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Abstract: This research paper studies the development of a sustainable process for the 

extraction of antioxidants from oat. Experimentation covered two factorials to evaluate 

significance among temperature, time, particle size and solvent. Total polyphenolic content 

(TPC) and oxygen radical absorbance capacity (ORAC) were the response variables. 

ANOVA was applied to find significance among variables and predict optimum conditions 

though a regression model. Extractions at different solid/solvent ratios were developed to 

study solvents’ solubility. Process simulation in Aspen Process Developer was carried out 

to evaluate energy cost, raw material cost, campaign time, and process mass intensity. 

Solvent and particle size showed significance as main effects, whereas temperature and 

time presented significance as interactions. From an industrial and sustainable perspective, 

ethanol (EtOH) in a 1/20 (w/v) ratio was the best choice since it presented the lowest cost 

for energy and raw material. It also showed the lowest process mass intensity (PMI), short 

campaign time, highest g extract/g oat, and a considerable antioxidant capacity. 

Keywords: oat; process development; sustainability; polyphenols; antioxidants;  

solvent extraction. 
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1. Introduction 

Whole grain cereals such as oat are an important source of polyphenols. Polyphenols are of interest 

because of its high antioxidant capacity and potential health benefits [1,2]. They act as antioxidants 

over the free radicals inhibiting the formation of oxygen radicals, preventing chronic degenerative 

diseases such as cancer and coronary disease [3,4]. In the particular case of oat, it contains polyphenols 

with antioxidants activity such tocotrienols, phenolic acids, avonoids, sterols, phytic acid and 

avenanthramides. The last is regarded as being unique to oat, presenting good antioxidant activities in 

vitro and in vivo [5]. As a result, oat extracts have been evaluated for its anti-inflammatory effect [6] 

and its effect in controlling cholesterol levels [7]. Recently, there has been interest in oat as a bioactive  

high-value source for human health [8] in industries such as food, pharmaceutical, and cosmetic. 

There are studies regarding the extraction of polyphenols from oat in a laboratory scale. Oat 

exactions with ethanol mixtures have been reported [3] as well as extractions with methanol [9], water, 

and acetone [6]. From these studies it can be concluded that polyphenols’ extraction is affected by 

solvent, temperature, and solids particle size. Nevertheless, there is no analysis about the extraction of 

polyphenols from an industrial and sustainable perspective. This is necessary if industrial development 

is seen in the near future. The development of a sustainable process relies on evaluating different 

process alternatives in the early stages of development [10]; this allows taking the best decision 

without compromising investment. For instance, solvent extraction is known for its high solvent 

consumption, having a direct effect in the sustainability of the process. Moreover, the solvent with the 

best performance in the laboratory does not necessarily give the most sustainable process at industrial 

scale. Aspects such as cost, energy consumption, and HSE (Health, Safety, and Environmental) 

performance play an important role in process development. As a consequence, a more holistic 

analysis is necessary when scaling a process. 

This research relies on evaluating from an early stage of development the extraction of polyphenols 

from oat. Compared to other studies, single solvents were considered since information is available 

regarding its potential recovery [11]. Solvent recovery and recycling are important aspects to consider 

for extraction scaling, as well as for the development of a sustainable process [12]. Nevertheless, it 

does not mean that mixtures should not be evaluated. For this particular case there is plenty of literature 

regarding the performance of mixtures, and as it will be seen in the results section single solvents 

presented better or similar performance compared to extractions with mixtures already reported. The 

information obtained from this research will give a more holistic view for developing a sustainable 

process in the future, considering that a sustainable process has to be economically feasible. 

2. Experimental Section 

The methodology in this research covered two stages. The first stage consisted in developing key 

laboratory experiments for scaling the process. Among these, there was the optimization of important 

variables such as temperature, time, particle size and solvent. Solubility experiments also were carried 

out in order to optimize the amount of solvent used in the extraction. A second stage consisted in 

developing process simulation in the software Aspen Process Development 7.3. As a result, sustainable 

metrics such as raw materials cost, energy cost, yield, process mass intensity (PMI), and campaign 

time were estimated. 
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2.1. Laboratory Experimentation 

2.1.1. Materials and Methods 

Forage oat samples were purchased in a local cattle food distribution center. Ethanol (EtOH), 

ethylene glycol (EG) and isopropyl alcohol (IPA) were purchased from a local distributor. Folin 

Ciocalteu reagent, gallic acid, sodium carbonate, 6-hydroxy-2,5,7,8-tetramethylchromane-2-carboxylic 

acid (Trolox standard), 2-2′-azobis (2-amino-propane) dihydrochloride (AAPH) and fluorescein (FL) 

all were Sigma-Aldrich Co. reagents purchased with a local distributor. 

