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Abstract Heavy metals can be removed from effluents and
recovered using physico-chemical mechanisms as biosorp-
tion processes. In this work “Arribada” seaweed biomass
was employed to assess its biosorptive capacity for the
chromium (Cr3*) and lead (Pb**) cations that usually are
present in waste waters of plating industries. Equilibrium
and kinetic experiments were conducted in a mixed reac-
tor on a batch basis. Biosorption equilibrium and fluid-
solid mass transfer constants data were analyzed through
the concept of ion exchange sorption isotherm. The re-
spective equilibrium exchange constants (Keqcr = 173.42,
Keqpy = 58.86) and volumetric mass transfer coefficients
((kmera)’ = 1.13 x 1073571, (kmppa) = 0.89 x 1073 s~ 1)
were employed for the dynamic analysis of Cr and Pb
sorption in a fixed-bed flow-through sorption column. The
breakthrough curves obtained for both metals were com-
pared with the predicted values by the heterogeneous model
(Keqer = 171.29, Kegpp = 60.14; kycra =7.81 x 1072571,
kmpba = 2.43 x 1072571y, taking into account the mass
transfer process. The results suggest that these algae may be
employed in a metal removal/recovery process at low cost.
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1 Introduction

The presence of heavy metals in the environment at concen-
trations above critical values stipulated by national regula-
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tory bodies is considered unacceptable. In the local context,
heavy metals in various water bodies, such as industrial ef-
fluents or waste-water of cities with an ever-increasing pop-
ulation density. In that sense the water resources have been
strongly attacked, mainly the estuarine environments by lack
of adequate wastewater treatment.

The presence of heavy metals in the environment is of
major concern because of their toxicity and threat to plant
and animal life. Moreover, recovery of heavy metals from
industrial waste streams is becoming increasingly important
as society realises the necessity for recycling and conserva-
tion of essential metals (Hashim and Chu 2004). The em-
ployment of algae is having an increasing impact on envi-
ronmental problems (Metaxa et al. 2006) and they are be-
ing used as biological pollution indicators of areas contami-
nated by heavy metals (Andrade et al. 2004; Topcuoglu et al.
2003).

That ability is the basis of the processes developed to
recover residual metallic ions (Burridge and Bidwell 2002;
Davis et al. 2000; Lodeiro et al. 2006; Kalyani et al. 2004).

Several algae species are known for their ability to adsorb
metal ions from solutions and have been used as biosorbents
for recovery of metals from industrial effluents (Kuyucak
and Volesky 1988), serving as toxic metal sequestrate (Mann
et al. 1988; Deviller et al. 2005), or to recover precious met-
als (Madrid and Camara 1997; Pawlik-Skowronska 2002).

The free electrons of the amino acids present in algae
give them the property of electrostatic bonding, which turns
the assimilation of the metals very easy. These electrosta-
tic attractions should occur with some metals like Ca and
Na (Crist et al. 1988), via covalent bonds with Cu (Crist
et al. 1994) and by redox reactions with certain noble metals
(Guha et al. 2003; Zylkiewicz-Godlewska 2003). Consider-
ing the treatment of the effluents contaminated by chromium
and lead, as in this work, aqueous solutions of these metals
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were put in contact with “Arribadas™ algaes, to bioadsorb
them.

2 Material and methods

Bioadsorption experiments were conducted using separate
solutions of Cr>*, and Pb2" in the form of Cr(NO3)3-9H,0
and Pb(NO3);-3H,0, respectively. Metal concentrations
were measured before and after the adsorption operations
by Plasma Emission Spectroflame (ICP).

The “Arribadas” algaes were collected at Itamaraca Is-
land, Pernambuco-Brasil, washed and dried in a greenhouse
at 32.0 & 1°C, crushed in a knife mill and screened to mesh
size 100. Particles with diameter between 1.47 x 10™* m
and 2.97 x 10~* m were selected for the experiments.

The prepared solutions using deionized water had an ini-
tial metal concentration in the range of 50 to 1000 mgL~!
and a pH of 3.0. An amount of 0.20 g of biomass was con-
tacted with each metal solution. The mixture was stirred
in a 125 mL Erlenmeyer for 24 hours of contact time, at
T =25.0 &£ 1°C, in order to be sure equilibrium between
the algae and liquid was reached. The suspensions were fil-
tered and the final chromium and lead concentrations in the
filtrates were determined via ICP. The time evolutions were
performed with 10 g of algae and 1.00 L of a chromium and
lead solutions, at respective concentrations of 780 mg L!
and 478 mgL~!, and acidified to pH 3.0 with HNO3. Solid
algae was kept in suspension by constant stirring. 5 mL sam-
ples were taken at 0.5; 1; 5; 30; 60; 120; 180; 240; 300; 360;
420; and 480 min filtered through a millipore membrane and
the respective chromium and lead contents determined in the
solutions.

