150150 8
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Figure 1. Analytical calibration curves obtained by using glucose, potassium biphthalate, and

ferrous sulfate, and Ringbom curve obtained by the spectrophotometric method in the visible
region, according to the proportions of the reagents of Walkley-Black method.

Concentrated sulfuric acid, besides being necessary for oxidation by Cr,03, is the adverse
factor responsible for this unwanted oxidation of part of SOM. Aromatic structures, such
as the biphthalate anion, are oxidized to radicals in the presence of concentrated sulfuric
acid (Bard et al., 1976). Alcohols, the organic function present in the glucose molecule,
are oxidized to ethers under action of this acid and heating (Solomons and Fryhle, 2001).
In addition, Nehlsen et al. (2006) found synergism between sulfuric acid and heating
as oxidizing agents of aliphatic and aromatic sulfides, reducing the Gibbs free energy
value for these reactions.

The use of standards prepared from the addition of increasing volumes of Fe** solution,
standardized on fixed quantity of ions Cr,05~ were evaluated (Tables 1 and 2). This
alternative resulted in linear adjustment of analytical quality (r*>0.99), Figure 1, and
with greater angular coefficient. This slope of the line resulted in SOM contents for the

samples lesser than those obtained using calibration from pure organic substances.

With this decrease, SOM contents and the variance obtained spectrophotometrically
are statistically equivalent to the results obtained by the titrametric methods of
Embrapa and Walkley-Black (Table 3), at 95 % confidence level for the t and F tests,
respectively. For the statistical comparison of the methods the means for each
sample and the mean standard deviation of each method were used (Table 3). This
is because very low standard deviations were obtained for some samples regarding
the mean standard deviation, which showed a statistical difference to the mean
(t test), even when the SOM contents were very close. The only significant difference
observed for the mean was from the first sample of Corumba-MS between Embrapa
and Spectrophotometric Embrapa methods, whose T calculated was of 4.8 against
a critical T of 4.303. Possibly, this only difference occurred due to the difficulty in
identifying the end point of heating of the method, which is subject to the observation
of the beginning of soft boiling. In this study, the diversity regarding the origin and
the physicochemical properties of samples resulted in the proposal of methodologies
of broad applicability, with no restrictions found on soil type and origin so far.
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Hence, the laboratory decided to adopt the spectrophotometric determination of SOM
instead of the Walkley-Black reference method that was being used routinely, increasing
the productivity from 200 to 500 samples/week/analyst. In addition, it enabled the
economy of 60 % in the consumption of H,SO, and K,Cr,0;, the elimination of using
H,PO,, Fe(NH,),(50,),.6H,0 and indicator Ferroin solution, and the reduction of the
mass from 0.5 to 0.2 g of sample, without changing the accuracy and precision of the
analysis. By Walkley-Black method, for instance, approximately 260 mL is generated per
sample, whereas only 24 mL is generated in the spectrophotometric method, reducing
in 91 % of the total volume of residues generated. We should consider that in LAA the
estimated cost of analysis per sample went from US$ 2.65 to US$ 0.95, still taking into
consideration that US$ 0.70 is paid per kilo to a specialized company to perform the
treatment and final disposal of residue, and therefore, the laboratory must save an
average of US$ 9,350.00 per year.

Optimization of Mebius method and its adaptation to spectrophotometry

A soil in which biochar was incorporated at the proportion of 16 Mg ha™ was used for
the study on optimization of Mebius method conditions. Biochar is a material rich in C
that features high stability and increases the soil fertility, also helping C sequestration
from the atmosphere (Petter and Madari, 2012; Carvalho et al., 2013). This material is
obtained by pyrolysis of biomass in the absence of oxygen. The high stability of biochar
occurs by the presence of functionalized polycyclic aromatic groups that resist to SOM
of the sample used (Madari et al., 2009; Zimmerman, 2010; Madari et al., 2012). This
enables optimum conditions of oxidation for this soil to be applied to others, which in
general will have a more labile SOM.

