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Abstract 

Walnut green husk (WGH) is common agricultural by-product with high yield and serious pollution. The 

present study aimed to evaluate the impacts of solar drying (SD), pulsed vacuum drying (PVD), short and medium 

infrared radiation drying (SMIR), hot air drying based on temperature and humidity control (TH-HAD), and heat 

pump drying (HPD) on the drying characteristics, energy consumption, physicochemical properties, bioactive 

compounds content and antioxidant capacity of WGH. Drying characteristics and drying kinetics showed that 

artificial drying can significantly improve drying efficiency. Compared with SD, the drying time of PVD, SMIR, 

TH-HAD, and HPD were reduced by 63.57%, 78.68%, 66.28%, and 53.97%, respectively. Specific energy 

consumption analysis demonstrated that HPD showed the lowest specific energy consumption, 2.15 kW·h/kg. 

Hydration properties analysis revealed PVD had the best water holding capacity and HPD sample had the best water 

solubility index (43.44%). Structural analysis showed the cell wall structure of WGH was damaged by different 

drying methods. Overall, Among the five drying methods, HPD has lower energy consumption, less time, and 

maintains good antioxidant activity. HPD has good potential in the commercial-scale production of WGH. 

 

Keywords: walnut green husk; drying; bioactive compounds; specific energy consumption; microstructure 

1 Introduction  

Walnut (Juglans regia L.) is one of the most important and valuable agricultural products 

worldwide. With an emphasis on vigorous promotion of the woody oil industry, the walnut industry 

has rapid growth. Particularly, China is the greatest Asia producer of walnuts. According to the Food 

and Agriculture Organization (FAO), China’s walnut production reached 1.1 × 106 tonnes in 2020, 

accounting for about one-third of the world's total walnut production (FAO, 2020). Walnut green husk 
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(WGH) is the major by-product of walnut processing, representing around 50-60% (w/w) of the total 

walnuts (Asgari et al., 2020). Therefore, China generates approximately 550,000 tonnes of WGH 

annually. However, WGH is not fully used, and most of them are discarded as waste, rapidly decaying 

and causing environmental pollution. Moreover, WGH is a relevant source of bioactive compounds, 

such as polyphenols, flavonoids, terpenoids, naphthoquinones, and pectins (Romano et al., 2021), 

which can be used as an antioxidant and antibacterial agent in the food industry and have been used 

on the preservation of fresh-cut apple and rainbow trout during refrigerated storage (Mozaffari et al., 

2022; Jiang et al., 2022) WGH extract is also able to inhibit the activity of α -glucosidase, thus 

regulating human blood sugar levels. Additionally, the WGH is conducive to the phytoremediation 

of heavy metals due to the presence of phenolic hydroxyl, carboxyl, and other functional groups (Liu 

et al., 2022).  

However, the fresh WGH has a high moisture content (about 90%) and strong biological activity, 

promoting the growth of microorganisms and accelerating the decay rate, resulting in mildew and rot, 

which is not conducive to subsequent processing and utilization. Therefore, exploring an energy-

saving drying technology for WGH is extremely important for industrial applications. The current 

drying technology in industrial production includes solar drying (SD) and artificial drying. The 

advantage of SD is that it does not require any mechanical power or energy consumption. Nonetheless, 

SD has several disadvantages, including long drying time, overheating caused by direct exposure, 

and nonuniform shrinkage of the product due to inclement weather, resulting in a product with poor 

quality and a high possibility of contamination (Adenitan et al., 2021). Common artificial drying 

methods in agricultural product processing include pulsed vacuum drying (PVD), short and medium 

infrared radiation drying (SMIR), hot air drying based on temperature and humidity control (TH-



5 

 

 

HAD), and heat pump drying (HPD). PVD and SMIR use innovative heating units to reduce energy 

consumption and improve drying uniformity. Recently, Xie et al. (2017) used PVD to process 

blueberries and obtained better quality. TH-HAD improves product quality by adjusting the drying 

temperature and the relative humidity of the drying medium, which is an improvement on traditional 

hot air drying. Additionally, one study developed an ultrasound pretreatment combined with and hot-

air drying technique for sweet potatoes (Tayyab Rashid et al., 2022). The authors found that this 

combination could save energy and improve textural qualities (hardness and resilience). HPD recycles 

the sensible and latent heat in the exhaust gas during drying, reducing energy consumption. It is the 

most suitable new environmental-friendly and energy-saving drying method to replace traditional 

drying at this stage and has been employed in the drying of kelp (Zhang et al., 2022). 

