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Abstract

Soil contamination by heavy metals is increasing. The biosorption process for removal of the heavy RidtainCdontaminated soil is
chosen for this study due to its economy, commercial applications, and because it acts without destroying soil structure. The study is divided
into four parts (1) soil leaching: the relationships between the soil leaching effect and agitation rates, solvent concentrations, ratios of soil to
solvent, leaching time and pH were studied to identify their optimum conditions; (2) adsorptdte@t of immobilizedSaccharomycetes
pombebeads: different weight percentages of chitosan and polyvinyl alcohol (PVAL) were added to alginate (10 wt.%) and then blended
or cross-linked by epichlorohydrin (ECH) to increase their mechanical strength. Next, before blending or cross-linking, different weight
percentages d. pombe 806r S. pombe ATCC 247#8ere added to increase €dadsorption. Thus, the optimum beads (blending or cross-
linking, the percentages of chitosan, PVAL &hdoombe 806r S. pombe ATCC 24Y&nd the optimum adsorption conditions (agitation rate,
equilibrium adsorption time, and pH in the aqueous solution) were ascertained; (3) regeneration tests of the optimum beads: the optimum
beads adsorbing Gtiwere regenerated by various concentrations of aqueous HCI solutions. The results indicate that the reuse of immobilized
pombebeads was feasible; and (4) adsorption model/kinetic model/thermodynamic property: the equilibrium adsorption, kinetics, change in
Gibbs free energy of adsorption of €dn optimum beads were also investigated.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction is effectively leached by EDTA or HCI, but that these may
destroy the soil structure. In contrast, soil contaminated by
Soil contamination by heavy metals is increasing. Heavy heavy metalsleached by Ca@bes not destroy the soil struc-
metals in farm land have been of great concern due to theirture although it is not very effective. Therefore, in this study,
toxic nature and other adverse effects. Crops which are raisedamong engineering solutions, Ca@las chosen to leach soll
on land contaminated by heavy metals may take up heavycontaminated with heavy metals due to its lower cost. After
metals. Heavy metals accumulate easily in crops and there-soil leaching, this method produced large quantities of leach-
fore may be transferred from crops to animals (and hence toing solutions whose composition was complex. Furthermore,
humans). Mackenbrock{3] mentioned that it is more economic and
According to the literatur¢l], remediation methods for  competitive to remove heavy metals from leaching solutions
soil contaminated with heavy metals include chemical meth- by a biosorption process. So, in this research, among bio-
ods, engineering solutions, and biological methods, etc. How- logical methods, the biosorption process was chosen to treat
ever, chemicals utilized in the chemical methods may destroy leaching solutions containing heavy metals.
soil structure and resultin secondary pollution. Besides, Cline  Chitosan is a biopolymer, which is of interest to re-
and Reed?] noted that soil contaminated by heavy metals searchers concerning the adsorption of metals. It is the
deacetylated form of chitin, which is a natural polymer ex-
* Corresponding author. Tel.: +886 5 534 2601x4619; traCt.ed from CrUStacean shells, SUCh.aS prawns’ Crabs' shrimp,
fax: +886 5 531 2071. and insects. Liu et aJ4] noted that chitosan is a suitable nat-
E-mail address"nchuen@pine.yuntech.edu.tw (C._C. Lin). Ural pOlymer fOI’ the Concentration Of meta|S, SUCh a§+Cd
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Zn*, CU*, PI?*, etc., since amine groups on chitosan can act Table1 . N
as chelating sites for heavy metals. However, the mechanicalSeil leaching parameters and their conditions

strength of chitosan is poor. Itis, therefore, necessary to mod-Parameters Conditions
ify chitosan to improve its mechanical properties and chemi- cacp, concentration (M) ~ 0.00, 0.01, 0.03, 0.05, 0.10, 0.20, 0.30, 0.40,
cal stability, etc. In order to improve its mechanical strength, 0.50
polymers such as PVAL can be added to chitosan. In addition, Agitation rate (rpm) 5000, 8000
Soil/solvent 1/2,1/4, 1/6, 1/8

