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ABSTRACT

Nowadays the recovery of low-molecular soluble atichydrocarbons (HCs) released into
natural bodies of water continues to be a challentask. These contaminants bring sever
consequences to the environment and to the hunathhBiosorption on macroalgae (Ma)

biomass seem to be a potential alternative to dilmat costs and high availability, but the low
strength and density are important drawbacks tdleastart up and operate continuous biosorption
units. In this study, chitosan (Ch) and pectin (Re)e employed as precursors to synthesize a new
Ma—-Ch-Pe composite with regard to enhance thelisyedod applicability of macroalgae biomass
towards the removal of soluble HCs pollutants. Bioeomposite synthesis was based on a factorial
design and a posterior response surface methodolbgyoptimized biocomposite (75.4%, 19.8
and 4.8% for macroalgae biomass, chitosan andpeetpectively), was characterized and
evaluated under different ionic strengths, pH valaled organic load to determine their potential as
biosorbents and to elucidate the adsorption meshaninvolved. Removal capacities were 58.68,
16.64 and 6.13 mgYfor benzene, toluene and naphthalene, respectilialyadsorption capacity
was slightly influenced by the pH (3-9), and dirshed with ionic strength values uplts 0.6 M.

The presence of dissolved organic matter (DOM) sobd the removal of HCs by providing
hydrophobic sites to the biosorbents. Moreoverpibsorption data was well-described by Sips
adsorption isotherm, and the pseudo-second ordettieq represented the best fitting model for the
biosorption kinetics. The biosorption mechanisntduided hydrophobic effect by the algae fraction
and London forces between the HC and the diverfgnational groups present offered by the

precursors.
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1. Introduction

Crude oil is one of the three main fossil fuelsng with coal and natural gas (Heede and Oreskes,
2016). When operational or accidental oil spillswoon bodies of water, even after applying clean-
up technologies, water-soluble aromatic compouraa bil may persist and continue to produce
negative effects on the ecosystem and human hgalttand Kujawinski, 2015). Around 1 to 3%
(sometimes up to 15%) of crude oil can pass irdssolved state (Njobuenwu et al., 2005). Data
from oil production have shown that the main arocmedmpounds (> 96 %) in produced water are
BTEX (benzene, toluene, ethylbenzene and xyleon#dwed by 2- and 3- ring polyaromatic
hydrocarbons (PAHSs) as naphthalene (3%), and antidarger PAHs (<0.2 %) (Pampanin and
Sydnes, 2013). Different methodologies have beggested for soluble hydrocarbon removal and
involve filtration, aeration, biodegradation andfitatalysis (Chen et al., 2010; US EPA, 2013;
Wang et al., 2014; Ziolli and Jardim, 2002). Thesshniques have different degree of success, but
sensible disadvantages including high-energy rements, long periods of treatment, and
expensive equipment. Sorption including differeffg@bent media such as carbonaceous materials,
natural products and wastes have proven to befiaieaf, rapid and feasible alternative for soluble
hydrocarbons removal in water (Caetano et al., 20amichhane et al., 2016; Rathod et al., 2014).
A remarkable importance is noted for biosorptioerahe last few years because it was reported
that this technology could be from 20 to 36% legzeasive in comparison with conventional
systems respectively (Ata et al., 2012; Vankal.e2813). Macroalgae (Ma) biosorption processes
constitute a cost effective and environmental fiigrlternative for the removal of petroleum-
based soluble compounds (Flores-Chaparro et dl7;2@ubbe et al., 2014). Furthermore, seaweed
can be farmed in water avoiding any competitiorhvidiod production (Angelova et al., 2016; Zhao
et al., 2011)M. pyriferais a broadly distributed macroalgae (Pacific andtBern oceans), and is
the most largest algae which size ranges from 76+8@dth an annual growth rate of 50 min

suitable conditions (Zhao et al., 2011). Regardiéshese promising outcomes, the physical



characteristics (small particle size, low strermytid density) of such biomaterials are not viabte fo
a continuous process operation and make biomdguttifo manage (Hameed, 2006). Therefore,
the biomass immobilization techniques is one ctussae to improve the practical application of
macroalgae biomass on biosorption processes. Ehefd®cculant agents as an active
immobilization technique has received special &ttenin particular polysaccharides as chitin and
its derivate chitosan, a highly available food mssing byproduct (Davila-Rodriguez et al., 2009).
Chitosan is a linear polymer with a predominant amf positive charged amino groups and a
well-known affinity toward pollutants like metalrie and colorants. On the contrary, pectin (Pe) is
a polyanionic compound composed predominantly tgagaronic acid units linked through(1-4)
chain (Crini and Badot, 2008; Wan Ngah et al., 30Pg&ctin molecule is extensively used in the
food industry for its well-known thickening, sthbation and gelling properties (Motlagh et al.,
2000), and also known by its positive health-relat#e with numerous pharmaceutical uses
(Sriamornsak, 2011). The biopolymer-biopolymeeiattions between the two oppositely charged
polymers (chitosan and pectin) could increase timepatibility and stability of the biosorbents.

