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Abstract

A low-cost biosorbent obtained from the Palomino Fino grape seed, a Sherry wine industry by-product, has been proposed
as a way of valorising this material. The biomass was characterised obtaining values of 0.68 +0.05 g mL~"! for bulk density,
1.02+0.09 g mL~" for apparent density and 33.3% for porosity. The pH,, was 5.2 and the surface negative charge value
was 2.4 +0.2 mmol g~!. The analysis of surface morphology showed differences due to the sorption. The results showed a
promising potential for chromium(VI) removal from aqueous solutions. The studies were carried out in batch scale and a 2*
factorial design was applied for the optimisation of the process. A percentage of 91.7 +0.6% was achieved for the biosorp-
tion of Cr(VI) under optimal conditions using pH 5.5, 15 g/L of biosorbent and 8 h of contact time. The biosorption capacity
showed a remarkable linearity from 0 to 2 mmol L™ Cr(VI) and a precision of 0.64% for the removal of 1 mmol L~! of metal.
Langmuir, Freundlich and Temkin isotherm equations and the parameters of six kinetic models were used in the equilibrium
modelling and identifying the mechanism of the biosorption. The combination of physical and chemical sorption mechanisms
was proposed for the chromium removal with a high maximum sorption capacity (g,,,, =208.3 mg g~'). Thermodynamic
parameters indicated the spontaneous and endothermic nature of the chromium removal. The successful biosorption was

based on the special grape seed components with a relevant content in antioxidant and lignocellulosic compounds.
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1 Introduction

Water pollution is a serious global problem which can lead
to serious consequences for both the environment and human
health. The discharge of untreated industrial effluents into
aquatic ecosystems has generated the need to remove organic
and inorganic water pollutants. Heavy metals are one of the
most important water pollutants due to their non-degradabil-
ity, toxicity and bioaccumulation tendency, facilitating their
inclusion and long persistence in the food chain [1]. Thus,
many methods have been applied for heavy metal removal
from water and wastewater such as solvent extraction, osmo-
sis, ion exchange, membrane filtration, chemical precipita-
tion, coagulation/flocculation or electrochemical treatment
technologies. These conventional methods can present some
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disadvantages in terms of applicability, high operational
costs, high amounts of chemical reagents, production of
hazardous wastes, high energy consumption, etc. [2, 3].
Sorption methods can be an interesting alternative in the
removal of pollutants from contaminated waters. Activated
carbon has shown great properties as heavy metal sorbent
but the high cost of the activation process limits its use [4,
5]. Therefore, different approaches have been studied for the
development of cheaper and effective metal sorbents such
as biological substrates [6, 7]. Biosorption, defined as the
process of ions binding from aqueous solution to biological
materials, has become an eco-friendly alternative to con-
ventional methods offering advantages such as reduction
in the use of chemicals, energy, time and cost of analyses
[8]. Metal ions are retained on surfaces and active sites of
biosorbents. The most common biological materials used are
plant biomass or microorganisms with their cell wall as the
main biosorption site [7]. The application of dead biomass
is preferred over living organisms due to several advantages:
(i) absence of toxicity limitations; (ii) the economic aspects
relating to nutrient supply and growth maintenance; (iii)
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easy absorbance and recovery of metals after biosorption;
(iv) easy biomass regeneration and reuse; (v) easier math-
ematical modelling of metal uptake; and (vi) more functional
groups to participate in the biosorption process [9]. Thus,
non-living biomass (such as algae, aquatic ferns, lichens,
agricultural by-products and wastes) has been applied as
potential biosorbents in the same way as synthetic sorbents
for the removal of heavy metals from wastewaters [3].

Several factors can affect the effectiveness of the biosorp-
tion as the chemical properties of the target metal (ion mass,
ionic radius and oxidation state), the characteristics of the
selected biomass (types and number of binding sites, spatial
distribution and accessibility to functional groups for metal
ions, the affinity of binding sites for metal ions, particle size
of biomass, surface morphology, chemical modification of
biosorbent, etc.) and the experimental conditions of the pro-
cess (pH, temperature, ionic strength, contact time, biomass
dosage, metal concentration in the feed solution, competitive
sorption among different metal ions, etc.) [7, 10].

A huge interest has been focused on the study of agricul-
tural by-products or residues as low-cost biosorbents [11].
Agricultural by-products and wastes are abundant, easily
available and inexpensive. They have a loose surface, porous
structure and chemical stability and contain a range of differ-
ent reactive functional groups (mainly carboxyl and phenolic
functional groups). All these properties make them particu-
larly interesting to be used as biosorbents [7, 12, 13]. Coffee
and tea residues, sugarcane or sorghum bagasse, sugar beet
pulp, waste pomace of olive oil factory waste, rice and wheat
straw, fruit and vegetable peels, grape wastes and other types
of biomass have been utilised as low-cost sorbents for the
removal of heavy metals from wastewater [11, 14]. These
materials are readily available in large quantities, and lim-
ited technology and expertise are required to integrate these
materials into a water treatment process. In developed coun-
tries, agricultural and industrial wastes can be regarded as a
source of abundant and effective sorbents for water treatment
processes [15].

Chromium (Cr) is the twenty-first most abundant element
in nature. The most common states found in the environment
are the metallic (Cr(0)), trivalent (Cr(IIl)) and hexavalent
(Cr(VI)). Cr(0) is mainly in its metallic form as a compo-
nent of iron-based alloys (such as stainless steel); Cr(III) is
naturally present in rocks and soils and can be easily assimi-
lated by plants; and Cr(VI) stems largely from industrial pro-
cesses, is highly soluble in water and remains stable under
oxidising conditions with significant mobility through soils
and aquifers.

This element occurs in many industrial effluents from
leather, textile, tanning, glass and electroplating indus-
tries as Cr(III) and Cr(VI) available. Thus, it is one of the
main pollutants in surface water and groundwater, being
Cr(VI) about 500 times more harmful than Cr(III) [7, 16].
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The Cr(IIT)/Cr(VI) relation depends on the pH value and
the oxidative properties of the aqueous system. There is
evidence that a dietary intake of Cr(III) is not essential for
human life and to consider it as a nutritional supplement is
often questioned. On the other hand, an exposure to Cr(VI)
can lead to toxic and carcinogenic effects including oxi-
dative stress, epigenetic changes, chromosome and DNA
damages and mutagenesis [17]. Low-cost biomaterials as
aquatic and terrestrial plants as well as waste materials,
especially agricultural and agricultural-related industry
wastes, have been used to remove different heavy metals
from water sources, such as chromium [3, 11, 18].

