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ABSTRACT: It is necessary to develop corrugated medium food packaging, which is suitable for highly humid environments, to
meet the demands of cold chain logistics. In this paper, we investigated the influence of the transverse ring crush index of different
environmental factors of corrugated medium and the failure mechanisms during cold chain transportation. After freeze−thaw
treatment of corrugated medium, XRD and DP showed a decrease in crystallinity and polymerization of 3.47 and 7.83%, respectively.
Also, the FT-IR spectra of the paper showed that the number of intermolecular hydrogen bonds decreased by about 3.00% after
freezing. SEM and XRD showed CaCO3 precipitation on the paper surface and a 26.01% increase in pore size. This study would be
beneficial in further expanding the applications of cellulose-based paperboard cold chain transportation.

1. INTRODUCTION
During the 2030 Sustainable Development Goals implementa-
tion, the increasing global concern of food wastage and its
significant environmental, economic, and social impacts have
been highlighted.1 According to the Food and Agriculture
Organization of the United Nations, 1.6 billion tons of food are
wasted globally each year, of which the edible portion amounts
to 1.3 billion tons.2 To address this problem of food wastage,
cold chain transportation provides an effective solution.3

According to the 2021−2027 global and Chinese packaging
market status and future development, there are expanding
scale and growing demand for the global cold chain logistics
industry. However, although packaging for cold chain trans-
portation is an important research area, there are limited
studies available on paper packaging materials.
Globally, corrugated cardboard plays an essential role in

storing, transporting, and protecting products, including
agricultural products, electronics, and everyday items such as
fresh fruits, vegetables, and flowers. For example, corrugated
cardboard is commonly utilized in the export handling of pome
fruits (such as apples and pears) in the South African fruit
industry.4 In China, foam and corrugated box packaging are
typically used for cold chain logistics, in which polystyrene
usage accounts for >80% of the packaging materials. However,
the low degradability of polymer materials poses an urgent
concern for environmental pollution. Thus, paper and paper-
based packaging materials are the most crucial breakthrough in
cold chain packaging.5

Because of their powerful environmental friendliness,6,7

excellent processing performance,8,9 and great potential for
modification,10,11 paper and paper-based packaging materials
have a very broad application prospect in the cold chain
transport packaging field. However, for cold chain logistics
applications, paper and paper-based packaging materials
exhibit a decrease in their mechanical properties in the return
temperature owing to the considerable changes in the humidity
and temperature.12 In detail, as corrugated cartons for frozen
foods are usually stored in cold storage for long durations at
−18 to −24 °C, they experience significant temperature
changes during transportation. During the rewarming process,
their water content increases, which reduces the compressive
strength of the corrugated cartons,13 thereby damaging them
and affecting the quality of their contents. Before this, there has
not been a related system to conduct an in-depth research on
it. Therefore, it is necessary to conduct a systematic and
detailed study of the failure mechanism of corrugated paper
during cold chain transportation, which will help to develop a
corrugated paper suitable for highly humid environments and
applicable for cold chain food packaging.
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The mechanical strength of fiber materials is determined by
factors such as fiber stiffness, inter-fiber bond strength, material
density, etc.14 Different fiber sources are the main factors
affecting fiber stiffness. The choice of raw materials should be
considered upon paper-based packaging for cold chain
logistics. Fadiji et al.15,16 found that the main factors affecting
the strength of corrugated paperboard packaging are the
manufacturing process and cold chain environment. Jarupan et
al.17 prepared molded pulp trays from fibers extracted from oil
palm leaves for protective packaging and studied their
mechanical properties at high humidity [90% relative humidity
(RH)] and low temperature (12 °C). Studies on the
performance of paper and paper-based packaging materials
have mainly focused on the structure changes at different
temperatures and humidity to analyze the inter-fiber bond
strength and material density. Sundholm and Tahvanai-
nen18−20 conducted a series of accelerated aging experiments
on paper at constant humidity and different temperatures to
evaluate the temperature dependence of mechanical properties.
These high RH conditions result in large moisture contents12