This mechanism creates new structures that aredgadllyelectrolyte complexes. Though there are
numerous publications on the formation of compasitih chitosan for metals and nutrients
biosorption purposes (Eroglu et al., 2015), it af interest to further integrate Ma—Ch-Pe
composite via precipitation method to enhance ttegdabilities for practical applications on

water-soluble hydrocarbons removal.

The main objective of this research was to detegrbiyna factorial design, and by a response
surface methodology, the proportion\df pyrifera chitosan and pectin that confer to the
synthesized composites a greater ability to renasgeatic hydrocarbons. Later, the capacity of
these composites to remove benzene, toluene aidhadgne under different scenarios of ionic

strength, pH and dissolved organic matter in nhtuader was determined. A complete



physicochemical characterization of the biosorlveas performed to establish the adsorption

mechanisms.
2. Experimental
2.1. Materials and chemicals

Chitosan (Ch) (with a molecular weight of 50,000,000 Da anda 75 % degree of
deacetylation) and pectin (Pe) (galacturonic acid %) were purchased from Sigma—Aldrich Co.
Ltd. Other reagents, namely, acetic acid (HAc), Negdd NaCl were obtained from J.T. Baker Co.
Ltd. The macroalgae samp¥acrocystis pyrifergMa), was collected in La Paz, Baja California
Sur, Mexico and Ensenada, Baja California, Mexizxded biomass was rinsed with plenty of
deionized water (<11 uSn™) at 50 °C. Finally, the sample was sieved to siglarsize of < 250

um with a Mini-Cutting Mill (Thomas Wiley) before ad in sorption experiments and
characterization. The model organic pollutantduided in this work were benzene, toluene and

naphthalene (Sigmaldrich, 99% purity).
2.2. Preparation of Ma—Ch-Pe biocomposites

The Ma-Ch-Pe biocompositagere prepared by dissolving a definite amount atipgPe)

powder (up to 2 g) in deionized water. At the sdime, 3 — 5 g of chitosan were suspended in the
pectin solution. Then, 50 mL of HAc 5% (v/v) werddad to the mixture, and stirred continuously
for 30 min. The synthesis was followed by the &@ddibf a specific amount of the macroalgae
biomass (Ma) (Supplementary materials: Table S1S#)dand the final composite was stirred for
another 12 h. The homogeneous (Ma—Ch-Pe) solutaanfully poured through a drop system

(Fig. 1a) into a 25% NaOH solution for hydrogelatiaccording to a previous methodology (Pérez-
Escobedo et al., 2016). The obtained hydrogels washed with distilled water to neutral pH and
dried at room temperature for 48 h. The averagécpmsize could be controlled from 3 — 6 mm by

changing the tip of the syringe.



2.3. Optimization of biosorbent composition for togérbon removal
2.3.1. Factorial design

A screening experiment involving a three factordewel full factorial design (2runs) was

employed. Preliminary experiments were conduatesktect the suitable high and low levels
(Table S1). Moreover, Table S2 shows the desigmixfat the total 10 experiments, and tipe
measured in each run, with the low and high leaslspecified in Table S2. The design included
two center points in order to have an estimatehferexperimental error (Hashemi et al., 2005).
Benzene was selected as aromatic hydrocarbon nitededmoval by the composite was the
response variable. All determinations were repdidatt least twice. The results were examined with

Design Expert software v.6.0 in order to deternthiiemain interactions and effects.
2.3.2. Response surface design (RSD)

Response surface methodology (RSM) is a matherhaticestatistical approach useful for working
with specified ranges of the input variables talfihe factor settings capable to improve the
performance of a process, for example, to maxitfizecapacity of adsorption of an adsorbent
(Ravikumar et al., 2005). RSM is often employeeradt thorough screening using full or fractional
factorial experiments (Myers et al., 2016). Therefin order to achieve the highest amount of
benzene adsorbed by a Ma—Ch-Pe biocomposite, aaptinate face-centered cube central
composite design was used. Initial amounts ofZDh-(40%) and Ma (60 — 80%) were selected as
independent input variables. Regardless the namifignt effect of pectin observed in the factorial
design (section 3.1), 5 wt % of this polymer wadeaatito the Ma/Ch mixture to increase the
solution viscosity and mechanical strength (Tsailet2014). Finally, the hydrogelation procedure

was performed as described above.

Five central points were established to provideasonably stable variance of the predicted

response (Antony, 2014). The range, levels andregs of the researched variables are presented
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in Table S3. Treatments were performed randomig,tha results were analyzed using the
statistical program Design Expert® v.6.0. The digance of the models was tested by variance
analysis (test F), Reoefficient and significance of the independentaldes were also calculated (

= 0.05).
2.4. Biocomposite properties testing

The selected Ma—-Ch—-Pe composite was evaluatedvgya physicochemical analysis as follows:
surface area (frg") and pore size distribution of the samples weteutated by BET isotherm and
DFT (Density Functional Theory), respectively, wittMicromeritics ASAP 2020 apparatus at 77 K
(Brunauer et al., 1938; Lastoskie et al., 1993)emiometric titrations were performed in an
automatic titration system (Mettler Toledo T70) fwoton binding curves and point of zero charge
(PHpzo) determinations. A mass of 0.1 g was placed imb0of a 0.1 NaCl solution. The proton
binding curves were generated through the transftiom of the experimental titration data (50-70
points) by using the SAIEUS program.(Bandosz etl&93; Jagiello, 1994). Interactions between
biocomposite precursors were studied by using amidiéicolet 6700 FT-IR in transmittance

mode within the range of 600-4000 ¢mwith a 4 crit resolution and 128 scans.

