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Abstract  This work involves the residues of three plant species used in industry: Brazilian ginseng (Pfaffia glomerata), 
palm (Elaeis guineensis) and annatto (Bixa orellana L.). The studied plant residues come from oil and biocompounds 
extraction: Soxhlet extraction (SE), Pressurized liquid extraction (PLE) and Supercritical fluid extraction (SFE). The effects 
of these extraction processes on the structures of plant matrices were observed using scanning electron microscopy (SEM). 
Plant residues were subjected to acid hydrolysis. The hydrolysis process was conducted using a 0.5 L reactor at atmospheric 
pressure and the solvent at boiling temperature. Brazilian ginseng was hydrolyzed in hydrochloric acid solution (0.5, 2.5 and 
5.0%, v/v) for 60 min. Palm pressed fiber and annatto were hydrolyzed in sulfuric acid solution (1.5 and 3.0%, v/v) for 90 min. 
Sugars produced by the hydrolysis were quantified and interpreted as Reducing sugars (RS) (g glucose/100 g raw material) 
and Total reducing sugars (TRS) (g sucrose/100 g raw material) by a spectrophotometric method. The results observed by 
SEM showed that the extraction treatments modified the vegetable matrix with respect to its structure and component ratio. 
The acid hydrolysis process of each vegetable matrix showed different reaction kinetics. The availability and source of the 
sugar polymers and the acid concentration were variables that affected the hydrolysis reaction. 
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1. Introduction 
Different extraction techniques are important alternatives 

for the recovery of compounds from plants and other vegetal 
materials [1]. Most extraction techniques are based on the 
abilities of solvents and heat to increase the mass transfer and 
solubility of compounds [2]. The objective of an extraction 
process in vegetable matrices is to separate the substances of 
interest from cellular structures by diffusion or breaking the 
vegetal tissues [3]. Conventional extraction techniques 
include Soxhlet extraction (SE), maceration, percolation and 
hydrodistillation [4]. Unconventional extractions include 
Microwave assisted extraction (MAE), Ultrasound-assisted 
extraction (UAE), Pulsed-electric field extraction (PEF), 
Enzyme-assisted extraction (EAE), Supercritical Fluid 
Extraction (SFE), Pressurized Liquid Extraction (PLE), etc. 
[2]. 

The SE process was designed primarily for lipid extraction; 
and, has found application in the extraction of valuable 
bioactive compounds from various natural sources [5]. The 
use of SE remains prevalent in industry despite needing a 
long process time and large amounts of solvent [4]. During 
SE, continuous contact between the vegetable matrix and the  
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solvent is maintained using intermittent reflux. The solvent 
containing the dissolved material is drawn via a siphon and is 
discharged into a distillation apparatus, and this process 
occurs repeatedly until the complete extraction time [6]. 

A PLE process uses pressure to keep a solvent in the liquid 
phase above its normal boiling temperature [7]. The 
solubility of compounds and mass transfer rate increase at 
high temperature, lowering the viscosity and surface tension 
of the solvent, which improves the extraction rate [8]. 
Nonetheless, for some raw materials PLE is not a 
recommended technique as demonstrated by Rodrigues et al. 
[9]. 

Supercritical fluids are used as the extracting solvent in 
SFE; carbon dioxide is the most commonly used 
supercritical solvent. This state of matter is achieved when 
the solvent is subjected to a temperature and pressure above 
the critical point where there is no distinction between the 
liquid and gas phases [10]. Some properties of the 
supercritical fluid are similar to the gas phase, such as 
diffusion, viscosity and surface tension, whereas the density 
and solvation power are comparable to the liquid phase [11]. 
These properties increase the extraction rate and yield [12]. 

Extraction processes can be considered as pretreatments 
before further processing of the vegetal biomass [13, 14]. 
Extractions require preparatory treatments, such as drying 
and grinding [15]. Together these processes physically 
modify the vegetable matrix [16]. 

