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Biosorption of lead ions was studied in a flow-through column packed with red algae Gelidium and a
composite material (industrial algal waste from the agar extraction process immobilized with polyacry-
lonitrile). Experiments were performed in order to study the effect of important design parameters such
as flow rate and influent pH. The breakthrough curves for lead and proton concentrations were obtained
in saturation and elution studies. Macroscopically, when the flow rate increases, the residence time in the

K?yword‘s: bed decreases, and the column saturation is faster achieved and the sharpness of the breakthrough curves
Biosorption . . . . . . . . .

Lead(1l) increases. Microscopically, increasing the flow rate, the film diffusion resistance decreases. For higher
Gelidium values of the influent pH, the breakthrough time increases, due to the greater metal uptake capacity at

the equilibrium. Considering the effectiveness of lead desorption from loaded biomass, we concluded
that desorption was 100% effective and rapid, even for high values of the solid to liquid ratio, leading
to high values of the concentration factor. The column packed with composite material was operated
in two consecutive adsorption-desorption cycles, without any changes in the metal uptake capacity. A
mathematical model based on external and intraparticle mass transfer was developed to simulate the

Composite material
Packed bed column

breakthrough curves in the adsorption and desorption processes.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

In 1990, 5.627 x 10° tonnes of lead were consumed worldwide
[1]. Mining, smelting and refining, as well as the manufacture of
lead-containing compounds and goods, can give rise to lead emis-
sions [2]. Traditional methods used to remove this toxic metallic
ion from industrial wastewaters before discharge into natural water
bodies, include coagulation and precipitation, ion-exchange, mem-
brane separation and electrolytic technologies. Coagulation and
precipitation processes lead to a high consumption of reagents
and leave behind “hazardous sludge”, which needs to be safely
disposed off [3]. Ion-exchange (€20-40kg~1), activated carbon
adsorption (€10-20kg~!) and membrane (€30-50 m?) processes
are expensive, particularly for large-scale clean-up operations, such
as, for example, mining water treatment [3]. Those processes may
also be ineffective for low metal concentrations (<100 mgl-1) [3].
Alternative technologies are required to reduce toxic metal concen-
trations into environmental acceptable levels at affordable costs
[3-5]. Biosorption, as it has been perceived so far, could be con-
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sidered for its economic edge (€3-5kg~1) as a possible alternative
technique for metal removal/recovery [3]. Biosorption is based on
the passive sequestration by non-living biomass, containing many
types of different chemically active groups that show some tenden-
cies to uptake other chemical substances or ions, attracting them
from solution and binding them to the biomass surfaces [3,6,7].
Biosorption of lead has been investigated using different kinds of
marine algae, such as brown algae (Sargassum hystrix, Sargassum
natans, Padina pavonia, Fucus vesiculosus, Ascophyllum nodosum),
red algae (Chondrus crispus, Galaxaura marginata, Palmaria palmate,
Gracilaria corticata, Gracilaria canaliculata and Polysiphonia violacea)
and green algae (Codium taylori, Ulva lactuca and Cladophora glom-
erata) [8,9]. Other sorbents have been also applied, such as red
mud-an aluminium industry waste [10], lignin obtained from black
liquor-a paper industry waste material [ 11], waste brewery biomass
[12], activated slag-a blast furnace waste [13] and others.
Biosorption of lead ions using red algae Gelidium and a com-
posite material in a batch system was previously studied [14-16].
From these studies, it was concluded that biosorption of metal ions
is due to negatively charged carboxylic groups present in the cell
wall of the biosorbents at pH < 7. The mechanism of biosorption has
been established as a combination of adsorption and ion-exchange
between the metal cations present in solution and protons or
other ions (Na*, K*) bound to carboxylic groups. For high proton
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Nomenclature

ap specific area for thin plates particles

Gy metal concentration in the bulk (mg or
mmol metal/l fluid)

Co, initial metal concentration in the bulk (mg or
mmol metal/l fluid)

Cg feed concentration (mg or mmol metal/l fluid)

(@ metal concentration in the film (mg or
mmol metal/l fluid)

Chinal metal concentration in the solution at the end
of the saturation or elution process (mg or
mmol metal/l fluid)

Cq equilibrium concentration of proton in the fluid
phase (mmol proton/I fluid)

Cm equilibrium concentration of metal in the fluid
phase (mmol metal/l fluid)

Cr total (lead +acid) liquid concentration
(mmol/I fluid)

Cr, initial total (lead+acid) liquid concentration
(mmol/I fluid)

Cr; total feed (acid) liquid concentration (mmol/I fluid)

dp particle diameter (cm)

Dax axial dispersion coefficient (cm?/s)

Dy, homogeneous diffusion coefficient (cm?/s)

D molecular diffusivity of the metal ion in solution
(cm?[s)

ke film mass transfer coefficient (cm/s)

kp mass transfer coefficient for intraparticle diffusion
(cm/s)

Ky equilibrium proton constant (1 fluid/mmol H)

Km equilibrium metal constant (1 fluid/mmol M)

K. equilibrium constant of Langmuir (I fluid/mg M)

Kl’_‘l" selectivity coefficient between ion M in the particle
and H in solution

L bed length (cm)

Ng4 number of mass transfer units by intraparticle dif-
fusion

N number of mass transfer units by film diffusion

Pe axial Peclet number based on the bed length

Pep, axial Peclet number based on the particle diameter
(spherical) or width (thin plate)

PHsg pH of feed solution

pHa initial pH of interstitial fluid inside the column

pHcr final pH of interstitial fluid inside the column

(q) average metal concentration in the solid phase (mg
or mmol metal/g biomass)

qE solid phase concentration in equilibrium with Cg
(mg or mmol metal/g biomass)

qH equilibrium concentration of proton in the biomass
(mmol proton/g biomass)

qm equilibrium concentration of metal in the biomass
(mg or mmol metal/g biomass)

am, metal concentration in the solid phase in equilib-
rium with G, (mg or mmol metal/g biomass)

q solid phase concentration in equilibrium with Cf
(mg or mmol metal/g biomass)