The X-ray diffraction (XRD) patterns of the biocoasite were obtained with a step time of 10 s
and @ of 0.01° with a XRD D8 Advanced-Bruker Axs (Cu Kadiation\ = 1.546 A). Powder

samples were employed in the analysis.

The degree of swellingx() was determined in triplicate runs by weighingragise mass of 0.5 g of
dry biocomposites and placed in a baker at 25 16 26 mL of distilled watefThe swollen
materials were removed from water and weight®gl &fter 24 hS,value was computed by the
following equation: S, = (W;— W,) / W,)*100). Where W, is the mass weighted of the dry

biocompositet(= 0) andW; is the mass weight of the swollen material at time



Chemical stability was determined by contactingsbléds in acidic water, which is based in a
previous methodology (Davila-Rodriguez et al., 20@iefly, a specific mass of biocomposite was
placed in acidified water (pH = 5) at 25 °C. Thetmie was shaken at 120 rpm until the pH of the
solution has no change. The solids were separgtélirbtion and dried at 70 °C for 48 h. The

chemical stability was the percentage of massdogstial and final stage.
2.5. Equilibrium experiments

For experimental design essays, benzene was skkstae model pollutant, but in the case of the
selected biocomposite, toluene and naphthalene alsvdested. The removal capacity of the
optimized Ma—Ch-Pe bhiocomposite was determinecuddionized water including the
maximum solubility of each compound (Xie et al.9T® In all the cases, evaluations were
conducted by adding 0.1 g of each sorbent to asefi35 mL amber glass flasks that contain a
specific amount of benzene, toluene or naphthakpesified in Table S4 (Supplementary
materials). The experiments were carried out at 10 rev mift and 25 °C. The concentrations
of benzene, toluene and naphthalene in solutiome determined using a UV-Vis (Thermo
Aquamate) spectrometer at a wavelength of 2545226 284 nm, respectively. At least two
blanks with the same amount of biocomposite (noad@ed) were run simultaneously as controls
along the sorption samples to correct the finaldd@centration and ultraviolet adsorption for
desorbed organic matter. The adsorption capagityg g') of the aromatic compounds was

computed by the following Eqg. (1):

Ge = (Co— Ce) (1)

whereC, andC, are the initial and equilibrium concentrations (Y, V is the volume of the
solution (L), andn the mass of the adsorbent (g). The equilibriuna flat adsorption was evaluated
with the Langmuir, Freundlich, and Sips isotherndels described elsewhere (Flores-Chaparro et

al., 2016). Quasi-Newton algorithms were employedampute equation parameters using the



STATISTICA software V.10. Model selection was basedhe statistical values of the correlation

coefficient (R) and the sum of the sum of the squares error (S8Eprding to the following:

2
271'1=1(Qe,calc - Qe,meas)l- (2)

Wherege cacandge measl€ the estimated and actual sorption capacitiees at equilibrium (mg g
l)'
2.5.1. Effect of the pH and ionic strength

The effect of ionic strength was studied underedéht ionic strength solutions% 0.3, 0.45, 0.6
and 0.75 M), as well as with a synthetic seawaikition Instant Ocean® &0.76 M). The salting
coefficientsksof the hydrocarbons were calculated to determineothjanic dissolution rates at
different NaCl solutions (Table S4). Calculationsrevperformed according to the Setchenow
equationlog(S,/S) = ksC, whereS, is related to the solubility of benzene, toluend a
naphthalene in water (Benbouzid et al., 2012). Acldally, desorption tests were performed for
saline solutions as follows: The 0.1 g-pdsorbed Ma—Ch—-Pe biocomposites were filtered by
decantation, rinsed with deionized water to remmu@aminant excess and subsequently immersed
into 35 mL of water at the sanh@s the previous biosorption runs (100-meu* and 12 h). The
organic leached was determined by an UV-Vis spphtsttometer as already mentioned. The
amount of desorbed HCs was determined by the diffax between the HCs concentration in the

initial solution and that remained in the agitasetution.

The effect of the initial pH in the biosorptionafomatic hydrocarbons was also investigated in
deionized water at pH values from 3.0 to 9.0. utderaforementioned conditions. The pH of the

solutions was adjusted with HCI and NaOH solutions.



