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Abstract—In thiswork, biosorption of lead, copper and cadmium by waste brewery yeast has been studied. The ad-
sorption capecity for lead, copper and cadmium on the biomass increased with the increasing temperature and the max-
imum uptakes were 0.465 mmol Pb/g (96.4 mg/g), 0.769 mmolCu/g (48.9 mg/g) and 0.127 mmol Cd/g (14.3 mg/g) at
308 K. The Langmuir isotherm, favorable type, and the pseudo second-order kinetic model represent our experimen-
tal data very well. The heat of biosorption was evaluated from the Langmuir isotherm equation, and the biosorption

of lead, copper and cadmium was endothermic reaction.
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INTRODUCTION

Toxic heavy metds are rdeasad into the environment from anum-
ber of industries such as mining, plating, dyeing, automobile man-
ufacturing and metd processing. The presence of heavy metasin
the environment has led to a number of environmenta problems
In order to meet the water quality standards for most of countries,
the concentration of heavy metdsin wastewater must be controlled.
Conventiond physico-chemica trestment methods for removing
heavy metdsindude predipitation, filtration, oxidation-reduction, ion
exchange and membrane separation. However, when metals are
dissolved in huge volumes & reatively low concentration, these
methods become generdly ineffective or expensve [Aderhold et
d., 1996; Blanco & d., 1999; Lee and Suh, 2000; Ecdles, 1995].
Therefore, there is a need for the development of alow cost pro-
cessto remove heavy metds economically.

Biosorption is a process that utilizes biologicd materids as adsor-
bents and this method has been sudied by severd researchers as
an dternative technique to conventiond methods for heavy meta
removd from wastewater [Jeon et d., 2001; Saand Kutsal, 2001;
Volesky, 2001; Yu et d., 1999].

The binding mechanisms of heavy metds by biosorption could
be explained by the physica and chemical interactions between cdll
wadl ligands and adsorbates by ion exchange, complexation, coor-
dination and microprecipitation. The diffuson of the metd from
the bulk solution to active Stes of biosorbents occurs predominantly
by passive transport mechanisms [Veglio and Beolchini, 1997] and
various functiond groups such as carboxyl, hydroxyl, amino and
phogphate exigting on the cdl wall of biosorbents can bind the heavy
metds [Avery and Tobin, 1993]. Living or dead biomass can be
usad to remove metds, but maintaining aliving biomass during metd
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biosorption is difficult because it requires a continuous supply of
nutrients and toxicity of meta for microorganiam might take place.
On the other hand, the use of dead biomass can avoid these prob-
lems and the used cdls can be easily regenerated [Sudhaand Abra:
ham, 2001; Yan and Viraraghavan, 2001].

A variety of biomaterids such as bacteria, yeast, gae and fungi
have been successfully used as biosorbents for the remova of heavy
metas [Kapoor and Viraraghavan, 1995; Volesky, 1994). Baley &
d. [1999] defined alow cost sorbent as one thet is dundant in na:
ture, or is a by-product or waste materid from indudtries such as
breweries and dairy products. The yeest has been studied by many
investigators as a biosorbent since it can be obtained without addi-
tiond cod or eadly cultivated in subgtantid amounts usng Smple
fermentation techniques and inexpensive growth media [Aksu and
Donmez, 2003; Avery and Tobin, 1992; Janlon, 2002; Marques et
a., 1999].

In this work, the waste brewery yeast was obtained from a fer-
mentation process of a brewery plant, and the biosorption of lead,
copper and cadmium was sudied in a batch reector with respect to
the pH, initid meta concentration and temperature. Biosorption
equilibria and kinetics over the temperature range of 288-308 K
were investigated and the biosorption heet was evaluated.