in the corrugated fiberboard, which adversely affects board
strength, due to water molecules breaking hydrogen bonds
(HBs) in the cellulose fiber;21 meanwhile, infrared spectros-
copy can be used to evaluate the changes in the HB structure.
Lojewski et al.22 investigated the changes in the HB network
during hydro desorption and sorption cycles at different
humidities and temperatures by infrared spectroscopy.
Previous studies have shown the calculation methods of
simulating cold chain packaging for transport.23 However, the
performance of paper-based packaging materials at low
temperatures is yet to be systematically explored. Furthermore,
the failure mechanism of paper-based packaging materials at
low temperatures has not yet been revealed.
The compressive strength of the corrugated carton is closely

related to the edge compression strength of the corrugated
board, which is associated with the ring crush strength of the
corrugated medium.24 Hence, a high transverse ring crush
(TRC) strength is required for corrugated media. In this paper,
a corrugated medium was subjected to different cold chain
environmental conditions to study the changes in its TRC
index and to reveal its failure mechanism. The changes in the
surface composition, chemical structure, crystallinity, and
microstructure of the corrugated medium before and after
the freezing were also investigated. The present study provides
relevant findings in the application of paper-based packaging
materials in cold chain transportation.

2. MATERIALS AND METHODS
2.1. Materials. The corrugated medium paper was

purchased from Liaoning Xingdong Science and Technology
Co., Ltd. It was composed of 46% softwood pulp, 47%
hardwood pulp, and 7% straw pulp with a grammage of 120 g/
m2 and a thickness of 170 μm. The content of CaCO3 in the
paper was 23.14%. The paper sheets were stored at 23 ± 1 °C
and 50 ± 2% RH for 48 h before the test. The water content in
the samples stored under such conditions is approximately 7 wt
%.22,25

2.2. Corrugated Medium under a Simulated Cold
Chain Environment. Single-factor experiments of the water
content, freezing temperature, freezing time, and freeze−thaw
cycles were conducted. The final experimental conditions were
determined based on the minimum TRC resistance. Hereafter,
the corrugated medium, frozen corrugated medium, and

corrugated medium paper with the lowest TRC index are
referred to as SC, SF, and SD, respectively.
Water was applied to the corrugated base paper by spraying.

Here, water content refers to the ratio of the water weight
absorbed by the paper to the corrugated medium paper weight.
The moist paper was placed into a sealed bag to preserve
moisture.
To explore the influence of the number of freeze−thaw

cycles on the TRC strength of corrugated base paper, the
freeze−thaw cycle was defined. A freeze−thaw cycle refers to
the process of freezing a corrugated medium in a low-
temperature refrigerator (−30 °C) for 30 min and sub-
sequently placing it in a chamber with a constant temperature
of 23 ± 1 °C and a RH of 50% for 30 min.
2.3. Determination of the TRC Index. Ring crush tests

were performed to determine the ring crush resistance of the
paper strip formed into a ring with a standardized length and
width. The length and width of the paper strip were 152 and
12.7 mm, respectively. It was subsequently rolled to form a
cylinder with a radius of 24.64 mm, which was inserted in a
circular groove with a depth of 6.35 mm. A compression load
was applied to the edge of the paper strip, whose bottom half
was supported by the holder. GB/T2679.8 standard was used
for measuring the ring crush resistance, and the TRC index was
calculated using the following formula:

=r R W/ (1)

where r, R, and W are the TRC index (N m/g), ring crush
resistance (N/m), and grammage (g/m2), respectively.
2.4. Field Emission−Scanning Electron Microscopy

(FE−SEM). FE−SEM (SU8020, Hitachi, Tokyo, Japan) was
employed to visualize the morphological changes of the
corrugated base paper before and after freezing at a voltage of
10 kV. Prior to imaging, the samples were gold coated using a
sputter coater.
2.5. Brunauer−Emmett−Teller (BET) Surface Analysis.

The BET method with N2 adsorption/desorption was used for
the surface analysis of the corrugated base paper. The
structural characteristics of the pores at 77 K were obtained
from the N2 adsorption−desorption isotherms using a fully
automatic multi-station surface area and porosity analyzer
(ASAP 2460, Micromeritics, Norcross, Georgia, USA).
Degassing was performed at 90 °C for 12 h before the
experiment. The Barrett−Joyner−Halenda (BJH) model is a
generally accepted model for pore size distribution calculation
developed based on Kelvin’s theory of capillary coalescence.
The pore size distribution was determined using the BJH
method by assuming that the pore type is a cylindrical pore
and applying Kelvin’s equation through simple geometric
calculations.
2.6. X-ray Diffraction (XRD). XRD (SmartLab, Rigaku,

