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Abstract

Different lignocellulosic substrates consistingwddified barley husk, peanut shells and sawdust watrapped in calciu
alginate beads and used as adsorbents to remowsdy®unds from vinasses. For comparative purpaseiscomposite
formulated with humus was also included in this kvdtinetic studies were carried out by applyjgetdefitstorder,
psetteseeontdorgepseudo-first-order, pseudo-second-or@rien—Clayton and intraparticle diffusion modelsserving
a good agreement between theoretical and expertmesults when the data were adjustegseddesecoraotgepseudo-
second-ordekinetic model. The results of this study show thatecetuseste-baselignocellulosic-basediocomposites
could be used as an effective and low-cost adsbfbethe removal of dyes from aqueous solutionsiofig the
heterogeneous biopolymers evaluated, the biocongplbased on barley husk gave the best capacityyforemoval.
Moreover, in all cases, it was found that therstsxa direct relationship between the capacithetiocomposites to
remove dyes and the percentage of carbon contairted lignocellulosic residues.
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1. Introduction

Many lignocellulosic residues such as corncobd)glartichoke leaves, coconut coir, bamboo wastegar peel, rice husk,
peanut shells, spent tea leavesreedsweedshave been proposed in literature for the produatiosctivatedearbens;
carbonsalthough, in most cases, they have been submadtdiferent activation processes involving high peratures or
the utilization of alkalis or acids (Sanghi and Wer2013; Angin 2014). Thus, Robinson et al. (2@@2hpared low-cost
pre-treatetpretreatedesidues consisting of barley husk, corncob andatveaw, for the removal of dyes from an artificia
effluent, observing a higher percentage of dye rahand a faster rate when samples were millecexor barley husk,
which had a higher percentage removal for the obntr

Moreover, Gong et al. (2005) used powder prepai@d peanut hull for the biosorption of three anioayes, Amaranth,
Sunset Yellow and Fast Green FCF at initiald2, obtaining agsetdsfirstorgerpseudo-first-ordekinetic behaviour. In
addition, Reddy et al. (2013) developed activatatbans fronbie-wastebiowastematerials like rice husk and peanut shell
by various physicochemical activation methods, pbsg that the experimental data fitted well in ttengmuir isotherm
model when activated carbons were used to removteyteae blue from water.

On the other hand, Pehlivan et al. (2012) usedthatraw as a biosorbent material for the remofabpper (C\Z*) ions
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from aqueous solutions after treatment with ciwdtd, suggesting that the sorption process wasrtatad by adsorption,
ion exchange, electrostatic attraction and chedatiboreover, Ding et al. (2014) treated peanutshgbybean shells and
grapefruit peels with sodium hydroxide and thenodpmerized them witkeptehtetehydtirepichlorohydrinand
ethylenediamine in order to remove Pb (II) from@aus solution, finding that the adsorption folloveggsetdesecond
sergetpseudo-second-ordkinetic model. Furthermore, Ibrahim et al. (201®)dified the surface of barley straw, using a
cationic surfactant (hexadecylpyridinium chloridemohydrate) and then used it as an adsorbent toveReactive Blue 4
(RB4) from aqueous solutions, observing that tinetic data yielded excellent fit to theetdesecenaordepseudo-
second-ordemodel. However, few studies exist in literature @itbe utilization of norehemically oxidized lignocellulos
biomass in the treatment of wastewater or in thefdation of biocomposites based on lignocellulos&gidues.

In previous studies, it has been demonstratechiéitarogeneous biopolymers based on lignocellulisimass entrapped in
calcium alginate beads can be used as potentiattzatits for the treatment of coloured wastewatavedsas to remove
micronutrients from water (Perez-Ameneiro et all44) b; Vecino et al. 2014). In these studies|igmocellulosic residue,
consisting of biodegraded grape marc, was subntittsgontaneous biodegradation in order to oxitlizeorganic matter
and improve the capacity of this residue to remiyes and micronutrients from vinasses (Perez-Amermial. 2014a, b).
Biocomposites based on lignocellulosic residue®mgny advantages, since theyesefriendtytow-costecofriendly,
low cost,biodegradable and abundant in comparison to noawable adsorbents.

