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Abstract

Understanding the temperature profile of different packaging materials would be use-
ful for selecting appropriate packaging material for in-bottle pasteurization. The tem-
perature profile of polypropylene, polyethylene (PE), and polyethylene terephthalate
bottles was investigated using COMSOL Multiphysics software to understand the
temperature-time correlation with thermal treatments. PE bottles exhibited the least
temperature difference between cold and hot spots. Optimization of thermal treat-
ment processing parameters such as temperature (80-95°C) and treatment time (5-
15 min) for inactivation of enzymes, namely polyphenol oxidase (PPO) and peroxidase
(POD), in tender coconut water (TCW) was performed to the extent its shelf life. The
quality parameters of heat-treated TCW such as pH, total soluble solids (TSS), titrat-
able acidity (TA), turbidity, phenolic content, PPO, POD, and sensory evaluation were
analyzed. The multiple linear regression models were developed for each quality
parameter using a central composite design (CCD). The optimized treatment condi-
tions were 84°C temperature and 5 min treatment time with the desirability of 0.926.
The responses recorded were pH = 54, TSS = 5.52, turbidity = 7.1 NTU,
TA = 0.06% of malic acid, relative PPO = 0.099, relative POD = 0.093, phenolic

content = 44.712 mg gallic acid equivalent/L, and overall acceptability score = 8.

Practical Applications

Understanding the temperature profile of different packaging materials during pasteuri-
zation or sterilization is imperative to select the suitable packaging material, and also it
would be helpful for designing the heating system. Tender coconut water (TCW) is the
most popular natural drink in Asian countries. However, the pasteurization conditions
are yet to be optimized to preserve TCW without affecting its bioactive and functional
components. The current practice followed for in-bottle sterilization of TCW is polyeth-

ylene terephthalate (PET). This is due to PET being cheaper and readily available than
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other packaging materials. However, the quality of the TCW could affect PET due to

1 | INTRODUCTION

The advancements in health, nutritional, and allied sectors worldwide
have extensively promoted the demand for natural, nutritive, and
healthy products such as tender coconut water (TCW). The liquid
endosperm is also known as TCW, which remains inside the enclosure
of external skin, husk, shell, and solid kernel, otherwise referred to as
exocarp, mesocarp, endocarp, and endosperm, respectively
(Pandiselvam et al., 2020).

TCW is a natural beverage having numerous health benefits. It can
prevent various diseases (Campbell-Falck, Thomas, Falck, Tutuo, &
Clem, 2000; Tan, Cheng, Bhat, Rusul, & Easa, 2014) and is loaded with
an abundant source of protein and minerals (Camargo Prado
et al,, 2015; Segura-Badilla et al., 2020; Tan, Cheng, Bhat, Rusul, & Mat
Easa, 2015). However, the high perishable nature of TCW, extraction,
storage, and further value addition are significant challenges. It has been
reported that the removal of husk and shell from TCW leads to qualita-
tive degradation. Even though it is possible to keep the whole tender
coconut fresh for 1 week, the transportation and marketing of the
whole nut are cumbersome due to its bulky nature.

Nonthermal technologies such as ultrasound (Rajashri, Roopa,
Negi, & Rastogi, 2020) and high-pressure processing (HPP) (Ma
et al., 2019) have been evaluated to extend the shelf life of TCW, but
their commercial application and economic feasibility remain a signifi-
cant challenge. Also, some nonthermal techniques, including HPP,
require heat treatment as preprocessing to inactivate TCW enzymes
(Ma et al., 2019). Currently, most TCW processing industries are using
unoptimized thermal treatment and preservatives for processing and
storage. Hence, the treatment conditions require optimization to
avoid the losses of heat-sensitive biochemical compounds.

A significant impediment in TCW processing is finding appropri-
ate conditions for the inactivation of polyphenol oxidase (PPO) and
peroxidase (POD) enzymes. These enzymes are causing a browning
reaction in TCW (Nokthai, Lee, & Shank, 2010). The browning reac-
tion causes the appearance of a pink tint in TCW, which ultimately
affects the product’s sensory properties. Besides, off-flavor develop-
ment was also observed during the enzymatic reaction (Matsui, Gran-
ado, de Oliveira, & Tadini, 2007; Vamos-Vigyazd, 1981). However, the
pink color formation can be controlled by developing suitable post-
harvest conservation and thermal processing technique (Cunha
et al., 2020). In addition, untreated TCW will easily undergo fermenta-
tion reactions within 6-8 hr, and cause an increase in ethanol content

and decrease in the sugar content (Olufunmi, Daniel, & Efem, 2020).
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improper heat distribution which can lead to damage of bioactive components. The
present study has optimized the suitable pasteurization conditions and packaging mate-
rial for bottling and marketing TCW. The findings of the present study will boost the

market potential of the tender coconut processing industries.

