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Abstract

Biosorption of heavy metals, the process of metal ions binding to biomass, may be used for
purification of metal-bearing effluents. This work investigated the binding of work copper to
biosorbents derived form 7 types of low cost, natural biomass (mangos teen, pineapple, durian, sugar
cane, cassava, corn and marine algae). The comparison among these biomass used to adsorb copper
from aqueous solution showed that marine algae have the highest uptake capacity (0.80 mmol/g}. The
study of adsorption and some effects to the copper uptake used the marine algae as the biosorbent have
been conducted. In addition, binary system of copper and cadmium biosorption by the biosorbent has
been also included. On the basis of the present study, Padina sp considered to have potential as

biosorbents for future industrial use for the treatment of heavy metal-containing wastewater streams.
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Executive Summary
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CAERYETT ona1381389 0.
Lignite Alen 1482 Brown, 1995 0.10
S. fluitans Kratochvil s#asfe, 1997 0.96
A. nodosun Chong #@¥ Volesky, 1995 0.99
C. volgaris Aksu asamy, 1992 0.67
Vaucheria sp. Crist 4pzaare, 1981 0.60
Z. ramigera Aksu dazams, 1992 0.46
Pseundomonas aervginosa Chang nazaae, 1997 0.30
R. arrhizus Tobin HasAMe, 1984 0.25
Aspergillus oryzae Huang uazane, 1991 0.07
E. radiata Matheickal, 1998 1.11
D. potatorum Matheickal, 1998 1.30
L. japonica Matheickal, 1998 1.12
Padina sp msanulundadi 0.80
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Biosorption of copper(ll) from aqueous solutions by
pre-treated biomass of marine algae Padina sp.
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Abstract

Biosorption of heavy metals can be an effective process for the removal and recovery of heavy metal jons from
aqueous solutions. The biomass of marine algae has been reported to have high uptake capacities for a number of heavy
metal ions. In this paper, the adsorption properties of a pre-treated biomass of marine algae Padina sp. for copper(Il)
were investigated. Equilibrium isotherms and kinetics were obtained from batch adsorption experiments. The bio-
sorption capacities were solution pH dependent and the maximum capacity obtained was 0.80 mmol/g at a solution pH
of about 5. The biosorption kinetics was found to be fast, with 90% of adsorption within 15 min and equilibrium
reached at 30 min. The effects of light metal ions on copper(11) uptake were studied and the presence of light metal ions
did not affect copper(I1) uptake significantly. Fixed-bed breakthrough curves for copper(Il) removal were also obtained.
This study demonstrated that the pre-treated biomass of Padina sp. could be used as an effective biosorbent for the

treatment of copper(l[) containing wastewater streams. © 2002 Published by Elsevier Science Ltd.

Keywords: Biosorption; Copper(1I); Marine algae; Padina sp.; Wastewater treatment

1. Introduction

The removal and recovery of heavy metals from
wastewater is important in the protection of the envi-
ronment and human health. A number of technologies
such as chemical precipitation, evaporation, electro-
plating, adsorption and ion exchange processes have
been used to remove copper(ll) from wastewater.
However, these technologies are most suitable in situa-
tions where the concentrations of the heavy metal ions
are relatively high. They are either ineffective or expen-
sive when heavy metals are present in the wastewater at
low concentrations, or when very low concentrations of
heavy metals in the treated water are required (Kuyucak
and Volesky, 1988). Biosorption is an alternative tech-
nology in which an increased amount of study is being

“Tel.: +66-045-288-400-3005; fax; +66-045-288-378.
E-mail address: p_kacwsarn@hotmail.com (P. Kaewsarn).

focused. Biosorption utilizes the ability of biological
materials to accumulate heavy metals from aqueous
solutions by either metabolically mediated or purely
physico-chemical pathways of uptake (Fourest and
Roux, 1992). The biological materials that have been
investigated for heavy metal uptake inciude fungi
(Matheickal et al., 1991), bacteria (Chang et al., 1997),
yeast (Volesky et al., 1993), micro-algae (Harris and
Ramelow, 1990) and macro-algae (Matheickal and Yu,
1997). Many of these materials are available in large
quantities either as industrial waste by-products or from
the natural sources.

Marine algae are biological resources, which are
available in large quantities in many parts of the
world. The use of biomass of marine algae, Durvillaca
potatorum (Matheickal and Yu, 1997), Ecklonia radiata
(Matheickal and Yu, 1996) and Ascophyllum nodosum
{Chong and Volesky, 1995) for heavy metal removal has

> been reported. Padina sp. is a marine algae found along

the Surin Island of Southern Thailand. This paper

0045-6535/02/% - see front matter © 2002 Published by Elsevier Science Lid.
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studies the biosorption of copper(Il} ions from aque-
ous solutions by using pre-treated biomass of Padina sp.
The biosorbent was pre-treated by a two-stage process
of thermal and chemical modification of the native
biomass (Matheickal and Yu, 1997). This study showed
that the biomass can accumulate a high amount of
copper(Il) from aqueous solutions and it is a suitable
biosorbent for practical metal recovery applications.