Several crops generate a large amount of biomass 
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(lignocellulosic and starch). However, not all of this biomass 
is used by industry. An alternative is to use this biomass as a 
feedstock for the production of oligosaccharides and 
monosaccharides by hydrolysis due to the large availability 
and lower cost of vegetal biomass and the need to reduce 
waste production [17-19]. These sugar oligomers and 
monomers can be included in industrial processes for food, 
chemicals and sustainable energy production [20, 21]. 

Acid hydrolysis can be performed using concentrated or 
dilute acid solutions. Dilute acid solutions are especially 
useful when lignocellulosic biomass has a significant 
proportion of hemicellulose because the hemicellulosic 
fraction is more easily hydrolyzed than cellulose [22]. The 
hydrolysis process with dilute acid solutions facilitates the 
neutralization process but has a lower yield of glucose from 
cellulose [23]. Concentrated acid solutions require lower 
processing temperatures and pressures, and the hydrolysis 
reaction occurs at a lower process time [22]. Acid hydrolysis 
using concentrated acid solutions produces high yield of 
glucose from cellulose. In lignocellulosic hydrolysis from 
biomass, sulfuric acid is commonly used, although other 
mineral acids, such as hydrochloric, nitric and phosphoric 
acid are also used [24]. The major problems in acid 
hydrolysis processes are the utilization of corrosive and toxic 
solvents, the need to neutralize the reaction medium after the 
hydrolysis process and the subsequent solid waste disposal 
[25].  

Ginseng is a common name used for various plants of the 
Panax genus, particularly Asian ginseng (Panax ginseng) 
and American ginseng (Panax quinquefolium), and both 
species are the most commonly used in the pharmaceutical, 
cosmetic and food industries. Species of the Pfaffia genus, 
such as Pfaffia glomerata, belong to the Amaranthaceae 
family and are Brazilian substitutes for plants of the Panax 
genus; these species are popularly called Brazilian ginseng 
[26-29]. Brazilian ginseng roots (BGR) are used in herbal 
medicine and as a dietary supplement due to 
anti-inflammatory and analgesic properties [27], as well as 
cellular stress and immunological effects [28, 30]. 

Palm pressed fiber (PPF) is one of the major agroindustrial 
residues in Brazil. PPF is derived from palm oil production. 
Palm oil is an edible vegetable oil derived from the fruits of 
palm trees, primarily the African palm tree (Elaeis 
guineensis). This palm is grown in humid tropical climates. 
Palm oil, also known as dendê oil, has a reddish color 
because of its high carotenoids content [31]. Carotenoids are 
substances with potent biological and antioxidant activities 
and are considered precursors for the synthesis of vitamin A. 
The residues from palm oil extraction are usually burned as 
fuel despite containing a significant amount of remaining oil 
and can be a great source of lignocellulosic material [19, 32]. 

Annatto (Bixa orellana L.) is a shrub native to the tropical 
regions of South America. Annatto fruits are capsules named 
Cachopas, and these capsules open and have seeds arranged 
in series when ripe. On the surface of the seeds is the annatto 
pigment, ranging in color from orange to red [33]. Annatto 

has been used in traditional cooking since pre-Columbian 
times and is also used in cosmetic and pharmaceutical 
products. The principal pigment in Annatto seeds is 
apocarotenoid bixin, a derivate from dicarboxylic acid 
norbixin [34]. Currently, several extraction processes are 
available in industry to obtain this pigment. Extraction 
techniques include immersing the seeds in hot vegetal oil, 
using alkaline solutions and extraction with solvent. After 
removing coloring substances, the residue fraction represents 
approximately the entire biomass; however, these annatto 
seeds are considered waste after pigment extraction [9, 33, 
35]. Vegetal residue formed by annatto seeds is extremely 
rich in starch and lignocellulosic material. 

In this study, solid residues of the above-mentioned plant 
after SE, SFE and PLE processes were subjected to 
hydrolysis using acid solutions at different concentrations 
and compared to the original raw material. The aim of this 
study was to: i) determine whether pretreatment coupled 
with extraction modified the original lignocellulosic 
structure and ii) establish an association between 
pre-treatment and extraction processes that improve the 
production of oligomers and monomers of sugar by acid 
hydrolysis. 