Thermal treatments are usually defined by temperature and time
combinations. Nevertheless, while scaling up the laboratory treat-
ments to an industrial scale application, the treatment combinations
may not perform as expected, especially in final product quality. This
is majorly due to the differences in uniformity of heat distribution dur-
ing the process of upscaling. Although many researchers have
suggested various temperature (80-130°C) and time (8-900 s) combi-
nations for the treatment of TCW, the results obtained are inconsis-
tent (Naik, Sunil, Rawson, & Venkatachalapathy, 2020). Hence, it is
imperative to study the heating distribution behavior of packaging
material used to process TCW to reproduce the results even at an
industrial scale. However, the study on temperature distribution pat-
terns in different packaging materials is scarce.

In this context, this study aimed to simulate the temperature pro-
file of different packaging materials (PP, PE, and PET) commonly used
for TCW bottling and optimize the thermal treatment condition suit-

able for the preservation of TCW using a central composite design.

2 | MATERIALS AND METHODS

21 | Temperature distribution profile

Computer simulations of packaging materials are replicated STEP
(Standard for the Exchange of Product Data) files using Siemens Solid
Edge 2019 software (Figure 1a). The simulation work was carried out
using COMSOL Multiphysics 5.5.0.359 software with laminar flow
interface and heat transfer in solids and fluids physics. Also, the geom-
etry was analyzed with tetrahedron mesh with element size defaulting
to normal.

A time-dependent study was initiated for 15 min by replicating
the experimental conditions. Energy conservation equations for
energy balance in solids (Equation 1) and fluids (Equation 2) were used
as governing equations. Fluid behavior was modeled by following
Navier-Stokes equations (Equations 4 and 5) simultaneously

accounted during simulation.

aT
QCp—at+QCpu><VT+V><q:Q+Qted’ 1)
aT
oCp 5 +eCpux VT +V xa=Q+Qy +Qua, )

q=—kT (3)
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FIGURE 1 (a) STEP model of the
bottle. (b) Meshed model of bottle

0
ga—‘t‘w(uxv)u:vX[_gl+K}+F+eg, @)
de
E+V>< (ou)=0. (5)
where
¢ = density

C, = constant pressure heat capacity

T =temperature

t =time

u = fluid velocity vector

q = conductive heat flux

k = heat conductivity

Q = heat source

Qteq = thermoelastic damping

Qp = pressure work

Quq = Vviscous dissipation

F =volume force vector

g = acceleration due to gravity

The simulations were performed using different packaging bottles
such as PP, PE, and PET with the same geometry. First, packaging bot-
tles with water temperatures were set at 25°C, and heating source
(water bath) temperature was set at 90°C as initial conditions. Then, a
nonisothermal flow study was initiated with normal mesh size, as

shown in Figure 1b.

2.2 | Raw materials

Tender coconuts of the variety West Coast Tall (WCT) of 6-7 months
maturity was obtained from ICAR-Central Plantation Crops Research

s
=

AMATDAT
A A e

e

YAy awyy, avAT

Institute (ICAR-CPCRI) Farm Section, Kasaragod, India. The nuts were
taken to the Agro-Processing Centre immediately after harvest, and the
TCW was extracted using Punch and Cutter developed by ICAR-CPCRI
(Pandiselvam, Manikantan, Sunoj, Sreejith, & Beegum, 2019). TCW was
pooled together and filtered using a 700-pm sieve to remove the coarse
impurities. Stainless steel containers kept under deep freezer conditions
(—18°C) were used to preserve TCW before the treatment. Afterward,
these containers were kept outside to defreeze, which took 15-20 min
to equilibrate with ambient conditions (29 + 2°C and 62% RH). The
TCW was filled in PE bottles (125 ml, 2 mm thick, Parsons Pvt. Ltd.) up
to 100 ml before treatment. The PET bottles were selected for the heat

treatment because of the more uniform temperature distribution.

2.3 | Heat treatment

A Rivotek PID-controlled digital display water bath shaker was used
for imposing the heat treatment (maximum temperature of 100°C and
+0.1 accuracy). The TCW-filled PE bottles were kept in the water bath
for different heat treatments, as mentioned in Table 1.

24 | Determination of quality parameters

The following quality parameters were analyzed after the heat treat-
ment. All the experiments were replicated three times.

2.5 | pH, total soluble solids, and turbidity

pH was measured using a handheld pH meter (Testr35, Eutech Instru-
ments, Paisley, United Kingdom), having 0.1 accuracies. Similarly, a
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TABLE 1

Independent variables Dependent variables

PRITHVIRAJ ET AL.