On the other hand, peat is a porous and rather learspil material with organic matter in variouagts of decomposition
that has been proposed by Vecino et al. (2013)atmeate a biocomposite to remove dyes from virmsse

The elimination of dye compounds from vinassesaiignocellulosic residues can involve several clempnechanisms,
such as surface adsorption, ion exchange, compi@xabmplexation—chelation or microprecipitati@h( and Chen
2002a, b).

In this work, a comparative study involving hetegngous biopolymers based on lignocellulosic resiéumgrapped in
calcium alginate beads was developed by evalu@timgpehaviour of the biocompositesegs-frietitty-ecofriendly
adsorbents for dye removal in wastewater treatm&atgeral kinetic models were considered to ingasti the adsorption
processes of dyes from vinasses onto the diffdriecbmposites.

2. Materials and Methods
2.1. Substrates

Peanut shell, barley husk and eucalyptus sawdust el#ained from locaketssttesindustrieswhereas humus was
supplied by Comporense S.L. (Ourense, Spain).

According to the providing company, commercial wdramus has a composition of 1.6-2.3 % in totabgin, 1.4-1.9 %
in total phosphor, 1.4-1.9 % in totgtasstarpotassium and.3—6.9 % in calcium, pH 7—7.2nda maximum moisture of
35 %; and nutrients such as magnesium, iron, sgdiopper, manganese and organic matter are alsaiced in this
substrate.

In contrast to the other adsorbents, barley huslement a supplementary delignification proceslefahg the procedure

described by De Abreu et al. (2012). In the memtibstudy, antioxidants were extracted from barlegkiusing 3 % of
H,S0O, at 130 °C during 15 min, in order to remove thetoellulosic sugars, followed by a delignificatiprocess using

6.5 % of NaOH at 130 °C during 60 min (see Fig. 1).

Before formulating the biocomposites, peanut sheltley husk and sawdust were milled and sievei @pparticle size of
0.5 mm, whereas humus was used as provided bythpany without any other previous process.

2.2. Analytical Methods for the CharacterizationAalsorbents

For the characterization of the adsorbents, sulstigere sieved to 0.5 mm and homogenized. Thelsamereai-ttiet
air driedand milled prior to carbon and nitrogeratystsanalysisand then decomposed by thermocatalysis. C, N, Hsand
were determined in a Fisons-EA-1108 CHNS-O eleranatyser (Thermo Scientific).

2.3. Vinasse
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Vinasses were collected from local winery industaad kept at 4 °C until use. The initial concetidraof coloured
compounds, measured as equivalents of Amaranthadgeset around 29 mg/L.

2.4. Biocomposite Formulation

Biocomposites were formulated by mixing 2 % of bgellulosic substrate or humus, 2 % of sodium algirand calcium
chloride (CaCj) 0.58 mol/L, following the methodology used in yimis works (Perez-Ameneiro et al. 2014b). Before

adsorption experiments were carried out, the bigpel was washed several times with distilled wateoom temperature
to remove excess CaLl

2.5. Adsorption Studies

Adsorption experiments were carried ouB-t250-mLErlenmeyer flasks at 25 °C and 112 rpm during PHe ratio
between the different adsorbents and vinasses Wwakt#A—(v/v). Samples of vinasses were obtained at several tumes
the amount of dye compounds was evaluated.

The adsorption capacity, (mg/g) was calculated following Eq. 1.

Ge = (CO :NCe)V (1)

whereC, andC, (mg/L) are the concentrations of coloured compatindhe winery vinasses before and after treatment

respectivelyV (L) is the volume of the winery vinasses usedmybatchexpetireritsexperimentsandW (g) is the mass
of dry adsorbenge=(i.e. the amount of lignocellulosic biomass used in tirenulation of the adsorbent composite).

2.6. Optical Images of Lignocellulosic Adsorbents

The macro views of the biocomposites composedftdrdnt lignocellulosic substrates and humus, g@mieea in calcium
alginate beads, were obtained with a regular digieera (Sony optical SteadyShot) using an Op#oaim 4X with26
fra 26-mmwide-angle lens and 14.1 Megapixels.