2.1.2. Milling and Sieving 

Two kilograms of forage oat were milled with a cross beater mill (Retsch sk 100). Sieving was 

followed after milling, this with the purpose for getting a particle size distribution. Sieves sizes were in 

the range of 2.0 mm to 0.074 mm. After sieving, particle size distribution was estimated. Samples were 

collected on black plastic bags and stored under refrigeration. 

Figure 1 displays the results from particle size distribution. From this distribution it was found that 

63% of the distribution was in the size of 0.50 mm. This is important since this is the size used in a 

great deal of reports regarding extraction of antioxidants from oat [3,8,13–16]. Hence, the experiments 

proposed in this research covered this range, this to evaluate the effect of particle size in the extraction. 

Figure 1. Particle size distribution. 

 

2.1.3. Solvent Selection 

For this research single solvents were used rather than mixtures, this is because for a future process 

development single solvents are preferred than mixtures [17]. The reduction in the number of solvent 

used, the ease to be recovered and handle are important aspects that should be seriously evaluated. 

Another important aspect is that the solvent selected might be well known by the industry; otherwise 

industrial implementation might not be feasible. 
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A solvent selection method [18] was employed for the selection of four solvents. The solvents 

selected replaced a mixture already reported and used in the laboratory. The method consisted in 

finding solvents with similar polarity to the mixture. To achieve this, a mixture (80% EtOH) reported 

from the literature [3,13] was selected. As a result, ethylene glycol (EG) was the most similar solvent 

to the mixture polarity behavior, following ethanol (EtOH). Isopropyl alcohol (IPA) also was selected 

for its similarities to the mixture and low cost. Likewise, water was also selected because of its 

similarities, low cost, and low HSE impact. In terms of toxicity water can be considered as non-toxic, 

whereas EtOH and IPA can be classified as slightly toxic [19]. Only EG is considered as moderately 

toxic; nevertheless, this solvent is considered as a good choice [20] from a holistic perspective. 

Another important aspect is that toxicity will depend on traces left in final product. Cases have been 

reported [21] where solvents presenting higher toxicities are used in industrial scale since they present 

more benefits from a holistic perspective. Important aspects to consider when evaluating these solvents 

are the ease to be separated, to be contained, and to be recycled. 

2.1.4. Solvent Extraction 

A shaker incubator was employed (311DS, Labnet International: Edison, NJ, USA) for the extraction 

of polyphenols. Currently, there is plenty of research describing extraction conditions [2,3,8,13,15]. 

Similar conditions were selected in the different experiments. For instance, it is well known that 

temperatures higher than 60 °C can lead to polyphenols’ degradation. In the case of time, values up to 

60 min have been considered enough for a solid/solvent ratio of 1:4. Higher polyphenol content has 

been obtained when increasing solvent ratio; however, this may lead to an excessive solvent 

consumption, affecting the feasibility of the process. Temperature and agitation were controlled 

according to a design of experiment (DOE). Five grams of milled forage oat were mixed with 20 mL 

of solvent (1:4) and agitation was set to 150 rpm. After extraction samples were vacuum filtered using 

a Wattman filter # 42. Extracts were stored in 15 ml falcon flasks under refrigeration (−5 °C) in 

absence of light until total polyphenol content and antioxidant capacity were measured. 

2.1.5. Total Polyphenol Content (TPC) 

Folin Ciocateu’s technique was implemented according to literature [22] with some modifications 

for the quantification of TPC. Gallic acid standards were prepared at 100, 200, 300 and 400 ppm.  

