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The extraction of polysaccharides by autohydrolysis of spent coffee grounds (SCG) was studied. Exper-
imental assays were performed using different temperatures (160-200 °C), liquid/solid ratios (5-15ml
water/g SCG) and extraction times (10-50min) in order to determine the conditions that maximize
the extraction of polysaccharides with high antioxidant activity. Autohydrolysis was demonstrated to
be an efficient technique to recover antioxidant polysaccharides from SCG. The best process conditions
consisted in using 15 ml water/g SCG, during 10 min at 160 °C. The polysaccharides obtained under these
conditions were mainly in the form of galactomannans and arabinogalactans. They presented high antiox-
idant activity (assessed by four different methods), were thermostable in a large range of temperature,
and had a typical carbohydrate pattern, being of interest for industrial applications, mainly in the food

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Coffee, being one of the most popular and appreciated beverages
around the world, is considered an important source of polysac-
charides, mainly galactomannans, arabinogalactans, and cellulose
(Arya & Rao, 2007; Ballesteros, Teixeira, & Mussatto, 2014a;
Mussatto, Machado, Martins, & Teixeira, 2011; Nunes, Domingues,
& Coimbra, 2005). Coffee galactomannans are composed of a
backbone of B-(1 — 4)-linked mannose residues containing single
galactose side groups with different degrees of branching (Nunes
et al., 2005). They are high molecular weight polysaccharides and
show a low level of branching. Nonetheless, the roasting process
influences on the depolymerization and debranching of galac-
tomannans, increasing thus, their extraction and solubility in water
(Simdes, Maricato, Nunes, Domingues, & Coimbra, 2014). On the
other hand, coffee type Il arabinogalactans are also high molecular
weight polysaccharides, highly branched, composed of a backbone
of B-(1 — 3)-linked galactose residues and side chains of galactose
and arabinose residues (Passos & Coimbra, 2013). Due to their struc-
ture, arabinogalactans are the coffee polysaccharides most expose
to degradation during the roasting and the arabinose side chains
are the first in to be hydrolyzed (Oosterveld, Harmsen, Voragen, &
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Schols, 2003). Both, galactomannans and arabinogalactans strongly
affect the quality and properties of the final beverage. However, the
majority of them (around 70% of total polysaccharides from roasted
coffee) (Arya & Rao, 2007) remain in the residue generated after
soluble coffee preparation, named as spent coffee grounds (SCG).

Currently, there is an especial interest in the use of
non-digestible polysaccharides obtained from natural sources,
including coffee and its wastes. Some findings have shown
the antimicrobial and antioxidant capacities of polysaccharides
extracted from SCG (Ballesteros, Cerqueira, Teixeira, & Mussatto,
2015) and the immunostimulatory properties provided by coffee
galactomannans (Simdes et al., 2009) and arabinogalactans (Gotoda
et al., 2007). The prebiotic potential of coffee residue mannans has
been also proved since it improves the health of human intesti-
nal microflora (Asano et al., 2001; Gniechwitz, Reichardt, Blaut,
Steinhart, & Bunzel, 2007).

The extraction of polysaccharides from SCG has been studied
through different methods, mainly using chemicals as extraction
agents. Sodium hydroxide (Ballesteros et al., 2015; Simdes, Nunes,
Maria do Rosario, & Coimbra, 2010; Simdes et al., 2009) and potas-
sium hydroxide (Fischer, Reimann, Trovato, & Redgwell, 2001), for
example, have been employed in alkali treatments, while sulfuric
acid has been used to recover carbohydrates by dilute acid hydrol-
ysis of SCG (Mussatto, Carneiro, Silva, Roberto, & Teixeira, 2011).

Autohydrolysis is an eco-friendly technology that does not
require the use of chemical agents for reaction. This technique has
been used to extract polysaccharides from different natural sources
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such as Eucalyptus globulus wood (Romani, Garrote, Lopez, & Parajo,
2011), Pinus pinaster wood and rice husks (Rivas, Conde, Moure,
Dominguez, & Parajé, 2013), among others. During autohydroly-
sis, a slightly acid medium is obtained due to the partial release
of acetyl groups from the material structure, providing a selective
depolymerization of the hemicellulose (Nabarlatz, Ebringerova, &
Montané, 2007). Autohydrolysis of lignocellulosic materials is a
complex process since many factors such as the liquid/solid ratio,
temperature, particle size of the solid matrix, the extraction time,
as well as the structure and polymerization degree of molecules
and their interaction with proteins, minerals, and phenolic com-
pounds can influence in the reaction efficiency. Taking these facts
into account, the purpose of the present study was to evaluate the
extraction of polysaccharides from SCG by using the environmen-
tally friendly technique of autohydrolysis. Assays were performed
using different temperatures, liquid/solid ratios and extraction
times, and the effects of these operational variables on the extrac-
tion yield and antioxidant activity of the recovered polysaccharides
were verified. The polysaccharides obtained under the best autohy-
drolysis conditions were chemically and structurally characterized.