2.7. Scanning Electron Microscoffe=rImages of Lignocellulosic Adsorbents

In order to corroborate the adsorption of dyes ¢méoadsorbents, batch adsorption experiments eagried out using no
entrapped lignocellulosic polymers in the same gt thattheseweredescribed above. Thus, samples of lignocellulosic
biomass and humus powder were collected beforafiedadsorption experiments. After wastewaterttneat, powder

was washed with deionized water, filtered afretriet-air dried.All samples were then covered with gold and disectl
observed using a JEQISM6766+FISM-6700H-EG scanning electron microscope (SEM) operatirapaicceleration
voltage of 10.0 kV foseesnaeaneteetrornisecondary electroimaging andewet-eteetrerlower electrorimaging (SEI/LEI).

2.8. Dye Analysis

Dyes in vinasses were evaluated in a double beantrgphotometer (Jasco V-650). Colour measurenvegnts analysed
by considering the CIE 19%&*—=*1*-(L*, a*, b*) or CIELAB coloursystetrrsystemas well as the colour index (ClI).
CIELAB system is widely accepted by both the séfentommunity and industry, as it is the most ‘pgptually uniform’

of the colour spaces (Berns 2000; V&t54:2001),whereas ClI, which is described as the sum of tserklance values of
a sample at the wavelengths of 420, 520 and 62@am used in previous works to measure the dye oamgs in vinasse
(Devesa-Rey et al. 2011; Vecino et al. 2012, 2@L3tos et al. 2014).

Vinasses are composed of a mixture of dyes that hgpeak of absorbance at the same wavelengtm(B2€than
commercial Amaranth dye. In order to evaluate tlewr reductiorthatoccurred in the vinasses after treatment with
biocomposites, the absorbance value at 520 nmobf gample was converted to equivalents of Amardy¢h Thus, the
amount of coloured compounds in vinasses was medss equivalents of Amaranth dye, following thehnodology used
in a previous work (Perez-Ameneiro et al. 2014a).

Additionally, psetddsefitstorgerpseudo-first-ordefLagergren 1898)setdesecoticoraepseudo-second-ordédo and
McKay 1999), Elovich equation (Elovich and Lariont®62a, b) modified by Chien and Clayton (1980) iatichparticle
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diffusion models (Weber and Morris 1962) were usestudy the behaviour of the adsorption process the
bioadsorbents.

3. Results and Discussion

3.1. Elemental Analysis of the Adsorbents

In this work, several lignocellulosic residues wergrapped in calcium alginate beads in order tainta more manageat
adsorbent. In Fig. 2tearbe-observetthe spherical surface and the size of the diffesetermpositeshiocomposites can
be observedyhose diameters were between&#8and 4.0 mm. Sodium alginate is a linpatysacerariderattal
polysaccharide and a naturatigcurring polymer composed efguluronate an@-mannuronateesitttesresidueswhereas
lignocellulosic residues are composed of cellultigajn and hemicellulose in different concentragalepending on their
origin. Table 1 includes the information relatedhe elemental composition of the lignocellulositymers used to
formulate thesteeompositeshiocompositesas well as the composition of the humic substrasdt can be observed, barley
husk gave the highest percentage of C, followeddanut shell andawatstsawdustwhereas humus contained the lower
amount of C. The high content of C in barley huak be related with the concentration of the lighlatesic fraction in the
residue after the hydrolysis and the delignificatiwocess carried out to remove the hemicellulssgars and lignin (see
Fig. 1). Regarding the nitrogen concentration, hsipnovided the highest percentage, followed by pestrett-shell, while
sawdust and barley husk are composed of a minarecration of nitrogen. The treatment of barleykhesiuced the
nitrogen concentration of this residue from 16%68p to 0.29 %. Minor variations were observed inghecentage of
carbon and hydrogen after the treatment of baneskh

3.2. SEM Analysis of Lignocellulosic Adsorbents 8ef and After Adsorption

The adsorption capacity of the adsorbent is not datermined by its physical or porogtstetttestructurebut also
influenced by the chemical structure of its surfade scanning electron microscof=#rwas also applied to the samples.
Figure 3 shows the morphology changes of unloadddaaded non-entrapped substrates. Images revisaiednloaded
non-entrapped substrates have a rough surfacenitly fractures and small convesetrastetisprotrusionswhereas afte
bioadsorption of dyes, the surface of lignocellidosaterials and humus becomes smoother and lesa@robably due

to the entrapping and adsorption of the colouredpmunds.