2. Materials and methods

Sun-dried Padina sp. samples in ground form were
supplied by the Phuket Marine Biological Center,
Thailand. Pre-treatment of the biomass was carried out
as follows: A sample of 20 g of biomass was treated with
0.2 M CaCl, solution (400 ml) for 24 h under slow
stirring. The solution pH was kept constant at pH 5.0 by
using 0.1 M HNO; or 0.1 M NaOH solution if devia-
tions were observed. The calcium treated biomass was
washed several times with deionized water to remove
excess calcium from the biomass. The biomass was then
heated in an oven at 60 °C for 24 h and then sieved for
particle size of 300-600 pm.

All experiments were conducted at room temperature
(25 + 1 °C). For isotherm determination, a series of 125
ml plastic vials were prepared containing copper nitrate
solutions (100 ml) of known concentrations, which
varied from 0.5 to 4.5 mM. Weighed amounts (200 mg
{dry)) of biomass were added to each vial and the mix-
tures were agitated on the rotary shaker for 24 h. The
solution pH was adjusted to the required value by using
0.1 M HNO; or 0.1 M NaOH hourly in the first 4 h. The
pH of the solution was measured and adjusted if nec-
essary again after 24 h (no further changes in pH were
observed). The biomass was removed by filtration
through a 0.45 pm membrane filter and the filtrates were
analyzed for copper(II) by atomic absorption spect-
rometry.

Kinetics experiments were conducted in continuously
stirred beakers (200 rpm) containing 500 ml of solution
and 1 g of biomass. Samples of 1 ml each were drawn
from the mixture at pre-determined time intervals for
analysis. The pH of the solution was monitored con-
tinuously with a pH electrode and adjusted with 0.1 M
HNO; or 0.1 M NaOH solution if deviations were
observed.

Fixed-bed experiments were performed in a glass
column of 1 cm in diameter, packed with | g of biomass
(bed volume 6.6 ml). Solutions of copper(ll) were
pumped through the column at a flow rate of 1.5 ml/fmin
using a peristaltic pump {Gilson Miniplus-2). Effluent
samples were collected for every bed volume using a
fraction collector (Gilson FC-203) and were analyzed
for copper(Il) concentration by using atomic absorption
spectrometry.

3. Results and discussion
3.1, Effect of solution pH on heavy metal adsorption

Earlier studies have indicated that solution pH
strongly affects biosorption of heavy metal ions. This
effect of pH on copper(Il) adsorption by the pre-treated
biomass of Padina sp. was therefore studied first. The
amount of copper(Il) adsorption as a function of pH
is shown in Fig. 1.

At a pH of less than 2, the amount of copper(Il)
uptake is small. As pH increases, the amount of uptake
increases and the sharpest increase observed between pH
3 and 4. At around pH 5 a plateau is reached. These
results show the strong pH dependence of copper(Il)
biosorption.

3.2. Adsorption isotherms

Adsorption isotherms were obtained under constant
solution pH values and are shown in Fig. 2. The ad-
sorption isotherm plots have a typical shape of L-2
isotherms, indicating a reduction in the number of active
sites on the adsorbents at a high residual heavy metal
concentration in the solution phase.

The Langmuir adsorption model was used to corre-
late the isotherm data obtained at constant solution pH
values,

bOmaxc

1=V roe” (1)
where g is the amount of copper(Il) adsorbed at equi-
librium (mmol/g), ¢ is the copper(ll) ion concentration
in solution (mM) at equilibrium, Qg is the maximum
adsorption capacity and b is an affinity constant. For
determining the equilibrium parameters, Eq. (1) may be
written into a linearised form as follows:

1 c
R 2
O | Oomr @

L2 e

Solid phase concentration,
mmol/g
=}
E-Y

0 1 2 3 4 5 6
pH

Fig. 1. Amount of copper(Il) adsorption by pre-treated bio-

 mass of Padina sp. at various pH (dose: 2 gfl, initiai copper(II)

concentration: 2 mM).
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Fig. 2. Adsorption isotherms of copper(ll) onto pre-treated
biomass of Padina sp. at various pH with the Langmuir model
(solid line).

Table [

Langmuir isotherm constants for copper(1l) adsorption
pH Oy (mmollg) b #*
2 017 6.23 0.99
4 .46 7.14 0.99
5 0.80 7.98 0.99
6 0.79 7.95 0.99

The parameters in Eq. (2) were then obtained by using a
least square linear regression analysis on each set of
isotherm data and are presented in Table 1.

From Table 1, the adsorption capacity Om.x increases
with the increase in solution pH, supporting the effect of
solution pH on copper(I1I) adsorption. A comparison of
the maximum adsorption capacity (QOnax) of Padina sp.
with those of some other adsorbents reported in litera-
ture is given in Table 2, The adsorption capacity of
Padina sp. (0.80 mmol/g) was relatively high when
compared with other adsorbents.

3.3. Adsorption kinetics

Fig. 3 presents a typical set of results from kinetic
experiments of copper(II} adsorption onto the biomass
of Padina sp. at different initial concentrations. It was
observed that 90% of the total soluble copper(Il} were
removed from solutions within 15 min of agitation.
Afterwards, there were slower rates of uptake to about
30 min and no further significant adsorption were ob-
served beyond this period. This was the same for all the
initial metal concentrations for Padina sp. biomass
studied.

