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Abstract 

California produces over 99% of US commercial almonds and walnuts. Conventionally, 

almonds are dried on the ground while walnuts are partially dried on ground and then dried in 

heated air dryers. Both drying methods are essential to increase product shelf-life and safety as 

well as ensure yearlong availability. However, these conventional drying practices are inefficient 

due to the slow process and intensive energy use, and on-ground drying often is associated with 

food safety risk of the finished products. This research investigated the drying and quality 

characteristics of almonds dried by stepwise high temperature air drying and walnuts dried by 

sequential infrared and heated air drying (SIRHA) as alternative methods to the conventional 

drying. The studied quality characteristics include kernel color change, concealed damage, and oil 

quality analysis.  

Almond in-hulls and in-shells of Nonpareil (NP) and Wood Colony (WC) varieties were 

dried with air velocity of 1.0 m/s (air flow rate of 1.75 m3/s per m3 of fresh almonds) under two 

approaches: at a constant temperature of 40°C, 50°C, and 60°C and at a stepwise high 

temperature with the first stage at 80°C and 90°C, a holding time of 1, 2, and 3 hours, and the 

second stage at 60°C. The almond samples were dried until the kernels reached a final wet basis 

moisture content of 6%. The total processing times of almonds dried by heated air at 40, 50, and 

60°C ranged from 7 to 16 hours while the total processing time (including holding) of almonds 

dried by stepwise high temperature ranged from 7 to 10.5 hours, both of which were significantly 

less than the drying time of 36 hours for almonds dried at ambient temperature (p < 0.05). Under 

the same drying condition, almond in-shells required significantly less drying time than almond 

in-hulls. Overall, the drying curves for almonds were best represented by the Page model. 
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To evaluate the almond kernel quality, the whiteness index (WI) of almond flesh was 

measured with a colorimeter, and the concealed damage after roasting at 135°C for 90 minutes 

was evaluated with the color development score (CDS). To determine the oil quality, the peroxide 

value (PV) and acid value (AV) of extracted almond oils were measured by titration methods. In 

general, the different drying conditions did not cause a significant color change in the almond 

kernels. The WI values of all dried almond samples were relatively similar at 77.1±2.3 for NP and 

79.1±2.1 for WC. After roasting, the concealed damage scores appeared to be consistent 

regardless of the drying conditions and the variety, averaging at the CDS of 2.8±0.6 in which 

indicated no concealed damage. In terms of oil quality, both PV and AV of all almond samples 

increased along with the rising of drying temperature. However, the PVs of both varieties at 

different drying conditions were not significantly different, averaging at 0.585±0.100 meq/kg. 

Meanwhile, the AVs of NP samples were significantly lower than the WC samples at p < 0.05. 

Overall, the oil quality of almonds dried under all of the drying methods was far below the 

industry standards (PV < 5 meq/kg and AV < 3.0 mg KOH/g). 

In shell walnuts with low initial wet basis moisture content of 10.06±0.75 % (LMC) and 

high initial wet basis moisture content of 27.67±2.74 % (HMC) were acquired for this study. Both 

kinds of walnuts were cleaned by dipping and soaking in clean water for 2 minutes to mimic the 

industrial washing procedure. Then, the half of the walnut samples were infrared pre-dried for 25 

seconds for LMC walnuts and 60 seconds for HMC walnuts, based on the time for the internal 

temperature of the walnuts to reach about 43°C. After the IR pretreatment, the walnuts were 

conditioned into in-shell, cracked shell, and kernel using a nut cracker. Then, the samples were 

dried by heated air at 45, 50 or 55 degrees Celsius with air velocity of 1.0 m/s to an average final 

wet basis moisture content of 7% for walnuts dried in in-shell and cracked-shell conditions and 
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3% for walnuts dried in kernel condition. The drying time of LMC walnuts ranged from 0.5 to 2 

hours while the drying time of HMC walnuts ranged from 5 to 16 hours. Overall, walnut samples 

dried the fastest under heated air temperature of 55°C, followed by 50°C and 45°C, consecutively. 

When compared to in-shell walnuts, walnuts dried in cracked-shell and kernel only conditions 

could reduce the drying time by up to 28% and 54%, respectively.  

An accelerated shelf-life study was conducted by storing dried walnut samples in an 

incubator set at 35oC with relative humidity of 53% for 20 days, representing 2 years of storage at 

4oC. Samples were collected after 0, 5, 10, 15, and 20 days of storage for quality analysis. To 

evaluate the product quality, the lightness value (L*) of the kernels was measured with a 

colorimeter, and the PV and AV of extracted walnut oils were determined by titration methods. 

Under all of the tested conditions, the L* values decreased over the storage time. The application 

of IR pretreatment and the different drying temperatures did not significantly alter the lightness 

values. However, the L* values of the kernels from dried in-shell walnuts were significantly 

different from that of direct kernel dryings at p <0.05. In terms of oil quality, the PVs were 

generally increased over the storage time, but the AVs were relatively stable over the storage time 

at 0.147±0.125 mg KOH/g. The application of IR pretreatment on LMC walnuts resulted in lower 

PVs, possibly due to the deactivation of catalytic pro-oxidant in the walnuts due to the high 

temperature heat treatment. However, the application of IR pretreatment on HMC walnuts 

significantly increased the AVs, indicating high lipid hydrolysis activities. Overall, the product 

qualities over storage time were within the industry standards (L* > 40, PV < 1.0 meq/kg oil, AV 

< 1.2 mg KOH/g).  

Based on the experimental data and analytical observation, almonds dried by stepwise 

high temperature air drying and walnuts dried by sequential infrared and heated air drying can be 
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applied as alternative methods to the conventional drying practices without causing any quality 

concern. Also, this study showed that heated air drying can be used for walnuts in cracked-shell 

and kernel only conditions without affecting the quality and shelf-life of the dried products. 
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Chapter 1 - Introduction 

1.1 Background 

Almonds and walnuts are California’s official state nuts. Despite having only one harvest 

season every year, California almonds and walnuts supply the majority of local and global 

demands. California produces over a million tons of almonds and 600,000 tons of walnuts 

annually which correspond to 100% of US commercial almond supply and over 99% of US 

commercial walnut supply (USDA, 2019; California Almonds, 2016; California Walnuts, 2021). 

Globally, California almond and walnut exports represent $4.9 billion and $1.3 billion in 2019, 

respectively (USDA Foreign Agricultural Service, 2019).  

Drying of tree nuts is important to prevent spoilage, extend shelf-life, and ensure 

yearlong availability. Almonds and walnuts produced in California are dried before entering the 

market. Conventionally, almonds are dried on the ground while walnuts are partially dried on the 

ground and then followed with heated air drying. These drying methods, however, are not 

efficient because the whole process is slow and energy-intensive. The economic disadvantages 

over energy consumption and the need in sustainable postharvest processing are driving the 

industry to seek new technologies to dry tree nuts.  

Drying is such an important part in the post-harvest processing of tree-nuts because it 

removes excess moisture, reduces water activity, and improves the stability and safety of the 

food (Fontana, 2016). The quality characteristics of the dried products are essential to affirm the 

acceptance of the new drying methods. Therefore, there is an important need to study and 

analyze the drying and quality characteristics of almonds and walnuts when different drying 

methods and conditions are investigated. 
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1.2 Objectives 

The objectives of this study were to evaluate the drying characteristics, quality 

characteristics, and shelf-life stability of the almonds dried by constant and stepwise high 

temperature heated air and the walnuts pre-dried with and without infrared, conditioned to in-

shell, cracked-shell, and kernel walnuts, and dried by heated air, as alternative methods to the 

conventional drying practices. 

The specific objectives of this research were: 

1. Determine the drying characteristics of the almonds and walnuts under different drying 

conditions and pretreatments. 

2. Evaluate the kernel quality of the almonds and walnuts dried under different drying 

conditions and storage times. 

3. Analyze the oil quality characteristics of the almonds and walnuts dried under different 

drying conditions and storage times. 
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Chapter 2 - Literature Review 

2.1 Almond 

2.1.1 Varieties and Classifications 

There are two main types of Almond trees (Prunus amygdalus): sweet almonds (Prunus 

amygdalus var. dulcis) and bitter almonds (Prunus amygdalus var. amara). Sweet almonds are 

edible and can be consumed raw or processed while bitter almonds contain a toxic compound 

called hydrocyanic acid. Only sweet almonds are grown in California. 

There are over 30 varieties of sweet almonds grown in California, but only 13 varieties 

are cultivated for industrial production. Within the 13 varieties, the Nonpareil variety represents 

about 40% of almonds produced in California because of its soft-shell and attractive medium-

sized kernel with uniform shape, smooth surface and light-colored skin (Sideli et al., 2020). The 

almond varieties in California are marketed as Nonpareil-type, Mission-type, and California-type 

based on their distinct characteristics such as shell hardness, kernel shapes, sizes and colors 

(California Almonds, n.d.). Besides the Nonpareil variety, Independence, Sonora, and Supareil 

varieties are classified as Nonpareil-type. Different from the Nonpareil-type, Mission-type 

almonds are smaller in size and have a dark brown skin color (Sideli et al., 2020). The examples 

of Mission-type almonds include Mission, Butte, and Padre varieties. California-type almonds 

are defined as blanchable almonds, which include Carmel, Monterey, and Wood Colony 

varieties. The visual comparison of the classifications is shown in Figure 2.1. 
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Nonpareil-type 

 

Mission-type   

  

California-type 

 
Figure 2.1 Marketing classification of almond (adapted from California Almonds (n.d.)) 

2.1.2 Harvesting 

In California, almond trees start to bloom from February to March in which flower 

pollination begins. After flower pollinations, almonds are formed resembling a small peach. As 

the fruits mature over the summer, the hulls split open, and the in-shell almonds are revealed. 

The almonds are left dried on the trees before harvested in August to October.   

Typically, almonds are shaken from the tree and dried further on-ground for days before 

picked up and transported to a hulling machine. According to the EPA (2016), up to 25 percent 

of the field weight brought to the hulling machine is a combination of pebbles, soil, and other 

orchard debris. The almond kernel is only about 20 percent of the field weight, so the process of 

removing debris and almond hulls leads to a significant accumulation of particulate matter 
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emission (PM10) (EPA, 2016). In fact, this conventional harvesting method has caused the 

accumulation of PM10 for up to 11 Gg each year (Faulkner et al., 2009), posing health concerns 

for both farmers and local communities. In response, the Almond Board of California along with 

USDA-NRCS and farmers planned to reduce harvest dust by 50% by 2025 (Wahlbrink et al., 

2018). A recent study has shown that off-ground harvest and drying can reduce insect damage 

and mitigate dust pollution (Chen, 2020; Simmons, 2019). Compared to the conventional on-

ground drying with low-dust pickup, the off-ground harvest and drying method has a better dust 

control and is more cost effective in mitigating the dust (Simmons, 2019). The development of 

an off-ground harvest brings up an urgent need to develop efficient methods to dry freshly 

harvested almonds and to ensure the product quality and safety. 

2.1.3 Drying 

The off-ground harvest almonds could be dried in deep-bed bin dryers (tunnels, stadiums, 

and trailers) by using heated air. Based on a recent study by Mayanja et al. (2021), freshly 

harvested almonds could also be dried by stockpile heated and ambient air dryer (SHAD) instead 

of the conventional on-ground drying that requires sweeping and generates dusts.  Besides heated 

air drying, other almond drying technologies have been studied to reduce drying time, save 

energy, and improve product quality. These technologies include sequential infrared and hot air 

drying (SIRHA) (Venkitasamy et al., 2018), ultrasound pretreatment (Kaveh et al., 2018), radio 

frequency heating (Gao et al., 2010), and microwave pretreatment and infrared-vacuum drying 

(Safary & Chayjan, 2016). However, these technologies have been only studied on bench-scale 

dryers and not applied for industrial applications. The deep-bed bin drying is the most commonly 

used method in the tree nuts and grains industry because of its large drying capacity (Adel et al., 

1978; Jia et al., 2016). Based on the study conducted in our group, the off-ground almonds were 
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dried by commercial deep-bed bin drying at a temperature range between 35°C to 70°C for 6 to 

74 hours depending on their initial moisture content (Chen, Khir, et al., 2020). There was no 

significant change in color, no cavity, and no concealed damage on the almonds; the peroxide 

value (PV) and free fatty acid (FFA) were much less than the industry standard of PV < 5 meq/g 

and FFA <1.5% (Chen, Khir, et al., 2020; California Almonds, 2020). To reduce the drying time 

and energy usage of heated air drying, step-down temperature drying has been studied on 

walnuts with a propitious result of up to 40% drying time reduction, 24% energy saving, and 

improved quality characteristics (Chen, Venkitasamy, et al., 2020). However, the application of 

step-down temperature drying on almonds has not been studied for drying efficiency and product 

quality assurance.  

According to a safety storage standard for the almond industry, almonds should not have 

a wet basis moisture content greater than 11% for in-shell almonds and 7% for almond kernel to 

prevent mold and microbial growths (United Nations, 2017). However, the wet basis moisture 

content between 3-6% for almond kernels is the common industry standard and the optimum 

condition for minimum enzymatic and non-enzymatic activities (Huang, 2014). To prevent insect 

infestation, it has been reported that a high temperature heated air drying can be applied to kill 

insects and disinfect the nuts (Forsberg et al., 2002). However, the high temperature drying can 

degrade the product quality (Nowad & Lewicki, 2004). Therefore, it is important to analyze the 

quality characteristics of almonds to ensure the new drying technologies meet the quality 

standard in the almond industry. 

2.1.3.1 Empirical Modelling of Drying Process 

The empirical modelling to represent a drying process is system specific and has no 

physical meaning because the models are derived based on the fitting of experimentally 
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determined the drying curves (Sabarez, 2015). Typically, drying process is characterized by 

drying curves. The drying curves represent the change in moisture contents over drying times. To 

make an accurate fitting of the drying curves, the moisture ratio (MR) of the samples throughout 

the drying experiments are fitted with the empirical kinetic models. The moisture ratio is 

calculated using Equation (1). 