Qmax concentration of carboxylic groups or maximum
capacity of biomass (mg or mmol/g biomass)

R half of thickness of the thin plate (cm)

Sh Sherwood number

t time (s)

tep breakthrough time (s)

tst stoichiometric time (s)

T temperature (°C)

U; interstitial fluid velocity (cm/s)

Ve interstitial fluid volume (cm?3)

w mass of biosorbent (g)

X axial position normalized by the bed length

) dimensionless average concentration in the solid
phase

Vb dimensionless concentration in the fluid phase

Ve dimensionless concentration in the fluid phase at
the film

yr dimensionless total concentration in the fluid phase

vy dimensionless concentration in the solid phase at
the particle surface

z bed axial position (cm)

Greek letters

€ porosity of the bed

T space time (s)

T4 time constant for intraparticle diffusion

T5 time constant for film diffusion

0 dimensionless time

Pap apparent density of particles (g solid/cm?3 particle)
& adsorber capacity factor for saturation

& adsorber capacity factor for desorption

concentration, the uptake capacity of metal ions decreases due to
the competition with protons to the binding sites [14,15].

In this work, we investigated the performance of the same
biosorbents to treat lead contaminated water in a packed bed col-
umn. The influence of the flow rate and pH of the feed stream on
the breakthrough curve was analysed, as well as the possibility of
regenerating the biosorbents. A mass transfer model was devel-
oped to describe the biosorption and desorption in the continuous
packed bed column.

2. Materials and methods
2.1. Preparation of biosorbents

An algal waste from agar extraction industry was immobilized
with an organic polymer (polyacrylonitrile-PAN) and used in this
study as well as red algae Gelidium, which is the raw material for
agar extraction. Gelidium sesquipedale is a red algae, harvested in
the coasts of Algarve and Sio Martinho do Porto, Portugal. The
industrial algal waste is composed essentially by 35% of algae Gelid-
ium after agar extraction and 65% of diatomaceous earth used as
filtration aid in the extraction process. To prepare the compos-
ite particles, fibrous PAN was first dissolved in dimethyl sulfoxide
(DMSO) during 1-2 h. The powdered active component (industrial
algal waste) was gradually added to PAN solution under stirring
and the suspension mixed for about 30 min. Homogeneous sus-
pension was then dispersed into water (coagulation bath) at room
temperature. Beads formed in the water bath were washed with
distilled water, separated by filtration on Buchner funnel and dried
at about 30-40°C. A more detailed description of the characteris-
tics and preparation of both materials were presented in previous
works [16,17].

2.2. Preparation of lead solution

Pb(II) solutions were prepared by dissolving a weighed quantity
of anhydrous PbCl, (Merck-Schuchardt with purity >98%) in dis-
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tilled water. The pH of each solution was adjusted to the required
value with HNO3 and NaOH solutions.

2.3. Column experiments

Experiments were performed in a glass jacketed column (Sigma
C 5794) with an inner diameter, i.d.=2.5 cm, and length, L=15cm,
packed with algae Gelidium or composite material. The appar-
ent density of the biosorbents determined by mercury intrusion
(PORESIZER 9320) is 1.34 and 0.25 gcm™3, respectively, for Gelid-
ium and composite material [18]. A known quantity of Gelidium or
composite material (~10g) was placed into the column. The lead
solution (~50mgl-1) was pumped downflow (peristaltic pump
Gilson Minipuls 2) through the column at different flow rates (2,
4, 8 and 11 mlmin~1). Column effluent samples were collected at
pre-defined times by a programmable fraction collector (Gilson FC
203B Fraction Collector) and analysed by atomic absorption spec-
trophotometry (GBC 932 Plus AAS). The pH of the effluent was also
recorded. After column exhaustion, the loaded biomass with lead
was regenerated with 0.1 M HNO3, using a flow rate of 8 mlmin~!.
The collection and analysis of the outlet samples were done as for
the sorption protocol. After elution, the biomass bed was washed
with distilled water until effluent pH stabilization near the inlet pH.
The regenerated bed was reused in a next cycle. The column and
all glassware were cleaned by washing with nitric acid (20%) and
distilled water.

3. Theoretical approach
3.1. Equilibrium model

A mathematical equilibrium model has been developed assum-
ing one kind of active sites (carboxylic groups)in the cell wall, which
are responsible for metal biosorption at pH < 7.0, and for the com-
petition between metal ions and protons [19]. The model is based
on the apparent equilibrium binding constants, Ky and Ky, for H*
and M?2*, respectively. The total metal uptake can be calculated as:

Qmax KM CM

M = 1+ KyCy + KmCum (1)

This equation can be converted in the Langmuir equation:

_ QmaxKiLCm

™M= 777K Cu (2)

where

K
K= —F—
L= T KqCy (3)
From the values of Ky, Ky it is possible to calculate the Langmuir
equilibrium constant, K, for each pH.