This study aimed to solve the problems of pollution, perishability, and difficulty in preserving 

WGH. Five drying methods (SD, PVD, SMIR, TH-HAD, and HPD) are used to dry WGH, and the 

effects of different drying methods on the drying characteristics, energy consumption, 

physicochemical properties, bioactive compounds content, and antioxidant capacity were compared, 

so as to screen out an energy-saving and efficient drying method suitable for WGH. The results of 

this study could provide technical support for WGH from ground to industrial production and supply 

a raw material reserved for further development and utilization of WGH. 

2. Materials and methods 

2.1. Materials  

The fresh WGH samples (Xiangling variety) were collected from Huairou Market in Beijing. 

The collected samples were transported back to the laboratory within 5 hours, and their initial 
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moisture content (about 90%, w.b.) was measured using a moisture meter (HDS-16, Fangrui 

Instrument Co., Ltd., Shanghai, China), and then the drying experiment was carried out to prevent it 

from corrupting and deteriorating. 

2.2. Drying methods 

The clean fresh WGH was dried using five drying methods and then pulverized to 40 mesh for 

use. For SD, a single layer of fresh WGH was placed on the ground and covered with gauze to protect 

against mosquitoes. It was exposed to sunlight for about 8 hours daily until the moisture content of 

the WGH was less than 10% on a wet basis.  

For artificial drying methods (PVD, SMIR, TH-HAD, and HPD), the WGH was placed on the 

tray in the drying chamber with a load of about 25 kg/m2 and set according to the parameters described 

in Table 1. In general, the higher the drying temperature, the shorter the drying time and the lower the 

drying cost. But a high drying temperature will cause damage to the active substances in the sample. 

Therefore, based on the previous experiments, the drying temperature of WGH was defined as 65 ◦C. 

During the drying process, the sample tray was taken out every 30 min, weighed, and placed back 

into the chamber. Drying was continued until the weight change of samples within 0.1 g on two 

consecutive weighings. Each treatment was performed in triplicate. 

2.3. Drying characteristics  

The moisture ratio (MR) of WGH during drying experiments was calculated using the equation 

Eq.1: MR= Mt-MeM0-Me                                                                              (1) 

Where, Mt is the moisture content of WGH at time t during the drying process, M0 and Me are 
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the initial and equilibrium moisture content, respectively. All moisture contents was expressed on a 

dry basis (d.b.).  

The value of the Me was much smaller than Mt and M0. Thus, Eq.1 can be simplified to Eq.2: MR= MtM0                                                                                 (2) 

The drying rate (DR) at a given time of WGH during various drying processes was computed 

according to Eq.3: DR= Mt1-Mt2t2-t1                                                                             (3) 

Where, t1 and t2 are the drying times in minutes, Mt1 and Mt2 corresponds to the moisture 

contents of WGH at time t1 and t2 (g/g, dry basis). 

2.4. Drying kinetics modeling 

Five currently used thin-layer drying models of agricultural products were used to fit the model 

to the optimal segmented pulsed vacuum drying method and used to further predict drying 

characteristics (An et al., 2019; Tunckal and Doymaz, 2020). The expressions of each drying kinetic 

model are as follows (Eq.4-Eq.8): 

Page model: MR = e(-ktn)                                                      (4) 

Henderson-Pabis model: MR = ae(-kt)                                          (5) 

Wang-Singh model: MR = a+bt+ct2                                            (6) 

Lewis model: MR = e(-at)                                                     (7) 

Logarithmic model: MR = a+be(-kt)                                            (8) 

Where, k, n, a, b, c are the respective model parameters and t is the drying time. 

The simplified chi-square (χ2), correlation coefficient (R2), root mean square error (RMSE), and 
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residual sum of squares (RSS) between predicted and experimental values were applied to assess the 

model fit results.  