Central composite design adopted for the heat treatment of tender coconut water

Temperature Time TSS Turbidity Titratable acidity Relative Relative Phenolic content Overall
(°C) (min) pH (°Brix) (NTU) (% of malic acid) PPO (%) POD (%) (mg of GAE/L) acceptability
87.5 10 543 544 7.505 0.0579 0.0000 0.0222 44.24 7.3333
95.0 15 5.56 5.60 9.246 0.0574 0.0000 0.0000 38.64 4.3333
80.0 15 5.55 547 6.853 0.0593 0.5555 0.3888 43.26 7.1667
87.5 10 543 545 7.658 0.0585 0.0000 0.0222 44.44 7.3100
95.0 5 5.55 5.55 6.953 0.0576 0.0000 0.0000 40.79 5.1667
87.5 5 5.54 543 7.203 0.0589 0.0555 0.1111 44.27 7.5000
87.5 15 5.53 5.55 7.930 0.0580 0.0000 0.0056 41.78 7.0000
80.0 5 5.50 543 6.173 0.0617 0.8889 0.7222 44.42 7.8333
87.5 10 543 5.46 7.562 0.0588 0.0000 0.0222 44.98 7.3800
80.0 10 5.57 5.50 6.496 0.0600 0.6667 0.5556 43.76 7.6667
95.0 10 5.56 5.57 8.283 0.0578 0.0000 0.0000 39.80 4.8333

Abbreviations: GAE, gallic acid equivalent; POD: peroxidase; PPO, polyphenol oxidase.

pocket refractometer (PAL-BX/RI-ATAGO CO., Ltd., Japan) was used
to measure total soluble solids in °Brix with +0.1 accuracy. Also, NTU
measured turbidity using a turbidimeter (Eutech TN-100, Paisley,
United Kingdom) having +1 accuracy.

2.6 | Titratable acidity

Titratable acidity (TA) was examined by the method described by
Thimmaiah (1999). The malic acid was the predominant acid in TCW
(Yong, Ge, Ng, & Tan, 2009); hence, TA was expressed as mass of
malic acid equivalent in 100 ml.

2.7 | Phenolic content

The phenolic content determination was carried out using the Folin-
Ciocalteu method (Singleton, Orthofer, & Lamuela-Raventos, 1999) with
slight modifications. Gallic acid was used for the preparation of a stan-
dard stock solution of 100 ppm concentration. A standard curve was
obtained with a concentration range of 10-50 ppm. TCW sample of
0.1 ml was taken and diluted nine times using distilled water. Later,
0.2 ml of 50% Folic-Ciocalteu Reagent (FCR) and 2 ml of 7% Na,CO3
were added, vortexed, and incubated in the dark for 1 hr at room tem-
perature (29 + 2°C and 62% RH). Spectrophotometric absorbance was
recorded using a Shimadzu UV-160 spectrophotometer at 750 nm, and

results were expressed as in milligrams gallic acid equivalent (GAE)/L.

2.8 | PPO activity

PPO activity was determined according to the method described by Porto
et al. (2020) with slight modifications. The TCW sample (1 ml) was added
with potassium phosphate buffer (1 ml, pH = 6) containing catechol

(0.1 M). Absorbance readings were measured using a spectrophotometer
(Shimadzu UV-160) at 425 nm for every 15 s up to 30 min at room tem-
perature. The enzymatic activity was calculated using Equation (6). PPO

activity was expressed as a change in absorbance per minute.

PPO activity(change in absorbance/min) = ka, (6)

where k = slop of the absorbance versus time plot.

29 | POD activity

POD enzymatic activity was determined according to the method
described by Porto et al. (2020) with slight modifications. A treated
TCW sample of 1 ml was added with 950 pL of phosphate-citrate
buffer (pH = 5) with 1% pyrogallol and 50 pL of 3% H,O,. The absor-
bance readings were measured using a spectrophotometer (Shimadzu
UV-160) at 470 nm every 15 s up to 5 min at room temperature. The
enzymatic activity was calculated using Equation (7). POD activity
was expressed as absorbance change per minute.

PPD Activity(Change in absorbance /min) = ﬁ (7)

where k = slope of the absorbance versus time plot.

210 | Sensory evaluation

The sensory analysis was conducted according to the procedure of
Mosqueda-Melgar, Raybaudi-Massilia, and Martin-Belloso (2012)
and Pravitha, Manikantan, Kumar, Beegum, and Pandiselvam (2021).

Briefly, a panel of eight trained persons (four males and four
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females) from the age group of 20-55 years was selected for the
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where [A] is the concentration of reacting species and n is the order of
the reaction.

Various enzyme inactivation governing equations were fitted
using MATLAB online 2020a using the curve fitting application. Data
were imported to the MATLAB workspace, and multiple equations
were provided as custom equations in the curve fitting application.
The fitted models were compared using sum of squares (SSE), R?, and
RMSE values to determine the best fit.