3.2. Fixed bed operation

3.2.1. Saturation

A model was developed with the following assumptions:
isothermal operation, axial dispersed plug flow of the fluid phase,
adsorption equilibrium described by the Langmuir isotherm, exter-
nal (film) resistance to mass transfer and internal mass transfer
resistance described by the LDF approximation. The dimensionless
equations of the mass transfer model, developed in a previous work
[20], are:

Mass conservation in the fluid around particles:

dyp(x,0) _ 1 Pyp(x,0) dyp(x, 6)

90 ~ Pe ox2 ox - SNd[y*(Xv 9) - O’(X, 9))] (4)

yr=—-—-h=
yr+ (KM — 1)y,

Mass conservation inside particles (linear driving force, LDF):

00O Nty (e, 0) - . O] )

If there is no accumulation in the fluid film surrounding the
particles:

dy(x,0) N
—do - ?[J/b(X, 0) — ye(x, 0)] (6)
Equalling Egs. (5) and (6) we get:
N
[V*(x. 0) — y(x, O)] = - [yp(x, 0) — ye(x, 0)] (7)
ENg
The dimensionless equilibrium is given by:
(1 + K Celye(x, 0)
1+ KL Cey(x, 0)

with the initial and boundary conditions:

yi(x,0) = (8)

9 = Oyb(xa 0) :yf(xa O) = (y(xs O)> =0 (9)
_ 1 yp(x,0) _
X = *ET +yb(x,0)—1 (10)
x=1 M -0 (11)
ox
x=1
The dimensionless variables are defined as:
_z ot _ Glz, t) _ Gz, t)
X_Zv 9—;’ yb(x79)_ CE ) f( 79)_ CE )
qz,t) . q'(z,t) L R2
X, 0)) = , "(x,0) = , T=—, Tg=—,
Wi, 0) = TSy 0) = T i W=D
i 1 T o & 1
Ta= kpap ~ 3~ L Gy keap’ (12)
and the dimensionless parameters as:
(1-g) g T (1-¢)
§= P papa, f= % = keapt,
N—l—kat Pe—u%‘L (13)
d= T; — %pH¥p b - Dax

where gg = QmaxKLCg/[1 + KL Cg] is the solid phase concentration
in equilibrium with Cg.

The partial differential Eqs. (4) and (5) in conjunction with
the initial, Eq. (9), and boundary conditions, Egs. (10) and (11),
were solved by the PDECOL package [21], where yx,0) is obtained
by solving Eq. (7) and the equilibrium is given by the Langmuir
isotherm (Eq. (8)).

3.2.2. Elution

The desorption was considered as an ion exchange process,
where the metal ions are released into the solution by exchange
with the protons, in an approximately stoichiometric relation as in
the exchange between copper ions and protons [22]. Since the pro-
ton has a higher affinity to the carboxylic groups than copper and
lead ions, which have similar affinities, the exchange rate can be
considered equal for both metals. Equilibrium desorption was well
described by the mass action law [22]:

M
" KH Yb (14)

where KM and Qmax values are 0.93 and 1.1,0.36 and 0.16 mmol g,
respectively for Gelidium and composite material [22].

An elution model based on the same assumptions as the satura-
tion model, with exception of equilibrium, which is now described
by the mass action law, was developed. So, Egs. (4), (5) and (7)
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are still valid if the concentrations in the liquid and solid phase are
expressed in mmol instead of mg. As we have two components, it is
necessary to take into account the conservation of the total concen-
tration in the fluid phase, considering that after biomass saturation,
the amount of metal ions and protons bound to the solid phase is
equal to the maximum concentration of active sites [23,24]. So, the
partial derivative in time is zero (9((Cy) + (Cy))/9t = 0Qmax /0t =0).
Then,

8yT(X’ 9) _ l 82yT(X, 9) _ ayT(Xs 9)

00  Pe  03x2 ox (15)
The dimensionless variables are:
_ z _ t _ Cb(Z, t) _ Cf(zv t)
X—z, 9—;» Yb(xse)—CiTov Yf(xae)—ci_ro,
Cr(z, t) (q(z, ) q*(z,t)
,0)= , L0)) = 5 yR(x,0) = == (16
yr(x, 0) Cr, ¥(x, 0)) o (x,0) O (16)

The dimensionless parameters are the same considered before,
except for the column capacity factor, which is now defined as:

,_ (1-¢)  Qmax
§ = c Pap Cr, (17)
The initial and boundary conditions are:
Ch, Gy
6=0, x,0)= =2, yx,0)= 2,
b(x,0) G, ye(x, 0) Gy
yr=1, 3(x,0)) = o (18)
ax
_ 1 dyp(x, 6) _
x=0, *ET +J’b(><,9)—0 (19)
1 aVT(X,O) _ CTE
“Pe ox +y1(x,0) = CT'O (20)
x—1, W0 oyx0)) g 21)
ax ox
x=1 x=1

where Cr, is the molar concentration of the feed solution (0.1 M
HNO3) and Cy,, is the sum of the metal and proton concentration in
the interstitial fluid inside the column at the end of the saturation
process.

The partial differential Egs. (4), (5) and (15) in conjunction with
the initial, Eq. (18), and boundary conditions, Eqgs. (19)-(21), were
solved by the PDECOL package [21], where y¢(x,0) is obtained by
solving Eq. (7) and the equilibrium is given by the mass action law

(Eq. (14)).
4. Results and discussion

The model parameters of Eq. (1) were obtained as [15]:
Qmax =0.26 £0.01 and 0.096 & 0.003, pKy =log Ky =3.92 +0.07 and
4.7 +0.1 and pKy; =logKy;=4.02+0.06 and 4.6 & 0.1, respectively,
for Gelidium and composite material.