�� =  �����
�	� ��

      (1) 

Where Mt is the moisture content at time t, M0 is the initial moisture content, and Me is the 

equilibrium moisture content, all on a dry basis.   

The commonly used empirical kinetic models for drying processes include the Lewis 

model (Lewis, 1921), the Page model (Page, 1949), and the Henderson and Pabis model 

(Henderson & Pabis, 1961). The Lewis model was initially developed to describe the drying 

characteristics of barley while both the Page model and the Henderson and Pabis model were 

used to describe the drying characteristics of corn (Hassan-Beygi et al., 2009). The drying 

modelling and kinetics of tree nuts have been studied. In particular, the Page model has been 

considered to be the best mathematical modelling to describe the convective drying kinetics of 

walnuts and almonds when compared to the Lewis model and the Henderson and Pabis model 

(Chen, Khir, et al., 2020; Hassan-Beygi et al., 2009). The Lewis model, the Page model and the 

Henderson and Pabis model are presented in Equation (2), (3), and (4), respectively. 

��
��� = exp(−��)       (2) 

������ = exp(−���)        (3) 

���&� = a ∗ exp(−��)       (4) 

Where k is the drying rate (s-1), t is the drying time (s), n and a are constants (dimensionless). 



8 
 

2.1.4 Quality Characteristics 

After processing, almonds should be stored under cool (<10°C) and dry condition (<65% 

relative humidity) to avoid mold and microbial activity. According to the Almond Board of 

California, whole almonds can maintain their quality for nearly 2 years in a cold storage (<5°C, 

<65% relative humidity) (California Almonds, 2020). The quality characteristics of almonds 

after processing and storage are essential to ensure the product is safe and desirable for 

consumption.  

2.1.4.1 USDA Standards and Grades 

The grading guidelines provided by the USDA are intended to define the allowable 

minimum standards for almonds at different levels of quality and defects. The USDA grades 

categorized almonds based on the uniformity of the look and the amount of defect. The USDA 

described U.S. No. 1 grade as almonds in the shell with uniform color and free from physical 

damages, decay, rancidity, and insect damage. Specifically, the shelled almonds must have less 

than 10% shell damage, 5% irregular size, and 2% foreign material. The kernel of the almond 

must be free from live insects, and less than 5% is affected by decay, rancidity, shriveling, insect 

damage, and mold (USDA, 2013). A similar standard to the USDA is also outlined in the 

UNECE Standard DDP-18 concerning the marketing and commercial quality control of in-shell 

almonds (United Nations, 2017). 
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Table 2.1 USDA grades for in-shell almonds (California Almonds, 2020) 

 
 

Almonds are graded based on their external and internal quality characteristics. The 

quality is determined by measuring internal and external damages and scoring the damages 

against the grading tolerances. According to the USDA in “United States Standards for Grades of 

Almonds in the Shell”, damage is defined as “any defect which materially detracts from the 

appearance of individual kernels, or the edible or shipping quality of the almond” (2013). The 

descriptions of the external and internal damages based on the USDA guidelines are listed 

below.   

Table 2.2 Determination of almond external damage (USDA, 1998) 

External Damage Determination 

Cleanness Excessive foreign matter and dirt 

Brightness Depending on the variety; darker than normal is considered defect 

Discoloration of the shell Gray to black color covering > ⅛ shell surface 

Adhering hulls Hulls stick tightly 

Broken shells Missing shell; fractured shell under moderate pressure between fingers 
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Table 2.3 Determination of almond internal damage (USDA, 1998) 

Internal Damage Determination 

Dryness Distinctly pliable or leathery 

Mold Appearance of mold is scored as serious damage 

Gum Shiny residue covering > 6.4 mm in diameter 

Shriveling Excessively thin, withered, tough, and partially developed 

Brown spot One or more brown spot > 3.2 mm in diameter 

Skin discoloration Very dark to black discoloration covering > ½ kernel surface 

Insects Dead insect, insect feeding, web or frass are scored as serious defect; if 
definite evidence of insect activity is present, it will be scored as 
defect; live insect present is scored as fail any grade 

Decay and rancidity Discolored flesh, bad odor, rancid flavor 

 

Important to note is that the USDA defines “serious damage” as any defect that makes 

almond product unsuitable for human consumption (USDA, 2013). The guidelines by the USDA 

help the industry in quantifying the damages caused by insect & microbial activity and analyzing 

almond quality in terms of color and rancidity.  

 

Figure 2.2 Examples of internal damage (Blue Diamond Growers, 2020) 
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2.1.4.2 Industry Quality Standard  

 The common industry standards for almond quality are determined based on parameters 

commonly quoted in the industry. They include moisture content, peroxide value, free fatty acid 

value, and aerobic plate count. The reference values for these parameters are displayed on  

Table 2.4 in accordance with the Almond Board of California (Huang, 2014; California 

Almonds, 2020). 

Table 2.4 Common 

industry standards 

for almond quality 

characteristics 

 
 

  

 

In practice, the industry standards are defined between suppliers and buyers. 

Buransompob et al. (2003) stated the recognized standards of acceptable quality of almond 

kernels are peroxide value <2 meq/kg and free fatty acid <1 %, which they referenced them from 

the Paramount Farm (now called the Wonderful Pistachios & Almonds) in Bakersfield, CA. 

Furthermore, Blue Diamond Growers indicates 5% as the limit cap for normal moisture content 

for almonds; anything over 5% moisture will be considered as excess moisture, and the growers 

will be deducted depending on the amount of excess moisture (Blue Diamond Growers, 2020). 

There are no official parameters established for almond quality because these parameters are 

dependent on the buyer’s specifications. 

Moisture 3.5-6% 

Free Fatty Acids 1.5% oleic 

Peroxide Value 5 meq/kg 

Aerobic Plate Count <50,000 cfu/g 
Moisture 3.5-6% 

Free Fatty Acids 1.5% oleic 

Peroxide Value 5 meq/kg 

Aerobic Plate Count <50,000 cfu/g 
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2.2 Walnut 

2.2.1 Varieties and Classification  

Walnuts are the seeds from trees belonging to the plant genus Juglans within the family 

Juglandaceae. At present, there are 21 species of walnuts. Widely consumed around the world, 

walnuts are typically harvested from the species Juglans regia, which is also known as English 

walnut or Persian walnut. English walnut was introduced to California in the 1700s, and the mass 

production of walnuts in California began in the 1800s (McGranahan & Leslie, 2009; Geisseler 

& Horwath; 2016). Besides English walnuts, black walnut is also a common variety of walnut. 

Eastern American black walnut (Juglans nigra) and Northern California black walnut (Juglans 

hindsii) are native to North America and Northern California, respectively. Beside for the seed 

consumption, black walnut trees usually are grown for timber or used as the rootstock for 

English walnuts because they produce highly valued hard, dark, and grained wood and grow 

faster than the cousin species (McGranahan & Leslie, 2009). 

 

Figure 2.3 Different species of walnut (Ramos, 1998) 
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California walnuts represent 99% of commercial supply in the United States (Geisseler & 

Horwath; 2016). There are over 30 varieties of walnuts grown in California. According to the 

California Walnuts, the six varieties of Chandler, Hartley, Howard, Tulare, Serr, and Vina 

account for over 85% of walnuts produced in California (California Walnuts, n.d.). These 

varieties are known for vigorous growth habits, high yield, and great colors (Jacobs et al. 2012). 

2.2.2 Harvesting 

In California, walnut trees start to bloom in the spring and form matured fruits enclosing 

walnut seeds over the summer. Walnuts are harvested between September and November when 

the hulls split and the in-shell walnuts start to fall. Annually, each tree can produce more than 

300 lbs. of walnuts (Ramos, 1998).  

Walnuts are conventionally shaken from the tree to the ground before picked up and 

transported to the processing facility. The harvesting and picking times are directly correlated to 

the quality of the walnut. The earlier harvest time corresponds to less insect damage due to the 

limited exposure of insects to the in-shell walnuts, and the later picking time corresponds to more 

kernel color change due to the extended exposure of the nuts to heat/sun (Sibbett et al., 1974). 

Therefore, in the walnut industry, freshly harvested walnuts are processed quickly after shaking 

or after briefly drying on ground.  

Freshly harvested walnuts are dehulled, washed, and dried at the processing facility. 

Walnuts harvested with hulls (in-hulls) contain higher moisture content than walnuts harvested 

without hulls (in-shells). It is ideal to separate these walnuts before the drying process to 

minimize over and under drying. Based on the study conducted by Khir et. al (2014), in-shell 

walnuts at different moisture contents can be separated based on their terminal velocity and 

density. In the industry, “air knife” technology is used after the dehulling and washing stations to 
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separate in-shell walnuts into high moisture content (HMC) and low moisture content (LMC) 

based on the terminal velocities of the nuts (Chen, Khir, Zhang, et al., 2021).  

2.2.3 Drying  

Most commercial drying operations use heated air drying to remove moisture from 

walnuts. Currently, walnuts are over dried in a deep-bed bin by heated air to ensure the walnuts 

reach a safe storage wet basis moisture content of 8%. This drying method is inefficient because 

the drying process is slow and energy-intensive. Other drying technologies have been studied to 

improve the drying efficiency while maintaining the walnut quality. For example, Xu Zhou et al. 

(2018) stated that vacuum drying (VD) and hot air-assisted radio frequency drying (ARFD) 

could dry walnuts faster (138 mins and 185 mins, respectively) when compared to heated air 

drying (300 mins); the VD and ARFD treatments have been reported to yield better quality 

walnuts as indicated by lower lipid oxidation values than the product of HA treatment. 

Nevertheless, these technologies have been only studied on lab-scale dryers, and the adoption of 

such technologies for industrial application requires further studies and large investments. 

Improvements to the current HA drying have also been studied with promising results. For 

example, step-down temperature drying has been evaluated to reduce up to 40% of drying time 

while maintaining walnut quality (Chen et al., 2020); intermittent heated air drying has been 

reported to yield oil with lower lipid oxidation value when compared to solar drying and heated 

air drying (Fu et al., 2015). Another improvement can be made by utilizing infrared drying. 

Compared to convective heating, infrared heating has higher heat transfer coefficients and better 

drying efficiency (Sandu, 1986; Nowak et al., 2004). Based on a recent study, the sequential 

infrared and heated air (SIRHA) drying of walnuts can save up to 20% of energy usage when 

compared to heated air drying alone (Chen, 2020). Regardless of the source of heat, walnuts are 
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susceptible to oxidative rancidity because walnuts contain high amounts of polyunsaturated fatty 

acids. Thus, the quality characteristics of dried walnuts need to be analyzed to meet the walnut 

industry’s quality standard. 

2.2.4 Quality Characteristics 

According to the California Walnut Board, walnuts are harvested following the Good 

Agricultural Practices (GAP’s) to reduce the potential contamination from soil, water, handlers, 

and processors. Then, the walnuts are processed in the facilities under strict Good Manufacturing 

Practices (GMP’s) to maintain hygienic manufacturing conditions. Throughout the process, the 

DFA (a quality assurance organization) inspects the walnut quality based on the USDA standard 

and grades to ensure the product is safe for consumption.  

2.2.4.1 USDA Standard and Grades 

 The grading standards developed by the USDA are intended to help growers, processors, 

and buyers in determining the different levels of walnut quality. The walnut quality is examined 

based on the type and quantity of defects found on the shell and the kernel. The external and 

internal defects are counted and compared to the grading tolerances. The descriptions of the 

external and internal damages based on the USDA guidelines are listed below.   
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Table 2.5 Determination of walnut external damage (USDA, 2017) 

External Damage Determination 

Splits Shells separated at suture, held together by kernel 

Broken shells Missing shell >¼” in diameter or shell completely broke apart 

Perforated shells Abrasion like damage, usually include small holes penetrating the shell 

Adhering hulls Hulls stick tightly to the shell 

Discoloration Contrast color from stain or dirt affecting at least ⅕  of the shell 

Other Defects that affect the appearance of the nut 

 

Table 2.6 Determination of walnut internal damage (USDA, 2017) 

Internal Damage Determination 

Shriveling Kernel shrink at least 5% of kernel surface 

Not well dried Kernel is pliable and rubbery 

Discoloration Color darker than amber 

Mold White or gray matter at any amount 

Insects Dead insect, insect feeding, web or frass are scored as serious defect; 
live insect present is scored as fail any grade 

Decay and rancidity Discolored flesh, bad odor, rancid flavor 

 

The USDA described U.S. No. 1 grade as clean in-shell walnuts with uniform bright 

color and free from physical damages, decay, rancidity, and insect damage. Specifically, the in-

shell walnut must have less than 10% splits, 5% other shell defects, and 3% seriously damaged 

defects; the kernel of the walnut must be free from live insects, and less than 6% is affected by 

mold, insect, decay, rancidity, and shriveling; the kernel colors are required to be 70% “light 

amber” in which 40% “light” included in “light amber” (USDA, 2017; DFA of California, 2016). 
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According to the FDA, defective walnuts due to diseases, bacterial blight, and sunburn have 

characteristics of dark kernel and shell color (FDA, 2017). Therefore, walnut color is an 

important indicator of quality. 

 

Figure 2.4 Walnut kernel color chart modified from USDA (2018) 

2.2.4.2 Industry Quality Standard  

The established standards for walnut quality are determined based on parameters 

commonly quoted in the industry. Such standards include moisture content, peroxide value, free 

fatty acid value, and aerobic plate count. The reference values for these parameters are displayed 

on Table 2.7. 