Osaka, Japan) under the operating conditions of Cu Kα
radiation at 40 kV and 35 mA was employed for the
crystallinity analysis. The scanning range and speed were set
to 5−40° and 5 °/min, respectively. The crystallinity index
(CrI) was calculated as follows:26,27

= ×I I ICrI (%) ( )/ 100%002 am 002 (2)

where I002 is the maximum intensity of the crystalline peak with
2θ = 22−23° and Iam is the minimum intensity of the non-
crystalline region with 2θ = 18−19°.
2.7. Degree of Polymerization (DP). According to GB/T

1548−2016, the degree of polymerization (DP) of corrugated
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base paper is measured by the pulp dissolved in copper
ethylenediamine solution viscosity method. DP of cellulose
was calculated by the following formula:

= × [ × ]XDP 0.75 954 log( ) 3250.905 (3)

where X is the fiber viscosity measured according to the T 230
om-99 TAPPI standard method.
2.8. Attenuated Total Reflection−Fourier Transform

Infrared (ATR−FTIR) Spectroscopy. FTIR (Nicolet iS50
FTIR spectrometer, ThermoFisher Scientific, Waltham,
Massachusetts, USA) spectroscopy was used to qualitatively
observe the chemical structure of the corrugated base paper
before and after freezing. The spectra were recorded in the
scanning range of 4000−400 cm−1 with a scanning resolution
of 4 cm−1 and 64 scans per sample. Spectral deconvolution was
performed using PeakFit software with the Gaussian
distribution function.28 The correlation value of the
deconvolution fitting was r2 ≥ 0.99.
2.9. X-ray Photoelectron Spectroscopy (XPS). XPS

(ESCALAB 250Xi, ThermoFisher Scientific, Waltham, Massa-
chusetts, USA) was employed for the chemical characterization
of the elemental composition and functional groups. Two
positions on the corrugated medium surface were selected for
testing. The collected data were analyzed using Thermo
Scientific Advantage software (ThermoFisher Scientific, USA).
2.10. Thermogravimetric (TG) Analysis. The samples

were added to a crucible to analyze their thermal stability using
a TG analyzer (TA55, TA instruments, New Castle, Delaware,
USA) with a heating rate of 10 °C/min, a temperature range of
50−600 °C, and a nitrogen purge of 20 mL/min.

2.11. Statistical Analysis. The data were analyzed using
the analysis of variance (ANOVA) of the SPSS 16.0 program
(SPSS Inc., Chicago, IL, USA). The statistical correlations
were evaluated using Pearson’s correlation coefficients. p <
0.05 was considered statistically significant. The figures were
drawn using the Origin 8 program (OriginLab Corp.,
Northampton, MA, USA).

3. RESULTS AND DISCUSSION
3.1. Conditions for the Lowest TRC Index. Here, water

content refers to the ratio of the water weight absorbed by the
paper to the corrugated medium weight at 23 ± 1 °C and 50 ±
2% RH. Figure 1a depicts the effects of different water content
values on the TRC index of the corrugated medium. The water
content values were set to 5, 10, 15, 20, 25, and 30% at a cold
chain temperature of −30 °C, a freezing time of 12 h, and one
freeze−thaw cycle; the samples are defined as SWX, where X is
the water content in mass%. SF and SC exhibit similar TRC
values, which gradually decrease with the increase in water
content. The TRC index of SW10 is 3.10 N m/g (53.11% lower
than that of SC), which could not satisfy the standard for
corrugating media (GB/T 13023−2008). Meanwhile, the TRC
index of SW30 is 84.94% lower than that of SF. The decrease in
the TRC index is attributed to the hygroscopic nature of paper,
indicating its sensitivity to moisture. The exposure of icy
cartons to high temperatures and RHs during storage,
handling, and transportation results in the condensation of
the water vapor close to the carton, which is absorbed by the
carton and subsequently affects its strength.29 During the
continuous transport of cartons under a cold chain environ-
ment after rewetting, the absorbed water freezes and forms ice