By factorial design 5% result (Table 4), the two factors (volume of H,SO, and digestion time)
and their quadratic contributions were considered significant, and the interaction between
the two factors was insignificant, since the module was lower than the experimental
deviation. From the significant factors, the response surface and adjusted equation
(Figure 2) were obtained, and the V,,50, maximum point of 9.08 mL and T of 319.9 min
were obtained by the partial derivative. This volume of optimized acid to 0.2 g of soil is
slightly higher than the initial ratio of Mebius method, of 0, 5 g:20 mL. That is, you cannot
reduce the sulfuric acid without reducing the efficiency of SOM recovery. However, the
initial time of 30 min of the method is much lower than the optimized by RS, indicating
that Mebius method in the original conditions does not assure the complete or maximum
SOM oxidation of some samples.

For the results by spectrophotometry to be equivalent to those obtained by titrimetric methods,
also standards prepared from the addition of Fe®* solution standardized under fixed quantity
of Cr,02™ ions were used, thus obtaining a linear adjustment of analytical quality (r*>0.99)
(Figure 1). Although the effect of thermal decomposition of Cr,03™ ions is only significant
above 150 °C (Pansu and Gautheryou, 2003), we did not use heating in standard solutions
because the reaction between Cr,035™ and Fe’* is immediate and to level the conditions with

the titrametric method, in which the ferrous sulfate solution is not heated.

The difference in SOM content between the original method and the optimized one is
described in table 2. In addition to the RS, these results confirm the need for a drastic
increase in time from 30 to 320 min, since there was an increase in SOM content for all
of the samples evaluated. This increased energy need demonstrates a SOM resistance to
oxidation. Such behavior was also observed by Rheinheimer et al. (2008), who justified
it by the formation of micro-aggregates from the association between SOM and clay.

The methodological comparisons of this study allowed the inefficiency of the Walkley-Black
method to be confronted, which is held by a factor of 1.33, since it was verified (Table 2)
that this mean value increases from 1.37 (near the expected) to 1.54 when you change
the denominator of the division from Mebius method to optimized Mebius.
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Table 4. Soil organic matter (SOM) content in the sample of soil with biochar by Mebius method
as a result of the factorial design

Time H,SO, SOM 1 SOM 2 SOM mean Standard deviation
min mL g kg™
36 2 13.30 13.90 13.60 0.30
108 2 21.10 17.70 19.40 1.70
180 2 19.80 25.40 22.60 2.80
252 2 28.10 22.20 25.20 3.00
324 2 22.70 26.80 24.70 2.10
36 4 17.60 24.10 20.90 3.20
108 4 27.50 18.30 22.90 4.60
180 4 24.20 30.40 27.30 3.10
252 4 29.40 25.40 27.40 2.00
324 4 25.90 30.10 28.00 2.10
36 6 22.20 20.50 21.40 0.90
108 6 32.70 30.00 31.40 1.40
180 6 37.30 34.00 35.70 1.70
252 6 40.40 42.90 41.70 1.30
324 6 42.80 39.00 40.90 1.90
36 8 18.20 23.60 20.90 2.70
108 8 35.20 35.60 35.40 0.20
180 8 42.20 41.60 41.90 0.30
252 8 40.00 44.00 42.00 2.00
324 8 40.10 46.80 43.40 3.40
36 10 22.00 20.90 21.50 0.60
108 10 32.00 25.70 28.90 3.20
180 10 32.00 38.60 35.30 3.30
252 10 40.00 40.90 40.50 0.40
324 10 36.00 42.00 39.00 3.00

60

504
i":’ 404
2 30+
% 20
[9p]

104

0 =

12

Figure 2. Response surface for soil organic matter (SOM) recovery due to independent variables:
volume of concentrated sulfuric acid and heating time at 140 °C.
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Validation and overview of the analytical methods proposed

The estimated figures of merit for Embrapa and Walkley-Black spectrophotometric methods
and optimized Mebius, evaluating detection (LoD) and quantification (LoQ) limits and
precision are in table 5. By the ranges mentioned in the experimental part, the angular
(A) and (B) linear coefficients were estimated. The calculation of the relative standard
deviation (RSD) was used to estimate precision at repeatability and intermediate levels.
The RSD values were below 5.0 %.