Table 2.7 Common Industry Standards for Walnut Quality Characteristics 

Characteristic Value Reference 

Moisture  8% (w.b.) Thompson & Grant, 1992 

Free Fatty Acids 0.6% oleic Gao et al., 2010 

Peroxide Value 1 meq/kg Gao et al., 2010; Bossel, 1989 

Aerobic Plate Count <50,000 cfu/g USDA, 2012 

 

 The industry standards are not definitive. Buransompob et al. (2003) recognized two 

different standards of acceptable walnut quality: peroxide value < 1 meq/kg & free fatty acid < 
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2% oleic from the Diamond of California (Stockton, CA) and peroxide value < 3 meq/kg & free 

fatty acid < 1.5% oleic from Quality Nut Co. (Empire, CA). Furthermore, the Chilean Walnut 

Commission defines rancidity as having free fatty acid value more than 1% oleic (2013). 

According to the Walnut Board of California, generally the peroxide value should be less than 5 

meq/kg, the free fatty acid value should be less than 1.5%, and the aerobic plate count should be 

under 50,000 cfu/g (Abhi, private communication, 2021). There are no official parameters 

established for walnut quality. Like in the almond industry, these values are determined based on 

buyer’s specifications and producer’s experiences. 

2.3 Tree Nuts Quality Characteristics  

2.3.1 Lipid Rancidification Mechanism 

Almonds and walnuts are normally dried at low temperature to prevent rancidity of lipids. 

Tree nuts contain a high amount of lipids mainly triglycerides, in the form of unsaturated and 

saturated fats, and a trace of other lipids. A triglyceride is an ester of a glycerol with three fatty 

acids. The main function of triglycerides is to store energy in cells. Besides triglycerides, a trace 

amount of unbound fatty acids and other lipids like phospholipids and sterols are present as 

membrane lipids not only in tree nuts but also in every organic matter. In 100 grams of kernels, 

almonds and walnuts contain 49 grams and 65 grams of fats, respectively (USDA, 2008). 

Specifically, almonds contain 8% saturated fat, 62% monounsaturated fat, 24% polyunsaturated 

fat, and 6% other lipids, and walnuts contain 9% saturated fat, 14% monounsaturated fat, 72% 

polyunsaturated fat, and 5% other lipids (USDA, 2008).  
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Figure 2.5 Lipid composition of almond and walnut kernels adapted from USDA (2008) 

 
 Structurally, saturated fat has hydrocarbon chains with single bonds, and unsaturated fat 

has hydrocarbon chains with a double bond (monounsaturated fat) or more than one double bond 

(polyunsaturated fat). The double bond caused the molecule to be chemically unstable and prone 

to rancidification (Edwards & McQuiggan, 2020). Rancidification can be defined as the 

decomposition of lipids by hydrolysis and/or oxidation, resulting in foul odor and unpleasant 

taste.  

The decomposition of triglycerides into free fatty acids and glycerol by hydrolysis is 

known as hydrolytic rancidity. Hydrolytic rancidity takes place in the presence of heat and 

moisture and is catalyzed by enzymes such as lipases, peroxidases, and lipoxygenase (Riaz & 

Rokey, 2012; Buranasompob et al., 2006). While free fatty acids themselves can produce strong 

undesirable volatile and non-volatile compounds, they are also susceptible to oxidation (Frankel, 

2012; Franklin & Mitchell, 2019). Oxidation reaction reduces nutritional value, changes the 

color & texture, produces rancid odor and flavor of the products (Domínguez et al., 2019), and 

can be accelerated in presence of sunlight or UV light (Feiner, 2006). The driver of oxidative 
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rancidity is lipid peroxidation. Lipid peroxidation degrades fatty acids through a free radical 

chain reaction mechanism (Hampel et al., 2016). The reaction mechanism includes three major 

steps: initiation, propagation and termination (Figure 2.6). 

 

Figure 2.6 Mechanism of lipid peroxidation (Ayala et al., 2014) 

In the initiation step, the double bonds in unsaturated fatty acids react with oxygen to 

produce reactive radicals. In the propagation step, the radicals react spontaneously with other 

fatty acids, producing more fatty acid radicals and lipid peroxides. The termination step occurs 

when a radical reacts with another radical or with an antioxidant, forming a non-radical fatty acid 

(Ayala et al., 2014). When rancid product is consumed, the radicals within the product will be 

metabolized into free radicals in the body, causing oxidative stress that damages cell membranes 

and their structural integrity (Pham-Huy et al., 2008). Oxidative stress can be inhibited by 

endogenous (naturally produced) and exogenous (externally supplied) antioxidants. Antioxidants 

can prevent and repair damages caused by free radicals, strengthening immune defense (Valko et 
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al., 2006). Besides antioxidants, oxidative rancidity can be minimized by inactivating pro-

oxidant enzymes and metals, limiting the exposure to oxygen, heat, and light, and hydrogenating 

unsaturated fats (Miraliakbari & Shahidi, 2008). To prevent the development of oxidative 

rancidity on tree nuts, short-time heat treatments can be applied to deactivate the catalytic pro-

oxidant enzymes in almonds and walnuts, resulting in an extended shelf-life of the products 

(Buranasompob et al., 2006). Moreover, tree nuts should be stored under cool and dark 

conditions to inhibit lipid oxidation.  

The developments of hydrolytic and oxidative rancidity are inevitable during drying 

process. Currently, there is no standard method to directly measure the rancidity in tree nuts. The 

industry has been relying on the measurements of the products of rancidity, such as peroxide 

values (PV) and free fatty acids (FFA), to represent the extend of hydrolytic and oxidative 

rancidity in tree nuts (California Almonds, 2020).  

2.3.2 Hydrolytic Rancidity Assessment 

Hydrolytic rancidity is evaluated by measuring the amount of free fatty acids produced 

by the hydrolysis of lipids. The level of free fatty acid depends on the storage time, temperature 

and moisture content (Mahesar et al., 2014). Free fatty acids are unstable and prone to further 

oxidation, forming more rancid characteristics. Therefore, the measurement of free fatty acids is 

frequently used to determine the quality and rancidity of food products.  

Free fatty acid (FFA) is commonly measured as the mass percentage of oleic acid (% 

oleic) in tree nut oils. In tree nuts, the majority of fatty acid in monounsaturated and 

polyunsaturated fat are oleic acid and linoleic acid, respectively (Robbins et al., 2011; USDA, 

2008). The standard method to measure free fatty acids is by titrimetric (Mahesar et al., 2014). In 

this method, lipid sample is titrated with a basic reagent in ethanol or ethanol/diethyl ether with 
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phenolphthalein as an end point indicator. Since this method does not account for the different 

types of fatty acids, knowing the majority of fatty acid in tree nuts is essential to accurately 

factor the free fatty acid composition.    

There are two standard procedures from the official method by American Oil Chemists’ 

Society (AOCS) to determine the amount of free fatty acids present in oil samples. The first 

standard method is based on AOCS Ca-5a-40 (2004): a method to determine free fatty acid value 

in oil samples. In this method, oil sample is dissolved in neutralized ethyl alcohol solvent before 

being titrated with NaOH solution with phenolphthalein as an indicator. The second standard 

method is based on AOCS Cd 3d-63 (2009): a method to determine acid value in oil samples. In 

this method, oil sample is dissolved in neutralized isopropyl alcohol-toluene solvent before being 

titrated with KOH solution with phenolphthalein as an indicator. Different from free fatty acid, 

acid value (AV) is expressed in terms of the amount of potassium hydroxide needed to neutralize 

the free fatty acids in 1 g of oil sample (mg KOH/g oil). Free fatty acid value and acid value can 

be calculated by using the Equation (5) and Equation (6) below, where net titrant volume is the 

difference between titrant consumed by the sample and the blank (mL), titrant concentration is 

the molarity of the standard alkali (M), and sample weight is the mass of oil sample (g).  

 ��  (% "#$%& '&%()  =  ��) ))*��) +,-./�  × ))*��) 1,�1��)*�),� × 23.2
��/5-� ���6) (�)   (5) 

 7 (89 :;</9)  =  ��) ))*��) +,-./� × ))*��) 1,�1��)*�),� × >?.@
��/5-� ���6) (�)   (6) 

2.3.3 Oxidative Rancidity Assessment 

Oxidative rancidity has been the major cause of quality deterioration in the nut industries, 

but there is no objective or standard method to determine the rancidity level in the products. As 
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denoted by Mitchell (2014), “Lipid oxidation is a dynamic process and levels of chemical 

markers of lipid oxidation change throughout the lipid oxidation process.” Conventionally, 

oxidative rancidity is analytically estimated by measuring the amount of primary and secondary 

oxidation products. Currently, oxidative rancidity is also evaluated by accelerated oxidation 

methods to observe the oxidation stability of the lipid.  

2.3.3.1 Primary Oxidation Products 

The assessment of primary oxidation products measures the early stages of oxidation. 

The most common method to assess primary oxidation level is by measuring peroxide value and 

conjugated dienes. Peroxide value represents the concentration of peroxides (also known as 

hydroperoxides) produced during the propagation step of lipid peroxidation (Figure 2.6). 

Peroxides are the intermediate products of the lipid peroxidation reaction. At high temperatures, 

peroxides oxidize further and produce secondary oxidation products (Barriuso et al., 2012). 

However, peroxides are stable at room temperature and in the absence of metals (Choe & Min, 

2006). At stable conditions during storage, the concentration of peroxides accumulates 

throughout the peroxidation process.  

By definition, peroxide value is the amount of peroxide oxygen per 1 kilogram of fat or 

oil. There are several methods to measure peroxide value, but the most common method is by 

iodometry. This method is done by measuring the amount of iodine formed after the peroxides 

react with iodide ion. When potassium iodide (KI) is added to the oil sample, the peroxides will 

oxidize iodide ion (I-) into I2 molecules (yellow color); the amount of I2 will be determined by 

titrating sodium thiosulfate (Na2S2O3) into the solution (Figure 2.7) (IUPAC, 1992). The 

detection of the titrated product can be measured by end-point potentiometric determination or 

colorimetric detection.  
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Figure 2.7 Determination of peroxide value 

 Although peroxide value is the most common method to assess the primary oxidation 

product of lipid oxidation, peroxide value is only valid until it reaches its peak value. After 

reaching its peak value, peroxides are easily decomposed and produce secondary oxidation 

products such as acids, aldehydes, alcohols, ketones, esters, short-chain hydrocarbons, dimers, 

and polymers (Hwang, 2017; Farhoosh & Moosavi, 2009). Thus, secondary oxidation products 

need to be measured simultaneously to determine the extent of oxidation degradation. 

 On the other hand, conjugated dienes represent the formation of adjacent double bonds 

co-occurring with the peroxidation of polyunsaturated fatty acids (White, 1995; Mitchell, 2014) 

(Figure 2.8). As the primary oxidation product, conjugated dienes can be quantitatively measured 

by spectrophotometric assay (Hwang, 2017; St. Angelo et al., 1975). The quantitative 

concentration is indicated by the number of conjugated dienes in millimoles per liter of sample 

(mmol/L). Based on the study by St. Angelo et al. (1975) on determination of peroxidation in 

processed whole peanut products, the spectrophotometric assay of conjugated dienes is simpler, 

quicker, and more accurate than the peroxide value method because the process does not require 

additional reagents nor depend on chemical reactions. However, the development of 

spectrophotometric assay varies for different fatty acid composition (Hwang, 2017). Thus, 

preliminary study on the overall fatty acid composition of the product is required, adding 

complexity to the spectrophotometric assay of conjugated dienes method. 

2I− + H2O + HOOH → HOH + 2OH− + I2 

2S2O3
2− + I2 → S4O6

2− + 2 I− 
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Figure 2.8 Formation of conjugated dienes (Hwang, 2017) 

2.3.3.2 Secondary Oxidation Product 

Secondary oxidation products are formed by the primary oxidation products. Different 

from primary oxidation products, secondary oxidation products are chemical compounds that 

influence sensory quality, such as aldehydes, epoxides, ketones, alcohols, and carboxylic acids. 

The secondary oxidation products are commonly measured by thiobarbituric acid reactive 

substances (TBARS) assay, p-anisidine value, and chromatographic methods to determine the 

volatile compounds. 

Thiobarbituric acid reactive substances (TBARS) assay estimates the concentration of 

malondialdehyde, one of the most abundant aldehydes generated during secondary lipid 

oxidation and the most commonly used oxidation marker. Malondialdehyde is heated with 

thiobarbituric acid reagent to form a pink chromogen and measured at 532-535 nm (Kumar et al., 

2018). The absorbance is then measured by spectrometric determination to be proportional to the 

concentration of malondialdehyde (Dasgupta, 2014).  However, thiobarbituric acid can also react 

with other compounds like aldehydes, amino acids and nucleic acids, creating ambiguous 

variability in the resulting assay estimates (Salih, 1987; Barriuso et al., 2012). 

Besides TBARS assay, p-anisidine value is often used to detect carbonyl compounds 

produced during the secondary lipid oxidation. P-anisidine condenses readily with aldehydes and 
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ketones, forming Schiff bases with absorbance at 350 nm (Hwang, 2017) (Figure 2.9). By 

definition, p-anisidine value is the absorbance of a sample containing 1 g of fat in 100 mL of 

solvent. In practice, p-anisidine value and peroxide value are commonly used to calculate total 

oxidation (TOTOX) value, an estimation for the overall extent of lipid oxidation in food (Sun et 

al., 2011). TOTOX value is an empirical parameter that is calculated by summing p-anisidine 

value and twice the peroxide value (Gordon, 2001).  