Wan Ngah et al[5] and Alupei et al[6] showed that in or-
der to maintain the Nblgroups of chitosan, C¥OH groups
of chitosan combine with O groups of ECH when chitosan
is cross-linked by ECH. Thus, cross-linked chitosan beads 2. Experimental methods
still retain NHy groups with which to adsorb heavy metals.
Moreover, Mi et al[7], Chang et al[8], Pozzo et al[9], and 2.1. Soil leaching
Zhang et al[10] stated that mechanical strength and pore size
of cross-linked chitosan beads are a function of cross-linking ~ The soil was sampled from farm land contaminated by
agents used and polymers added. C* and dried in air. Then the soil was sieved by a Tay-
In spite of cross-linking enhancing the mechanical lor's standard sieve mesh to constant size (<1 mm) for use.
strength of chitosan beads, it may reduce their adsorption ca-Before soil leaching, the total concentration of 2Cdn
pacity. Herein, some types of biomass added to cross-linkedthe soil was measured by the digestion method of aqua
chitosan beads may improve adsorption performance. Davidregia. Next, influence of soil leaching parameters on soil
[11] mentioned thaS. pombe 808ndS. pombe ATCC 2476 leaching was studied employing progressive steps to iden-
can be used as biosorbents for removal of Cth addition, tify their optimum operating conditions. Soil leaching pa-
Puranik and Paknikgf.2], Bolesky and Holarfi13], Chang rameters and their conditions are givenTable 1 Their
and Cherj14] showed thatimmobilized biomass appeared to stepsincluded (1) changing Ca€bncentration, fixing other
effectively adsorb heavy metals. Furthermore, Stoll and Dun- conditions (agitation rate = 5000 rpm, soil/solvent = 1/2, sam-
can[15] mentioned that it appeared technically feasible to re- pling time =1h), and measuring concentrations of Cih
move heavy metals from aqueous solutions by immobilized the leaching solutions by inductively coupled plasma-mass
Saccharomycetes pombeads. Moreover, the advantages of spectrometer (ICP-MS); (2) changing agitation rates, select-
the process based on immobilized biomass include enhancing the optimum CaGl concentration from step (1) and
ing microbial cell stability, allowing the reuse of biomass, and Soil/solvent=1/2, taking samples at time intervals (0.5, 1.0,
avoiding the biomass-liquid separation requirement. Thus, in 2.0, and 4.0h) after leaching, and measuring?*Ccon-
order to enhance adsorption capacity, the inactivated cells ofcentrations; (3) changing soil/solvent, choosing the opti-
S. pombe 80®r S. pombe ATCC 247@as added in this mum CaC concentration, agitation rate, sampling time
research. from above steps, and measuring?Cdoncentrations; and
In this study, in order to enhance mechanical strength, (4) changing pH, choosing the optimum CaCbncentra-
different amounts of chitosan and PVAL were added to algi- tion, agitation rate, sampling time, soil/solvent from above
nate (10 wt.%) and then they were blended or cross-linked by steps, and measuring concentration$Cth this way, the
0.5M ECH. In addition, different amounts 8 pombe 806  optimum conditions for soil leaching parameters could be
or S. pombe ATCC 2478ere also added before blending or determined.
cross-linking to increase their adsorption capacity. The aim
of this research was to ascertain the optimum beads (blend-2.2. Culture of Saccharomycetes
ing or cross-linking, the percentages of chitosan, PVAL&Nd
pombe 80®rS. pombe ATCC 24Y6énd the optimum adsorp- In general, the culture methods f8accharomycetds-
tion conditions (agitation rate, equilibrium adsorption time, clude agar—agar culture and liquid culture. In this sti&ly,
and pH in the aqueous solution). In addition, we also inves- pombe 806was grown on the culture medium YTG and
tigated the equilibrium adsorption and kinetics of adsorption S. pombe ATCC 247&as grown on the culture medium
of Cd?* on optimum beads. The Langmuir equation was used YMG. BesidesS. pombe 808ndS. pombe ATCC 24 tte-
to fit equilibrium adsorption. The adsorption rates were deter- long to aerobic split reproduction fungi. Furthermore, influ-
mined quantitatively and compared by pseudo-first-order andence of culture parameters on growth Sdiccharomycetes
second-order models. Furthermore, thermodynamic param-was studied. Culture parameters and their conditions are
eters, such as change in Gibbs free energ®{) were also given in Table 2 Their steps included (1) changing agita-
determined to indicate whether the adsorption is spontaneousion rates, fixing other condition§ € 303 K, S. pombe 806
or not. Moreover, immobilize®. pombéieads containing  pH 5.45 andt=15h, S. pombe ATCC 247®H 5.65 and
adsorbed C# were regenerated by HCl aqueous solutions. t=24h), analyzing it at wavelength 600 nm by an UV-vis
Finally, this information would also be used to further appli- spectrometer (Model: SP 830) and observing the number
cation in the treatment of soil leaching solutions containing of fungi by blood cell counter; (2) changing temperatures,
Cd?+. choosing the optimum agitation rate from step (1), fixing