213 | Zeroth-, first-, and second-order kinetics
Depending on the concentration of reacting species, different values
(0, 1, and 2) were assigned to the order of reaction in Equation (9).
The differential equation was solved, and corresponding equations
were formulated. Corresponding to the order of equation, zeroth-,
first-, and second-order linear equations were obtained and presented
as Equations (10)-(12).

[A] = —kt + [Ao], (10)
%: e, (11)
1 1

A M (12)

where [A] is the residual activity at any time, t, [Ao] is the initial activ-
ity, and k is the rate constant (min~2). From the fitted model rate, con-

stant k is determined.

214 | Weibull model

This model was used to represent the inactivation mechanism of enzymes.
The residual enzyme activity depended on the intensity of treatment or
formation of enzyme resistance. In the Weibull model, the concentration

terms and time are correlated and expressed in Equation (13).

A
A )

where [A] is the residual activity at any time, t, [Ao] is the initial activ-
ity, k determines the curve’s scale, and n determines the shape of the

curve.

3 | RESULTS AND DISCUSSION
3.1 | Temperature distribution profile

The simulation results combined and temperature versus time curves

were plotted as shown in Figure 2. The bottle materials such as PE,

PRITHVIRAJ ET AL.

Temperature—time curve

Temperature (Degree C)
= N w B (9] [e)] ~ [e] [(e)
o o o o o o o o o o

0 200 400 600 800 1000 1200

Time (s)

FIGURE 2 Temperature-time response of various materials
during heating. ——PP, PE, PET

PP, and PET took 7.18, 18.8, and 11.59 min, respectively, to reach
84°C. Therefore, PE bottles provide a fast-heating rate, which could
potentially retain the quality aspects of TCW better than other mate-
rials. At the same time, heating TCW under the ambient condition
causes the heat gain from the water bath and losses heat to surround-
ings. This time duration for the gain and loss cycle is expectedly more
during slow heating processes, affecting the quality of TCW. During
the response surface optimization, 84°C was found to be an optimal
condition for heat treatment. Therefore, heat profile analysis was con-
ducted at 84°C to locate one coldest spot and determine the maxi-
mum and minimum temperatures, as shown in Figure 3.

From the data, it is evident that PE bottles had the slightest tem-
perature difference between cold and hot spots, thereby exhibiting
the uniformity of the heat process. Cold spots were observed at the
bottom of the bottle, whereas the hot spots showed peak tempera-
ture at the top surface of the liquid with a gradient of a maximum of
4°C. This behavior is due to the motion of liquid from bottom to top
during heating by density difference. Also, during practical experi-
ments, it was difficult to estimate these temperature differences using
a mercury thermometer or PT-100 probes, which cannot capture the
slight variations inside the bottle. Therefore, it is essential to analyze
the results of simulation studies and correlate them with practical
criteria to decide optimum treatment conditions. Overall, PE was iden-
tified as the better-suited material due to its uniform heat distribution
and rapid heating. The higher thermal diffusivity and thermal conduc-
tivity (6.92 x 1077 m?/s) due to the molecular weight and the mobil-
ity of molecular chains (Yanez, Rodriguez-Pérez, & Almanza, 2013) are

the main reasons for uniform temperature distribution.

3.2 | RSM modeling

The results of the model generated in the heat treatment study are

shown in Table 2.
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max: 87.0586

min: 84.4299

(a) (b)

3.3 | Effect of variables on pH

The pH values ranged from 5.43 to 5.57 for various treatments. The
lowest pH of TCW was 5.43 for 87.5°C, and 10 min treated sample,
whereas the highest pH (5.57) was observed for the treatment of
80°C and 10 min. The fresh samples had a pH of 5.13, which was
slightly increased after heat treatment. However, analysis of variance
(ANOVA) results have shown that temperature and time do not signif-
icantly influence (p > .05) the pH of TCW samples after heating. As
per FAO guidelines for bottled tender coconut water, the pH range is
between 5 and 5.4 (Rolle & FAO, 2007), maintained after heat treat-
ment. The result was similar to Ekasari and Widyarti (2019), with a pH
of TCW ranging from 5.49 to 5.64 following heat treatment of 50°C
conducted in a gas stove. A quadratic model was selected for pH in

terms of independent variables represented in Equation (14).

pH =5.45737 +0.00833333 x A+0.00833333 x B—0.01
x AB+0.0665789 x A% +0.0365789 x B?, (14)

where A is the temperature and B is the treatment time. Since pH
values are nonsignificant, only the constant term in Equation (14) is
contributing to the model. As a result, the model had a significantly

less R? value (0.6537) and adequate precision of 3.16.

