foods

Article

Phosphine Sorption on Paddy Rice: Effects on Fumigation and
Grain Quality Parameters

Silvia Andréia Garibaldi Pereira I'*, Lazaro da Costa Corréa Cafiizares 1'f, Silvia Leticia Rivero Meza 1,
Cristiano Dietrich Ferreira 2, Silvia Naiane Jappe !, Gustavo Heinrich Lang !, Paulo Carteri Coradi 3*

and Mauricio de Oliveira

check for
updates

Citation: Pereira, S.A.G.; Cafizares,
L.d.C.C.; Meza, S.L.R.; Ferreira, C.D.;
Jappe, S.N.; Lang, G.H.; Coradi, P.C.;
Oliveira, M.d. Phosphine Sorption on
Paddy Rice: Effects on Fumigation
and Grain Quality Parameters. Foods
2024, 13,3293. https://doi.org/
10.3390/foods13203293

Academic Editors: Gian Carlo Tenore

and Mike Sissons

Received: 19 March 2024
Revised: 17 May 2024
Accepted: 12 June 2024
Published: 17 October 2024

Copyright: © 2024 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Department of Agroindustry Science and Technology, Federal University of Pelotas, Pelotas 96010-900, RS,
Brazil; silviagronomia@hotmail.com (S.A.G.P.); lazarocoosta@hotmail.com (L.d.C.C.C.);
silvialrmeza@gmail.com (S.L.R.M.); jappesilvia@gmail.com (S.N.J.); gustavo.heinrich@hotmail.com (G.H.L.);
mauricio@labgraos.com.br (M.d.O.)

2 Technological Institute in Food for Health, University of Vale do Rio dos Sinos, Sao Leopoldo 93022-750, RS,
Brazil; cristiano.d.f@hotmail.com

Laboratory of Postharvest (LAPOS), Campus Cachoeira do Sul, Federal University of Santa Maria, Avenue
Taufik Germano, Universitario II, Cachoeira do Sul 96503-205, RS, Brazil

*  Correspondence: paulo.coradi@ufsm.br

These authors contributed equally to this work.

Abstract: During storage, infestation by insect pests occurs, causing quantitative and qualitative
losses in grains, which requires the control of these insects with phosphine gas. Rice husk has
a high phosphine adsorption capacity, influencing the gas concentration during fumigation and
potentially leading to inefficient fumigation. Additionally, the high sorption of rice husk results in a
higher residue of phosphine in the grain. Therefore, the objective of this study was to evaluate the
phosphine sorption and phosphine residue in rice husk, paddy rice, and brown rice, as well as the
industrial quality (head rice yield, rehydration capacity, cooking time, colorimetric profile) of brown
and white rice during storage. To achieve this, fumigation of paddy rice, brown rice, and rice husks
with 3.0 g-m~3 of phosphine was carried out for 240 h (recommended duration in the industry). A
high sorption rate was observed in the rice husk (94.77%), paddy rice (97.61%), and, lastly, brown
rice (35.17%). Due to the high sorption rate, only brown rice maintained a concentration above
the recommended level for effective pest control (400 ppm for 120 h). Higher phosphine residues
than permitted were observed in the rice husk (0.25 ppm). Lower rice head yields were observed
in non-fumigated rice samples when analyzing the brown rice samples (66.21% for paddy rice and
65.01% for brown rice). A greater rehydration capacity was observed in fumigated samples at the
beginning of storage when analyzing the brown rice samples (1.21 for paddy rice, 1.23 for brown
rice), reducing the cooking time (24.00 for paddy rice, 23.80 for brown rice). More studies should be
carried out to evaluate the effectiveness of fumigation on paddy rice, considering the high sorption
rate of the paddy.

Keywords: phosphine sorption; phosphine residues; rehydration capacity; stored rice

1. Introduction

Rice (Oryza sativa L.) is the second most widely produced cereal globally and is
renowned for its high concentration of starch, proteins, minerals, and B-complex vitamins,
making it a vital source of energy [1,2]. This grain serves as a staple food for half of the
world’s population and is consumed by 95% of people worldwide [3].

After harvesting, the grains are transported to processing facilities, where they undergo
cleaning and drying to achieve an appropriate moisture level for maintaining the grain
quality during storage [4]. The grains are then stored in metal silos or warehouses to ensure
a year-round supply of the product [5]. However, during storage, the proliferation of
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insects and deteriorating microorganisms can occur, leading to quantitative and qualitative
losses. Phosphine (PH3), a highly toxic gas, is the primary method for insect control during
grain storage, as it rapidly inhibits aerobic respiration in many insects [6,7].

The residue from aluminum phosphide application is a light gray powder composed
of aluminum hydroxide. Aluminum hydroxide is an inert substance that is non-toxic to
humans and animals, but it may contain undecomposed aluminum phosphide particles
impregnated in the powder [8]. The maximum residue limits of aluminum phosphide
allowed in samples after fumigation are 0.1 ppm or 0.1 mg/kg for grains [9].