 

 

Figure 2.9 Reaction between p-anisidine and aldehyde (Hwang, 2017) 

 Many secondary oxidation products contain moderate to high amounts of volatile 

compounds that are correlated to rancid smells. Among these compounds, aldehydes are most 

commonly used as an indicator of lipid oxidation (Hwang, 2017). The detection and 

measurement of these volatile compounds are important because it indicates a deterioration in 

food quality. Volatile compounds can be detected by mass spectrometry and the quantity can be 

measured by gas chromatography (Barriuso et al., 2012). To realistically represent the extent of 

lipid oxidation, more than two volatile compound markers need to be determined, especially 

when the simultaneous detection and quantification are feasible (Antolovich et al., 2002; 

Domínguez et al., 2019).  
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2.3.3.3 Oxidation Stability  

The oxidation stability of lipid is characterized by the accelerated oxidation methods such 

as the Schaal Oven method and the Rancimat method (Liang & Schwarzer, 1998; Simoes Grilo 

et al., 2020). Both methods evaluate the products of oxidative rancidity as indicators of oxidation 

stability. The Schaal Oven method measures the progression of peroxide formation when the 

samples are stored in an oven at a constant temperature between 30-63°C. Periodically, the lipid 

is extracted from the samples, and the peroxide value is measured until the end condition is met 

(BTSA, 2019; Maszewska et al., 2018). While the assessment of oxidation stability using the 

Schaal Oven method can take more than a week, this method better represents the oxidation that 

happened in the normal storage conditions (Maszewska et al., 2018). Different from the Schaal 

Oven method, the Rancimat method measures the oxidation stability in a relatively shorter time 

by utilizing a reaction tube with a continuous aeration and a heating system at a constant elevated 

temperature of up to 80-160°C, depending on the lipid sample type (Metrohm, 2019). During the 

process, the volatile secondary products are formed in the main vessel and transferred to a 

secondary vessel filled with deionized water. The Rancimat method detects the volatile 

compounds produced during oxidation by measuring the change in the electrical conductivity of 

the water in the secondary vessel (Simoes Grilo et al., 2020; Metrohm, 2019). The Rancimat 

method characterizes the oxidation stability of lipid by the measuring the elapsed time for the 

volatile compounds to be detected. Although the Rancimat method is simpler and faster, the high 

temperature process might lead to different lipid oxidation pathways, showing inaccurate 

representation of the product shelf-life (Simoes Grilo et al., 2020; Farhoosh, 2007). 
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Chapter 3 – Almond Drying 

3.1 Introduction 

The transition from on-ground to off-ground almond harvesting and drying prompted the 

almond industry to find an efficient method to dry almonds on a mass scale. As discussed in the 

literature review, deep-bed bin drying with heated air is a common method for drying nuts due to 

its large capacity and low cost. Based on the preliminary study conducted in my lab group, deep-

bed bin drying at a temperature range between 35°C to 70°C can be used to dry almonds as it did 

not significantly change the kernel color, concealed damages, and oil qualities (Chen, et al., 

2020). To further improve the drying efficiency, high temperature drying can be momentarily 

applied at the beginning to quickly heat up the almonds and remove the moisture from the shells 

and the hulls. The stepwise high temperature drying has been studied in walnuts but not in 

almonds. When compared to the conventional heated air drying, Chen et al. (2020) found that 

walnuts dried by stepwise high temperature with first stage at 65°C, holding time of 2 hours, and 

a second stage at 43°C could reduce the drying time by 40% while maintaining the product 

quality. Because of the high percentage of polyunsaturated fat, walnuts are ideally dried at lower 

drying temperature than almonds. Different from walnuts, almonds are high in monounsaturated 

fat, a more stable fat than polyunsaturated fat. Thus, almonds can be dried at higher drying 

temperatures without negatively impacting the oil quality. Besides different drying conditions, 

the drying time of almonds should be reduced by removing the hulls because almond hulls 

contain a higher moisture content than the shells, followed by the kernel (Moreira & Bakker-

Arkema, 1989). The results from this study will benefit almond industry in developing an 

efficient drying method for off-ground harvested almonds.   
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3.2 Objectives 

The objectives of this research were to: (1) evaluate the drying characteristics of almonds 

dried under constant temperature and stepwise high temperature in a column dryer; (2) study the 

drying kinetics of almonds dried under different conditions.  

3.3 Materials and Methods 

The almonds of Nonpareil (NP) and Wood Colony (WC) varieties were harvested off-

ground from West Valley Hulling Co. (Firebaugh, CA), contained in plastic-lined metal bins, 

and processed immediately in August 2020 for drying tests. The obtained almonds were a mix of 

in-shell almonds (IS), in-hull almonds (IH), and loose hulls.  

3.3.1 Column Drying System 

The almond samples were dried in a customized pilot scale column dryer (Wizard 

Manufacturing Inc., CA, USA) with 1.0 m/s air velocity and a temperature control. The dryer 

was constructed of a centrifugal blower, an electrical heating element, a drying column with 

insulation, and a control panel. The column dryer used for this experiment had one section bin 

with a dimension of 0.29 m width, 0.29 m length, and 0.57 m height. The capacity of the dryer 

was around 45 lbs. almonds per drying test. The air flow rate was 1.75 m3/s per m3 of fresh 

almonds (105.26 cfm/ft3 of fresh almonds). The air velocity and temperature at the inlet of the 

column were measured with a hot wire anemometer (HHF-SD1, Omega, Norwalk, USA) and a 

T-type thermocouple, respectively. 
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3.3.2 Drying Methods 

The almond samples were dried with 1.0 m/s air velocity (air flow rate of 1.75 m3/s per 

m3 of fresh almonds) at a constant temperature of 23.5°C (ambient), 40°C, 50°C, and 60°C and 

stepwise high temperature with a first stage at 80°C and 90°C, holding time of 1, 2, and 3 hours, 

and a second stage at 60°C. For the stepwise temperature drying, the almonds were dried in the 

column dryer with heated air at 80°C or 90°C until the temperature of the almonds at 1-ft height 

reached 60°C. Then, the heated air was turned off and the drying column was covered and held 

for 1, 2 or 3 hours. After the holding period, the almonds were further dried by heated air at 60°C 

until the overall wet basis moisture content of the whole almonds reached 12%, which 

corresponds to about 6% for the almond kernels. In addition, the in-shell and in-hull almonds of 

Wood Colony variety were manually separated and dried by heated air at 60°C. 

 

Figure 3.1 Experimental design diagram for almond drying 



31 
 

3.3.3 Moisture Content Measurement 

The moisture content of almond samples was measured using the standard oven method 

at 105°C for 24 hours. For each measurement, thirty pieces of almonds were used to represent a 

sample. The hull, shell, and kernel of the almonds were separated using a single lever tabletop 

nutcracker, ground with a commercial grinder (31BL92, Waring Commercial, USA), dried in 

aluminum weighing dishes, and weighted on a digital balance with 0.0001g accuracy. The 

moisture content of whole almond was calculated using Equation (7), and the drying curves were 

obtained by plotting the moisture content measurement over drying time. 

�A�B =  (CDE�CDF)G(CHE�CHF)G(CIE�CIF)
CDEGCHEGCIE

     (7) 

Where MCwb is the moisture content on wet basis (kg water/kg wet mass), Whi is the initial wet 

weight of the hulls (kg), Whd is the final dry weight of the hulls (kg), Wsi is the initial wet weight 

of the shells (kg), Wsd is the final dry weight of the shells (kg), Wki is the initial wet weight of the 

kernels (kg), Wkd is the final dry weight of the kernels (kg). 

3.3.4  Empirical Modelling 

The Lewis model, the Page model, and the Henderson and Pabis (H&P) model were 

chosen to describe the drying process because of their relatively high goodness of fit. The drying 

curves from the drying experiments were fitted with the three empirical models using Equation 

(2), (3) and (4). The nonlinear regression and statistical analyses were done in the OriginPro 

software (Version 2021, OriginLab Corporation, MA, USA). 

��
��� = exp(−��)       (2) 

������ = exp(−���)        (3) 

���&� = a ∗ exp(−��)       (4) 
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 To compare the goodness of fit, adjusted coefficient of determination (Radj
2) and root 

mean square error (RMSE) were calculated to select the best model to represent the drying 

curves. The adjusted coefficient of determination was used to compare the different empirical 

models because it counted for the bias from the different independent variables. The statistical 

values were based on the Equation (8), (9), and (10). 

��JK2 = 1 − (@�MN)(@�O)
O�5�@      (8) 

�2 = 1 − P∑ R�M�,E��MT,EUNVEWX
∑ R�M�,E��M�YYYYYYUNVEWX

Z      (9) 

��[\ = ]@
O ∑ R��5, − ���,U2O^@ _@/2

     (10) 

Where R2 is the coefficient of determination, N is the number of sample size, p is the number of 

independent variable, MRe,i is the ith experimental moisture ratio (dimensionless), MRp,i is the ith 

predicted moisture ratio (dimensionless), and ���YYYYYY.is the mean value of experimental moisture 

ratio. The model with the highest Radj
2 value and the lowest RMSE value was the best fit to the 

experimental data. 

3.4 Results and Discussion 

3.4.1 Initial Characteristics 

The average initial wet basis moisture contents of Nonpareil (NP) and Wood Colony 

(WC) almonds were 38.4% and 43.4%, respectively. Overall, the bulk densities of the NP and 

WC almond samples were 373 kg/m3 and 375 kg/m3, respectively. The weight ratios of in-hull 

almonds, in-shell almonds and loose hulls in the harvested samples were 96.6%, 1.6%, and 1.8% 

for NP variety and 98.2%, 1.5%, and 0.3% for the WC variety, respectively. 
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3.4.2 Drying Characteristics 

3.4.2.1 Constant Temperature Drying 

The drying curves of almond samples dried under constant temperatures are shown in 

Figure 3.2.  Comparing the drying time of almond samples dried at constant temperatures, the 

samples dried at ambient temperature took over 2160 minutes to reach the target final wet basis 

moisture content of 12% while the samples dried at 60°C took approximately 420 minutes. 

Almonds drying with heated air at a constant temperature of 60°C (7 hours) led to up to 80% 

reduction in drying time when compared to the ambient drying (36 hours). Generally, the total 

drying time decreased with the increase in heated air temperature.   

 

 

Figure 3.2 Drying curves of almond samples dried under constant temperatures 

3.4.2.2 Stepwise High Temperature Drying 

As shown in Figure 3.3 and Figure 3.4, at the initial stage of stepwise high temperature 

drying, the moisture contents of the almond samples were substantially decreased. The short-

term application of high heat allowed the surface moisture to evaporate rapidly, increasing the 

drying rate. However, the drying rates were eventually slowed down during the holding period 
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due to the lack of heat supply and increased back during the second stage drying. Overall, 

almond samples dried under stepwise high temperature drying took slightly longer total 

processing time (including holding time) than that of under constant temperature at 60°C. 

However, the heating time for stepwise high temperature dryings, excluding the holding time, 

was shorter than the heating time of constant temperature drying. The total heating times for 

stepwise high temperature drying at 80°C and 90°C with holding time of 3 hours were both 

around 310 minutes, which is significantly less than 420 minutes of constant temperature drying 

at 60°C.  

 

 

 

Figure 3.3 Drying curves A) and B) over total processing time & C) and D) over heating time of 

almond samples dried under stepwise high temperatures  
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3.4.2.3 Almond In-shell and In-hull Drying 

Besides increasing drying temperatures, removing almond hulls could significantly reduce the 

reduce the overall drying time. From the drying experiments, the average wet basis moisture 

contents of almond in-hulls and in-shells of Wood Colony variety were 45.84% and 20.06%, 

respectively. To reach the target wet basis moisture content of 12%, the drying times of almond 

in-hulls almonds and in-shells were around 540 minutes and 60 minutes, respectively. As Figure 

3.4 indicates, almonds dried in-shell led up to 89% reduction in drying time when compared to 

almonds dried in-hull. Removing almond hulls had a positive impact in reducing the drying time 

of almonds. Altogether, the different drying times of different drying conditions are summarized 

in   
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Table 3.1.  

 

 

Figure 3.4 Drying curves A) over total processing time and B) over heating time of in-shell and 

in-hull almond samples dried under a constant temperature and mixed almond samples dried 

under stepwise high temperature  
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Table 3.1 Summary of almond drying treatments 

Variety IMC  

(% w.b.) 

FMC  

(% w.b.) 

Almond 

Conditions 

Drying Condition Drying Time 

including Holding (h) 

 
 
 
 
 
 
 
 
 

NP 

40.29 13.02 Mixed Ambient 36 

42.03 12.82 Mixed 40°C 16 

37.28 12.59 Mixed 50°C 10 

39.89 11.74 Mixed 60°C 7 

39.97 12.24 Mixed 80°C~1h~60°C 10.5 

37.81 11.73 Mixed 80°C~2h~60°C 7 

35.22 11.73 Mixed 80°C~3h~60°C 8 

36.87 12.10 Mixed 90°C~1h~60°C 7.5 

38.55 10.97 Mixed 90°C~2h~60°C 8 

35.77 10.09 Mixed 90 C~3h~60°C 9 

 
 
 

WC 

45.84 12.02 In-hull 60°C 9 

20.06 11.69 In-shell 60°C 1 

43.23 13.01 Mixed 80°C~1h~60°C 10 

43.49 12.77 Mixed 90°C~1h~60°C 9 

 

(Note: the “mixed” condition is characterized by a mixture of loose hulls, IS and IH almonds.) 
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3.4.3 Drying Modelling 

The experimental data were fitted to the three popular empirical models, namely Lewis, Page, 

Page, and Henderson and Pabis, to find the best model for predicting the drying process of 

almonds. The adjusted coefficient of determination (Radj
2) and root mean square error (RMSE) 

were calculated as shown in  

Table 3.2 and Table 3.3 for the drying kinetics of almonds over heating time and over 

total processing time, respectively. The drying kinetics of almond over total processing time 

include the holding period which varies from 1 to 3 hours. The Radj
2 values for the Lewis, Page, 

and Henderson and Pabis models ranged from 0.7486 to 0.9989, 0.9133 to 0.9999, and 0.9046 to 

0.9999, respectively.  

The Lewis model had the lowest Radj
2 and the highest RMSE values when compared to 

the other two models, indicating a low goodness of fit of the drying curves to the empirical 

model.  Furthermore, the goodness of fit was better on the drying kinetics of almonds over 

heating time than that of over total processing time as indicated by higher Radj
2 and lower RMSE 

values. The holding time between the two stages in the stepwise high temperature drying process 

created large variations over the exponential decay drying curves, increasing the spread of the 

residuals as shown by high RMSE values. Thus, to accurately represent the drying times of 

almonds dried under stepwise high temperature drying, the holding time should be eliminated in 

the modelling.  