Figure 1. Effect of the (a) water content (freezing temperature of −30 °C, freezing time of 12 h, and one freeze−thaw cycle), (b) temperature
(moisture content of 10%, freezing time of 12 h, and one freeze−thaw cycle), (c) freezing time (moisture content of 10%, freezing temperature of
−30 °C, and one freeze−thaw cycle), and (d) number of freeze−thaw cycles (moisture content of 10%, freezing temperature of −30 °C, and
freezing time of 30 min) on the TRC index of the corrugated medium.
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crystals. The volume of the water expands by approximately
9% below the freezing point.30,31 The expansion of the
condensates exhibits a positive correlation to the volume of the
absorbed water,32 which damages the fiber structure, thereby
adversely affecting the mechanical properties of the carton.
Figure 1b shows the effects of the cold chain temperature

(23, −4, −10, −18, −30, −50, and −70 °C) on the TRC index
of the corrugated medium with a water content of 10%, a
freezing time of 12 h, and one freeze−thaw cycle; the samples
are labeled as STX, where X is the cold chain temperature. The
TRC index of the corrugated medium gradually decreases with
decreasing temperature. The TRC index for ST‑30 decreased by
53.11% compared to that of SC, whereas that of ST‑70 decreased
by 32.54% compared to that of ST23. The TRC index reached
its minimum at −30 °C, and the continued decrease in
temperature did not affect it. This result is ascribed to the
effect of temperature on the ice crystal size. This is because a
higher amount of water is absorbed during the melting phase at
a lower freezing temperature after moisture absorption, leading
to the formation of more and larger crystals in the paper.33

This damages the material structure and reduces the strength
of the corrugated medium. This damages the nature of the
fibers themselves to some extent and affects the HBs and other
forces generated within the fibers, thus reducing the strength of
the corrugated medium. Meanwhile, the water that remains
liquid at higher temperatures (23 °C), as the freezing
temperature decreases (≤ −4 °C), such as that in the small
capillary pores, gradually begins to freeze until it is completely
frozen (≤ −20 °C).34 The volume of water expands as it turns
into ice, and this increased swelling force breaks the HBs
between the fibers, which weakens the fiber bonds, thereby
decreasing the TRC index.
The effects of the freezing time on the TRC index of the

corrugated medium are illustrated in Figure 1c. The freezing
times were set to 0, 1/6, 1/3, 1/2, 1, 6, 24, 72, 168, and 336 h
with 10% water content, a freezing temperature of −30 °C, and
one freeze−thaw cycle; the samples are defined as StX, where X
is the freezing time (h). The TRC index of the corrugated
medium gradually decreases as the freezing time increases. The
TRC index of St1/2 decreased by 52.53% relative to that of SC
and 32.42% relative to that of St0. As the freezing time further
increased, the TRC index remained constant. The decrease in
the TRC index for St1/2 is due to the uneven freezing of the
paper fibers with a relatively short freezing time. When the
freezing time is too short, the center of its fibers has not yet
reached the temperature at which water freezes, and therefore,
some liquid water is still present in the fibers. However, with
the increase in freezing time, the amount and volume of ice
crystals formed increase within the paper, thereby damaging
the nature of the fibers themselves and breaking the bonds
between the fibers and consequently resulting in a detrimental
effect on the TRC strength of the corrugated medium.
A freeze−thaw cycle refers to the process of freezing a

corrugated medium in a low-temperature refrigerator (−30
°C) for 30 min and subsequently placing it in a chamber with a
constant temperature of 23 ± 1 °C and RH of 50% for 30 min.
Figure 1d depicts the effects of the number of freeze−thaw
cycles on the TRC index of the corrugated medium. The
number of freeze−thaw cycles was set to 0, 1, 2, 3, 4, 5, and 6,
with a water content of 10%, a freezing temperature of −30 °C,
and a freezing time of 30 min; the samples are defined as SCX,
where X is the number of freeze−thaw cycles. The TRC index
of the corrugated medium gradually decreases as the number

of freeze−thaw cycles increases. The TRC index of SC3
decreased by 56.76% relative to that of SC, whereas that of
SC6 decreased by 39.46% relative to that of SC0. The effect of
the number of freeze−thaw cycles on the TRC index can be
attributed to the formation and melting of ice crystals. During
each freeze−thaw treatment, the ice crystals form at low
temperatures, and small ice crystals melt with a gradual
increase in temperature, whereby the melted ice crystals
regroup on the slightly larger ice crystals to form larger ice
crystals as the temperature is decreased again.35,36 Thus, the
water recrystallization in the fibers led to the wetting and
swelling of the fibers, thereby increasing their structural
damages34 and causing a decrease in the TRC index of the
corrugated medium.
Therefore, the experimental conditions for the lowest TRC