In the present work, a locally available residue, Palo-
mino Fino grape seed, from the world-famous and impor-
tant Spanish Sherry wine industry, has been applied for
the first time as a low-cost biosorbent. The Jerez area (in
the south of Spain) has been traditionally involved in high-
quality Sherry wine production, known as Jerez-Xéres-
Sherry PDO (protected designation of origin) region. Dif-
ferent white wines, such as fino, amontillado, oloroso, palo
cortado or manzanilla, are produced using this grape vari-
ety. Wine industry produces large amounts of waste from
which grape seeds account around 38-52% of the solid
wastes generated [19]. The winery waste is rich in ligno-
cellulosic compounds with significant active functional
groups. In particular, grape seeds are mainly composed
of 40% fibres, 10-20% oil, 10-11% proteins, 7% phenolic
compounds and other compounds as sugars, vitamins or
minerals [19, 20]. Tocopherols are one of the most power-
ful natural fat-soluble antioxidants present in grape seeds
influenced by harvest conditions [21]. Fibres comprise
mainly insoluble compounds like cellulose and lignin
and a less content of soluble fibre (hemicelluloses and
pectins). Grape seed oil mostly consists of triglycerides
(TG), which are rich in unsaturated fatty acids. The Fine
Palomino grape seed has a high fat content, especially in
linoleic and oleic acid, being low in saturated fatty acids.
It is found inside the seed so it is not affected by the crush-
ing process [22]. Flavonoids stand out among the phenolic
compounds of grape seeds as well as phenolic acid, tan-
nins and other natural antioxidants such as tocopherols;
resveratrol, catechin, epicatechin, gallic acid and particu-
larly tannic compounds, among others, are found in grape
seed [23]. It is known the antioxidant potential of these
compounds based on their structure with ability for radical
scavenging, electron donation or chelation of metal ions
[24]. This composition of seeds provides potential sorption
sites of great interest for heavy metal ions. Therefore, the
biomass obtained from Palomino Fino grape seeds was
selected in this paper to valorise this residue (produced in
large amounts and easily available at no additional cost)
for the removal of Cr(VI) from water sources.
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2 Experimental
2.1 Reagents and instrumentation

Milli-Q deionised water (Millipore, USA) was used for the
preparation of aqueous solutions. The natural fats and oils
were extracted from the biomass with n-hexane (hexane
mixture of isomers RS for HPLC-isocratic grade, Carlo
Erba, Spain). To determine the pH value at the point of
zero charge (pH,,.) and the surface negative charge of the
biomass, sodium chloride (NaCl pro analysis, Panreac,
Spain), sodium hydroxide (NaOH, pro analysis, Panreac,
Spain) and hydrochloric acid (HCI 37% wt., pro analysis,
Panreac, Spain) were used; potassium hydrogen phtha-
late (KC4gH50,, pro analysis, Panreac, Spain) was used
for the standardisation of NaOH solutions used. Iodine
(0.01 mol L! I, solution, pro analysis, Panreac, Spain),
sodium thiosulfate pentahydrate (Na,S,05-5H,0, pro
analysis, Panreac, Spain) and starch ((C¢H,(,Os), 1% wt.
solution, Panreac, Spain) were employed in the iodine
adsorption capacity determination; thiosulfate solutions
were standardised using potassium dichromate (K,Cr,0-,
pro analysis, Merck, Germany) and potassium iodide (KI,
pro analysis, Scharlau, Spain).

The sorption process was carried out using K,Cr,0,
salt (100%, pro analysis, Merck, Germany) as metal ion
precursor. The pH values of aqueous solutions in batch
experiments were adjusted with CH;COOH/CH;COONa
buffer at a final concentration of 0.1 mol L™! and prepared
by adding sodium hydroxide (NaOH, pro analysis, Pan-
reac, Spain) to the acetic acid (CH;COOH 96%, pro analy-
sis, Merck, Germany) solution; HCIl and NaOH solutions
were used for preliminary experiments. Stock aqueous
solutions of Cr(VI) for the calibration curve were prepared
from an ICP standard solution of 1000 mg L™ (in 0.5 mol
L! HNO;, Certipur, Merck, Germany) and acidified with
2mLL™! HNO; (Suprapur grade, Merck, Germany).

A ZM 200 cryogenic grinding (Retsch GmbH, Ger-
many) was used to efficiently grind the Palomino Fino
grape seeds. The pH measurements were carried out using
a Basic 20 pH-meter with a 50_10T combined glass-Ag/
AgCl electrode (Crison, Spain). Sorption experiments
were performed using an HS 501 D open air laboratory
shaker platform (Ika, Labortechnik, Germany). The mix-
ture of biosorbent and solution was filtered on a 47-pm
standard Millipore filtration assembly with Whatman®
glass microfiber filters and connected to a D95 model
DINKO vacuum pump (Dinko Instruments, Spain). Metal
solutions were analysed by atomic spectroscopy using an
iCE 3000 Series Atomic Absorption (AA) spectrometer
(Thermo Scientific, USA) or an Iris Intrepid inductively
coupled plasma atomic emission (ICP-AES) spectrometer

(Thermo Elemental, USA). FTIR spectra were obtained
using a Shimadzu IRAffinity-1S spectrophotometer (Shi-
madzu Corporation, Japan) using the PIKE MIRacle™
ATR sampling accessory (PIKE Technologies, USA). The
morphology of biomass surface was determined by using
the imaging capacity at the SEM-FEI Nova NanoSEM 450
with the secondary electrons detector (TLD-SE) (Nova,
USA). The qualitative elemental analysis was also per-
formed using the EDAX detector 100 mm? surface (AME-
TEK®, USA). A Nanotrac Wave dynamic light scattering
(DLS) system (Microtrac, Germany) was used to measure
the particle size and calculate the specific surface area.

2.2 Biosorbent preparation and characterisation

The Palomino Fino grape seeds were collected after vinifica-
tion process. They were washed several times with deionised
water, heated in oven at 40 °C until constant weight and
cryogenically grinded. After that, the biosorbent was sieved
through a 120-mesh size sieve (0.125 mm) with nylon mesh
(CISA, Spain). This powder was stored in polyethylene bot-
tles for further use.

2.2.1 Seed natural fats and oil extraction

The influence of the natural fats and oils on the sorption
process was studied by comparison of the results obtained
for defatted and non-defatted biomass. The Soxhlet method
was performed to extract the fats from the biomass using 6 g
of dried seed powder and 130 mL of n-hexane as solvent,
keeping the reflux for 9 h [25].

2.2.2 Bulk and particle density

Density measurements were carried out using a 10-mL volu-
metric flask of known weight. Bulk density was carried out
following the procedure described by Pholosi et al. [26]. The
volumetric flask was filled with the biomass to the mark with
gentle tapping to ensure the particles settle and remove all
air spaces, and the bulk density was obtained as the mass of
biomass occupying 10 mL. The apparent density (particle
density) was evaluated by the measurement of the mass of
particles divided by the volume of displaced water. For that,
the flask was filled with 1 g of biomass and deionised water
to the mark and weighed. It was also weighed containing
only deionised water. The bulk volume occupied by the bio-
mass was determined by comparing both mass values [27].
The porosity was also obtained by density measurements as
described by Karim et al. [27] and the specific surface area
was calculated by using DLS measurements.
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2.2.3 lodine adsorption capacity

The iodine adsorption capacity was carried out following
the procedure described by Pholosi et al. [26]. A total of
50 mL of 0.005 mol L' I, solution was added to a flask
containing 0.02 g of biosorbent and the suspension was
stirred at 300 rpm for 24 h at 23 °C. The sample was filtered
and 10-mL aliquots of the supernatant were titrated with
0.005 mol L~ Na,S,0; using 1 mL of 1% starch solution as
indicator. The iodine adsorption capacity was determined as
the amount of iodine adsorbed per gramme of sorbent at the
residual iodine concentration (mg I, g71).

2.2.4 FTIR spectroscopy

Structural analysis of biosorbent before and after the sorp-
tion process was performed by Fourier transform infrared
spectroscopy (FTIR). The measurements were carried out
in the region from 4000 to 600 cm™! with a resolution of
4 cm™! under attenuated total reflection (ATR) mode using
an ATR sampling accessory.

2.2.5 SEM-EDX analysis

The surface morphology of the biomass was obtained by
using a scanning electron microscope (SEM). The micro-
scope was operated at accelerating voltage of 5 kV. The
micrographs were taken with the sample previously depos-
ited onto a carbon grid. The samples were coated by sputter-
ing with a 15-nm gold layer to improve the conductivity in
the analysis, obtaining a better image quality. Microanalysis
was performed in an energy-dispersive X-ray spectrometer
(EDXS).