pH 3,6,9,10,11, 12
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Table 2 adsorption conditions (pH in the agueous solution, agitation
Culture parameters and their conditions rate, and equilibrium adsorption time) could be determined.
Parameters Conditions Furthermore, in order to ascertain the influence of bead
Agitation rate (rpm) 0, 50, 100, 150, 200 properties on adsorption performance, mechanical strength
Temperature (K) 298, 299, 300, 301, 302, 303 of beads was measured by dynamic mechanical analyzer
Time (h) 2,4,6,8,10,. . (until the number of fungi (DMA).

reached a maximum)

In experiments of batch kinetic adsorption, 10g of the
optimum beads were added to 50 ml of aqueous solutions
with different initial concentrations at the optimum ad-
sorption conditions (pH and agitation rate). A sample was
pH and time as step (1), observing the number of fungi; taken every 3min until reaching equilibrium adsorption.
(3) changing time until the number of fungi reached a Then concentrations of €din samples were measured by
maximum, choosing the optimum agitation rate and tem- |CP-MS.
perature from above steps, fixing pH as step (1), observ-
ing the number of fungi; and (4) changing pH, choosing
the optimum agitation rate, temperature, and time from 2.4. Batch equilibrium desorption experiments of
above steps, and again observing the number of fungi. Thus,0Ptimum beads
the optimum culture conditions fo8. pombe 80@nd S.
pombe ATCC 247@&ould be determined and these opti-  Ten grams of optimum beads containing®Cavere re-
mum culture conditions were utilized to cultuge pombe  generated by 50 ml of various concentrations (0.1, 0.5, 1.0,
806 and S. pombe ATCC 2476or the required inacti-  and 1.5M) HClaqueous solutions at the agitation rate of the

vated Saccharomycete® be used in immobilizegpombe  Optimum adsorption for 1 h. Thus, the optimum HCI concen-
beads. tration was determined.

pH 2,3,4,5,6,7

2.3. Preparation of immobilized pombe beads and their 5 5 Efficiencies of batch equilibrium adsorption and
batch adsorption experiments/property tests desorption experiments of optimum beads

Chitosan with a dez_icetylation percentage of approxi-  Tep grams of optimum beads were added to 50ml
mately 86% was supplied by Fluka Enterprises Company, ot 150 mg/l Cd* aqueous solution to investigate experi-
which also supplleq the.reage_nt ECI_—i. Chitosan SO'_Ut'OV)S ments of batch equilibrium adsorption by the optimum ad-
were prepared by dissolving chitosan into Swt.% acetic acid gontion conditions (pH in the aqueous solution, agitation
solutions. The preparation of immobilize@mbebeads (an a6 and equilibrium adsorption time). Then beads con-
equal weight of alginate, PVAL, and chitosan) and their batch taining CA&* were regenerated using 50ml of the opti-
adsorption experiments involved (1) changing percentages (5,mym Hcl concentration according to the result of Sec-
10, and 15wt.%) of PVAL, fixing other chemicals (10Wt.% o 2 4 at the agitation rate of the optimum adsorption for
alginate and 1 wt.% chitosan), blending or cross-linking with 1 |, ‘Next, the regenerated beads were reused to investigate
0.5M ECH to prepare immobilized beads, and adding 109 gyperiments of batch equilibrium adsorption and then re-
of immobilized beads to 50 ml of agqueous solutions with generated beads containing Xdwere regenerated again