2.6. Biosorption kinetics

To determine the effect of contact time, a 0.1 thefselected biocomposite were placed into amber
bottles with deionized water at the initial coneatibn specified in Table Sdr benzene, toluene

and naphthalene, respectively. The kinetics wetaimdd from batch experiments (time scale: 0 to
50 h), containing 35 mL of HC solution stirringQ - 100 rev mirt and 25°C. At given time
intervals, sample were collected for analysis dedHC remaining concentration was determined
by UV-Vis spectrophotometer as mentioned aboveapgproach to describe the biosorption rate
was determined by the pseudo first-order, pseudonstorder and Weber Morris rate equations as

previously reported (Qiu et al., 2009; Tsibranskd Hristova, 2011).
2.6.1. Effect of dissolved organic matter (DOM)

To evaluate effects of DOM on the rate removalarizene, toluene and naphthalene, experiments
were carried out by using natural water from amesiecontaining 19.3 mg ™ of DOM (Fig. 5a,b).
The natural water collected from a reservoir lodaeSan Luis Potosi, Mexico, was filtered
through Millipore 0.22 uM nylon filters and was chieally characterized; total organic carbon was
measured using a Total Organic Carbon Analyzer (M@SN Shimadzu), metals concentration
was determined by Inductively Coupled Plasma-OpkEroaission Spectrometry (ICP-OES, Varian

730-ES).

In order to verify the aromaticity and humic actsitent of the sample, the Chromophoric DOM
(CDOM) was measured through UV-Vis spectrophotoimetnalyses at two specific wavelengths
(250 and 350 nm) for the computation of E; ratio and the specific ultra-violet absorbance
(SUVA;s,) described elsewhere (Santos et al., 2016). Alisorppectra of DOM solution is shown
in Fig. S1. Finally, anions concentration was amatlyby capillary electrophoresis (Agilent 1600).
The summary of the characterization is showed el'85. Sorption kinetics studies using natural

water were carried out and the data were analymddnconditions indicated in section 2.6.
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3. Results and discussion

3.1. Design of Experiments

A factorial experiment design in conjunction with @nalysis of variance was the first approach in
optimizing the conditions for benzene removal c#pamto a diverse of Ma—Ch—Pe compositions.
The range studied was between 3 and 5 g for chitegato 2 g for pectin, and between 2.7 and 5.4
g for macroalgae biomass (Table S1). The expetimhé&sts are given in Table S2. Based in the
former information, an analysis of variance (ANOV&)d R, Significant levels were calculated
to check the significance of the effect on benzZgnsorption. The statistical parametegg e (more
than 0.05) suggests that the model was not sigmifid we include the overall (Ma—Ch-Pe)
interactions. However, in the case of Ma, Ch and@®hainteraction, significant model terms with
more than 95% confidence level were estimated €rab)). Based on this, the content of pectin
(Pe) was negligible. This finding indicates that #mount of chitosan and macroalgae biomass
parameters had the most significant effect in #rzbne biosorption capacity. Because of this,

model reduction was suitable leaving only the digaint model terms (Ma-Ch interaction).

After the main parameters were identified, subsetjegperiments were performed to analyze the
nature of interactions among them by a respongacmethodology (RSM). The Ma/Ch ratio is
critical to the performance of the biocompositer €xtensive application, it is desirable to useenor
Macrocystis pyriferan production of a biosorbent as it plays a kdg o biosorption and represent
the more accessible precursor of the biocompogaed et al., 2011). Hence, an upper Ma/Ch ratio
was used for the surface response design expetifPectin was established to a minimal value (5
% w/w) since this did not have a significant infige on benzene removal, but enhanced the
mechanical properties of the final material as aégmrted by (Eroglu et al., 2015 and Wan Ngah et

al. 2011).
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The design matrix and the corresponding experinheiata of the central composite design (CCD)
are given in Table S3 after tests. The CCD resudt® fitted to an elliptical secondrder

polynomial equation: Benzene removal (M) g 49.05 + 3.31A + 0.54B — 7.55A 7.358 —
4.79AB. The fit of the model was evaluated by theelation coefficientR?, which was 0.989,
indicating that 98.9% of the variability in the pesise could be explained by the model (Table S7).
The statistical significance of the seceadler model equation was evaluated by ate$t, which
reveals that this regression was statisticallyiigant (P < 0.0001) at the 99 % confidence level.
Table S7 also shows that Chitosan (A), Macroalgae(d the Chitosan-Macroalgae (Gha)

interaction, had a highly significant effeé& € 0.0001) on benzene removal.

The contour plot described by the benzene remsva&resented in Fig. 1b, which shows that the
maximum benzene removal capacity was approxima@iyng- g*, which corresponds to the
central point within the highest contour levels {lRamar et al., 2005). The optimal concentration
for the two precursors obtained from the maximurimtpof the model was 20.8 % (w/w) for Ch (A)
and 79.2 % (w/w) for Ma (B). The model predicts admum response of 49.42 mg- gt this
point. Therefore, the final biocomposite compositieas 75.4%, 19.8%, and 4.8% for macroalgae

biomass, chitosan and pectin, respectively.
3.2. Characterization experiments
3.2.1. FT-IR and XRD analyses

The FT-IR spectrums between 4000'camd 600 cr for Ma, Pe, Ch, Ch-Pe and the optimized
Ma—-Ch-Pe biosorbents (Table 1; Fig. S3), were coetht elucidate the chemical structure and
reaction mechanisms occurring on the biocomposites.FT-IR spectra of Ch is close to a
previous work reported in the literature (Jianglet2016). The major peaks of Ch were registered
at 3352 crit, 1654 crit, 1590 cnit, 1424 cnit, and 1068 cih, which corresponds to the N-H

stretching vibration, C=0 stretching vibration {#HCO- (acetylated section), N-H deformation of