2.2.6 Point of zero charge

The point of zero charge (pH,y,.) is the pH value at which the
charge on the sorbent surface is zero. The pH,,. value was
assessed by the pH drift method (NaCl solutions) as follows:
Aliquots of 50 mL of 2 mmol L™ NaCl solutions were taken
in different flasks and the initial pH values of each solution
were adjusted in the range of 2—12 using 0.1 mol L' HCI or
NaOH. Then, 0.2 g of biosorbent was added to each solution
and their final pH values were measured after 24 h under
shaking at 23 °C. The pH,,,. was determined from the pHg,,,

vs. pH;pisa PlOt at the point where pH, ;. = PHgpa [28]-
2.2.7 Surface negative charge

The surface negative charge of the biosorbent was deter-
mined by a modification of the Boehm titration method [26,

29] which applies to acid sorbents. Acid groups are neutral-
ised by sodium hydroxide, both strongly (e.g. carboxylic)
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and weakly (e.g. phenolic) groups. A total of 0.5 g of the
biosorbent was kept in contact with 25 mL of 0.1 mol L™!
NaOH at 23 °C for 24 h and was shaken at 300 rpm. Sub-
sequently, the solution was centrifuged and 10 mL of the
supernatant was added to 15 mL of 0.1 mol L~! HCI solu-
tion in an Erlenmeyer flask. The excess of HCI added in the
solution prevented any possible adsorption of atmospheric
carbon dioxide. Finally, the sample was titrated with 0.1 mol
L~ NaOH and the surface negative charge was expressed in
mmoles H* per gramme of biosorbent.

2.3 Batch sorption studies

Batch experiments were performed by mixing 50 mL of
1 mmol L~! metal solutions at pH 5.5 and 0.75 g of biosorb-
ent into 100-mL polypropylene containers. The suspensions
were stirred using an orbital laboratory shaker at 200 rpm for
the set time (15-960 min) and temperature (18-30 °C). The
resulting mixtures were filtered and the metal content in the
aqueous solutions was analysed by AAS or ICP-MS accord-
ing to the metal concentration. Experiments were performed
in duplicate under the same conditions. The metal removal
by the biosorption process (in percentage) was determined
as follows:

% =% 100
X )

0

Cr biosorption (%) =

where C, and C, are respectively the initial and ¢-time
concentrations of Cr(VI) (mg L™!) in the aqueous solution.
The sorption capacity g, (expressed in mg g71), defined as
the amount of Cr(VI) sorbed per unit weight of biosorbent,
was also calculated from the following equation:

Co_C)-V
g = T @

m
where V is the volume of the solution (L) and m is the

mass of biosorbent (g). In addition, the equilibrium sorption

capacity g, (expressed in mg g~ 1) was obtained as follows:

(Cy_C)-V
g, = ——— 3)
m
where C, is the equilibrium concentration of Cr(VI) (mg
L") in the aqueous solution (i.e. the unsorbed Cr(VI) con-
centration in solution at equilibrium).

2.4 Optimisation of the sorption process and data
modelling

The optimisation of the sorption process was carried out by
applying a 23 factorial design with two replicates of each
experiment and four repetitions of the central point. The
software Statgraphics XVII (Statpoint Technologies, Inc.,
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USA) [30] was used for the statistical analyses. The data
modelling to study the behaviour of chromium biosorption
was processed on the MS Excel 2016 software (Microsoft
Corporation, USA) with “user defined equations”.

2.5 Sorption isotherm studies

The sorption isotherms were studied at 23 °C under the con-
ditions mentioned in Sect. 2.3 by varying the initial con-
centration of Cr(VI) in the aqueous solution (0.25; 0.5; 1
and 1.5 mmol L") at a fixed equilibrium time of 8 h. All
experimental data were fit to linear forms of the Langmuir,
Freundlich and Temkin isotherm models (Table 1) [31, 33].

2.6 Sorption kinetics studies

To study the sorption kinetic of Cr(VI) by the Palomino
Fino grape seed biomass, experiments at 10 different
periods of time (ranging from 15 to 960 min) with the
same initial Cr(VI) concentration of 1 mmol L™ in the
aqueous solution were performed. The other conditions
were keeping as mentioned in Sect. 2.3 and the tempera-
ture was controlled at 23 °C. Six different kinetic models

were studied for their fit to the experimental data in
order to understand the mechanism and rate-controlling
step: pseudo-first order (Lagergren kinetic model) [34],
pseudo-second order [34, 35], Elovich [36, 37], Ritchie’s
second order [38, 39], first-order reversible [34, 40] and
intraparticle diffusion models [32, 34, 41]. The kinetics
equations, their linear forms and the plots are summa-
rised in Table 2 and the best-fitting kinetic model to the
experimental data was evaluated by the determination
coefficient (R?).

2.7 Sorption thermodynamic studies

To study the effect of the temperature on the efficiency
of Cr(VI) biosorption and determine the thermody-
namic parameters of the process, batch experiments
with an initial Cr(VI) concentration of 1 mmol L™!
in the aqueous solution were carried out at different
temperatures (18, 23 and 30 °C) at a fixed equilib-
rium time of 8 h (the other conditions are described
in Sect. 2.3).

Table 1 Sorption isotherm
models evaluated in this study

Isotherm

Equation *

Linear form ? Plot

Langmuir [31]

Freundlich [32]
Temkin [33]

1
‘C,

\H]

e

K16 Ce 1 1 [ 1 ]

4e = - =
HKCo g, ™ G KL G

o=
<

q, = KFC(_,I/”logqg =logK, + ﬁ logC, logg, vs. logC,
q, = Zin(K; - C,)q. = B InK; + BInC,
e by e B= RT

by

q,vs.InC,

#K;: Langmuir isotherm constant; g,,,: maximum adsorption capacity; K: Freundlich isotherm constant;
n: measure of adsorption intensity; K;: equilibrium binding constant; b, Temkin isotherm constant

Table 2 Theoretical kinetic models evaluated in this study

Model Equation * Linear form * Plot
- 9 _ ky -
Pseudo-first order [34] 2 =k (9.~ ;) 08 (¢.—q,) = logg, — (ﬁt) log (g, —q;) vs.
Pseudo- d order [34 99 _ 2 1 L
seudo-second order [34] d_‘: —kz(qg —‘Iz) qL, _ <k2qt,z)+q%. . vs. t
Elovich [36] % = ae P q, = % Inap + 71) Int q,vs. Int
Ritchie’s second order [38] ? =k, p(1 - 0)> qu(q =l+k -t qq_”q —1vs.t
gd= 4 e—qt e =4t
4
First-order reversible [40] % =k (C‘, _ q,) —kyq, ln(l _th) = _(kl + k—l)t 111(1 — Ut) vs. t
j— 0 i
U= Co—C,
Intraparticle diffusion [32] 4= Kdl% +C 4= Kdt% +C g, vs. 112

derived from Fick’s second law

k,: rate constant of pseudo-first-order reaction; k,: rate constant of pseudo-second-order reaction; o : initial adsorption rate in Elovich equation;
p : desorption constant in Elovich equation; k, p: Ritchie’s reaction rate constant; k_;: rate constant of pseudo-first-order inverse reaction; K,:

intraparticle diffusion coefficient; C: intraparticle diffusion constant
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3 Results and discussion
3.1 Biosorbent characterisation
3.1.1 Seed natural fats and oil extraction

The Soxhlet extraction showed an extraction yield of 21
wt% of fat content. The amount of Cr(VI) sorbed onto the
Palomino Fino grape seed, before and after the fats and
oil extraction, was evaluated and percentages of Cr(VI)
biosorption were found to be 91.4+0.3% and 85.1+1.2%,
respectively. These results indicated that the presence of
fats and oils in the seeds could enhance the biosorption
process. Therefore, further experiments were carried out
using biomass not subjected to the Soxhlet extraction
process.