10 grams of sodium carbonate (Na2CO3) were dilute in 50 ml of distillate water. 40 µL of a 1:40 crude 

extract dilution and 40 µL of gallic acid standards were placed in test tubes with 3 mL of distillate 

water. 200 µL of 2N Folin Ciocalteu’s reagent were added to each tube (standards, samples, and blank) 

and mixed. After 10 min 600 µL of Na2CO3 solution was added and mixed. Test tubes were placed in a 

water bath incubator at 40 °C. After 15 min absorbance was measured at 75 using a Helyos 

spectrophotometer. Calibration curve was plotted with standards’ absorbances. TPC was expressed as 

mg of Gallic Acid Equivalents (GAE)/g of dry oat. Calibration data is displayed in Table 1. 

Table 1. Regression for the calibration of Gallic Acid Equivalents (GAE) standards. 

Factorial 1 Factorial 2 

Slope Intercept R
2
 Slope Intercept R

2
 

0.0008 −0.0505 0.9943 0.0009 −0.0362 0.9909 
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2.1.6. Oxygen Radical Absorption Capacity (ORAC) 

Antioxidant activity was quantified by ORAC assay according to the literature [23] with some 

modifications. A 75 µM and pH 7.45 phosphate buffer was prepared. All reactive preparation and extract 

dilutions were in a phosphate buffer matrix. Trolox (6-hydroxy-2, 5, 7, 8-tetramethylchroman-2-carboxylic 

acid) standard solutions were prepared at 4, 8, 16, 32 and 64 µM. 0.31 M AAPH solution was prepared 

with 0.86 g in 10 mL buffer. 40 µL of Trolox standards, 40 µL of 1:50 crude extracts dilution and  

40 µL of buffer blank were added to a 96-well plate. 200 µL of a 1.4 µM fluorescein solution was 

added to each well and the plate was incubated at 37 °C for 20 min in a multilabel plate reader (Thermo 

Scientific Varioskan). After incubation the first fluorescence reading was made (time = 0). After that,  

35 µL of AAPH solution was added to each well. Excitation wavelength of 485 nm and an emission 

wavelength of 535 nm were used. A total of 60 readings were taken for each extract (1 h). Samples and 

standards were run by triplicate. ORAC was expressed as µmolTE/g oat (micromol equivalents of 

Trolox per gram of oat). This expression was obtained comparing the net area under curve (AUC) of 

the samples against the Trolox calibration curve (Table 2). 

Table 2. Regression for the calibration of Trolox standards. 

Factorial 1 Factorial 2 

Solvent Slope Intercept R
2
 Solvent Slope Intercept R

2
 

IPA 0.7789 14.1939 0.9796 EtOH 0.6526 14.0051 0.9627 

Water 0.9996 −0.7754 0.9836 EG 0.6779 13.3367 0.9432 

2.1.7. Design of Experiment 

Two factorial designs were proposed for evaluating the significance of time, temperature, particle 

size and solvent (Table 3). 2
k
 factorials are recommended for early stages of experimentation and when 

many variables are involved in the response [24]. 

Table 3. Variables and levels of the design of experiment (DOE). 

Variable 
Factorial 1 Factorial 2 

Low High Low High 

Particle size (mm) 0.5 2 0.075 0.5 

Temperature (°C) 30 50 30 50 

Time (min) 20 60 20 60 

Solvent IPA Water EtOH EG 

Each factorial consisted in a block of two levels with 32 runs including repetitions. Statistical 

significance of the model was calculated at 5% probability level (α = 0.05). The software Minitab 16 

was used for developing the DOE as well as the statistical analysis. In order to avoid sources of bias 

experiments were run in a randomly sequence. Maximum and minimum levels of factorial design 1 

were obtained from experiments already reported [3,13,14,16]. For solvents, the coded values (1, −1) 

referred to different polarity levels, the higher level must be the polar solvent. ANOVA was used to 

test significance (p < 0.05) among main effects and interactions. From the results of factorial 1 it was 
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found that the main effects of solvent and particle size, and the interaction of both presented a very 

strong effect (p << 0.001) for TPC and ORAC. From this result it was found that very polar solvents 

such as water and smaller particle size benefit the response. Hence, a second 2
k
 factorial was proposed 

having smaller particle size than factorial 1 and solvents similar to water. 