3.4, Effects of light metal ions

The effect of the presence of Ca*", Mg?*, Na* and
K* ions (one at a time) in the solution on the copper(1l)
uptake capacity of the biosorbents was investigated. A

Table 2
Uptake capacities (Qnax, mmol/g) for copper(ll) of various
adsorbents

Adsorbent Ornax
Lignite (Allen and Brown, 1995) 0.10
S. fluitans (Kratochvil et al., 1995) 0.96
A. nodesum {Chong and Volesky, 1995) 0.99
C. vulgaris (Aksu et al., 1992) 0.67
Vaucheria Species (Crist et al., 1981) 0.60
Z. ramigera (Aksu et al., 1992) 0.46
Pseudomonas aeruginosa (Chang et al., 1997) 0.30
R. arrhizus (Tobin et al., 1984) 0.25
Aspergillus oryzae (Huang et al., 1991) 0.07
E. rudiagta (Matheickal, 1998) 1.11
D. potatorum (Matheickal, 1998) 1.30
L. japonica (Matheickal, 1998) 1.2C
Pading sp. (This study) 0.80
1.2
1.0 1
;_5: 0.8 1 4.0 mM
H r
% 3 061 A 2 L -
3 E
< 0.4 1 1.0 mM
o4 % +— + —
&
0.2
0.0
0 50 100 150 200 250 300 350
Time, min

Fig. 3. Adsorption kinetics of copper(Il) onto pre-treated
biomass of Padina sp. at various initial concentrations (dose: 2
gfl, speed: 260 rpm, pH kept at 5).

concentration of 10 mM of the light metal ions was used
to study the effect. The results are compared in Fig. 4. It
is seen from the figure that the effect of Na* on cop-
per(I1) uptake was negligible at a concentration of 10
mM, and K*, Mg** and Ca®** reduced the removal ef-
ficiency by 4%, 11% and 13%, respectively. This could
be a significant advantage of algal adsorbents over
the commercially available ion exchange resins as the
binding of Ca** and Mg** to these resins often reduces
their efficiencies.

3.5. Fixed-bed breakthrough curves

Fixed-bed breakthrough curves at various feed con-
centrations of copper(II) were obtained to illustrate the
suitability of column operations (Fig. 5). The break-
through curves followed the typical S-shaped curve for

“column operation with favorable adsorption isotherms.
The adsorption column containing 1 g (dry weight) of
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+
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Fig. 4. Removal efficiencies of Padina sp. in the presence of
various light metal ions (copper(Il) concentration: 2 mM, dose:
2g/1, pH kept at 5).
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Fig. 5. Fixed-bed breakthrough curves for copper(1l) removal
by Padina sp. with various feed concentrations (dose: 2 g, bed
volume: 6.6 ml, flow rate: 1.5 ml/min).

the biomass could purify 1.6 1 of 0.5 mM copper solution
before breakthrough, and it purified 0.8, 0.4 and 0.2 ]
of the solutions when the feed concentrations were 1.0,
2.0 and 4.0 mM, respectively. The total uptake capaci-
ties of the fixed-bed for the different initial concentration
were calculated by integrating the breakthrough
curves between the breakthrough and saturation point.
The adsorption capacities of column for various initial
concentrations ranged between 0.78 and 0.83 mmoVg,
which agree well with the maximum value of .80 ob-
tained from batch experiments.

4. Conclusions

The study indicated that the pre-treated biomass of
the Padina sp. could be used as an efficient biosorbent
material for the treatment of copper(ll) ions bearing

wastewater streams. The adsorption capacities were so-
lution pH dependent and a maximum adsorption ca-
pacity was obtained to be 0.80 mmol/g at a solution pH
of about 5. The kinetics of adsorption by this biomass
was rapid with 90% of total adsorption occurring
within 15 min. The presence of Ca?*, Mg?", Na* and
K* did not significantly interfere with the binding of
copper(Il) ions. The biomass can be used in fixed-bed
operations.
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ABSTRACT

The desorplion and recovery of Cv’' from a-biosorbent material derived
from marine alga Padina sp were studied. The biosorbent was a pre-
treated biomass of Padina sp with calcium chioride solution and thermal
treatment. The Cu** was adsorbed onto the biosorbent and then desorbed
by various elution solutions. Batch desorption lests established that a
solution of 0.1 M hydrochloric acid as the mos! appropriate eluting agent.
Fixed-bed desorption recovery curves for Cu” were also obtained. In
addition, baich desorption recovery curves for cu™ were obtained for
multiple consecutive adsorption-desorption ¢ycles and the biosorption
properties of the biomass for Cu” were compared after the fifth cycle to
evaluate the siability of the hiomass. The use of a mixture of 0.1 M
hydrochloric acid and 0.5 M calcium chloride as the eluling agent
impraved the stabidity of the biosorbent in the multiple adsorption-
desorplion cycles. The desorption kinetics was similar to those observed in
the adsorption process. The desorplion process was not significantly

affected by lemperature.

INTRODUCTION
Researchers have established that many types of biomass from naturai
sources can supply inexpensive and efficient adsorbent materiats 10
remove heavy metal ions from aqueous solutions (1-4). Recent studies
nave shown that tha biomass of marine alga Padina sp has a high uptake
capacity for a number of heavy metals, including cu®, from aqueous
solutions (1). Highly effective bipsorbert materials in the form of pre-
treated aigal biomass can be developed for a new Cu™* removal process.
However, in order 10 successfully apply the biosorplion process as a
waslewater trealmemt technology, the recovery of the heavy metal ions

adsorbed onie the biomass and the re-use and recycling of the biosorbent

21

“should be investigated, Efficient desorption processes are needed to

obtain a concentrated effiuent for the heavy metal ions. Full regeneration of
the biosorbent with a minimum amourd of residual heavy metal is atso
desirable so that repeated adsorption-desorplion cycles can be performed

by using the same maierial.