3.1.2 Bulk and particle density

The bulk density (BD) is based on the space occupied by
an amount of biomass particles and defined as the ratio of
the mass of a powder sample and its volume, including the
contribution of the inter-particulate void volume; for that,
it depends on the way to pack the biomass. The apparent
density (particle density) (AD) includes the internal pores
of a biomass [26, 42]. The values obtained for the Palo-
mino Fino grape seed biomass were 0.68 +0.05 g mL™!
for BD and 1.02+0.09 g mL~! for AD, with a 33.3% of
porosity and a specific surface area of 15.2+0.7 m* g~ .
Insoluble fibres found in grape seeds are characterised by
high porosity and low density and these constituents are
significant in this type of biomass [24]. The obtained den-
sity values were in the same range as other biosorbents
used for metal removal from wastewater, usually from 0.25
to 3.5 g mL~!. These slightly low values indicate a high
contact surface, but are adequate for the filtration after
sorption step; much lower density values would make fil-
tration difficult. In fact, the lower limit of 0.25 g mL™!
for BD was set by the American Water Work Association
[43] for granular activated carbon to be of practical use in
filtration. Besides, values of apparent density close to the
unity indicate higher contact between sorbate and sorbent
[44]. Some examples of these values for BD are as fol-
lows: 0.33 and 0.55 g¢ mL~! for Malacantha alnifolia and
Pentaclethra macrophylla tree bark biosorbents, respec-
tively [45]; 0.73 g mL~! for rice husk [46]; and 2 and
2.2 g mL~! for black and green olive stones, respectively
[47]. Other AD values are as follows: 1.17 g mL~! almond
tree (Terminalia catappa L.) leaves [44]; 1.5 g mL~! for
rice husk [46]; and 3 and 3.2 g mL~! for black and green
olive stones, respectively [47]. For these olive stones, the
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porosity values (31.3% and 33.3%, respectively) were
similar than those obtained in this paper; however, their
specific surface area values were lower (1.03 and 1.21
m? g1, respectively).

3.1.3 lodine adsorption capacity

The iodine capacity (I, mg I, g7') is used to determine
the adsorption capacity of a sorbent and as an approxima-
tion of the surface area (typical values range from 500 to
1200 mg g~! and it is equivalent to a surface area between
900 and 1100 m? g_1 for activated carbon) [48]. It is defined
as the mass of iodine (in mg) adsorbed per gramme of sorb-
ent. This value is a measure of its porous structure and
provides information about the ability to adsorb small and
medium molecules (microporous: 0—2 nm; mesoporous:
2-50 nm) [49]. In addition, this parameter can be used to
determine the degree of unsaturation in fatty acids where
double bonds react with iodine compounds. The higher the
iodine capacity, the more C=C bonds in the chemical struc-
ture of the biosorbent [50].

In the present work, the iodine capacity of the biomass
was found to be 1600+ 10 mg g~'. This result is higher
than typical values found in the literature, and even those
obtained for activated biosorbents after an activation step
by temperature treatment, such as, for instance, biochar
obtained from pyrolysis of bamboo (Dendrocalamus lati-
florus Munro) shoot shell (1254 mg g_l) [51] and activated
carbons prepared from seaweed Sargassum longifolium
(1041 mg g~') and Hypnea valentiae (962 mg g~') [52]. In
this paper, the insoluble fibre content of seeds [24] and the
vinification process could improve the porous structure of
the resulting Palomino Fino grape seed biomass yielding a
high iodine adsorption; i.e. a high surface area and a largely
microporous and mesoporous structure. Because of that, this
biomass shows a great potential as sorbent with an easy and
low-cost preparation.

3.1.4 FTIR analysis

The functional groups present in the biomass influence the
biosorption process because they are responsible for metal
ions binding. The 3 FTIR spectra of raw and defatted bio-
mass and, also, Cr(VI)-loaded biomass after the biosorption
process were used to identify functional groups and their
possible changes (Fig. 1). The presence of numerous peaks
in both region of functional groups (4000-1500 cm™') and
fingerprint region (< 1500 cm™") indicated the heterogeneity
and complex nature of the biomass; they are in line with the
structural components of the grape seed and their predomi-
nant functional groups.

The broad band between 3600 and 3100 cm™! showed
by raw biomass is associated with the existence of —-OH
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Fig. 1 FTIR spectra of Palo-
mino Fino grape seed: (a) raw
biomass; (b) defatted biomass;
(c) Cr(VI)-loaded biomass after
the biosorption process

— Defatted biomass
— Raw biomass

— Raw biomass + Cr
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%
%

Transmittance % (a.u.)

2
>

3600 3100

and —NH stretching of hydroxyl and amine/amide groups
of alcohols, phenols or carboxylic acids and to be able to
develop hydrogen bonds. That is commonly associated with
polysaccharides and lignins present in the seeds that provide
rigidity to cellulose structures. The NH, group of proteins
is another possible contribution. The C—H stretching vibra-
tion of the cis-double bond (=CH) groups was found at
3008 cm™!, present in unsaturated fatty acid such as linoleic
or oleic acids. Methyl (C-H), aliphatic methylene (CH,)
and methoxy (~OCHj;) stretching peaks were found at 2924
and 2854 cm™! related to the methyl bonds and hydrophobic
methylene/methoxy groups of hydrocarbon chains of lipids,
lignin or tocopherols in grape seeds [23, 53, 54]. The peak
found around 2330 cm™! has been attributed to N-H or C=0
stretching vibrations in grape bagasse [55]. Also, the peak
at 1740 cm™! corresponds to C=0 stretching from ester
groups as triglycerides. They are present in components of
grape seeds such as fatty acids and their esters, pectin and
lignin [54]. The band in the range of 1680-1600 cm™" was
associated with the stretching of C=C (aromatic ring), C=0
(asymmetrical) in carboxyl group and N-H bending which
can be found in phenolic compounds, pectin, hemicellulose
or protein molecules [53, 55]. Phenolic compounds could
rise the peaks at 1519 cm™! and 1441 cm™! associated with
the aromatic C—C stretching, the peak at 1154 cm™" from the
C—H (aromatic) stretching and the peak at 781 cm™" from the
bending vibration of CH, (rocking). The peaks in the range
of 1365-1232 cm™! were assigned to the bending of CH, and
O-H, and the stretching of C—O found in polysaccharides,
and pectin. Other peaks from the fingerprint region were
1247 cm™" and 1161 cm™! that were associated with cyclic
C-0-C groups, CH;—CO-0O- esters and C-H from aromatic
compounds corresponding to lignocellulosic components of
seeds. The absorption band of the —C—O stretching found in
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the range of 1098—1031 cm™! was associated with polyphe-
nols, phenols and other alcoholic groups (lignins, tannins,
flavonoids...) or the phenyl bending in plane at 1085 cm™!
in tocopherols, being all of them present in a high percentage
in grape seeds. Finally, the peaks found in the range from
920 to 800 cm™! and 722 cm™! are related to wagging of
the =CH, or bending of the -HC=CH- (trans/cis) present
in tocopherols and in unsaturated fatty acids.

These results found for grape seed biomass were in
accordance with those reported by other authors for wine
by-products [23, 53-57].