MATERIALSAND METHODS

1. Preparation of Biosorbent

The biomass, collected from a brewery plant, was washed sev-
erd times with digtilled water, and then dried in a vacuum drying
oven a 80 °C for 48 h. The dried biomass was grounded with amor-
tar and pestle. The particles were separated by using a US standard
teging Seve (No. 100~No. 200) and sored in a seded bottle with
adlicagd to prevent reedsorption of moisture.
2. Biosorption Equilibrium

Heavy metd solutionswere prepared by dissolving metdl nitretes
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(PB(NQ5),, CuNQ,),-3H,0, Cd(NO,),-4H,0), in didtilled water. The
mixture containing 0.1 g of biosorbent and 100 ml of metd nitrate
solution was agitated on a shaking incubator a 150 rpm for 24 hin
300 mL an Erlenmayer flask. The pH of solution (initid metd con-
centration of 200 mg/L) was adjusted between 2.5 and 6.0 with 1N
HNO, and 1N NaOH, and the temperature was adjusted between
288K and 308 K. The heavy metd concentration was varied over
the range of 0.1-5.0 mmol/L. After equilibrium experiments, the
biosorbent was separated from the solution by centrifugation for
10min at 10,000 rpm and then the residud metal concentration in
the solution was andyzed by |CP (Leaman 010-2106). The amounts
of lead, copper and cadmium adsorbed onto the biomass at equi-
librium were calculated from the following mass balance equation:

q=(C~Cry @

Here q is the equilibrium amount adsorbed on the biomass (mol/
kg), C isthe initid concentration of bulk fluid (mol/m?®), C isthe
equilibrium concentration of the solution (mol/m?), V is the val-
ume of solution (M°), and W isthe weight of biomass (kg).
3. Biosorption Kinetics

Biosorbent, 0.2 g, was sugpended in 200 ml of metdl nitrate solu-
tion and initid meta concentration was varied over the range 10-
200mg/L. For kinetic experiments, four different biosorbent con-
centretions varying between 05-4.0g/L & an initid heavy metd
concentration of 100 mg/L were used. The pH and agitation Soeed
of this experiment were the same as those for equilibrium study.
Samples were withdrawn & pre-determined time intervas, centri-
fuged and then andyzed for residua metd concentration.

RESULTSAND DISCUSSION

1. Effect of pH
The biosorption capedities of lead, copper and cadmium on vari-
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Fig. 1. Effect of initial pH on the biosor ption capacity (Co: 200 mg/
L, biomassconc.: 1g/L, 150 rpm, 25°C).
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ous pH vaues are shown in Fig. 1. The experiments were not con-
ducted above pH 6.0 (5.0 for Pb) to avoid possible hydroxide pre-
cipitation. The biosorption capacity increased with increasing pH
and the effect of pH wasin the order of Pb>Cu>Cd. The effect of
pH on the biosorption capacity can be interpreted by the competi-
tion of the hydronium ions[H,O"] and metd ionsfor binding sites.
At low pH vaues, theligands on the cdll are dosdy associated with
the hydronium ions, but when the pH is increased, the hydronium
ions are gradudly dissociated and the positively charged metd ions
are associated with the free binding Sites. Similar findings were re-
ported by other reseerchers[Bengudlaand Benaissa, 2002, Esposito
etd., 2002; Yang and Volesky, 1999].
2. Biosorption Equilibrium

Adsorption isotherms are very important for the design of an ad-
sorption-basad process design. In this sudy, the Langmuir isotherm
mode was used to correate our experimentd equilibrium data. The
Langmuir equations have two parametersin Eq. (2).

_ gube.
971+ be.

Tofind the parameters for adsorption isotherm equigtion, the lineer
least squares method and the pettern search dgorithm (NMEAD)
were used. The vaue of the mean percentage error, obtained from
Eq. (3), has been used as a tet criterion for the fit of the corrda
tion.

