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A B S T R A C T   

This study aimed to assess the effect of continuous and intermittent drying with different rest times on the quality 
parameters of stored corn grains. The grains were collected at a moisture content of 25.37 g/100 g and subjected 
to drying at a temperature of 373 K and air flow rate of 1.5 m3/(min m2). Drying was carried out using five 
different rest times (0, 4, 8, 12 and 16 h) and continued until the grains reached a final moisture content of 14 ±
0.3 g/100 g. After drying, the grains were stored under laboratory conditions and assessed at 0, 90, 180 and 270 
d. The following conclusions were reached: the rest technique reduced grain damage after drying and during 
storage without substantially compromising proximal composition; longer rest times resulted in darker grains, 
while storage decreased the hue and increased the colour intensity of grains. Storage diminished the positive 
effect of intermittent drying on the arrangement, size and agglomeration of starch granules.   

1. Introduction 

Corn is one of the most widely produced cereals worldwide and a 
major source of nutrients in developing countries, with around 85% of 
the corn produced used in livestock production (Garcia-Lara & 
Serna-Saldivar, 2019). After harvesting, grains are subject to processes 
that can lead to rapid deterioration, making appropriate postharvest 
planning essential in preventing possible damage during handling and 
storage. Eliminating excess water is a decisive factor in grain conser-
vation (Shirmohammadi, Charrault, & Blencowe, 2018). 

Artificial drying enables the elimination of excess water and early 
harvesting but should be a controlled process in order to preserve the 
quality of agricultural products. Intermittent drying has been used to 
minimize possible damage such as cracks and breaks on the grain surface 
in rice, wheat, soybean, coffee and corn (Rufino-Franco & Lima, 2016). 
Damage declines due to the redistribution of water across the entire 
surface of the grain during rest, thereby decreasing the moisture 
gradient generated during desorption (Allaf et al., 2014; Zhang & 
Litchfield, 1991). 

Several authors have used intermittent drying to evaluate aspects 
related to quality, specific energy consumption and energy efficiency in 
different products, such as coffee (Borém et al., 2013), rice (Assar, 
Golmohammadi, Rajabi-Hamaneh, & Hassankiadeh, 2016; For-
oughi-Dahr, Golmohammadi, Pourjamshidian, Rajabi-Hamaneh, & 
Hashemi, 2014; Franco, Lima, Farias, & Silva, 2019), soybean (Park, 
Han, & Yoon, 2018) and corn (Mabasso et al., 2021; Vergara, Capilheira, 
Gadotti, & Villela, 2018; Wang & Wang, 2019; Zhao et al., 2018). 

The change in the quality of agricultural products during drying is 
unavoidable (Kumar, Karim, & Joardder, 2014). Quality traits include 
colour (Kumar et al., 2014), grain size, enzyme activity, stress crack 
index, fungal contamination and moisture content. Scanning electron 
microscopy (SEM) has been used to monitor or assess cell uniformity in 
different studies, such as those investigating coffee (Borém et al., 2013), 
and more recently to assess the effect of postharvest processes such as 
drying (Sharma & Bhardwaj, 2019). 

Resting improves the quality of products subjected to drying because 
it enables water removal and less energy consumption (Mabasso et al., 
2021). The longer the rest time, the greater the storage potential of 
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grains after drying (Rufino-Franco & Lima, 2016). As such, the present 
study aimed to assess the effect of intermittent drying with different rest 
times on proximate composition, colour and cell membrane integrity of 
corn grains during storage. 

2. Material and methods 

Corn grains of the Cargo TL cultivar were manually harvested and 
threshed at an initial wet basis (wb) moisture content of 25.37 ± 0.1 g/ 
100 g. Moisture content was determined by the gravimetric method in a 
forced air oven, in line with American Society of Agricultural and Bio-
logical Engineers standards, using three 15 g samples dried at a tem-
perature of 376 ± 1 K for 72 h (ASABE, 2007). 

The grains were dried in a fixed-bed experimental dryer at a tem-
perature of 373 K and air flow rate of 1.5 m3/(min m2). The 5 × 4 
factorial scheme used consisted of five rest times (0, 4, 8, 12 and 16 h, 
where zero corresponds to continuous drying and the remaining times 
intermittent, and four storage times (0, 90, 180 and 270 d), with four 
repetitions. 