2. Materials and methods
2.1. Raw material and chemicals

Spent coffee grounds (SCG) were provided by the Portuguese
coffee industry NovaDelta-Comércio e Inddstria de Cafés S.A.
(Campo Maior, Portugal). The material was dried in an oven at 60 °C
until 5% moisture content and stored for further extractions. All the
chemicals used were an analytical grade, purchased from Panreac
Quimica (Barcelona, Spain), Fisher Scientific (Leicestershire, UK)
and Sigma-Aldrich (Chemie GmbH, Steinheim, Germany). Ultra-
pure water from a Milli-Q System (Millipore Inc., USA) was used.

2.2. Autohydrolysis

Autohydrolysis assays were performed under different con-
ditions of temperature (160-200°C), liquid/solid ratio (5-15ml
water/g SCG) and extraction time (10-50 min), which were com-
bined according to a 23 central composite design. For the reactions,
ultrapure water, and the SCG were poured into 160-ml cylindri-
cal stainless steel reactors (Parr Instruments Company, Illinois,
USA), which were duly closed and placed vertically into an oil-bath
with an open heating circulator and temperature control (Julabo,
Labortechnik GmbH, Seelbach, Germany). The samples were left
in the bath, previously heated until the desired temperature, dur-
ing the time required for each reaction. Then, the reactors were
removed from the oil-batch and immediately cooled down in an
ice-bath for 10 min to stop the reaction. The total content of each
reactor was centrifuged (2500g, 20 min) being the supernatant sep-
arated and treated to recover the polysaccharides present.

2.3. Polysaccharides recovery

Inorder torecover the polysaccharides presentin the liquid frac-
tions obtained after autohydrolysis of SCG, 30 ml of supernatant
were mixed with absolute ethanol in a 1:3 (v/v) ratio and the mix-
ture was left overnight at 4°C. The precipitated polysaccharides
were recovered by centrifugation (2500g, 20 min), hydrated with
30ml distilled water and maintained in a shaker during 3 h, at
200rpm and room temperature. Subsequently, the mixture was
again centrifuged and the supernatant was frozen and freeze-dried.
Freeze-dried powder was stored at room temperature and pro-
tected from light and humidity until further use. The total yield of

the extraction process was expressed as mg of lyophilized material
per g SCG (mg LM/g SCG).

2.4. Analytical methodology

For evaluating the properties of the polysaccharides recovered
from SCG, ultrapure water and, the lyophilized material were mixed
to obtain 1.5 mg/ml. The samples were vortexed for 1 min, filtered
through 0.22 pm filters and then stored for analyses.

2.4.1. Total sugars

The content of total sugars was determined by the anthrone-
sulfuric acid assay. Briefly, a 50 pl aliquot of the sample (LM at
1.5 mg/ml) was mixed with 150 wl of anthrone reagent in a 96-well
microplate. Then, the reaction mixture was placed at 4 °C for 10 min
and was subsequently incubated at 100°C for 20 min. After heat-
ing, the samples were allowed to cool down at room temperature
for 20 min. The absorbance was determined in a spectrophotome-
ter microplate reader (Sunrise Tecan, Grédig, Austria) set at 620 nm
and using distilled water as blank. The anthrone reagent was pre-
pared immediately prior to analysis by dissolving 0.1 g of anthrone
in 100 ml of concentrated sulfuric acid (98%), protected from light
and used within 12h. A calibration curve was performed using
a standard glucose solution (10, 60, 120, 200, 250, 300, 400 and
600 pg/ml). The content of total sugars was expressed as grams
glucose equivalent per 100 g of lyophilized material (g GLU/100g
LM).

2.4.2. Phenolic compounds

The content of phenolic compounds (PC) was determined by
using the Folin-Ciocalteu reagent method adapted to a 96-well
microplate (Ballesteros, Teixeira, & Mussatto, 2014b), and was
expressed as milligrams of gallic acid equivalent per g of lyophilized
material (mg GAE/g LM).

2.4.3. Reducing sugars

The content of reducing sugars (RS) was estimated by the col-
orimetric method of DNS (3,5-dinitrosalicylic acid) adapted to a
96-well microplate. Briefly, 25 pl of the sample (LM at 1.5 mg/ml)
were mixed with 25 .l of DNS reagent and incubated at 100 °C for
10 min. Thereafter, 250 1 of distilled water were added to each
well and the microplate was placed on an ice-bath to stop the
reaction. The absorbance was determined in a spectrophotometer
microplate reader (Sunrise Tecan, Grodig, Austria) set at 540 nm,
using distilled water as blank. DNS reagent was freshly prepared
by dissolving 2.5 g of 3,5-dinitrosalicylic acid in 25 ml of distilled
water preheated at 80 °C. The solution was cooled at room temper-
ature, and after, 50 ml of a2 N sodium hydroxide solution and 75 g of
potassium sodium tartrate were added being the final volume com-
pleted to 250 ml with distilled water. A standard calibration curve
was prepared using glucose solution (0.2, 0.4, 0.6, 0.8, 1.0. 1.2, 1.4,
1.6, and 1.8 mg/ml). The content of RS was expressed as milligrams
glucose equivalent per g of lyophilized material (mg GLU/g LM).