12



primary amides (formed during deacetylation), -GHhdiing and C-O stretches, respectively. FT-IR
spectra of pectin show bands at 1730 and 160Dassigned to methyl esterified and vibrations of
the O=C-O structure, respectively (Marudova etZilQ4). The IR spectra of macroalgae biomass
indicated a broad band between 3800-3000 winich corresponds to hydroxyl (-OH) and amine (-
NH,) groups, which could be associated to polysacdbarand amino acids, respectively (Zhang et
al., 2013). Moreover, the band intensity at 2848 cepresents the aliphatic chain of lipids,
whereas the peak at 1638 toould be related to the presence of carboxylaiapg (-RCOQ
associated to alginate and primary amides of amaids. Finally, the band at 1155 ¢mas

attributed to sulfates polysaccharides and amiidsdElores-Chaparro et al., 2017)

In the Ma—Ch—-Pe spectrum, the peaks at 2949 @nd 1366 crh were assigned to C-H from Ma
sulfated fucans, and CO@roups from Ch-Pe. These peaks were downshiftegpamed to Ch-Pe
due to a possible hydrogen bonding between Ma énfdi@tional groups. The FT-IR spectrum of
Ma—Ch-Pe material indicated that the intensityhef peaks at about 2021 ¢pi650 crit, 1593
cm*, 1309 crit and 1064 cimchanged and even some of them disappeared compatesipeaks
of Ch-Pe. These results may suggest that in theQlaPe samples, different interactions could

occur between functional groups such as N-H, C=0-C, S-O and C=N.

The XRD patterns of the Ma-Ch-Pe biocomposite epoited in Fig. S2#. The XRD profile of Ma-
Ch-Pe composite presented two broad peak8 at12.69 and 22.8°, which correspond to the
presence of amorphous cellulose (Terinte et al.1RMHowever, the reported peaks for chitosan are

closer to cellulose values (11.3 and 23°), and pettks would be overlapped (Yang et al., 2010).

Many processes are involved in the biocompositéh&gis reported herein. Chitosan solubilization
(pH < 6.5) occurs by protonation of the —Ngtoup (R-NH + H* < R—-NH;") on the C-2 position

of the D-glucosamine repeat unit, transformingpbkysaccharide to a polyelectrolyte in acidic
media (Rinaudo, 2006). Chitosan in solution is ablform electrostatic interactions with the

negative unesterified uronic acid residues of peciCOO *NHs), allowing the creation of

13



junction zones to form a network (Kyzas and Bilda#015). Numerous interactions are involved in
the gelation process such as electrostatic repul§mnic crosslinking”, hydrophobic effects (by -
CHs group), and hydrogen bonding interactions (grdopslved are-OH, —-NH, and-C=) (Cho et

al., 2005).

3.2.2. Potentiometric titrations

The surface charge of the biosorbents was detedhtimeugh potentiometric titrations as a

function of pH (Fig. 2). Acid dissociation constamtere calculated from potentiometric data (Table
S8). The titration curve of pristine chitosan skdhat under low acidic conditions the surface
registered positive values, but with an increasgtgfthe surface charge changed to negative
values. The two main basic sites detected from &revamine (-Nk) (pK, 8-11) and hydroxyl
groups, confirmed by previous reports (Volesky)20 The point of zero charge was located at
pHrz= 8.2. On the other hand, a marked presence obxgrgroups (pk3-5) and hydroxyl

groups, lowered the surface charge of pectin tatihgvalues, in accordance to previous reports

(Balaria and Schiewer, 2008).

The neutralization of the surface charge by ChwRes, probably due to the synthesis of the ion pair
(-COO -NH3") as mentioned above. Moreover, a decrease ofatjative surface charge could be
associated to the formation of hydrogen bonds batwiee —OH groups of Ch, and the oxygen
atom (-O--HO) from the D-galacturonic acid unit of pectin {iday et al., 2013). Related to the
macroalgae, the carboxyl groups of alginate wesatthre abundant in the cell wall, and the-pH
above 8 could be associated to amines (from pstesnlfhydryl (pk, 8-10) and hydroxyl groups
(pK, 9.5-13) from alginates, proteins, phospholipiae] polysaccharides, respectively (Schijf and
Ebling, 2010). The major presence of weak acid& (iarboxylic and lactonic) functional groups in
the Ma—Ch-Pe biocomposites could be related tptbsence of lactone and alkaloid groups from
Ma polysaccharides, and the dimeric repeatingafrth. Moreover, the reported quantity of very

weak functional groups (pKa > 7) suggested a stratte-arrangement of hydroxyl and amine
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groups probably derived from hydrogen bond or Landieemical interactions between Ch and Ma

during the synthesis process.
3.3. Biosorption studies

The benzene, toluene, and naphthalene adsorpfiatitaof the selected biocomposite was
determined in deionized water at the maximum sbtylif each compound (Table S4). Fig. 3
shows the nonlinear fitting of the experimentabdat Sips adsorption isotherm equation by
STATISTICA software v.10. Table 2 presents the Itegymaximum adsorption capacities,g,)

and isothermal parameters. According to the regnes®efficient &) and the sums of squares
error (SSE), the biosorption process best fits3ips isotherm. Sips adsorption isotherm equation
can describe both Langmuir and Freundlich charatites for heterogeneous surface systems like
in the case of biosorbents. The exponential charattFreundlich equation can only accurately
describe the lower concentration ranges by an el rise in the amount adsorbed with
increasing concentration, while at high sorbateceatrations it shows an asymptotic behavior

distinctive of the Langmuir isotherm (Jeppu andn@at, 2012).