different initial concentrations and changing their pH (2-6) 55 pefore. Adsorption and desorption steps were repeated
and agitation rates (200—700 rpm) to conduct experiments Ofagain and again. Finally, we may confirm that the beads

batch equilibrium adsorption, taking sample at every 3min o pe reused according to efficiencies of adsorption and
until reaching equilibrium adsorption and measuring con- desorption.

centrations of C#' in the aqueous solutions by ICP-MS;

(2) changing percentages (1, 1.5, and 2wt.%) of chitosan,

fixing 10 wt.% alginate and choosing the optimum percent- 2.6. Batch equilibrium adsorption experiments of

age of PVAL from step (1), following step (1) to prepare optimum beads for the soil leaching solution

immobilized beads and conduct adsorption experiments; (3)

adding different percentages (1-4 wt.%) of inactivated cells  Different amounts (0.1, 0.2, and 0.3 g) of optimum beads
of S. pombe 806r S. pombe ATCC 24#gefore blending or  were added to 50 ml of the soil leaching solution containing
cross-linking, choosing the optimum percentages of PVAL Cd?* to investigate experiments of batch equilibrium adsorp-
and chitosan from above steps, following step (1) to pre- tion at the optimum adsorption conditions (pH in the agueous
pare immobilizedpombebeads and to conduct adsorption solution and agitation rate) and then a sample was taken at
experiments for those beads at the optimum pH and agita-every 3 min until equilibrium adsorption. In this way, we as-
tion rate according to results of above steps. Therefore, thecertained what were the amount of beads required to reach the
optimum beads (blending or cross-linking, percentages of discharge standard concentration ofCih discharge waste
PVAL, chitosanS. pombe 806r S. pombe ATCC 24Yand water.
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3. Results and discussion ATCC 2476were 303 and 302K, respectively. In addition,
optimum culture time fos. pombe 80&ndS. pombe ATCC
3.1. Soail leaching 2476was 16 and 32 h, respectively. Furthermore, the opti-

mum pH for these tw@&accharomycetday between 5 and

There was little difference in effect between 0.1 and 0.5M 6.
CaCb used as a solvent on soil leaching at the conditions
(5000rpm, 1 h, and soil/solvent ratio of 1/2), since the ratio 3.3. Preparation of immobilized beads and their batch
of soil and solvent was too large to flow for the mixture of soil adsorption experiments/property tests
and solvent, then the collision frequency between functional
groups with negative charges of soil and®Cavas small, Fig. 1 shows the effect of pH on equilibrium adsorption
thus the cation exchange of €&or CE* was limited. So, of Cd®* onto 10g immobilized beads containing 10 wt.%
due to economical considerations, 0.1 M was chosen as thealginate as well as different percentages of PVAL and chi-
optimum CaCi concentration for soil leaching. In addition, tosan cross-linked by 0.5 M ECH at the adsorption conditions
the results of soil leaching show that the higher the agitation (400 rpm, 30 min, and 50 ml of the aqueous solution with the
rate, the shorter the leaching time, and that leaching time initial concentration of 100 mg CGd/l). It shows that equilib-
could be reduced to about 0.5 h when the agitation rate wasrium adsorption concentrations approximately increase with
set to 8000 rpm (the maximum agitation rate of the agitator). increasing pH of the solution except for the immobilized
Furthermore, they show that the higher the ratio of soil and beads (10wt.% alginat-2wt.% chitosa+5wt.% PVAL)
solvent, the higher the efficiency of soil leaching, and that at pH 6 due to higher wt.% of chitosan [because of the higher
the efficiency of soil leaching reached 95% when the ratio wt.% of chitosan, the more solidity of immobilized beads
of soil and solvent was 1/8 [due to the maximum capacity at higher pH (6), this phenomena is similar to that of the
(400 g of soil and 3200 g of Caghqueous solution) of the literature[5], and then the equilibrium adsorption concen-
mixer], the CaC concentration was 0.1 M, the value of pH tration decreases at pH 6]. The phenomena of equilibrium
was 3-9, leaching time was 0.5 h, and the agitation rate wasadsorption concentrations increasing with increasing pH of