Air flow was established based on speed (0.02 m/s) and determined 
using a digital anemometer, placed above the tray of grains to measure 
the air injected through the grain mass. A grain volume of 0.035 m3 was 
used for each drying cycle, conducted in a drying chamber with a 
perforated 0.283 m2 base and 0.124 m-deep grain layer (Fig. 1A). 

The mass of grains was turned at regular intervals of 10-min to 
ensure uniform drying. Water loss was monitored using three perforated 
polyethylene bags containing 100 g of grains, placed randomly in the 
grain mass. 

Drying ended at a moisture content of 14 ± 0.3 g/100 g (wb). For 
intermittent drying, the process was interrupted at a moisture content of 
18 ± 0.2 g/100 g (wb) and resumed after a rest period until reaching the 
final moisture content. For resting, a completely sealed expanded 
polystyrene box was used in order to simulate silo conditions, monitored 
by an HT-4010 digital data logger. The temperature and relative hu-
midity of the intergranular mass were also monitored daily during 
storage, using another data logger of the same model. The original box 
had a capacity of 100 L and was adapted to a length, width and height of 
0.510, 0.300 and 0.160 m, respectively, reducing its volume to 24.48 L 

(24.48 × 10− 3 m3) (Fig. 1B). 
Shortening all the sides resulted in a thickness of 0.150 m, equivalent 

to a grain mass thickness of 1.011 m considering the thermal conduc-
tivity of the expanded polystyrene (0.024 W/(m K) and the grains at a 
resting temperature and moisture content (0.1618 W/(m K)) (Leila et al., 
2019). 

After drying, the corn grains were stored in 20 L metal containers 
with perforated lids covered in mesh to allow air circulation and prevent 
the entry of insects. The stored grains were assessed according to the 
established storage times. 

2.1. Drying rate 

The drying rate was determined using Eq. (1), considering the initial 
and final moisture content at the different intervals during drying. 

DR=(X0 − Xi) / (ti − t0) (1)  

Where DR is the drying rate (kg/(kg h)), X0 the previous moisture 
content (decimal, dry basis - db), Xi the current moisture content (dec-
imal, db), ti the current total drying time (h), and t0 the previous total 
drying time (h). 

2.2. Iodine test 

The iodine test was adapted based on the methodology described by 
Cícero and Silva (2003), establishing a soaking time of 25 min for the 
corn grains to observe any damage resulting from the drying process. 

Four repetitions and two 100-grain samples were used for each 
treatment. The samples were placed in disposable 100 mL plastic cups, 
added with a 4 mL/100 mL iodine solution that completely covered the 
grains. After soaking, the grains were washed under running water and 
dried with paper towel. The grains were then counted considering 
purple coloring a positive result for iodine reaction with starch, and the 
presence of visible cracks. The final result was expressed as a percentage. 

2.3. Proximate composition of corn grains after drying 

Dry matter, carbohydrate, protein, ash, raw fiber and ether extract 

Fig. 1. Experimental fixed-bed dryer used in the drying of corn grains (A) and Characteristics of the expanded polystyrene box used to store the corn during the rest 
times (B). 1 – temperature and air flow control panel; 2 – centrifugal fan; 3 – temperature measurement point; 4 – air homogenizers; 5 – set of electrical resistances; 6 
– perforated screen for thick-bed drying; 7 – thick-bed drying bed; 8 – set of trays for thin-bed drying. 
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content were determined for each treatment in three samples per repe-
tition. The samples were previously ground in a Solab SL Wiley mill, set 
to a particle size of 1 mm. 

After grinding, they were subjected to near infrared spectroscopy 
(NIRS) in a Buchi NIRFlex N-500 spectrometer (Buchi Labortechnik, 
Flawil, Switzerland) equipped with an InGaAs detector. The samples 
were placed in a borosilicate glass Petri dish for reading. The spectra 
were obtained in the 4000 to 10,000/cm region at a resolution of 4/cm 
and 32 scans per spectrum. Based on the principle of electromagnetic 
radiation, NIRS exhibits good accuracy and high precision and by 
applying mathematics to analytical chemistry, determines precise values 
according to curves calibrated as a function of the material analyzed. 