Heavy metal elution from biosorbents can be achieved by using various
eluting agents utilizing the different desorption mechanisms to release the
adsorbed heavy metal ions Into the solution (5-8). Experimental work on
the desomtion of heavy metal ions frowsﬂrg'g—ljbiomass have been camied
out by using hydrochloric acid (HCI} (8), nitric acid (HNO,) {9-11), sulfuric
acid H,S0, (9-10), ethylenediaminetetraacetic acid (EDTA) (5} and
calcium chloride {CaCl,) (9-11} as eluting agents. HCI resulted in a better
performance compared to other eluing agents studied in terms of
regeneration efficiency and effects on the adsorption capacities of the
biosorbents (8). Other eluting agent that may be effective for the
desorption of heavy metal ions included carbonate and bicarbenate.
Carbonate and bicarbonate have been shown 10 be effective in desorbing
uranium from a fungal biomass (12). In addition, counter ions such as
sodium and potassium ions easily participate in the ion exchange process
of biosorption {13} and could potentially serve ss desorplion agents.
Similarly, ammonium ions can be expected to act as competing cations, as
well as as complexing agents for Cu™. It is known that Cu”" form
complexes with some anions including chloride (9-10). However, studies
on evaluating the effects of various elution agents on the stability of the

biomass have not been reporied.

The purpose of this paper is 1o study the desomption and recovery of ™
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from the pre-treated biomass of marine alga Padina sp by using various
desomtion agenis. They included HCI, acetic acid (CH,COOH), HNO,,
H,S0,, ED{A. CaCk,, potassium carbonale (K,CO,), sodium carbonate
(Na,CO,).' sodium hydrogen carbonate (NaHCO,), ammonium chioride
(NH,CI), and sodium chioride (NaCl). The eluting ageﬁ{s were evaluated
according to their effectiveness of desorbing G from the biomass in
baich studies and in fixed-bed elution. The recovery of o™ by using an

optimal desorption Solution was studied in multiple-adsorption desorption

cycles. The biosorption properties f the biomass for Cy™ were also
compared o evaluate the structure stability of the biomass. 1t was
established that a mixture of 0.1 M HCI and 0.5 M CaCl, was the most

effective eluent far Cu™ remaval from the biosorbent.

MATERIALS AND METHODS
Analytical grade HCl, HNO, H.380, EDTA, CaCl, KO, NaCO,,
NaHCO,, NH,CI, CH,COOH and NaCl were used.

Sun dried samples of Padina sp in ground form were supplied by the
Phuket Marine Biological Center, Thailand, Preitreatment of the biomass
was camied out as follows: A sample of 20 grams (dry) of Padina sp
biomass was treated with 0.2 M CaCl, solution for 24 hours under slow
stirring. The solution pH was kept constant at pH 5.0 by using 0.1 M HNC,
or 0.1 M sodium hydroxide (NaOH). The calcium treated biomass was
washed several limes with deionised waier to remove the excess calcium
from the biomass. The biomass was then dried in an oven at 60 °C for 24
hours and sieved to achieve a uniform and known parlicte size of

biosorbents (300-600 pim).

For batch adsorption experiments, nitrate (Cu(NQ,},) soiutions containing
2.0 mM Cu™ and weighed amounts of dry biomass were added to flasks
and the mixtures agitated for 24 hours. The solution pH was adjusted to 5
" by using 0.1 M HNO, or 0.1 M NaOH before, after and during the
equilibrivm period. The biomass was removed by filtration through a 0.45
Hm membrane filtter (Millipore). rinsed by deionised water {0.5 L), dried in
an oven at 60 °C for 24 hours and then stored for desorption expenments.

The filtrates were analyzed for cu™ by atomic absorption spectrometry.

For balch desorption experiments, a series of 125 mL plastic vials
containing 100 mL eluting solution of known concentration was contacted
with Cu™"-loaded biosorbent {200 mg) at room temperature (20 “C) (except
stated otherwise). The mixiures were agilated on 2 rotary shaker for 24
hours. The biomass was removed and |he filirates were analyzed for Cu”™

released into the solution by atomic absorption spectrometry. For multiple

¥

dsorplion-desorption in batch experiments, weight measurements wera™
performed after the biosorbent were rinsed by deionised water (0.5 L) and
dried in an oven at 60 °C for 24 hours. but before the desomtion

experiments.

Fixed-bed experiments were conducted in a 1 cm ID glass column,

packed with pre-wetled biosorbent partictes (5.0 grams). The biosorbent

- . . S T N ! - . -"?_
. was slurry packed inlo the Column and afiowed 10 settie for 24 hours.

Solutions of Cu™ (for adsorption cycle) or eluting agén! solutions _(for
desorplion) of different concentrations was pumped though the cotufhﬁ by

!
a peristattic pump (Gilson Miniplus 3) at a fixed flow rate of 1.5 mUm‘w\l. A

. programmable fraction collector (Giison FC-204) was vsed to collect the

effluent samples for every bed volume (6.6 mL). The efflueni pH was
monitored using a Ross combination pH electrode. The samples were

analyzed for Cu™ concentration by atomic absomtion spectrometry.