χ2=
∑ (Apre,i-Aexp,i)N

i=1
N-z

                                                          (9) 

R2=1-
∑ (Apre,i-Aexp,i)2N

i=1∑ (Apre,i̅̅ ̅̅ ̅̅ ̅-Aexp,i)2N
i=1

                                                     (10) 

RMSE= [1
N

∑ (Apre,i-Aexp,i)2N
i=1 ]1

2                                            (11) 

RSS= ∑ (Apre,i-Aexp,i)2N
i=1                                                  (12) 

where Aexp,i and Apre,i are the experimental and predicted values, respectively, N is the total 

number of moisture ratios recorded in the experiment and z is the number of parameters in the model. 

2.5. Specific energy consumption 

The specific energy consumption (SEC) indicates the sample’s water content that can be 

removed per unit of energy consumption, and it is essential to evaluate the efficiency of the different 

drying methods. In this study, SEC was calculated by Eq.13 during all artificial drying processes : 

𝑆𝐸𝐶 = 𝑊𝑀                                                                                   (13) 

Where, W is the power consumption (kW·h) obtained from an electric meter, and M is the loss 

of water removed during drying (kg).  

2.6. Analysis of physical properties and structure 

2.6.1. Hydration properties determination 

The determination of water holding capacity (WHC) and water solubility index (WSI) were 

adjusted using a previous methodology (Deli et al., 2019). Briefly, 3 g of WGH powder was weighed 

(Md) into a conical flask, and water was added to disperse the powder with a water/powder ratio of 
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15 (w/w). Then the mixture was stirred and centrifuged. The mass of the sediment in the centrifuge 

tube was denoted as MW, the supernatant was placed in an aluminum box (S0), and the weight after 

drying to constant weight was denoted as S1. WHC and WSI were calculated using Eq.14 and Eq.15: WHC (%)= (Mw-Md)Md ×100 %                                                               (14) 

WSI (%)= (S1-S0)Md ×100 %                                                                 (15) 

2.6.2. Color measurement 

The color parameter of the dried walnut green peel husk powder was measured by 

spectrophotometer (CS-820, Hangzhou Caipu Technology Co., Ltd, China) according to the CIE-Lab 

color system. The L* refers to the lightness index, ranging from 0 (darkness) to 100 (whiteness). a* 

and b* are chromaticity index, representing greenness (-)/redness (+) and blueness (-)/yellowness (+), 

respectively. The total color difference (∆E) between the dried and the fresh samples, chroma (C), 

and hue angle (H0) was calculated using the equations Eq.16-Eq.18. The value of H0 varies from 0o 

to 360o, indicating the change of the sample color from pure red to pure green (Seerangurayar. et al., 

2019).  

∆E=√(L0* -L*)2+(a0* -a*)2+(b0* -b*)2                                                        (16) 𝐶 = √(𝑎∗)2 + (𝑏∗)2                                                                     (17)                                                                                                                  H0=tan-1 (b*a*)                                                                           (18) 

Where L0
*, a0

*, and b0
* were measured from the fresh WGH. L*, a*, and b* are the color 

parameters of the dried WGH samples. 

2.6.3. Microstructure by scanning electron microscope (SEM) 

A scanning electron microscope (Nova Nano SEM 450, FEI Co., Czech Republic) was used to 

observe the cross-sectional of dried WGH and to analyze microstructure changes. After being sprayed 
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with gold, the samples were observed under the microscope at the magnification of 800 with a 5.0 

kV accelerating voltage. 

2.6.4. Fourier-transform infrared spectroscopy (FTIR)  

The WGH powder was analyzed by FTIR containing vetex 70 Fourier infrared spectrometer 

(Bruker, Karlsruhe, Germany). Briefly, the WGH powder (2 mg) treated with different drying 

methods was mixed with KBr (300 mg). After being pressed into slices, the scanning analysis was 

performed in the wavelength range of 4000 cm-1 to 400 cm-1 (Sarkar, 2021). The infrared spectrum 

baseline needed to be corrected and output as a DPT file. 

