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Abstract

Metal biosorption behavior of raw seaweed S. filipendula in ten consecutive sorption—desorption cycles has been
investigated in a packed-bed flow-through column during a continuous removal of copper from a 35mg/L aqueous
solution at pH 5. The elutant used was a 1% (w/v) CaCl,/HCl-solution at pH 3. The sorption and desorption was
carried out for an average of 85 and 15h, respectively, representing more than 41 days of continuous use of the
biosorbent. The weight loss of biomass after this time was 21.6%. The Cu-biosorption capacity of the biomass, based
on the initial dry weight, remained relatively constant at approximately 38 mg Cu/g. Loss of sorption performance was
indicated by a shortening breakthrough time and a broadening mass-transfer zone. The column service time, considered
up to 1 mg Cu/L in the effluent, decreased continuously from 25.4h for the first to 12.7 h for the last cycle. The critical
bed length, representing the mass-transfer zone, increased almost linearly from 28 to 34cm. “Life-factors™ for S.
filipendula were found to be 0.0008 h~! for the breakthrough time and 0.008 cm/h for the critical bed length, using an
exponential decay and linear fitting functions, respectively.

Regeneration with CaCl,/HCI at pH 3 provided elution efficiencies up to 100%. Maximum concentration factors
were determined to be in the range 1644, a decreasing tendency was observed with an increasing exposure time.
© 2002 Published by Elsevier Science Ltd.

Keywords: Column biosorption; Multi-cycle biosorption; Biosorbent regeneration; Sargassum biosorbent; Cu biosorption; copper
removal

1. Introduction

Separation processes based on what is widely labeled
as adsorption, followed by desorption are widely
utilized. Due to its inherent effectiveness in an adsorp-
tion process the packed-bed reactor is generally pre-
ferred. Its advantage is the highest possible packing
density of the sorbent, yielding a high volumetric
productivity. The same configuration is to be used for
metal biosorption processes based on novel biosorbent
materials. With potentially enormous environmental
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applications in detoxification of metal-bearing industrial
effluents, biosorption processes are considered as not
only technically feasible but also economically very
attractive.

The performance of packed-bed adsorbers is analyzed
using the effluent concentration versus time curves. For
adsorption the plot is usually referred to as the break-
through curve, and for desorption it is the elution curve.
Both curves are a function of the column flow para-
meters, sorption equilibrium and mass transport factors.

1.1. Definition of sorption column operating parameters

The breakthrough point is the time (#,) when the
sorbate appears in the effluent stream at some
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Nomenclature

b Langmuir constant (L/mg, L/mmol)

c metal concentration (mg/L)

G initial or influent metal concentration
(mg/L)

cr final metal concentration (mg/L)

Ce effluent concentration (mg/L)

Cip maximum concentration for elution (mg/L)

Clhs5h concentration at 1h resp. 5h for elution
(mg/L)

CFp concentration factor considering maximum

elution concentration (dimensionless)

de/dfy»  slope at first or second inflection point

D axial dispersion coefficient (length?/time)

E elution efficiency (%)

F flow rate (mL/min)

ke mass-transfer coefficient (length/time)

ki life-factor with respect to Ly, (cm/h, cm/
cycle number)

kv life-factor with respect to 7, (h™', (cycle
number) )

L. total length of column (cm)

L length of packed bed (cm)

Lin critical bed length (cm)

Liino initial critical bed length (cm)

Mad metal mass adsorbed to the biomass
(mg, g)

my total metal mass run into the column
(mg, g)

Me metal mass in effluent (mg, g)

mq metal mass desorbed (mg, g)

M dry weight of biomass (mg, g)

Apye pressure drop at beginning resp. ending for
each regeneration cycle (kPa)

Pe Peclet number (dimensionless)

q metal uptake capacity of biosorbent (mg
metal/g biomass)

Gmax maximum capacity of biosorbent (mg
metal/g biomass)

S/L solid-to-liquid-ratio (g biomass/mL solu-
tion)

t time (min, h)

to breakthrough point (h)

1.0 initial breakthrough point (h)

tf,ff effective breakthrough time (h)

te exhausting time (h)

ts stoichiometric time (h)

i time of first or second inflection point (h)

1 time at concentration peak for elution
(min)

At mass-transfer zone (h)

