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Abstract

In this work, biosorption of trivalent chromium hlye marine brown algaBargassummuticumwas
studied in a batch system. The effect of the smhutpH on Cr(lll) uptake bySargassumwas
investigated. Kinetics and equilibrium experimentre conducted at different pH values (3.0, 4.0 and
5.0). Equilibrium data are well described by thenguauir and Langmuir-Freundlich isotherms and
kinetics follows the pseudo-second-order modetlifitrent pH values. The two mass transfer models
give comparable results, but they did not providpedfect representation of the sorption data. The
homogeneous diffusivityD,, was found to be around k¥B0® cn? s for 100 mg T Cr(ll)
concentration.

Sargassunmuticumwas compared with the brown algeaminaria hyperboreanand the red algae
Gelidium sesquipedalén terms of uptake capacity. The maximum uptakeacdies forSargassum
LaminariaandGelidiumwere, respectively, 56 3, 70+ 4 and 18 1 mg Cr(lll) g, at pH = 5.

Keywords: SargassumGelidium Laminaria Equilibrium, Kinetics, Marine Algae
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Nomenclature

a, specific area of thin plate particles ©m
C; andC; initial and final metal concentrations in the simn (mg I)
Ceq residual metal concentration in solution (rity |

(O (t) concentration of metal species in the liquid pHasg metal 1)
Cb0 initial metal concentration in the liquid phaseg(i)

Dy, homogeneous diffusion coefficient inside the péet{cnt s%)
L half of the thin plate thickness (cm)

kl,ads biosorption constant of pseudo-first-order equafioin®)

kz,ads biosorption constant of pseudo-second-order eguéthin® g mg").

K, equilibrium constant for the Langmuir equatiom@™)

K, equilibrium constant for the Langmuir-Freundliafuation (I mg')

k, mass transfer coefficient for intraparticle diffus(cm )

n empirical dimensionless parameter

q metal uptake (mg metal'@f the biosorbent)

0eq @amount of the metal adsorbed on the biosorbesatibrium (mg q)

g. andg s maximum amount of metal per unit weight of biosabto form a complete monolayer on
the surface, respectively for Langmuir and Langrfugundlich equation (mg™y

<q(z,t)> average metal concentration in the solid phasegig

a: concentration of metal in the sorbent at tinfeg g*)

r.adi) initial biosorption rate (mgymin™)

V volume of solution (1)

Yo (t) andy (x,t) dimensionless metal concentrations in liquid asldigphase

<y(x,t)> dimensionless metal concentration inside the garti
Yeq dimensionless metal concentration in the solid phas

x dimensionless axial coordinate inside the particle
z distance to the symmetry plane (cm)

W dry weight of biosorbent (g)

& dimensionless factor for the batch capacity

1y particle diffusion time constant (s)
1 Introduction

Chromium main uses are in alloys, such as stairdess, chrome plating leather tanning, and metal
ceramics. Chromium plating was once widely usedite steel a polished silvery mirror coating; it is
used in metallurgy to impart corrosion resistanog a shiny finish; as dyes and paints, its salklsuro
glass an emerald green and it is used to productheyc rubies; to make moulds for the firing of
bricks (WHO, 1988).

Chromium(Ill) is an essential nutrient for humansdashortages may cause heart conditions,
disruptions of metabolisms and diabetes. But thakgpof too much chromium(lll) can cause health
harmful effects as well, for instance skin rash&$10, 1988).

Chromium, and most trivalent chromium compoundssehbeen listed by the National Toxicology
Program (NTP) as having inadequate evidence faircagenicity in experimental animals, but a long-
term exposure to Cr(lll) is known to cause allemgiin reactions and cancer (Lide, 2006).

Crops contain systems that arrange the chromiumkepib be low enough not to cause any harm. But
when the amount of chromium in the soil rises, ttas still lead to higher concentrations in crops.
Acidification of soil can also influence chromiumtake by crops (Lide, 2006).

Chromium is not known to accumulate in the bodiefist, but high concentrations of chromium, due
to the disposal of metal bearing wastewaters ifasarwaters, can damage the gills of fish that swim
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near the point of discharge. Chromium can causgeiregery problems in animals, a lower ability to
fight disease, birth defects, infertility and tumdormation (Lide, 2006).