2.4.4. Antioxidant activity

The antioxidant activity of the polysaccharides was estimated by
four different methods as described by Ballesteros et al. (2015) and
Ballesteros et al. (2014b): Total antioxidant activity (TAA), DPPH
radical scavenging activity assay, the radical cation decolorization
(ABTS) assay, and the ferric reducing antioxidant power (FRAP)
assay. TAA values were expressed as milligrams of a-tocopherol
equivalent per g of lyophilized material (mg o-TOC/g LM). DPPH
and ABTS data were plotted as a function of antioxidant concentra-
tion to obtain DPPH and ABTS inhibition concentration at 50% (ICsq).
The IC5q values were expressed as micromoles of Trolox equivalent
per g of lyophilized material (wmol TE/g LM). FRAP values were
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expressed as millimoles of ferrous equivalent per g of lyophilized
material (mmol Fe(II)/g LM).

2.5. Experimental design and data analysis

The influence of the independent variables, temperature (X1,
°(C), liquid/solid ratio (X, ml/g) and extraction time (X3, min), on the
extraction of polysaccharides by autohydrolysis of SCG, was eval-
uated through a 23 central composite design. The real and coded
values of the variables are shown in Table 1. Statistical significance
of the variables was determined at 5% probability level (p <0.05).
The data obtained from the design were fitted to second-order
polynomial equations, and the models were simplified by elimina-
tion of statistically insignificant terms. Statistical significance of the
regression coefficients was determined by Student’s t-test, and the
proportion of variance explained by the models were given by the
multiple coefficients of determination, R2. Statistical analysis of the
data and the determination of the conditions able to maximize the
extraction of polysaccharides with high antioxidant activity were
performed using the software Design expert (version 8.0).

2.6. Polysaccharide characterization

2.6.1. Sugars composition

The extracted polysaccharides were submitted to a dilute acid
hydrolysis with sulfuric acid (120 mg H,SO4/g LM) at 120°C for
20 min. The resulting solution was analyzed by high-performance
liquid chromatography (HPLC) (Ballesteros et al., 2015). Glucose,
arabinose, galactose, and mannose were identified and quantified
from standard curves made with known concentrations of each
compound and expressed as% mol.

2.6.2. Structural characterization

Crystalline phases and the chemical groups and bonding
arrangement of constituents present in the polysaccharides were
evaluated by X-ray diffraction (XRD) and Fourier transform infrared
spectroscopy (FTIR), respectively, as described by Ballesteros et al.
(2014a). Differential scanning calorimetry (DSC) was performed in
equipment DSC 200 F3 Maia (Netzsch, Germany) and thermogravi-
metric analyses (TGA) were carried out in equipment SDT 2960
simultaneous DSC-TGA (TA instruments, USA). For the analyses,
approx. 5 mg of the sample were placed in an aluminum pan. The
measurements were carried out between 25 and 600 °C with a lin-
ear increase of 10°C per min. TA Universal Analysis software (TA
instruments, universal analysis 2000, USA) was used for data anal-
ysis. Enthalpy was calculated using the area of the peaks between
the onset and the end set temperatures.

3. Results and discussion
3.1. Extraction results

Autohydrolysis technique has been widely used for the extrac-
tion of polysaccharides, especially hemicelluloses from natural
sources. Although this technique causes a selective depoly-
merization of hemicellulose chains for oligosaccharides and
monosaccharides sugars, other components such as PC (derived
from lignin) may also appear in the reaction medium (Clark &
Mackie, 1984). Therefore, the present study evaluated the effect
of different process variables including temperature, liquid/solid
ratio and extraction time on the recovery of polysaccharides from
SCGin order to select the conditions that maximize the polysaccha-
rides extractionyield. The content of PCin the recovered lyophilized
material was also quantified.

Table 1 shows the experimental conditions used in each assay
and the respective results of total sugars, PC, RS, FRAP, DPPH, ABTS,

TAA and total yield of the extraction process. As it can be seen,
polysaccharides were extracted from SCG in all the studied con-
ditions, however, the extraction yield greatly varied according to
the conditions used. In terms of composition, the highest amount
of total sugars in the LM corresponded to 34.92% (w/w) and was
achieved when using a liquid/solid ratio of 15ml/g SCG during
30 minat 180°C (assay 14); while the lowest amount of total sugars
(15.16% (w/w))was obtained when using 10 ml/g SCG, at 160 °Cand
30 min (assay 9). In general, the results were increased when the
values of the variables were raised, but this behavior was observed
until a certain limit only. When the temperature was increased to
200°C, for example, the quantity of total sugars was lower than
when intermediate conditions were applied. This could be related
to the fact that when the highest temperature was used, a stronger
hydrolysis of polysaccharides and subsequent degradation of these
components might have occurred.

The content of PC in the lyophilized material varied between
82.33 +1.63 (assay 8) and 254.00 & 1.86 mg GAE/g LM (assay 11). It
is worth highlighting that the highest amount of PC recovered by
autohydrolysis of SCG (254.00 & 1.86 mg GAE/g LM) in the present
study was greater than the value previously reported by Ballesteros
et al. (2015) by alkali pretreatment of this same feedstock (230 mg
GAE/g LM). These results indicate autohydrolysis as an efficient
technique to extract also PC from SCG.