4.1. Effect of flow rate

The effect of flow rate on the biosorption of lead ions was
studied by changing the flow rates from 2 to 8mlmin~! and 4
to 11 mlmin~—!, respectively, for the composite material and algae
Gelidium. The breakthrough curves and the pH profiles are illus-
trated in Fig. 1(a) and (b). Increasing the flow rate, the breakthrough
time (tgp) and the final or saturation time (tr) decreases, as a higher
amount of lead ions is fed to the column in a shorter time interval.
Macroscopically, increasing the flow rate corresponds to increase
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a
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A
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A
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Fig. 1. Influence of flow rate on the breakthrough curve for lead biosorption and pH
profile: (a) red algae Gelidium and (b) composite material.

the superficial velocity inside the column and the breakthrough
curve becomes sharper. Representing the breakthrough curves as
a function of the dimensionless time, it can be seen (Fig. 2(a) and
(b)) that the three curves merge on a single curve, in the case of the
algae Gelidium (Fig. 2(a)), suggesting that the influence of the flow
rate on the biosorption only affects the equilibrium time. So, for
higher flow rates the residence time decreases and the time nec-
essary to reach the saturation of the material diminishes. The lead
uptake by the algae is independent on the flow rate in the study
range, approximately 37.4 mgPb(Il)g~!. However, in the biosorp-
tion of lead by the composite material, the breakthrough curves for
different flow rates do not merge into a single curve. The dimension-
less time of breakthrough varies with the flow rates in the following
order 4<2<8mlmin~!, corresponding to lead uptakes of 6.2, 7.0
and 7.3 mgg . These differences may be due to the different pH
profiles observed (Fig. 2(b)) and the equilibrium pH achieved (4.0,
4.1 and 4.2, respectively, for the flow rates 4, 2 and 8 mlmin~1).

A mass transfer model considering mass transfer resistances
in the film and in the particle, where the equilibrium relation-
ship is given by the Langmuir equation (Eq. (2)) was applied to
the experimental results. The Langmuir equilibrium constants were
determined by the discrete model (Ky and Ky;) (Eq. (1)), consider-
ing the equilibrium pH inside the column to calculate the Langmuir
affinity constant by Eq. (3). The equilibrium pH inside the column
was considered as the final pH value of the experiment, obtained
by the pH profiles illustrated in Fig. 1(a) and (b), respectively for
Gelidium and composite material.
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Table 1
Operation parameters for the breakthrough and elution curves
No. Type Q (ml/min) PHsg PHar PHck Ce/Cp, (mgl~1) Cinal (mgI1~1) T(°C) w(g) e 7 (min)
Algae Gelidium
1 S 4.0 5.3 5.4 39 473/0 47 20 10.6 0.893 16.4
2 E 7.9 1.0 4.0 1.0 0/47.0 0.47 20 10.6 0.893 8.3
3 S 8.0 5.3 5.1 42 473/0 47.0 20 10.6 0.893 8.3
4 E 8.0 1.0 42 1.0 0/41.4 0.15 20 10.6 0.893 8.3
5 S 11.0 5.4 5.4 42 48.5/0 46.8 20 10.7 0.892 6.0
6 E 11.0 1.0 42 1.0 0/46.8 0.05 20 10.7 0.892 6.0
7 S 8.0 4.0 41 3.6 49.6/0 435 20 11.1 0.888 8.2
8 E 8.0 0.94 3.6 0.94 0/43.5 0.01 20 11.1 0.888 8.2
9 S 8.0 3.0 3.0 3.0 52.2/0 52.2 20 10.4 0.895 8.2
10 E 8.0 0.95 2.8 0.95 0/52.2 0.17 20 10.4 0.895 8.2
Composite material
11 S 2.0 5.2 6.1 4.0 47.6/0 40.0 20 8.9 0.513 18.9
12 E 8.0 0.85 40 0.85 0/40.0 0.1 20 8.9 0.513 47
13 sa 3.9 5.2 5.4 4.0 44.6/0 37.8 20 9.2 0.498 9.4
14 E2 8.5 1.0 4.1 1.0 0/20.4 0.5 20 9.2 0.498 43
15 sb 4.0 5.2 49 4.0 44.9/0 39.0 20 9.2 0.498 9.2
16 EP 8.0 1.0 4.0 1.0 0/39.0 0.6 20 9.2 0.498 46
17 s 8.0 5.3 5.6 42 48.9/0 46.5 20 10.6 0.422 3.9
18 E2 8.0 1.0 42 1.0 0/46.5 0.5 20 10.6 0.422 3.9
19 sb 8.0 5.2 44 4.0 436 36.0 20 10.6 0.422 3.9
20 S 8.0 4.0 4.1 3.8 49.3/0 44.0 20 9.3 0.495 46
21 E 8.0 0.94 3.8 0.94 0/44.0 0.02 20 9.3 0.495 46
22 S 8.0 3.0 3.0 3.0 481/0 47.0 20 8.1 0.558 5.1
23 E 8.0 1.0 3.0 1.0 0/47.0 0.46 20 8.1 0.558 5.1
S, Saturation and E, elution.
2 First cycle.
b Second cycle.
(a) 1 £ Soo 8 5.5
09 éfﬁ . lss The operation parameters are shown in Table 1. The homo-
Aq geneous diffusion coefficient average value, (D =3.7 x 10~ and
B8 & A= AT T 2.5 x 10~8 cm? s~1, respectively for Gelidium and composite mate-
0.7 o‘% +49 rial), was determined by batch dynamic studies at different
died A 0 Q =8 ml/min Law pH values (5.3, 4 and 3) [15]. Assuming Pep=u;dp/Dax=2 [25];
o) Q = 8 ml/min 69&@ © Q=11 ml/min - Pe=2L/d, is equal to 300_0 and 33_’2, respecti_vely _for the alga_e
~ 054 ol 745 = Gelidium and the composite material. Pe, =2 is valid for spheri-
© o4l A ) L 43 cal particles (dp =0.9 mm for the composite material particles). For
- ooy Y the algae Gelidium particles, that are like thin plates, we assumed
] T dp =2R, where 2R is the width of the thin plate.
0.2 +39 Fig. 3(a) and (b) illustrate the breakthrough curves simulated for
014 137 Gelidium, and composite material, respectively, for different flow
Q=4 ml/min rates and Cg ~ 50 mg1~!. The equilibrium parameters were chosen
0 2% Py O z . ; , : : 35 PR . e .
6 30 40 0. B0 100 120 140 fico) da0; 208 o0 inside the mterv‘al‘of the standgrgl dev1at19n. In the adsorpt.lon of
lead by algae Gelidium, the deviations relatively to the experimen-
t/t tal results are higher for the lowest flow rate, and in the final and
initial parts of the curve, probably due to the heterogeneity of the
by 1 binding sites.
0.9 oBoa ? o ° q In the case of the composite material, the saturation of the
§§?3g‘5 oo 161 biomass (C,/Cg =1) is achieved more slowly than the predicted by
Bl mﬁﬁa o the mass transfer model (Fig. 3(b)) and the difference increases
0.7 AQ=2ml/min |56 when decreasing the flow rate. The results suggest a slow diffu-
0.6+ ° 0 Q =4 ml/min sion of the metal ions to the binding sites, which is supported by
8] oQ=8mlmin | ¢\ — the fact that the active component is involved by the polymer, and
=, 0= = the metal ion has to diffuse through the pores between the algal
@ 04 Q = 8 ml/min particles inside the granules. This effect will be more accentuated
034 A6 if some organic compounds in solution complex the metal ion,
- increasing the radius of the species. On the other hand, once the
=1 Q a1 biosorbent is heterogeneous, in the final part of the process only
0.1 1 Q =2 mmin the binding sites with lower affinity by the metal ion are available,
Y — ol - 36 which contributes to lengthen the final part of the curve. The dot-
0 10 20 30 40 50 60 70 80 90 100 ted lines in Fig. 3(b), obtained from the mass transfer model, using
titT the equilibrium parameters determined in the batch system, pre-