In result of chromium toxicity, discharge limitsuyeabeen regulated by most industrialized countries.
Conventional treatment of these effluents rich imromium, as chemical precipitation,
oxidation/reduction, ion exchange and others, ateemely expensive (reagents consumption, safe
disposal of toxic sludge, technology) or ineffidigior chromium removal from diluted solutions
(Volesky, 2003).

Nowadays, it has been confirmed that several logt @iological materials are able to effectively
remove chromium by sorption, as brown seawé&sdlonia sp. (Yun et al., 2001),Sargassum
(Kratochvil et al., 1998)Laminaria japonica (Kang et al., 2004), blue-green alg8eirulina sp.
(Chojnacka et al., 2005), peat (Ma and Tobin, 20@@)te industriaMucor meihibiomass (Tobin and
Roux, 1998)Saccharomyceserevisiaeresidual cells from brewing industries (Ferraalgt2004), etc.
Metal uptake by biosorption is the result of a comabon of different reactions that can occur ie th
cell wall, as complexation, coordination and chielatof metals, ion exchange, adsorption and
microprecipitation (Volesky, 2003). The binding dfromium ions (C¥ and CrOH") by protonated
brown algaEckloniabiomass was attributed to carboxylic groups ingherange 1-5, and the uptake
capacity increased with pH. An equilibrium modetliding the hydrolysis reactions that chromium
undergoes in the aquatic phase and th# &rd Cr(OHJ' reactions with the binding sites was able to
predict the equilibrium data (Yun et al., 2001).rlizxyl groups are acidic, so at low pH they will be
protonated and thereby become less available fatity metals, which explains why the uptake of
many metals increases with increasing pH (Crisi.ett991).

Protonated or Ca-forrBargassunseaweed biomass bound up to 40 mgfCr(lll) by ion exchange

at pH 4. An ion-exchange model assuming that opBcies taken up by the biomass was CrfOH)
successfully fitted the experimental biosorptiotadar Cr(lll) (Kratochvil et al., 1998).

Waste industriaMucor meihibiomass was found to be an effective biosorbentttie removal of
chromium from industrial tanning effluents. Sorptievels of 1.15 and 0.7 mmotgvere observed at
pH 4 and 2, respectively. Acid elution of biosorlmddomium increased with decreasing eluant pH to a
maximum value o€a. 30% at pH near zero (Tobin and Roux, 1998).

Kinetic, equilibrium and dynamic (packed bed colgnadsorption studies have been performed
successfully, using as adsorbate Pb(ll), Cu(l)(IEdand Zn(ll) ions, and the red alg&eelidium
sesquipedales biosorbent (Vilar et al., 2006a, Vilar et 2006c, , 2007).The metal ion uptake was
attributed to the carboxylic groups present in dtreicture of the algae, determined by potentiometri
titration (Vilar, 2006). A continuous model, consithg a heterogeneous Sips distribution of the
binding equilibrium constants fitted well the edfuilum experimental data (Vilar et al., 2006c). The
kinetic data in batch and continuous systems wiseeell described by a mass transfer model (Vilar
et al., 2006a, 2006b, Vilar et al., 2007).

Until now biosorption of trivalent chromium by ak&argassunmuticumhas not been described.
Large quantities of these algae are availableaerPtbrtuguese coast and can be used for metal rémova
Ria Formosa, in the south of Portugal, has beeaded bySargassum muticunputting in danger the
ecosystem biodiversity. So, it's a matter of conctr remove this algal biomass, and find out an
interesting application for the large quantitiegitable.

2 Material and methods
2.1 Biosorbents

The brown seaweeddargassunmuticumandLaminaria hyperboreawere collected along Portuguese
northern coast. The red alg&elidium sesquipeda was harvested from central and southern coast.
The algae were washed with tap water and distillater to remove most salts, air-dried during two
days to remove odours and most water and, aftey theed at 60°C and crushed in a mill. Algal
particles were then sieved (AS200 digit Retsch shako obtain a fraction of 0.5-0.85 mm. The
equivalent length and width of the particles wdrewt 2.5 mm and 0.6 mm, respectively, and thickness
0.1 mm.