During phosphine application, the gas concentration inside the environment decreases,
primarily due to sorption by the grains, as well as other factors such as gas loss through
the structure. Sorption is influenced by various factors, including the type of fumigated
product, previous fumigation history, moisture content, particle size, composition, exposure
time, and dosage [10]. Rice husk, which constitutes 20% of the grain weight, has a high
silica content and specific surface area (10,197.38 cm? g~ 1), leading to a high sorption rate
of phosphine compared to other grains [11].

Phosphine gas is known to affect various metabolic processes in rice grains [12]. Niu
et al. [7] analyzed the physiological and biochemical responses of rice seeds to phosphine
exposure during germination. They observed a sudden decrease in the germination rate,
germination potential, and germination index after exposure to phosphine. Additionally,
seed exposure to phosphine reduced the activities of the catalase and superoxide dismutase
enzymes while increasing the peroxidase activity compared to the control group.

No reports have yet addressed the effect of aluminum phosphide application on the
phosphine sorption by rice husk and its influence on quality parameters during storage.
Therefore, this study aimed to assess phosphine sorption and phosphine residue in rice
husk, paddy rice, and brown rice, along with the industrial quality aspects (head rice
yield, rehydration capacity, cooking time, colorimetric profile) of brown and white rice
during storage.

2. Materials and Methods
2.1. Materials and Experimental Procedure

The rice was obtained from Cooperativa Arrozeira Extremo Sul (Pelotas, RS, Brazil).
The long rice variety (Indica) was used. After harvesting, the samples were transported to
the Laboratério de Pés-Colheita, Industrializacao e Qualidade de Graos (LABGRAQS), of
the Federal University of Pelotas (UFPel) (Latitude 31°52/00” S; Longitude 52°21'24" W;
Altitude 13.24 m). The rice was cleaned and dried at 35 °C with an airflow of 1.0 m s~ ! in
an experimental fixed-bed dryer until a 12% moisture content was reached. Three samples
were used for the experiment: paddy rice, brown rice, and rice husks.

The samples were placed in metal drums at 28 °C and 55% relative humidity (Climate-
controlled rooms with temperature and relative humidity control—Appropriate conditions
for fumigation), hermetically sealed, with a capacity of 200 L and 3.0 g-m 2 of phosphine
for 240 h (recommended time in the industry) (Figure 1A). The fumigation of each treatment
was performed in triplicate (biological replicates).

After applying the treatments, the samples were stored in plastic bags (polyethylene)
in a BOD incubator (ELETROlab—EL222/3) with temperature (25 °C) and humidity (60%)
control for 3 months. Analysis was performed at the beginning of storage and at 1, 2, and
3 months. Analyses were performed on brown rice samples and after polishing (white rice).
Storage of paddy and brown rice was also carried out without fumigation. The laboratory
analyses were performed in triplicate (analytical replicates).
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Figure 1. Metallic drums used for fumigation (A) and Silo-Chek—Canary Co device (B).

2.2. Methods
2.2.1. Phosphine Concentration

The phosphine concentration was monitored using the Silo-Chek—Canary Co device
(Canary Company Pty Ltd., Sydney, Australia) (Figure 1B). The phosphine concentration
was measured every hour during the first day and every 12 h during the subsequent 9 days.
To determine the percentage of phosphine sorption, the following equation was used:

Sorption (%) = [(A — B)/A] x 100, 1

where “A” is the higher concentration (ppm) of phosphine during fumigation, and “B” is
the lower concentration (ppm) of phosphine during fumigation.

2.2.2. Phosphine Residue

This analysis aims to quantify the concentration of phosphine present in the grains
after fumigation (phosphine residue). The quantification was performed using HPLC
according to Analytical Methods for Pesticides Residues in Foodstuffs [13]. The analysis
was performed on samples after 10 days of treatment. Along with this, the samples were
aerated, and after 4 days of aeration, the samples were also collected to determine the
residual phosphine concentration.

2.2.3. Head Rice Yield (HRY)

For the quantification of the head rice yield, a Testing Rice Mill (DTAZ1, Zaccaria,
Limeira, Brazil) was used. This equipment is employed for dehusking, polishing, and sepa-
rating broken grains (<4.49 mm). The head rice yield (%) was determined by dividing the
head rice weight (g) (brown and polished rice) (wf), with lengths higher than 4.49 mm [14],
by the initial rice weight (g) (rice with husk) (wi). The results are expressed in % through
the average of three determinations.

HRY (%) = (wf/wi) x 100, @)

2.2.4. Rehydration Capacity

The rehydration ratio of the rice samples was determined using the method described
by Cao et al. [15]. The quantity of 5 g of rice was submerged in distilled water at 100 °C
for 10 min in a hot plate (IKA C-MAG HS digital IKAMAG™, Staufen, Alemanha). The
rehydration capacity is expressed as the ratio of wet weight to dry weight.