The content of RS in the lyophilized material was also dependent
on the conditions used for autohydrolysis, being observed values
in the range between 12.96+0.92 (assay 8) and 93.93 +4.44 mg
GLU/gLM (assay 5)(Table 1).Suchresults reveal thatin some cases a
significant part of the recovered polysaccharides were in the form of
monosaccharides, as for example in the assays 9 (52%)and 11 (51%).
Itis important to mention that, previous the precipitation stage, the
largest amount of RS had been found in the extract obtained dur-
ing autohydrolysis at 200°C, 15ml/g SCG, 50 min (not presented
data). Nonetheless, after precipitation stage, the greatest amount
of RS was recovered in the LM obtained when the lowest conditions
of temperature and extraction time were used for autohydrolysis
(160°C, 10 min, and 15 ml/g SCG — assay 5). The same behavior was
observed for PC and the antioxidant activity results, explained by
the fact that the precipitation recovers the high molecular weight
compounds, and thus, to the lowest temperature and extraction
time, the polysaccharides with high antioxidant activity were less
hydrolyzed than those summited to the highest extraction condi-
tions. These results suggest that the compounds extracted under
these conditions had a higher molecular weight, achieving thus,
the precipitation with ethanol.

The antioxidant activity of the recovered polysaccharides was
also strongly affected by the conditions used for autohydrolysis
(Table 1). By varying the extraction conditions, the TAA and FRAP
results were increased in the order of 2.5-fold and 3.5-fold, respec-
tively. More significant variations were observed in the DPPH and
ABTS results, whichincreased in almost 4-fold. Differences between
the results of antioxidant assays could be explained by the fact that
the methods differ from each other in terms of reaction mecha-
nisms, oxidant and target/probe species, and reaction conditions
(Conde & Mussatto, 2016). Therefore it is of great importance to
assess the antioxidant potential by using different methodologies.

All antioxidant activity methods (FRAP, DPPH, ABTS, and TAA)
showed a highly significant linear correlation to PC and RS (coef-
ficients R? > 0.82), being found the highest correlations to DPPH
data correlated with PC (R?=0.93) and ABTS data correlated with
RS (R2=0.92). These results suggest that the PC and RS present in
the lyophilized material contributed significantly to the antioxi-
dant activity of the polysaccharides extracted from SCG. However,
the autohydrolysis conditions that extracted the largest amount
of polysaccharides from SCG were not the same that generated
polysaccharides with the highest antioxidant activity (Table 1). For
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Table 1

Experimental conditions and results obtained during the extraction of polysaccharides by autohydrolysis of spent coffee grounds (SCG). Assays according to a 23 central

composite design.

A*  Process variables” Total sugars ~ Responses*

(real and (coded) values)

X1 Xa X3 PC RS FRAP DPPH ABTS TAA Yield
1 160(-1) 5(-1) 10(-1) 2530+6.28  239.38+2.50 88.45+4.10 0.70+0.02  468.07+26.07 532.86+15.26  268.28 +3.31 11.81
2 200 (+1) 5(-1) 10(1) 21.79+£543  214.14+12.08 7040+4.93 0.61+£0.03 501.82+21.37 454.60+7.15 218.21+14.04  20.87
3 160(-1) 5(-1) 50(+1) 21424080 202.00+3.01 59.90+4.84 0.56+0.03 434.26+6.67 429.23+7.41 187.49+12.78  25.79
4 200(+1)  5(-1) 50(+1) 23.04+1.83 103.54+3.51 20.09+0.81 0.26+0.02 207.35+0.95 202.00+2.39 108.64 +4.01 19.32
5 160(-1) 15(+1) 10(-1) 28.56+3.38 234.14+5.30 93.93+4.44 0.68+0.05 51595+7.00 600.24+12.20  228.46+5.03 35.87
6 200 (+1) 15(+1) 10(-1) 2510+3.45 19514+1298 6326+2.71 0.51+£0.02 420.39+7.27 427.74+4.42 185.29+5.92 42.61
7 160(-1) 15(+1) 50(+1) 31194556 232.95+11.01 76.80+3.62 0.69+0.03 573.93+29.96 529.47+18.05 254444325 45.15
8 200 (+1) 15(+1) 50(+1) 24.60+6.37 8233+1.63 12.96+092  0.204£0.01  155.594+0.58 144.60 +0.68 131.52+£2.66 32.62
9 160(-1) 10(0) 30(0) 1516+0.92  239.14+6.07 7877+£290 0.61£004 504.45+3.25 431.29+0.55 255.38+4.06 35.24
10 200(+1) 10(0) 30(0) 20.70£3.25  132.95+3.25 24374271 030+£0.03 208.83+0.50 186.97 +0.85 132.25+4.34 80.69
11 180(0) 10 (0) 10(-1) 17.73+£2.32  254.00+1.86 90.394+1.76  0.65+0.03 596.76+3.24 470.78 + 8.96 282.67+0.38 31.03
12 180(0) 10 (0) 50(+1) 26.77+£234 156.52+8.57 35.25+3.07 0434+0.01 344.234+0.05 261.84+2.56 180.53+2.44 82.95
13 180(0) 5(-1) 30(0) 30.32+1.08  169.94+6.12 41.164+2.25 0.47+0.03 349.95+1.66 286.77+13.18  192.80+4.51 38.96
14 180(0) 15(+1) 30(0) 3492+3.62 18581+£11.02 51.20+1.39 0.52+0.02 378.84+25.08 317.88+8.93 204.14+3.14 89.5
15 180(0) 10 (0) 30(0) 28.47+6.27  175.71£5.29 46.28+1.97 045+0.02 374.65+5.64 322.60+3.81 183.49+5.88 56.79
16 180(0) 10 (0) 30(0) 31.73+£3.93  176.05+2.50 45.784+3.48 0.46+0.01 412.11+£9.32 310.85+0.53 197.49+2.03 57.65
17 180(0) 10(0) 30(0) 29.45+3.60 177.48+4.29 45.62+1.14 042+0.01 360.95+2.30 347.414+1.63 193.29+4.14 55.71
18 180(0) 10(0) 30(0) 31.2946.23  179.14+5.71 44.63+2.27 050+0.01 42935+16.59 316.22+18.63  203.01+1.37 57.08
19 180(0) 10 (0) 30(0) 2851+336 171.29+1.63 4381+£070 046+0.02 347.70+1.86 27472 +7.47 183.70+3.29 60.27
20 180(0) 10(0) 30(0) 27.84+£537  173.75+£2.40 43.084+3.54 0.47+0.02 386.55+4.40 386.754+1.53 200.92+1.44 62.79