2.2 Chromium solutions

Chromium(IIll) solutions were prepared by dissolvagveighted quantity of nonahydrated chromium
(1) nitrate (Carlo Erba, 98%) in distilled wate3olution pH values were controlled during kinetic
equilibrium experiments to 5.0, 4.0 and 3.0 by &ddiof HNO; 0.01/0.1 M and NaOH 0.01/0.1 M
solutions.



2.3 Sorption kinetic studies

In order to determine the contact time requiredech equilibrium, biosorption dynamic experiments
were performed. Batch experiments were carriedroatl-liter capacity glass vessel, equipped with a
cooling jacket (Grant type VFP) to ensure a coris2@rPC temperature during the experiment. The pH
was monitored and controlled with a WTW 538 pH/tengpure meter. For kinetic experiments the
vessel was filled with 0.5 | of distilled water amdknown weight of adsorbent was added. The
suspension was stirred for 10 min at 600 rpm stirmiate (magnetic stirrer Heidolph MR 3000) for
initial solution pH correction, and then the metalution (0.5 | of a 200 mg'lsolution, which leads to
an initial concentration of 100 mg)lwas added maintaining the same stirring ratel Samples were
taken out at pre-determined time intervals randiogn 1 to 10 minutes after addition of the metal
solution. Samples were centrifuged (Eppendorf Cieige 5410) and the supernatant stored for Cr(l11)
analysis.

2.4 Sorption equilibrium studies

The experiments were performed in duplicate, udi@@ ml Erlenmeyer flasks, at pH = 5.0, 4.0 and
3.0 and temperature 20°C. The initial metal corre¢ion was changed between 10 and 200 T\l
given amount of biomass was suspended in 100 ndlreelution and stirred at 100 rpm. The solution
pH was adjusted by using 0.01 M NaOH and HCI sohgiand temperature was maintained constant
(20°C) by using a HOTTECOLD thermostatic refrigeratOnce equilibrium was reached, samples
were taken out and centrifuged (Eppendorf Centeiftig10) for Cr(lll) analysis in the supernatant.

2.5 Analytical procedure

Metal concentration was determined by atomic alimorpspectrometry (GBC 932 Plus Atomic
Absorption Spectrometer). The amount of metal dubsdbiper gram of biosorbent was calculated from
the metal mass balance.

3. Results and discussion
3.1 Equilibrium

Biosorption of Cr(lll) ions bySargassunmuticumis highly pH dependent, as can be seen in Fig. 1.
The pH influences both metal binding sites on tked surface and metal chemistry in solution.
According to the chromium speciation diagram ineus solution (Haug and Smidsrod, 1970), for
the pH range 1.5-5, the predominant Cr(lll) speaiesolution are Gt and Cr(OHj* (Cr(OH)" also
exists at this pH range but in a very low conceiwtrd. For pH < 2.5, Cr(OHJ is no more present in
solution, and Cf starts to precipitate as Cr(OHt pH > 5.0. Two major species,*Cand Cr(OHj",

can bind with functional groups present on theaefof the biosorbent.

INSERT FIG.1

As the pH increases, the active sites, such a®xgrlnd sulphate groups carry negative charges and
subsequently attract metal ions. So, biosorptido orll surfaces increases. Yun et al. (2001) etlidi
the biosorption of trivalent chromium on brown algekloniabiomass, and concluded that, even at pH
> 3.35, the contribution of €t binding to the chromium uptake was significantef(itical
concentrations of f and Cr(OHJ" in aqueous phase), indicating that'Gras higher affinity to the
binding sites than Cr(OH)

Fig. 2 presents obtained equilibrium data for Cy@dsorption on alga8argassum muticusat three
different pH (3.0, 4.0 and 5.0). Two equilibrium dets were used to describe the equilibrium data:
Langmuir isotherm equation (Langmuir, 1918):

Qoq = qL KL Ceq
1+ K| Cq
Langmuir-Freundlich (LF) isotherm, derived from tt@ngmuir and Freundlich models (Sips, 1948):
_Oir K (Ceq)(%)

i 1+ Ke (Ceq)(%)

1)

)

eq



where Cq andgeq represent the residual metal concentration intssitand the amount of the metal
adsorbed on the biosorbent at equilibrium, respelgtiq. andq,r are the maximum amount of metal
per unit weight of biosorbent to form a completenmlayer on the surfac is a coefficient related
to the affinity between the sorbent and the maiakjK r is the equilibrium constant, amdis an
empirical dimensionless parameter.