A good fit of the data to the Sips adsorption isoth (R*> 0.98) allowed to calculate the maximum
removal values (assuming that adsorption occuis monolayer) of 58.68, 16.64 and 6.13 my g
for benzene, toluene and naphthalene, respeciiValye 2). The exponentvalue represents the
underlying affinity distribution for heterogeneaosistems, which can vary from 0 to 1 (Liu and Liu,
2008). The registered & 1) values for the three molecules under studgmaehat the physical
biosorption is more related to Langmuir adsorptehavior in comparison with Freundlich
equation, which was also confirmed by the SSE vafueangmuir and Freundlich isotherm
equations listed in Table 2. A dimensionless cariglarived from Sips isotherm known as
separation factoiR|), was computed in order to predict the affinitpvbeen the sorbate and
sorbent, indicating a favorable biosorption proc&be textural properties of the biosorbent do not

present steric limitations for the pollutants dsfiien (Table S9). The low surface area of the
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biosorbents do not entirely explain the affinitynmin-polar hydrocarbon, for that reason the
adsorption capacity is severely influenced by tilosdrbent chemical composition, resulting from
the precursors. Former studies established thay meid dyes molecules with one or more benzene
aromatic rings are attached in a parallel manngre@mine groups of chitosan, then tend to form
subsequent complexes and interactions (Crini anthB2008; Navarro et al., 2009). Otherwise,
hydroxyl groups could generate van der Waals iotemas and Yoshida hydrogen bonding,
particularly in the €3 position, between chitosan chains and aromatiecutes (Shimizu et al.,
1995). Pectin also possess addition&H active siten conjunction with carboxylic groups that
contribute with dispersive interactions with thdlg@ants (Motlagh et al., 2000). The HCs
biosorption mechanism in the brown macroalgae b#snavolves the sum of the interactions
occurring with the diversity of chemical componeimsluding hydrophobic effect between lipids
and lignocellulosic fractions (cellulose, hemicklke and lignin) (Rubin et al., 2006), and to a
lesser degree, nonspecific van der Waals interatidth carbohydrates (in special with alginates)
and proteins (Tsuzuki, 2005). The loaded biosdrhwith benzene and toluene was lyophilized
and characterized by FT-IR in the range of 60040@D cn¥, and the results suggest that all
functional groups are involved in the biosorptiongess, however the —OH and C-O chemical
groups registered the main changes, suggestingaierole of cellulose and hemicellulose in the

biosorption process (Fig S4).

In order to elucidate the contribution of the ChfRetion to the total removal capacity of the
Ma—-Ch-Pe biocomposite, additional biosorption essagre performed for the three HCs under
study at the same conditions described in sectfnT2ie biosorption was 7.35, 3.83, and 0.94 mg
g", for benzene, toluene and naphthalene, respegtiwbich represents the 15, 24 and 22 % of the
total removal capacity of the aforementioned palhis. Therefore, the macroalgae fraction

contributes more to the removal of the hydrocarboosipared to chitosan and pectin immobilizing
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agents. These results agree with our previous AN@¥Xalysis where the P-value of pectin and

chitosan factors were higher than 0.05 in the fétand the response surface methodologies.
3.3.1. Effect of ionic strength

The effect of competing ions was investigated (BE&). A progressive decrease in the removal
capacity was registered from an ionic strengthevafu0.6 M. It is supposed that a high
concentration of salts promotes a partial neut#ibn of the surface charge, followed by the
reduction of the electrical double layer by the' Kation. Moreover, the solvated &hions (radii of
0.202 nm) could improve interactions with the bitiemt surface promoting pore occlusions and
avoiding many of the unspecific interactions rafai®a lower swelling degree (%) in relation to the
SW in deionized water. Preliminary studies haveashsimilar results for different brown
macroalgae biomass (Schiewer and Wong, 2000).nn&teean® is a special case of study because
this solution also contains different iohs=(0.76 M) and organic matter that may block pores,
preventing the diffusion of the adsorbate to thévacsites. In addition, hydrophilic interactions
from the inorganic content of the artificial seagragolution may be enhanced with the increase of
I, generating biosorption competition by water @usi(Arafat et al., 1999). It was observed a
slightly increase in desorption capacity for a# follutants (Fig. S5, Supplementary
materials),because the high ionic concentratiaord in addition with a low surface area (0.9 and
0.2 nf g *for chitosan and macroalgae biomass respectiveicome some of the dispersive
adsorbed molecules (Chung et al., 2007). Howe\&r78 and 69% of benzene, toluene and
naphthalene, respectively, remained adsorbed todimposites after 12 h exposure to deionized

water.