At/(2 + tv) half of the masss transfer zone referring to
the whole time abscissa (h)

u superficial velocity (cm/min)
U fraction of used bed within the mass-
transfer zone (%)
V volume of metal solution (mL, L)
total volume of column (mL)
volume of packed bed (mL)
x exposure time (h)
cycle number
Az column section (length)

predetermined concentration. The time #. is the time
when the whole column sorption bed becomes totally
saturated by the sorbate at its inflow concentration and
the bed is no longer effective. The time interval between
ty and t. corresponds to the length of the mass-transfer
zone in the bed. The fact that real mass-transfer zones
appear S-shaped in the plot is due to adsorption
mechanism and mass transport conditions. These
parameters are generally taken into consideration in
deriving the column mass balance using the shell
balance method [1]. For the differential column section
Az, the following differential equation describes the
process:

o%c Oc  @,0q  Oc _

p@_"ui — =+ = 0. (1)

-D _ =
0z ¢ ot Ot

The mechanism of the sorption process is reflected in
the equilibrium isotherm. Rearranging Eq.(1) by
neglecting axial dispersion shows the connection be-
tween the flow-through column mass-transfer zone and

batch equilibrium data:

dz u;

dr 1+ ¢y,/€0q/0c @

The term Oq/dc, reflects the effect of adsorption
mechanism. In the present case of biosorption, the
Langmuir sorption isotherm applies and its derivatized
form is
% o Gmax 1 /b (3)
dc A+ 2e/b+1/bY

While a high value of the maximum uptake capacity
gmax and a high affinity, b, result in a desirable smaller
mass-transfer zone, Eq. (3) hyperbolic function values
decrease with increasing concentration. This causes the
so-called “self-sharpening” effect of favorable isotherms
on the breakthrough curve. At concentrations exceeding
the favorable range (at ¢max) the self-sharpening effect
on the breakthrough curve is lower. In contrast, the
Langmuir isotherm is nearly linear when operating at
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very low concentrations, resulting in spreading of the
breakthrough curve. The mass-transfer zone moves
through the bed getting wider along the way.

Mass transfer considerations also tell us that the
bigger the diameter of the particle (dp), increasing the
intraparticle diffusional resistance, the flatter the break-
through curve [1]. It should be mentioned that the
column inlet concentration has no influence on
the breakthrough time #, as long as the linear and
favorable isotherm range is not exceeded since an
increasing concentration results in an increasing capa-
city. In the present experiment, a feed concentration of
¢i = 35mg/L was used corresponding to a nearly linear
equilibrium isotherm relationship where the self-shar-
pening effect was not expected.

The column feed flow rate affects not only the extra-
particle mass transfer coefficient, but in particular, the
overall sorption kinetics. The degree of flow dispersion
in the sorption column is described by the dimensionless
Peclet number [2]: both increasing with the column
length.

The breakthrough and elution curves obtained in the
present experiments need to be examined quantitatively.
The quantity of metal retained in the column, repre-
sented by the area above the breakthrough c—¢ curve, is
obtained through integration carried out numerically in
this work by using the computer program ORIGIN.
Dividing the metal mass by the mass of the sorbent (M)
leads to the uptake capacity ¢ of the biosorbent. This
corresponds to a point on the equilibrium isotherm,
whereas the influent concentration in the column
corresponds to the final equilibrium concentration (cg).

The breakthrough point #, was defined as the time
when the effluent concentration of copper reached 1 mg
Cu/L, which is the recommended limit for drinking
water [3]. The bed exhaustion time 7. was selected as
34 mg Cu/L in the effluent. The time period from 7, to .
(= At) is related to the length of the sorption zone. The
metric length of this zone can be approximately
calculated from the breakthrough curve by an equation
suggested by Ruthven [4]:

Lm:L<1—;—b), “4)

[

where L is the total length of the sorption bed and L, is
the length of the adsorption zone, which is also called
the minimum or critical bed length. This parameter
reflects the shortest possible sorbent bed length needed
to obtain the breakthrough time #, at t = 0.

In order to analyze breakthrough curves, their
geometry needs to be examined. A ‘“‘normal” curve is
S-shaped and symmetric. Then, the inflection point
corresponds to half of the mass transfer zone
(At/2 + t,), where half of the influent concentration is
found in the effluent. To obtain the inflection point for
non-symmetric breakthrough curves, a polynomial

regression was carried out from # to f.. The regression
function was differentiated, whereby the time at the
maximum corresponds to the inflection point (time ).
Usually, a polynomial regression of the third order is
sufficiently accurate to fit an S-shaped curve, yielding
correlation coefficients of at least 99.8%. For very
irregular breakthrough curves, a polynomial regression
of the fourth order was necessary. That leads to a second
inflection point (time #,) and is obtained at the
minimum after taking the derivative of the fitting
function.