The rate studies were conducted in a glass tube with a
height of 0.10 m and a diameter of 0.012 m, packed with
1.9 g of algae (dp < 100 mesh). The chromium and lead
solutions were pumped upwards through the algae bed by a
peristaltic pump at a flowrate of 1.20 mL min~!. The system
was maintained at T = 25.0£ 1°C while samples were taken
at pre-established times at the top of the tube to evaluate the
dynamic behaviour (breakthrough curves) of the bed.

3 Results and discussion

The results of the kinetic experiments in a batch system
showed that after two hours the retained chromium and
lead quantities in the algae were constant, 82.33 mgCrg™!
and 84.37 mgPb g~ ! respectively. These adsorbed concen-
trations indicate equilibrium.

Possibly during the first 30 s, rapid superficial adsorption
occurred, followed by a slower process, probably ion ex-
change when circa 99% of the chromium or 94% of the lead
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were retained on the solid. This fast metal removal from the
solutions suggests that the main mechanism does not involve
metabolic activity. Watson et al. (1989) noted also for the
biosorption of strontium a fast metal retention by M. luteus.
Yang and Volesky (1999) used biomass from Sargassum to
remove uranium from waste. Experimental results obtained
by Crist et al. (1990) indicate an external fluid-solid mass
transfer step followed by an adsorption and/or ion exchange
step. A proposed interaction mechanism (Crist et al. 1990)
emphasizes the interactions of the sites on the algae surface
which act as metal adsorbent. It is possible that initially,
before the ion exchange, a fast adsorption step as a metal
monolayer has occurred. Alginate is the main saccharide of
the algae and it can be responsible for the adsorption of the
solute through its polymeric chains on the solid surface.

Two models were analysed to represent the experimental
results, one for the batch system and another one for the con-
tinuous fixed bed. For the experimental results in biosorp-
tion batch processes an equilibrium ion exchange mecha-
nism was proposed while for kinetic experiments a Linear
Driving-Force model with external fluid-solid mass transfer
control was applied. For the continuous process a hetero-
geneous model, which considers interstitial plug flow and
chromium or lead-algae mass transfer in the external layer,
was proposed.

The chromium and lead exchanges with calcium of the
algae (CaXy) can be represented stoichiometrically by the
following reactions:

2Cr*T 4+ 3(CaXy) 5 3Ca*t +2(CrX3)

Pb>" + (CaXp) = Ca*t 4 (PbXo)
The high calcium concentration found in the solution in con-
tact with the algae in kinetic experiments, indicates that the
main phenomena in the chromium-algae and lead-algae bio

interactions is ion exchange. Taking the stoichiometric ion
exchange equations, the equilibrium constants were:

[Cr* o1 — [CrPT1*/[Cr**10)3 (g, / Qcr)?
(CrH1#/[Cr* 41020 (1 — 348,/ 0cr)®

eqCr = €))]
[Pb*To(1 — [Pb*T1*/[Pb*T10) (g5, / Qpb)

)
([PH*"1*/[Pb*T10) Qpo (1 — g1,/ Opb)

eqPb =

where [Cr3t]*, [Pb2t]* and q¢s qpy, are the chromium and
lead equilibrium concentrations in the solution and retained
by the algae, respectively. [Cr>* ]y, [Pb>*]y are the initial
chromium and lead concentrations in the solution and Qcy
and Qpp are the maximum adsorbed chromium and lead
concentrations on the algae.

In Fig. 1 the chromium-algae and lead-algae equilib-
rium analysis are presented. Equations (1) and (2) expressed
in their linear forms were fitted to the equilibrium data
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Fig.1 Equilibrium curves.
Arribadas algae (4 gL™!) in
chrome solution (780 mg L,
and in lead solution

(478 mgL~"); pH 3.0 and
T=250=£1°C

0.9 +
0.8 1

0.7

and the equilibrium parameters constants and the maxi-
mum adsorbed concentrations on the algae were obtained as:
Keqor = 173.42 £ 6.06, Kegpp = 58.86 £2.23, and Q¢ =
83.294+3.49 mgCrg~!, Opp = 85.08 £3.31 mgCrg~!.
Based on the order of external mass transfer fractions
(fe = rmL/k,IM"*], fem > 0.05; Villermaux 1982), and
considering Weisz’s criterion (CID{\,I =rmL? /Dp[MYTY); for
which L = dpaigae/6; and dpaigae < 2.97 x 107 m, hence
‘bivl < 0.23 « 1), indicates that the pore diffusion is not lim-
iting, and the rate was controlled by external mass transfer in
the fluid. So, the kinetic analysis of the batch experiments,
assuming that the process is controlled by the external fluid-
solid mass transfer, can be presented by (3):
dgm