Fig. 2. Breakthrough curves for lead biosorption at three different flow rates and
pH profiles as a function of the dimensionless time: (a) red algae Gelidium and (b)
composite material.

dict a breakthrough time higher than that experimentally obtained.
Decreasing the maximum uptake capacity, Qmax, by 50%, the model
describes well the initial part of the experimental curve, but the
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Fig. 3. Comparison of the experimental lead breakthrough curve and the calcu-
lated by the mass transfer model: (a) red algae Gelidium and (b) composite material.
Influence of flow rate.

saturation is achieved earlier. This result suggests that only 50% of
the binding sites are occupied by the metal with the affinity con-
sidered, and the remaining binding sites, with lower affinity, are
occupied more slowly.

The change in the flow rate is expected to affect the film diffu-
sion, but not the intraparticle diffusion. The higher the flow rate, the
smaller the film resistance and the larger ks. Due to the proximity
of the values of flow rate, this trend was only verified for the two
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higher values of flow rate (Table 2). The film mass transfer coef-
ficient was estimated by the number of Sherwood, Sh=k¢dp/Dm,
where Dy, is the molecular diffusivity, which was calculated by
the Nernst-Haskell equation [26], resulting Dy, =9.3 x 10-6 cm? s~1,
For an isolated spherical particle surrounded by a stagnant fluid,
the limited value of Sherwood for low Reynolds number is 2.0,
leading to k;=3.7 x 10~3 and 2.1 x 10~*cm s, respectively for the
algae Gelidium and the composite material. The value obtained for
the algae Gelidium has no significant meaning since the particles
are like thin plate, and Sh=2 is valid only for spherical particles.
For the composite material, the values of k; that better simu-
late the experimental results are higher than the obtained in the
absence of agitation (Sh=2), which proves that the mass transfer
film decreased.

As ENy > Ny, it is possible to conclude that the process is external
mass transfer controlled. For Q=8 mlmin~!, the film resistance is
similar to the intraparticle resistance, for the composite material.

Generally, increasing the flow rate, the length of the mass trans-
fer zone (MTZ) and the fraction of unused bed (LUB) increase, as
shown in Table 2.

The optimization of the flow rate is essential for the implemen-
tation of a similar process at full scale. If the flow rate is too high,
the saturation of the biosorbent is not achieved, and, consequently,
the fraction of used bed is too low, ending the saturation cycle pre-
maturely. When the flow rate is too low, the productivity is low,
since the volume of the influent treated per unit of time is small.
So, it is necessary to find out the optimal flow rate that maximizes
the productivity and efficiency.

If the biosorption process is to be used as an alternative in
wastewater treatment, the regeneration of the biosorbent may be
crucially important to keep the processing costs low and open
the possibility of recovering the metal(s) extracted from the liquid
phase [3]. So, the regeneration of the biosorbents saturated with
lead was studied using HNO3 0.1 M as eluant. Observing Fig. 4(a) and
(b) and calculating the amount of lead eluted, we concluded that
desorption was complete. Desorption is also very rapid, occurring
in the first 25 and 17.5 min, respectively, for Gelidium and composite
material, considering a flow rate of 8 ml min~'. Desorption at a flow
rate of 11 mlmin~!, results in a faster release of the lead ions loaded
(occurring in the first 20 min), explained by the lower residence
time of the eluant. As the eluant is a strong acid the concentration
front of the eluant drag off the lead ions easily to the end of the col-
umn. The utilization of a more concentrated eluant, allows to obtain
high metal concentrations in the effluent (Table 3). These results
indicate that for high S/L, desorption is 100% efficient and lead is
recovered in small volumes, approximately 140 and 200 ml of HNO3
0.1 M, respectively, for the composite material and algae Gelidium.