These results provided information about the functional
groups that could be involved in the chromium biosorp-
tion. An increase of the carboxyl band (in the range of
1600-1680 cm™'), associated with phenolic compounds
(increase of 1519 cm™! peak) and their aromatic C-C
bonds (increase of 1154 cm™! peak) as well as an increase
of C=0 from esters (increase of 1740 cm™! peak), was
obtained after chromium sorption. The new peak appearing
at 1660 cm™! is described in the literature for the reduc-
tion of Cr(VI) [58]. A significant decrease of the carbonyl
band intensities (1098—-1031 cm™!) associated with poly-
phenols, phenols and other alcoholic groups was observed
as well as a decrease in the broad band (3600-3100 cm™")
of —OH groups. As suggested by the spectra, during the
chromium biosorption, the C—O groups were oxidised into
C=0 and Cr(VI) was reduced to Cr(III) by those electron-
donor groups. Thus, the changes of the spectra could be
associated with the oxidising effect of the Cr(VI) and the
coordination/ion exchange of the Cr(IIl) produced. The
carboxyl groups in a moderately acid medium (around pH
5) behave as weak acids and make the interaction between
the biomass and the Cr(III) cation easier [59].
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The spectrum of the defatted biomass showed the extrac-
tion of these components from the grape seed biomass
(Fig. 1, black line). The lack of fat content in the biomass
yielded a lower biosorption percentage when used for the
chromium sorption, providing evidence of their contribution
to the process.

3.1.5 SEM-EDX analysis

The surface texture and morphological characteristic of the
biomass before and after chromium sorption are shown in
Fig. 2. The images clearly showed morphological differ-
ences due to the sorption process. The raw biomass sur-
face was irregular with angular cuts and in form of flakes
before the process. After the metal sorption, it appeared to

Fig.2 SEM images of the
Palomino Fino grape seed (at
1000 x magnification): (a) raw
biomass; (b) Cr(VI)-loaded
biomass after the biosorption
process

be hazy, indicating the filling by the metal. The qualitative
SEM-EDX analysis before (Fig. 3a) and after (Fig. 3b) sorp-
tion was performed and the elemental composition of the
biomass was mainly found to be C, O, N, Ca, S, K, P, Cu and
Mg where C and O result in & 90%. The EDX spectrum of
the raw and Cr(VI)-loaded biomass showed extra peaks of
Cr(VI), confirming the biosorption phenomena.

3.2 Surface chemistry and behaviour
of the biosorbent affected by the solution pH

The behaviour of the biosorbent in solution and the sorption
process of Cr(VI) are highly affected by the pH, because the
different chromium species in solution, the surface charge
of the biosorbent and the ionisation degree of the functional

Fig.3 EDX analysis of the
Palomino Fino grape seed: (a)
raw biomass; (b) Cr(VI)-loaded
biomass after the biosorption
process
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groups depend on the acid/basic conditions (principally,
-OH, -COOH, -NH,) [60].

3.2.1 Speciation of Cr(VI)

In aqueous solution, Cr(VI) speciation depends on the pH
and metal concentration. The equilibria at low Cr(VI) con-
centration (<0.01 g L~! (0.2 mM)) are as follows:

H,CrO, + H,0 = HCrO; + H;0"

HCrO; + H,0 = CrO;” + H,0"

where the pKal value is lower than 1.5 and the pKa2
ranges from 5.76 to 7 in the temperature range of 20-25 °C
(according to the experimental conditions used in this
paper). The predominant species are HCrO,~ at acid condi-
tions (pH 0.75-6.45) and H,CrO, at highly acid conditions
(pH<0.75) [61, 62]. When the concentration of Cr(VI)
increases, the chromate/dichromate equilibrium occurs:

2HCrO} = Cr,03” + H,0

Studies with higher concentrations of Cr(VI) showed a
higher stability of Cr,0,>~ which improved with higher ionic
strength [63]. Thus, it is described that for 50 mM Cr(VI)
in 3 M KCl, the predominant species is Cr2072_ in acid
medium (pH 0.75-6.45) and HCr,0O,~ at lower pH values
[62]. By last, CrO42_ is the predominant species at neutral
to basic pH regardless of the concentration.

In this work, previous batch experiments at different pH
values were performed to know the acid conditions for the
sorption of Cr(VI), obtaining the following percentages of
removal: 67.4% at pH 3; 87.4% at pH 4.8; and 54.7% at pH
6 with 1 mM of metal and 10 mg L=! of biosorbent. In these
conditions, HCrO,~ and Cr,0,%~ species were in equilibrium
in the solution.

3.2.2 Point of zero charge

Related to the surface charge, the point of zero charge pH,,,
is defined as the pH at which the surface charge of the
sorbent is zero. It depends on the chemical and electronic
properties of the functional groups on its surface and gives
information about the affinity of the biomass for cationic
or anionic species depending on the pH of the solution.
Its quantification is an input to understand the mechanism
of the sorption process under varying pH conditions. The
surface charge of the biomass is positive at pH <pH,, and
negative at pH > pH,, .. Thus, the sorption of metal ions can
be enhanced when pH>pH,, ., particularly for those that
exist in cationic form and, conversely, when pH <pH,,, for
those present in anion form. This can suggest a significant

presence of electrostatic forces in the adsorption process
[10]. The pH,, was found to be 5.2 for Palomino Fino grape
seed biomass. It is expected that sorption experiments at pH
values close to this value take place without electrostatic
repulsion for anionic Cr species, such as those carried out
in this work.

3.2.3 Surface negative charge

The surface negative charge can be associated with the ioni-
sation of acidic functional groups on the biomass surface.
These acidic groups, both strongly (e.g. carboxylic) and
weakly (e.g. phenolic), provide potential surface adsorp-
tive sites for the biosorption of metal ions [29]. The sur-
face negative charge value for Palomino Fino grape seed
was 2.4 +0.2 mmol g~!. This result shows a higher surface
negative charge if compared with other grape sorbents,
such as different grape bagasse chars (0.12-0.27 mmol g~})
used for Hg(Il) sorption [57], grape stalk wastes
(1.20-1.73 mmol g!) used for some cations (Cd(II), Pb(II),
Hg(I)...) [64] or grape waste-derived nanoporous carbon
(1.25 mmol g_]) used for Cu(Il) sorption [82]; it was also
higher if compared with some biomass used for Cr(VI) sorp-
tion: durian shell (Monthong variety) (0.514 mmol g_l) [65],
orange peel [66] or wheat bran (0.43 mmol g_l) [67]. Thus,
the grape seed showed promising potential as biosorbent.

3.3 Optimisation of the sorption process

The optimisation of the Cr(VI) removal by sorption was
carried out using a 23 (two-level) factorial design for the
following factors: pH value of the solution, amount of
biosorbent and contact time. Twenty experiments including
two replicates of each experiment and four repetitions of
the central point were performed. The levels for the factors
were selected based on the previous experiments above-
mentioned and encoded as upper level (+ 1), central point
(0) and lower level (— 1), as shown in Table 3. The central
point was used to check the linear response of the variables
to be used in the two-level factorial design. The experiments
were carried out using 1 mmol L~! of Cr(VI) solutions buff-
ered with 0.1 mol L™' CH;COOH-CH,COONa at 23 °C.