LM: lyophilized material.
2 A: Assays.
b X;: temperature (°C); X,: liquid/solid ratio (mL/g); X3: extraction time (min).

¢ Total sugars (g GLU/100g LM); PC: phenolic compounds (mg GAE/g LM); RS: reducing sugars (mg GLU/g LM); FRAP: ferric reducing antioxidant power assay (mmol
Fe(Il)/g LM); DPPH: antioxidant activity by the 2,2-diphenyl-1-picrylhydrazyl assay (imol TE/g LM); ABTS: antioxidant activity by the 2,2'-azino-bis-3-ethylbenzothiazoline-
6-sulphonic acid assay (mol TE/g LM); TAA: total antioxidant activity (mg a-TOC/g LM); Yield of extraction process (mg LM/g SCG).

this reason, an optimization of the process conditions is necessary
in order to obtain the maximum yield of polysaccharides with high
antioxidant potential.

3.2. Statistical analysis of autohydrolysis results

3.2.1. Effect of operational variables

The Pareto charts in Fig. 1 shows the effect of each operational
variable on the different responses. Temperature (X; ) was the most
significant variable, followed by the extraction time (X3) on PC and
RS (Fig. Taand b), as well as on all the antioxidant activity responses
(Fig. 1c-f). Both, temperature and extraction time exerted a signifi-
cant (p <0.05) and negative linear (L) effect on the responses, which
means that the extraction of polysaccharides with high antioxidant
activity increased when the temperature and reaction time were
reduced. However, not only the linear terms but also the quadratic
terms (Q) and interactions between the variables had statistical sig-
nificance (p <0.05), suggesting that the values of the responses were
not always linearly raised when the value of the operational vari-
ables was decreased. The individual effect of the liquid/solid ratio
(X3) was not significant for any of the responses, but the interac-
tion of this variable with the temperature was significant for the
antioxidant activity results.

The operational variables did not present effects significant at
95% confidence level for the extraction yield response (Fig. 1g).
However, a mathematical model describing the variations of this
response as a function of the process variables could be well-fitted
to a second-order polynomial equation (Table 2). Second-order
mathematical models were also fitted for all the other responses.
When possible, the models were simplified by elimination of
terms not statistically significant (p >0.05). In other cases, the non-
significant variables were kept in the models to minimize the error
determination. All the models were established with high coeffi-
cient of determinations R2, ranging from 0.87 to 0.97, which means
aclose agreement between the experimental results and those pre-
dicted by the equations.

Contour lines graphs were plotted for all the responses accord-
ing to the model equations established (Table 2). The plots of PC
(Fig. 2a), RS (Fig. 2b) and antioxidant activities (Fig. 2c—f) show
a region where the responses can be maximized, which occurs
using the lowest temperature and extraction time, and 15ml/g
SCG of liquid/solid ratio. In contrast, the extraction yield of the
process (Fig. 2g) is maximized when using intermediate values of
temperature and extraction time in combination with the highest
liquid/solid ratio (15 ml/g SCG).