2. Material and Methods 
2.1. Raw Material 

The fresh BGR was obtained from CPQBA (Campinas, 
Brazil). The raw material was conditioned by washing. Next, 
the samples were dried with air-forced circulation at 40°C 
for 120 hours until a final moisture content of 8.9%. The 
washing and drying treatments of BGR enabled a subsequent 
grinding step using a knife mill (TECNAL, model TE-631, 
Piracicaba, Brazil). The residual raw material of BGR was 
obtained after the PLE process using water as the solvent. 
The conditions of the PLE process were a temperature of 
60°C, pressure of 120 bar and Solvent/Feed ratio (S/F) of 4.5 
(w/w). 

A PPF sample was provided by Agropalma Company 
(Tâilandia, Brazil). Raw material was ground in a knife mill 
(TECNAL, model TE-631, Piracicaba, Brazil) for a few 
seconds. The PPF residue was obtained after a 6-hour SE 
process using petroleum ether as the solvent. 

Annatto was obtained from the Instituto Agronômico de 
Campinas-IAC (Agronomic Institute of Campinas) 
(Campinas, Brazil). Defatted annatto seeds (DAS) were 
obtained by two processes: a 6-hour SE process using 
petroleum ether as the solvent and a SFE process using 
supercritical CO2 as the solvent and parameters established 
by Albuquerque and Meireles [35]. Untreated annatto seeds 
and DAS obtained after fat extractions were ground in a 
knife mill (TECNAL, model TE-631, Piracicaba, Brazil) for 
a few seconds. 

All the raw materials used in this study were kept under 
refrigeration (-18°C) and protected from light until used in 
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the acid hydrolysis experiments. 

2.2. Characterization of Raw Materials 

The moisture contents of vegetal raw materials were 
analyzed before the extraction processes [36]. On a dry basis, 
the lipid [37], protein [38] and ash contents were determined 
[39]. The carbohydrate content, including starch and 
lignocellulosic material, was estimated by taking the 
difference of the experimentally determined components. 

2.3. Scanning Electron Microscopy (SEM) 

Vegetal structures were imaged before and after 
undergoing SE, PLE and SFE processes using SEM in the 
Analytical Laboratory of Resources and Calibration (LRAC) 
at the School of Chemical Engineering (FEQ/UNICAMP, 
Campinas, Brazil). A metallic sputter coating was made 
(Sputter Coater POLARON SC7620, VG Microtech, 
Uckfield, England) with a thickness of 92 Å using gold as the 
metal and argon as the inert gas. To obtain the micrographs, a 
scanning electron microscope was coupled with an energy 
dispersive detector X-ray (Leo 440i, 6070, LEO Electron 
Microscopy/Oxford, Cambridge, England); an acceleration 
voltage equal to 15 kV and a beam current equivalent to 150 
pA was used. 

2.4. Acid Hydrolysis 

Vegetal material (before and after extraction processes) 
was hydrolyzed at atmospheric pressure with the selected 
acid solution in a device designed with a glass flask (0.5 L) 
connected to a refrigeration column. For all the experiments, 
the raw material/acid solution ratio was 5/100 (w/w). The 
operating temperature was the boiling solution temperature 
at atmospheric pressure. The flask containing the acid 
solution was heated until boiling; the starting process time 
was taken immediately after adding the raw material.  

2.4.1. Acid Hydrolysis Using Hydrochloric Acid Solution – 
BGR  

The operating conditions were as follows: hydrochloric 
acid solution using three concentrations (0.5, 2.5 and 5.0% 
(w/w)), processing time from zero to 60 min. At each set 
time (10, 20, 30, 45 and 60 min), aliquots were removed in 
sufficient quantity for analysis. 