8000 rpm. the solution might be explained because at lower pH, more
protons are available to amine groups of chitosan molecules to
3.2. Culture of Saccharomycetes form NHz* groups, then competition existed between protons

and Cd* for adsorption sites (Ngigroups) and adsorption
The optimum agitation rate was 200 rpm (the maximum capacity was decreased. At pH higher than 6, precipitation
agitation rate of low-temperature shaker incubator)$or  of cadmium hydroxide occurs, affecting adsorption ofCd
pombe 80&ndS. pombe ATCC 2478 his evidence proves  onto immobilized beads. Thus, the optimum pH for immo-
that these twdSaccharomyceteare aerobic fungi. The op-  bilized beads (an equal weight of 10 wt.% alginate, 1.5wt.%
timum culture temperatures f&. pombe 80&ndS. pombe chitosan, and 10wt.% PVAL cross-linked by 0.5M ECH)

10% Alg+1.5% chitosan+5% PVAL
10% Alg+1.5% chitosan+10% PVAL

5 0.50 5 10% Alg+2% chitosan+5% PVAL
S 1 ~ °
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Fig. 1. Effect of pH in the aqueous solution (50 ml and 100 mg*@on equilibrium adsorption of Gd onto 10 g beads cross-linked by 0.5 M ECH at the
adsorption conditions (400 rpm and 30 min).
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Fig. 2. Effect of agitation rates on adsorption ofZ€@nto 10 g beads cross-linked by 0.5 M ECH at the adsorption conditions (pH 6, 30 min and 50 ml of the
aqueous solution with the initial concentration of 100 mg- @i

with higher adsorption capacity was 6. The result is similar determined fronfrigs. 1-2and different percentages (1, 2, 3,
to that of the literaturg5] which has noted chitosan beads and 4 wt.%) ofS. pombe 806r S. pombe ATCC 24#§0ss-
with higher adsorption capacity at pH 3-6. linked by 0.5M ECH at the adsorption conditions (pH 6,
Fig. 2 shows effect of agitation rates on adsorption of 400 rpm, 30 min, and 50 ml of the aqueous solution with the
Cd?* onto 10g of immobilized beads containing 10wt.% initial concentration of 150 mg Cdl/l). It shows that for the
alginate as well as different percentages of PVAL and chi- same percentage 8iccharomyceteadsorption capacity of
tosan cross-linked by 0.5M ECH at the adsorption condi- immobilized beads containirg. pombe 80&re higher than
tions (pH 6, 30 min, and 50 ml of the aqueous solution with that of immobilized beads containir® pombe ATCC 2476
the initial concentration of 100 mg &tl). The adsorption and the higher the percentageSzfccharomycetethe higher
of Cd?* increases with agitation rates and attains a near con-the adsorption capacity. In addition, the percentage increase
stant value at 400—700 rpm for all immobilized beads and in the equilibrium adsorption concentrations for adding 1
thus an agitation rate of 400 rpm was chosen for economicaland 4 wt.% ofS. pombe 806 20 and 40%, respectively, so

reasons. the optimum percentage &. pombe 80&dded is 1wt.%
Fig. 3shows effect of percentages of tBaccharomycetes  taking economical factors into consideration.
on equilibrium adsorption of Gd onto 10 g of immobilized In addition, Fig. 4 shows that the higher the initial con-

beads containing optimum percentages (an equal weight ofcentration in the aqueous solution, the shorter the time to
10wt.% alginate, 1.5wt.% chitosan, and 10wt.% PVAL) reach equilibrium adsorption and the larger the amount of

—®— 0% ALG+1.5% Chitosan+10% PVAL+S.pombe806

066 o | —e®— 10% ALG+1.5% Chitosan+10% PVAL+S.pombe. ATCC 2476

24+

Equilibrium adsorption concentration (mgCd /g bead)