Each experiment was repeated al least twice and an average value
reported. Control and preliminary experiments with no biosortent, anion o
cafion were also performed for each system. No adsorption by the filter
membrane, flasks, plastic vials or interference with the analytical technique
was observed,

The desorption efficiency of each individual eluting agents was evaluated
24+

by the percentage of Cu

( amount of metal desorbed into solution
initial amount of Cu2* adsorbed

desorbed  from  the bicsorbent

x100%)

RESULTS AND DISCUSSION
Preliminary Evaluation of Eluting Agents

A preliminary evaluation of the eluting agents was carried out first by using
the batch test and the desorption efficiencies were compared in Figure 1.
The use of K,CO,, Na,C0,, NaHCO,, NH,Cl and NaCl solutions resutted in
only a fimited amount of Cu® desomlion of less than 40%. CH,COOH
showed a desorption efficiency of about 53%. Distilled and deionised
water conirols {shown as water in Figure 1) showed insignificant cu®
desofptk.'m {(1%). On the other hand, strong acids, HCI and H,S0,, resulted
in high recovery efficiencies of about 95.2 and 92.3%, respectively. In
addition, complexing agent EDTA also resulted in a high recovery

efficiency of 99%.

The low desorplion efficiencies of K,.CO, Na,CO, NaHCO,, NHCI and
NaC! can bé attributed to the fact that divalent cations {eg. Cu’} have

greater affinities for the negativecharged sites on the biosorbents than

-
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monovalent cations (eg. K, Na'). in addition, the complexing effects of
carbonate and bicarbonale are low. The low desorption efficiency of
CH,CO0H and water can be atiibuted o the pH effect on Cu™
'desorplion. From the pH effect on the desorption, certain H® concentration
is required 10 release the heavy metal ions from the biOsmﬁenL The pH
vélues observed were 3, less than 1 and 6.8 for CH,COOH, HC! and water,
respectively. Thus, the pH differences between HCI and CH,COOH or
waler were significant, which influenced the desorption efficiencies. Elution
agent EDTA has similar regeneration efficiency to those of HCI. This can
be attributed 1o its strong complexing ability to Cu™. However, It has two
major disadvantages of high cost when compared to HCI and difficulty to
recover the metal ions from EDTA solution as the stability of metal-EDTA
compiex is very high. For H,50,, a possible precipitation reaction may take
ple;ce within the biosorbent particle between the calciumn ions and other
heavy metal ions which may present in the system. Overall, HCI was

selected as the optimal eluting agent for the system studied.

0o | B2

€3

Desorprion EfMcency (%)

P A B P
/7 jj/.fijfjf

Figure 1 Desorption efficiencies of Cu™ from sofid phase by using differant
efuting agents {concentration of eluting agent: 0.1 M, biosorbent dose:

2g/).

Qptimum Concentration of Eluting Agent (HCI)
Both balch desorption tests and fixed-bed elution experiments (next
section) were concducted 1o eslablish the optimum concentration for the
eluting agent HCI. In the batch lesls, biosorbents loaded with Cu™* were
contacted with HCI solutions with different concentrations. The amount of
Cu” released back into the solution was Ihen determined and expressed

as a desorplion efficiency as shown in Figure 2. The results show that,

increasing the concentrations of the HCI dncreased .the desorption
capacity. However, beyond some obtimal values, the desomption efficiency
plateaued. From Figure 2, it can be seen that a concentration of 8.1 M HCI
or higher can remave more than 90% of adsorbed Ou”- Nearty c&np(ele
desorption {99.8%) of Cu” from the biosorbent was achieved with 1.0 M
HCI solution. Therefore, it was determined that theé 0.1 M HCI as the most
practical eluting agent for releasing Cu™ from loaded biosorbent in batch
tests. IR

g

Desorption Efficiency (%
B8 3 8 8 3 B 8

—
=]

o
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] OI_'Z 04 06 08 1
Concentration of 1 (M)
Figure 2 Effects of eluting agent concentration on the desorption of Cu™

from biosorbent (biosorbent dose: 2g/L, pH: 5, equilibrium time: 24 hours)

Fixed-bed Desorption
By using fixed-bed experiments, the influence of HCl concentration on
cu™ recovered was also obtained. The regeneration profiles obtained
under different concentrations of HCI for Cu™ elution are given in Figure 3.
It can be seen from this figure that Cu™ was mostly desorbed in the first 10
to 20 bed volumes during the regeneration process, especially at high HCI
concentrations. For example, the elution curve of 1.0 M HCI shows that
95% of the elution was completed afler 12 bed volumes. Figure 3 also
suggests that increasing the concentration abave 0.1 M does not increase
the efficiency of regeneration notably. This value agrees well with the
eardier results from the batch study. it is also clear from the figure that a
dilute eluting solution (0.05 M HCI) is not effective in column operation
because 85% completion of desorption was sl abow! 60 bed -volumes
(Tabie 1). This resufted in a dilute Cuz' solution In the recovery process.
The total amounts of Cu™ recovered from the biosorbent column oblained
by integrating the elution curves were compared with the initial amount of
Cu” toaded onto the biosorbent in Table 1. It was found that desorption
efficiency were greater than 90% for all concentrations. However, the bed
volumes of the eluent used were much different between a dilute and a
concentrated solution. For example, 0.05 M HCL showed a 95% completion
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. of desorption at about 60 bed volumes, whila 1.0 M HCI showed a value of
- gbout 12 bed volumes. = . -~ - N T

Table® 1 Desorplion efiiciencies of fixed-bed with “various HCI
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hgure 3 Elution curves of Cu”” from bicsorbent by using HCI of different
}:oncenlralions (dose: 5g. flow rate; 1.5 mi/min, bed volume 6.6 ml).