The elution curve obtained for a displacement
desorption performed in the present work is usually
shaped as an asymmetric frequency distribution curve,
which had a sharp increase and a flatter decrease. First
of all, the curve is examined with regard to the elution
efficiency (F) that is calculated by integrating the elution
curve. The area below the curve multiplied by the feed
rate leads to the metal mass desorbed (m14):

my = F/ ce dt. (%)

The ratio between my and the metal mass bound to
the biomass from the previous sorption (7pjomass) 1S the
elution efficiency. Furthermore, the time of the peak (7;)
and the maximum concentration (c,) are of interest,
whereby the latter divided by the metal influent
concentration (35mg/L) expresses the overall sorption
process concentration factor CF.

2. Materials and methods
2.1. Biomass

The experiments in a continuous flow-through column
were performed with native S. filipendula. Before
packing, the raw biomass was washed twice with
distilled water and dried in the oven (45°C). Subse-
quently, the biomass was packed in the column by
rewetting it in tap water, and washed with tap water
until the conductivity in the effluent was constant and
equal to that of tap water. Another washing step was
conducted with 1% CaCl, (w/v), dissolved in tap water
and adjusted to pH 3 with 1 M HCI, until the calcium
concentrations in the inlet and outlet were equal. The
concentration of Ca was determined by the atomic
absorption spectrometer (AAS) at A=4227nm. A
technical grade of CaCl, was used (A&C American
Chemicals).

2.2. Column
The column was a simple polyacrylic tube with an

inner diameter (ID)=2.5cm, outer diameter
(OD)=3.13cm, length (L.) = 50cm. At the top of the
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column, an adjustable plunger was attached with a
20 pm selective filter of 1.1 mm thickness. There was a
stainless sieve with a mesh size of 70 (0.5mm) at the
bottom of the column.

2.3. Sorption and desorption process

Thirty-eight grams of dry biomass was packed within
the column yielding an initial height of 41cm and a
packing density of 189 g/L, with a column active volume
of 0.201 L. A 3cm high layer of glass beads (3mm in
diameter) was placed on top of the packed biosorbent
for better flow distribution. A downflow sorption
process used a solution of 35mg/L copper (from
CuSO,-5H,0) prepared with tap water, pH 5 was
adjusted by using 1 M HCI. The flow-rate 15mL/min,
corresponding to 3.05mL/mincm® (expressed as super-
ficial velocity in cm/min) was delivered by a peristaltic
pump (Cole-Parmer model Masterflex) and controlled
by a flow-meter (Dwyers) and an in-line flow-pulse
dampener. A pressure gauge at the column inlet measured
the pressure drop across the column. Column effluent
samples were collected by a programmable fraction
collector (Gilson, model FC205) and analyzed by the
AAS. The pH of the influent and effluent was recorded.
Fig. 1 illustrates the experimental arrangement.

The desorption process used a 1% CaCl, tap water
solution (technical flakes) acidified to pH 3 with 1M
HCI. The flowrate was varied in some cases between
10 and 20 mL/min. To determine the weight loss after
ten regeneration cycles, the biomass was washed
with distilled water and dried in the oven at 45°C
overnight.

3. Results
3.1. Multiple sorption—desorption cycles

Ten sorption and desorption cycles were carried out
with a column packed with raw S. filipendula biomass.
The packed bed contained seaweed fragments of
approximately 1 mm diameter and bladders, leaves and
complete branches with a length of up to Scm. A copper
bearing feed solution of 35 mg/L (CuSO,4) with pH 5 at a
flow rate of 15mL/min (3.05cm/min) was passed
through the column. The sorption process was stopped
after reaching 35mg Cu/L in the effluent and the
regeneration solution of CaCl, (pH 3) was then pumped
through the bed. One example of the resulting break-
through and elution curves obtained is presented in
Fig. 2 (cycle #10). The flow rate for the elution was
varied as indicated. Table 1 summarizes the break-
through time #,, exhaustion time f., column capacity ¢
and the mass transfer parameter. Table 2 lists the
column operating parameters such as time, concentra-
tion at the peak (#, and ¢p), and the maximum
concentration factor CF for each elution curve. Con-
centrations at 1 and 5h were selected to illustrate the
tailing of the curves.