3.4 | Effect of variables on TSS

The TSS values ranged from 5.43° to 5.60° Brix for various treat-

ments. Without undergoing the thermal treatment, the fresh

max: 87.6996

min: 84.1471
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FIGURE 3 Temperature at cold and hot spots of (a) polyethylene, (b) polypropylene, and (c) polyethylene terephthalate

sample showed a TSS of 5.45, which increased slightly as the tem-
perature and exposure time increased. It could be attributed to the
increase in TSS; a volume reduction of 1.42-10% was observed
during heat treatment. Thus, volume reduction caused due to
evaporation could increase the TSS of samples. In addition, minor
quantities of volatile compounds such as aldehydes, ketones, and
esters are present in TCW (Prades, Assa, Dornier, Pain, &
Boulanger, 2012). During high-temperature treatment, they also
might get evaporated, contributing to an increase in TSS. The
range of TSS as per FAO guidelines for bottled tender coconut
water is between 5 and 6.5 (Rolle & FAO, 2007), and hence, the
TSS observed from this study complies with the guidelines. The
statistical analysis suggested that the model was significant and
independent variables had their effect on TSS. Therefore, a linear
model was selected for TSS in terms of independent variables rep-
resented in Equation (15). Since TSS is a parameter that does not
require optimization (maximization or minimization), a linear model

was chosen for analysis due to better model fit.

TSS=5.49564+0.0541667 x A+0.0375 x B, (15)

where A is the temperature and B is the treatment time. The linear term
of time with p <.05 was found to be the significant term in the model.
Indicating that longer treatment time irrespective of the temperature can
cause significant changes in TCW. Although the model was found signifi-
cant with an excellent signal-to-noise ratio (adequate precision = 8.4546),
it had low R? (0.6537) values due to the scattered residuals. However, the
adjusted (0.5672) and predicted R? (0.4059) values are less for the

response, therefore to predict beyond the experimental range.
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3.5 | Effect of variables on turbidity

The turbidity values ranged from 6.173 to 9.246 NTU for various
treatments. The fresh TCW sample exhibited turbidity of 6.1 NTU,
increasing as the temperature and exposure time increased. Awua,
Doe, and Agyare (2011) observed a similar increase in turbidity due to
phenolic oxidation, Maillard reaction, and caramelization heat treat-
ment increased turbidity (Tetra Pack, 2019). The high temperature
provided during autoclaving and irradiation of TCW also had an
increase in turbidity. Therefore, the model was converted to a qua-

dratic model to minimize turbidity, as shown in Equation (16).

Turbidity =7.59074 +0.826667 x A+0.616667 x B+0.40325
x AB—0.224842 x A> — 0.478421 x B?,
(16)

where A is the temperature and B is the treatment time. This model
has an R? value of 0.9702, implying that the data are very closely
fitted to Equation (16). However, the adjusted and predicted R?
(R%j) =0.9403, RY, 4 =0.6995) lie with a difference greater than 0.2
suggesting that the model has less ability to predict beyond the exper-
imental range. This model also showed a high signal-to-noise ratio
(adequate precision = 18.58) greater than 4, which is desirable for a
good model (Sharma, Yadav, Mridula, & Gupta, 2016). Also, all the
runs were in the acceptable difference in betas (DFBETAS), suggesting
no significant influence on coefficients of the formulated equation.
However, the DFFITS (difference in fits) shows that the two extreme
runs significantly influence the model’s fit, supported in Cook’s

distance plot.

3.6 | Effect of variables on TA

The TA is expressed as mass of malic acid per 100 ml that ranges from
0.0547 to 0.0517%. The highest TA corresponds to 80°C for 5 min
treatment time, decreasing as the temperature and treatment time
increased. There was a decrease in TA compared with the control
sample (TA = 0.079% of malic acid). The model was found significant
with p-values <.0001. A quadratic model was used for modeling the
response. The B? term in the model was eliminated due to the insignif-
icance shown in ANOVA, which significantly improved the R(zpred>
value, making it perform outside of the experiment range. The qua-

dratic model obtained is represented in Equation (17).

TA=0.0583895—0.00136667 x A—0.000583333 x B+0.00055
x AB+0.000526316 x A2 +7.63158e — 05 x B,

(17)

where A is the temperature and B is the treatment time. The model
has R? = 0.9569, which indicates a better fitting model. The adjusted
(0.9138) and predicted R? values (0.7739) were also in good agree-
ment with a high signal-to-noise ratio (adequate precision = 14.39).

Furthermore, one of the central points runs significantly impacted

PRITHVIRAJ ET AL.

DFFITS and DFBETAS plots, which recorded the most negligible TA
value among the central points; however, the model does not signifi-
cantly lack fit. This is the reason for the high residuals for the run dur-

ing prediction, which then caused the drop in predicted R2.