0.64 s
062
0.60 -
0.58 -
0.56 -
0.54

0.52 =

0.50 4

T
0.48 -

0 1 2 3 4
Percentage of Saccharomycetes (%)

Fig. 3. Effect of percentages &accharomycetesn equilibrium adsorption of Gd onto 10 g beads cross-linked by 0.5 M ECH at the adsorption conditions
(pH 6, 400 rpm, 30 min and 50 ml of the aqueous solution with the initial concentration of 150 #ifj)Cd
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150 et I containing 33wt.% of alginate (10wt.%), 33wt.% of chi-
”6_' B zmmému ! tosan (1.5wt.%), 33wt.% of PVAL (10wt.%), and 1wt.%
' 250 meCd™ 1| A4 4 fh—4—4—4—4 of S. pombe 806had the highest mechanical strength
05 . - (0.856 Nfum) whose property is optimum for reuse of cross-

B v/ / linked beads. Thus, these kinds of cross-linked beads were
0 I/ chosen as optimum beads.

, / The equilibrium adsorption behaviour can be described
/

with the Langmuir adsorption equation as

] 7. C C 1
0.2 =4 ()
a . X Xmax Xmaxb

014 i _/ whereCe is the equilibrium concentration of €tlin the solu-
;./_/ tion (mg/l), X is the amount of C# adsorbed per unit weight
0.0 4'/, , . : . : . : . , of optimum beads at the equilibrium concentration (mg/g),
0 10 20 30 40 50 Xmax S maximum adsorption at monolayer coverage (mg/g),
Agsorpon e min) andbis the Langmuir adsorption equilibrium constant (I/mg)
Fig. 4. Effect of adsorption time on adsorption ofZa@nto 10 g optimum and IS_ a measure of adsorption energy‘_
beads at the adsorption conditions (pH 6, 400rpm, and 50 ml of aqueous A linearized plot ofCe/X versusCe gives Xmax and b.
solutions with initial concentration of 150 mg &d, 200 mg Cd*/l, and Table 4shows computation results. It shows that the Lang-
250 mg Cd*/l). muir adsorption equation fitted well with equilibrium data
from experiments of batch kinetic adsorption (correlation co-
adsorbed C# before reaching equilibrium adsorption due to  efficientR2 > 0.999).
the higher collision frequency between®an the aqueous First-order adsorption and second-order adsorption ki-
solution and the Nk groups of chitosan in optimum beads, netic models were utilized to investigate experimental data
and that the maximum amounts of adsorbed'Gdter reach-  of batch kinetic adsorption and determine the mechanism of

ing equilibrium adsorption were almost the same in spite of adsorption. The first-order adsorption kinetic model is ex-
initial concentrations in the aqueous solution and equilibrium pressed as

adsorption time was about 30 min which confirmed adsorp-

tion time used before. log(ge — g) = l0g ge — (2)
Furthermore, fromTable 3 it found that mechanical 2.303

strength for beads cross-linked with 0.5M ECH is about whereqg is the amount of C& adsorbed on optimum beads

four times of that for blended beads and cross-linked beadsat equilibrium (mg/g)g is the amount of C&# adsorbed on

Adsorption concentration (mgCd*'/g bead)

k1t

Table 3
Mechanical strength N/m of beads blended and beads cross-linked with 0.5 M ECH
Composition (wt.%) of beads Immobilized methods
Beads blended Beads cross-linked with 0.5 M ECH

99 wt.% of alignate (10 wt.%o+ 1 wt.% of S. pombe 806 0.061
49.5wt.% of alignate (10 wt.%) +49.5wt.% of chitosan (1 wt24 wt.% of S. pombe 0.058 0.071

806
33wt.% of alignate (10wt.%)+33wt.% of chitosan (1wt.%)+33wt.% of PVAL 0.093 0.385

(5wt.%) + 1 wt.% of S. pombe 806
33wt.% of alignate (10wt.%)+33wt.% of chitosan (1wt.%)+33wt.% of PVAL 0.117 0.564