Muitiple Adsorption-Desorption Cycles
"The potential for multiple re-use of the biosorbent was lested in batch
experiments for five conseculive adsorption-desorption cycles. In all
desorplion experiments, Cu-loaded biosorbent was regenerated in a.
! column by washing with 0.1 M HC! first and then followed with deionised
water several times uniil no metal was detected in the acid solution. Then,
i the equilibrium isotherms of Cu® adsorbed onto the regenerated
biosorbent were obtained. The isotherms of the live consecutive Cu™
adsomption-desorplion cycles are summarised 5n Figure 4. Figure 4 shows

that a small decrease of the uptake capacilies of the biosorbents was

observed during the first to third adsorption-desarplion cycles {before
desocption). After the third cycle, significant loss of the uptake capacities
was observed. It was observed that the Gu’" uplake capacity of the

biosorbent at fifth cycle was significantly smafier than that the fourth cycle ),
(37.9%). : S

Solid Phase Cor;cenhtlon'(mméllg ”

00 s~ 1o 15 20

T " " Solution Prese Corcertation () N

Figure 4 Adsorption isothenms of Cu™*for Padina 5p biosorbents in multiple
adsorption-desorption cycles {eluting agent: 0.1 M HCI, initial bigsorbent
dose: 2 giL, pH: 5, equilibrium time: 24 hours, solid phase concentration
expressed as mmol/ig initial weight of biosorbent).

The weight loss of the biosorbent was also detemmining during - the
adsorption-desorption cycles {before desorption) (Table 2}, The cbserved
reduction in the capacity of the biosorbents can be partly attributed to the
mechanical foss of tiny particles during the process. The broken-up
biosorbents are believed that fo be due to the agitation in the adsaorption-
desorption series and effect of HCL. However, as the percenlage capacity
losses were highe_r than percentage weight loss, it is believed that the
internal structure of the biomass was also damaged, resulting in additional

loss of capacity.

The pre-treatment of biosorbent by CaCl, has been proven to increase
adsorption stability and capacity in previous works {1, 3, 11). Therefore, it
can be expecled that CaCl, would improve the bigsorbent stability while
they were contacted with a sbong acid as well as to increase the
mechanical strength of the biosorbent to avoid broken-up of the particles.
To test this, a mixture of 0.1 M HC! and 0.5 M CaCl, was used as the
desorplion agent. Simitar to the case at 0.1 M HCI aione, the equilibrium
isotherms of five conseculive Cu™ adsorption-desorption cycles are
summarized in Figure 5. In Figure 5, abowt a 10% loss ‘of the uptake
¢apacities was observed when the adsorplion-desorplicn experiment was
performed in the fifth cycie. During the cycles a weight loss of the
biosorbent was also observed (Table 2) and smalier values than before
were found. The loss of tiny particles during the process and the broken-
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' upboosorben!sweremuchreduoedduetothelreammofCaCl,duﬂnq

the multiple cycles ‘In this case, the percentage capacity losses and

-percentage capacity losses were similar, indicaling that the structure

- damage to the bigsorbent was minimal.

Table 2 Weight (dry) loss of biosorbent at each adsorpuon-deso:pnon

=cydes {before desomﬁon) : oot
Cycle 0.1 M HCI 0.1 M HCI 4 0.5 M CaCl,
- — (] = - w
22| 2 S E| ¢
2 & £ | 2= =
1 200.00 0 200.00 0
2 196.65 1867 196.30 185
3 19620 190 196.27 186
4 174.28 12.86 187.35 632
5 172.30 12.85 183.02 8.49
12
%" 10
£
E
'g 03
E 06
£
o
3 04
£
-
E 02
040
o0 05 10 15 20

Soluricn Phese Conoontretion (mM)

Figura 5 Adsomtion isotherms of Cu™ for Padina sp biosotbents in multiple
adsorption-desorption cycles (eluting agent: mbdure of 0.1 M HCl and 0.5
M CaCl,, initial blosorbent dose: 2 g/, pH: 5, equilibfium time: 24 hours,
solid phase concentration expressed as mmollg initial weight of
biosorbent).

Desorption Kinetics and Effect of Temperature
Batch experiments were conducted to evaluale kinelics of the desomption

process. The conditions of the kinetic experiments were identical to those

used in the cormesponding desorption experiments earfier. Figure 6 shows
a typical concentration profile of Cu™ in the solution phase during the
desorplion process. The results indicate that the rate of desorption of cu™
was generally fast. Most of the Cu®" ions were desorbed within the first 40
minutes of agitation and equilibrium was reach within 1 hour. The

desormtion rate at 0-5 minutes was faster than at 5-30 minutes. This might

{ be aftributed to the metal desorption behavior of the biosorbent retative o
solution pH. At the beginning (ie-‘ 0-5 minutes period), the concentration of
- HCI might be higher than the tater period G.e. 5-30 minutes period). Thus,
« the desorplion rate was decreased. The overall kinetics of the desormption
~ process are similar to those observed in lhe adsofpﬁon process {1).;7 .« -
- -The effectiveness of the efuting sotu'l.ion-of 0.1 M HCl was also fested at
-temperatures varied from 18-35 °C. The resuls are presented in Table 3.
-"The desomption efficiency was not maﬂcedly‘affecled by Incréasing the
temperature, For example, desorptiqn efﬁcoency of 96.2% was oblained at
the desorption lemperature of 25 °C. Also, al the higher temperature of 35
°C a desomtion gfficiency value of 96.8% was obtained. Therefore, it can
“be concluded that temperature Was nol ‘@ signlficant -facior ‘on the
desorption efficiency. This is onsistent with the fact ion exchange i most
likely the dominant mechani_sm fnvoived In the biosorption process. lon -
exchange process normally have a small heat effect and therefore the
desorption is not highly temperature dependent,