2.2.5. Cooking Time

The cooking time of the rice was determined according to the method described by
Juliano and Bechtel [16] and expressed as minutes (min). The quantity of 10 g of rice was
placed in aluminum containers under heating with excess distilled water in a hot plate (IKA
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C-MAG HS digital IKAMAG™). The removal of 3 rice grains was performed at different
time intervals. The removed grains were pressed between glass plates. The cooking time
was determined when the pressed rice showed no white core.

2.2.6. Colorimetric Profile

The colorimetric profile of the grains was determined using a colorimeter (Minolta,
CR-310, Osaka, Japan). Through the CIELab system, the parameters used are the a*-value
(positive = red and negative = green), b*-value (positive = yellow and negative = blue), and
L*-value (100 = white and 0 = black). The rice grains were dispersed on Petri dishes, and
10 readings were taken for each sample.

2.2.7. Statistical Analysis

The experiment was conducted with a completely randomized design (CRD), with
three replications (biological replicates). The analyses were performed in triplicates (an-
alytical replicates), and these were subjected to an analysis of variance (ANOVA) with
95% reliability, using the SAS Viya Analytics Software program (SAS, Cary, NC, USA,
https:/ /www.sas.com/en_us/software/viya.html). When the independent variables (rice
samples and storage time) presented significant effects, dismemberment was performed in
simple effects. The comparison between the rice samples and storage time was carried out
using Tukey’s test.

3. Results and Discussion
3.1. Phosphine Concentration

The results of the phosphine concentration in paddy rice, brown rice, and rice husk are
presented in Figure 2. During the initial 20 h, an increase in phosphine concentration was
observed. The maximum concentrations reached were 1520 ppm (20 h) for rice with husk,
2000 ppm (18 h) for brown rice, and 1314 ppm (20 h) for rice husk. The initial rise in the
phosphine concentration is attributed to the reaction of the phosphate with the humidity
that was present in the environment, releasing the phosphine gas [8]. The high concen-
trations persisted for a certain period, depending on the fumigated product, fumigation
temperature and humidity, and the hermeticity of the fumigated environment [17].

——— Paddy rice
—— Rice husk
—¥— Brown rice

2000

E B &

Phosphine concentration (ppm)
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0 24 48 72 9% 120 144 168 192 216 240
Exposure time (hours)

Figure 2. Phosphine concentrations during fumigation.

In 4 h of fumigation for brown rice and paddy rice and 6 h for the husk, a minimum
concentration of 400 ppm of phosphine was observed (Figure 2). Concentrations of 400 ppm
were maintained for 77 h in paddy rice, 88 h in rice husks, and 236 h for brown rice. After
this period of time, the phosphine concentrations tend to decrease to safe levels for sample
removal. According to Lorini et al. [17], the minimum concentration for efficient control
of all stages of insects (egg, larva, pupa, adult) is 400 ppm for 120 h. If the exposure time
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is less than 120 h, it may lead to inefficient insect control and selection of resistant insects.
Thus, it can be seen that the paddy rice was not exposed to the minimum necessary period
for adequate insect control to occur, which could lead to difficult maintenance of its quality
during storage and/or processing.

The concentration of phosphine during fumigation is influenced by various factors,
including the water activity, exposure time, and material being fumigated [18]. The lower
concentration of phosphine observed during fumigation of paddy rice is attributed to the
high sorption rate of rice husks, which constitutes 20% of the grain’s weight and has a high
silica content [19].

After 240 h of fumigation, phosphine concentrations of 31.33, 68.67, and 1296.67 ppm
were observed when analyzing the paddy rice, rice husks, and brown rice (Figure 2). Using
Equation (2), the sorption of paddy rice was 97.61%, for rice husk, it was 94.77%, and for
brown rice, it was 35.17%. These results suggest that the use of 3.0 g'm 3 of phosphine is
not adequate for the efficient control of insects in stored rice grains due to the high sorption
of phosphine by the rice husk, reducing its concentration in the environment. Further
studies should be conducted to observe the influence of higher concentrations of phosphine
during fumigation.

3.2. Phosphine Residue

The results of phosphine residue in the paddy rice, brown rice, and rice husks are
depicted in Figure 3. Initially, phosphine residues were analyzed in samples without
fumigation, where no phosphine levels were detected. After 240 h of fumigation, phosphine
levels of 0.25 ppm were observed in the rice husk, 0.06 ppm in the paddy rice, and 0.04 ppm
in the brown rice. Following the fumigation period (240 h), the grains were aerated, and a
residue analysis was conducted again after 4 days. The analysis revealed values of 0.33 ppm
for rice husks, 0.04 ppm for paddy rice, and 0.03 ppm for brown rice.

035

240 h
03

M After rice
0.25
0.2

0.15

0.1

.