3.3. Kinetic Study

Table 2 shows the reduction in colour index, theéase in lightness and the reduction in coloumpigts at the equilibriu
in vinasses after being treated with the four défe biocomposites. Based on the highest reduationlour index, the
highest values of lightnegs*—(L*) as well as in the decrease of pigments achievadiar after treatment, it can be
speculated that barley husk is the most suitaliistsate when applying the biocomposite. In linenvtite foregoing, in
terms of efficiency, barlefaskbasetiusk-basetiocomposite showed the best performance, beirgtablemove the
98.41 % of coloured compounds in water, followedbgnut shell and sawdust (87%5nd 84.71 %, respectively). On
the contrary, the humic-based composite providegtdightness values and lower pigment removal wéhcentage
reductions about 83%-%, measured as percentage of decolouration basedubratsmts of Amaranth dye. These values
similar to those achieved by other authors usihgrotechniques. Thus, Bocos et al. (2014) found38&+6 of dyes were
decolorized during batoltectretertorrelectro-Fentortreatment with Fe hydrogels afterstotts2 h of treatment
treatmentand Alvarez et al. (2013) eliminated 60 % of textyes contained in industrial effluents usikmgpxybacillus
flavithermu:.

On the other hand, the kinetic behaviour of theodumnts is of great interest for any further wook@erningsesatitiet-
scaling up.Thus, the adsorption of dyes onto the biocompositesdescribed using different kinetic models. Egna2

shows the linear form of tmseudﬁfn%t—(ﬁdermedepseudo -first-order model:
Iog(oe— Ci) - |Og(]e— 2 303

)

whereq, (mg/g) andy, (mg/g) are the concentration of adsorbed dyeguitierium and at a defined tinterespectively,
andk,-; (1/min) is the rate constant pbetesfrsteraerpseudo-first-ordeadsorption.

The kinetic coefficients obtained in this case skdwhat there is a clear difference between humdstee other
lignocellulosic residues. Barley husk, peanut saetl sawdust gave theoretical capacity values legtWel6rgterand 0.45
frgtemg/g,whereas, by using humus, the capacity was only ©@8. Among the lignocellulosic biocomposites 1
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showed better performance, it was observed thébhusk reached the highest valueigfl, (0.96 mg/g) when taking in

account the experimental capacities. Figure 4a shbevcorrelation between the experimental datatamtheoretical data
when these were described by usisgtdefirst-oraderpseudo-first-ordekinetic model. When comparing the theoretical
values obtained to the experimental ones showrablel3 fearrberoticethe huge variance betwesrer-them can be
noticed.This illustrates that none of the adsorption preesf the biocompositéstewfollows apsetdefirstoraer
pseudo-first-ordekinetic model.

Moreover, sorption kinetics were also describedgsigsettesecotrieroraepseudo-second-ordarodel following Eq. 3.
t 1 1
+

to 1oy
G kol G 3

whereks-, (g/mg min) is the equilibrium rate constantskueeseesne-sraepseudo-second-ordadsorption. In this case,
Eg. 3 does not have the problem of assigning at#¥eq,,. If the psexdeseesne-ereepseudo-second-ordkinetic
equation is applicable, the plot @, against should give a linear relationship, from whighandk,-, can be determined
from the slope and intercept of the plot, and there need to know any parameter beforehand.

Table 3 shows the kinetic parameters obtained #ftetreatment of théataedata,and Fig. 4b shows the variation of the
experimental data when they are adjustedgssaittesecond-orgepseudo-second-ordkinetic model. It was observed that
barley husk gave the most favourable kinetic patarador the removal of dye compounds from wattpived by peanut
shell andsawdustbasesawdust-baseldiocomposites, being thesrusbasedumus-basediocomposite the adsorbent
with the lowest capacity. In all of these casesrdhs a close agreement between the experimardahaoretical capacities
predicted by the model.

Furthermore, adsorption kinetics can also be agljusi the Elovich equation, which, although firstged to explain the
adsorption kinetics of gases on solids, it has Iseegessfully applied for the adsorption of soldites a liquid solution
(Eq. 4).