Table 2
Mass transfer parameters for biosorption of lead (effect of flow rate)
Q(mlmin~1) Ky (Img=1) Qmax (mgg1) & & ke (cms~1) Ny &pNyg Nt tse (min) tgp (min) MTZ (cm) LUB (%)
56.0 115.0 0.893 6.0 x 104 4.38 503.7 14.2
43 3.2 %102 60.0 123.2 9.0x 104 4.38 539.6 213 2066 1550 7.5 25.0
60.0 123.2 6.0x 104 4.38 539.6 14.2
8?2 4.2 %1072 56.0 124.9 0.893 8.0x 104 2.19 273.5 95 1038 644 1.4 38.0
112 3.4 x 102 56.0 1171 0.892 3.0x 1073 1.59 186.2 26.1 714 564 6.3 21.0
b > 20.0 59.6 0.515 5.0x 104 341 203.2 107.2
2 3.0x 10
12.5 36.3 123.8 715 635 33 1.1
b 20.0 66.1 0.498 1.5%x 104 1.69 111.7 17.1
4 3.0 x 102
12.0 39.7 67.1 371 260 9.0 30.0
gb 0 20.0 99.1 0.422 5.0x 104 0.70 69.4 31.9
X 10.0 49.5 0.422 34.7 205 134 10.4 34.8

2 Gelidium: Qmax =54+2mgg-1, Kp, =0.025+0.007 Img~! (pHcg 3.9), Kp, =0.033 +0.008 Img~" (pHcg 4.2).
b Composite material: Qmax =20+ 1mgg~1, Kpp =0.03 +0.01 Img~! (pHc 4.0), Kpp =0.05 +0.01 Img " (pHcg 4.2).
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Fig. 4. Elution of lead by 0.1 M HNO3 from biosorption column and pH profile: (a)

red algae Gelidium and (b) composite material. The flow rates correspond to the
saturation process.

When desorption process is 100% efficient, the concentration ratio,
CR can be estimated as [22]:

_ S QmaxKL
R= (L) 1 + K Cgpa) (adsorption) (22)

Values of CR calculated by Eq. (22) are presented in Table 3. For
algae Gelidium, the calculated values are lower than the experimen-
tal ones, as equilibrium is underestimated.

Table 3

Comparison between the solid to liquid ratio, S/L, the concentration ratio, CR, and
the maximum concentration value at the end of the column, Cs (desorption of lead
by red algae Gelidium and composite material)

Biosorbent Q* (mlmin~1) S/L(gl-') CR Cs (mgl-1)
Exp. Calc.

4 161 166 102 7868
Gelidium 8 161 135 112 6369
12 163 148 113 7160
2 236P 53 52 2508
Composite material 4 251 51 54 2272
8 341b 44 58 2129

2 Flow rate used in the adsorption process.
b pap=0.25gcm3.
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Fig. 5. Comparison of the experimental lead elution curve and the calculated by the
mass transfer model: (a) red algae Gelidium and (b) composite material. Influence
of flow rate.

The curves simulated by the mass transfer model, assuming film
and particle resistances, and equilibrium given by the mass action
law, are presented in Fig. 5(a) and (b). The value of the homogeneous
diffusivity coefficient for lead ions was assumed to be equal to that
obtained for copper ions (D, =1.0x 107 and 3.0 x 107 cm?s~1,
respectively for Gelidium and composite material) [22]. The coef-
ficient of selectivity (Kgb) was also considered to be the same as
determined in batch system for copper ions. The two adjustable
parameters are the mass transfer film coefficient and the Peclet
number. As the elution curves are very similar for all flow rates, we
only present here the simulation of experiments 2 and 14. The sim-
ulated elution curves for the composite material, considering the
apparent density of 0.25 g cm~3 are displaced to the left, compared
with the experimental elution curve (Fig. 5(b)), suggesting that the
calculated residence time (t) is lower than the experimental one.
Increasing the apparent density to 0.78 gcm~3, bed porosity and
residence time also increase, shifting to right the simulated elution
curve. The apparent density value of 0.78 gcm~3 was obtained by
considering the absence of pores larger than 60 A diameter [18].

The feed of a strong eluant, such as 0.1 M HNO3, leads to a faster
diffusion. The same trend was obtained in the desorption of copper
ions in a column system [20].

As observed in the saturation process, the particle mass trans-
fer resistance is lower than the resistance in the film (N4 > N¢, see
Table 4), which means that the intraparticle lead ions diffusion is
extremely rapid, as the result of the exchange with high diffusiv-
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Table 4
Mass transfer parameters for elution of lead (effect of flow rate)
Biosorbent KM Qmax (mmolg=1) & Pe ke (cms—1) Ny &Ny N¢
Gelidium g‘gg 0.36 180.7 0.893 ;go 3.0x 103 5.0 898.6 359
Composite material 1.1 0.16 150.0 0.840 90 40x104 11.0 1650.0 6.7
ity protons. We can conclude that the elution process is apparently (a) 17 el oo agaga AT S5
controlled by lead ions diffusion in the film. The curve of effluent pH 09 8 L -
simulated by the mass transfer model is also presented in Fig. 5(a) o
and (b). The simulated profiles of pH are not a perfect represen- o 48
tation of the experimental trend, but show that elution is an ion o 46
exchange process. & 43
= o "
o <
4.2. Effect of Initial pH =
= 3.7

The solution pH plays an important role in metal ion adsorption, L3.4
as it was already concluded in equilibrium and kinetic experiments o4
in batch system [14,15,27]. In order to examine the pH variation
and effect on metal ion adsorption in fixed bed columns, the break- r2.8
through curves for three different initial pH were analysed for algae 0 e 2.5

Gelidium (pH: 5.0, 4.0 and 3.0) and composite material (pH: 5.6, 4.0
and 3.0), as illustrated in Fig. 6(a) and (b). The pH inside the column
was initially adjusted to the value of the inlet stream.