2.1.8. Solubility Behavior 

Solubility plots were developed with optimum conditions for each solvent; this in order to evaluate 

solubility behavior in the extracts. As a result, it was possible to obtain the amount of extract as the 

solute/solvent relation changes. Different solvent extractions were developed at different solids/solute 

(w/v) ratios: 1:2.5, 1:5, 1:7.5, 1:10, 1:12.5, 1:15, 1:17.5, 1:20. To obtain dry extracts, porcelain 

capsules were taken to constant weight. Eight milliliters of extract were added to a capsule and taken 

to 40 °C with full vacuum until weight got constant. Initial and final weight was registered. 

Experiments were run by triplicate. The grams of extract per gram of oat were determined as well as 

TPC and ORAC. 

2.2. Process Development and Sustainability Analysis 

In order to evaluate the sustainability of the process a simulation was developed with the software 

Aspen Process Developer 7.3 [25]. Optimum process conditions obtained from the laboratory stage 

were used to feed the simulation. Two main steps were considered for the production of dry 

antioxidant extracts: a solvent extraction unit and drying unit (Figure 2). The extraction unit was 

charged with oat and solvent. After extraction the solvent with the extract goes to a drying unit where a 

dried extract is obtained. Solvent recycling was considered since this aspect is critical for the 

development of a sustainable process [12]. A solvent recovery of 90% was considered for each case, 

since it has been reported that the four solvents can be recovered [11]. Main operations are displayed 

in Figure 2. 

Figure 2. Process main operations and extraction plant layout. 
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From simulation the kilograms of extract produced, energy cost, raw materials cost, and process 

mass intensity (PMI) were calculated. PMI is a relation between the mass of product produced 

(antioxidant extract) and the total mass of raw materials utilized in the process. This metric is 

considered as one of the most important in terms of sustainability [12]. The nearest the PMI is to one 

(the ideal value) the less waste is produced in the process and the more conversion of the total mass 

into product takes place, leading to a more sustainable process. It is important to mention that this 

aspect occurs as a direct effect of the CO2 produced in the process [12]. 

3. Results and Discussion 

ANOVA results for the first and second factorial are shown in Tables 4 and 5. Table 6 displays 

ORAC regression coefficients used in the optimization of the response. 

Table 4. ANOVA for the first factorial. 

TPC ORAC 

Source DF SS F p Source DF SS F p 

Main Effects 4 5.338 120.100 <0.001 Main Effects 4 1963.170 53.540 <0.001 

A 1 0.016 1.420 0.251 A 1 16.120 1.760 0.203 

B 1 2.025 182.250 <0.001 B 1 855.530 93.330 <0.001 

C 1 0.046 4.140 0.059 C 1 37.240 4.060 0.061 

D 1 3.251 292.600 <0.001 D 1 1054.280 115.020 <0.001 

2- Interactions 6 1.388 20.820 <0.001 2- Interactions 6 312.520 5.680 0.003 

AB 1 0.045 4.000 0.063 AB 1 0.130 0.010 0.905 

AC 1 0.034 3.100 0.097 AC 1 56.640 6.180 0.024 

AD 1 0.007 0.640 0.436 AD 1 2.090 0.230 0.640 

BC 1 0.002 0.220 0.649 BC 1 55.420 6.050 0.026 

BD 1 1.297 116.760 <0.001 BD 1 188.510 20.570 <0.001 

CD 1 0.002 0.190 0.669 CD 1 9.730 1.060 0.318 

3-Interactions 4 0.102 2.300 0.103 3-Interactions 4 45.82 1.25 0.33 

ABC 1 0.006 0.530 0.478 ABC 1 10.950 1.190 0.291 

ABD 1 0.058 5.200 0.037 ABD 1 24.460 2.670 0.122 

ACD 1 0.008 0.690 0.417 ACD 1 10.140 1.110 0.308 

BCD 1 0.031 2.790 0.114 BCD 1 0.260 0.030 0.868 

4-Interactions 1 0.000 0.000 0.974 4-Interactions 1 1.780 0.190 0.665 

ABCD 1 0.000 0.000 0.974 ABCD 1 1.780 0.190 0.665 

Residual Error 16 0.178 
  

Residual Error 16 146.660 
  

Total 31 7.006 
  

Total 31 2469.960 
  

R
2
 = 0.98 

    
R

2 
= 0.94 

    
A = Temperature, B = Particle size, C =Time, D = Solvent, DF = Degrees of freedom, SS = Sum of squares. 
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Table 5. ANOVA for the second factorial. 