Dry matter, protein, ash, raw fiber and ether extract content were 
obtained by direct measurement and carbohydrate content was deduced 
as the remaining value after the sum of the other variables. 

2.4. Colour assessment 

Grain colour was assessed using the HunterLab system by analyzing 
the L*, a* and b* coordinates, where L* is lightness and corresponds to 
the range from black (L* = 0) to white (L* = 100); a* the red/green 
coordinate and b* the blue/yellow coordinate. 

Readings were performed using a Konica Minolta® CR-410 chroma 
meter, with a 50 mm aperture. The device was previously calibrated at 
the D65 setting (Y = 93.58; x = 0.3169 and y = 0.3334), which repre-
sents the average daily light. Three readings were performed for each 
repetition, with the grains in Petri dishes against a white background. 

After the chromaticity coordinates were analyzed, Chroma (C*) (Eq. 
(2)) and the Hue angle (H*) (Eq. (3)) were calculated. Chroma (C*) 
indicates color saturation or intensity and the Hue angle (H*) the 
observable color (hue) by converting the a* and b* coordinates. 

C∗ =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

(a∗)
2
+ (b∗)

2
√

(2)  

H∗ = arctan(b∗ / a∗) (3)  

Where C* is colour chromaticity (Chroma) or saturation, H* the hue 
angle (◦), a* the red/green coordinate and b* the blue/yellow 
coordinate. 

2.5. Scanning electron microscopy of corn flour 

Scanning electron microscopy (SM) was carried out immediately 
after drying and again at 270 d of storage. The corn grains were ground 
in a Fortnox Star FT 60 Wiley mill with a 2 mm mesh sieve and the 
resulting flour was dried in a forced air oven at 338 ± 1 K until constant 
mass. Next, the samples were distributed on copper tape to improve 
electron scattering and placed on the microscope for image capturing at 
different resolutions. A Hitachi 3000 scanning electron microscope was 
used to observe particle uniformity at 1200X magnification. 

2.6. Statistical analysis 

The data are represented in form of mean ± standard deviation. The 
comparison was determined by t-test and linear regression according to 
the result of analysis of variance (ANOVA) at 5% of significance. Pear-
son’s correlation ware also performed, using the Student’s t-test at 5% of 
significance for proximate composition parameters. 

3. Results and discussion 

The effective drying time of the corn grains declined under inter-
mittent drying. Although this decline was more marked for the two 

Fig. 2. Reaction with iodine in corn grains after drying and during storage as a function of different rest times. **Significant effect according to the F-test (P < 0.01).  
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longest rest times, the average drying rates for rest times of 8, 12 and 16 
h were similar. The same occurred for continuous drying and intermit-
tent drying with a 4-h rest period, which exhibited similar average 
drying rates. However, the difference of 0.005 kg/(kg h) was sufficient 
to contribute to reducing the effective drying time by 0.17 h. For-
oughi-Dahr et al. (2014) investigated different drying systems for rice 
grains and concluded that the drying rate was positively influenced by 
rest time. 

According to Zhang and Litchfield (1991), the effective drying time 
and drying rate are a function of the temperature, cycles and rest time. 
Even a single cycle is sufficient to shorten the effective drying time when 
compared to continuous drying as a result of the higher water removal 
rate, which is favoured by increased water diffusion from the center to 

the surface of the grain, promoting uniform redistribution of water and 
intergranular temperature (Allaf et al., 2014; Foroughi-Dahr et al., 2014; 
Lima, Delgado, Neto, & Franco, 2016). 

The iodine test provides an indirect assessment of damage to starchy 
products as a result of postharvest processes such as drying. The rest 
time during continuous and intermittent corn grain drying showed a 
significant interaction with storage time (Fig. 2). While increased stor-
age times promoted greater damage, an inverse effect was observed for 
longer rest periods. Intermittent drying contributed to maintaining cell 
membrane integrity (Shirmohammadi et al., 2018), reducing cracks and 
fissures in the grains and, consequently, reducing iodine absorption and 
reaction. 