(10wt.%9 + 1 wt.% of S. pombe 806
33wt.% of alignate (10wt.%)+33wt.% of chitosan (1.5wt.%)+33wt.% of PVAL 0.131 0.703

(5wt.%) + 1 wt.% of S. pombe 806
33wt.% of alignate (10wt.%)+33wt.% of chitosan (1.5wt.%)+33wt.% of PVAL 0.188 0.856

(10wt.%9 + 1 wt.% of S. pombe 806
33wt.% of alignate (10wt.%)+33wt.% of chitosan (2wt.%)+33wt.% of PVAL 0.202 0.407

(5wt.%) + 1 wt.% ofS. pombe 806
Table 4
Parameters of the Langmuir adsorption equation
Composition (wt.%) of beads cross-linked with 0.5M ECH Parameters

Xmax (Mg/q) b (I/mg) R?

33 wt.% of alginate (10 wt.%) + 33 wt.% of chitosan (1.5 wt.%) + 33 wt.% of PVAL 231.48 1.18682 0.99976

(10wt.99 + 1 wt.% of S. pombe 806
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Table 5
Rate constants and change in Gibbs free energy of adsorption

13

Initial Cd2* concentration (mg/l) First-order reaction

Second-order reaction

Change in Gibbs free ex@fgkd/mol)

ki (min—1) R2 k2 (g/(mg min)) R2
150 0.140 0.823 0.031 0.139 —2.838
200 0.254 0.891 0.05 0.061 —0.668
250 0.282 0.893 0.09 0.144 —0.361

optimum beads at timg(mg/g) andk; is the rate constant of
first-order adsorption (mimt).

The slope €k1/2.303) of a plot of log ¢e — q) versust
was used to calculatdd. Table 5shows the results.

The second-order adsorption kinetic model is given as

1 t

de

q - kZCIe2

®3)

where ky is the rate constant of second-order adsorption
(9/(mg miny).

The slope and intercept of a plotf versust were used
to determineky. Table 5shows the results.

The thermodynamic propertyG° [change in Gibbs free
energy (J/mol)] was determined using the following equation.
Table 5shows the results.

AG® = —RT In K¢ (4)

whereKc is an equilibrium constanK = Cae/Ce), Cae IS
the amount of C#" adsorbed on optimum beads per volume
of the solution at equilibrium (mg/l)}Ce is the equilibrium
concentration of C# in the solution (mg/l)Ris an ideal gas
constant (8.314 J/(mol K)), ardis the temperature (K).
FromTable 5 we found that adsorption of Edonto op-
timum beads was a first-order (larger correlation coefficient)
and spontaneoug\G° < 0) reaction.

100 4

80

=)}
1

(mgCd2+/1 HCI)
S
1

20

Equilibrium desorption concentration

0

T T T
0.2

T T T T v T T T T
0.4 0.6 0.8 1.0 1.2
HCI concentration (M)

T T
-0.2 0.0

Fig. 5. Effect of HCI concentrations in 50 ml aqueous solutions on equilib-
rium desorption concentrations of &desorbed from 10 g optimum beads
at the desorption conditions (400 rpm and 1 h).

3.4. Batch equilibrium desorption of optimum beads

Desorption would help to recover €dfrom optimum
beads and regenerate the beads so that they can be used again.
Fig. 5shows that the higher the HCI concentration, the higher
the equilibrium desorption concentration except when HCI
concentrations were higher than 1 M due to the immobilized
chitosan (dissolved in 5wt.% acetic acid solutions) beads
which were destroyed at high HCI concentrations, and that
the equilibrium desorption concentration can reach a maxi-
mum of 90.27 mg C#/| HCI, when 1M HCI was used to
regenerate the beads, so 1 M HCl was chosen as the optimum
concentration for bead regeneration.