TPC ORAC 

Source DF SS F p Source DF SS F p 

Main Effects 4 5.343 30.760 <0.001 Main Effects 4 3551.070 21.130 <0.001 

A 1 0.032 0.750 0.400 A 1 10.660 0.250 0.621 

B 1 0.049 1.140 0.302 B 1 1.720 0.040 0.842 

C 1 0.078 1.810 0.198 C 1 2.170 0.050 0.823 

D 1 5.183 119.360 <0.001 D 1 3536.530 84.170 <0.001 

2- Interactions 6 1.188 4.560 0.007 2-Interactions 6 562.360 2.230 0.094 

AB 1 0.057 1.310 0.270 AB 1 20.170 0.480 0.498 

AC 1 0.051 1.170 0.296 AC 1 0.380 0.010 0.925 

AD 1 0.262 6.030 0.026 AD 1 105.850 2.520 0.132 

BC 1 0.654 15.060 <0.001 BC 1 44.650 1.060 0.318 

BD 1 0.081 1.860 0.192 BD 1 189.450 4.510 0.050 

CD 1 0.084 1.940 0.182 CD 1 201.860 4.800 0.044 

3-Interactions 4 1.869 10.760 <0.001 3-Interactions 4 75.580 0.450 0.771 

ABC 1 0.588 13.530 0.002 ABC 1 5.550 0.130 0.721 

ABD 1 0.061 1.400 0.255 ABD 1 2.180 0.050 0.823 

ACD 1 0.055 1.260 0.278 ACD 1 0.010 0.000 0.988 

BCD 1 1.166 26.860 <0.001 BCD 1 67.850 1.610 0.222 

4-Interactions 1 0.533 12.270 0.003 4-Interactions 1 28.370 0.680 0.423 

ABCD 1 0.533 12.270 0.003 ABCD 1 28.370 0.680 0.423 

Residual Error 16 0.695 
  

Residual Error 16 672.280 
  

Total 31 9.6288 
  

Total 31 4889.670 
  

R = 0.93 
    

R = 0.86 
    

A = Temperature, B = Particle Size, C =Time, D = Solvent, DF = Degrees of Freedom, SS = Sum of squares. 

Table 6. Oxygen radical absorbance capacity (ORAC) regression coefficients for the  

two factorials. 

Definition 
Coefficients 

Factorial 1 Factorial 2 

Constant 27.3536 14.7806 

Temperature –0.3793 0.2560 

Particle Size –9.2789 20.5945 

Time –0.2975 –0.0020 

Solvent 8.1849 17.1912 

Temperature*Particle Size 0.1473 –0.7656 

Temperature*Time 0.0115 –0.0023 

Temperature*Solvent 0.0200 –0.1117 

Particle Size*Time 0.0683 –0.1140 

Particle Size*Solvent –5.6240 –65.5139 

Time*Solvent 0.2113 –0.2312 

Temperature*Particle Size*Time –0.0039 0.0098 

Temperature*Particle Size*Solvent 0.0537 1.0090 

Temperature*Time*Solvent –0.0048 0.0065 

Particle Size*Time*Solvent –0.0569 1.2288 

Temperature*Particle Size*Time*Solvent 0.0016 –0.0222 
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3.1. First Factorial 

For the case of TPC, only particle size (B) and solvent (C) showed a significant main effect  

(p < 0.05). Interactions also were found to be significant for this response. That was the case of the 

interaction between the particle size and solvent (BC). Moreover, an interaction of three variables 

(ABD) between the temperature, the particle size, and the solvent were found to be significant. IPA 

TPC results (0.41–0.86 mg GAE/g) were similar to values already reported [3,6], while water 

presented higher yields (0.59–1.87 mg GAE/g). Higher water values can be explained because of the 

use of a more polar solvent. Also, oat and agronomic characteristics can be different due to the culture 

conditions such as the type of irrigation, temperature in the growing area, and the genotype of the 

grains [26]. Compared to other sources, oat’s TPC can be considered low. It has been reported that plants’ 

TPC range from 1.7 to 165 mg GAE/g [27], while fruit TPCs range from 2.38 to 19 mg GAE/g [28]. 