From the fitting results and statistical analysis, the Page model was the best model to 

predict drying kinetics of almond due to the maximum Radj
2 and minimum of RMSE values, 

followed by the Henderson and Pabis model. This result validated the previous study that 

suggested the Page model to be the best representation of almond drying kinetics (Chen, Khir, et 
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al., 2020). The parameters of the Page model for almond drying in different conditions can be 

found at Appendix A. 

 

Table 3.2 The goodness of fit comparison of different empirical models to predict  

the drying kinetics of almonds over heating times 

Variety Drying Condition 
Lewis Page H & P 

Radj
2 RMSE Radj

2 RMSE Radj
2 RMSE 

 
 
 
 
 
 
 
 
 

NP 

Ambient 0.9264 0.0231 0.9871 0.0097 0.9830 0.0111 

40°C 0.9962 0.0062 0.9997 0.0016 0.9990 0.0032 

50°C 0.9839 0.0120 0.9976 0.0047 0.9999 0.0009 

60°C 0.9855 0.0108 0.9999 0.0011 0.9970 0.0049 

80°C~1h~60°C 0.7486 0.0445 0.9837 0.0113 0.9909 0.0085 

80°C~2h~60°C 0.8369 0.0395 0.9943 0.0074 0.9911 0.0093 

80°C~3h~60°C 0.8798 0.0306 0.9991 0.0026 0.9876 0.0098 

90°C~1h~60°C 0.8380 0.0351 0.9945 0.0065 0.9846 0.0108 

90°C~2h~60°C 0.8734 0.0345 0.9993 0.0025 0.9644 0.0183 

90 C~3h~60°C 0.9064 0.0311 0.9998 0.0013 0.9820 0.0136 

 
 
 
 

WC 

60°C IH 0.9989 0.0041 0.9997 0.0021 0.9997 0.0022 

60°C IS 0.9299 0.0133 0.9983 0.0021 0.9977 0.0024 

80°C~1h~60°C 0.8534 0.0368 0.9948 0.0069 0.9891 0.0101 

90°C~1h~60°C 0.9370 0.0288 0.9986 0.0044 0.9930 0.0096 
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Table 3.3 The goodness of fit comparison of different empirical models to predict  

the drying kinetics of almonds over total processing times 

 

3.4.4 Summary of Almond Drying Process 

In general, the almonds dried with heated air had lower drying time than the almonds 

dried at ambient temperature. The stepwise high temperature drying had a high drying rate at the 

initial stage, but the overall processing time was almost the same as the samples dried at a 

constant temperature. In fact, the holding period did not consume energy. Comparing the total 

heating time, almonds dried with the stepwise high temperature drying had significantly shorter 

the total heating time than almonds dried at a constant temperature. To significantly reduce the 

drying time, almond should be dried in-shells instead of in-hulls. A new dehulling technology for 

Variety Drying Condition 
Lewis Page H & P 

Radj
2 RMSE Radj

2 RMSE Radj
2 RMSE 

 
 
 
 
 

 
 

NP 

80°C~1h~60°C 0.8406 0.0348 0.9749 0.0138 0.9786 0.0127 

80°C~2h~60°C 0.9240 0.0262 0.9680 0.0170 0.9514 0.0210 

80°C~3h~60°C 0.9205 0.0238 0.9113 0.0251 0.9046 0.0261 

90°C~1h~60°C 0.9264 0.0231 0.9871 0.0097 0.9830 0.0111 

90°C~2h~60°C 0.9527 0.0204 0.9591 0.0189 0.9486 0.0212 

90 C~3h~60°C 0.9574 0.0207 0.9491 0.0226 0.9492 0.0226 

 
WC 

80°C~1h~60°C 0.9197 0.0268 0.9845 0.0118 0.9821 0.0127 

90°C~1h~60°C 0.9738 0.0180 0.9918 0.0100 0.9883 0.0120 



41 
 

almonds needs to be studied for the industry application. Overall, the Page model was the 

appropriate model to describe the drying kinetics of almond. 
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Chapter 4 – Walnut Drying 

4.1 Introduction 

In the walnut industry, deep-bed bin drying is the most common method to dry walnuts. 

Although this method is preferred due to its large capacity and low cost, the drying process is 

slow and energy-intensive. As mentioned in Chapter 3, stepwise high temperature drying has 

been studied to improve the drying times of walnuts. The application of high temperature heated 

air pretreatment allows part removal of moisture from the nut shells, and the holding period 

enables the moisture to penetrate from inside to outside the shells. Instead of high temperature 

heated air, infrared heating can be applied at the beginning of walnut drying process. A study by 

Atungulu et al. (2013) concluded that infrared (IR) pretreatment on high moisture content 

walnuts for up to 180 seconds did not significantly alter the quality of processed walnut because 

the kernel temperature was maintained relatively below 43°C. The application of IR pretreatment 

can improve the drying efficiency of walnuts without significantly compromising the product 

qualities. Besides IR pretreatment, walnut conditioning by cracking the shells and extracting the 

kernels should accelerate the drying process due to the reduced resistance from the enclosed 

shells. Also, the moisture content of the walnut shells is typically higher than the kernels (Chen, 

2020). Breaking the shells increases the convective heat transfer to the kernels, facilitating a 

faster drying rate and shorter drying time. Thus, walnuts dried in cracked-shell and kernel 

conditions should result in a significant reduction of the drying time.  
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4.2 Objectives 

The objectives of this study were to: (1) evaluate the drying characteristics of in-shell 

walnuts, cracked-shell walnuts, and walnut kernels dried under constant temperatures; and (2) 

investigate the performance of sequential infrared and heated air drying (SIRHA) on the drying 

time of walnuts.  

4.3 Materials and Methods 

The walnuts of Chandler variety were harvested in September 2020 from Nickels Soil 

Lab (Arbuckle, CA), wrapped in plastic bags, and froze at -20°C immediately for later use. The 

obtained walnuts were separated into in-shell and in-hull. The walnuts acquired in in-shell 

condition had initial wet basis moisture contents of 10.36±3.34 % (low moisture content, LMC), 

and the in-shell walnuts collected after removing the hulls had initial wet basis moisture contents 

of 27.45±4.16 % (high moisture content, HMC).  

4.3.1 Drying Methods 

The HMC walnuts were thawed at room temperature for 24 hours before the hulls were 

peeled-off and discarded. The LMC walnuts were thawed at room temperature for about 2 hours. 

Both kinds of walnuts were dipped and soaked in clean water for 2 minutes to mimic the 

industrial washing procedure in the processing facility. Then, the half of the walnut samples were 

infrared pre-dried in a pilot scale IR heating system for 25 and 60 seconds for LMC and HMC 

walnuts, respectively, based on the time it took for the internal temperature of the walnuts to 

reach about 45°C. After the IR pretreatment, the walnuts were conditioned into in-shell, cracked 

shell, and kernel by utilizing a single lever tabletop nutcracker (Figure 4.1). The samples were 
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further dried to a final wet basis moisture content of 7% for walnuts dried in in-shell and 

cracked-shell conditions and 3% for walnuts dried in kernel condition by heated air drying at a 

constant temperature of 45°C, 50°C, and 55°C and air velocity of 1.0 m/s. The overall 

experimental design diagram is shown in Figure 4.2. 

 

Figure 4.1 Walnuts conditioned to in-shell, cracked-shell, and kernel only 

 

 
Figure 4.2 Experimental design diagram for walnut drying 

In-shell                        Cracked-shell                  
Kernel 
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4.3.2 Infrared Pretreatment and Heated Air Drying System 

The application of infrared (IR) pretreatment on walnut samples was done using a pilot 

scale IR heating system equipped with two catalytic IR emitters as described by Chen (2020) 

(Figure 4.3). The walnut samples were placed in a single layer between the catalytic emitters to 

pre-dry at emitter surface temperature of about 400°C. The temperature of the IR heating system 

was measured by thermocouples, and the gas flow to the system was regulated by a control panel 

and solenoids.  

 

Figure 4.3 Pilot scale IR heating system 

 The walnut samples were then completely dried in a bench scale convection oven 

(StableTemp-19, Across International, NJ, USA) with 1.0 m/s air velocity. The samples were 

spread in a single layer on a stainless-steel wire rack and dried to a final wet basis moisture 

content of 7% for walnuts dried in in-shell and cracked-shell conditions and 3% for walnuts 

dried in kernel condition.  

4.3.3 Moisture Content Measurement 

The moisture content of walnut samples was measured using the standard oven method at 

105°C for 24 hours. To determine the initial moisture distribution, thirty pieces of walnuts were 

randomly selected to represent a sample. Throughout the experiment, fifteen pieces of walnuts 
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were collected to represent each measurement. The moisture content was calculated from the 

initial weight and the dried weight of the walnut samples using Equation (11).  

�A�B =  (CHE�CHF)G(CIE�CIF)
CHEGCIE

      (11) 

Where MCwb is the moisture content on wet basis (kg water/kg wet mass), Wsi is the initial wet 

weight of the shells (kg), Wsd is the final dry weight of the shells (kg), Wki is the initial wet 

weight of the kernels (kg), and Wkd is the final dry weight of the kernels (kg). 

4.4 Results and Discussion 

4.4.1 Initial Characteristics 

The initial moisture contents of walnut samples are shown in Table 4.1Error! Reference 

source not found.. The average initial wet basis moisture contents of LMC and HMC in-shell 

walnuts were 10.36±3.34% and 27.45±4.16%, respectively. In general, walnut kernels had lower 

initial moisture contents than the whole in-shell walnuts. 

Table 4.1 Initial moisture content of walnut samples on a wet basis 

Group MC Range (w.b.) Average MC (w.b.) Standard deviation 

LMC - in-shell 7.07%-20.29% 10.36% ±3.34% 

LMC - kernel 2.39%-19.32% 5.13% ±3.41% 

HMC - in-shell 17.60%-33.80% 27.45% ±4.16% 

HMC - kernel 13.12%-27.58% 21.28% ±3.00% 

4.4.2 Drying Characteristics 

4.4.2.1 Constant Heated Air Temperature Drying 

The drying curves of LMC and HMC walnut samples dried under constant temperature 

dryings are shown in Figure 4.4. The drying times of LMC walnuts ranged from 0.5 to 2 hours 
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while the drying time of HMC walnuts ranged from 5 to 16 hours. In general, the drying time 

decreased with increasing drying temperature. The LMC in-shell walnuts dried at 45°C without 

IR pretreatment took over 2 hours to reach the final wet basis moisture content of 7%. In 

contrast, the LMC walnut in-shells dried at 55°C without IR pretreatment took around 1 hour to 

reach the final moisture content. A similar trend also applied to HMC in-shell walnuts samples. 

Increasing drying temperature from 45°C to 55°C led to 50% reduction in the drying time. 

 

Figure 4.4 Drying curves of walnuts dried under constant temperature dryings at 45°C, 50°C, and 

55°C for A), B), and C) LMC walnuts; D), E), and F) HMC walnuts  
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4.4.2.2 Sequential Infrared and Heated Air Drying 

The application of IR pretreatment slightly reduced the drying times of both LMC and 

HMC walnuts. Comparing Figure 4.4 with Figure 4.5, the difference in the drying times of 

walnuts dried with and without IR pretreatment was most substantial in samples dried at 45°C. 

To reach the target wet basis moisture content of 7%, the drying times of LMC walnuts dried at 

45°C with and without IR pretreatment were 1.25 hours and 2 hours, respectively. Similarly, the 

drying times of HMC walnuts dried at 45°C with and without IR pretreatment were 

approximately 14 hours and 16 hours, respectively. At 50°C and 55°C, the total drying times for 

SIRHA drying were slightly less than that of constant temperature heated air drying. Therefore, 

the application of IR pretreatment could reduce the overall drying time of walnuts, especially 

when the samples are dried at relatively low drying temperature. 

4.4.2.3 Drying of Cracked Walnuts and Extracted Kernels 

Besides IR pretreatment, the conditioning of walnut samples, including cracking the shell 

(cracked-shell) and extracting the kernel (kernel), reduced the drying time of both LMC and 

HMC walnut samples. The drying times of in-shell walnuts dried at different conditions ranged 

from 0.8 to 1.4 hours and 7.8 to 15.5 hours for LMC and HMC, respectively. In contrast, the 

drying times of cracked-shell walnuts ranged from 0.5 to 1.3 hours and 6.6 to 11.2 hours for 

LMC and HMC, respectively. The lowest drying time was when walnuts dried in kernel 

condition, ranging from 0.45 to 1.2 hours and 4.0 to 9.2 hours in respect to LMC and HMC 

samples. When compared to in-shell walnuts, walnuts dried in cracked-shell and kernel 

conditions could reduce the drying time by up to 28% and 54%, respectively. Overall, the drying 

times of walnuts under different conditions are summarized in Appendix A. 
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Figure 4.5 Drying curves of walnuts dried with IR pretreatment and constant temperature 

dryings at 45°C, 50°C, and 55°C for A), B), and C) LMC walnuts; D), E), and F) HMC walnuts 

 

4.4.3 Summary of Drying Process 

Walnuts dried at high drying temperature had shorter drying time than that of at lower 

drying temperature. When IR pretreatment was applied, the drying times of LMC and HMC 

walnuts were slightly reduced. A significant reduction in drying times happened when the 

walnuts were dried in cracked-shell and kernel conditions. Overall, the drying rates of walnuts 

under different conditions were consistent as represented by the smooth drying curves. For the 
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industrial application, the drying of walnuts in cracked-shell condition could improve the 

integrity of the dried kernels after extraction. Since wet kernels are more pliable than dry kernels, 

cracking the walnuts before the drying process would improve the intactness of the dried kernels 

product. Further study needs to be done to evaluate the shell cracking and kernel extraction 

performance in relation to the kernel quality. 
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Chapter 5 – Quality Characteristics Studies  

5.1 Introduction 

After drying, almond and walnut samples were collected for quality analysis. The quality 

characteristics of tree-nuts dried under different drying treatments were compared and evaluated. 