2.4.2. Acid HYDROLYSIS ACID USING SULFURIC 
ACID SOLUTIon – PPF and DAS 

The operating conditions were as follows: sulfuric acid 
solution using two concentrations (1.5 and 3.0% (w/w)), 
processing time from zero to 90 min. At each set time (10, 20, 
30, 45, 60 and 90 min), aliquots were removed in sufficient 
quantity for analysis. 

2.5. Reducing Sugars (RS) and Total Reducing Sugars 
(TRS)  

During the hydrolysis processes, 1 mL aliquots were 
removed at each set of analysis time. These aliquots were 

analyzed for their concentrations of RS and TRS using the 
colorimetric method of Somogyi-Nelson [40] by 
spectrophotometry (Femto, model 800 XI, São Paulo, Brazil). 
For TRS quantification, the test samples were hydrolyzed 
with a hydrochloric acid solution (2 N) for 6 min at the 
boiling temperature, and then cooled and neutralized with a 
sodium hydroxide solution (2 N) to ensure that all the 
oligosaccharides were hydrolyzed into monosaccharides and 
would be detectable using the same colorimetric technique. 
RS and TRS concentrations were calculated using an 
external calibration curve; the RS and TRS concentrations 
were interpreted as glucose equivalent and sucrose 
equivalent, respectively. All the reagents used were of 
analytical grade. 

3. Results and Discussion  
3.1. Raw Materials Characterization  

The centesimal composition of plant material before the 
extraction treatment, on a wet basis, is shown in Table 1. For 
all materials studied, the presence of carbohydrates was 
significantly high. 

Table 1.  Centesimal composition (wet basis, %) 

 
Brazilian ginseng 

roots (Pfaffia 
Glomerata) 

Pressed palm 
fiber (Elaeis 
guineensis) 

Annatto 
seeds (Bixa 
orellana L.) 

Moisture 9.87±0.02 3.8±0.1 13.5±0.2 

Lipids 0.56±0.02 6.7±0.9 2.0±0.2 
Protein 2.7±0.3 6.5±0.2 13.0±0.2 

Ash 3.1±0.2 3.2±0.2 3.9±0.7 

Carbohydrates 84 80 68 

The materials studied are potential substrates for the 
hydrolysis reaction before and after the extraction 
pretreatments. Important bioactive components must be 
extracted first due to the use of these compounds in the food, 
chemical and pharmaceutical industries. 

3.2. Pretreatments Effects 

The BGR was subjected to an extraction process using 
pressurized water. As shown in Figure 1, and comparing the 
plant material structures, the vegetal structure is visibly 
changed due to the PLE process. Some cellular components 
of BGR have been removed with the solvent during the 
extraction. Sample of BGR has a porous appearance and an 
expanded cellular structure, possibly due to the path in which 
the solvent diffuses into the vegetal matrix. 

The cellular wall in Figure 1 (A) resembles the structure of 
cellulose and hemicellulose [14]. Considering the extraction 
temperature and pressure used during the PLE process, 
possibly, water has participated as a hydrolysis medium for 
hemicellulosic materials [41]. This result could be explained 
by Figure 1 (B), where the BGR sample cell wall had 
cellulosic order and spaces that were not visible by SEM 
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before the PLE process. 
In Figure 2, the PPF raw material can be observed. A cell 

wall composed of cellulose fibers arranged in a certain order 
and presumably connected by lignin is shown [19; 20]. After 
the expelling (pressing) process, as shown in Figure 2 (A), 
PPF still has a significant amount of lipids. During the SE 
treatment, lipids remain going through these fibers and 

forming small pores in the lignocellulosic structure as shown 
in Figure 2(B). Lipid molecules are soluble in the extracting 
solvent and form a path through the lignocellulosic biomass. 
Apparently, the lignocellulosic material is not soluble in the 
solvent used for this extraction and did not react with this 
solvent. 