According to Rufino-Franco and Lima (2016), the longer the rest 
time, the greater the benefits in terms of physical damage, changes in 
proximate composition, microbiological activity and infestation by in-
sect pests. As a result, the rest time will be proportionally favourable to 
greater storage potential for grains after drying (Vergara et al., 2018). 
Moreover, rest time exerted a greater influence than storage time, with a 
decrease of 1.29 per rest h and increase of 0.19 per d during storage. 

The proximate composition of the corn flour was determined 
immediately after drying and at 270 d of storage. The moisture content 
of the flour for rest times of 0, 4, 8, 12 and 16 h was 11.91, 11.46, 11.58, 
11.74 and 11.94 g/100 g, respectively, immediately after drying, and 
10.41; 12.09; 11.28; 11.30; and 11.07 g/100g following storage. This 
minor variation is associated with the temperature and relative hu-
midity conditions, and the slight decline in moisture content during 
grinding. 

With the exception of ether extract, formed by heterogeneous 
composition of lipids and all other non-polar compounds, the results of 
analysis of variance showed a significant interaction between rest and 
storage times. However, when analyzed separately, rest periods and 
storage times exhibited differences for ether extract. 

Protein content varied at 270 d of storage for continuous drying and 
a rest time of 4 h. This indicates a contradictory trend, whereby the 
longest rest times did not alter the different contents assessed, but no 
trend was observed for variations in values recorded after drying and at 
270 d as a function of rest time, with average values of 9.12 and 9.22 g/ 
100 g before and at the end of storage, respectively (Table 1). 

Dry matter, ash, carbohydrate, raw fiber and protein concentrations 
were similar after drying and at 270 d of storage, with no trend observed 
in relation to rest time. Fig. 3A demonstrates minimal variation except 
for fiber content, which declined from 1.024 g/100 g at 0 d of storage to 
0.541 g/100 g at 270 d. 

Ether extract exhibited a decreasing trend in relation to rest time 
(Fig. 3B), with the lowest concentration recorded at a storage time of 
270 d (Table 1). The variation in the behaviour of the variables can be 
attributed to the interdependence of the different elements of the 
composition, that is, an increase in the content of one hamper that of the 
others. Similar behaviour was observed by Scariot, Karlinski, Dionello, 

Table 1 
Proximate composition (db) of corn grains as a function of storage time after 
continuous and intermittent drying with different rest times. Different capital 
letters in row indicate significant differences at t < 0.01.  

Rest time 
(h) 

Proteins (g/100 g) Raw fiber (g/100 g) 

Storage time (d) Storage time (d) 