Rice husk Paddy rice Brown rice

Phosphine residue (ppm)

Figure 3. Phosphine residues after fumigation.

The phosphine residue results correlate with previous phosphine sorption results,
indicating that high levels of phosphine remain absorbed in the rice husk after fumigation,
even with aeration. These residue values for rice husks exceed the limits allowed by
Brazilian legislation (0.1 ppm). However, for the samples of paddy rice and brown rice, the
results are within the limits (<0.1 ppm) set by the legislation. According to Daglish and
Pavic [20], the rate of phosphine sorption is directly influenced by the moisture content
and temperature during fumigation. Low concentrations of phosphine in the fumigated
environment may indicate a high sorption rate by the grains.

3.3. Head Rice Yield (HRY)

The head rice yield results are summarized in Table 1. The analysis of variance
indicated significant effects (p < 0.05) of the rice sample and storage time on the head rice
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yield. A declining trend in head rice yield was noted during storage for both the brown
and white rice samples.

Table 1. Head rice yield in brown rice and white rice, fumigated in the form of brown rice and paddy
rice, during storage.

Storage Time (Months)

0 1 2 3
Head rice yield (%)—Brown rice
Paddy rice (Fumigated) 69.54 £ 0.24aA* 69.32 £0.12 aA 68.12 + 0.21 bB 67.05 + 0.32bC
Paddy rice (Not fumigated) 70.23 + 0.32 aA 69.01 + 0.45 aB 67.21 £ 0.31 bC 66.21 + 0.12 cD
Brown rice (Fumigated) 69.72 £ 0.82 aA 69.19 £ 045 aA 68.81 = 0.07 aB 68.57 £ 0.41 aB
Brown rice (Not fumigated) 69.92 + 0.76 aA 69.30 + 0.31 aA 67.80 + 0.11 bB 65.01 + 0.19 cB
Head rice yield (%)—White rice
Paddy rice (Fumigated) 63.94 £ 0.74 aA 63.47 £ 041 aA 62.74 £+ 0.08 bB 61.98 £+ 0.31 bC
Paddy rice (Not fumigated) 64.66 £ 0.25 aA 63.88 £ 0.43 aA 62.12 +1.21 bB 61.08 £ 0.13 cC
Brown rice (Fumigated) 6491 £ 1.11 aA 64.27 £ 0.27 aA 63.51 £ 0.18 aB 63.17 £0.19 aB
Brown rice (Not fumigated) 64.50 £ 0.67 aA 63.30 £ 0.20 aB 62.31 £ 0.09 bB 61.10 £ 0.09 cC

* The p-value for both rows and columns was p < 0.05. Lowercase letters compare between rice, uppercase letters
compare between storage times.

At the onset of storage, no significant differences were noted when comparing the
rice samples. However, by the conclusion of the storage period, the lowest head rice yield
was observed in the non-fumigated rice samples (paddy rice—not fumigated and brown
rice—not fumigated).

Comparing the expurgated brown rice to the fumigated samples, higher levels of
whole grains are evident. In the case of fumigated paddy rice, lower yield results were
obtained, confirming the inefficiency of purging, which leads to higher contamination and
degradation of grains during storage. No studies were found regarding the adsorption of
rice husks concerning the fumigation efficiency and the yield of whole grains. When rice
grains are stored under inadequate conditions (such as insect infestation, fungal infestation,
high temperatures, and humidity), their constituents degrade, leading to grain damage and
cracking. These actions result in increased broken grains during rice processing [21].

3.4. Rehydration Capacity and Cooking Time

The results for the rehydration capacity and cooking time of brown and white rice
during storage are outlined in Table 2. The analysis of variance revealed significant effects
(p < 0.05) of the rice sample on both rehydration capacity and cooking time. A decrease
in rehydration capacity was noted during storage for white rice. In the case of brown rice
samples, this reduction was observed only in the purged samples (paddy—fumigated and
brown rice—fumigated).

Comparing fumigated and non-fumigated rice samples at the beginning of storage
reveals that fumigation led to an increase in rehydration capacity for brown rice (1.21
for paddy rice—fumigated and 1.23 for brown rice—fumigated). This increase may be
attributed to modifications in the grain structure upon contact with phosphine. When
the phosphine penetrates the grain, it can react with hydrogen ions, lipids, and starch-
protein interactions. These changes can increase the grain’s porosity, altering its physico-
chemical properties and facilitating water absorption during cooking [22]. However, this
phenomenon does not persist during storage. It is possible that over prolonged storage,
bond restructuring occurs due to the reduction in residual phosphine present in the samples
(Figure 3).
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Table 2. Rehydration capacity and cooking time in brown rice and white rice, fumigated in the form

of brown rice and paddy rice, during storage.