Based on the USDA standards for in-shell almonds and walnuts, the U.S. No. 1 grade is 

described as having a uniform bright kernel color and free from physical damages, decay, 

rancidity, and insect damages (USDA, 2013; USDA, 2017). According to the FDA, dark kernel 

color may indicate a defective nut due to diseases, bacterial blight, and sunburn (FDA, 2017). 

The change in almond kernel flesh color after roasting was also evaluated. The evaluation was 

made based on the color development score (CDS) to represent the extent of concealed damage 

after roasting. According to Pearson (1999), concealed damage is defined by at least 50% of the 

kernel appears to be dark brown. Although the dark color is considered a defect in the industry, 

the USDA did not consider concealed damage as a defect because it appears after roasting 

(Pearson, 1999; Rogel-Castillo et al., 2015). Besides kernel color change, the oil quality of dried 

almonds and walnuts was studied for rancidity. During drying and storage, the developments of 

hydrolytic and oxidative rancidity are inevitable as they are driven by heat, moisture, and oxygen 

level. Since there is no standard method to directly measure the level of rancidity in tree nuts, the 

industry has been relying on the measurements of the products of rancidity, such as peroxide 

values (PV) and free fatty acids (FFA), to represent the extend of hydrolytic and oxidative 

rancidity in tree nuts (California Almonds, 2020).  
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5.2 Objectives 

The objectives of this study were to: (1) evaluate the kernel and oil quality characteristics 

of almonds dried under different drying conditions; and (2) analyze the kernel and oil quality 

characteristics of walnuts dried under different drying conditions and storage times.  

5.3 Materials  

Dried almonds of Nonpareil (NP) and Wood Colony (WC) varieties were obtained from 

the almond drying experiment. The samples comprised of in-shell almonds (IS) and in-hull 

almonds (IH). Also, dried walnuts of Chandler variety with high initial moisture content (HMC) 

and low initial moisture content (LMC) were obtained from the walnut drying experiment. 

5.3.1 Storage of Walnut Samples 

After the drying experiment, the dried walnut samples were stored in an incubator set at 

35°C with a relative humidity of 53% for 20 days to simulate the shelf-life of walnut stored at 

4°C for 2 years (Buransompob et al., 2007). Walnut samples were collected after 0, 5, 10, 15, 

and 20 days of storage for quality analysis.  

5.4 Quality Analysis Methods 

The quality of tree nuts was characterized by evaluating kernel quality and oil quality. 

The quality assessment procedures for walnut and almond are shown in Figure 5.1 and Figure 

5.2. The quality characteristics were compared with the industry standards and analyzed for 

changes before and after treatments and storage.  
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Figure 5.1 Schematic experimental design diagram for quality characteristics of walnut 

 

 

 

 

Figure 5.2 Schematic experimental design diagram for quality characteristics of almond 
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5.4.1 Kernel Quality Analysis 

  Almond and walnut kernels were carefully extracted using a single lever tabletop 

nutcracker. A portable colorimeter (PCE-CSM 7, PCE Instruments, USA) was used to observe 

the kernel color change of almond and walnut samples. This device measures the color of the 

kernel seed coat in terms of the values of L*, a*, b* as defined by the Commission Internationale 

de I’Eclairage (CIE). The L* value represents the lightness spectrum, ranging from 0 to 100 for 

blackness to whiteness. Each of the a* and b* values ranged from -60 to 60 which indicate the 

green to red spectrum and the blue to yellow spectrum, respectively. 

5.4.1.1Whiteness Index of Almond Kernels  

The change in almond kernel flesh color under different drying treatments was analyzed 

by cutting a kernel lengthwise and measuring the lab color space (L*, a, and b). The lab color 

space values were used to calculate the whiteness index value (WI), which is calculated by using 

Equation (12). Six replicates were made for each test. 

`a = 100 − c(100 − d)2 + '2+f2               (12) 

5.4.1.2 Concealed Damage of Almond Kernels 

The presence of concealed damage in the dried almond kernels was examined by visual 

inspection. The concealed damage evaluation began with dehulling dried almonds by hand and 

roasting in-shell almonds at 135°C for 90 minutes. The roasted almond kernels were split in half 

lengthwise, and the concealed damage was measured with the color development score (CDS) 

(Figure 5.3). Ten replicates were made for each test. 
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Figure 5.3 Color development score (CDS) grading for concealed damage (Pearson, 1998) 

5.4.1.3 Lightness Value of Walnut Kernels 

 To compare the color change in dried walnuts under different conditions, pretreatments, 

and storage times, the lightness value (L*) was measured on the walnut kernels. The 

measurement was taken on the flat side of the kernel at a relatively smooth surface free of 

freckling, veins, and other surface defects to represent the overall walnut color. The lightness 

value was used as an indication of browning. Eight replications were made for each test. 

5.4.2 Oil Quality Analysis 

The oil quality of tree nuts was evaluated by measuring the peroxide value (PV) and acid 

value (AV) of the extracted oils. The almond and walnut oils were extracted by a method 

presented by Chen et al. (2020). 

5.4.2.1 Oil Extraction 

 The kernels from 30 almond samples or 15 walnut samples were ground into fine powder 

using a food chopper (KFC3516CU, KitchenAid, USA) and mixed with hexane (10-time 

volume) in an Erlenmeyer flask. The flasks were placed in a shaker (MaxQ 4000, Thermo 

Scientific, Massachusetts, USA) at 200 rpm and 4°C for an hour of oil extraction. The oil solvent 

was separated from the extracted ground kernels using a vacuum filtration, and the oil was 
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extracted using a chemical evaporator (Büchi R-3, Switzerland). The oil was poured into sterile 

15 mL centrifuge tubes and stored at -20°C until used for PV and AV analysis. 

5.4.2.2 Peroxide Value and Acid Value 

Almond and walnut oil samples were analyzed for the peroxide value (PV) and the acid 

value (AV). The PV and AV of the extracted oil were measured according to the AOCS official 

methods Cd8-53 and Cd 3d-63 using a potentiometer (Titrino plus 848, Metrohm, Riverview, 

USA).  

The PV is expressed as the amount of sodium thiosulfate consumed in the reaction and 

can be calculated by using Equation (13) where S is the amount of sodium thiosulfate used for 

oil sample (mL), B is the amount of sodium thiosulfate used for blanks (mL), and N is the molar 

concentration of sodium thiosulfate solution, which is 0.025 N in this study.  

g7 [8$i/�9 "%#] = (k�l)×O×@mmm
���6) ,n ��/5-� (�)         (13) 

 The AV is the result of a neutralization reaction between the free fatty acids and 

potassium hydroxide (KOH) and can be calculated by using Equation (14) where A is the 

amount of potassium hydroxide used in the titration (mL), B is the amount of potassium 

hydroxide used in titrating the blank (mL), and M is the molar concentration of potassium 

hydroxide, which is 0.1 M in this study. According to AOCS Official Method Cd 3d-63 (2009), 

acid value can be factored in terms of free fatty acid as percent oleic by dividing the acid value 

by 1.99. 

 7 [89 (:;<)/9 "%#] = (o�l)×�×>?.@
���6) ,n ��/5-� (�)          (14) 

��  [% "#$%&] = op
@.qq               (15) 



57 
 

5.4.3 Statistical Analysis 

The statistical analysis was performed using Microsoft Excel software (version 2016, 

Microsoft Corporation, WA, USA) and the OriginPro software (Version 2021, OriginLab 

Corporation, MA, USA). The data was analyzed using one-way analysis of variance (ANOVA), 

and further studied using Tukey test at a confidence level of 95%. The normality of the data was 

checked using Shapiro-Wilk test, and the homogeneity of variances was examined using the 

Levene test.  
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5.5 Results and Discussion of Quality Studies 

5.5.1 Almond Kernel Quality Characteristics 

5.5.1.1 Whiteness Index Values 

The whiteness index values (WI) of almond kernels under different drying conditions are 

presented in Figure 5.4. The whiteness index values ranged from 71.91 to 80.92 for Nonpareil 

(NP) almonds and from 73.40 to 82.36 for Wood Colony (WC) almonds. The NP variety yielded 

slightly lower whiteness index values than the WC variety, but the difference was not significant 

at p<0.05. Under the same drying conditions, the whiteness index values of dried NP and WC 

almonds were 77.73±0.64 and 77.63±2.00 for 80°C-1h-60°C then 79.18±0.94 and 79.73±2.52 

for 90°C-1h-60°C, respectively. Based on the overall statistical analysis, there was no significant 

difference in the whiteness index values of almonds dried under different drying conditions. 

Moreover, the difference in the whiteness index value between in-hull and in-shell almonds of 

Wood Colony variety was insignificant at p<0.05. Thus, almond drying by heated air at a 

temperature of up to 60°C and stepwise high temperature of up to 90°C with a holding time of up 

to 3 hours did not significantly change the flesh color of the kernel.  

 
Figure 5.4 Whiteness index of dried NP and WC almond kernels 
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(Note: values that do not share a letter are significantly different at p < 0.05, the bars indicate 

standard deviation) 

5.5.1.2 Concealed Damage After Roasting 

The color development score (CDS) of almonds dried under different treatments are 

shown in Figure 5.5. The average CDS of the dried almonds was ranging from 2.4 to 3.1 with 

relatively small standard deviations. Overall, the average CDS of all samples was 2.8±0.6, 

indicating no concealed damage. In this study, the heated air drying at a temperature of up to 

60°C and the stepwise high temperature of up to 90°C treatments did not cause a significant 

change in the average color development scores. According to the previous study by Rogel-

Castilloa et al. (2017), almonds drying below 65°C can reduce the amount of concealed damage 

while drying above 75°C can cause more concealed damage. Nevertheless, this experiment 

showed that the application of high temperature preheating at up to 90°C with a holding time of 

up to 3 hours did not cause concealed damage in the roasted almonds.  

 

Figure 5.5 Color development scores of roasted almonds 

(Note: values that do not share a letter are significantly different at p < 0.05, the bars indicate 

standard deviation) 
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5.5.2 Almond Oil Quality Characteristics  

 The oil quality was evaluated by measuring the peroxide value (PV) and acid value (AV). 

Both peroxide value and acid value are indicators of oil rancidity. The overall peroxide values 

and acid values are shown in Figure 5.6 and Figure 5.7, respectively. As shown in these figures, 

the peroxide value and acid value increased along with the rising of drying temperature.  

 

Figure 5.6 Peroxide values of almonds dried under different conditions 

 

Figure 5.7 Acid values of almonds dried under different conditions 

(Note: peroxide and acid values that do not share a letter are significantly different at p < 0.05, 

the bars indicate standard deviation) 
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In general, the peroxide values for all samples were not significantly different at p < 0.05. 

The peroxide values of Nonpareil (NP) almonds dried by heated air at different drying conditions 

ranged from 0.375 to 0.700 meq/kg, indicating a similar peroxide value to almonds dried at 

ambient temperature (0.470±0.080 meq/kg). Overall, the average peroxide value of all samples 

was 0.585±0.100 meq/kg, which is far from the industry standard of PV < 5 meq/kg.  

Different from the uniformity in the peroxide values, the acid values of Wood Colony 

(WC) samples were significantly higher than that of NP samples dried under the same drying 

conditions. The acid values of WC and NP variety were 0.655±0.086 mg KOH/g and 

0.393±0.112 for 80°C-1h-60°C and 0.711±0.071 mg KOH/g and 0.421±0.140 mg KOH/g for 

90°C-1h-60°C, respectively. Moreover, the drying of in-shell almonds did not let to a significant 

change in the acid value when compared to the drying of in-hull almonds. Overall, the acid 

values ranged from 0.281 to 0.842 mg KOH/g for the NP variety and from 0.561 to 0.898 for the 

WC variety. The acid values of almonds dried at constant temperatures of 40, 50, and 60°C were 

similar to the almonds dried at ambient temperatures, which were averaging at 0.376±0.094 mg 

KOH/g. This result showed that heated air drying at a constant temperature of up to 60°C and 

stepwise high temperature drying, particularly with a short holding time, would not significantly 

affect the oil quality.  

The acid values of almonds dried under different conditions can be expressed in terms of 

free fatty acid (FFA) (Table 5.1). In terms of free fatty acids (FFAs), the almond samples of 

Nonpareil and Wood Colony varieties ranged from 0.140 to 0.421% oleic and 0.281 to 0.449% 

oleic, respectively. Comparing the results with the industry standards (PV < 5 meq/kg and FFA < 

1.5% oleic), the oil quality of all samples was far below the limits. Therefore, heated air drying 



62 
 

at a constant temperature of up to 60°C and stepwise high temperature drying could be used to 

dry almonds without affecting the oil quality. 

 

Table 5.1 The ranges of peroxide values, acid values, and free fatty acids  

for almonds dried at different conditions 

Indicator Nonpareil Wood Colony 

PV (meq/kg) 0.375-0.700 0.525-0.850 

AV (mg KOH/g) 0.281-0.842 0.561-0.898 

FFA (% oleic) = AV/1.99 0.140-0.421 0.281-0.449 

 

5.5.3 Walnut Kernel Color Quality Characteristics 

 The color change in walnut kernel after 20 days of storage was observed by measuring 

the lightness value (L*). The overall plots for kernel lightness values of both LMC and HMC 

walnuts can be seen in Appendix B. The lightness values of dried walnuts dried under different 

conditions are presented below. 