08 4
5 07
E
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Figure 6§ Desorption kinetic of biosorbent with HCI {Concentration of HC!:
0.1 M, biosorbent dose::2 g/L, agitation speed: 200 rpm).

Table 3 Desorption efficiency at different temperatures.

Temperature (°C) Desomtion Efficlency (%)
18 a6
25 898.2
30 296.5
35, 968
CONCLUSIONS

The desorption and recovery of Cu" from a biosorbent material derived

from marine alga Padina sp were studied. Among eleven eluting agents
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. evaluated, HCI, K,50, and EDTA ware found 1o be sfficient in desorbing
"™ from the biosorbent, and HCI was selected as the most appropriate.
HCI 8t 0.1 M successhully desorbed most of the adsorbed Cu” and 0.1 M

" cwas selected 2s optimum concentrations for desorption. HCI appeared 1o
" cause damage (in the term of weight loss and capacity reduction) o the
biomass in multiple adsorption-desorption cycles. However, when'usinb a
= mixture of 0.1 M HCl and 0.5 M CaCi, as eluting agent, desorption
' .capacity after the fith cycle was close to the original values. Desorplion

-experiments in fixed-beds indicaled thal the biosorbents can be -fully -

sfegenerated.
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Abstract '

Heavy metal poliution from industrial wastewater is a worldwide environmental issue. Biosorption of
heavy metals by using biosorbents derived from various types of biomass has been shown to be effective
for the uptake of heavy metal ions. In this study, biosorbents derived from the biomass of a marine
macroalga Padina sp was used for the removal and recovery of heavy metal ions from aqueous solutions.
Results indicated that the biosorbents have high uptake capacities and affinities for a number of heavy
metal ions. The uptake capacities of the biosorbents were in the range of 0.6 to 0.8 mmol g for divalent
heavy metal ions. The kinetics of the uptake process was fast and the process can be used in both batch
and fixed-bed operations. It appears that the biosorption process by using biosorbents from the marine
macroalga can be an efficient and cost effective technology for the treatment of heavy metal containing

wastewater.

Introduction

Environmental pollution from heavy metals is an
important issue in many parts of the world. The toxicity
of a number of heavy metals such as lead and cadmium
to humans and to the natural environment has been
well-documented (Merian, 1991). The main sources of
heavy metal pollution are the release of large quantities
of industrial wastewater that contain heavy metal ions to
the natural environment. As heavy metals cannot be
destroyed in the natural environment, technologies that
can remove and recover the heavy metals from the
wastewater are needed. At present, a number of
technologies, such as chemical precipitation,
evaporation, electroplating, adsorption and ion
exchange processes, can be used for the treatment of
heavy metal containing wastewater streams. Among
them, chemical precipitation is the most commonly used
method for heavy metal removal from wastewater
streams with high heavy metal concentrations.
However, this method is not effective when the heavy
metal concentrations in the wastewater are low (e.g. less
than 100mg L") (Chang, 1996), while other methods
may not be economically feasible to meet the stringent
control limits.

Biosorption of heavy metals, in which biomass is used
to uptake heavy metal ions from aquecus solutions, is an
emerging technology for the treatment of industrial
wastewater (Volesky, 1990) . The most prominent
features of biosorption are the use of low cost biomass
materials (biosorbents) and the high efficiency of some
biomass to uptake heavy metals in very low
concentrations. As a conscquence, there have been
many interests in biosorption research in recent years.
Various types of biomass, including bacteria, fungi,
yeast, and algae, have been evaluated for their heavy

metal uptake properties (Matheickal, 1998). Recently,
the heavy metal uptake properties of the biomass of a
number macroalgae species has been studied
(Matheickal, 1998; Matheickal et al, 1999; Yu et al,
1998; Matheickal and Ywu, 1997; Yu et al, 1999;
Aderhold and Williams, 1996; Chong and Volesky,
1995 Fourest and Volesky, 1996). . In general, the
uptake capacities of the biomass of marine macroalgae
are comparable to commercial ion exchange resins and
are much higher those of other types of biomass
(Fourest and Volesky, 1998).

This paper presents experimental results for a
biosorption process by using biosorbents derived from
the biomass of marine macroalga Padina sp for the
removal and recovery of heavy metal ions from aqueous
solutions. The results indicate that the biosorption
process can be an efficient and cost effective technology
for the treatment of heavy metal containing wastewater.