3.2.2. Selection of the optimum autohydrolysis conditions

Taking into account the results obtained in the statistical anal-
ysis, a graphical optimization was performed by overlaying the
curves of the models. Thus, the following criteria were adopted
in order to find an extraction condition that simultaneously maxi-
mize the contents of PC and RS, as well as the antioxidant activity of
the recovered polysaccharides: PC > 220 mg GAE/g LM, RS > 87 mg
GLU/g LM, FRAP > 0.65 mmol Fe(Il)/g LM, DPPH > 510 pwmol TE/g
LM, ABTS > 550 pmol TE/g LM, and TAA > 225 mg o-TOC/g LM. The
overlaying plot attained (Fig. 3) shows an area where all the criteria
are satisfied (shadow area). A point within this area was assigned
as the optimum point, which corresponded to the use of 160°C,
15ml/g SCG and 10 min. Under these conditions, the model pre-
dicts PC and RS results of 246.21 mg GAE/g LM and 101 mg GLU/g
LM, as well as antioxidant activity values for FRAP, DPPH, ABTS and
TAA of 0.71 mmol Fe(Il)/g LM, 576.35 pwmol TE/g LM, 605.73 pmol
TE/g LM and 247.04 mg a-TOC/g LM, respectively. These values
corresponded to one of the conditions previously evaluated exper-
imentally (Table 1, conditions —1, +1, —1), being the responses
within 5% of relative standard deviation (Fig. 3 inset). The polysac-
charide obtained in this condition as well as the polysaccharide
obtained under the condition that gave the best extraction yield
(Table 1, assay 14) were further evaluated in order to determine
their composition and structural and thermal characteristics.
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Fig. 1. Pareto chart for the effects of temperature (X; ), liquid/solid ratio (X3 ), extraction time (X3 ), and their interactions on the total content of phenolic compounds (PC) (a),
reducing sugars (RS) (b), antioxidant activity (FRAP (c), DPPH (d), ABTS (e) and TAA (f) assays) and total extraction yield (g) of the autohydrolysis process for polysaccharides
recovery from spent coffee grounds. Values expressed in Pareto chart at the end of each bar show the negative or positive effect of the variables (X;-X3 and their interactions)
on each response (PC, RS, antioxidant activity evaluated by different methods and total extraction yield). The dotted line (p=0.05) indicates when the effect is statistically
significant, with a confidence level of 95%.
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Fig. 2. Contour line plots representing the total content of phenolic compounds (PC) (a), reducing sugars (RS) (b), antioxidant activity (FRAP (c), DPPH (d), ABTS (e) and TAA
(f) assays) and total yield (g) of polysaccharides extracted by autohydrolysis of spent coffee grounds under different conditions of time and temperature and a fixed ratio of

15ml/g SCG.
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Table 2

Quadratic models describing the responses variation as function of the process variables (temperature, liquid/solid ratio and extraction time) and their correspondent R?

coefficients.

Response ? Model equation® R?
PC (mg GAE/g LM) PC=178.13 — 41.95X; —35.95X3 — 23.11X; X3 + 13.29X32 0.94
RS (mg GLU/g LM) RS=46.47 — 20.68X; +1.82X; — 20.14X3 — 4.58X1 Xp — 6.87 X1 X3 + 14.67X32 0.96
Yield (mg LM/g SCG) Yield =56.04+0.55X; + 10.62X; + 2.41X3 — 4.35X; X3 — 12.70X;2 — 15.04X32 0.93
Antioxidant activity

FRAP (mmol Fe(II)/g LM) FRAP=0.46 — 0.14X; +0.0008X; — 0.10X3 — 0.03X; X5 — 0.07X; X3 +0.02 X5 X3 +0.07X32 0.97
DPPH (mol TE/g LM) DPPH =375.34 — 100.27X; +8.32X, — 78.76X3 — 40.09X; X3 — 72.93X; X3 +46.50X52 0.90
ABTS (mol TE/g LM) ABTS=319.09 — 110.72X; + 11.45X; — 91.91X3 — 31.49X; X, — 45.17X, X3 +86.25X32 0.95
TAA (mg a-TOC/g LM) TAA=199.60 —41.81X; +2.84X; —32.03X3 — 4.65X1 X, — 13.57X; X3 +20.32X, X3 0.87

a PC: phenolic compounds; RS: reducing sugars; Yield: yield of extraction process; FRAP: antioxidant activity by the ferric reducing antioxidant power assay; DPPH:
antioxidant activity by the 2,2-diphenyl-1-picrylhydrazyl assay; ABTS: antioxidant activity by the 2,2’-azino-bis-3-ethylbenzothiazoline-6-sulphonic acid assay; TAA: total

antioxidant activity. LM: lyophilized material.
b X;: temperature; X,: liquid/solid ratio; X3: extraction time. Coded values.
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Fig. 3. Optimum region plot obtained by overlaying the curves of the responses
phenolic compounds (PC), reducing sugars (RS) and antioxidant activity by FRAP,
DPPH, ABTS and TAA assays as a function of the extraction time and temperature
used during the autohydrolysis process, and comparison between the predicted and
experimental results (inset figure).

3.3. Optimum point characterization

3.3.1. Yield of extraction and sugars composition

The sugars content in the polysaccharides extracted under the
conditions of the optimum point and best yield, as well as the yields
obtained for each one of these processes, are shown in Table 3. In
this table, Y1 corresponds to the total yield of extraction (g LM per
100g SCG); Y2 refers to the quantity of sugars present in LM per
100 g SCG; while Y3 represents the yield of sugars extracted with
respect to total sugars existent in SCG (g total sugars in LM/100 g
of sugars from SCG).