Storage Time (Months)
0 1 2 3
Rehydration capacity—brown rice
Paddy rice (Fumigated) 1.21 £ 0.01aA* 1.17 £ 0.02 abB 1.12 £ 0.02 aB 1.10 £ 0.06 aB
Paddy rice (Not fumigated) 1.14 + 0.01 bA 1.13 £ 0.05 bA 1.12 £0.01 aA 1.08 £ 0.03 aA
Brown rice (Fumigated) 1.23 £ 0.01 aA 1.18 + 0.01 aB 1.13 £ 0.05 aB 1.12 £ 0.04 aB
Brown rice (Not fumigated) 1.14 £ 0.01 bA 1.14 £+ 0.00 bA 1.13 £ 0.01 aA 1.10 £ 0.02 aA
Rehydration capacity—white rice
Paddy rice (Fumigated) 1.30 £ 0.01 aA 1.27 £ 0.01 aB 1.25 + 0.00 aB 1.19 £ 0.03 aC
Paddy rice (Not fumigated) 1.27 £ 0.00 aA 1.27 £ 0.02 aB 1.25 £ 0.02 aB 1.15 £ 0.01 aC
Brown rice (Fumigated) 1.30 £ 0.01 aA 1.20 + 0.01 aB 1.21 £ 0.01 aB 1.17 £ 0.01 aC
Brown rice (Not fumigated) 1.29 +0.03 aA 1.21 +0.02 aB 1.19 £ 0.03 aB 1.13 £ 0.01 aC
Cooking time (min)—brown rice
Paddy rice (Fumigated) 24.00 £+ 0.00 bB 26.20 +0.10 aA 27.70 £ 0.70 aA 27.20 £+ 0.50 aA
Paddy rice (Not fumigated) 26.50 £ 0.70 aA 26.30 = 0.00 aA 28.70 £ 0.00 aA 27.10 £ 0.10 aA
Brown rice (Fumigated) 23.80 + 0.00 bB 26.50 + 0.70 aA 27.50 + 0.00 aA 27.30 £+ 0.20 aA
Brown rice (Not fumigated) 27.00 + 1.40 aA 26.10 £+ 0.00 aA 27.30 + 0.00 aA 27.20 + 0.10 aA
Cooking time (min)—white rice
Paddy rice (Fumigated) 14.22 £+ 0.00 aB 15.10 £ 0.12 aA 15.25 +£ 0.35 aA 15.10 £ 0.14 aA

Paddy rice (Not fumigated)
Brown rice (Fumigated)
Brown rice (Not fumigated)

14.12 + 0.00 aB 15.12 £ 0.05 aA
14.15 £ 0.35aB 1522 £0.12 aA 14.75 £ 0.35 aA 15.20 £ 0.08 aA

14.10 £ 0.00 aB 15.50 £ 0.21 aA 15.50 £ 0.00 aA 15.15 £ 0.10 aA

15.25 £ 0.35aA 15.50 + 0.10 aA

* The p-value for both rows and columns was p < 0.05. Lowercase letters compare between rice, uppercase letters
compare between storage times.

When analyzing polished rice samples (white rice), no significant differences were
observed between fumigated and non-fumigated samples. This lack of difference is likely
due to the removal of the bran, which contains a high protein concentration. Consequently,
the reactions of phosphine with the bonds between starch and protein do not occur in
polished rice.

The increase in rehydration capacity observed in the fumigated samples led to a
reduction in cooking time for brown rice when analyzing the samples at the beginning of
storage (24.00 min in paddy rice—fumigated and 23.80 min in brown rice—fumigated).
This acceleration in cooking time is attributed to the rapid water absorption caused by
the alteration in the structure of fumigated grains, which accelerates the gelatinization
process of starch granules [23]. However, when analyzing polished samples (white rice),
no significant differences were observed in cooking time, which aligns with the findings
for rehydration capacity. Studies correlating fumigation with phosphine to cooking time
and the rehydration capacity of rice grains were not found.

3.5. Colorimetric Profile

The colorimetric profile results for brown and white rice during storage are detailed
in Table 3. The analysis of variance only indicated significant effects (p < 0.05) for the b*
value when assessing white rice.

When analyzing the samples of brown rice, no significant differences were observed in
the colorimetric profile, regardless of storage time. Similarly, for the samples of polished rice
(white rice), no significant differences were found in the colorimetric profile at the beginning
of storage. However, after 3 months of storage, the lowest b* value was observed in the
paddy rice—fumigated (7.52) and brown rice—fumigated (7.57) samples. The increase in
the b* value is associated with the yellowing of the grains, with higher b* values indicating
more yellowish grains.
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Table 3. Colorimetric profile of brown and white rice, fumigated in the form of brown rice and paddy
rice, during storage.