Th=aexp(-q) @)

Chien and Clayton proposed the simplification of Edpy assumingft >>1->>1 and considering the boundary conditions
q; = 0 fort = 0 andg, = g, att =t. In thecrierStayterChien—Claytorexpression (Eq. 5),(min mg/g) is the initial sorptic
fatesrateandp (g/mg) is related to the extent of surface coveragd activation energy for chemisorption.

qz%ln(aﬁ)+%lnt (5)

Regarding the kinetic parameters obtained aftelyagpthe Chien—Clayton kinetic model shown in Hg, it can be
observed that values predicted by this model are higher thasdhabtained using composted grape marc entrapped in
calcium alginate beads, whose values were betw®&wéerirand 6.66 mg/g min (Perez-Ameneiro et al. 2014acei
a parameter determines the initial sorption rateait be speculated that the adsorption procesers favourable using
calcium alginate biopolymers based on barley hhak using adsorbents based on peanut shell andisawtbreover, it
can be noticed that, although calcium alginateaiaimg humus showed the highest valuedfothe adsorption capacity for
this adsorbent was lower than the capacity obtairsgty lignocellulosic-based biocomposites.

Finally, experimental data have been fitted totttteaparteteBiffastorintraparticle diffusiormodel in order to determine
whether the adsorption process is governed oniptogparticle diffusion or if it is more complex @imvolves more than
only one diffusive resistance, as shown in Fig. ®e intraparticle diffusion model can be expresssidg Eq. 6.

q =ket**+C 6)

whereks is the intraparticle diffusion rate constant (mgfgnO'S) andC is the intercept (mg/g), and it is related to the

thickness of the boundary layer. The slope of iteak part of the curve of vst0-5— kp —indicates the rate of adsorption

controlled by intraparticle diffusion. When theereept-intercept,C -, equals zero, then the intraparticle diffusion i th
only controlling step. However, € does not pass through the origin, it indicatesttiere are other processes involved in
the rate of adsorption. In this case, the intragartliffusion model gav€ values higher than 0, which indicates that there
are other processes, apart from the intrapartifiesibn, involved in the rate of adsorption. Thessults are in
concordance with those obtained in a previous wwhere the performance of a lignocellulosic biocosife based on
composted grape marc was studied (F-FAmeneiro et al. 2014

file://D:\Springer\Temp\delta\2393 Delta.h 4/2/201*



Springer A++ View Simpl Page6 of 9

For all the kinetic studies regarding the lighaglelsic biocomposites, good correlation coefficie(n([52) were obtained
with values between 0.93 and 0.99 (see T&apt8), whereas when the kinetic adsorption of biocompdsatsed on humus
was studied, the correlation coefficie%z) varied between 0.59 and 0.99. In this case, ¢isé kinetic model that
explained the adsorption process onto the humwdbiposite was the pseudo-secerger~order,whereas thé+sterder
first-orderkinetic model provided the lowest correlation caméint. It can be stated, then, that pseudo-seooter was the

kinetic model that better explained the behavidithe adsorption process for all the biocompose'etsos}:ﬂua’[e(fF(r2 =0.99).

Intraparticle diffusion model yielded also remareatorrelation coefficient~s=(r2 = 0.99-0.85) for the studied
bioadsorbents.

On the other hand, Fig. 5 shows the linear relatigmbetween the capacity of the biocompositesasdignocellulosic
residues and the percentage of carbon. It was \adxbénat those biocomposites with higher percentdgarbon showed
higher capacities. However, no relationship waeoled between the other elemental components iedludTable 1 and
the adsorption capacity of biocomposites.

In comparison with the biocomposite based on grapee compost evaluated in a previous work to renuyes from
vinasses (Perez-Ameneiro et al. 2014a), it wasrebddhat the barley husk, peanut shell and sawsaatisorbents
showed similar performance and similar capacitias the composted grape marc biocomposite.

Some authors have used bioadsorbents based oredtffignocellulosic materials to remove contamisdrom water.
However, in these cases, the adsorbents were trapped in any matrix and thermic or chemical mdthwere used to
modify the composition of the lignocellulosic reséd In comparison with the current work, Hassaal.g2014) prepared
three adsorbents, calcium alginate beads, sodiulrokigle activated carbon based on coconut sheltscalcium
alginate/activated carbon composite beads, obggthat the adsorption of dyes followssetteseconaoraepseudo-
second-ordemechanism. Thermodynamic studies show spontanewlsralothermic nature of the overall adsorption
process. These results are in concordance witkitie¢ic data obtained in this work.