Table 3 Factor levels and selected values used in the 2 experimental
design with central point

Variable Lower level Central point Upper level
=D 0 +D

pH 35 4.5 55

Biosorbent (gL71) 5 10 15

Time (h) 8 16 24
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Table 4 Matrix of the 2° experimental design (two replicates of each
experiment and four repetitions of the central point) and the experi-
mental response for the Cr(VI) biosorption

Experiment pH Biosorbent Time Cr(VD) piosorption
@L™ (h) (%)
1 5.5 15 24 93.5
2 5.5 15 8 92.1
3 3.5 15 8 76.7
4 35 15 24 73.4
5 4.5 10 16 82.5
6 5.5 5 8 87.7
7 35 5 8 79.6
8 5.5 5 24 89.7
9 3.5 5 24 75.3
10 4.5 10 16 83.0
11 5.5 15 24 93.5
12 5.5 15 8 92.6
13 35 15 8 76.9
14 35 15 24 73.0
15 4.5 10 16 83.5
16 5.5 5 8 87.8
17 35 5 8 80.1
18 5.5 5 24 89.9
19 35 5 24 76.1
20 45 10 16 83.6

The matrix of the variables for the factorial design and the
experimental results are shown in Table 4.

Once the linear relationship between the independent
variables and the response was checked, the experimental
data were analysed. According to the Pareto chart (Fig. 4),
the pH showed a significant positive effect on the percentage
of Cr(VI) biosorption at a confidence level of 95%, being 5.5
the optimum level (4 1). Higher values of this upper level
yielded lower removal of chromium as above-mentioned.
The contact time showed a non-significant negative effect,
while the amount of biosorbent showed a non-significant
positive effect. The relationships between the response and
the independent variables were also analysed by means of
the response surface and contour plots of the interactions

(Fig. 5). Hence, the optimal removal of Cr(VI) was achieved
at pH 5.5 and for further experiments 15 g L' of biosorb-
ent (level: + 1) and 8 h of contact time (level: — 1) were also
selected as suggested by the experimental design analysis.

To verify if the selected time was enough to reach the
equilibrium state of the sorption process, several Cr(VI)
solutions in the range of 0.25-1.5 mmol L™! were studied.
The experimental data showed that the equilibrium was
reached after 8 h for all the concentrations studied (Fig. 6)
as suggested by the optimisation of the sorption process.
The uptake rate was initially very rapid, with>85% of metal
biosorption at 2 h (120 min) and close to those percentages
obtained until reaching the equilibrium state.

3.4 Analytical features of the biosorption process

Under the optimal conditions, the precision of the method
was determined by six replicate biosorption experiments
using 1 mmol L™! of Cr(VI) at 23 °C. The average of metal
removal in percentage (Criosorprion (%)) Was 91.7 +0.6, being
the precision of the method of 0.64% at a confidence level of
95%. The effect of Cr(VI) concentration on the equilibrium
sorption capacity (g,) was also investigated in a range from
0 to 2 mmol L~! with three replicates for each standard solu-
tion. It was calculated by Eq. (3) but expressed as Cr(VI)
mmol g~!. As shown in Fig. 7, the equilibrium sorption
capacity linearly increased along with the concentration of
Cr(VI), being the equation of the linear regression as:

qo(mmolg™") = (0.0587  1.67 - 107*) - [Cr(VD)] (mmolL™")
4 4 “
+ (264107 £1.72-107)

with a very remarkable determination coefficient
(R*=0.9999).

3.5 Sorption isotherms

The study of isotherms in the sorption process is a very use-
ful tool used in predicting the maximum sorption capacity
of the biosorbent [68], i.e. to characterise the adsorption
equilibrium relationship at a fixed temperature between the

Fig.4 Pareto chart for 23 .

experimental design (red line:
significance level of 5%) pH

Time (h) ’

Biosorbent (g L)

L L L L L L

@ Springer

4 6 8 10 12 14
S Standardised effects



Biomass Conversion and Biorefinery

Fig.5 Response surface and contour plots of factor interactions »
on the Cr(VI) biosorption percentage: (a) biosorbent amount—pH
value interaction (factor level for contact time: [—1]); (b) biosorb-
ent amount—contact time interaction (factor level for pH: [+ 1]); and
(c) contact time—pH value interaction (factor level for biosorbent
amount: [+ 1])

metal ion (sorbate) concentration retained on the biomass
(i.e. the equilibrium sorption capacity ¢,) and in solution
(i.e. the equilibrium concentration of metal ion in the aque-
ous solution C,); this relationship predicts how the interac-
tion occurs under the operating conditions. Different models
can be used to fit the experimental data, being Langmuir,
Freundlich and Temkin isotherms the most commonly used.
The empirical equations, the linear forms and the plotted
parameters used to fit the experimental data in this paper
are detailed in Table 1.

The Langmuir isotherm considers that the sorption pro-
cess occurs with the following: (a) formation of a monolayer
on the biosorbent surface of; (b) no interaction between mol-
ecules adsorbed on neighbouring locations; and (c) all the
sites are identical and energetically equivalent [31, 33, 68].
The chemisorption is usually explained as this single-layer
process. K; (L mg™") is the Langmuir isotherm constant and
provides the affinity of the metal ion for the binding sites.
The maximum value of the sorption capacity ¢,,,, (mg g~")
is predicted by the model and it would be obtained in fully
covered surface as monolayer. Another parameter can be
obtained from the Langmuir isotherm using the following
equation:

1
R =——
LT1+K,-C, ©)

where R; (separation factor) estimates the degree of
suitability. The range of this dimensionless factor can be
defined as unfavourable (R; > 1), linear (R, = 1), favourable
(0<R; <1) and irreversible (R; =0) [33].

The Freundlich isotherm describes the process as a multi-
layer sorption onto a heterogeneous surface and allows inter-
action between the biosorbent molecules [68]. This model
proposes that active binding sites with different energy
on the biosorbent exist and that those with higher binding
strength will be firstly occupied by the metal ions; also, the
binding strength of each site will decrease throughout the
biosorption process [69]. The forming multiple layers are
usually associated with physical sorption. K. (mg g~") is
the Freundlich isotherm constant related to the heterogene-
ity of the biomass surface and its activity as sorbent, the
parameter 7 (g L™") is a measure of the nature and intensity
of the biosorption process and its inverse value //n (L g™
is known as the heterogeneity factor. This model assumes
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Fig. 6 Effect of contact time on the biosorption percentage of Cr(VI)
onto Palomino Fino grape seed for Cr(VI) initial concentration in the
range of 0.25-1.5 mmol L™!
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Fig.7 Effect of Cr(VI) concentration on the equilibrium sorption
capacity g, (mmol g™") of the Palomino Fino grape seed

that if n is equal to 1, then the linear biosorption occurs and
leads to identical adsorption energies for all binding sites;
the biosorption is a chemical process for n< 1 and a physical
process for n>1 [70].

The Temkin model is based on the assumption that heat
of biosorption of monolayer varies linearly with the tem-
perature [33, 68]. This model suits well for gas phase equi-
libria but it usually fails to explain the equilibria of heavy
metal in solid—liquid phase because the biomass molecules
do not organise themselves in a similar packed structure. K
(L mg™!) is the equilibrium binding constant, related to the
maximum binding energy; the B constant can be expressed
with the equation B=RT/b as function of the R constant
(universal gas constant, 8.314 J mol~! K_l), the temperature
T (K) and the Temkin isotherm constant b (J mol ™), and it
is related to the adsorption heat.

@ Springer

Constants and determination coefficients of the three
models, determined from the fit of the linear plot at 23 °C,
are listed in Table 5. The comparison of the predicted values
by the fits of the three isotherm models and the experimental
data is shown in Fig. 8 where the equilibrium data were plot-
ted as g, vs. C, at 23 °C. The determination coefficients of
the fits for the Langmuir and Freundlich models were high
and similar. Therefore, a chemical or physical biosorption of
Cr(VI) by the Palomino Fino grape seed could be explained
by each fit, respectively. However, it is described that these
mechanisms may sometimes occur on the biomass surface
at the same time. In addition, the plots of the linearised iso-
therms (Fig. 8) showed that the Freundlich isotherm leaded
to a better fit with the experimental data. The fit of Temkin
isotherm was worse (R>=0.892).