Storage Time (Months)
0 1 2 3

Value L*—brown rice

Paddy rice (Fumigated)
Paddy rice (Not fumigated)
Brown rice (Fumigated)
Brown rice (Not fumigated)

65.69 £2.22aA*
65.41 £ 1.83 aA
65.54 £ 2.53 aA
65.53 £3.21 aA

65.10 £1.79 aA
64.44 +£1.94 aA
65.22 £2.21 aA
64.41 £2.76 aA

65.08 £1.23 aA
64.09 £ 1.48 aA
64.96 £ 1.58 aA
63.97 £1.76 aA

64.90 £ 1.28 aA
63.57 £1.13 aA
64.78 £ 1.48 aA
63.51 £ 1.47 aA

Paddy rice (Fumigated)
Paddy rice (Not fumigated)
Brown rice (Fumigated)
Brown rice (Not fumigated)

1.14 £ 0.64 aA
1.18 £ 0.60 aA
1.64 £ 0.54 aA
143 £0.73 aA

Value a*—brown rice

1.78 £ 0.39 aA
1.96 £ 0.24 aA
1.86 £ 0.44 aA
1.62 £ 0.36 aA

1.78 £ 0.61 aA
1.71 £ 0.30 aA
1.39 + 0.66 aA
1.47 £0.80 aA

1.48 + 0.55 aA
1.87 £ 0.28 aA
1.79 + 0.61 aA
1.52 £ 0.14 aA

Paddy rice (Fumigated)
Paddy rice (Not fumigated)
Brown rice (Fumigated)
Brown rice (Not fumigated)

20.53 +1.42 aA
20.67 £ 1.61 aA
20.42 £1.37 aA
20.95 £+ 1.08 aA

Value b*—brown rice

18.97 £ 047 aA
19.46 £ 0.50 aA
19.74 £ 0.75 aA
19.79 £1.30 aA

18.39 + 1.66 aA
18.95 £ 1.19 aA
18.54 £1.02 aA
18.52 £ 1.14 aA

18.27 £ 1.09 aA
18.80 £ 0.61 aA
18.30 £ 1.71 aA
18.75 £ 1.30 aA

Paddy rice (Fumigated)
Paddy rice (Not fumigated)
Brown rice (Fumigated)

7351 £1.39 aA
73.09 £ 0.81 aA
73.75 £ 0.83 aA

Value L*—white rice

7291 £ 0.77 aA
7222 £1.13 aA
73.17 £ 0.51 aA

72.87 £0.35 aA
7243 £1.02 aA
72.01 £1.02 aA

72.28 £ 0.69 aA
71.06 + 0.85 aA
7198 £ 0.52 aA

Brown rice (Not fumigated) 73.09 £+ 1.01 aA 72.16 £ 0.96 aA 72.03 £ 0.78 aA 71.68 + 0.67 aA
Value a*—white rice
Paddy rice (Fumigated) —0.62 + 0.15aA —0.67 £+ 0.07 aA —0.75+ 0.13 aA —0.87 £+ 0.08 aA
Paddy rice (Not fumigated) —0.68 + 0.14 aA —0.84 £ 0.10 aA —0.89 +£0.11 aA —0.97 £ 0.18 aA
Brown rice (Fumigated) —0.52 + 0.17 aA —0.75 + 0.15 aA —0.95 + 0.19 aA —1.06 + 0.11 aA
Brown rice (Not fumigated) —0.65 + 0.10 aA —091 £ 0.14 aA —0.95 + 0.15aA —1.07 £ 0.18 aA
Value b*—white rice
Paddy rice (Fumigated) 8.38 £ 1.17 aA 8.28 + 0.42 abA 8.15+ 0.98 aA 7.52 £ 0.25bA
Paddy rice (Not fumigated) 9.12 + 1.07 aA 8.92 + 0.52bA 8.82 + 0.55 aA 8.52 + 0.32 aA
Brown rice (Fumigated) 8.42 + (0.88 aA 8.31 + 0.80 abA 8.28 +0.49 aA 7.57 + 042 bA
Brown rice (Not fumigated) 9.72 + 0.64 aA 8.64 + 0.53 aA 8.56 + 0.44 aA 8.45 + 0.41aA

* The p-value for both rows and columns was p < 0.05. Lowercase letters compare between rice, uppercase letters

compare between storage times.

The increased yellowing in the non-fumigated rice during storage may be related

to the incidence of deteriorating microorganisms, leading to the oxidation of the grain
compounds. The incidence of microorganisms during storage occurs due to a lack of
fumigation of the samples before storage. There are no reports in the literature regarding

the effect of fumigation on the colorimetric profile.

4. Conclusions

This study analyzed the sorption of phosphine during the fumigation of different

rice components such as rice husk, paddy rice, and brown rice. We found that rice husks
exhibited the highest sorption rate, followed by paddy rice, with brown rice showing the
lowest sorption rate. Due to this high sorption rate, only brown rice maintained phos-
phine concentrations above the recommended level for effective pest control. Excessive
phosphine residues, exceeding permissible levels, were observed in the rice husks. Lower
rice head yields were observed in non-fumigated rice samples, while a higher rehydration
capacity was noted in the fumigated samples, leading to a reduced cooking time. Addi-
tionally, phosphine was found to cause oxidation and yellowing of polished (white) rice.
In future studies, further investigations into the sorption behavior of phosphine during
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rice fumigation could lead to improved fumigation practices and the development of more
efficient pest control strategies.