index of 2.86 N m/g of the corrugated medium, which does
not meet the standard carton strength, are as follows: a water
content of 10%, a freezing temperature of 30 °C, a freezing
time of 30 min, and three freeze−thaw cycles.
3.2. FE−SEM Analysis. Figure 2 illustrates the surface

morphology of SC, SF, and SD obtained by FE−SEM. Paper is a

disordered porous material with a three-dimensional structure
composed of fibers and inorganic mineral fillers. Based on the
macroscopical observations, there are no abnormalities on the
SC and SF surfaces, whereas a large number of white clusters is
observed on the SD surface. The SC and SF paper surfaces
exhibited a small adherence, and their fiber surfaces are
relatively smooth. Meanwhile, the fiber surface of SD is
attached to many granular nanomaterials with a relatively
regular shape, which is the paper filler (CaCO3) precipitated
from the fibers.37 Due to the large amount of precipitation of
CaCO3 filtered in the paper under the condition of moisture
absorption and freezing, the gap between the fibers increased,
and the ability to bond between the fibers decreased. The
paper became looser and more porous, which led to a decline
in the physical strength of the paper.
3.3. BET Analysis. The specific surface areas of the samples

were determined using BET analysis, and the pore diameter
distribution of the samples was determined using the BJH
model. The BET surface areas of the different samples were
determined from the N2 adsorption isotherm data at 77 K, as
shown in Table 1. The adsorption−desorption isotherms of N2
for SC, SF, and SD are depicted in Figure 3a−c, and BJH

Figure 2. FE−SEM images of the (a, d) corrugated medium (SC), (b,
e) frozen corrugated medium (SF), and (c, f) corrugated medium with
the lowest TRC index (SD).
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adsorption dV/dD pore volume is depicted in Figure 3d.
According to the IUPAC classification, the isotherms are found
to be type IV with H3 hysteresis loops,38 indicating the
mesoporous structure of the corrugated medium. The surfaces
of the fiber-based materials exhibit a non-uniform pore size
distribution owing to the non-uniform fiber arrangement.39

Compared with that of SC, the specific surface area of SD
decreased by 47.52%, whereas the average pore size increased
by 26.01%. This is attributed to the water absorbed by the
fibers, whose volume expanded after freezing,32 thereby
increasing the voids between the fibers and the average pore
size of the sample.
3.4. XRD Analysis. Crystallinity is an important parameter

for polymer characterization. A high crystallinity indicates
superior mechanical properties of the material.40 Figure 4
presents the crystallinity of SC, SF, and SD obtained through
XRD. The signals at 29, 36, 39, 47.5, and 48.5° are diffraction
peaks of the calcite-type CaCO3 fillers.

41 The peaks at 15.4,
16.6, and 22.5° correspond to the crystalline regions of the
cellulose fibers.42 The crystallinity of samples SC, SF, and SD
calculated using eq 2 is 79.32, 78.94, and 75.85%, respectively.

The results demonstrate that one-time freezing has minimal
effects on the crystallinity of the corrugated medium, whereas
refreezing after rewetting results in considerable changes in
their amorphous-to-crystalline ratio. This phenomenon is
attributed to the breakage of the HBs and crystalline regions
of the fibers when water is frozen, thereby reducing the
crystallinity and strength of the cellulose fibers.43 This
observation is consistent with previous findings, which
suggested that the lower strength of the HBs between adjacent
cellulose chains loosens the cellulose structure and lowers the
crystallinity of a material, thereby decreasing its mechanical
properties.41,44

3.5. DP Analysis. DP directly affects the mechanical
strength of the paper samples,45,46 as reflected by the structural
changes in the fibers. The DP for SC, SF, and SD is 448, 441,

Table 1. BET Surface Area and BJH Adsorption Average
Pore Diameter of the Paper Samples Determined from the
N2 Adsorption Isotherm

a

paper
sample

BET specific surface
area (m2/g)

BJH adsorption average pore
diameter (nm)

SC 0.6904 ± 0.074 39.33 ± 1.37
SF 0.5777 ± 0.043 40.65 ± 1.98
SD 0.3623 ± 0.056 49.56 ± 1.85

aSC, corrugated medium; SF, frozen corrugated medium; SD,
corrugated medium with the lowest TRC index.

