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ABSTRACT

Seashells, residues from mussel (Mytilus chilensis), Hupé 1854 processing, are an environmental
load on the coasts of southern Chile. The main component of this waste is calcium carbonate, which
is commonly used to neutralize soil acidity. Its application in meadows is limited due to the large
quantities (tons) required. The objectives of this work were to determine the most appropriate type
of mussel seashells (M. chilensis) as a source of calcium carbonate (CaCO,) for pH neutralization
of an alluvial acidic soil collected from Nuble Coast, and to identify its optimal dose. The seashell
doses were optimized using response surface methodology (RSM) to achieve a soil pH close to
neutral and a relatively high neutralizing power, which was defined in comparison to the pH increase
achieved with commercial CaCO,. Seashells with organic matter was the most suitable formulation
for increasing soil pH with a high relative neutralizing power (~ 94%), requiring a dose of 23% (w/w)
to achieve soil pH values close to neutral. The fitted quadratic model explains 98.9% of variation in
experimental data. This work lays the foundations for future studies aimed to find new agricultural
and/or livestock applications of wastes from the shellfish industry.
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INTRODUCTION

The growing demand for marine products
has led to the increasing development of the
shellfish industry. Mollusk aquaculture accounts
for 42.6% of the world’s aquatic production (in
million tons). Chile is the world’s fourth largest
producer, with approximately 12.5% of the
global aquatic production (Zhan et al., 2022). In
mollusks, however, inedible calcareous seashells
represent 70% of the product, and constitute a

waste source that pollutes the marine coasts,
affecting coastal ecosystems (Zhan et al., 2022).
Therefore, seashell waste should be efficiently
reused to promote sustainable development
and the circular economy in agriculture and the
shellfish industry. It is well known that the main
component of seashells is CaCO,, which can be a
matter of interest in agriculture due to its low cost
and availability (Egeri¢ et al., 2019). However, as
seashells remain in an ecosystem for a long time
and have a low ability to metabolize pollutants
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in water, they can be a potential source of heavy
metals (Saleh et al., 2021).

Organic matter content and pH are some of
the leading indicators of soil quality, which are
related to biochemical processes associated with
soil fertility (Biinemann et al., 2018). Soil pH
affects the absorption of nutrients by the plant,
where the established pH ranges are: 6.5 to 7.5 for
phosphorus (P); 6 to 8 for nitrogen (N); > 6 for
potassium (K) and sulfur (S); 7 to 8.5 for calcium
(Ca) and magnesium (Mg); < 6 for iron (Fe); and
5 to 7 for copper (Cu) and zinc (Zn) (Goulding,
2016). Thus, acid soils limit the availability of
P, Ca, and Mg (Egeri¢ et al., 2019). Specifically,
the Nuble Coast alluvial soils are located next to
the rivers that cross the Nuble Region from the
mountains to the sea; the soils are poor in organic
matter, present moderate biological activity, and
are slightly acidic (pH from 5.6 to 6.5). They are
regularly poor in nitrogen, phosphorus, and
potassium (Hirzel, 2020).

Using CaCO, from seashells in acid soils
increases Ca content in the soil, and in turn
increases the pH, achieving values close to neutral
(Summa et al.,, 2022; Fernandez-Calvino et al.,
2017). However, if plants have excess calcium,
nutrients will not be available and growth will
cease or become slower (Ab Manan et al., 2018).
In addition, most alkaline amendments can
immobilize heavy metal contaminant particles
and reduce their bioavailability (Lu et al., 2020).

Therefore, the objectives of this work were to
determine the most appropriate type of mussel
seashells, with or without organic residues, as
source of CaCO,; for the neutralization of the pH
of an alluvial acidic soil collected from Nuble
Coast, and to identify its optimal dose.

MATERIALS AND METHODS

Collection and preparation of mussel seashells
Mussel seashells (Mytilus chilensis), Hupé
1854 as waste of the shellfish industry located in
Dalcahue (Chiloé Island, Chile) were classified
as seashells with organic matter (W-OM) and
without organic matter (Wo-OM) residues after
the removal of residual meat. First, the seashells
were washed with tap water and dried in a tray
dryer (Model 30-1060, Memmert GmbH + Co.
KG, Schwabach, Germany) at 50 °C for 12 to 20
h until moisture content reached 1 - 20 % w/w.
The seashells were ground using a hammer mill
(Model MOLTNOH11, Plaspak, Santiago, Chile)
with a fine sieve (1.7 mm opening). Heavy metal
concentrations in seashells, including arsenic
(As), cadmium (Cd), mercury (Hg) and lead
(Pb), were analyzed by flame atomic absorption
spectrometry (Caramatin-Soriano et al., 2021).

Obtaining and preparation of soil

The alluvial soil samples were collected in
Buchupureo, Cobquecura, Coast of Nuble Region
(Chile), to a depth of approximately 20 cm and
transported to the laboratory in plastic containers
(Mufioz-Sepulveda, 2020). Plant matter and
stones were removed, and the clean soil was
sieved using a 2 mm aperture sieve.