INSERT FIG. 2

Experimental equilibrium data are well predicted langmuir and Langmuir-Freundlich adsorption
isotherms. Model parameters, including statistizads, are presented in Tables 1 and 2. No statistic
difference was found between the two models, asrglyy the application of the teBtfor a 95%
confidence level. So, results will be compared gisiangmuir model.

INSERT TABLES1AND 2

Fig. 3 compares the adsorption behaviour of thrifferdnt algae species, brown alg&argassum
muticumand Laminaria hyperborea and red alga&elidiumsesquipedaleat pH = 5 and T = 20°C.
Brown algae present a higher uptake capacity fooralum than red alga&elidium because they
have more surface carboxyl groups2,6 mmol ¢") (Figueira et al., 2000, Lodeiro et al., 2005) whe
compared with alga&elidium (= 0.36 mmol &) (Vilar, 2006). Carboxyl groups are mainly due to

alginic acid (brown algae) and agarosgeljdium). The values ofg, X K  presented in Table 1,

indicate metal ions affinity for surface groups.sBlés show that metal ions bind with brown algae
functional groups more easily than with algaelidium Alga Laminaria is the best biosorbent as it

can accumulate a greater amount of metal ionscipafly for equilibrium concentrations higher than

20 mg I*.

INSERT FIG. 3

The adsorption of trivalent chromium ions has bstied, using different kinds of biosorbents: crab
shell Chinonecetespilio obtained as waste from a crabmeat processing)fant 21 mg ¢, pH =
5.0, T = 30°C) (Kim, 2003)Sargassunsp. (Brazilian coast)d, = 60 mg ¢, pH = 5.0, T = 30°C)
(Cossich et al., 2002), a residue Sfrgassurrsp. seaweed obtained after extraction of biological
cosmetics @ = 300 mg ¢, pH = 6.0, T = 55°C) (Carmona et al., 2005), bregaweedEckloniasp.
(seashore of Pohand, Korea) € 34 mg ¢, pH = 4, T = 20°C), algal biomaspirogyra spp treated
with 0.2 M CaC} (q. = 30.21 mg @, pH = 5, T = 25°C) (Bishnoi et al., 2006), camesidues @, = 40

mg g*, pH = 5.0, T = 25°C) (Nasernejad et al., 20053tdriumPseudomonas aeruginoga= 7 mg g

! pH not given, T = 25°C) (Kang et al., 2006), el peat form supplied by Bord and Mona
(Newbridge, Co. Kildare, Irelandyy(= 21 mg ¢, pH = 5, T = 22-25°C) (Ma and Tobin, 2003), yeast
Candida tropicallis(q. = 4.6 mg ) and filamentous bacteriuBtreptomyces noursgi, = 1.8 mg &)
(Mattuschka et al., 1993). These results showtti@trown algae studied in this work are similar to
the best biosorbents presented above, with respé&{(lll) uptake capacity.

3.2 Kinetics

3.2.1 Kinetic models

Fig. 4 shows that biosorption is a fast processuming mainly in the first 40 minutes. The adsmpt
process takes place in two different stages: arlirand fastest stage, when high affinity and more
accessible sites are occupied and a second staigeotinesponds to the occupation of low affinityl an
more internal sites (Vilar, 2006).

INSERT FIG. 4 (a) AND (b)

In this work, two kinetic models were used (Lagergrl898, Ho and McKay, 1998):
Pseudo-first-order model Pseudo-second-order model

_ _ qsq kz,adst
q. = qeql.l_ eXF(_ kl,adst)] @) G = 1+k q t
2,ads Heq
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whereq, is the concentration of ionic species in the sorla¢ timet (mg metal g biosorbent),klvadsis

the biosorption constant of pseudo-first-order ¢éiqna(min*) and k2,adsis the biosorption constant of

pseudo-second-order equation (fhinbiosorbent mg meta).