3.7 | Effect of variables on PPO

The PPO inactivation was represented as a relative inactivation
rate concerning the control sample. The TCW had a PPO level of
0.97 U/ml and declined when the temperature crossed 80°C. It
was observed that the treatment of 87.5°C for 5 min exposure
time was able to inactivate the enzymes completely. Also, only
12% inactivation was observed at 80°C for 5 min exposure, usually
regarded as the temperature at which PPO inactivation is carried
out. Inactivation kinetics of PPO suggested that the inactivation of
enzymes started at 70°C (lonita et al., 2017). Generally, PPO reacts
with phenolic compounds using them as substrate, causing the
appearance of pink color (Matsui et al., 2007; Nokthai et al., 2010).
A UPLC-HRMS (ultra-performance liquid chromatography-high-
resolution mass spectrometry) analysis conducted by Cunha
et al. (2020) found that procyanidin A-type dimer and trimer in the
negative ionization mode along with some other unidentified com-
pounds are reasons for the stabilization of anthocyanin pigments
causing pink color (Cunha et al., 2020). The high-temperature
treatment affects the catalytic behavior of enzymes by destroying
the a-helix and p-sheet structures (Murtaza et al., 2018). These
change the structure of the active site of the enzyme, thereby
inactivating the same.

The relative enzyme reduction ranged from 22 to 95% inactiva-
tion; therefore, a square root transformation was performed for a
better result. The transformation was suggested in the diagnostics
tab of software, based on various matrices used for visualizing the
data trend. Also, the sudden decline in PPO activity at 87.5°C will
remain an outlier without proper data transformation. The model
was found significant with a p-value <.0001 represented by
Equation (18).

VPPO =0.021907 —0.417444 x A—0.0721926 x B+0.0493633
x AB+0.353481 x A? +-0.0630837 x B,

(18)

where A is the temperature and B is the treatment time. The analysis
obtained a high R? (0.9910) which indicates a well-fitted model.
Proper outlier treatment allowed for a higher adjusted (0.9820) and
predicted R? values (0.9225). The particular response also maintained
adequate high precision (26.71) though signals dominated the noise.
However, since the procedure for PPO determination was dependent
on the slope of the absorbance curve, the repeated central points did
not have a significant difference up to three decimal points. As a
result, the lack of fit of the model was not evaluated for the response.
Since the DFBETA values were in the acceptable range, the formu-

lated coefficients of the equations have no bias to runs.
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3.8 | Effect of variables on POD inactivation

The POD inactivation was represented as a relative inactivation rate
concerning the control sample. Due to the high biological variation of
tender coconuts, relative inactivation will be more appropriate than
direct readings. Raw TCW had 1.8 U/ml POD activity, which started
to decrease on heat treatment. The highest POD activity was mea-
sured at 80°C for 5 min treatment time, whereas complete inactiva-
tion was achieved at 95°C for 5 min. The observations suggest that
PPO compared to POD had higher relative activity for each 5 min
increment in treatment time and 7.5°C temperature. Tan et al. (2014)
suggested that PPO is more heat resistant than POD during thermal
inactivation. However, a contradictory result was obtained for
Murasaki-Aliberti, da Silva, Gut, and Tadini (2009). This varying
trend may be due to various geographical (Brazil and Malaysia) and
biological variations of the samples used in these studies. It was
observed that even after complete inactivation of PPO, 2% of POD
activity remained at 87.5°C for 10 min. A similar behavior of signifi-
cant and rapid decline in PPO activity compared to POD activity
was observed during ultraviolet treatment on TCW (Augusto, Ibarz,
Garvin, & Ibarz, 2015). Complete inactivation was found at 90°C
during thermal inactivation for POD extract from tomato (de los
Santos et al., 2020), whereas complete inactivation was observed at
95°C for TCW.

The residual versus run plot was used to find outliers, and the
software diagnostics used square root transformation. This improved
overall R? values (0.88-0.99) allowed higher R? adjusted (0.0980) and
predicted (0.9090), enabling adequately accurate prediction beyond
the experimental range. The response obtained a significant model

with a p-value <.0001 represented in Equation (19).

VPOD =0.16153 —0.3698 x A — 0.0808375 x B+0.0565568
x AB+0.19246 x A2 +0.023716 x B?, (19)

where A is the temperature and B is the treatment time. The data set
had a higher signal-to-noise ratio (adequate precision = 28.278),
enabling proper navigation in the design space. Furthermore, the
drop-in POD activity at 87.5°C was having a significant impact on
DFFITS and DFBETAS plots, which remained within the acceptable
limits. Since POD is calculated from the slope of the absorbance
curve, which had only negligible variations and the lack of fit of the
model was not calculated.