Figure 3. N2 adsorption−desorption isotherms for the (a) corrugated medium (SC), (b) frozen corrugated medium (SF), and (c) corrugated
medium with the lowest TRC index (SD) at T = 77 K. (d) Pore diameter distribution of SC, SF, and SD from the BJH model.

Figure 4. XRD pattern of the corrugated medium (SC), frozen
corrugated medium (SF), and corrugated medium with the lowest
TRC index (SD).
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and 400, respectively. The DP reduction is attributed to the
shortened molecular length as the cellulose chains are broken
by freezing, which weakens the strength of the paper. Similar
results were obtained by Fang et al.47 who investigated the
pivotal role of cellulose DP in increasing the mechanical
strength of nano-cellulose films.
3.6. ATR−FTIR Analysis. FTIR spectroscopy is an

appropriate technique widely employed to characterize the
chemical groups on the surface of fibers. Figure 5 presents the
typical FTIR spectra of SC, SF, and SD. Two main characteristic
regions are observed in the spectra of all samples, the high-
(3500−2800 cm−1) and low- (1700−500 cm−1) wavenumber
regions, which agrees with those of a previous report.48 The
peaks at 1430, 877, and 711 cm−1 are attributed to CaCO3,

49

which is consistent with the XRD and FE−SEM results. The
strong (saturated) absorption peak at 1430 cm−1 is ascribed to
the asymmetric stretching vibration of the C−O bond. There
are no new absorption peaks observed for SF and SD compared
to the FTIR spectra of SC. The results indicate that the
environmental changes in the corrugated medium during cold
chain transportation did not produce new functional groups.
The broad spectral band in the 3700−3000 cm−1 region

corresponds to the stretching vibration of the hydrogen-
bonded OH groups in the cellulose molecule, demonstrating
the hydrophilic tendency of the fiber.48 Specifically, the
absorption peak of the HB of SD shifted to a higher
wavenumber compared with that of SC (approximately 3300
cm−1), indicating the looser HBs of SD. The intramolecular
HBs (HBintra) of O2H···O(6) and O(3)H···O(5) and
intermolecular HBs (HBinter) of O(6)H···O(3) (Figure 5a)50
are considered to contribute to the bands at 3410−3460,
3340−3375, and 3230−3310 cm−1,51,52 respectively, as
indicated in Figure 5b.
Spectral deconvolution (Figure 5c−e) is an efficient tool to

increase the analytical power of the bands indicated above in

terms of the HB characterization. The quantitative results
obtained after the baseline corrections are listed in Table 2.

The shift in the O (6)H···O(3) intermolecular bonds of SD
appeared at higher wavenumbers (weaker bonds)34,53

compared with that of SC, implying that the ice crystals
could destroy the intermolecular HBs. Furthermore, the peak
area of SD HBinter O (6)H···O(3) decreased by approximately
3.00%, indicating the increased distance between the cellulose
chains. Moreover, the HBs between the cellulose molecules
were broken by the formation of ice crystals, resulting in a
decrease in the intermolecular HBs.
3.7. XPS Analysis. XPS was employed to record the broad

spectra and high-resolution narrow spectra of the surface
elements of SC, SF, and SD in the range 0−1350 eV. Figure 6
depicts the XPS spectra, showing C and O as the primary
elements in the samples. The SD surface C content decreased
from 69.19 to 61.19%, whereas the surface O and Ca content

Figure 5. (a) Hydrogen bonding in the corrugated medium. (b) Spectra of the corrugated medium (SC), frozen corrugated medium (SF), and
corrugated medium with the lowest TRC index (SD); (c−e) deconvoluted spectra of the HB region of SC, SF, and SD, respectively.