The content of total sugars recovered was 29.29% and 33.25%
(w/w) for the optimum point and best yield samples, respectively.
Although the amount of sugar in both samples was similar, Y1-Y3
were 2-fold higher for the best yield sample, achieving 8.95, 2.97
and 5.72% (w/w). Analysis of the monosaccharide composition
(Table 3) revealed a structural difference between the polysaccha-
rides samples. However, galactose was the main monosaccharide
and arabinose the less representative sugar for both, optimum point
and best yield samples. The high content of galactose in both sam-
ples (47% mol) allows concluding that polysaccharides recovered
under the optimum point and the best yield conditions include
arabinogalactans and galactomannans. The quantity of mannose
in the optimum point sample (31.88% mol) was more represen-

tative than in the best yield sample, suggesting the presence of
higher amount of galactomannans in the optimum point sample.
Another structural difference between these two polysaccharides
is the percentage of reducing sugars with respect to the percentage
of total sugars, being 33% (w/w) and 15% (w/w) for optimum point
and the best yield samples, respectively. Thus, the sugars obtained
under the best yield conditions are mainly polysaccharides of long
chains, while the sugars recovered under optimum point conditions
are made up in a great part of oligosaccharides and/or short chain
polysaccharides.

Taking into account the composition of sugars in SGC described
in other studies (Ballesteros et al., 2014a, 2015; Mussatto, Carneiro
etal., 2011; Passos & Coimbra, 2013), it was expected to find man-
nose, galactose, arabinose and glucose sugars in the lyophilized
material. Nevertheless, the efficiency of the extraction depends
on different factors including the variety of the coffee beans and
their degree of roasting, solid/liquid ratio, solvent, temperature and
extraction time, among others. The percentage of total polysaccha-
rides extracted from SCG by using the autohydrolysis technique
was slightly lower when compared to the percentage of total sug-
ars extracted from SCG using alkali pretreatment (Ballesteros et al.,
2015; Simdes et al., 2009). However, the quantity of mannose
extracted (31.88% mol) when using the optimum point conditions
was much higher than the amount obtained using the alkaline
pretreatment (4.43% mol) (Ballesteros et al., 2015), which shows
autohydrolysis as an efficient technique to extract mannose from
SCG.

3.3.2. Structural characterization

The crystallinity of the extracted polysaccharides was evalu-
ated through X-ray diffraction. Fig. 4a shows the XRD patterns for
the optimum point and best yield samples, which were compared
with a XRD spectrum of original SCG sample, i.e., not pretreated
(Ballesteros et al., 2014a). In general, the optimum point and the
best yield polysaccharides samples showed an amorphous behav-
ior, which was expected since the autohydrolysis conditions used
are more suitable to extract hemicelluloses. However, the best yield
sample presented a broad band, revealing the existence of a small
crystalline region in its structure, which can be easily observed
when comparing to the cellulose region in the SCG spectrum. Cel-
lulose presents both amorphous and crystalline structures (Park,
Baker, Himmel, Parilla, & Johnson, 2010). Thus, the glucose (cellu-
lose) contents shown in Table 3 refer to the amorphous structure of
cellulose, which, together with hemicellulose (mannose, galactose
and arabinose) were more easily susceptible to hydrolysis due to
the nature of their structure. Although crystalline cellulose hydroly-
sis requires the use of stronger temperatures and extraction times,
the slight crystallinity observed in Fig. 4a for the best extraction
yield sample suggests that a small part of crystalline cellulose was
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Sugars composition and extraction yield of the polysaccharides obtained by autohydrolysis of spent coffee grounds (SCG).
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Sample Yield?® Monosaccharide composition (% mol) Total Sugars (%)
Y1 Y2 Y3 Arabinose Mannose Galactose Glucose

Optimum point 3.59 1.07 2.06 10.02+1.18 31.88+2.08 47.74+0.13 10.35+0.76 29.29+3.47

Best yield 8.95 297 5.72 8.05+1.55 16.93+1.47 47.324+1.18 27.68+1.71 33.25+0.34

Results of monosaccharide composition are expressed as mean + standard deviation; n=3.
2 Y1: total yield of the extraction process using autohydrolysis technique, expressed as g of lyophilized material (LM) per 100 g SCG; Y2: yield in terms of quantity of sugars
extracted during autohydrolysis, expressed as g of total sugars present in LM per 100 g SCG; Y3: yield in terms of quantity of sugars extracted with respect to total sugars

existent in SCG, expressed as g of total sugars in LM per 100 g of sugars from SCG.
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Fig. 4. XRD diffractograms (a) obtained for spent coffee grounds (SCG) and for the
polysaccharides extracted by autohydrolysis of SCG using the optimum point and
best yield conditions. FTIR spectra (b) obtained for the polysaccharides extracted
using the optimum point and best yield conditions.

extracted during the autohydrolysis process when the temperature
and extraction time were increased.