Author Contributions: Conceptualization, S.A.G.P,, C.D.F. and M.d.O.; methodology, S.A.G.P,; formal
analysis, L.d.C.C.C., S.L.R.M. and S.N.J.; investigation, G.H.L. and P.C.C.; writing—original draft
preparation, S.A.G.P. and L.d.C.C.C.; writing—review and editing, L.d.C.C.C,, SL.RM., CD.F,
S.N.J. and G.H.L; supervision, P.C.C. and M.d.O.; project administration, S.A.G.P., L.d.C.C.C. and
M.d.O.; funding acquisition, M.d.O. All authors have read and agreed to the published version of the
manuscript.

Funding: This research was funded by CAPES (Coordination for the Improvement of Higher
Education Personnel)—Financial Code 001, CNPq (National Council for Scientific Technological
Development)—Financial Code 001, 140569/2023-5 and FAPERGS-RS (Research Support Foundation
of the State of Rio Grande do Sul)—Financial Code 001 for funding in the research projects and
laboratories for carrying out the experiments.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: No new data were created or analyzed in this study. Data sharing is
not applicable to this article.

Acknowledgments: The authors would like to thank UFPel (Federal University of Pelotas)-Post-
Harvest Laboratory (LABGRAOS)-Post-Harvest, Industrialization and Grain Quality Laboratory, for
their contributions to the research project. Bequisa—Detia Degesch Group.

Conflicts of Interest: The authors declare that they have no conflicts of interest.

References

1. Bao, ].S.,; Sun, M.; Zhu, L.H.; Corke, H. Analysis of quantitative trait loci for some starch properties of rice (Oryza sativa L.):
Thermal properties, gel texture and swelling volume. J. Cereal Sci. 2004, 39, 379-385. [CrossRef]

2. Heinemann, R.J.B.; Fagundes, PL.; Pinto, E.A.; Penteado, M.V.C.; Lanfer-Marquez, U.M. Comparative study of nutrient composi-
tion of commercial brown, parboiled and milled rice from Brazil. . Food Compos. Anal. 2005, 18, 287-296. [CrossRef]

3.  Gunaratne, A,; Wu, K;; Li, D.; Bentota, A.; Corke, H.; Cai, Y. Antioxidant activity and nutritional quality of traditional red-grained
rice varieties containing proanthocyanidins. Food Chem. 2013, 138, 1153-1161. [CrossRef] [PubMed]

4. Oliveira, M. Arroz: Um Alimento de Verdade: Fonte de Nutrientes, Aliado da Saiide, 1st ed.; SCP: Porto Alegre, Brazil, 2021; p. 24.

5. Caizares, L.d.C.C.; da Silva Timm, N.; Lang, G.H.; Gaioso, C.A.; Ferreira, C.D.; de Oliveira, M. Effects of using wind exhausters
on the quality and cost of soybean storage on a real scale. . Stored Prod. Res. 2021, 93, 101834. [CrossRef]

6. Niu, X; Mi, L,; Li, Y,; Wei, A,; Yang, Z.; Wu, ].; Song, X. Physiological and biochemical responses of rice seeds to phosphine
exposure during germination. Chemosphere 2013, 93, 2239-2244. [CrossRef] [PubMed]

7. Singh, S.; Bhalla, A.; Verma, S.K.; Kaur, A.; Gill, K. Cytochrome c oxidase inhibition in 26 aluminum phosphide poisoned patients.
Clin. Toxicol. 2006, 44, 155-158. [CrossRef] [PubMed]

8. BEQUISA. History of Bequisa. Available online: https://bequisa.com.br/historia-bequisa/ (accessed on 10 March 2024).

9. ANVISA. RESOLUTION-RDC N’ 347; National Health Surveillance Agency: Porto Alegre, Brazil, 2002.

10. Rajendran, S.; Muralidharan, N. Performance of phosphine in fumigation of bagged paddy rice in indoor and outdoor stores. J.
Stored Prod. Res. 2001, 37, 351-358. [CrossRef] [PubMed]

11. Bezerra, IM.T,; Souza, J.; Carvalho, ].B.Q.; Neves, G.A. Application of the rice husk ash in mortars for bricklaying. Rev. Bras. Eng.
Agricola Ambient. 2011, 15, 639—-645. [CrossRef]

12.  Zuryn, S.; Kuang, J.; Ebert, P.R. Mitochondrial modulation of toxicity and phosphine resistance in toxic C. elegans. Ciéncia 2008,
102, 179-186.