Table 2. Proportional Abundances of the Classes of HBs in
the FTIR Spectraa

paper
sample type of HB wavenumber (cm−1)

abundancy
(%)

curve
fitting (r2)

SC O(2)H···O(6) 3471 19.21 0.996
O(3)H···O(5) 3342 49.47
O(6)H···O(3) 3205 31.32

SF O(2)H···O(6) 3459 20.44 0.993
O(3)H···O(5) 3340 48.11
O(6)H···O(3) 3208 31.44

SD O(2)H···O(6) 3440 20.83 0.995
O(3)H···O(5) 3337 50.78
O(6)H···O(3) 3220 28.39

aSC, corrugated medium; SF, frozen corrugated medium; SD,
corrugated medium with the lowest TRC index.
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increased from 30.28 to 37.07% and 0.53 to 1.74%,
respectively, compared with that of SC, which is consistent
with the previous FE-SEM results. The change in the C and O
contents may be attributed to the breakage of bonds between
the fibers by the ice crystals.
The deconvolution of C 1s presented four functional groups,

namely, C−C/C−H (284.8 eV), C−O/C−O−H (286.3 eV),
O−C−O/C�O (287.9 eV), and O�C−O (288.9 eV) at
different binding energies (BEs).54,55 Additionally, the
deconvolution of O 1s revealed two functional groups at

different BEs, namely, C−OH (231.9 eV) and C�O (232.9
eV).56 These results demonstrate a considerable increase in
C−O/C−OH after the freezing treatment. Moreover, this
indicates that the C−O/C−OH/C�O groups are poly-
saccharides.57 After the freeze−thaw treatment, the C−OH
content increased by 24%, which can be attributed to the
breakage of the intermolecular and intramolecular HBs of the
paper cellulose chains, thereby exposing more OH groups.
3.8. TG Analysis. The TG analysis determined the thermal

properties of SC, SF, and SD. The thermal stability of the

Figure 6. (a) XPS survey spectra of the corrugated medium (SC), frozen corrugated medium (SF), and corrugated medium with the lowest TRC
index (SD). (b) C 1s and (c) O 1s for SC. (d) C 1s and (e) O 1s for SF. (f) C 1s and (g) O 1s for SD.
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polymeric materials depends on the inherent characteristics of
the sample and molecular interactions between the different
macromolecules.58 Figure 7 shows the TG and derivative
thermogram curves of SC, SF, and SD. The thermogravimetric
process of the corrugated medium in the N2 atmosphere
includes three major steps. The first stage involves a small
amount of weight loss at ∼100 °C, which is related to the
evaporation of the water loosely bound to the cellulose
surface.59 This loss can also be observed from the characteristic
peak of the bending vibration of the intermolecular hydrogen-
bonded water interaction at 1641 cm−1 in the FTIR spectrum,
which is in line with a previous study.60 In addition, thermal
degradation did not occur in this stage. The second
degradation stage at 220−300 °C is attributed to the thermal
depolymerization of the hemicellulose and cleavage of the
glycosidic linkages of cellulose.61,62 Finally, the last stage
includes thermal degradation at 250−450 °C, which is related
to the degradation of the lignin components and depolyme-
rization of the cellulose structure. Moreover, a majority of the
cellulose content is decomposed at this stage.48

During cold chain transportation, the T5% of SC, SF, and SD
decreased from 268 to 264 to 124 °C due to the crystallinity
and polymerization of the cellulose induced by the freezing
process. The thermal stability of the corrugated medium at
high temperatures decreased after freeze−thaw treatment, as
indicated by the decrease in Tmax (from 361 to 357 to 345
°C)42 and residual ash content.63 Moreover, the thermal
stability of the corrugated medium greatly decreased by the
freeze−thaw treatment, as confirmed by the decrease in
mechanical strength.

4. CONCLUSIONS
This study investigated the effects of environmental factors on
the TCR index of the corrugated medium during cold chain
transportation. The water content, freezing temperature,
freezing time, number of freeze−thaw cycles, and their effects
on the properties of the corrugated medium were simulated.
The experimental results revealed that the reduction in the
strength of the corrugated medium was mainly attributed to
three factors: first, the reduced strength of the cellulose fibers
based on their crystallinity and polymerization; second, the
destruction of the HBs between the fibers in the cellulose due
to freezing; and third, increased voids between the cellulose
fibers due to the precipitation of paper fillers.
The findings obtained in this study are beneficial to further

expand the application of cellulose-based paperboard as a

substrate for cold chain packaging. Based on the obtained
strength degradation mechanism of the corrugated medium
during cold chain transportation, modification methods can be
explored to enhance the mechanical and barrier properties of
the corrugated medium. Further, the findings of this study
provide great insights for alleviating environmental pollution
and decreasing the cost of packaging in cold chain transport
through the use of paper-based packaging materials.
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