However, oat contained unique antioxidants such as avenanthramides that have been proven to have 

beneficial anti-inflammatory effects [6]. 

For ORAC, particle size (B) and solvent (C) were found significant as main effects. Different  

two-interaction variables were found significant. That was the case of the interaction between the 

temperature and time (AC), particle size and time (BC), and particle size and solvent (BC). ORAC 

results in this study (<0.001–31.10 µmol TE/g oat) were similar to reported values (2.08–28 µmol TE/g 

oat) from other research [6,14]. These values can be compared to ORAC contained in fruits where 

values range from 37.42–274 µmol TE/g [28]. From this factorial it can be said that TPC and ORAC 

were benefited with the smallest particle size (0.5 mm) and most polar solvent, in this case water. 

The results can be interpreted as if TPC and ORAC were benefited when the polarity of the solvent 

was inside high polarity. IPA and water are both considered polar solvent; however, water is more 

polar than IPA. Polyphenols affinity to water can be explained due to the high polarity behavior of 

phenolic compounds (like dissolves like). In the case of particle size, small particle size benefited 

polyphenols extraction due to the greater surface area available. Hence, the two mechanisms were 

important in order to understand the extraction of TPC and ORAC in oat. In the particular case of 

ORAC, temperature and time seemed to present a positive effect though different interactions. It is 

well known that polyphenols are heat sensitive; however, temperature ranges used during this factorial 

seemed not affecting this variable. In the case of time the variable allow us to keep the necessary 

contact time between the solvent and the solids to allow the extraction of polyphenols. 

3.2. Second Factorial 

ANOVA for TPC in the second factorial gave different results than in the first. The solvent was 

found to be the only variable with significance as a main effect. Nevertheless, many interactions were 

found significant in this analysis. The interaction temperature-time (AD) and the interaction particle 

size-solvent (BC) were found to be significant. Three-interaction variable also were found to be 

significant. That was the case of the interaction between temperature, particle size, and time (ABC)  

as well as the interaction between the particle size, time, and solvent (BCD). Finally, the  

four-interaction variable (ABCD) also was found to be significant. From this analysis it can be seen 

that all the variables presented some degree of significance. The most significant were: solvent main 

effect and interaction solvent-particle size-time (p < 0.001). TPC of the second factorial ranged from 

0.35–2.19 mg GAE/g; being higher than values obtained in factorial one and reported values. 
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Compared to TPC, ORAC showed few significant variables in the analysis. Only solvent main 

effect and the interaction time-solvent (CD) were found significant. ORAC results were higher  

(1.15–47.43 µmol TE/g oat) to those reported (11–27 µmol TE/g oat) by Chu et al. (2013) [6]. EG was 

the solvent presenting higher TPC and ORAC, this can lead to the supposition that the solvent 

presented more polyphenol affinity. Avenanthramides represent the major portion of antioxidants in 

oats [6]; they present an antioxidant capacity 10–30 times higher than other oat polyphenols such as 

vanillin and caffeic acid [29]. However, no direct relation between ORAC and avenanthramides has 

been reported, so probably other polyphenols such as tocopherols, sterols, and phytic acid could also 

affect ORAC [6]. Regarding its molecular structure it has been reported [29] that the hydroxyl group’s 

arrangement and the nature of substituents in the ring structure play an important role in the total 

antioxidant capacity.  

IPA-water extractions showed an acceptable linear correlation between TPC and ORAC (R
2
 = 0.83), 

while EtOH-EG extractions presented a very weak correlation (R
2
 = 0.31). The poor correlation 

obtained with EtOH and EG has been explained before [28], where ORAC values are considerably 

higher than those expected by their actual TPC. This result can be explained due to the different 

polyphenols extracted. Moreover, in the particular case for oat it has been reported that no correlation 

has been found between ORAC and TPC [6,30], arguing that this could be attributed to the presence of 

non-phenolic compounds with antioxidant capacity or the fact that some polyphenols present higher 

reactivity with peroxyl free radicals [7]. Synergisms among antioxidants in total antioxidant capacity 

are also considered a potential cause for this response [6]. Other studies consider that this poor 

correlation can be explained because of the presence of antioxidants such as tocopherols, carotenoids 

and flovonoids and their ability to not only donate hydrogen but also scavenge oxygen [31]. 