@
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The parameters and the average percent differences between the
mesasured and caculated values are given in Table 1. The equilib-
rium adsorption data for lead, copper and cadmium at four differ-
ent temperature are shown in Fgs. 2-4 dong with the Langmuir
isotherm eqution. As can be seen in this figures, the equilibrium
isotherm was favorable type and the Langmuir equation represents
our experimenta data very well. The applicability of the Langmuir
isotherm indicates good monolayer coverage of the metd ions on
the surface of the biomass. The adsorption capacity for leed, copper
and cadmium increased with increasing temperature and the maxi-
mum uptakes were 0.465 mmoal Pb/g (96.4 mg/g), 0.769 mmol Cu/

Table 1. Adsorption equilibrium parameters of lead, cadmium

and copper
Heavy Porameters Temperature
metal 288K 298K 303K 308K
Lead O 0.358 0422 0.442 0.465
b 4.27 9.87 11.31 1240
error (%) 6.36 7.99 6.70 1.10
Copper Om 0608 0707 0.754 0.769
b 1.76 321 3.55 4.16
error (%) 6.18 3.95 6.73 8.03
Cadmium O 0104 0107 0125 0127
b 174 3.15 5.62 6.61
error (%) 6.45 6.50 4.84 6.78
Error(%) =£Q(-)§N‘,[9—P——q“ — ﬂ
N &1 Clexp.k
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Fig. 2. Adsorption equilibrium isotherm of lead (pH 5.0).
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Fig. 3. Adsorption equilibrium isotherm of copper (pH 5.5).

g (489 mg/g) and 0.127 mmolCd/g (14.3 mg/g) a 308 K.
3. Heat of Adsorption

The hegt of adsorption can be caculated by using the Langmuir
parameter, b, and this parameter can be expressed as a function of
temperaure by the following Arrheniustype rdaionship:

b :boexp[—é—ﬁ )

where by, isacongtant, AH (kcal/mal) isthe heat of adsorption, R is
auniversa gas congant and T is the absolute temperature (K). If b
vaues are known for various temperatures, the heet of adsorption can
be celculated from the plots of log b versus /T [Ozer and Ozer, 2003)].
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Fig. 4. Adsor ption equilibrium isotherm of cadmium (pH 5.5).
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Fig. 5. Variation of the Langmuir congant (b) with temperature.

Table 2. Thevaluesaf biosor ption heat for lead, cadmium and cop-
per and regression coefficients

Heavy metal Biosorption heat (kcal/mal) R?

Lead 4.06 0.92
Copper 3.30 0.96
Cadmium 5.35 0.97

The variation of b with temperature is shown in FHg. 5, and the
biosorption heets and regression coefficients obtained are summa-
rizedin Table 2. Asshown in Table 2, the biosorption hests for lead,
copper and cadmium are 4.06, 3.30 and 5.35 ke -mal™, respec-

Korean J. Chem. Eng.(Val. 22, No. 1)
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tively. The vaues of biosorption hegt for the three heavy metas
show that the reection is endothermic. Nakgiima et d. [1982] dso
reported thet the biosorption of uranium by polyacrylamide-immo-
bilized S viridochromogenes and C. regularis was an endathermic
reaction and Smilar results were reported for biosorption of cad-
mium and lead by spent grain [Low et d., 2000].

In generd, the heat of physcd adsorption isno morethan 1 ked -
mol™, and that of chemica adsorption is 20-50 ked ‘mol~* [Smith,
1981]. Sncethe heets of adsorption for the heavy metds of our study
are 3.3-5.4ked -mal™, we bdieve that bath physical and chemical
adsorptions areinvolved in the biosorption. Seg [1993] dso reported
that the adsorption hegts for the biosorption of Po(ll) ions on Z rami-
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Fig. 6. Biosorption capacity of lead for different mental concen-
tration (pH 5.0).
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Fig. 7. Biosorption capacity of copper for different metal concen-
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gera and Ni(ll) ions on R arrhizus have vaues between physica
adsorption and chemical adsorption.
4. Kinetic Studies