3.9 | Effect of variables on phenolic content

The phenolic content was represented in mg GAE per liter, ranging
from 38.64 to 44.42 mg GAE/L. The raw TCW has a phenolic content
of 49.20 mg GAE/L, which slightly decreased heat treatment. The
same trend was observed by Sanganamoni, Mallesh, Vandana, and
Srinivasa Rao (2017); this may be due to the production of free radi-
cals that may degrade polyphenols by oxidizing them (Rajashri
et al,, 2020).

A quadratic model was selected for the response with p-
value = .0010, thus rendering a significant model. The variation of
phenolic content with independent variables is represented by
Equation (20).

Phenolic content = 44.2321 — 2.035 x A — 0.0966667 x B—0.2475
x AB—1.97026 x A?> —0.725263 x B,

(20)

where A is the temperature and B is the treatment time. The model
was a good fit for the quadratic equation with R? = 0.9572. Although
the difference in R? adjusted (0.9143) and predicted (0.7226) are 0.2,
which may not give accurate predictions beyond the experimental
range. The data, however, had adequate precision (13.2272),
suggesting a higher signal-to-noise ratio. Similar to turbidity, the
extreme runs had an influence on DFFITS values for phenolic content
data. However, overall DFBETAS, cook distance, and residuals during
predictions were acceptable limits with an insignificant lack of fit.

3.10 |
evaluation

Effect of processing variables on sensory

The Hedonic scale rating evaluated aroma, fermentation, freshness,
sweetness, burnt, off-flavor, color, and OA. The sensory evaluation
results are shown in Figure 4.

When exposed to a higher temperature, the samples develop off-
flavor, and most of the other qualities are also found to have a detri-
mental effect. The color development for samples Sé, S7, S8, and S9
is mild yellow shades. This may be due to nonenzymatic browning,
namely Maillard reaction and caramelization (Tetra Pack, 2019). The
panel also reported that cooked flavor started appearing for the TCW
samples at 87.5 and 90°C, decreasing OA. The off-flavor might be due
to the evaporation of TCW volatile components (aldehydes, ketones,
and esters) (Prades et al., 2012).

Similarly, caramelization and Maillard reaction in strawberry prod-
ucts also developed an undesired burnt smell during thermal treat-
ment at 60-90°C (Ozcan, Tamer, & Copur, 2018). The trend shows
that after Sé, the sensory qualities start to degrade rapidly; therefore,
temperatures below 87.5°C should be selected for optimization. The
heat treatment influences the sensory quality of the product, but
since it is essential for enzyme inactivation, treatment with minimal
quality loss is chosen.

Overall acceptability determined by the predetermined panel
ranged from 4.33 to 7.83. The model was found significant with a p-
value <.0001. A quadratic model was selected for the response repre-

sented by Equation (21).

OA?* =174.49 — 65.3694 x A — 16.4146 x B+4.19774
x AB—47.5376 x A% —5.31022 x B?, (21)

where A is the temperature and B is the treatment time. The model

had an R? = 0.9983, which is a good data fit. Maintaining an adequate
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high precision (64.1661) reduces the data noise to a significant
amount. The model exhibited R? adjusted (0.9967) and predicted
(0.9838), indicating its good prediction capacity beyond the experi-

mental range.

3.11 | Optimization of processing conditions

The independent variables were optimized using Design Expert
(Ver.12.0.1., Stat-Ease, Inc.). Among the eight responses (Figure 5)
recorded, five important parameters were taken for optimization. The
pH was found nonsignificant (p > .05) and not considered in the opti-
mization. Similarly, TSS response was within preferred FAO limits,
therefore, not considered for optimization. TA had a good model fit,
but the values were acceptable limits, thus avoiding optimization.
Optimization was carried out by setting a condition, lower and higher
limit, and importance for each response, as shown in Table 3.

The importance of 4 was given to the relative activity of PPO and
POD and OA since these responses directly influence the quality of
TCW. Nevertheless, a higher phenolic content is considered an addi-
tional benefit due to its health benefits (Ozcan et al., 2018). Therefore,
the response for the relative activity of PPO and POD was given a
weight of 0.5 since 95.00% inactivation of PPO, and 89% inactivation
of POD was found at 87.5°C at 5 min exposure time. The same
approach was suggested by Chourio, Salais-Fierro, Mehmood,
Martinez-Monteagudo, and Saldafia (2018), where greater than 90%
inactivation was a recommended condition for designing a process
that extends shelf life. Furthermore, this approach was selected since

a prolonged heat exposure can cause a nonenzymatic browning

PRITHVIRAJ ET AL.