The maximum sorption capacity ¢,,,, for Cr(VI) was
208.3 mg g~! (Table 5), being a higher value than the
common values for different biosorbents found in the lit-
erature (e.g. a review of pollutant removal using agricul-
tural waste describes g,,,, values ranging from 3.51 to
90.90 mg Cr(VI) per gramme of biomass [11]). In the
same sense, the review of Redha [7] compares the g,,,, of
several biosorbents where only non-living Cupressus lusi-
tanica bark showed a higher ¢,,,, of 305.4 mg Cr(VI) per
gramme. The affinity of the biomass for the Cr(VI) defined
by K; was 0.003 L mg~!, which is a low value if compared
with other biosorbents, such as Teff straw (0.33 L mg™})
with chemisorption mechanism [71]; casuarinas fruit pow-
der (0.097 L mg™!) or sorghum stem powder (0.055 L
mg~!) with electrostatic sorption [72]; although similar
values were found in other studies for rice husk (0.002 L
mg~!) with metal reduction and ion exchange mechanism
[73]; or bone char (0.0023 L mg~") with a good suitability
for Langmuir model and a chemisorption mechanism by
generating new chemical species on the bone char surface
[74]. The R, values for grape seed were also calculated
and ranged from 0.768 to 0.961, meaning the favourable
sorption process for the chromium concentrations studied
and feasible onto the Palomino Fino grape seed biomass.

The Freundlich isotherm defines the sorption of the
Cr(VI) by the grape seed biomass as heterogeneous
and the n value of 0.94 g L, very close to 1, led to an
increase in the concentrations of biosorbed Cr(VI) as its
concentration increases in the aqueous solution (linear
biosorption) (Fig. 7). The value of K was 0.593 mg g~ ".
A comparison with the above-mentioned sorbents shows
that the K value was similar than those obtained by
Teff straw (0.798 mg g~ '), lower than those obtained by
casuarinas fruit powder (1.845 mg g~!), sorghum stem
powder (1.704 mg g~!) or rice husk (1.704 mg g'); and
higher than those obtained by bone char (0.138 mg g™})
[71-74].
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Table 5 Isotherm constants and determination coefficients for Cr(VI)
sorption onto Palomino Fino grape seed biosorbent

Isotherm models Isotherm constants and determination coefficients

K;=0.003 L mg~! (0.156 L mmol~")
Guax =208.3 mg g~! (4.01 mmol g7
MSE=0.0414

R*=0.993

Kr=0.593 mg g~ (1.14-1072 mmol g1
n=094 gL

MSE=0.0331

R*=0.991

B=248

K;=0.916 L mg~! (47.61 L mmol™")
B=989.4 J mol™"

MSE=0.6637

R*=0.892

Langmuir

Freundlich

Temkin

MSE: mean square error

m Experimental data

8 Freundlich

Langmuir

Temkin

ge (mg g')

Ce (mg L)

Fig.8 Comparison of the predicted values by the fits of the isotherm
models and the experimental data

3.6 Sorption kinetics

The kinetics of the sorption process provides valuable infor-
mation to identify the possible mechanism and the rate-con-
trolling step.

The models of sorption kinetics are applied in the rate
determination of the metal removal. The kinetics of the
process provides useful information to identify the possible
mechanism which depends on the physical-chemical prop-
erty of the sorbent and mass transport process [75]. Several
kinetic models (Table 2) were studied by the fit of the experi-
mental data for the removal of Cr(VI) onto Palomino Fino
grape seed. The kinetic parameters were calculated from the
plots (Table 6) and the coefficient of determination R? was
used to test the best-fitting kinetic model to the experimental
data.

The pseudo-first-order model proposes that the sorption
rate at the binding sites is proportional to the number of

unoccupied sites in the biomass, being a physical mecha-
nism. The pseudo-second-order kinetic model associates the
biosorption capacity with the available sites on the biomass
surface where chemical reactions (exchange of electrons or
by sharing of valence forces between the sorbent functional
groups and metal ions) are involved [76]. The Ritchie’s
model is also a second-order kinetic model that considers
that the adsorption rate depends only on the fraction of free
active sites. The Elovich model considers the heterogene-
ity of the biomass surface. The first-order reversible model
considers that the rate of the adsorption reaction (k;) and the
desorption rate (k_;) constants are equal to the equilibrium
reaction rate constant. The intra-particular diffusion model
(derived from Fick’s second law of diffusion) assumes that
intraparticle diffusion is the rate-controlling step in the sorp-
tion process [3, 32, 69].

The pseudo-second-order model was the best model
describing the sorption of Cr(VI) onto the proposed bio-
mass with R2=1, although the pseudo-first-order model
also fits with a good coefficient (R*=0.983). These results
led that chemical interactions occurred between the Cr(VI)
and the biomass as the pseudo-second order proposed, but
the physical sorption interactions were also present by the
good fit of the pseudo-first order. Also, the Elovich model
showed a fit with a good R? value of 0.931, describing the
chemisorption produced on an energetically heterogeneous
surface of the biomass as Freundlich showed in the above
isotherm study. The reversible model is usually valid for
physical sorption but the value of R?< 0 obtained showed
that other mechanisms could be involved in the chromium
removal. The diffusion step in the biomass particles was not
significant because of the low fit of the intraparticle model.

3.7 Sorption thermodynamic studies

Thermodynamic studies are applied to investigate the nature
on the biosorption process. The standard Gibbs free energy
(AG®), the standard enthalpy change (AH®), the standard
entropy change (AS°®), the activation energy (E,) and the
sticking probability (S*) are thermodynamic parameters that
can be obtained by the following equations [77]:

AG’ = —RT - LnK, (6)
AG® = AH® — T - AS° %)
S =(1-0) ¢ (8)

The combination of Egs. (6) and (7) and its subsequent
linearisation allows to obtain this equation:
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Table 6 Sorption rate constants
and determination coefficients

Kinetic models

Kinetic parameters and determination coefficients *

associated with the kinetic 1 mM Cr(VI) 1.5 mM Cr(VI)
models for Cr(VI) sorption
onto Palomino Fino grape seed Pseudo-first order kl =0.0100 min~! kl =0.0099 min~!
biosorbent MSE=0.0094 MSE=0.0153
R*=0.983 R*=0.973
Pseudo-second order k,=0.031 g mg™" min~! k,=0.025 g mg™! min~!
MSE=0.0643 MSE=0.093
R=1 R=1
Elovich a=48.44 mg g~! min~! a=160.9 mg g~! min~!
$=3.458 g mg™! $=2.593 gmg™!
MSE=0.0121 MSE=0.0029
R*=0.931 R*=0.906
Ritchie’s second order ky g=0.376 min™" k, =0.456 min™"
MSE=1096.6 MSE=2283.9
R*=0.814 R*=0.760
First-order reversible k;=0.011 min™"! k;=0.013 min™"
k_;=0.001 min~! k_;=0.001 min~!
MSE=1.499 MSE=1.291
R*<0 R*=0.355
Intraparticle diffusion K,=0.048 mg g~! min™'?2 K,=0.063 mg g~! min~'2
C=225mgg! C=336mgg!
MSE=0.0393 MSE=0.083
R*=0.775 R*=0.739
4MSE: mean square error
Lok = (AS" ) <AH° ) 1 9 sorption heat (21-420 kJ mol~!). The intermediate value
<"\ R R T ®) of AH® obtained could indicate a possible combination

where K, is the equilibrium constant (L g™ "), R is the uni-
versal gas constant (8.314 J mol~! K1), T'is the temperature
(K) and 6 is the surface coverage. The parameters 0 and K,
are defined by the following equations:

0=1 Ce
=1-Z (10)

K.=+ (11)

Therefore, enthalpy and entropy variation values were
calculated from Eq. (9) using the plot of Ln K, vs. 1/T,
where the terms (— AH°/R) and (AS°/R) are the slope and
the intercept of the fit. From the modified Arrhenius equa-
tion, described as Eq. (8) and its subsequent linearisation,
the parameters E, and S were determined. Thus, the plot of
Ln (1-8) vs. 1/T allowed the calculation of E /R as the slope
of the curve and Ln S” as the intercept.