2.7. Extraction and Analysis of bioactive substances of WGH 

The preparation of walnut green husk extract (WGHE) was performed according to a previous 

described methodology (Shen et al., 2022). Briefly, the dried WGH powder with a crushing degree 

of 40 mesh and 75% ethanol solution was mixed at a liquid-solid ratio of 1:50 (w/v), followed by an 

ultrasonically extraction in the ultrasonic power of 490 W and ultrasonic temperature of 60 ◦C for 140 

min. The extracts were centrifuged at 7000 rpm for 15 min and the supernatant was collected. The 

supernatant was concentrated and dissolved in methanol as WGHE. 

2.7.1. Determination of bioactive compounds content 

The total phenolic content (TPC) in WGH was determined by the Folinol colorimetry, and the 

absorbance was measured at 760 nm (Xiang et al., 2019). The total flavonoid content (TFC) and total 

terpenoid content (TTC) in WGH were determined by the NaNO2-Al(NO2)3 method (Tu et al., 2018) 

and Vanillin-Glacial acetic acid method (Shen et al., 2022). Rutin and Oleanolic acid were used as 

standards, respectively. Finally, the TFC and TTC were calculated based on the calibration curves of 
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rutin (Y = 7.6124x + 0.0897, R2 = 0.9995) and oleanolic acid (Y = 3.7774x + 0.0884, R2 = 0.9997). 

The determination of quinone content (QC) in WGH was carried out with spectrophotometry (Qin et 

al., 2022). The results were shown in Juglone equivalent (mg JE/g DM).  

2.7.2. High-resolution liquid chromatography-mass spectrometry (HRLCMS) profiling and analysis 

A high-resolution liquid chromatography-mass spectrometry (HRLCMS) was used to detect the 

phenolic components in the WGHE. An ultra-high performance liquid chromatography tandem with 

a high-resolution tandem quadrupole mass spectrometer system (Triple TOF® 5600+, AB Sciex, 

Singapore) equipped with an electrospray Ionization (ESI) and a Shim-pack Velox SP-C18 column 

(150 mm × 2.1 mm, 2.7 μm) was used for this assay. The elution was performed using solvent A (0.1% 

formic acid in water) and solvent B (acetonitrile) at a flow rate of 300 μL/min. The gradient elution 

program was optimized as follows: 0-10 min, 5%-8%B; 10-20 min, 8%-16.5%B; 20-28 min, 16.5%-

22%B; 28-33 min, 22%-27%B; 33-38 min, 27%-30%B; 38-45 min, 30%-40%B; 45-50 min, 40%-

50%B; 50-53 min, 50%-95%B; 53-55 min, 95%-5%B. The injection volume was 10 μL, and the 

column temperature was 40 °C. Finally, data acquisition and processing were performed using 

Analyst TF 1.7.1kit, PeakView2.2, MasterView and MultiQuant 3.0.2. 

2.8. Evaluation of antioxidant activity 

2.8.1. DPPH radical scavenging activity 

The free radical scavenging ability of WGHE was determined by the 2, 2-Diphenyl-1-

picrylhydrazyl (DPPH) free radical scavenging method (Bettaieb Rebey et al., 2020). The absorbance 

was obtained at 517 nm by an enzyme labeling instrument and the results were expressed as a 

percentage of DPPH radical scavenging and calculated according to the equation Eq.19: 
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DPPH scavenging rate (%)= [1- (A1-A2)A0 ] ×100                                                (19) 

Where A0, A1, and A2 are the absorbance of the control without the sample, the sample, and the 

sample without DPPH, respectively. 

2.8.2. ABTS radical scavenging activity 

ABTS radical scavenging activity was determined using a previous method with slight 

modifications (Nguyen et al., 2015). Briefly, the WGHE (1 mL) was mixed with 5 mL ABTS working 

solution, and the mixture was incubated in the dark at room temperature for 30 min. Then, the 

absorbance was measured at 734 nm. The results were calculated with the Eq.20: ABTS scavenging rate (%)= [1- (A2-A1)A0 ] ×100                                     (20) 

Where A0, A1, and A2 are the absorbance of the control without the sample, the sample, and the 

sample without ABTS solution, respectively. 