From the breakthrough curves, it is possible to determine the
quantity of protons released to solution and lead ions bound to the
biosorbent. The ion exchange rate is approximately stoichiometric
as determined in equilibrium experiments [15]. For initial pH 3,
the effluent pH maintains almost constant during the experiment,
as the uptake capacity is small due the competition with the high
concentration of protons. For algae Gelidium, it can be observed that
pH of the effluent after the breakthrough time increases. This occurs
due to the fact that the algae active sites are almost saturated, and
the release of protons to solution is small. Moreover, protons are
easily neutralized by the continuous inlet lead solution at higher
pH. In the case of the composite material, the final part of the pH
profile slightly increases, because the saturation of the binding sites
was not achieved yet, and the protons released to solution turn the
effluent pH almost constant.

For higher values of the initial pH, the breakthrough time
increases, since metal uptake capacity increases with pH, as
observed in Fig. 6(a) and (b). This trend is due to the competition
between the protons and metal ions to the binding sites. Carboxylic
groups are protonated at low pH and metal binding is negligible. As
pH increases, those groups dissociate, becoming negatively charged
and then available to bind positively charged species in solution.
Breakthrough curves for the initial pH 5.0 and 4.0 are very similar
as observed in Fig. 6(a), with a small difference in the breakthrough
time (7%), as the final pH values inside the column are similar.
For pH 3, the breakthrough time decreases ~56%, relatively to the
experiment at initial pH 5.0. Observing Fig. 6(b), the final pH values
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Fig. 6. Influence of initial pH on the breakthrough curve for lead biosorption and
pH profile: (a) red algae Gelidium and (b) composite material. (A) pHsg 5.3, (O) pHsg
4.0, (O) pHsg 3.0.

for the experiments 17, 20 and 22 are, respectively, 4.2, 3.8 and 3.0.
The adsorption equilibrium given by the Langmuir isotherm is dif-
ferent for each case, giving different uptake capacities for the com-
posite material. The breakthrough times in the experiments 20 and
22 are 82% and 87% lower than that obtained in the Experiment 17.

Table 5
Mass transfer parameters for biosorption of lead (effect of pH)
PHsg Ky (1mg~1) Qmax (mgg™1) &p 3 ke (cms!) Nqg §pNa Ne tst (min) tgp (min) MTZ (cm) LUB (%)
4.02 2.5x 102 56.0 106.1 0.888 1.5x1073 2.18 231.3 18.6 888 598 9.8 329
3.0? 1.6 x 102 39.0 53.7 0.895 2.2x1073 2.19 117.6 25.6 448 284 11.0 36.6
20.0 529 434
b —2 —4
4.0 21x10 8.0 212 0.495 4.0 x 10 0.82 17.4 224 105.5 47 16.6 55.5
3.0P Sl 19.0 9.3 0.558 -3 3.3 309 292.8
d 3.0x1073 : : - S0 093 86 S 528 35 10.1 33.7

2 Gelidium: Qmax =54+2mgg~!, Kpp =0.020 +0.005 I mg~! (pHcg 4.0), Q. = 37.8mgg !, K3, =0.014+0.0021 mg~! (pHcg 3.0) (asterisk appearing in values represents

data obtained by the Langmuir equation at pH 3.0.).

b Composite material: Qmax =20+ 1mgg1, Kp, =0.021 +0.007 Img~! (pHcg 3.8); Kpp, 0.004 +0.001 Img~"! (pHcg 3.0).
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Fig. 7. Comparison of experimental lead breakthrough curve and the calculated by
the mass transfer model: (a) red algae Gelidium and (b) composite material. Influence
of initial pH. (A) pHsg 5.3, (O) pHsg 4.0, (O) pHsg 3.0, (—) model.

Fig. 7(a) and (b) present the curves simulated by the mass trans-
fer model for different initial pH values. The experimental results
for the algae Gelidium are reasonably predicted by the mass transfer
model (Table 5).

For the composite material, the final part of the breakthrough
curves is elongated, due to the adsorption of the lead ions in low
affinity sites, as mentioned above, and the simulated curves do not
fit that part of the breakthrough curve. However, for pH 3 the sim-
ulated curve describes well the experimental breakthrough results
using a value for the homogeneous diffusivity higher than that
obtained in the batch system. This occurs because the binding sites
with low affinity by the metal ions are probably protonated.

Table 6

(a)

C,, (mg/l)

(b) 45

Cyp (mg/)

T T T
0 235 5 15 10 125 15 175 20

Time (min)

Fig. 8. Comparison of experimental lead elution curve and the calculated by the
mass transfer model: (a) red algae Gelidium and (b) composite material. Influence
of initial PH. Pb: (& ) pHSE 5.3, ( ) pHSE 4.0, (O ) pHSE 30, (_ )
Model PHsg 5.3, ( ) Model pHsg 4.0, (—— ) Model pHsg
3.0. pH: (— — ) pHSE 5.3,( )DHSE 4.0, (— —)
pHSE 3.0, (— —— — ) Model pHSE 5.3, ( ) Model PHSE 4.0,
(— ——— — ) Model PHSE 3.0.

The dotted lines correspond to the mass transfer model, using
the equilibrium parameters determined in the batch system.
Decreasing the maximum uptake capacity, Qmax, by 50%, the model
describes well the initial part of the experimental curve, but the
saturation is achieved earlier, as it was previously concluded.

Desorption experiments were performed after saturation of the
column. The experimental results and the respective simulated
curves are presented in Fig. 8(a) and (b). Desorption is 100% effi-
cient as the metal desorbed is in agreement with the amount

Comparison between the solid to liquid ratio, S/L, the concentration ratio, CR, and the maximum concentration value at the end of the column, Cs (desorption of lead by red

algae Gelidium and composite material)

Biosorbent pHsg (mgl—1) SIL(gl 1) CR Cs (mgl=1) qm, (mmolg=1)
Exp. Calc.