Biosorbents from Marine Macroalgae

Marine macroalgae are ubiquitous natural resources,
cheaply available in large quantities in many parts of the
world. They have been used as a raw material for
alginate extraction and in food and cosmetic industries.
In addition to their higher heavy metal wuptake
capacities, when pretreated, they have much better
chemical and mechanical stabilities than other types of
biomass such as bacterium and yeast biomass (Yu et al,
1998) . The algal biomass can also be made into pellets
with various sizes that are suitable for industrial
applications. It might also be possible that the biomass
can be chemically modified to improve the adsorption
properties.



In this study, the pretreated biomass (biosorbents) of a
macroalga Padina sp from Southern of Thailand has
been examined for their heavy metal uptake properties.
The biomass was pretreated with a simple two-step
(Calcium Chloride and thermal) treatment process as in
[6]. A number of other pretreatment methods can also
used to further improve the chemical and mechanical
stabilities of the biosorbents (Yu et al, {998).

In this paper, the particle size of the biosorbents used in
all experiments was in the range of 300-600 pm, unless
otherwise indicated. The details of the experimental
procedures for measurements of adsorption isotherms,
batch kinetics, and fixed-bed breakthrough curves were
as in [6].

Heavy Metal Uptake Properties
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Figure 1. Amount of nickel, copper and cadmium
uptake by pre-treated biomass of Padina sp at
various pH (biomass dose: 2 g L7, initial
concentration: 2 mM).

Most biosorption studies indicate that the heavy metal
uptake is strongly influence by the solution pH values
(Volesky, 1990). This effect for biosorbents from the
biomass of Padina sp is shown in Figure 1. The amount
of heavy metal uptake in a low solution pH is generally
low. As the solution pH values increases, the amount of
the uptake increases and then levels off at a high
solution pH. This phenomenon is attributed to
association-dissociation equilibrium of the functional
groups involved and the competition effect of hydrogen
ions in a low pH solution (Matheickal, 1998), with the
inflection points corresponding to the respective
apparent pKa values of the functional groups. The
property of strong pH dependence of biosorption can be
utilised for the recovery of the adsorbed heavy metal
tons and for the regeneration of the biosorbents for
reuse (Volesky, 1990),
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Figure 2. Adsorption isotherms of various
biosorbents (temperature: 25°C; pH:
5.0).

Adsorption isotherms obtained at various solution pH
values can be used to demonstrate the uptake capacitics
and the adsorption affinities of bicsorption systems.
Typical isotherms for the biosorbents are shown in
Figure 2. The initial slopes of the isotherms for most
heavy metal ions are steep, indicating high relative
affinities to light metal ions. The observed maximum
uptake capacities of all the biosorbents are in the range
of 0.6-0.8 mmol g (dry wt) for most divalent heavy
metal ions studied.

The adsorption kinetics of the biosorption systems was
also evaluated. Figure 3 shows a set of typical
concentration profiles for copper(Il) and cadmium(Il)
ions in a batch adsorber for a biosorbent with different
particle sizes. In general, the kinetics of the biosorption
process is fast, with equilibrium reached within 1-3 hrs
of slow stirring for particle sizes up to 2 mm.
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Figure 3. Kinetics profiles of copper(Il) and
cadmium(II) uptake by Padina sp. with
different particle sizes (biosorbent
dosage: 2 g L'; temperature: 25°C).

Maodes of Operation

The biosorbents can be used in standard unit operations
for adsorption and ion exchange processes, typically in
either batch and fixed-bed mode of operations. For the



batch mode of operation, the raw biomass can also be
used. However, the raw biomass has a lower stability
and it may not be suitable for reuse and for fixed-bed
mode of operations. On the other hand, the pretreated
biomass have the necessary chemical and mechanical
stability for reuse and fixed-bed applications.

As an example, the results of a case study for the batch
mode of operation arc presented in Table 1. An
industrial wastewater sample contained a number of
heavy metal ions and very high levels of Calcium and
Magnesium ions. A biosorbent dose of only 0.1 g / 60
ml was used. As can be seen in Table 1, the efficiencies
for the simultaneous removal of Barium, Chromium,
Copper, lron, Lead, and Zinc are reasonably high, but
the removal efficiency for Strontium is low.

Table 1. Removal Efficiencies of Metal lons in a
Batch Case Study (Biosorbent dose: Padina sp: 0.1g /
60 ml).

Metal lons Initial % Removal
Concentration
(mg LY

Barium 1.45 62
Calcium 540 13
Chromium 2.4 62
Copper 2.85 67
Iron 2.9 34
Lead 0.48 76
Magnesium 190 7.9
Strontium 3.1 0

Zinc 3.8 28

Examples of breakthrough curves for fixed-bed
operations are shown in Figure 4. The capacity
utilization for the biosorbents can be much higher in
fixed-beds and the complete removal of the heavy metal
ions can be achieved before breakthrough.
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Figure 4. Breakthrough curves for fixed-bed of
copper(II) removal by Padina sp at
different influent concentrations (bed
volume: 6.6 mL, flow rate: 1.0 mLmin™}.

Conclusions

This study indicated that biosorbents derived from the
biomass of marine macroalgae have excellent heavy
metal uptake capacities, affinities and kinetics for the
removal and recovery of heavy metals ions from
aqueous solutions. The biosorption process can be
operated in standard unit operations of adsorption
processes. In addition, the biosorbents can be prepared
from a cheaply available natural resource with
minimum environmental impact. Therefore, it appears
that the biosorption process is an efficient and cost
effective technology for the large-scale treatment of
heavy metal containing wastewater streams.
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