Kinetic data in Fig. 4 are fitted by the pseudstfiorder and the pseudo-second order models. The
performance of both models was compared by usieg-tfrest, which let us to conclude that the
pseudo-second-order model fits better the kinedia dor the three pH values (95% confidence level).
Model parameters are presented in Tables 3 ancé.vlilues ofjeq confirm a stronger chromium
uptake at high pH values, as it was concluded fritwe equilibrium experiments. The initial
biosorption ratergqdi)) was calculated as:

S\ N\ 2
rads(l) - kl,ads qeq (5) and rads(l) - k2,ads qeq (6)

for the pseudo-first order and pseudo-second amtEtels, respectively. The initial biosorption rate

increases with pH due to the increase of the #ffioii the metal ions to the binding sites.

INSERT TABLES3AND 4
3.2.2 Mass transfer models

In order to describe the dynamics of the biosomppimcess two mass transfer models were developed,
a homogeneous diffusion model and a linear drivimge model, that can be solved analytically
(Rodrigues, 1974). The following assumptions wearssidered: (i) - negligible external diffusion, for
an adequate stirring rate (600 rpm); (ii) - sonptiate controlled by homogeneous diffusion inshue t
particle or linear driving force approximation (LRKiii) - isothermal process; (iv) - equilibrium
between bound and soluble metal concentrationfrasulated by Langmuir isotherm; (v) - particles
as uni-dimensional thin plates.

Homogeneous Diffusion Model
Mass conservation inside the particles gives:
dy(xt) 1 a%y(xt) L b -
ot r, ax* ¢ D,

where 74 is the time constant for diffusion of ionic speximto the particle (min)Dy is the

homogeneous diffusion coefficient inside the péeticnt s*), andL is half of the thin plate thickness
(cm).
The initial and boundary conditions for Eq. (7):are

t=0 y,(0)=1 (8)
0<x<1 y(xp)=0 ©)
w=0 YY) _o (10)
0 X
dy(xt) ¢ o[ 9y (x.t)
=1 ZYVEH__ ¢ g 1-y(x,t)]F| 225
X T L Cy[L-y(x )]{ x| (1)

Dimensionless variables:

x=2; y,(t)= Gl). y(X,t):M

L Cbo a.
(a(zt)) Oeg Waq,

yixt)) = b Veg=— €=
<( )> a. ‘ a. VCbO

whereV is the metal solution volume (I the mass of biosorbent (g, (t) and <q(z,t)> the

concentration of metal species in the liquid pHasg metal 1) and the average metal concentration in
the solid phase (mg metaf gpiosorbent), respectivelythe distance (cm) to the symmetry planthe

dimensionless axial coordinate inside the parti@:'li@0 the initial metal concentration in the liquid

phase (mg metal?), Yo (t) and y(x,t) the dimensionless metal concentrations in liquid aalid
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phase,(y(x,t)) the average metal concentration inside the partigl, the dimensionless metal

concentration in the solid phase, given by the ldagitim law, and & the dimensionless factor for the

batch capacity. A collocation on finite elementgime was used to solve the nonlinear parabolic PDE
with the initial and boundary conditions for eacbdal equation (Madsen and Sincovec, 1979).

Linear Driving Force (LDF)

If the average metal concentration inside the glartis used instead of a concentration profile, the
following equations are obtained:

Kinetic law:

d(y (t))

a e a v (YO 2,

wherek, is the mass transfer coefficient for intrapartidigusion (cm ) anda, is the specific area of
the thin plate particles (¢
Mass conservation in the fluid inside the closeskes

1
== (12)

) =2(1-%() @9
Initial c:zd(l)'uon):/b (t): . <y(t)> o "

Substituting Eq. (13) and the dimensionless Langmgiiation in Eq. (12) the following expression is
obtained, which can be solved analytically:

1 dyb(t)+ fKLCbo
k,a, dt 1+K_ Cy Y,

(t) + 1} Yo (t) =1 (15)

For a parabolic profile inside the particlk, a, = 3D, /L% =3/r, , where k, @, is the mass

transfer intraparticle resistance (M)n

The mass transfer models, presented in this woeke wsolved for the operating parameters, resulting
in the simulated curves presented in Figs. 5 (d)(Bh Both models adjust well the experimentahdat
confirming that the LDF approximation can be coesédl. Concentration profiles inside the particle
for different values of dimensionless tinmér() are presented in Figure 6. It can be seen tleamtal
concentration inside the particle follows approxietga parabolic profile for low values df {) and a
linear profile near the equilibrium. The averagetaheoncentrations inside the particle given by the
two models are initially very different, but ag7f) increases they become closer and equal at
equilibrium.