2.8.3. ·OH radical scavenging activity 

·OH radical scavenging activity was determined by a previous methodology according to Zheng 

et al (2015). The absorbance was measured at 510 nm. In this assay, ascorbic acid was used as a 

positive control. The ·OH radical scavenging rate was calculated using the equation Eq.21: ∙OH scavenging rate (%)= [1- (A1-A2)A0 ] ×100                                       (21) 

Where, A0, A1, and A2 are the absorbance of the control without the sample, the sample, and the 

sample without ferrous sulfate solution, respectively. 

2.8.4. Ferric reduction antioxidant power 

The antioxidant capacity of WGHE was determined by the modified ferric reduction antioxidant 

power (FRAP) (Ozsoy et al., 2008). Briefly, a mixture of 1 mL WGHE, 2.5 mL potassium ferricyanide 

(1%), and 2.5 mL phosphate buffer (pH 6.6) was added to the test tube for 20 min, after the reaction, 
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trichloroacetic acid (10%) was added and centrifuged at 8000 rpm for 5 min. Then, the absorbance of 

the extract was measured at 700 nm after mixing supernatant with ferric chloride (0.1%). 

2.10. Statistical analysis  

All the experiments were carried out in triplicate, and the data were presented as mean ± standard 

deviation. The SPSS statistical software (version 20.0) was used to perform statistical analysis 

(ANOVA and Duncan multiple range test). The statistical significance of the differences was tested 

at the 95% probability level (P < 0.05). In addition, the principal component analysis (PCA) and 

clustering heat map analysis was used to analyze the bioactive substances, antioxidant activity, drying 

time, and specific energy consumption of WGH with five different drying methods.  

3 Results and discussion  

3.1. Drying characteristics analysis 

The drying curves of WGH are shown in Fig. 1A. The moisture ratio of WGH decreased with 

the increase of drying time under different drying methods. Compared with SD, PVD, SMIR, TH-

HAD and HPD reduced the drying time of WGH to the same water content by 63.57%, 78.68%, 

66.28%, and 53.97%, respectively, indicating that artificial drying can significantly improve drying 

efficiency. This was in agreement with the findings of Singh Sonia et al., (2021) that artificial drying 

can greatly reduce the drying time. 

The drying rates of WGH under different drying methods (Fig. 1B) showed that the drying stages 

of SMIR and PVD mainly showed a deceleration period, in which the drying rate of SMIR decreased 

significantly while that of PVD decreased gently. PVD showed two short constant rate periods at the 
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moisture content of 0.77-1.00 g/g (d.b.) and 0.26-0.38 g/g (d.b.). TH-HAD and HPD first showed a 

period of acceleration, followed by a sharp downward trend. The fluctuation of HPD at the early stage 

of drying (when the moisture content was greater than 0.91 g/g on a dry basis) might be due to the 

instability of the pre-drying system. The results indicated that the diffusion of internal moisture 

dominated the drying process during the drying of WGH (Xu et al., 2020). 

3.2. Drying kinetics modeling analysis 

Predicting and optimizing the performance of thin-layer drying models is essential in order to 

successfully transfer the results of experimental studies to industrial-scale operations (Benseddik et 

al., 2018). The moisture content data were fitted to five thin-layer drying models and the results of 

the statistical analysis were shown in Table 2. The best-suited model selected based on the highest R2, 

the lowest χ2, RMSE, and RSS (Deng et al., 2020). In comparison with other models, Wang-Singh 

model was found to be the most suitable for TH-HAD (R2 = 0.9972) and HPD (R2 = 0.9984) drying 

data of WGH. The optimum drying models for PVD and SMIR of WGH were Page model (R2 = 

0.9997) and Logarithmic model (R2 = 0.9975), respectively. 

3.3. Specific energy consumption analysis 

Drying is one of the high energy-consuming links in industrial production. A green and energy-

saving drying method can not only save production costs but also meet the market demand, so it is 

especially important to take energy consumption as the most important reference index when 

evaluating the drying process. The specific energy consumption (SEC) values for different drying 

methods of WGH are shown in Fig. 1A. The results of the correlation analysis (Fig. 5) showed that 

the drying time showed a significant correlation with the energy consumption (p<0.01). These results 



15 

 

 

were similar to a previous study performed with Okra (Ismail et al., 2019). However, it is interesting 

to note that HPD had the longest drying time but the lowest energy consumption (2.15 kW·h/kg). 