4. Conclusions

The results obtained from this study showed thatdrnposites based on barley husk, peanut shedivadiisst in batch
adsorption experiments were effective at removiygsdrom winery vinasses, showititatthe barleyrtskbasetiusk-
basedioadsorbenhasthe best performance. A direct relationship betwtbercontent in carbon of the substrates and their
capability to remove coloured compounds from vieassas found. Additionallygsetde2reoraeipseudo-second-order
kinetic model, Chien—Clayton kinetic model antreparticteintraparticlediffusion model were successfully applied to
predict the kinetic of the adsorption, showing it adsorption process for all the studied biocwsitps follows gsette
secoftroraepseudo-second-ordkinetic model and that the intraparticle diffusismot the only controlling step.
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Fig. 1
Delignification process undergone by barley husk
x| 11270_2015_2393_Figl_HTML.jpg

Fig. 2
Images of the studied biocompositagieanut shellp sawdustg barley huskd humus
x| 11270_2015_2393_Fig2_HTML.jpg

Fig. 3

SEM images, at different magnification866;x2566x 1000, x250@ndx5668;x5000,0f the compared non-entrapped
substrates before adsorpti@peanut shellc sawduste barley huskg humus, and after adsorptidnpeanut shelld
sawdustf barley huskh humus

%/ 11270_2015_2393_Fig3_HTML.jpg

Fig. 4
Kinetic plots for the adsorption of coloured compds onto the studied biocomposites
x| 11270_2015_2393_Fig4d_HTML.jpg ‘

Fig. 5
Plot for the correlation between the compositionanbon of the different cellulosic substrates #redadsorption capacity
of the studied bioadsorbents

%/ 11270_2015_2393_Fig5_HTML.jpg

Tables:
Table 1
Elemental analysis of the substrates used in tmuiation of the biocomposites
N (%) |C (%) H (%) | S (%)
Peanuketshell 0.89 £ 0.04 48.34 £ 0.46 6.03+0.09 |<LD®
Sawdust 0.20+0.01 46.70 £ 0.18 6.04 +0.13 |<LD®
BarleyHtskhusk 0.29+£0.04 51.0 +0.09 6.77 £0.22 |<LD®%
Humus 1.95+0.13 21.57+1.55 3.12+0.24 0.47 £ 0.07

D imi-L D limit of Betectierdetection

Table 2
Colour parameters at equilibrium

Cl (AV) t=—L* (CIELAB units) C pigments (mg/L)
Initial 2.803 48.35 29.07
Peanutsketishell 0.428 90.04 3.79
Sawdust 0.536 87.99 451
Barley+tskhusk 0.063 98.57 0.47
Humus 0.839 87.25 4.97
Table 3

Comparison of kinetic parameters feretdsefirstordetpsetasecontoraepseudo-first-order, pseudo-second-order,

Chien-Clayton and intraparticle diffusion kinetiodels

Psedde—tst-SrgefPseudo Psetde=2nd-Order Intraparticle
' S Pseudo-second-order Chien—Clayton kinetic model [Bifastorrdiffusion
first-orderkinetic model kinetic model model
Adsorben P P
KK e e <K e e <K <C
Llexp [calc [rr? 2 lexp  fcarc 2 ™ KA P #r2

file://D:\Springer\Temp\delta\2393 Delta.h

4/2/201*



Springer A++ View Simpl Page9 of 9

(L/g (L/g , (mg/g

min) [(M9/a)(ma/g min) [(M9/@)(ma/g (mg/g min) (g/mg mir05)|(M9/9
Peanut s
Shetshel[0-0454 0-86 | 0.46 | 0.9460.2807 0.85 0.88 0]998 6.69 19.36 9@IA50 0.210p 0.993
Sawdust | 0.0477 0.83[ 0.45 0.4530.3p910.43  0.85 .998 7.51 .8210.97% 0.1118 0.2093 0.992
Barley ; X

rskusk|0-0489 0.96 [ 0.45| 0.9300.34820.9¢ 0.98 0]999 19.47 1D.187@4A355 0.2597 0.947

Humus ] 0.025[0.77| 0.23[ 0.5900.4796 0.77 0.16 (&@#45-+43,145.1{23.68 | 0.95p 0.094p 0.28pB8 0.454
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