53 158 153.8 111.5 6360 0.192
Gelidium 4.0 170 146.2 86.1 6369 0.155

3.0 161 57.5 48.1 3000 0.083

5.3 3402 53.9 52.6 2500 0.043
Composite material 4.0 2542 40.3 49.1 1750 0.037

3.0 1972 11.6 9.3 500 0.013

2 pap=025gcm3.
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Table 7
Mass transfer parameters for elution of lead (effect of pH)
Biosorbent pHsg KM Qmax (mmolg~1) . 3 1% ke (cms™1) Ny &,Na N¢
5.3 216.3 0.893 35 49 1062.2 35.4
Gelidium 4.0 0.93 0.36 134.2 0.888 80 3.0x 103 49 655.5 37.2
3.0 303 0.895 100 49 149.3 34.9
5.3 98.6 0.816 80 11.4 1118.8 8.1
Composite material 4.0 11 0.16 64.7 0.839 55 4.0x10~4 11.7 754.8 751l
3.0 16.1 0.859 50 12.0 192.4 6.2
of metal bounded. The maximum concentration values decrease 2500 4.5
with pH, as well as the concentration ratio (Table 6). As concluded 2250 [ —A—1Isteycle I
above, the estimated values of CR are similar to those experimen- [ & 2nd cycle
tally obtained for the composite material and lower for the algae 2000 + 35
P . ] B W SR X R R pH (1st cycle) o
Gelidium (Table 6). 1750 4
After half of the residence time in the column, a slight decrease ————pH(2ndcycle) 13
in pH occurred, due to the release of protons that remained bound g 15001 Lz
to the active sites of the biomass. This instant corresponds to the E 1250 z
beginning of the exit of metal ions with a concentration higher = 12
than the initial concentration of lead ions in the interstitial fluid © 10004
as shown in Fig. 8(a) and (b). After that moment, the pH decreases 7504 T3
abruptly. The acid front pushes the metal ions, originating high P o ek |
concentrations of metal ions. After pH stabilization to the value S0
of the eluant, the desorption process is almost complete. Then, as 250 705
ok 2o —a+0
@ 1 53 0 25 5 75 10 125 15 175 20 225 25
Time (min)
0.94 5.5
084 %8 n| E E a2 Fig. 10. Comparis‘0n of experimental elution curves for two consecutive cycles and
AN = pH profile (Experiments 14 and 16).
0.74 2 dh
i A steycle 4.9 . .
L 06 e n“ﬁ% 5 sndEE observed in thg aglsorptlon process, the pH breakthrough curve can
C sl ol  Hilstevel 4.6 = be used as an indicator of the metal elutlo_n curve.
a3 e fRCagen | 43 = The model parameters used in the elution mass transfer model
0.4 pH (2nd cycle) are presented in Table 7, but it is also necessary to know some oper-
A o L4 ation parameters (Table 1), as the amount of lead-biomass loaded at
) the end of the saturation process (Table 6). The breakthrough curves
0.2 o 2 are well predicted by the mass transfer model. The elution process
o] L34 is apparently controlled by lead ions diffusion in the film, since
the ion exchange between the lead ions and protons is extremely
02 : : ‘ r 31 fast.
0 10 20 30 40 50 60 70 80
it 4.3. Reutilization studies
by 17 Aa Fso The regenerated composite material was reused in two
094 R A A A adsorption-desorption cycles and the results are show in Fig. 9(a)
oo ol® and (b) and Fig. 10. The efficiency of the adsorption-desorption pro-
i » - . cess was the same for the two consecutive cycles, as illustrated in
0.7 gt O ) Figs. 9(a) and 10. The elution curves for the two cycles are very sim-
a0 A& lstcycle 5 ilar (Fig. 10), which means that the metal-loaded in the biomass is
w 957 o O 2nd cycle equal in the two consecutive cycles. This result indicates that the
& 0.5 & — pH (Istcycle) | ol z biomass did not suffer any damage in the cell structure, maintaining
< 04 pH (2nd cycle) | 4.4 the same metal uptake.
: The breakthrough time of the second cycle is lower than first
0.3 cycle (Fig. 9(b)) as the initial pH of the second cycle (pH 4.4) is
a1 lower than the initial pH of the first cycle (pH 5.6), which leads to a
' 1 decrease of the equilibrium uptake capacity of the biosorbent. After
3.3 biomass regeneration, the column was rinsed with distilled water,
- - but the pH at the column outlet did not reach the initial pH (5.6) of
0 10 20 30 40 50 60 70 80 90 100 110 120 the adsorption step.

t/t

Fig. 9. Comparison of experimental lead breakthrough curves for two consecutive
cycles and pH profile: (a) Experiments 13 and 15 and (b) Experiments 17 and 19.

Fig. 9(a) shows that the uptake capacity in the two cycles
remained constant, which means that protonation of the biomass
did not affect the biosorbent capacity. However, ion exchange with
protons increases the protons release, in contrast with the biomass
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without acid treatment, where the toxic metal ions can exchange
with other cations bound to the active sites.

5. Conclusions

Algal waste from agar extraction industry immobilized with
polyacrylonitrile and algae Gelidium, the raw material for agar
extraction, were used successfully for lead removal from aque-
ous solution in a packed bed column. The relationship between
flow rate and breakthrough time can be used to find out the
flow rate that maximizes the productivity and efficiency in a full-
scale plant. Higher initial metal solution pH increases the uptake
capacity of the biosorbents, leading to an increase in the break-
through time and, consequently, to a higher efficiency of the
water treatment process. The uptake capacity of the biosorbents
remained constant after consecutive adsorption—-desorption cycles,
then allowing their reutilization. Two mass transfer models, con-
sidering film and intraparticle diffusion resistances and equilibrium
given by Langmuir equation and mass action law, for adsorption and
desorption, respectively, were successfully applied to describe the
breakthrough curves, allowing a better understanding of the pro-
cess and a reduction of the number of experiments necessary for
process optimization.
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