Moisture and pH measurements

Moisture and soil pH were measured with
a digital soil meter (PH328, SMART SENSOR,
Fujian, CHN). A digital meter is suitable for
measuring moisture in the range of 1 to 84%
(accuracy + 4% moisture) and pH between 2.0 and
8.5 (accuracy * 0.2 pH). The alluvial soil exhibited
a moisture content of 23.42 + 1.26% (wet basis),
and an initial pH value of 5.76 + 0.21 (considered
approximately as pH 5.8).

Preparation of soil and mussel seashells mixture

Three formulations of mussel seashells were
evaluated: (i) W-OM, (ii) Wo-OM, and (iii) a
mixture of equal mass of W-OM and Wo-OM
mussel seashells (50:50). The mussel seashells
(from 1 to 25% w/w) and soil (from 75 to 99%
w/w) mass were mixed until the samples
were homogenized. In the pots, the moisture
was adjusted to 28 - 32% (wet basis), which is
recommended for this soil type (Ulloa-Jara, 2022),
and then soil pH was measured. The control
consisted of soil with the addition of high-purity
calcium carbonate, 99.999% (Merck, Darmstadyt,
GE), applied at the same concentrations used for
seashells.

Relative neutralizing power

The relative neutralizing power (RNP) of the
mussel seashell formulations on the alluvial soil,
was defined as the pH increase achieved with
each formulation (pH formulation) with respect
to the control (soil without any formulation; pH
value ~5.8), divided by the increase achieved with
commercial CaCO,, used asreference (Hirzel etal.,
2017). The CaCO, content in mussel seashells was
determined using the acid-base titration method
(Fu et al., 2020). The estimation was performed
according to the following relationship:

pH formulation — pH control

RNP (%) = 100 1
(%) pH CaCO3 — pH control * @

Modeling and optimization using RSM

The influence of mussel seashell formulation
type and its dose on their RNP of the acid
alluvial soil was studied by response surface
methodology. The control variables were the
formulation type (three levels: W-OM, Wo-
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OM, 50:50) and its dose in grams (thirteen levels:
1,3,5,7,9,11,13,15,17, 19, 21, 23 and 25 g mussel
seashell per 100 g of mixture “seashell + soil”),
together with soil pH resulting from the mixture
“mussel seashell formulation + soil” (pH from
5.8 to 7.2). The response variable (Y) was RNP of
mussel seashell formulations on an acidic alluvial
soil. Experimental data was fitted to a second-
order polynomial. The equation was expressed
in terms of coded variables (X, mussel seashells
doses; X,, pH resulting from the mixture “seashell
+ s0il”) using the following relationship:

Y= [30+ [51X1+ 62X2+ [312X1X2+ [Sllle + [322X22 (2)

where: 8, is constant; and B,, B,, B,,, By, B,y are
regression coefficients.

Statistical analysis

The results were analyzed with Statgraphics
Centurion XVI statistical software (Statistical
Graphics Corp., Herdon, VA, USA).

RESULTS AND DISCUSSION

Optimization of the relative neutralizing power
The effectiveness of mussel seashell
formulations for neutralizing the acidity of the
alluvial soilis presented in Fig. 1. The formulations
considered the W-OM and their removal (Wo-
OM) after eliminating the residual mussel meat,
and included a mixture of equal mass of W-OM
and Wo-OM, denominated as 50:50 formulation.

The mussel seashells exhibited heavy metal
contents (< 0.05 mg kg' As, 0.27 mg kg' Cd, <
0.05 mg kg, 1.59 mg kg Pb) lower than 5 mg
kg, which is the limit in fertilizers according
to the Agricultural and Livestock (SAG) of
Chile. Heavy metals exert toxic effects on soil
biota, affecting key microbial processes and
decreasing population size and activity of soil
microorganisms (Singh and Kalamdha, 2011).
Therefore, the low metal content observed in
mussel seashells poses no threat to soil health
and could allow free availability of nutrients to
the crops.

The results showed that as the level of seashell
formulations added to the soil increased, the
RNP value increased. This situation would be
beneficial for crops (Anderson et al., 2013). With
respect to pH, values ranged from 5.8 to 7.2;
pH values close to neutral are necessary for the
optimal growth of vegetable and crop plants that
could be affected by soil acidity (Anderson et al.,
2013). The amounts of seashell formulations used
were adjusted, and thus the pH values obtained
were close to or slightly above 7.0. Ab Manan et
al. (2018) reported a similar procedure for testing

seashells of commercial mollusks (Anadara
granosa); the authors required similar amounts of
the marine CaCQO, (from 10 to 50 %) added on 10
g soil to achieve pH values (6.52 to 7.16) close to
those obtained in the present study.