The results for the enthalpy (AH®) and entropy (AS°)
changes of the chromium sorption were 8.63 kJ mol~! and
0.049 kJ mol~! K™, respectively. The positive value of AH°
indicated the process as endothermic. If this parameter is
lower than 4.2 kJ mol™! (1 kcal mol_l), the predominant
mechanism for sorption is physisorption with weak forces
while the prevalence of chemical sorption shows higher

@ Springer

of physical and chemical mechanisms as suggested by
the kinetic studies. The positive value of AS® associated
with an increase in randomness at the solid-liquid inter-
face suggested an ion exchange process and the affinity of
the biomass towards chromium ions [78]. The values of
standard Gibbs free energy were found to be —5.59,—5.83
and—6.18 kJ mol~" at 18 °C, 23 °C and 30 °C, respectively,
which indicated the spontaneous nature of the chromium
removal. Also, these values increased with temperature, pro-
moting the sorption.

The positive value of E, (5.34 kJ mol™") was consistent
with the positive value of AH° and the endothermic nature
of the adsorption process. The parameter S is a measure of
the potential of the biomass to retain the sorbate. Values of
S ranging in the interval of 0<S" < 1 indicate a favourable
sticking with a relevant physisorption mechanism. If S is
equal to 0, then the predominant mechanism is chemical
with an indefinite sorption of the sorbate. The obtained S
value in this paper was 0.01, being able to explain a behav-
iour practically at the frontier of both mechanisms [79].

3.8 The mechanisms of the biosorption

Biosorption involves different mechanisms such as com-
plexation/chelation, ion exchange, electrostatic attraction,
covalent forces, van der Waals forces, surface adsorption
and even precipitation or crystallisation. Sometimes, more
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than one mechanism may take place and the biosorption can
be a mechanistically complex process [3, 8].

That is the case of the removal of Cr (VI) by biomass. The
most frequently proposed mechanism considers the sorp-
tion mechanism where anionic Cr(VI) species bind to the
positive surface of biomass in acid conditions by electro-
static attraction [80]. Cr (VI) may remain in the hexavalent
state in presence of small amount of electron-donor groups.
However, in the presence of adequate amount of adjacent-
reducing groups, it is considered that the low pH values can
promote the reduction reaction, since the protons participate
in the reaction [81]. After that, Cr(III) can be released to the
solution by the electrostatic repulsion from the positive sur-
face or complexed by functional groups (such as carboxyl or
phenolic groups) of the biomass [58]. Other proposals cover-
ing a most wide pH range consider the adsorption mecha-
nism by electrostatic interaction (by van der Waals forces:
physical adsorption), ion exchange or surface complex for-
mation before the reduction step may or may not take place
[7]. As alternative to these mechanisms, a direct reduction
of Cr(VI) in solution by contact with electron-donor groups
of biomass is also proposed [80, 82], after which the Cr(III)
is retained by the biomass wherein the mechanisms involved
may be ion exchange, complexation or electrostatic attrac-
tion at pH>pH_,.. It should be noted that the sorption of
the produced Cr(III) usually decreases at pH > 6.0 because
chromium hydroxides are produced [8, 59].

In this paper, the proposed mechanism for Palomino Fino
grape seed biomass can be explained as a physical sorption
coupled with a reduction reaction. This model is based on
the optimal pH of the process (pH =35.5), the characteristics
of the biomass and the kinetic, equilibrium and thermody-
namic studies, as a combination of a physical and chemical
mechanisms. Cr(VI) interacts with the biomass by physi-
cal sorption as explained by the good fit of Freundlich iso-
therm and a low chemical affinity for the anionic chromium
because the surface of the biomass is slightly negatively
charged at the pH of process. As the sorption pH was very
close to the pH,,., the anionic Cr(VI) species presented in
the diffusion layer were principally retained through physical
forces but not by electrostatic attraction.

Subsequently, they can be easily reduced to Cr(IIl) by
the electron-donor groups of the biomass, mainly the tan-
nins and phenolic groups present within the grape seed.
The Cr(III), that exists as the main ion at the sorption pH,
as above-mentioned, may be predominantly retained by
the biomass through a chemical process, either by com-
plexation with functional groups or by ion exchange (car-
boxylic compounds), providing enough stability to the
chromium removal and a high maximum sorption capac-
ity (¢ =208.3 mg g~'). Higher Cr(VI) concentrations
enhance the reduction reaction and the biosorption is lin-
early promoted as indicated by n value of the isotherm [53].

This successful biosorption is based on the special grape
seed components with a relevant content in antioxidant and
lignocellulosic compounds (e.g. lignins, polyphenols, toco-
pherols, tannins).

It is worth noting that few sorbents are found in the lit-
erature that remove Cr (VI) at slightly acidic or neutral pH.
Also, they require the addition or modification of the bio-
mass to include reducing agents (as humic acid [83] or the
use of reducing living organisms (as Escherichia coli [84]
or Pseudomonas alcaliphila NEWG-2 [85]) to perform the
sorption. Therefore, the proposed biomass provides two
important eco-friendly advantages: The sorption process
occurs at a slightly acidic pH (less hazardous) and the bio-
mass can be used directly without chemical modification or
addition of any reducing agent. In addition, the pH condi-
tions close to neutral values (pH 6) are frequently found in
the literature and reported as optimal values for the sorption
of cationic metals in solutions [6], but not for Cr(VI). That is
another drawback if simultaneous removal of metallic spe-
cies wants to be approached. This drawback can be over-
come by using the proposed biomass.

In this regard and as future perspectives, the simultaneous
removal with other metals can be exploited given the prom-
ising results from some previous experiments carried out at
slightly acid or close neutral pH values with Pb(Il) (86%),
Cd(II) (33%) or Co(II) (33%).

4 Conclusion

In this paper, a Sherry wine industry by-product, Palo-
mino Fino grape seed, is proposed as biosorbent for the
removal of Cr(VI) from aqueous medium obtaining satis-
factory results. The biomass was characterised by means
of several studies and the sorption process was optimised.
Best experimental results were observed at slightly acidic
pH without modification of the biomass or the addition
of any reducing agent and it is based on the special grape
seed composition. Also, sorption thermodynamic studies
revealed that the nature of the biosorption is found to
be spontaneous and endothermic and it can be explained
as the combination of a physical and chemical sorption
mechanism. The pseudo-second-order kinetic model is the
best describing the sorption of Cr(VI) onto the proposed
biomass, although the pseudo-first-order model also fits
the experimental data quite well, explaining the chemical
interactions between Cr(VI) and the biomass as well as
the physical sorption.

This locally available and low-cost industrial by-product
presents an easy preparation as a biosorbent and its potential
use for the removal of Cr(VI) and other heavy metal ions
shows interesting advantages to be applied.

@ Springer
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