3.3.2. Effect of pH
Fig. 4b shows that the pH of the system9(bhas no significant effect on the removal rafithe
adsorbates. The biosorption capacity minimally gesrand is maintained at approximately 50, 20

and 8 mg-d for benzene, toluene and naphthalene, respectiVabyreinforced Ma-Ch-Pe
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biocomposite was tested by quantifying its mass &fter being placed in contact with water at
slightly acidic pH (5) during 24 h. Mass loss betwe..2- 2.9 % from the chemical stability essays
reflect that the polymeric matrix of Ch covered atrengthened the macroalgae biomass. This data
is in accordance with the swelling degree (38Qhefbiocomposite, which is lower than the value
of the raw macroalgae biomass of 570, reportedqusly (Flores-Chaparro et al., 2017).

The hydrolytic stability was tested to assess ffexzeof temperature in the biosorbent constitution
(Fig. S6). Two samples were stored at 25 and 3®FC00 h at neutral pH. A thermal degradation
was negligible between the two temperatures, witfaas loss percent around 15 % in both
samples. The water stability of the biocompositadd be associated to hydrophobic polymers like
cellulose and chitosan, but higher temperaturesinm@agase inter-chain mobility and the
hydrophilic character of the biosorbents.

During the synthesis process, there are remnamtsofo groups and carboxylic groups that are not
associated by coulumbic forces in the polyelecteobpmplexes. Free —Nknd —COOH active

sites may form hydrogen bonding with —OH and —COQftéin pectin. Theses interactions are
sensible to dissociate at acidic and alkaline nmadjuespectively (Yao et al., 1997). It was
previously reported that in Ch-Pe composites, shetlavior is limited when 3< pH <8, however
this values significantly increase when pH < 3 phi¢ 8 due to the weak intermolecular forces
through the dissociation of the hydrogen bondirgp{Et al., 2014). These polymers were reported
not to precipitate or solubilize until extreme ciimohs of pH and temperature (Sluiter et al., 2004)
however, this phenomenon could explain the lowesdniption values in acidic (3-4) solutions in

the present work (Fig. 4b). Thus, although there avdecrease in the adsorption capacity under the
conditions analyzed, compared to the previouslpnen capacity for pristine algae (Flores-
Chaparro et al., 2017), M&h-Pe composites have a great advantage over premimss

considering the strengthening of their physicaperties, which allow them to be applied in a

larger scale (e.g. pilot or industrial).
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The influence of the surface charge in electrastateractions between adsorbate and adsorbent
should be observed in organic ionizable compouinelsdyes), but the molecules under study were
in the non-ionizable form in the whole ranges of (Wbowo et al., 2007). In this case,
hydrophobic interactions between the adsorbatesteniiignin and lignocellulosic fraction of the

macroalgae biomass would remain the main impoftaotion for biosorption.
3.3.3. Biosorption kinetics: Effect of dissolvedammic matter (DOM)

To evaluate effects of DOM on the removal ratearfzene, toluene and naphthalene, experiments
were carried out by using natural water from amesiecontaining 19.3 mg 't of DOM. The
adsorption of HC in the presence of DOM (Fig. 5adn)ld be divided in two steps: external
diffusion and surface adsorption. Both were prognatihieved through the former step, and the
equilibrium was gradually reached in the secong.steese results suggest that with the exception
of M. pyriferabiomass, the biosorption capacity is mainly limibdexternal diffusion. The kinetic
data were found to fit better the pseudo-secondrddthetic equation (Table S10), with the
exception of benzene, which has reported a slidigtier approach to the pseudo-first order
equation. HC rate removal increased (Fig. 5c) mnawater (NW) compared to deionized water
(DW). In this sense, the biosorption capacity iasel 33, 61 and 47 % for benzene, toluene and

naphthalene, respectively.

Based in the literature the natural organic mattay promote a covalent bond with chitosan
through carboxylic acid functional groups (Rangedridez et al., 2009). The same kind of
interaction could be expected from pectin, andtiagroalgae biomass, because these fractions
share the same surface active sites. Moreover,cdhaaits, which are present in DOM, have a
significant degree of aromatic polymers, chemicahpositions, functional groups (aliphatic and
alicyclic) and charge density (Chon et al., 201The light absorbing fraction of DOM (CDOM)
corroborated a high aromaticity degree (SUMA 0.976 L mg m™), and the presence of higher

molecular weight components like humic acids (E2r&io = 5.03). Humic acids are hypothesized
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to have an open network forming aggregates witdss/that could join to the Ma-Ch-Pe omposites,
promoting hydrophobic andinteractions between the biosorbents and the aroimgdrocarbons,

explaining the increase on the removal capacity.