This may be due to the fact that the HPD system requires only the energy input of the heat pump 

compressor, while its exhaust waste heat can be recovered by the system evaporator, improving the 

system efficiency ratio (Onwude et al., 2018). 

3.4. Physical properties and structural analysis  

3.4.1. Hydration properties 

The hydration properties are related to the density, exposure of hydrophilic groups and 

microstructure of the samples (Hu et al., 2013). Table 3 showed the WHC and WSI values of WGH 

powder obtained by different drying methods. The order of WHC values is: PVD > TH-HAD > SMIR > 

SD > HPD, probably due to the fact that PVD has less damage to the internal tissue of WGH during 

the drying process and the structure is more compact. The highest WSI values of HPD samples were 

probably due to the formation of neat honeycomb porous structure inside the samples during the 

drying process, which damaged the internal tissues of WGH more severely and leached more soluble 

substances than other drying methods. The lowest WSI value of the PVD samples was different from 

the results of previous studies (Xu et al., 2021), which might be due to the sample variability, as the 

WGH was thicker and the water channels were not completely opened in PVD, resulting in less 

soluble substances leaching. 

3.4.2. Color characteristics  

The color parameters L*, a*, b*, ΔE, C, and H0 values of walnut green bark under different drying 

conditions were shown in Table 4. The brightness of fresh WGH (L*=56.83) was significantly higher 
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than that of the dried treated ones. For the dried WGH, the highest L* values were found for the PVD 

and HPD samples, indicating that the samples had higher brightness and luminosity, which may be 

due to the pulsed vacuum environment of PVD and the drying process of HPD may reduce the 

occurrence of browning (Xie et al., 2017). The b* values of the samples were influenced by the drying 

methods and these color changes in yellowness are probably related to the browning reaction due to 

drying (Senadeera et al., 2020). There were no significant differences (p<0.05) in a* values among 

dried WGH samples. The total color difference (ΔE) was commonly used to assess the differences 

between dried and fresh samples (Deng et al., 2019). The ΔE values of the dried samples were all 

greater than 5, indicating that drying significantly affects the color. C values represents the purity or 

saturation and the TH-HAD samples showed higher C values than other drying methods, indicating 

a bright surface color. An orange-red color was observed when H0 < 90, and the lower the value of 

H
0, the deeper the red-orange observed. It can be seen that the H0 value of SD is significantly lower 

than that of the artificial drying methods, which may be caused by the longer SD time of WGH. 

3.4.3. Microstructure  

To explain the differences in the hydration characteristics of WGH after different drying 

methods at the microscopic level, the microstructure of WGH was further observed by scanning 

electron microscopy (Fig. 2). It could be seen that the microstructure of WGH was significantly 

different under different drying methods. The HPD samples (Fig. 2E) had a neat honeycomb porous 

structure with a larger surface porosity, which facilitated the entry of water, making the water 

solubility index higher (Namsanguan et al., 2004). The enlarged and connected pores of the SD (Fig. 

2A) and SMIR (Fig. 2C) samples facilitated water transfer. The TH-HAD (Fig. 2D) and PVD (Fig. 

2B) samples had less pore structure, resulting in a lower water solubility index of WGH. These SEM 
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observations are consistent with the analysis of the hydration properties of samples and confirm the 

hypothesis of the causes for the differences in the hydration properties of the dried WGH. 

3.4.4. Fourier-transform infrared spectroscopy 

The Fourier transform infrared spectra of the different WGH powder samples that with different 

drying methods were displayed in Fig. 3. All samples showed peak-like bands in position and shape, 

but differed in peak intensity. The peak absorption intensity by artificial drying was significantly 

enhanced, indicating that the interaction among the hydrogen-bonded components was destroyed 

(Lugo-Lugo et al., 2017). The band at 3361 cm-1 was recognized as O-H telescopic vibration. The 

absorption peak at 2922 cm-1 corresponds to the absorption of the C-H stretching vibration on pyran. 