0 270 0 270 

0 9.135 ±
0.108 B 

9.444 ± 0.116 
A 

1.170 ± 0.201 
A 

1.041 ± 0.265 
A 

4 9.060 ± 0.249 
A 

8.786 ±
0.140 B 

0.977 ± 0.116 
A 

0.376 ±
0.145 B 

8 9.301 ± 0.140 
A 

9.383 ± 0.104 
A 

1.106 ± 0.066 
A 

0.476 ±
0.167 B 

12 9.170 ± 0.232 
A 

9.325 ± 0.066 
A 

0.903 ± 0.088 
A 

0.238 ±
0.138 B 

16 8.951 ± 0.259 
A 

9.174 ± 0.077 
A 

0.962 ± 0.108 
A 

0.570 ±
0.182 B  

Ash (g/100 g) Carbohydrates (g/100 g) 
0 1.306 ±

0.172 B 
1.747 ± 0.134 
A 

83.500 ±
0.456A 

82.876 ±
0.358 B 

4 1.554 ± 0.088 
A 

1.336 ±
0.155 B 

83.523 ±
0.336 B 

84.788 ±
0.751 A 

8 1.531 ±
0.097 B 

1.812 ± 0.018 
A 

83.286 ±
0.297 A 

83.669 ±
0.190 A 

12 1.633 ±
0.069 B 

1.888 ± 0.043 
A 

83.521 ±
0.223 A 

84.017 ±
0.258 A 

16 1.479 ±
0.099 B 

1.948 ± 0.013 
A 

83.884 ±
0.307 A 

83.728 ±
0.059 A  

Dry matter (g/100 g) Ether extract (g/100 g) 
0 88.093 ±

0.206 B 
89.586 ±
0.212 A 

4.809 ± 0.129 
A 

4.675 ±
0.145 B 

4 88.544 ±
0.032 A 

87.912 ±
0.033 B 

8 88.418 ±
0.033 B 

88.725 ±
0.042 A 

12 88.265 ±
0.054 B 

88.697 ±
0.023 A 

16 88.060 ±
0.082 B 

88.927 ±
0.043 A  

Fig. 3. Average dry matter, carbohydrate, protein, ash and raw fiber content as a function of storage time after continuous and intermittent drying (A) and Variation 
in ether extract content as a function of rest time after continuous and intermittent drying (B). Dry matter, Carbohydrates, Protein, Ash, Raw 
fiber, IR – Iodine reaction, RT – Rest time, ST – Storage time, EE – Ether extract, RT – Rest time. **Significant effect according to the F-test (P < 0.01). 
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Radünz, and Radünz (2020) in rice grain drying, with a decline in 
protein and lipid content as storage time increased and, by contrast, a 
rise in fiber and ash content. 

The correlation between components of proximate composition is 
random, with a strong negative correlation between protein and car-
bohydrate content (r = − 0.729), also observed between carbohydrate 
and raw fiber content (r = − 0.701). An increase in dry matter content 
prompted a rise in protein content, whereas carbohydrate content 
remained independent. It is important to underscore that, proportion-
ally, carbohydrate and protein content contribute more to dry matter, 
meaning that a significant increase in one tends to affect the other. 
However, in the present study, the increase in dry matter did not result 
in significant increases in protein content but accompanied the rise in 
carbohydrate content. 

With regard to colour variation or behaviour, a* showed a decreasing 
trend as a function of rest and storage times (Fig. 4A and B), while “b*” 
and “L*” exhibited similar behaviour as a function of rest time, linear for 
“b*” and quadratic for “L*” (Fig. 4C and D). There was no variation in 
these last two parameters during storage, with average values of 35.64 
and 63.14 for b* and L*, respectively. The sensitivity of corn grains to 
storage may be associated with differences between genotypes, which 
convert into differences in the physical and chemical properties of the 
grains, as well as their nutritional composition that can lead to the 
degradation of carotenoids (Ortiz, Rocheford, & Ferruzzi, 2016). 

However, the effective control of the moisture content, temperature and 
relative humidity in the granular mass is essential to reduce the speed of 
the degradative reactions, which convert into colour change as well as 
the chemical composition of the product. 

The variation of b* are in line with those reported by Saenz, Abdala, 
Borrás, and Gerde (2020) in which they refer to their reduction for 
harder corn grain genotypes, a fact that may be associated with greater 
hardness of corn grains when subjected to intermittent drying with 
longer resting times (Mabasso, Siqueira, Quequeto, Resende, & Goneli, 
2020). 

The curves for the three colour parameters showed a darkening trend 
with longer rest times as a result of the decline in L* value. Despite this 
quadratic behaviour, indicating increased lightness between 12 and 16 h 
of rest, average deviations overlap. Enzymatic darkening of corn grains 
is associated with the effect of prolonged exposure to heat during drying 
and rest (Paulsen, Singh, & Singh, 2019), as well as oxidative processes 
caused by enzymes such as polyphenol oxidase and peroxidase (Oliveira 
et al., 2010). 

Chroma “C*” and the Hue angle “H*” showed no variation during 
storage, with average values of 37.71 and 71.10◦ for C* and “H*“, 
respectively (Fig. 4E and F). The behaviour of C* and H* values dem-
onstrates that although colour intensity increased with longer rest times, 
the hue of corn grains became lighter. This is in line with the behaviour 
of L*, which showed a trend of grain darkening. According to Oliveira 