After the 10th cycle the biomass was weighed. From
the initial 38 g of raw S. filipendula, 29.8 g remained,
with a weight loss of 21.6%. The length of the packed
bed after the 10th desorption decreased from 41 to
38.5cm. The bed volume and packed-bed density
decreased accordingly. The volume became 6% smaller,
from 201 to 189 mL. The resulting packed-bed density
decreased from 189 to 158 g/L (16% less).

10

11

w

waste

12

Fig. 1. Experimental arrangement for operating the biosorption packed-bed column: (1) stock container with CuSOg4-solution (20L),
(2) stock container with CaCly-solution (20L), (3) three-way-valve, (4) peristaltic pump, (5) pulse dampener, (6) flowmeter, (7) pressure
gauge, (8) column, (9) glass beads, (10) packed biosorbent, (11) pH measurement, (12) fraction collector.
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Fig. 2. Sargassum filipendula biosorption column performance in Cycle #10: column exit Cu concentration (H); (A) feed pH; (O) exit
pH. (a) Breakthrough #10 characteristics of a column fed with Cu solution: Cu feed concentration C; = 35mg Cu/L at the superficial
feed velocity 3.05cm/min. (b) Elution #10 concentration profile for the Cu-saturated column desorption by CaCl,.

3.2. Column sorption performance

The column breakthrough time #, decreased from
25.4h in the first cycle to 12.7 h in the tenth, the last one.
Up to cycle 5, the decrease occurred in approximately
2 h steps. Afterwards, the decrease was more gradual. In
the 6th and 7th cycles, the wash limit of 1 mg Cu/L could
not be attained and an alternative value of 1.5 ppm was
chosen instead for calculating the relevant mass transfer
parameters.

The column was not washed after each elution
operation. Instead, full-strength (35mg Cu/L) feeding
was immediately initiated. The effective breakthrough
times tgff for each uptake cycle are given in Table 1. This
time indicates the real period of time when the
concentration was below the breakpoint concentration.
It is referred to as the transition between the desorption
and sorption processes. Switching from the elution
solution to the metal solution resulted in breakthrough
concentration attainment with a delay. In order to
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Fig. 3. Transition profile between desorption and sorption
cycle obtained by enlargement of the breakthrough curves no.
2(@),6 (M), and 8 (A) at the initial area. The previous elution
time was 15, 8 and 22 h, respectively.

obtain szf, this delay (z4) had to be subtracted from the
breakthrough time #,. Fig. 3 contains enlargements of
breakthrough curves no. 2, 6 and 8 to determine #4 for
different concentrations. The resulting 7q~45min
(~0.8h) was independent of the concentration in that
range.

The biosorption column capacity, related to the initial
dry weight of biomass (38g) loaded in, shows no
correlation with the decreasing breakthrough time. The
copper uptake obtained in the first sorption cycle
(38.2mg Cu/g) corresponds nearly exactly to the uptake
obtained from the sorption isotherm (38.5mg Cu/g) at
the equilibrium concentration of 35mg/L [5] with no
decreasing tendency in the following cycles. In the last
cycle the initial column capacity was even exceeded (at
42.4mg Cu/g) probably due to the previous more
thorough desorption (CaCl, wash, HCI wash and CaCl,
regeneration).

A decreasing breakthrough time and approximately
steady capacity are proven by an increasing length of the
mass transfer zone and a decreasing slope at the (first)
breakthrough inflection point. The mass transfer zone is
described by the difference between the breakthrough
and the exhaustion time (Af), and by the critical bed
length L. Comparing the first and the last cycles, At
differs by 53% (28.7h), whereas the difference in terms
of Lpisamounted to only 22.6% (6.3 cm). At reflects the
overall sorption zone, whereas the critical bed length is
perhaps a more appropriate parameter for evaluation of
the mass transfer zone in terms of the current length of
the packed bed (Eq. (5)).

The actual length of the bed was not constant during
the ten experimental cycles. On the one hand, the total
length of the bed decreased, but also hollow spaces up to

40

C.[mg/L]

-1 ——p
-2 7
—-3 —A-8
——g ——9
45 —+-10

: ;
80 100

Time [h]

Fig. 4. Breakthrough curves for all 10 biosorption cycles.

1 cm length appeared within the bed. To consider both,
the current length is indicated as an effective one (see
Table 1). While the initial bed length was 41cm,
eventually decreasing to 39.5cm, the transfer zone
length increased with the increasing cycle number—
both lengths come generally closer to each other.

The slopes of subsequent breakthrough curves do not
flatten considerably up to the 8th cycle after which they
decreased sharply. The slope in the last cycle (0.54 mg/
L h) was only half that of the first cycle (1.1 mg/L h) as is
clearly seen in Fig. 4 where all breakthrough curves are
plotted in one diagram.