INSERT FIG. 5 (a), (b) AND (c)

The values of the mass transfer intraparticle t@sce, diffusion time and homogeneous diffusion
coefficient are presented in Table 5. The thickrasthe thin plates was determined by microscopic
observationl( = 0.05 mm)D;, values are lower than the diffusivity of ¥in water (5.85x18 cnf s

Y, suggesting that a resistance to the diffusiagss exists.

The kinetic rate for the pseudo-first-order equatis defined asdg, /dt = klyads(qeq - qt). When

compared with the kinetic law used in the LDF moft&d. (12)),k; .¢s has the same meaning that
kpap . As, both values are of the same order of magaijttite assumed mechanism is validated.

INSERT TABLE S
5 Conclusion

Biosorption of Cr(lll) ions by brown seawe&ahrgassunmuticumcan be considered as an innovative
and effective process, giving good performancesuillbgium is well described by Langmuir and

Langmuir-Freundlich models. The maximum uptake cipavas obtained for the highest pH within

the study range (3.0- 5.0). Biosorption kineticfaist and well represented by the pseudo-secorat ord
model. The LDF model can be considered as a simpléel, with an analytical solution, to describe
mass transfer resistance in the biosorption process
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626 Tablel. Estimated Langmuir equilibrium model parametersuga standard deviation).
627

Langmuir model

. Sk
Biosorbent  pH a. K, q. xK, (Mg g2 Fea  Fig
(mgg") (mghxi® (197
5.0 56 +3 61 3.4+0.6 0.960 11.2 1.1 2.2
Sargassum 4.0 331 12+1 39 £ 03 0.982 2.07 11 2.2
3.0 19+1 9+1 1.7+£0.2 0.987 0.41 1.2 2.2
Laminaria 5.0 704 4.2+0.6 29+0.6 0.971 12.9 1.9 2.1
Gelidium 5.3 18+1 21+04 0.38+0.08 0.933 1.38 1.1 3 2.

13
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Table 2. Estimated Langmuir-Freundlich equilibrium modelgraeters (value + standard deviation).

Langmuir-Freundlich model

2
Biosorbent  pH SR o
e Kir n (mg g’)
(mgg’)  (Imghx1e?

5.0 50+4 4+1 0.8+0.1 0.963 10.5
Sargassum 4.0 32x1 9+2 0.85+0.08 0.984 1.90

3.0 22+3 11+2 1.3+0.2 0.992 0.34
Laminaria 5.0 54 +2 11+05 0.57+0.06 0.984 6.66
Gelidium 5.3 25+9 35+0.9 14+03 0.941 1.23

14
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Table 3. Estimated pseudo-first order model parameters évalstandard deviation).

C

Pseudo-first order model

Biosorbent pH T Fea Fy
PR gt aeg Kags 2 S o)
(mg g (min™) (mg gb)? (mg g'min)
5.0 102 29.6+09 0.20+0.04 0.918 8.15 6+1 3.7 24
Sargassum 4.0 109 24.7+06 0.22+0.03 0.932 3.85 54+0.8 3.1 2.3
3.0 104 14.7+0.3 0.16+0.01 0.975 0.62 24+0.2 27 2.3

15
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Table 4. Estimated pseudo-second order model parameterse(¥adtandard deviation).