Tl (kmma) [M"F] — [M"F]%

M=Cr,Pb;v=3,2, 3)

where (kmma)’ are the volumetric mass transfer coefficients.
The mass balance of the metal is expressed as:

dIM"*]  dgm

—Vi —
L4 s 4r

“)

where Vi and mg were the volume of metal solution and
mass of algae, respectively.
By combining (3) and (4), results (5):

d[Mv-‘r]

MF]
‘/[iMH]O [Mv+]>k —

A = (mvia)'r ®)

In Fig. 2 the values obtained from the model were com-
pared with the experimental results, indicating that the

T T T T T T T
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[M"]

. [szlxp
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Fig. 2 Experimental kinetics results and simulated values of concen-
tration of chrome and lead by model equations. Dried Arribadas al-
gae (10 gL*') in chrome solution (780 mg L~!) and in lead solution
(478 mgL~1); pH3.0; T =25.0£1°C

processes are possibly controlled by the external mass trans-
fer in the fluid.

From this analysis the volumetric liquid-solid mass
transfer coefficients, (kmcra) = (1.13 £ 0.05)1073s~!
and (kmpoa)’ = (0.89 £ 0.03)1073 s~!, for the batch sys-
tem, were obtained. The values of k/ (k' ~ = (2.87+

mCr
0.11)1073 ms™!; &/, = (2.81 £0.93)1073 ms™!) were
estimated by the Calderbank and Jones correlation (see
(6); Smith 1970) employing the values of the diffusivi-
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ties of the chromium and lead (Dc; = 8.11 x 10710 m?/s;
Dpp =7.78 x 10710 mz/s) calculated for ionic solutions by
the Nernst-Haskell method (Perry and Green 1999), which
are independent for any process.

23 JOING
) =034 2L ©®)
oL

ML
tow (2

where ur,, oL the viscosity and density of the liquid solution
and Ap = pp — pL, with p,, the particle algae density.

Algae are typically filamentous, but for the sake of sim-
plicity in this analysis, we consider the algae filaments to
be massed together in a globular nearly spherical, tough cer-
tainly porous state.

Considering that the mass transfer in a batch system is
distinctive from that of the flow in a fixed bed, the obtained
values of the mass transfer coefficients had to be changed so
that they could be applied to the continuous processes.

For the determination of the volumetric liquid-solid mass
transfer coefficients (knn) for the continuous system one
may employ the Ranz and Levenspiel correlation (Shy =
kdele\_/Il =2.0 + 1.8Re!/ 2Scll\f; Kunii and Levenspiel
1989), where it is possible to employ the chromium and lead
diffusion coefficients, previously determined.

By this methodology the fluid-solid mass transfer coeffi-
cients may be evaluated and used as a starting value which
forms with the equilibrium constants a set of two parameters
for each metal. These are used to optimise the chromium and
lead concentration expressions at the outlet of the fixed bed.

In the continuous experiments 780 mgL~!' chromium
and a 478 mgL~! lead concentration solutions were con-
tinuously fed to the algae fixed bed with a constant flow of
1.20 mL min~!. The metal concentrations at the outlet were
measured as a time function.

The analyses of the bioretention processes in a fixed bed
are achieved by fitting a dynamic model based on (7) and
(8), considering transient flow, fast ion-exchange equilib-
rium and that the fluid-solid kinetics is controlled by exter-
nal mass transfer.

DIM™H]  9IM™] dam _
guL 57 +e o1 +(1_8)W_0’ @)
0
(1= 8) 5% = kma(IM"] = [M" ). ®)

Introducing the new variables ¢ = kmmal(e V)2
and v = kmma[Keqgm(1 — ' — (zVL_l)] and apply-
ing Laplace’s method, adopted by Hiester and Vermeulen
(1952), he solution of this differential equation system is:
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SM
[M”+]=[M”+]o{1 - /0 expl—(c{y + )]
X Io<2(gﬁ4rM>”2>dsﬁ4}u(rM>, )

where 10[2(§](,[tM)1/ 21 is the Bessel function of zero order
and u (ty) the Heaviside function.

The results of the continuous experiments with the fixed
bed may be compared with the values obtained from (9).
This equation was employed to fit the experimental curves
of the chromium and lead algae systems to curves obtained
from the proposed model.