5.5.3.1 Lightness Values of Dried Walnuts During Storage 

As shown in Figure 5.8, the lightness value of both LMC and HMC walnuts decreased 

over storage times. The differences in the kernel lightness value over storage time were 

significant at p < 0.05. On average, the lightness values of LMC and HMC walnuts were 

59.19±4.56 and 46.16±7.89 on day 0 and 51.84±4.32 and 41.02±5.55 after 20 days of storage, 

respectively. Over the 20 days of storage, the HMC walnuts samples had significantly darker 

kernel coats than the LMC walnuts as indicated by lower lightness value. Overall, the kernel 
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lightness values of LMC walnuts were higher than the industry standard of L* > 40, which 

corresponds to higher lightness value than the amber color in the USDA walnut kernel color 

chart (Figure 2.4). On the other hand, the overall kernel lightness value of HMC walnuts was 

marginally at the limit of industry standard. 

 

Figure 5.8 Average lightness values (L*) of dried walnuts over storage times 

(Note: lightness values that do not share a letter are significantly different at p < 0.05, the bars 

indicate standard deviation) 

5.5.3.2 Lightness Values of Walnuts with IR Pretreatment and at Different Drying 

Temperatures 

The lightness values of walnuts dried with and without IR pretreatment and at different 

drying temperatures are shown in Figure 5.9. The average lightness values of walnuts dried with 

and without IR pretreatment were 54.58±5.66 and 54.05±6.10 for LMC walnuts and 43.38±6.77 

and 43.62±6.78 for HMC walnuts, respectively. Like the IR pretreatment, the lightness value of 

walnuts dried at different drying temperatures were not significantly different at p < 0.05. The 
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average lightness value of walnuts dried at 45, 50, and 55°C was 54.31±5.88 and 43.50±6.78 for 

LMC and HMC walnuts, respectively. Despite the significant color change due to storage times, 

these results show that the application of IR pretreatment and drying temperatures of up to 55°C 

did not significantly alter the lightness values of all walnut samples.  

 

Figure 5.9 Average lightness values (L*) of walnuts A) dried with and without IR pretreatment;  

B) dried at different temperatures. 

(Note: lightness values that do not share a letter are significantly different at p < 0.05, the bars 

indicate standard deviation) 

5.5.3.3 Lightness Values of Walnuts Dried in Cracked-shell and Kernel Conditions 

As shown in Figure 5.10, the conditioning of walnut samples by cracking the shell 

(cracked-shell) and extracting the kernel (kernel) before the heated air drying did cause a 

significant color change in both LMC and HMC dried samples. The average lightness values of 

LMC walnuts dried in in-shell, cracked-shell, and kernel conditions were 55.03±5.24, 

54.55±6.16, and 53.37±6.11, respectively. For HMC walnuts, the average lightness values of 

walnuts dried in in-shell, cracked-shell, and kernel conditions were 41.08±5.93, 42.00±6.40, 
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47.41±6.20, respectively. The lightness values of walnuts dried in kernel condition were 

significantly different from that of walnuts dried in-shell. However, when compared to the in-

shell walnuts, the drying of cracked-shelled walnuts did not lead to a significant difference in the 

lightness value.  Based on the results, cracking walnut shells before heated air drying would not 

significantly affect the kernel color, but extracting the walnut kernels would. This indicated that 

the shell was an important factor contributing to change in the kernel lightness values. 

 

Figure 5.10 Average lightness values (L*) of walnuts conditioned into cracked-shell and kernel 

only 

 (Note: lightness values that do not share a letter are significantly different at p < 0.05, the bars 

indicate standard deviation) 

5.5.3.4 Kernel Color Change of HMC Walnuts 

The lightness values of HMC walnuts were not consistent with the previous study. In the 

preliminary study by Chen et al. (2020), the lightness values of Chandler variety walnut (23% 

w.b.) dried by heated air drying at constant temperature 43°C and 55°C ranged from 44 to 53 

over the 20 days of storage. The relatively lower lightness values of HMC walnuts in this study 
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might be caused by staining chemical compounds, like tannins and juglone (phenols), that were 

released by the hulls and absorbed by the shell when the in-hull walnuts were thawed from cold 

storage. Walnut hulls and shells contain tannins (Venkatachalam & Sathe, 2006), a dark brown 

compound that might leech in from the shell and stain the kernel. Nevertheless, walnut kernel 

naturally is coated with tannins that protect the flesh from oxidative rancidity (Sze-Tao et al., 

2001). Besides tannins, walnut hulls also contain hydroxy-juglone (colorless) that is readily 

oxidized into juglone (Wheeler, 1919; Gries, 1943), a dark brown toxic compound that is 

sometimes used for natural cloth dye. Based on the observation of in-shell, cracked-shell and 

kernel of dried HMC walnuts (Figure 5.10Error! Reference source not found.), walnuts dried 

in kernel condition had a significantly higher lightness value (p < 0.05) than in-shell and 

cracked-shell walnuts. The shells most likely held the staining compounds from the thawed hulls 

which resulted in a relatively darker kernel color of the dried walnuts (Figure 5.11). The results 

from HMC walnuts are not a representative walnut processing in the industry because freshly 

harvested walnuts are typically dehulled and dried directly. 

 

Figure 5.11 Walnut kernels extracted from HMC in-shell walnut samples before (left) and  

after (right) heated air drying treatment 
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5.5.4 Oil Quality 

 The change in walnut oil quality was analyzed by measuring the peroxide value (PV) and 

acid value (AV). The comprehensive plots of peroxide values and acid values of walnuts dried 

with different conditions and pretreatments can be seen at Appendix B.  

5.5.4.1 Peroxide Values of Dried Walnuts During Storage 

The peroxide values of dried walnuts over storage times are shown in Figure 5.12. 

Generally, the peroxide value of all samples increased with increasing storage time. The 

peroxide value of dried LMC and HMC walnuts increased over storage time and peaked at 15 

days of storage. After heated air drying (day 0), the average peroxide values of LMC and HMC 

walnuts were 0.0554±0.0339 meq/kg oil and 0.0841±0.0779 meq/kg oil, respectively. In 

contrast, the average peroxide values of LMC and HMC walnuts after 15 days of storage were 

0.162±0.108 meq/kg oil and 0.143±0.082 meq/kg oil, respectively. After the peak, the peroxide 

value was subsequently decreased, possibly because the peroxides were readily decomposed into 

secondary oxidation products (Hwang, 2017).  

 

Figure 5.12 Average peroxide values (PV) of dried walnuts over storage times 
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(Note: the values that do not share a letter are significantly different at p < 0.05, the bars indicate 

standard deviation) 

5.5.4.2 Peroxide Values of Walnuts with IR Pretreatment and at Different Drying 

Temperatures 

The peroxide values of walnuts dried with and without IR pretreatment and at different 

drying temperatures are shown in Figure 5.13. For LMC walnuts, the average peroxide values of 

walnuts treated with and without IR pretreatment were 0.0782±0.0587 meq/kg oil and 

0.124±0.115, respectively. When compared to walnuts dried without IR pretreatment, the 

application of IR pretreatment caused a reduction in the average peroxide value of LMC 

samples, though the differences were not apparent in HMC samples in which averaged to 0.102 

meq/kg oil. The lower peroxide values in LMC samples with IR pretreatment could be expected 

because the application of short-time heat treatments can retard the lipoxygenase activity in 

walnut, an enzyme that catalyzes the production of hydroperoxide (Buranasompob et al., 2006; 

Gardner, 1980). Meanwhile, there is no significant difference in the peroxide values of all 

samples dried at different drying temperatures. The average peroxide value for all walnut 

samples dried at 45, 50, and 55°C was 0.101 meq/kg oil. These results suggested that the 

application of IR pretreatment before heated air drying had a potential in hindering the 

production of peroxides, especially when the initial moisture content was low. Also, the drying 

temperature of 45, 50, and 55°C would not result in a significant change in the average peroxide 

values. 
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Figure 5.13 Average peroxide values (PV) of walnuts A) dried with and without IR pretreatment;  

B) dried at different temperatures 

(Note: the values that do not share a letter are significantly different at p < 0.05, the bars indicate 

standard deviation) 

5.5.4.3 Peroxide Values of Walnuts Dried in Cracked-shell and Kernel Conditions 

As shown in Figure 5.14, the conditioning of LMC and HMC walnuts before heated air 

drying did not significantly affect the peroxide values of the dried products. The average 

peroxide values of walnuts dried in cracked-shell, and kernel condition were 0.0699±0.0497 

meq/kg oil and 0.137±0.123 meq/kg oil for LMC walnuts and 0.126±0.084 meq/kg oil and 

0.0963±0.074 meq/kg oil for HMC walnuts, respectively. At p < 0.05, these values were not 

significantly different from the average peroxide values of dried in-shell walnuts, which were 

0.0959±0.0828 meq/kg oil and 0.0843±0.0649 meq/kg oil in respect to LMC and HMC walnuts. 

In general, walnuts dried in kernel condition had slightly higher peroxide values than dried in-

shell walnuts, though the difference was not significant. 
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Figure 5.14 Average peroxide values (PV) of walnuts conditioned into cracked-shell and kernel 

(Note: the values that do not share a letter are significantly different at p < 0.05, the bars indicate 

standard deviation) 

5.5.4.4 Peroxide Value Evaluation 

 Overall, the peroxide values of all tested conditions were within the industry standard 

limit of 1.0 meq/kg. As denoted by the large standard deviations, the peroxide values fluctuated 

over storage time due to the dynamic nature of lipid oxidation (Mitchell, 2014). Different from 

almonds, walnut oils are unstable and prone to oxidation because of the high concentration of 

polyunsaturated fat in walnut kernels (Edwards & McQuiggan, 2020). Compared to walnuts 

dried in cracked-shell and kernel conditions, the peroxide value of in-shell HMC walnuts was 

relatively lower. The lower peroxide values in in-shell HMC samples may be caused by the 

phenolic compounds from the walnut husks that seeped into the kernel when the in-hull walnuts 

were thawed. Phenolic compounds in walnuts, such as ferulic acid, coumaric acid and myricetin, 

have antioxidant properties that may prevent lipid oxidation (Cosmulescu & Trandafir, 2011; 

Jahanban-Esfahlan et al., 2019). To fully understand the extent of lipid rancidification in walnuts 
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dried under different treatments, the oil quality in terms of acid value was measured to quantify 

the products of hydrolytic rancidity. 

5.5.4.5 Acid Values of Dried Walnuts During Storage  

The acid values of dried walnuts over storage times are shown in Figure 5.15. Over the 

20 days of storage, the acid values ranged from 0.006 to 0.830 mg KOH/g oil for LMC walnuts 

and 0.028 to 1.116 mg KOH/g oil for HMC walnuts. The acid values of HMC walnuts were 

significantly higher than that of LMC walnuts at p < 0.05. Over storage times, the acid values of 

HMC walnuts did fluctuate, but the acid values of LMC walnuts were not significantly different. 

The acid values for LMC walnuts were relatively stable at 0.147±0.125 mg KOH/g, indicating a 

slow hydrolytic decomposition of the triglycerides into free fatty acids over storage time.  

 

Figure 5.15 Average acid values (AV) of dried walnuts over storage times 

(Note: the values that do not share a letter are significantly different at p < 0.05, the bars indicate 

standard deviation) 
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5.5.4.6 Acid Values of Walnuts with IR Pretreatment and at Different Drying 

Temperatures 

 As shown in Figure 5.16, the application of IR pretreatment did significantly affect the 

acid values of HMC walnuts but not LMC walnuts. The average acid values of walnuts treated 

with and without IR were 0.449±0.235 mg KOH/g oil and 0.327±0.188 mg KOH/g oil for HMC 

walnuts and 0.137±0.101 mg KOH/g oil and 0.158±0.146 mg KOH/g oil for LMC walnuts, 

respectively. Besides the significant changes due to the IR pretreatment, the drying temperature 

from 45 to 55°C did not significantly affect the acid values. On average, the acid values of LMC 

and HMC walnuts dried at different drying temperature were 0.147 mg KOH/g oil and 0.388 mg 

KOH/g oil, respectively. Overall, the acid values of HMC walnuts were significantly higher than 

the acid values of LMC walnuts. 

 

Figure 5.16 Average acid values (AV) of walnuts A) dried with and without IR pretreatment;  

B) dried at different temperatures 

(Note: the values that do not share a letter are significantly different at p < 0.05, the bars indicate 

standard deviation) 
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5.5.4.7 Acid Values of Walnuts Dried in Cracked-shell and Kernel Conditions 

The acid values of walnuts dried in in-shell, cracked-shell and kernel conditions are 

shown in Figure 5.17. The walnut conditioning by cracking the shells (cracked-shell) and 

extracting the kernel (kernel) before heated air drying did not significantly affect both LMC and 

HMC walnuts. The average acid values of walnuts dried in in-shell, cracked-shell, and kernel 

conditions were 0.187 mg KOH/g oil, 0.141 mg KOH/g oil, and 0.113 mg KOH/g oil for LMC 

walnuts and 0.372 mg KOH/g oil, 0.455 mg KOH/g oil, and 0.338 mg KOH/g oil for HMC 

walnuts, respectively. In comparison to in-shell walnuts, the HMC samples dried in cracked-shell 

condition had a higher average acid value while the samples dried in kernel condition had a 

lower average acid value, though the differences were not significant. The cracking treatment 

could potentially allow more heat to penetrate into the kernels. Combined with the high initial 

moisture content, the cracking treatment could accentuate the decomposition of triglycerides in 

the walnut oils into free fatty acids.  

 

Figure 5.17 Average acid values (AV) of walnuts conditioned into cracked-shell and kernel only.  
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(Note: the values that do not share a letter are significantly different at p < 0.05, the bars indicate 

standard deviation) 

5.5.4.8 Acid Values Evaluation 

In general, the acid values of HMC dried walnuts were significantly higher than the acid 

values of LMC dried walnuts. The acid values of LMC walnuts over all drying conditions and 

storage times were not significantly changed. However, the acid values of HMC walnuts were 

significantly affected by the IR pretreatment. Hydrolytic rancidification happens when lipids 

react with water, heat, and catalysts (such as metals), forming free fatty acids and glycerol 

(Mahesar et al., 2014). The higher acid value indicates a higher concentration of free fatty acids 

presence in the oil samples. Afterall, the acid values of all tested conditions were within the 

industry standard limit of 1.2 mg KOH/g, which was an equivalent to free fatty acids of 0.6% 

oleic.   
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Chapter 6 - Conclusions 

From the results and observation, the alternative drying methods, including almond 

drying by stepwise high temperature with a holding period and walnut drying by infrared pre-

drying of in-shell walnuts followed by heated air drying of the conditioned walnuts (in-shell, 

cracked-shell, kernel), were highly efficient. They can be applied as alternative methods to the 

conventional drying practices without causing any quality concern after drying and storage. 