Pseudo-second order model

Biosorbent i k
(mg |1) Ueq 2,1ads. L R Sé Fads(i)
1 (g mg- min™-) o 4.1
(mg g) X107 (mg gh? (mg g min~)
5.0 102 319+0.6 09+0.1 0.977 2.21 9+1
Sargassum 4.0 109 26.1+04 15+£0.2 0.977 1.23 10+1
3.0 104 15.9+0.2 14+01 0.991 0.23 3.5+0.3

16



823 Table 5. Estimated parameters for the linear driving foficBF) and homogeneous particle diffusion
824  models.
825

LDF model Homogeneous diffusion model

Biosorbent ' H
iosorben (mg 1) p kp xa, Iy sz Iy Dh SA Dy, (average)

(min")  (min) (mg g)? (min)  (€MPSY)  (mg gh? (cn? s%)

102 5.0 0.12 25 15.9 25 1.7x10° 11.5
Sargassum 109 4.0  0.12 25 6.7 25 1.7x10° 3.7 1.6x10°®
104 30 011 27 1.0 27 1.5x10° 0.5

826

827

828

829

830

831

832

833

834

835

836

837

838

839

840

841

842

843

844

845

17



846
847
848
849
850
851
852
853
854
855
856
857
858
859
860
861
862

863

864
865
866

867

868

869

870

871

872

873

874

875

876

877

878

879

880

881

882

List of Figures
Figure 1. Influence of pH on the uptake capacity of Cr(hi) the alga&argassunmuticum

Figure 2. Langmuir and LF isotherms for Cr(lll) biosorption the algaesargassunat different pH
(averagegeq = standard deviation).

Figure 3. Comparison of the uptake capacity of three diffesgecies of algae and Langmuir and LF
fit curves (averaggeq+ standard deviation).

Figure 4. Evolution of adsorbed Cr(lll) on the alg&argassumwith contact time at different pH:
experimental data and kinetic model curves.

Figure 5. Evolution of the dimensionless concentration inutioh (a) and adsorbed Cr(lll)
concentration (b) on the alg&argassunwith contact time, at different pH: experimentaltal and
mass transfer model curvesHomogeneous diffusion modek: -Linear driving force model).

Figure 6. Concentration profiles inside the particle for diffint values ot/Td . Cr(lll) concentration

(y) predicted by the homogeneous patrticle diffusiadel (—) and average metal concentration inside
the particle predicted by the linear driving foroedel (---) and homogeneous diffusion model «).
(@) pH =5.0, (b) pH = 4.0 and (c) pH = 3.0.

18



883

884
885

886

887

888

889

890

891

892

893

894

895

896

897

898

899

900

Figurel.

Oeq (MQ/Q)

60

50

40 1

30 1

20

10

19



901

902
903

904

905

906

907

908

909

910

911

912

913

914

915

916

917

918

Figure 2.

deg (MY/Q)

50

45 |
40 |
35 |
30
25 -
20
15
10

— =
& S aEEEEEE I
T L
A pH=5.0
o pH=40
o) pH=3.0
Langmuir

------- Langmuir-Freundlich

40

60 80 100 120
Ceq (mglL)

140

20



919

920
921

922

923

924

925

926

927

928

929

930

931

932

933

934

935

936

Figure 3.

Oeq (Mg/Q)

________

Laminaria
Sargassum

Gelidium

Langmuir
Langmuir-Freundlich

ar

75 100 125 150 175 200

Cq (mglL)

21



937

938
939

940

941

942

943

944

945

946

947

948

949

950

951

952

953

954

Figure4.

gt (Mmg/g)

35

A A
A
[m]
o _ [m]
....... SR
o [e]

pH=3.0
Pseudo-first-order

Pseudo-second-order

20 40 60 80 100 120 140 160 180 200

Time (min)

22



955 Figureb.

956 (a)
a
o o)
O [s)
% (m d (m 0 [ml
Q
o
A A A
a A
ApH=5.0
0.2 opH=4.0
0.1 opH=3.0
0
0 20 40 60 80 100 120 140 160 180
Time (min)
957
958 (b)
40
b
A a
A A A
- o o
—
2
o
E
& o [0
O o)
ApH=5.0
0pH=4.0
o pH=3.0
0 20 40 60 80 100 120 140 160 180
Time (min)
959
960
961
962
963
964
965

23



966 Figure®.

967 (a)

968
969 (b)

970
971 (o)

972

y or <y>

y or <y>

24