An objective function (Fy,) was defined (Fyp =
> (MY Tni — MY lExpi )2 (IM"F10) ™!), for which a min-
imum is searched using the values of the ion-exchange equi-
librium parameters Keqm and of the volumetric mass trans-
fer coefficients kypma. Fop values of the order of 1073 were
considered in the final optimisations for the two metals, con-
firming the values of equilibrium parameters and giving de-
finitive values for the mass transfer coefficients.

The optimised values (Keqcr = 171.29 £ 3.46, kpcra =
(7.81 £0.27)1072s7!, Kegpp = 60.14 £ 2.41, kmppa =
(2.43+0.08)1072 s 1) were employed in (9) representing
the dynamic behaviour of the chromium and lead retentions
in the fixed bed.

In Fig. 3 the simulations of the experimental break-
through curves of the chromium and lead solution are
shown.

Breakpoint and column saturation times for chromium in
the fixed bed, derived from the model, are greater than those
for lead biosorption. This behaviour may be explained in
terms of the fluid-solid kinetics controlled by external mass
transfer. The value of the coefficient of external mass trans-
fer for chromium is circa three times that of the lead coeffi-
cient.

4 Conclusions

Biosorption tests with Arribadas algae to treat liquid ef-
fluents containing chromium and lead provided equilib-
rium and kinetics values for batch operations that were ex-
tended to the dynamic fixed bed process. Experimental ev-
idence suggested that ion-exchange was the sorption mech-
anism. At 25.0°C, the equilibrium ion-exchange constants
are Keqer = 171.29 and Keqpp = 60.14, and the batch vol-
umetric mass transfer coefficients are (kmcra) = 1.13 x
107351, (kmppa)’ = 0.89 x 1073 s~ 1. These values were
used to characterize the continuous algae fixed bed process.

Dynamic experiments produced chromium and lead
breakthrough curves at the outlet of the bed. Those were
compared with the results of a heterogeneous model, which
yielded values of the volumetric mass transfer coefficients
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Fig. 3 Experimental and
calculated (continuous
heterogeneous model) 1.0+
breakthrough curves. Arribadas

algae (10 gL~") in chrome

solution (780 mgL~") and in 0.8
lead solution (478 mgL~"); pH ’
3.0; T =25.0 £ 1°C; flow of the 1
liquid phase (1.2 mL min—")

79
n [Cr“]exp
° [Pb2+lex,,
—— Model

kmcra = 7.81 x 1072s~! and kmppa = 2.43 x 1072571,
These values are about 70x and 27x those in the batch
experiments. It was determined for these experimental con-
ditions that the processes were controlled by external mass
transfer with fast ion-exchange equilibrium. Furthermore,
the values of the mass transfer coefficients imply that the
external mass transfer resistance in a fixed bed geometry is
much lower than in an agitated batch-wise system, due to
the greater shear stress at the liquid-solid interface.

Notation

a = interfacial area per unit volume (m~1

dpaigae = particle diameter of algae (m)

fem = external resistance fraction

k) s kroops kiopp, = mass transfer coefficients (batch sys-
tem) (ms~ 1)

(kmma)’, (kmcr@)’, (kmppa)’ = volumetric mass transfer
coefficients (batch system) (s~!)

kmM, kmcr, kmpp = mass transfer coefficients (fixed-bed)
(ms~")

kmma, kmcra, kmppa = volumetric mass transfer coeffi-
cients (fixed-bed) (s~1)

ai &,y = adsorbed concentration of metals (mg g~ !)

t = time (s)

rm = ionic exchange rate of metals (g g;léae s7h

u (tv) = Heaviside function

w = weight (g)

Dwm, Dcyr, Dpp = diffusivities of metals (m2 s’l)

Fop = objective function

Keqcrs Kegpb = equilibrium constants of ionic exchange
L = characteristic length of particle (m)

—T—
10 15 20 25 30 35 40 45

Time x 10° (s)

mg = mass of algae (g)

[MV*] = concentration of metals in solution (mg L b
[MVH]*, [CrPT]*, [Pb>F]* = equilibrium concentration
of metals in solution (mg L1

[M"* 1o, [Cr3 ], [Pb2t]o = initial concentration of met-
als in solution (mg L)

OM, Ocr, Opp, = maximum adsorbed concentration of
metals (mg g~ ')

Re = Reynolds number

Sc¢ = Schmidt number

Sh = Sherwood number

VL. = volume of metal solution (L)

Greek letters

& = bed porosity

pp = particle algae density

pL = solution density

¢y = Weisz’s criterion

™™ = time dimensionless variable
&v = length dimensionless variable
UL = viscosity

v = valence
Indexes

p = particle

s = solid

L = liquid

M = metal

Th = theoretical
Exp = experimental
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