The W-OM formulation (Fig. 1A) allowed the
incorporation of 23 g mussel seashells per 100 g of
final mass (mussel seashells + soil) to reach values
close to 7.0 and a high RNP (93.7%). In the case
of Wo-OM formulation (Fig. 1B) after adding 19
g of mussel seashells in 100 g of final mass, the
achieved pH was close to neutral (7.02), while
the RNP was higher than 80.2%. Considering the
mixture of equal mass of W-OM and Wo-OM, 21
g per 100 g of final mass were needed (Fig. 1C) to
reach pH values ~7.06 and RNP close to 82.8%.
In this sense, Fernandez-Calvifio et al. (2017)
reported that approximately 24 g of a marine
CaCO, were necessary to obtain soil pH values
close to neutral (> 6.5), which was consistent
with the findings obtained in the present study.
Additionally, Fig. 1C shows a zone with high
RNP but at a final soil pH below 6.4. This finding
could be related to protein-mineral interactions
between the organic and non-organic parts of the
50:50 formulation, which decrease the release of
calcium from the soil sample matrix (Andersen et
al., 2016), thus inhibiting a pH-regulating effect.

The relationship between mussel seashell
formulations and soil pH showed that RNP for
the alluvial soil varied according to the different
pH regulation or buffering capacities of the
formulations studied. For each formulation,
as the doses applied to the soil increased,
pronounced changes in soil pH were observed;
however, this effect became less significant with
higher seashells levels. The W-OM and 50:50
formulations proved to be the most effective
for achieving a soil pH close to neutral and
high RNP, meaning that a low addition of the
formulation was sufficient. The increase in soil
pH due to the addition of mussel seashells, could
be explained by the neutralization of free protons
(H" ions) and the constraint of their displacement
once they became bound to organic constituents
and calcium minerals (Egeri¢ et al., 2019).

The CaCO, content in the W-OM and Wo-OM
formulations was 82.1 + 1.9% (w/w) and 92.3 +
4.8% (w/w), respectively. Even though organic
matter in mussel seashells may have accounted
for their higher demand to achieve neutral pH,
their presence would be positive for increasing
soil fertility and availability of nutrients needed
by plants (Ahmad et al, 2014). Therefore, the
50:50 formulation could be recommended for pH
neutralization of acidic soils and enhancement of
nutrient availability to the crops.

A second-order polynomial regression model
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was fitted to the experimental results; a significant
(p < 0.05) second-order effect of soil pH (variable
X,) for W-OM formulation, and also a significant
(p < 0.05) interaction effect between variable
X, and seashells doses (variable X)) for Wo-
OM formulation, were observed (Table 1). The
regression models explained more than 94% of the
experimental variability (adjusted determination
coefficient), which was highly representative. The
“best fit” polynomial was observed in the W-OM
formulation: adjusted determination coefficient
(adjusted R?), > 0.98; mean squared error (MSE),
~ 22; and mean absolute error (MAE), ~ 3.8.

For the W-OM formulation, the predicted R? is
in reasonable agreement with the adjusted R?
because the difference was approximately less
than 0.2 units. Additionally, the residual plots
show the difference between the actual and fitted
observations; a value closer to zero is better,
which was observed in the W-OM formulation
(Fig. 2).

In summary, the results of this study provide
valuable information on the use of mussel
seashell waste as a source of calcium carbonate
for agricultural use. Mussel seashells exhibited
a high RNP, while applications in proper doses

Table 1. Regression coefficients of the second-order polynomials that predict the relative neutralizing
power of mussel seashell formulations in an acid alluvial soil.

Regression W-OM Wo-OM 50:50
coefficients Coef.  p-value Coef. p-value Coef. p-value
B, 0.57 0.0637 0.22 0.0413* 0.44 0.0598
B, 0.04 0.0048* 1.04 0.1929 0.37 0.0507
Predicted R 0.9777 - 0.8771 - 0.9337 -
Adjusted R? 0.9893 - 0.9410 - 0.9682 -
MSE 22.13 - 56.47 47.54 -
MAE 3.81 - 5.19 5.37 -

Where: W-OM, was the powder of mussel seashells with organic matter; Wo-OM, was the powder of
mussel seashells without organic matter; 50:50, was the powder of mussel seashells mixture in equal

parts; B, B

127

,» are regression coefficients; *, significant differences exist at p < 0.05; R? is determination

coefficient; MSE, is mean squared error; MAE, is mean absolute error.
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Fig. 2. Residual plot for the second-order polynomial models.
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could effectively neutralize acidity and improve
the agricultural quality of acidic alluvial soils of
Nuble Coast (Chile).

CONCLUSIONS

Mussel seashells, commonly referred to as
waste material on the coasts of southern Chile,
can be used as a neutralizing agent in acid
alluvial soils of the Nuble Coast. The response
surface methodology allowed modeling the
processing conditions to achieve the highest
relative neutralizing power of different seashell
formulations, highlighting that at least 19 g
mussel seashells per 100 g of soil mass were
required to achieve a soil pH close to 7.0. Of
the three formulations, the W-OM formulation
exhibited the highest relative neutralizing power
(~ 94%). The findings of this work suggest that
mussel seashell waste can be potentially used to
reduce the use of inorganic fertilizers; as calcium
supplement for egg production in hens; to lower
ignition point and reduce the probability of soil
fires; and/or as natural filters for wastewater
cleaning.
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