The characteristic peaks at 1728 cm-1, 1610 cm-1 and 1045 cm-1 were ascribed to the stretch vibration 

of C=O, unsaturated carbon, and C-O of ether, respectively (Fei et al., 2020). The increase in the 

intensity of these bands indicated that the lignin in the WGH powder was decomposed during the 

drying process (Li et al., 2020). It could be seen that PVD and SMIR damage the molecular structure 

of WGH powder the most and HPD the least. 

3.5. bioactive substances of WGH analysis  

Fig. 4A shows the content of bioactive components in the WGHE by different drying methods. 

The order of TPC was TH-HAD> SD> HPD> SMIR> PVD, and the lowest TPC (6.58 mg/g) was 

found for PVD samples, which was contrary to the results of Geng et al (2023). This may be due to 

the fact that the vacuum pump pumped in fresh air with sufficient oxygen content during the 

atmospheric pressure of drying, which intensified the oxidative decomposition of phenolics. TFC of 

the PVD samples was significantly higher than the other dried samples (33.26 mg/g), which may be 
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due to the fact that the vacuum pump takes away a large amount of water vapor during evacuation, 

reducing the decomposition of flavonoids (Xu et al., 2021). HPD samples had the lowest TFC (25.59 

mg/g), which may be due to the longer drying time and higher humidity in the drying chamber leading 

to the decomposition of flavonoids. The study by Laeliocattleya et al. (2020) also confirmed the 

decreasing flavonoid content with the increase of drying time. TTC was in the order of: SD> SMIR> 

TH-HAD> PVD> HPD, where the TTC value of SD samples (15.05 mg/g) was significantly higher 

than that of mechanically dried samples, and there was no significant difference between 

mechanically dried samples, which may be due to the lower drying temperature and milder conditions 

of SD, which caused less thermal damage to the samples. The difference between SD and artificial 

drying on QC was small, and the QC range was 7.06-8.57 mg/g. TH-HAD and PVD samples have 

higher retention of phenolics and flavonoids, while the equipment requires higher energy 

consumption and economic cost, which is suitable for drying products with high added value. 

3.6. High-resolution liquid chromatography-mass spectrometry (HRLCMS) analysis 

In the present study, HRLCMS was used for the accurate characterization and quantification of 

various bioactive substances in WGH (Table 5). The results of quantitative analysis showed that the 

phenolic compounds in WGH were mainly gallic acid, ellagic acid, chlorogenic acid, protocatechin 

and cryptochlorogenic acid, and the flavonoids were mainly hyperoside, astragaline and quercitrin. 

This is different from the results of previous studies and may be related to the variety of walnuts, the 

type and concentration of solvents and the extraction conditions. One study showed that the use of 

40% ethanol significantly increased the content of ferulic acid and rutin content (Cosmulescu et al., 

2014). Different drying methods differed significantly on the content of monomeric active substances 
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in WGH. The SD samples contained higher contents of the main components such as hyperoside, 

quercitrin, astragaline, ellagic acid, epicatechin, ferulic acid, apigenin and gallic acid. The major 

flavonoids, hypericin, were reduced by 39.93%, 41.60%, 50.68% and 63.16% in the PVD, SMIR, 

TH-HAD and HPD samples, respectively, and the major polyphenols, gallic acid, were reduced by 

53.09%, 45.33%, 48.81% and 41.44%, respectively. Fig. 5 showed the Clustering Heat Map of these 

active substance components in WGH under different drying methods. As can be seen from the figure, 

the upper tree shows the clustering of different samples, and the color shades filled in the middle 

indicate the level of bioactive substance content in each sample, the darker color indicates the higher 

relative content. From the clustering above, all samples were divided into two categories: SD and 

artificial drying. Among the artificial drying PVD, SMIR and TH-HAD are one category. SD and 

HPD samples have a wider variety of monomeric substances with high content, which are suitable 

for targeted extraction and enrichment of a specific monomeric compound. 