FIGURE 4 Radar representation of
sensory evaluation of heat-treated
samples

Fermentation

reaction, namely Maillard reaction and caramelization. This is due to
free amino acids and reducing sugars in TCW (Tan et al., 2014). The
optimized conditions obtained as per set criteria are shown in Table 4.

The temperature optimized was found reasonable with good
desirability of 0.926. The optimized results agreed with Gunathunga,
Abeywickrema, and Navaratne (2018), where heating at 85°C
maintained high organoleptic properties. Optimized parameters were
then validated through experiment, as shown in Table 4. The values
were nearly equal to predicted once, thus reconfirming the validity of

the model.

312 |
and POD

Enzyme inactivation kinetics of PPO

To find the best fit, enzyme inactivation kinetics was studied for
zeroth-, first-, second-order, and Weibull models. A kinetic study was
conducted at 80°C for 5, 10, 15, 20, 25, and 30 min to obtain various
inactivation levels. The decimal reduction time and half-life of PPO
and POD were calculated according to first-order kinetics. The fitted
models were compared with SSE, R?, and RMSE values, as shown in
Table 5.

The data analysis showed that the Weibull model was suitable for
explaining the enzyme kinetics of both PPO and POD during the
heating of coconut water. A higher value of regression coefficient (R?)
and low SSE and RMSE indicate the model’s ability to explain the
kinetics of PPO and POD. Furthermore, a study conducted by Chourio
et al. (2018) and Ma et al. (2019) tested pressure-assisted thermal
processing (maximum temperature: 90°C) of TCW and found the
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FIGURE 5 Response surface plots illustrating effect of temperature and time on (a) pH, (b) total soluble solids, (c) turbidity, (d) titratable
acidity, (e) polyphenol oxidase, (f) peroxidase, (g) phenolic content, and (h) overall acceptability

TABLE 3 Optimization conditions

Lower Upper
and corresponding parameters for RSM Responses Condition limit limit Importance
Turbidity (NTU) Minimize 6.1730 9.2460 3
Relative activity of PPO (%) Minimize 0 0.8889 4
Relative activity of POD (%) Minimize 0 0.7222 4
Total phenolic content (mg of GAE/L) Maximize 38.6400 44,4400 3
Overall acceptability Maximize 4.3333 7.8333 4

Abbreviations: GAE, gallic acid equivalent; POD, peroxidase; PPO, polyphenol oxidase; RSM, response
surface methodology; TSS, total soluble solids.
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TABLE 4 Predicted and experimental values for tender coconut water processed by thermal treatment
Titratable Phenolic
Temperature Time TSS Turbidity acidity (% of Relative Relative content (mg Overall
Values (°C) (min) pH (°Brix) (NTU) malic acid) PPO (%) POD (%) of GAE/L) acceptability Desirability
Predicted 83.84 5 5.39 5.44 6.67 0.06 0.105 0.095 44.83 7.80 0.926
Expire mental 84 5 54 5.52 7.10 0.06 0.099 0.093 4471 8.00 -
Abbreviations: GAE, gallic acid equivalent; POD, peroxidase; PPO, polyphenol oxidase.
Model Constants SSE R? RMSE TABLE 5 Curve fitting data for PPO
and POD
Kinetic curve fitting data for PPO
Zeroth order k=0.01765 0.0108 0.9353 0.0465
First order k = 0.03064 0.0217 0.9168 0.0659
Second order k =0.06137 0.2491 0.9156 0.2232
Weibull k=0.0112,n = 1.336 0.0114 0.9562 0.0535
Kinetic curve fitting data for POD
Zeroth order k =0.0379 0.1096 0.6558 0.1480
First order k = 0.03481 0.0347 0.8909 0.0833
Second order k = 0.04603 0.1708 0.8992 0.1848
Weibull k=0.01175,n = 1.366 0.0205 0.9355 0.0716

Abbreviations: POD, peroxidase; PPO, polyphenol oxidase; RMSE, root mean square error; SSE, sum of

squares.

enzyme kinetic study resulting in a good fit of Weibull model. How-
ever, the kinetics study was not extended to 87.5°C since complete
inactivation of PPO was detected at 5 min and POD at 20 min, there-

fore reduced the number of points for a proper kinetics study.

4 | CONCLUSION

Optimization of temperature and processing time would enhance the
shelf life of the TCW. The selection of proper packaging material
could preserve the nutritional profile of the TCW. The temperature
distribution studies indicated that PE bottles have better uniformity
while heating along with lesser exposure time. It was found that the
thermal treatment at 83.8°C for 5 min was able to inactivate the
enzymes in fresh TCW. It is worth noting that the optimized treat-
ment conditions for TCW conserved most of the sensory properties.
Heat treatment at very high temperatures such as 95 and 120°C were
causing Millard reaction and the destruction of inherent flavor. The
optimized treatment was able to address these challenges to a great

extent.
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