Fig. 4. Average values of a* (A), b* (C), L* (D), C* (E) and H* (F) as a function of rest time and a* (B) as a function of storage times after continuous and intermittent 
drying. RT – Rest time, ST – Storage time. *Significant effect according to the F-test (P < 0.05). 
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et al. (2010), drying is a means of inactivating enzymes, with the authors 
reporting a 33.57% reduction in their concentration during the drying of 
white oat grains at 373 K. Lima, Tomé, and Abreu (2014) reported that 
the seed coat of bean grains darkened after six months of storage and 
that the decline in the L* coordinate may be the result of increased 

polyphenol oxidase associated with peroxidase activity. 
Colour is the result of chemical, biochemical, microbiological and 

physical changes that can occur in the crop and postharvest processes 
such as drying and storage. Understanding changing colour conditions 
during these postharvest processes helps optimize the quality of 

Fig. 5. Scanning electron microscopy of corn flour after continuous and intermittent drying and at 270 d of storage. Images captured at 1200X magnification (50 μm, 
reduced). A, B, C, D and E − Continuous and intermittent drying with 4, 8, 12 and 16 h of rest immediately after drying. F, G, H, I and J - Continuous and intermittent 
drying with 4, 8, 12 and 16 h of rest at 270 d of storage. 
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agricultural products and the conditions of biological processes. 
Fig. 5 shows clusters of different-shaped particles in varying ar-

rangements constituting starch granules and dark surfaces correspond-
ing to possible damage or cracks. Thus, the level of cell uniformity can 
be visualized at both corn flour assessment times. There is a trend in the 
uniform distribution of starch particles immediately after drying, with 
greater dispersion and more dark spaces in continuous drying (Fig. 5A). 
In intermittent drying, particles are more clustered and consequently 
less dispersed, with fewer darks spaces between particles or clusters 
(Fig. 5B–E). 

In comparative terms, there is no clear trend for particle uniformity 
at 270 d of storage (Fig. 5F–J), with greater dispersion immediately after 
drying. In general, particles were relatively smaller and dark spaces 
between particles or clusters occurred randomly between the different 
rest times. 

SEM has been used to assess the effect of drying in agricultural 
products such as coffee (Borém et al., 2013), indicating changes in cell 
membrane structure, with gaps or intracellular voids as a result of 
different drying methods, and to evaluate quality of corn and wheat 
(Chakraborty, Pallen, Shetty, Roy, & Mazumder, 2020; Kumar & Khat-
kar, 2017; Wang & Wang, 2019; Zou, Xu, Tian, & Li, 2019). 

According to Allaf et al. (2014), continuous drying increases inter-
granular temperature, which is not offset by the amount of water 
removed, resulting in the potential for greater damage to the final 
product due to the presence of larger voids between particles, in addi-
tion to smaller particles and greater dispersion (Fig. 5A and F). Inter-
mittent drying contributed to preserving the quality of the final product 
and the performance of the drying process, with less specific energy 
consumption and greater energy efficiency (Allaf et al., 2014; Kumar 
et al., 2014; Mabasso et al., 2021). 

Grains tend to shrink during drying in response to the volume of 
water lost due to evaporation, reducing their size. Thus, heating 
significantly increases internal pressure in the grain, with a tendency to 
expand from the center outward due to water diffusion. The limited 
expansion and low elastic capacity of grains mean that cracks and fis-
sures are common. Intermittent drying results in less damage, contrib-
uting significantly to better-quality grains and improved seed vigour 
(Lima et al., 2016). However, despite the noteworthy effects of inter-
mittent drying immediately after the process, no influence was observed 
after 270 d of storage. 

4. Conclusions 

Resting reduced the degree of damage in corn grains after drying and 
during storage without effectively interfering in proximate composition. 
Longer rest times produced darker grains, whereas storage resulted in 
lighter hues and increased colour intensity. Storage diminished the 
positive effect of intermittent drying on the better arrangement, size and 
agglomeration of starch granules. The adoption of different rest times in 
intermittent drying phases by pressure reduction on the storage unit, at 
the peak of the harvest, might have potential on quality maintenance in 
the conservation period of processed corn or better acceptance on 
expedition. 

This technique reduced the negative impact of product deterioration 
during the storage time, culminating in economic gains for producers 
and managers of the storage units. In addition, the effect of this tech-
nique for different types of commercial corn are important for next 
research about this topic, even for other grains. 
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