The polysaccharides samples were also analyzed by FTIR in
order to determine the specific absorption bands present in
each lyophilized material. When compared to other IR spectra
of polysaccharides reported in the literature, the FTIR spectra
obtained for both samples (Fig. 4b) showed a typical carbohydrate
pattern behavior (Ballesteros et al., 2015; Cerqueira et al., 2011;
Ren et al., 2014). Nevertheless, the magnitude of absorption inten-
sities differed to each sample. The peaks at 778 and 884cm™! are
related with the presence of a- glycosidic and 3-glycosidic linkages,
attributed to a-D-galactopyranose and [3-D-mannopyranose units,
respectively (Cerqueiraetal.,2011; Figueir6, Gées, Moreira, & Som-
bra, 2004). The broadband between 1191 and 920 cm~! is related
to ring vibrations overlapped with stretching vibrations of (C—OH)
side groups and the (C—0—C) glycosidic band vibrations, being spe-
cific for polysaccharides. This band showed lower peak intensity
for the optimum point when compared to the best yield sam-
ple, which is associated with more hydrolyzed sugars (Synytsya
& Novak, 2014), confirming shorter polysaccharides chains for the
optimum point sample, as previously mentioned. Additionally, the
peak belonging to this band located at 1039 cm~! results from C—0
stretching (Ren et al., 2014), and the other peak placed at 1140 cm™~!
is related to bending vibrational modes of C—O existing in the
pyranose form (Figueir6 et al., 2004). The peak at 1374cm~! cor-
responds to C—H in-plane bending vibration and deformation in
cellulose and hemicellulose (Pandey & Theagarajan, 1997). When
the samples show a low crystallinity, there are a decrease or disap-
pearing of some bands in the region of 900-1500cm~! (Synytsya
& Novak, 2014). This is evidenced to the optimum point sample,
which presents a more amorphous structure when compared to
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Fig. 5. TGA and DSC curves showing the thermal behavior, chemical changes and
weight loss of the polysaccharides extracted from spent coffee grounds under the
optimum point and the best yield autohydrolysis conditions.

the best yield sample. The region from 1500 to 1700 cm~! is related
to carbonyl groups (C=0) asymmetrical and symmetric stretching
vibrations (Ren et al., 2014) and to deformation in lignin (Pandey &
Theagarajan, 1997). This band is also highly associated with chloro-
genic acids and caffeine (Ribeiro, Salva, & Ferreira, 2010). Therefore,
the peak at 1600 cm~! could be attributed to a small absorption of
these compounds, remaining from the SCG (Ballesteros etal., 2015).
The region between 2800 and 3000 cm~! is related to C—H stretch-
ing vibration and the broad peak between 3200 and 3600cm™! is
attributed to the hydroxyl group of O—H stretching vibration. The
significant lowering of the band intensity in this area indicates the
presence of amorphous cellulose (Synytsya and Novak, 2014), being
in agreement with the XRD patterns, which revealed that the opti-
mum point sample is less crystalline than the best yield sample
(Fig. 4a).

3.3.3. Thermal properties

DSC and TGA analyses (Fig. 5) were carried out in order to eval-
uate the thermal behavior, chemical changes and weight loss of the
polysaccharides extracted from SCG under the optimum point and
the best yield autohydrolysis conditions. The DSC curves obtained
for both samples exhibited two events. The first event, resulting in
an endothermic peak and revealed at 100.90 °C and 99.41 °C for the
optimum point and the best yield samples, respectively, was asso-
ciated to enthalpy changes of 381.32 and 396.40]/g. This event is
related to the presence of impurities in the samples and the vapor-
ization of water (indicating the presence of hydrophilic groups),
which occurs over a range of temperature. A second event, corre-
sponding to an exothermic transition was observed at 297.73 °Cand
302.60°C for the optimum point and the best yield samples respec-
tively, was associated to enthalpy changes of 73.06 and 146.5]/g.
This event is related to the thermal decomposition of the samples,
varying at temperature ranges between 220 and 310 °C (Ballesteros
et al., 2014a). During this event, some differences were observed
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between the samples with respect to enthalpy change, being the
value two-fold higher to the best extraction yield condition. Addi-
tionally, a slight difference between the degradation temperatures
of the samples was noted, indicating that the best yield sample
is thermally more stable. This may be due to the structure of the
polysaccharides, as well as to the molecular weight, degree of poly-
merization and branching of the samples (Cerqueira et al., 2011).

The TGA curves (Fig. 5) show the weight losses of the polysac-
charides when submitted to severe heating conditions (25-600 °C).
Both samples showed similar curves, revealing two weight loss
stages. The first one, occurring between 80 and 100 °C, results
from the water evaporation (dehydration of the sample) and corre-
sponds to weight losses of about 8.74% and 6.24% for the optimum
point and the best yield samples, respectively. The greatest trans-
formation and weight losses occurred during the second stage, at
approx. 300 °C. At this stage, weight losses of 42.37% and 57.89%
were observed for the optimum point and best yield samples,
respectively, as a consequence of the depolymerization and decom-
position of the samples.

4. Conclusion

Autohydrolysis was demonstrated to be an efficient technique
to recover polysaccharides with high antioxidant activity from SCG,
particularly when applied at 160°C for 10 min, and using a lig-
uid/solid ratio of 15 ml water/g SCG. Under these conditions, it was
possible to obtain a lyophilized material containing 29.29% (w/w) of
polysaccharides, from which galactose was the most representative
sugar, followed by mannose, glucose, and arabinose. Additionally,
the lyophilized material contained a high content of phenolic com-
pounds (234.14 07 mg GAE/g LM) and reducing sugars (93.93 mg
GLU/g LM), and presented high antioxidant activity, which as con-
firmed by four different methods. Furthermore, the polysaccharides
presented thermostability in a large range of temperature, being
therefore of great interest for industrial applications, mainly in the
food industry, for encapsulation of additives or as prebiotics, for
example, due to their high antioxidant potential and other func-
tional properties.
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