 

Figure 1.  SEM images of (A) BGR in natura and (B) BGR after PLE. Numbers 1 and 2 correspond to magnification of 500x and 1500x, respectively 

 

Figure 2.  SEM images of (A) PPF before SE and (B) PPF after PLE. Numbers 1 and 2 correspond to magnification of 500x and 1500x, respectively 
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In Figure 3 the annatto seeds can be observed before and 
after the SE and SFE processes. In both cases, the vegetal 
material was penetrated by the solvent after the extraction 
process, partially dragging lipids and starches from the 
annatto seeds. Starch in the vegetal structures is deposited in 
the form of relatively dense granules that range in size 
between 1- 100 μm, depending on the plant species. Starch is 
synthesized in special cell compartments formed by cellulose 
called amyloplasts [42, 43]. As observed in Figure 3 (A), the 
interior morphology of the annatto seeds showed an 
amyloplast structure that is formed when cellulose creates 
symmetrical spaces where granules of starch are hosted [43]. 
Starch in annatto seeds exhibits a form of round granules. 

Studying the formation of the starch granules, lipids 
molecules form starch-lipid complexes in some plant species 

such as cereals. In a different way, for example in tubers and 
oilseed, starch granules are not associated with the lipid 
molecules in its structure. The three types of lipids that are 
associated with starch granules are triacylglycerides, 
diacylglycolipids and phospholipids [42, 44].  

Braga et al. [45] studied the influence of a SFE process on 
ginger (Zingiber officinale R.) and turmeric (Curcuma longa 
L.) starches, two roots that possess approximately 40-45% 
starch. The authors concluded that the extraction process 
using supercritical CO2 as the solvent did not alter the starch 
content. In contrast, after a SFE process (Figure 3 C) that 
uses the same solvent and DAS as the feedstock, starch was 
dragged with the lipid fraction from the seeds. Starch is also 
dragged in Figure 3 (B), so annatto seeds likely have a lipid 
fraction associated with the starch granules.  

 

Figure 3.  SEM images of (A) Annatto seeds in natura, and (B) DAS after SE and (C) DAS after SFE. Numbers 1 and 2 correspond to magnification of 
500x and 1500x, respectively 
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3.3. Hydrolysis Yield 
According to the results obtained for BGR, the best yields 

of RS and TRS for the hydrolysis process were obtained 
from BGR in natura. BGR pretreatment by the PLE process 
using water as the solvent most likely removed sugars 
present in the biomass along with the compounds of interest 
for the extraction. The pretreatment process may have 
caused a thermos-hydrolysis process at first because of the 
self-ionization properties of water. The BGR hydrolysis 
kinetics behavior is shown in Figure 4, for BGR in natura the 
sugars originally present in the biomass are most likely 
oligomers and monomers that are easier to hydrolyze as 
shown by both curves (RS and TRS yield). Hydrolysis 
kinetics for BGR in nature has a higher yield than those of 
BGR after the PLE process. The analysis of the kinetics 
behavior of the hydrochloric acid solutions showed that for 
the most dilute solution (0.5% w/w), acid hydrolysis 
increased during the initial processing time and kept growing 
throughout the operation. Despite this behavior, yields of 
sugar did not exceed those yields observed using higher acid 
concentrations. A reaction with an intermediate 
concentration (2.5% w/w) showed better results from the 
start of the reaction. The hydrolysis yield at a higher acid 
concentration (5.0% w/w) showed a high rate of RS and TRS 
production from hydrolysis at first, but this production 
rapidly decayed because the degradation rates of sugar 
monomers was greater than the oligomer hydrolysis at this 
acid concentration. 

The products of interest generated by hydrolysis of vegetal 
biomass are pentoses and hexoses with various degrees of 
polymerization. Degradation of glucose due to the hydrolysis 
reaction produces compounds such as 5- hydroxymethyl 
furfural (5-HMF) and organic acids that have 5-HMF as a 
precursor, such as levulinic and formic acid [23]. 

The kinetics of the hydrolysis of PPF, shown in Figure 5, 
does not indicate significant differences between PPF 
material before and after SE pretreatment. Extraction 
treatment did not alter the physical morphology and 
composition of the lignocellulosic compounds found in the 
PPF raw material. The PPF structure is highly resistant due 
to strong polysaccharides, such as cellulose and lignin. 
Regarding the acid concentrations used for PPF acid 
hydrolysis, the observed kinetics behavior between the acid 
concentration and hydrolysis yield is proportional. The 
hydrolysis rate is maintained with increasing operation time 
[24]. 