The NIST certified reference materials allowed to estimate the accuracy by the degree of
recovery for the three spectrophotometric methods proposed. The method of Embrapa
presented 75.19 and 77.72 %, the Walkley-Black method 83.09 and 91.87 %, and the
method of Mebius 92.83 and 100.85 %, respectively, for loamy and Sandy reference
materials (Table 5). The largest recalcitration of clay soil can be justified by the formation
of micro-aggregates between clay and SOM (Rheinheimer et al., 2008); therefore, the
methods presented lower recoveries for this material.

Although the Embrapa method presented satisfactory precision, its degrees of recovery
were the lowest and furthest from 100 % for the three methods validated. This poor
performance to accuracy is due to the non-use of an inefficiency factor, as even though
this method uses external heating, the heating time is short, and therefore insufficient
for the maximum recovery of SOM. Embrapa method cites other manuals and books of
soil analysis, but when investigating these sources, it is possible to identify that Embrapa
method had contributions from the Schollenberger methods (Schollenberger 1927, 1945),
which uses external heating, and the Walkley-Black method (Walkley and Black, 1934),
which does not use external heating. The satisfactory reproducibility of the Embrapa
method and its use at a national level enhanced by PAQLF inter-laboratory program, which
features more than 100 fertility laboratories, demonstrates that this method should be
considered a way to determine the SOM content of Brazilian soils. However, the lack
of a factor to correct its inefficiency will often produce underestimated SOM contents.
Therefore, based on the results obtained here, we suggest that SOM content according
to the Embrapa method should be corrected by a factor of 1.61 (Table 3).

The Walkley-Black method showed better accuracy, 83.09 and 91.87 % (Table 5), than
the Embrapa method. However, there was no overestimation for the two certified NIST
standards when the correction factor of inefficiency of 1.33 was applied, raising recovery
degrees to 110.52 and 122.19 %. Nevertheless, these results are closer to 100 % when
compared to the Embrapa method. Overestimation may occur by great variation of the
“inefficiency factor” (Table 4), which featured relative standard deviations of 17.35 and
17.32 % when compared to conventional and optimized Mebius methods, respectively.

Table 5. Figures of merit estimated for both methods proposed

Parameter e W-B,pect. M.,
A 24.6260 29.8970 23.0358
B 0.0015 -0.0038 -0.0147
R? 0.9999 0.9999 0.9998
LoD (g kg™) 5.72E-07 3.01E-07 1.03E-06
LoQ (g kg™?) 1.91E-06 1.00E-06 3.42E-06
RSD (epeatabiity (%) 3.76 4.05 4.17
RSD |ntermediate precision (%0) 4,95 3.47 4.91
Recovery degree,,, (%) 75.19 83.09 92.83
Recovery degrees,.q (%) 77.72 91.87 100.85

LoD: detection limit; LoQ: quantification limit. Espect, W-Bspect, M.ope. @re, respectively, Spectrophotometric
Embrapa, Spectrophotometric Walkley-Black, and Optimized Mebius methods.
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However, considering that the inefficiency factor is fixed and mean between a diverse
set of samples, this factor, in a large amount of samples, will produce high errors in both
directions, i.e., it will underestimate or overestimate the SOM content. The Walkley-Black
method, as well as the Embrapa method, is fairly applied in Brazilian fertility laboratories,
and is the suggested method, with some adaptations, in the IAC manual (Raij et al.,
2001). However, its inefficiency in SOM recovery was intensified when its results were
compared to the optimized Mebius method. Therefore, based on the set of samples,
we suggested that the SOM content determined by the Walkley-Black method should
be corrected by a factor of 1.54 (Table 4). Inefficiency factors can be more effective in
SOM estimation when calculated for a restricted set of samples or to a specific region
which features soils with approximate physicochemical characteristics.