3.5. Efficiencies of batch equilibrium adsorption and
desorption experiments of optimum beads

FromFig. 6, we found that the adsorption efficiency was
still about 70% after six cycles of adsorption and desorption.
This could be explained by amine groups of chitosan in the
beads being destroyed gradually in each cycle, and a few of
the adsorbed Cd not being desorbed in the previous cycle
and still occupying adsorption sites. Thus, the amount of ad-
sorbed Cd&" in the next cycle decreased. In additiétig. 7
shows that the greater the cycle of adsorption and desorption,
the higher the desorption efficiency, and that the desorption

1054
I()()—- "
95
‘JU;
85
8(}—-

75 4

Adsorption efficiency (%)

70

65

60 T T T T T T T T 1
-1 0 1 2 3 4 5 6 7 8
Cycle of adsorption and desorption

Fig. 6. Effect of cycles of adsorption and desorption on adsorption efficien-
cies of Cd* onto 10 g optimum beads in 50 ml of the aqueous solution with
initial concentration of 150 mg Gd/l at optimum adsorption and desorp-
tion conditions [adsorption efficiency (%) = 18Q(initial Cd?* concentra-
tion in the aqueous solutioAresidual Cd* concentration in the aqueous
solution)/initial C#* concentration in the aqueous solution].
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Fig. 7. Effect of cycles of adsorption and desorption on desorption effi-
ciencies of C&* from 10g optimum beads in 50 ml of the aqueous solu-
tion at optimum adsorption and desorption conditions (desorption efficiency
(%) = 100x the ratio of the amount of desorbed Tcand the amount of
adsorbed C# in each cycle of adsorption and desorption).
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can decrease from 3.91 to 0.269 mg/l, which is below the
Cd?* discharge standard.

4. Conclusions

For soil leaching, the efficiency of soil leaching was up to
95% at soil/solvent=1/8, pH 3-9, 0.1 M CaCB000 rpm,
and 0.5 h. The optimum culture conditions f&rpombe 806
were at 200 rpm, 303K, 16 h, and pH 5-6. However, the op-
timum conditions forS. pombe ATCC 24A&ere 200 rpm,
302K, 32h, and pH 5-6. In addition, optimum beads con-
taining 33 wt.% of alginate (10 wt.%), 33wt.% of chitosan
(1.5wt.%), 33wt.% of PVAL (10wt.%), and 1wt.% @.
pombe 806were cross-linked by 0.5M ECH. The opti-
mum adsorption conditions for optimum beads were pH 6,
400 rpm, and 30 min. Furthermore, mechanical strength of

cross-linked beads was four times that of blended beads,
efficiency reached 92% after six cycles of adsorption and and optimum beads had the highest mechanical strength.
desorption. This could be explained by a few of the adsorbed Moreover, the Langmuir adsorption equation fitted well with
Cd?* not being desorbed in the previous cycle and still occu- equilibrium adsorption data and adsorption of2Canto
pying adsorption sites. Thus, the amount of adsorbett Cd  optimum beads was a first-order/spontaneous reaction. Be-
in the next cycle decreased. So the desorption efficiency in-sides, the desorption efficiency achieves 79% when 1M
creased with increasing the cycle of adsorption and desorp-HCI was used to regenerate the beads. The adsorption ef-
tion. Finally, from efficiencies of adsorption and desorption, ficiency was still as high as 70% after six cycles of ad-
we found that the reusability of optimum beads was feasible. sorption and desorption, so optimum beads were reusable.

3.6. Batch equilibrium adsorption experiments of
optimum beads for the soil leaching solution

From Fig. 8, it shows that the more beads that were
added to the soil leaching solution, the lower the residual
Cd?*concentration in the soil leaching solution was. The
residual Cd* concentrations in the soil leaching solution
decreased with time, when 0.3g of optimum beads were
added to the soil leaching solution, its €dconcentration

_ —m—(}.1g bead
4.04 ®—().2g bead
] 0.3g bead

Residual concentration (mgCd2H\I)

T T T T T T
0 5 10 15

Adsorption time (min)

T .
20 25

Fig.8. Effectofadsorptiontime onresidualin the soil leaching solution
with initial concentration of 3.91 mg G/l by adding different amounts of
optimum beads at the optimum adsorption conditions.

Finally, after treating the soil leaching solution with opti-
mum beads, its Cd concentration reached the discharge
standard.
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