13.  Foodstuffs, 6th ed.; Ministry of Health Welfare and Sport: The Hague, The Netherlands, 1996.

14. Ministério da Agricultura, Pecuaria e Abastecimento—Comissao Técnica de Normal e Padrées, Regulamento Técnico do Arroz.
Available online: https:/ /sistemasweb.agricultura.gov.br/sislegis/action/detalhaAto.do?method=visualizarAtoPortalMapaé&
chave=1687046295 (accessed on 18 April 2024).

15. Cao, X.; Zhang, M.; Fang, Z.; Mujundar, A.S,; Jiang, H.; Qian, H.; Ai, H. Drying kinetics and product quality of green soybean
under different microwave drying methods. Dry. Technol. 2016, 35, 240-248. [CrossRef]

16. Juliano, B.O.; Bechtel, D.B. The rice grain and its gross composition. In Rice: Chemistry and Technology, 2nd ed.; Eagan: American
Association of Cereal Chemists: St. Paul, MN, USA, 1985; pp. 17-57.

17.  Lorini, I. Manejo Integrado de Pragas de Grdos de Cereais Armazenados; Embrapa Trigo: Passo Fundo, Brazil, 2008; p. 72.


https://doi.org/10.1016/j.jcs.2004.01.004
https://doi.org/10.1016/j.jfca.2004.07.005
https://doi.org/10.1016/j.foodchem.2012.11.129
https://www.ncbi.nlm.nih.gov/pubmed/23411226
https://doi.org/10.1016/j.jspr.2021.101834
https://doi.org/10.1016/j.chemosphere.2013.07.074
https://www.ncbi.nlm.nih.gov/pubmed/23992639
https://doi.org/10.1080/15563650500514467
https://www.ncbi.nlm.nih.gov/pubmed/16615671
https://bequisa.com.br/historia-bequisa/
https://doi.org/10.1016/S0022-474X(00)00035-7
https://www.ncbi.nlm.nih.gov/pubmed/11463397
https://doi.org/10.1590/S1415-43662011000600015
https://sistemasweb.agricultura.gov.br/sislegis/action/detalhaAto.do?method=visualizarAtoPortalMapa&chave=1687046295
https://sistemasweb.agricultura.gov.br/sislegis/action/detalhaAto.do?method=visualizarAtoPortalMapa&chave=1687046295
https://doi.org/10.1080/07373937.2016.1170698

Foods 2024, 13, 3293 10 of 10

18.

19.

20.
21.

22.

23.

Castro, M.EP.M,; Oliveira, ].J.V.; Leitdao, M.EF. Sorcao de fosfina e avaliagao dos seus niveis residuais em milho em graos com
elevado teor de umidade. Braz. J. Food Technol. 2002, 5, 87-93.

Reddy, P.V,; Rajashekar, Y.; Begum, K.; Leelaja, B.C.; Rajendran, S. The relation between phosphine sorption and terminal gas
concentrations in successful fumigation of food commodities. Pest Manag. Sci. 2007, 63, 96-103. [CrossRef] [PubMed]

Daglish, G.J.; Pavic, H. Effect of phosphine dose on sorption in wheat. Pest Manag. Sci. 2008, 64, 513-518. [CrossRef] [PubMed]
Silva, W.S.V,; Vanier, N.L.; Ziegler, V.; Oliveira, M.; Dias, A.R.G.; Elias, M.C. Effects of using eolic exhausters as a complement to
conventional aeration on the quality of rice stored in metal silos. J. Stored Prod. Res. 2014, 59, 76-81. [CrossRef]

Carvalho, M.L.M;; Silva, D.C.; Lima, R.D.; Fernandes, M.B.; Corréa, P.C. Efeito da fumigacao com fosfina sobre a qualidade do
arroz. Ciéncia Rural 2016, 46, 1080-1086.

Paraginski, R.T.; Ziegler, V.; Talhamento, A.; Elias, M.C.; Oliveira, M. Technological properties and cooking of rice grains
conditioned at different temperatures before parboiling. Braz. J. Food Technol. 2014, 17, 146-153. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1002/ps.1298
https://www.ncbi.nlm.nih.gov/pubmed/17051623
https://doi.org/10.1002/ps.1531
https://www.ncbi.nlm.nih.gov/pubmed/18240130
https://doi.org/10.1016/j.jspr.2014.05.006
https://doi.org/10.1590/bjft.2014.021

	Introduction 
	Materials and Methods 
	Materials and Experimental Procedure 
	Methods 
	Phosphine Concentration 
	Phosphine Residue 
	Head Rice Yield (HRY) 
	Rehydration Capacity 
	Cooking Time 
	Colorimetric Profile 
	Statistical Analysis 


	Results and Discussion 
	Phosphine Concentration 
	Phosphine Residue 
	Head Rice Yield (HRY) 
	Rehydration Capacity and Cooking Time 
	Colorimetric Profile 

	Conclusions 
	References