Despite not using external heating, Walkley-Black method, even without using the 1.33
factor, showed higher degree of recovery regarding Embrapa method. This is due to the
proportion of sulfuric acid being higher in the Walkley-Black method for the same mass of
the sample, and this factor was predominant, in the case of the two reference materials,
for greater access to SOM organic carbon (Chan et al., 2001). However, the slight external
heating used in the Embrapa method can, in some cases, be the predominant factor of
access to the C. For instance, the sample of Jaiba-MG (Table 4), featured an SOM content
of 36.39 g kg™ for the Embrapa method against 33.05 g kg™ (without the 1.33 factor)
for the Walkley-Black method. Thus, although both factors, external heating and sulfuric
acid, contribute to increase the recovery degree, the predominance in relation to the
other will depend on each sample, or, more specifically, on the features of the collection
of organic substances present in each soil.

Finally, the optimized Mebius method presented the best recoveries of the three validated
methods: 92.83 and 100.85 % (Table 5). We did not use a correction factor of inefficiency for
this method because its recoveries are close to 100 %, which prevents serious distortions
of SOM estimate, as previously discussed. Therefore, despite the minor operation, the
Mebius method, using oxidation in closed system, proved to be the most effective for
SOM determination, in agreement with the results obtained by Angelova et al. (2014),
which indicate the tube digestion at 150 °C as the more appropriate for SOM recovery.
For certified sandy material, the SOM recovery was complete, indicating that organic
substances of this type of soil are more accessible. On the other hand, for the certified
clay material, the recovery was satisfactory, greater than 92 %, but this result indicates
that a small fraction of the organic C was not oxidized. This oxidation resistance happened
even after optimizing the heating time, which was quite high compared to the original
method and the amount of sulfuric acid. That is, some soils contain highly resistant
micro-aggregates (Rheinheimer et al., 2008), making it impossible for the oxidation of
this SOM fraction by dichromate and sulfuric acid action. Thus, for the moist methods
here investigated, we should not use the term total organic C, but oxidizable organic C.
Therefore, in the optimization of the Mebius method, the vertex of the response surface
indicates the SOM maximum recovery, and not complete recovery.

CONCLUSIONS

Methodological adaptations have enabled the determination of SOM by spectrophotometry
with analytical quality equivalent to the titrametric methods. On average, the new
methodological proposals have generated: results with equivalent accuracy and precision,
increased functionality, 60 % reduction in the consumption of toxic reagents, and
91 % reduction in the volume of residue generated. For the Mebius method by multivariate
optimization, by response surface methodology, it was not possible to reduce the
proportion of sulfuric acid used, but we established the need for a time of 319.9 min to
a more efficient SOM recovery. The three proposed methods were validated by estimated
figures of merit.
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The replacement of the Walkley-Black method by the new spectrophotometric Walkley-Black
method proposed here enabled a mean annual economy of US$ 9,350.00 in LAA spent
on reagents and the treatment of toxic residues.

The Embrapa and Walkley-Black methods demonstrated satisfactory precision, but the
results point to the need of using correction factors of inefficiency of 1.61 and 1.54,
respectively. These factors, which are mean, can cause errors in most samples. Despite
the minor functionality, the optimized Mebius method does not demand the use of a
correction factor and is the most effective for SOM recovery, showing degrees of recovery
close to 100 %.

Finally, the results of this study are of great relevance to Embrapa, which coordinates
the PAQLF interlaboratory program by Embrapa Soils and develops projects for the
production of certified samples. We intend to disclose them at a corporate level in the
National Meeting on Lab Methodologies and Management (MET).
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