A comparison of the biosorption capacities of thesHinder study on different adsorbent surfaces
and cellulosic precursors is presented in Table $tié Ma—Ch—-Pe composite in this study
exhibited comparable biosorption capacities anad éwgher than other natural materials like wood
chips or bagasse (Bandura et al., 2017; Flores#&hapt al., 2016, 2016; Hubbe et al., 2014,
Mohamed and Ouki, 2011; Simantiraki et al., 2018kaut, 2014). Additionally, the biosorbent
offers all the properties to be used in subsedfil@ntthrough biosorption studies. Additionally, the
biosorbent offers all the properties to be useslimsequent flow-through biosorption studies.
Further research regarding to the dynamic biosampaf aromatic pollutants by the Ma-Ch-Pe

biocomposite and the effect of multi-solute systevilsbe subject of future publications.
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4. Conclusions

A factorial experiment design in conjunction witsaface response methodology were applied to
find the optimal conditions (75.4%, 19.8, and 4 &#¥omacroalgae biomass, chitosan and pectin,
respectively), to remove the highest benzene cdrat@n from water, as an aromatic hydrocarbon
model. The chitosan and algae biomass contenttivenmain factors involved in the process. The
biosorption mechanism is a sum of interactions betwthe diverse of chemical components of the
composite precursors, and involves mainly hydropheffect between lipids and lignocellulosic
fractions (cellulose, hemicellulose and lignin) armhspecific van der Waals interactions with
carbohydrates, proteins, chitosan and pectin ctsitéhe pH of the system«3) has no significant
effect in the removal capacity because of the-fmmizable character of the HCs. The hydrocarbons
affinities were not affected at least ud t0 0.6 M, but at higher concentrations there was a
decrease in the adsorption capacity by pore oariusy water molecules and competition for
surface active sites of the biocomposite. The presef dissolved organic matter enhanced the
biosorption capacity by the stimulation of hydroplwinteractions between the biosorbent and the
adsorbates. Moreover, the results reported in tbsept work showed the potential of the
synthesized composites to be applied in the renmiiadénzene, toluene and naphthalene from
polluted natural water in batch processes. Futund o assess the feasibility of the biosorbents
will include the set up of a continuous system, exstheration technologies of saturated materials.
The experiments in the following study will alsons@er multicomponent systems, the

bioavailability and toxicity to aquatic organisms.
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Tablel. FTIR characteristic bands of Ma, Ch, Pe and Ma-#&hbiocomposites.

Ma Ch Pe Ma-Ch-Pe I _
(em™) (cm) (em) (em) Vibration assignment
3338 3352 3354 3309 HO; N-H
2915 2916 2918 2940 €H (srf); N-H
2848 2863 - 2863 -CH; N-H

- 1748 1730 1764 C=0 (-COOH)
1638 1654 - - N-H; C=0

- 1590 1600 1597 C=C; C=0
1407 1424 - 1420 -CHO; CHSG,

- 1381 - - -CH; -SQ; -CG,
1338 1313 1222 1316 -CO; S§-CO; -OH
1155 1147 - - -CO; C-0-C
1074 1068 1094 - C-O-C; C-N
1020 1032 1012 1025 C-O
822 892 830 895 C-0-C; S-0; C-N; C-H
592 676 - 680 Cc-O
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Table 2. Parameters of the isotherm equations, correlatefficients (R) and error function

values of the models for organic compounds adsorpti

Ma-Ch-Pe composit
Benzen  Toluen¢ Naphthalen

Langmuir
Omax(Mg-gY)  67.71 20.4t 8.8(
b(L-mg"’)  0.00: 0.00¢ 0.25¢

R 0.207 0.18¢ 0.12]
SSE 72.1( 11.57 2.57
R 0.97¢ 0.96¢ 0.97:
Freundlict

n 0.44¢ 0.421 0.51¢
Ke 2.0¢ 1.2t 2.01
SSE 208.1: 28.9: 5.52
R 0.94: 0.911 0.887
Sips

b 0.000¢ 0.000; 0.227
Omas (MQ-g*)  58.0¢ 16.6¢ 6.17
nL-mg?) 1.3t 1.61 2.09¢
R 0.587 0.71¢ 0.13¢
SSE 42 .47 4.6¢ 0.3t

R 0.98¢ 0.98¢ 0.99:
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Figure captions
Fig. 1. (a) Drop system for biocomposite synthesis; (b)dease surface contour plot of
benzene removal (mg-fj) showing interactive effect of macroalgae biom@ssnd

chitosan (Q).

Fig. 2. (b) Surface charge Ma—Ch-Pe, Ch-Pe and the prasuim Ch and Pe as a

function of pH.

Fig. 3. Adsorption isotherm of&) benzene,®) toluene and€9) naphthalene at initial pH

6 — 7, and 25°C. The lines represent 8ips adsorption isotherm equation.

Fig. 4. (a) Effect of the ionic strength on the biosorption aafes of benzene, toluene and
naphthalene by M&h-Pe biocomposite; (b) pH effect of benzene, tolusamk

naphthalene uptake by M@h-Pe biocomposite.

Fig. 5. (a) Benzene biosorption rate on®)(macroalgae biomas®) Ma—Ch-Pe(O)
Ma—Ch—Pe and dissolved organic matter (DOM); (b) Effect of DOM in the rate of
adsorption of @) toluene, QO) toluene + DOM, ¥) naphthalene,\{') naphthalene +
DOM; (c) Adsorption capacity of benzene, toluend aaphthalene in the presence of

organic matter.



Highlights

e Chitosan, pectin and macroal gae were used to synthesize a new biocomposite

» A surface response methodol ogy was applied to maximize the adsorption capacity

»  The adsorption capacity was sightly influenced by the pH and by theionic strength
e The presence of DOM enhanced the removal of soluble hydrocarbons

e Synthesized composites are an excellent option to be applied in continuous systems