Further study needs to be done on the microbial safety of these drying methods. 

 

Based on the different pretreatments and drying conditions of almonds, the following 

conclusions have been made: 

1) The almond drying by heated air at 40, 50, and 60°C and by stepwise high temperature 

with a first stage at 80 and 90°C, holding time for up to 3 hours, and a second stage at 

60°C had a significantly less drying time than the almond drying at ambient temperature 

(36 hours). The total processing times of almonds dried by heated air at 40, 50, and 60°C 

ranged from 7 to 16 hours while the total processing time (including holding time) of 

almonds dried by stepwise high temperature ranged from 7 to 10.5 hours. Under 60°C 

heated air drying condition, almond in-shells (1h) required significantly less drying time 

than almond in-hulls (9h). New dehulling technologies for almonds need to be studied for 

industry application. The drying curves for almonds were best represented by the Page 

model. 

2) The analysis on almond kernel quality showed a similarity in the almond flesh colors 

after different drying methods and no significant concealed damages. The average 

whiteness index (WI) value of the Nonpareil (NP) variety was slightly lower at 77.1±2.3 
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than that of the Wood Colony (WC) variety at 79.1±2.1, though the difference was not 

significant at p < 0.05. The average color development score (CDS) for concealed 

damage of all samples was 2.8±0.6, which indicated no concealed damage. The WI and 

CDS data revealed that almond kernel quality was not significantly affected by the 

different drying conditions.  

3) Both the peroxide value (PV) and acid value (AC) of all almond samples increased along 

with the rising of drying temperature. However, the PVs of all samples were not 

significantly different at p < 0.05, averaging at 0.585±0.100 meq/kg. The AVs of the 

Nonpareil and Wood Colony varieties under different drying conditions ranged from 

0.281 to 0.842 mg KOH/g and 0.561 to 0.898 mg KOH/g, respectively. Under the same 

drying condition, the AVs of the Nonpareil variety were significantly lower than the 

Wood Colony variety. Overall, the oil quality indicators of almonds dried under all of the 

drying conditions were far below the industry standards (PV < 5 meq/kg and AV < 3.0 

mg KOH/g), indicating high quality products. 

 

Based on the results from different pretreatments, drying conditions, and storage of walnuts, 

the following conclusions have been made: 

1) The initial wet basis moisture contents of harvested Chandler walnuts were 10.06±0.75 % 

and 27.67±2.74 % for low moisture content (LMC) and high moisture content (HMC) 

walnuts, respectively. The drying times of LMC walnuts ranged from 0.5 to 2 hours 

while the drying time of HMC walnuts ranged from 5 to 16 hours. Overall, walnut 

samples dried the fastest under heated air drying temperature of 55°C, followed by 50°C 

and 45°C, consecutively. The application of IR pretreatment could reduce the overall 
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drying time of walnuts. The difference was most apparent when the samples are dried at a 

relatively lower drying temperature. Comparing the drying times of walnuts dried in 

cracked-shell and kernel conditions, walnuts dried in kernel condition required shorter 

drying time than walnuts dried in cracked-shell condition, followed by in-shell walnuts. 

When compared to in-shell walnuts, walnuts dried in cracked-shell and kernels conditions 

could reduce the drying time by up to 28% and 54%, respectively. Walnuts dried in 

cracked-shell condition could improve the integrity of the dried kernel product. Further 

study needs to be done to evaluate the treatments in relation to the dried kernel integrity. 

2) The kernel lightness value (L*) of walnut samples decreased during the storage test. The 

application of IR pretreatment and heated air drying at a temperature up to 55°C did not 

significantly alter the lightness values of all samples. Generally, the L* values of the 

kernels from dried in-shell walnuts were significantly different from that of dried in 

kernel condition. The L* values of LMC walnuts were higher than the industry standard 

of L* > 40, while the L* values of HMC walnuts were marginally at the limit of industry 

standard. The low lightness values in HMC walnuts were most likely caused by staining 

compounds, such as tannins and juglone, that seeped into the kernels from thawed 

walnuts hulls and oxidized during the drying process in this study. 

3) The PVs of walnut samples increased over storage time and peaked at 15 days of storage. 

When compared to the LMC samples without IR pretreatment, the average PV of LMC 

walnuts with IR pretreatment was significantly lower. The low PV was most likely 

caused by the deactivation of catalytic pro-oxidant in the walnuts from the application of 

IR pretreatment, which should be confirmed in the future study. There was no significant 

difference at p > 0.05 in the PVs of all samples dried at a temperature of 45, 50, and 



78 
 

55°C. The overall PVs of all walnut samples were within the industry standard limit of 

1.0 meq/kg. 

4) The AVs for dried HMC walnuts were significantly higher than that of the dried LMC 

walnuts. The application of IR pretreatment on HMC walnuts significantly increased the 

AVs, but the different heated air drying temperature of 45, 50, and 55°C did not 

significantly change the AVs (p < 0.05). The AVs for LMC walnuts were relatively stable 

over storage time at 0.147±0.125 mg KOH/g. Afterall, the AVs of all tested conditions 

were within the industry standard limit of 1.2 mg KOH/g. 
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Appendix 

Appendix A – Model Parameters for Almond Drying and Drying Times for Walnut Drying 

A.1 Almond Drying  

Table A.1 The Page model parameters for almond drying 

 

 

  

Variety Drying Condition 

Page Model 

MR = exp(-k*tn) 

k (s-1) n R2 RMSE 

 
 
 
 
 
 
 
 
 

Nonpareil 

Ambient 0.0078 0.5934 0.9908 0.0097 

40°C 0.0009 0.8687 0.9998 0.0016 

50°C 0.0019 0.7832 0.9982 0.0047 

60°C 0.0031 0.7716 0.9999 0.0011 

80°C~1h~60°C 0.0146 0.4935 0.9805 0.0138 

80°C~2h~60°C 0.0074 0.6030 0.9760 0.0170 

80°C~3h~60°C 0.0021 0.7649 0.9366 0.0251 

90°C~1h~60°C 0.0078 0.5934 0.9908 0.0097 

90°C~2h~60°C 0.0033 0.7270 0.9708 0.0189 

90 C~3h~60°C 0.0004 1.0359 0.9637 0.0226 

 
 
 

Wood 
Colony 

60°C IH 0.0011 0.9409 0.9998 0.0021 

60°C IS 0.0077 0.5916 0.9990 0.0021 

80°C~1h~60°C 0.0079 0.6034 0.9880 0.0118 

90°C~1h~60°C 0.0037 0.7294 0.9942 0.0100 
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A.2 Walnut Drying 

Table A.2 Drying times of walnuts dried with different conditions 

 

 

Pre-treatment 

 

Drying 

Temperature 

(oC) 

 

Air 

Velocity 

(m/s) 

Drying Time (h) 

LMC HMC 

IS Cracked Kernel IS Cracked Kernel 

 
 
 

IR 

45 1 1.2 0.8 0.65 14.5 10.6 7.1 

50 1 1.0 0.9 0.8 9.8 7.1 4.5 

55 1 0.8 0.5 0.45 7.8 6.6 4.0 

 
 
 

No IR 

45 1 1.4 1.3 1.2 15.5 11.2 9.2 

50 1 0.88 0.83 0.67 10.3 7.5 5.3 

55 1 0.83 0.83 0.67 8.3 7.7 4.2 
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Appendix B – Summary Plots and Tables for Quality Characteristics of Walnuts 

B.1 Lightness Value Summary Plots and Tables 

 

 

 
 

Figure B.1 Lightness values of LMC walnuts dried under different conditions  
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Figure B.2 Lightness values of HMC walnuts dried under different conditions 
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Table B.1 Average lightness values of dried walnuts over storage time 

Initial  

Moisture 

Content 

Day 0 

(meq/kg) 

Day 5 

(meq/kg) 

Day 10 

(meq/kg) 

Day 15 

(meq/kg) 

Day 20 

(meq/kg) 

LMC 59.19±4.57 
 a 

56.67±4.59 b 53.86±5.42  
c 

50.00±5.46  
d 

51.84±4.33 
cd 

HMC 46.16±7.89 
e 

42.91±6.38 
fg 

43.21±6.62 
f 

44.18±6.24 
ef 

41.02±5.55 
g 

 

Table B.2 Average lightness values of in-shell, cracked-shell, and kernel dried walnut 

Initial Condition In-shell Cracked-shell Kernel 

LMC 55.0±5.2 a 54.5±6.2 ab 53.4±6.1 b 

HMC 41.1±5.9 d 42.0±6.4 d 47.4±6.2 c 

 

Table B.3 Average lightness values of walnut dried with and without IR pretreatment 

Initial Moisture Content With IR (meq/kg) Without IR (meq/kg) 

LMC 54.58±5.66 a 54.05±6.10 a 

HMC 43.38±6.77 b 43.62±6.78 b 

 

Table B.4 Average lightness values of different drying temperatures 

Initial Moisture 

Content 

45oC (meq/kg) 50oC (meq/kg) 55oC (meq/kg) 

LMC 54.70±5.56 a 53.72±6.20 a 54.52±5.87 a 

HMC 43.78±6.52 b 43.43±6.37 b 43.28±7.40 b 

 

(Note: the values that do not share a letter are significantly different at p < 0.05) 
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B.2 Peroxide Value Summary Plots and Tables  

 

Figure B.3 Peroxide values of LMC walnuts dried under different conditions 
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Figure B.4 Peroxide values of HMC walnuts dried under different conditions 
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Table B.5 Average peroxide values of dried walnuts over storage time 

Initial  

Moisture 

Content 

Day 0 

(meq/kg) 

Day 5 

(meq/kg) 

Day 10 

(meq/kg) 

Day 15 

(meq/kg) 

Day 20 

(meq/kg) 

LMC 0.0554±0.0339 
 a 

0.0674±0.0502 
ab 

0.101±0.112  
abc 

0.162±0.108  
d 

0.120±0.0984 
bcd 

HMC 0.0841±0.0779 
abc 

0.0704±0.0518 
ab 

0.112±0.073 
abcd 

0.143±0.082 
cd 

0.101±0.077 
abc 

 

Table B.6 Average peroxide values of in-shell, cracked-shell, and kernel dried walnut 

Initial Moisture 

Content 

In-shell 

(meq/kg) 

Cracked-shell 

(meq/kg) 

Kernel 

(meq/kg) 

LMC 0.0959±0.0828 abc 0.0699±0.0497 a 0.137±0.123 c 

HMC 0.0843±0.0649 ab 0.126±0.084 bc 0.0963±0.074 abc 

 
Table B.7 Average peroxide values of walnut dried with and without IR pretreatment 

Initial Moisture Content With IR (meq/kg) Without IR (meq/kg) 

LMC 0.0782±0.0587 a 0.124±0.115 b 

HMC 0.102±0.074 ab 0.102±0.079 ab 
 

Table B.8 Average peroxide values of different drying temperatures 

Initial Moisture 

Content 

45oC (meq/kg) 50oC (meq/kg) 55oC (meq/kg) 

LMC 0.0960±0.0907 a 0.115±0.111 a 0.0926±0.0763 a 

HMC 0.0951±0.0782 a 0.100±0.058 a 0.111±0.090 a 

(Note: the values that do not share a letter are significantly different at p < 0.05) 
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B.3 Acid Value Summary Plots and Tables 

 

 

 
Figure B.5 Acid values of LMC walnuts dried under different conditions 
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Figure B.6 Acid values of HMC walnuts dried under different conditions 
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Table B.9 Average acid values of dried walnuts over storage time 

Initial 

Moisture 

Content 

Day 0 

(mg KOH/g) 

Day 5 

(mg KOH/g) 

Day 10 

(mg KOH/g) 

Day 15 

(mg KOH/g) 

Day 20 

(mg KOH/g) 

LMC 0.167±0.042 
ab 

0.127±0.121 
a 

0.0842±0 
a 

0.186±0.163 
ab 

0.173±0.174 
ab 

HMC 0.556±0.166 
e 

0.261±0.245 
bc 

0.396±0.225 
d 

0.362±0.170 
cd 

0.365±0.187 
cd 

 

Table B.10 Average acid values of in-shell, cracked-shell, and kernel dried walnut 

Initial Moisture 

Content 

In-shell 

(mg KOH/g) 

Cracked-shell 

(mg KOH/g) 

Kernel 

(mg KOH/g) 

LMC 0.187±0.190 a 0.141±0.076 a 0.113±0.057 a 

HMC 0.372±0.235 bc 0.455±0.196 c 0.338±0.217 b 

 
Table B.11 Average acid values of walnut dried with and without IR pretreatment 

Initial Moisture Content With IR 

(mg KOH/g) 

Without IR 

(mg KOH/g) 

LMC 0.137±0.101 a 0.158±0.146 a 

HMC 0.449±0.235 c 0.327±0.188 b 
 

Table B.12 Average acid values of different drying temperatures 

Initial Moisture 

Content 

45oC 

(mg KOH/g) 

50oC 

(mg KOH/g) 

55oC  

(mg KOH/g) 

LMC 0.17896±0.17235 a 0.13903±0.10549 a 0.12417±0.07289 a 

HMC 0.4388±0.22279 b 0.35053±0.21602 b 0.37531±0.21749 b 

 

(Note: the acid values that do not share a letter are significantly different at p < 0.05) 
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