3.3. Biosorption column life-factors

The rate of decreasing sorption performance can be
evaluated following the concept of deactivation of
heterogeneous catalysts [2]. For biosorption, the activ-
ity-indicator can be calculated as “life-factors’ based on
the breakthrough time, bed sorption capacity and/or
critical bed length illustrated in Fig. 5 with regard to the
number of cycles and exposure time (calendar life,
including the sorption and desorption time).

For calculating the life-factor in terms of the
critical bed length, a linear regression gave the best fit
for the data points, the slope representing the life-
factor kyi:

Lmin = Lmin,O + ka’ (6)

where x represents the cycle number or exposure time,
Lminp the initial critical bed length.

For Lpin,o, a value of 26.6 cm was determined, giving
kL = 0.008 and 0.8 cm/cycle. The correlation coefficient
r was 86.9% which could be 98.7% if cycles #3 and #6
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I-min [Cm]

ty [h]

d [mgCu/g];

° Exposure Time [h] |

T T T T T T T T T
100 200 300 400 500 600 700 800 900 1000

Cycle Number

Fig. 5. The sorption column capacity ¢ (OJ), the critical bed
length L, (O) and the breakthrough time #, (#) with respect
to the sorption contact (exposure) time and the cycle number.
For the critical length and the breakthrough time “life-factors”
can be calculated from a linear and an exponential decay fitting
function, respectively.

data points were regarded as anomalies (ki would be
0.007 and 0.7 cm/cycle).

For the breakthrough time an exponential decay
function regression was chosen:

ty = tp,0 eXp(—kpX), 7

where # is the initial breakthrough time and k;, the
corresponding life-factor. The data point from sorp-
tion cycle #6 was omitted because of the anomalous
preceding insufficient elution. #,0 =24.7h was
determined, giving the life-factor k, = —0.0008 h~! and
—0.08 (cycle) !. A determination of the life-factor
for the biosorbent capacity was not carried out since
no decreasing tendency could be recognized.

3.4. Geometry of breakthrough curves

While the early cycle breakthrough curves showed
relatively uniform shapes, slightly flatter profiles
could be noticed after cycle 6. The geometry of the
breakthrough curve is described by the stoichio-
metric time and the time at the inflection point which
for a symmetric curve become identical at half of the
mass transfer zone, represented by Az/(2 + #,) in Table
1. All the mass transfer describing time parameters
[At/(2+ 1), ts and 4,] come close together and the
mass transfer zone appeared the shortest for sorption
cycle #3.

The symmetry of a curve is readily seen as the fraction
of used bed in the mass transfer zone (U). This
parameter is based on the same principle as the
stoichiometric time. While for a symmetric break-

through curve this value is 50%, the biggest deviations
from 50% can be observed in cycles #1 and #6 with
values of 39% and 62%, respectively.

3.5. Elution

In repeated sorption—desorption cycles, the sorption
performance is necessarily related to the preceding cycle
desorption efficiency which was always at least 95% in
this experimental series. An exception was desorption #3
which was carried out at 10mL/min (2.04 cm/min),
desorbing only 91.5% of copper. The desorption was
usually conducted in 15h cycles, resulting in residual
effluent concentrations between 12 and 17mg Cu/L.
After a shorter (8h) cycle #5 (95% elution efficiency),
the metal concentration at the end of elution, was 32 mg
Cu/L (see Fig. 3 and the subsequent sorption cycle #6
could not reach the breakthrough point of 1ppm. A
longer desorption (22 h) in cycle #7 yielded 121% metal
release flushing out the leftover metal as confirmed by
back-calculating the copper mass balances.

The desorption efficiency was flow-rate dependent.
Elution curves show desirably small tailing at 20 mL/
min (4.07 cm/min), as seen by the ¢ and ¢sy, values.
¢sp averaged 58.5h at 20mL/min which is half of
the ¢s, =128 h at 15mL/min, and 1/6 of ¢5; at 10mL/
min (402h). At 20 mL/min the maximum concentration
was also reached in a shorter time ¢, = 20 min (7, = 23
and 35min for 15 and 10mL/min, respectively).
However, the maximum concentration and the corre-
sponding concentration factor, did not correlate with
the desorption performance and flow rate. The highest
peak of 1542mg Cu/L for the elution part of cycle
#2 at 20mL/min was not reached again even approxi-
mately.