3.3. Extraction Optimization 

TPC has been claimed to be a misleading antioxidant capacity indicator [32]. TPC by Folin–Ciocalteu 

reagent reacts with phenolic and non-phenolic compounds such as vitamin C and Cu (I): as a result, the 

method may not reflect an accurate amount of phenolic antioxidants [27]. 

On the other hand, ORAC has been defined as a good method for evaluating antioxidant capacity in 

bio systems [6,33]. ORAC represents the radical scavenging properties of the polyphenols present in 

the extract and their possible synergism or antagonism between individual antioxidants. As a result, 

ORAC was selected for process optimization. From factorial results, linear regression models were 

obtained for predicting and optimizing process variables. The fitted regression coefficients for the two 

factorials are displayed in Table 6. 

Optimum conditions for maximum ORAC response for each solvent are displayed in Table 7. 

Table 7. Optimum extraction conditions. 

Solvent 
Temperature Particle Size Time ORAC 

(°C) (mm) (min) (µmol TE/g oat) 

Water 50 0.5 60 27.0621 

IPA 50 0.5 60 13.6600 

EG 50 0.075 60 37.5267 

EtOH 30 0.5 20 20.5623 
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As seen in Table 7, solvents such as EG and water presented higher ORAC yields. A temperature of 

50 °C, particle size of 0.50 mm, and 60 min time were the optimum conditions for water, and IPA. For 

EG an optimum temperature of 50 °C, particle size of 0.075 mm, and 60 min time was obtained. 

Ethanol was the only solvent presenting different optimum conditions of temperature and time. Less 

temperature and time were necessary for EtOH in order to reach optimum ORAC. These conditions 

could benefit the operation at the time of scaling since less energy for heating (temperature) might 

increase the sustainability of the process (low extraction time). Another important aspect is that in the 

majority of the cases a particle size less than 0.50 mm seemed not to improve the extraction. This is 

important since it has a direct effect on milling cost. 

3.4. Solubility Behavior 

Figure 3 shows the solubility behavior of the four solvents over the extract with different 

mass/volume ratios. As expected, the amount of extract obtained was higher when more solvent was 

used. However, solvents such as EG and IPA showed few differences when increasing the volume of 

solvent. EtOH was the solvent that showed a more evident effect when the amount of solvent 

increased. Hence, it was the solvent that extracted more solute. 

Figure 3. Grams of extract at different solvent ratios. 

 

TPC and ORAC were also quantified in the extracts as is shown in Figure 4a,b. As expected, the 

more extract was extracted, the more TPC or ORAC was obtained. Hence, extractions that were run 

with more solvent (1:20) presented more TPC and ORAC. The solvents presenting higher TPC were 

IPA and water, following EtOH and EG. In the case of antioxidant capacity, EG was the solvent with 

the highest ORAC in the extract followed by water, EtOH, and IPA. Figure 3 displays the amount of 

extract obtained (g/g oat) and Figure 4a,b displays the amount of TPC and ORAC in the different 

extractions. Figure 3 regards to the mass extracted whereas Figure 4a,b is about the polyphenolic content 

and the antioxidant capacity in the extract. In the case of ethanol (EtOH), this was the solvent with 

more solids extracted. However, this does not mean that the extract will present more TPC or ORAC. 

It has been reported that for the case of oat there is a weak correlation between the TPC and the ORAC [6]. 

As a result, it would be expected that this correlation would be also weak for the solids extracted. From 

this analysis it can concluded that IPA and water were the solvents with more TPC in the extract, and 

EG extract had higher ORAC than the rest of the extracts, even presenting less g/g of oat. 
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Figure 4. (a) Total polyphenolic content (TPC) on extract, and (b) ORAC on extract. 

  

(a) (b) 

3.5 Process Simulation 

The first simulation consisted in processing 100 kg oat into the extraction process. Results from 

simulation are displayed in Figures 5 and 6. 