In Figure 6, the hydrolysis kinetics for Annatto seeds is 
shown. These curves suggest that defatted, SFE pretreated 
material was more easily hydrolysable than raw material in 
nature and also defatted, SE pretreated material, according to 
RS and TRS yields. The kinetic hydrolysis of Annatto and 
micrographs of its structure (Figures 5, 6 and 7) can be 
explained by SE pretreatment removing more of the 
starch-lipid complex than SFE treatment [35].  

Romero et al. [15] studied acid hydrolysis of residues 
generated by pruning olive trees using sulfuric acid solutions 
in concentrations from 0 to 32% (w/w) and temperatures 
between 60 and 90°C. These results showed that the 
cellulose and hemicellulose fractions that remain insoluble 
during the hydrolysis operation decrease proportionally with 
the increase in the acid solution concentration. When using 
dilute solutions, the authors observed that only the 
hemicellulose content decreased, whereas the cellulose 
fraction remained unchanged. When the acid concentration 
was greater than 4.5% (w/w) of sulfuric acid, hydrolysis of 
cellulose started. On the other hand, the lignin content of 
these raw materials remained constant.  

 

Figure 4.  Acid hydrolysis of BGR in natura (■, ●, ▲) and after PLE (□, ○, Δ) using hydrochloric acid solution 0.5% (■, □), 2.5% (●, ○) and 5.0% (▲, Δ), 
(w/w); respectively. a) RS yield (%) and b) RTS yield (%) 
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Figure 5.  Acid hydrolysis of PPF (■, ●) and PPF after SE (□, ○) using sulfuric acid solution 1.5% (■, □) and 3.0% (●, ○), (w/w); respectively. a) RS yield 
(%) and b) RTS yield (%) 

 

Figure 6.  Acid hydrolysis of annatto seeds in natura (■,□), DAS after SE (●, ○) and DAS after SFE (▲, Δ) using sulfuric acid solution 1.5% (■, ●,▲) and 
3.0% (□,○, Δ), (w/w); respectively. a) RS yield (%) and b) RTS yield (%) 

4. Conclusions 
Analysis of the observations from micrographs showed 

that the morphologies of the different biomasses changed 
after the extraction processes. The surfaces of the treated raw 
materials showed a considerable increase in porosity and 
roughness when compared with untreated materials.  

The acid hydrolysis process showed different behaviors 
for each material that was hydrolyzed. All the plant materials 
studied belong to different vegetal groups, and the cell 
structures of these plants have polysaccharides in different 
forms and proportions. Acid hydrolysis parameters depended 
on the acid concentration and polysaccharide in the plant. 

Extraction treatments preceding the acid hydrolysis 
process modified vegetal matrices in different ways. In BGR 
material, PLE pretreatment removed a large number of 

water-soluble molecules including structural 
polysaccharides. Brazilian ginseng in natura showed better 
yield results than raw material after PLE. The SE 
pretreatment of PPF modified the cellular structure and 
composition of the sample, although the polysaccharides in 
the PPF structure needed a more invasive treatment (mainly 
lignin) to have a more perceptible impact on hydrolysis. 
Hydrolysis kinetics in annatto seeds showed that SE and SFE 
pretreatments had different effects on the plant matrix. 

5. Perspectives and Future Trends 
The starch presence in the structure of annatto seeds has 

special importance, because of not only the oligomers and 
monomers produced but also because the starch market is 
constantly growing and requires a continuous search for 
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products with features that satisfy industry needs. In addition 
to modified starch, the natural pigment bixin is also derived 
from annatto seeds. 

The hydrolysis of vegetal matrices with special properties 
like the raw materials in this study could result in products 
with special aromas and colors. These materials have 
potential application in food formulations, and the sugars 
produced by these processes could be used as substrates in a 
wide range of processes. 
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