3.7. Antioxidant activity analysis 

The antioxidant activities of WGHE after different drying treatments are shown in Fig. 4B. The 

scavenging ability of WGHE treated with different drying methods for DPPH, ABTS, ·OH radicals 

and Ferric reducing antioxidant power were in the order of TH-HAD> SD> HPD> SMIR> PVD. The 

same trend of antioxidant capacity and TPC of the samples under different drying methods could be 

observed, indicating that there is a dose-effect relationship between the antioxidant capacity and TPC. 

Ribeiro et al. (2023) showed a strong positive correlation between phenolic components and 

antioxidant capacity, with phenolics being the main contributors to antioxidant capacity. Principal 

component analysis (PCA) was used to investigate the effects of different drying methods on the 
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drying time, SEC, bioactive substance content and antioxidant capacity of WGH. At the same time, 

the chord diagram (Fig. 6) can show the effects of different drying methods on each index more 

visually.  

3.8. Principal component analysis  

The principal component analysis plot is shown in Fig. 7, where the first dimension designed as 

PC1 explained 56.2% of the total variability, while the second dimension denoted as PC2 explained 

23.3% of the total variability. Antioxidant capacity, TPC, TTC and drying time had a greater 

contribution to PC1, while SEC and TFC showed a greater negative correlation with PC1. As shown 

in the figure, there was a positive correlation between TPC, TTC and antioxidant activity, and the 

higher the TPC, the stronger the antioxidant capacity. SEC and drying time show a negative 

correlation, the longer the drying time the more energy is consumed. The results indicate a better 

reproducibility within the sample group and a greater similarity between HPD and SMIR. 

4 Conclusions  

In this study, the effects of different drying methods on the drying characteristics, physical 

properties, active substance content and antioxidant capacity of WGH were investigated. The results 

showed that different drying methods had significant effects on the color of WGH (ΔE > 5). The 

time of artificial drying was much lower than that of SD, which greatly improved the drying rate, 

with the shortest drying time in SMIR. Notably, the specific energy consumption required for HPD 

were significantly lower than those of other artificial drying methods. HPD samples showed better 

hydration properties and microstructure. The active substance content of SD, PVD and TH-HAD 
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samples was higher and the antioxidant capacity of TH-HAD, SD and HPD samples was higher. The 

retention rate of monomeric active substances in the samples was higher for SD and HPD. Since 

WGH is a kind of agricultural waste with high yield and low cost, it is important to reduce its 

economic cost while also improving its product quality as much as possible. Therefore, considering 

both energy consumption and product quality, HPD is a WGH drying method with industrial potential 

application due to its low equipment cost, low energy consumption and simple operation. 
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Figures

Figure 1

Drying curve (A) and drying rate curve (B) of walnut green husk with different drying methods.



Figure 2

The Microstructure images by scanning electron of walnut green husk cross section during different
drying methods. Magni�cation is 800×. A: sun drying; B: pulsed vacuum drying; C: short and medium
infrared radiation drying; D: hot air drying based on temperature and humidity control; E: heat pump
drying.



Figure 3

Fourier transform infrared spectra of walnut green husk during different drying methods.



Figure 4

Effects of different drying methods on the content of bioactive compounds in WGHE (A). The Antioxidant
characteristics of WGHE under different drying methods (B). TTC: total terpenoid content; TPC: total
phenolic content; TFC: total �avonoid content; QC: quinone content; SD: sun drying; PVD: pulsed vacuum
drying; SMIR: short and medium infrared radiation drying; TH-HAD: hot air drying based on temperature
and humidity control; HPD: heat pump drying.



Figure 5

Clustering Heat Map analysis of various active substances of walnut husk in different drying methods.



Figure 6

Chord diagram of relationship between drying method and indexes of walnut green husk. Abbreviation:
SD: sun drying; PVD: pulsed vacuum drying; SMIR: short and medium infrared radiation drying; TH-HAD:
hot air drying based on temperature and humidity control; HPD: heat pump drying; TTC: total terpenoid
content; TPC: total phenolic content; TFC: total �avonoid content; QC: quinone content; SEC: speci�c
energy consumption.



Figure 7

Principal component analysis (PCA) biplot for bioactive substances, antioxidant activity and dry
characteristics of dried walnut green husk.
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