Figure 5 displays the results for yield and energy cost. As can be seen in Figure 5a there is a 

tendency to increase the amount of extract when high amounts of solvent are used. This can be 

explained due to the solubility behavior obtained in the solubility experiments. As stated before, the 

amount of extract obtained at different ratios is almost the same for EG and IPA, while in the case of 

water and EtOH there is a considerable increment in the amount of extract obtained when increasing 

the amount of solvent. Figure 5b displays the energy cost for processing the batch. The energy 

demanded for heating during the extraction and evaporation was considered in this figure. The solvents 

presenting higher energy demands were EG and water. This can be explained due to their high boiling 

point and high heat of vaporization, especially for water. Solvents with low boiling point and low heat 

of vaporization showed less energy demand. 

Figure 5. (a) Kilograms of extract obtained per lot. (b) Energy cost per kg of extract. 
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Raw materials cost (solvent and oat) were included in Figure 6a. For all the cases, solvent cost was 

>90% of the cost of materials, so the more expensive the solvent, the more the cost for producing a kg 

of dry extract. EG was the most expensive solvent, costing around 2000 US dlls for the production of 

14 kg of dry extract. Water was the most economic choice: the cost was so low that is difficult to see in 

Figure 6a. IPA also can be considered a good choice due to its solubility behavior. The sustainability 

of the process was evaluated estimating PMI. Fig 6b displays the results. As it can be seen, the process 

with less PMI was IPA with a mass/solvent ratio of 1:2.5. EG presented the highest PMI with a 

mass/solvent ratio of 1:20. 

Figure 6. (a) Raw materials cost per kg of extract. (b) process mass intensity (PMI). 

  

(a) (b) 

A second simulation was run considering a campaign for producing 100 kg of dry extract and 

incorporating solvent recycling. Energy consumption is observed in Figure 7a. Since operations such 

as extraction and evaporation are directly affected by mass, similar values were obtained in the 

campaign than in the batch. Solvents such as EG and water still showed the highest energy cost. In the 

case of raw materials’ cost there was a considerable reduction (Figure 7b). This reduction can be 

explained because of the reduction in the amount of solvent purchased as a consequence of recycling 

between the batches in the campaign. Water and IPA were the solvents with the lowest raw material 

cost and EG the most expensive. PMI values also were reduced due to the implementation of solvent 

recycling. Solvent such as IPA and EtOH presented the lowest values, so these solvents where the 

most sustainable in terms of mass utilization. Time necessary to fulfill the campaign also was plotted 

in Figure 7d were differences among solvents can be seen. Solvents such as IPA (1:2.5, 1:10) and 

EtOH (1:20) presented less than a day to fulfill the production of 100 kg of dry extract. From an 

industrial perspective it can be seen that solvents such as IPA and EtOH presented less impact in 

aspects such as energy cost, raw material cost, PMI, and campaign time. However, solvent vapor 

control equipment might be necessary for these solvents. As a result, EtOH in a 1–20 oat/solvent ratio 

was the best choice from a holistic perspective; it presented low energy cost, low raw material cost, 

low PMI, short campaign time, more extract/oat, and a considerable antioxidant capacity. 
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Figure 7. (a) Energy cost per kg of extract. (b) Raw materials cost per kg extract. (c) PMI. 

(d) Campaign time. 

  

(a) (b) 

  

(c) (d) 

4. Conclusions 

From a laboratory analysis EG and water presented higher values of TPC and ORAC. Solvents with 

very polar characteristics and low particle size were significant as the main effects for the extraction of 

antioxidants from oat, whereas time and temperature were significant as interactions. Solubility 

analysis demonstrates that EtOH was the solvent presenting higher grams of extract per gram of oat.  

In order to develop a sustainable extraction, solvents such as IPA and EtOH presented a better 

performance since their energy cost, raw material cost, and PMI were lower than EG and Water. 

Solvent recycling was an important aspect directly affecting energy cost, raw material cost, and PMI. 

From a holistic perspective EtOH was the solvent that offered the most sustainable process from the 

four solvents. The analysis obtained during this research might aid the future development of solvent 

extraction of added value compounds from oat. Feature work most rely in the quantification of 

polyphenols contained in the extract as well as expand the sustainability analysis with the 

incorporation of aspects such as raw materials life cycle or the consideration of other extraction and 

purification techniques. 
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