When the elution efficiency was related to the flow
rate, it could be seen that for the same elution time at
20 mL/min, 50% and 75% of the elution volume was
used at 10 and 15 mL/min, respective flow-rates.

3.6. Effluent pH and column pressure drop

The effluent pH, illustrated in Fig. 2 for all the process
cycles, describes the course of the breakthrough in a
qualitative way. For each cycle, after a short increase,
the pH decreased until the breakthrough which occurred
at approximately 20h. Then, the pH increased as the
saturation of the bed progressed. The feed pH 5 was not
reached in any cycle at the end of the sorption process.
At the end of the breakthrough, the pH ranged from 4 to
4.4 for all cycles, while the pH peak at the beginning was
between pH 3.5 and 5.3, depending on the previous
desorption. The elution pH profile was similar for all
regeneration cycles, nearly mirroring the elution curve
shape.
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Tables 1 and 2 also present the pressure drop (Ap)
across the column at the beginning and at the end of
each cycle reflecting changes in the bed structure.
Hollow spaces and bubbles occurred within the
column, low-temperature tap-water carbonate likely
contributing to the bubble development. The column
pressure drop appeared to correlate with the bubble
presence.

4. Discussion

Biosorption performance of biomass of brown
marine alga S. filipendula was investigated in multiple
sorption/regeneration cycles. Together with equili-
brium biosorption capacity and rate data, the “life-
factors” information is useful for the design of a
regenerative sorption system. Due to difficulties with
producing biosorbents in suitable particles, most
of earlier regeneration studies were conducted in
batch equilibrium systems or were restricted to a few
cycles. Acid elution (HCI) has been succesful, caus-
ing no decrease in Cd uptake for -crosslinked
S.  fluitans [6] and crosslinked  Ascophyllum
nodosum [7]. The cobalt uptake of not crosslinked A.
nodosum, however, decreased severely after acidic
desorption [8].

More “realistic” process conditions used in the
present study included the use of raw biomass,
industrial-grade chemicals (CaCl,) and tap water. While
a constantly shortening breakthrough time from cycle to
cycle was observed, the uptake capacity exhibited no
decreasing trend. The mass transfer sorption zone
broadened with increasing “age” of the biosorbent.
A significantly flattened overall adsorption zone At,
however, could only be noticed for the last two of
the 10 sorption runs (Fig.4). The reason for the
shortening  breakthrough time was apparently
not the diminishing equilibrium uptake capacity,
but rather a slight change in the column overall
adsorption rate. That means that while sorbing sites of
the biomass were still available, they became less
accessible.

A loss of sorption performance during the long-
term use may have a variety of reasons. It may be
caused by changes of the chemistry and of the
structure of the biosorbent, as well as by changes of
the flow and mass transport conditions within the
column. Deteriorating sorption properties may be due
to chemical changes of the cell wall components such as
alginate and sulfated polysaccharides which play a
major role in biosorption by marine algae [9]. Trace
contaminants in the tap water and in the CaCl,
regenerating solution may accumulate on the biomass
and block the binding sites or affect the stability of these
molecules.

While there was some biomass weight loss over the 10
process cycles, the uptake, based on the final biomass
weight even increased: 54 mg Cu/g biomass instead of
42.4mg Cu/g biomass. The uptake capacity in Table 1
has to be regarded as an “effective” one since it is related
to the initial weight of biomass. In the last cycle, the
uptake capacity was enhanced by an acidic elution, just
as noted earlier [6]. In general, a shortened break-
through time and a broadened mass transfer zone are
usually caused by an unequal packed-bed density and
unequal flow patterns within the column. Both could
easily be blamed for the irregularities in the present
work where the biomass apparently moved in the bed
and lost some mass.

The use of only one wash step was the aim for
regenerating the biosorbent in this work. That could be
achieved with a CaCl,/HCI mixture at pH 3. The use of
a better pure HCI elutant would eventually call for
another washing step to adjust the pH within the column
and appropriately regenerate the biosorbent. Higher
desorption flow rates resulted in the desirable smaller
tailing of the elution curve and the maximum con-
centration was reached in a shorter time. The
maximum metal concentration in the elutant, however,
showed no clear correlation with the flow rate. In order
to assure the regeneration capability and elution
efficiency in one process, the desorption would have to
be optimized.

Effluent pH variations correspond to the break-
through and elution course and can be useful for a
simplified control of a column biosorption process. In
general, regenerative biosorption system with S. filipen-
dula, or another Sargassum biosorbent, appears feasible
under relatively simple conditions adopted in the present
work.
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