The effects of initid metd concentration (10, 50, 100, 200 my/
L) and biosorbent concentration (0.5, 1.0, 2.0, 4.0g/L) on the ad-
sorption kinetics of heavy metds are sudied. Figs 6-8 show the
amounts of the metd adsorbed onto biosorbent, biosorption capac-
ity, with reection time for different metd concentration. The adsorp-
tion capadities of lead and copper increased repidly in the beginning
of the reaction and reached equilibrium in about 60 min, but thet of
cadmium reeched at equilibrium in about 120 min. The figuresdso
show that the adsorption capacities of lead, copper and cadmium

Biosorption capacity (mg Cd/g biosorbent)

° 10 mg/L
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v 100 mg/L
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2 B
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Fig. 8. Biosorption capadity of cadmium for different metal con-
centration (pH 5.5).
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Fig. 9. Biosorption capacity of lead for different biosorbent con-
centration (pH 5.0).
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Fig. 10. Biosor ption capacity of copper for different biosorbent
concentration (pH 5.5).

increased with increesing initia metal concentration.

Figs 9-11 show the variation of biosorption cagpecity for differ-
ent biosorbent concentration. As shown in Figs. 9-10, the biosorp-
tion capacity profiles of lead and copper are very Smilar and the
cgpaditiesincrease rgpidly in the beginning of the reection. The bio-
sorption capacities of lead and copper for higher biomass concen-
trations (2 and 4 g/L) reach equilibrium within 20 min, but more
than 60 min was required to reach equilibrium capecities for lower
biomass concentrations (0.5 and 1 g/L). Although the biosorption
capecity profiles of lead and copper are very smilar, the capacity
of lead was subgtantidly higher than that for copper. As for cad-
mium, Fg. 11, the profile as wel as biosorption capacity are very
different--longer time to reach equilibrium and much lower biosorp-
tion capecity.

In order to andyze the hiosorption kinetics of lead, copper and
cadmium, the pseudo firg-order and second-order kinetic models

12

Biosorption capacity (mg Cd/g biosorbent)

0 50 100 150 200

t (min)

Fig. 11. Biosorption capacity of cadmium for different biosorbent
concentration (pH 5.5).

were gpplied to the experimentd data
The pseudo firg-order rate expression of Lagergren [1898] can
be expressed as.

10g(0eq ) =Iogqeq—2—'§';5—‘},)t ®
where, g, and g are the amounts (mg/g) of adsorbed metal on the
biosorbent &t equilibrium and at time't, respectivey. k, 4 istherate
congant (L/min). If Eq. (5) is gpplicable, the adsorption rate is the
pseudo firg-order reaction, and the rate congtant k; .4 can be ob-
tained from the dope of the plot of log(0,— ) against t.

The pseudo second-order rate equation [Ho and Mckay, 1998]
can be expressed as:

t 1 1
= +—=t 6
O KpaaOpg Oea ©

Table 3. Comparison of thefirst-order and second-order rate constantsfor different initial metal concentration

Heavy Initial First-order kinetic model Second-order kinetic model O, 0
metal concentration K, ,,x102(minY) g, (Mg/g) K,x102(@mg’min?) g, (mglg) R (Mg/g)
Lead 10 mg/L 3.96 653 0974 0.93 804 0995 744
50 mg/L 477 1796  0.956 057 3497 0999 3382

100 mg/L 493 4405 0983 0.19 6410 0998 6054

200 mg/L 5.87 61.04 0988 0.17 7874 0998 74.86

Copper 10 mg/L 375 183  0.859 5.81 732 0999 722
50 mg/L 3.94 773 0963 1.45 2326 0998 22.83

100 mg/L 4.24 2012 0991 0.53 3571 0999 3452

200 mg/L 433 2358  0.993 0.42 4202 0997 4058

Cadmium 10 mg/L 1.66 155 0984 2.94 237 0995 237
50 mg/L 2.10 511  0.991 0.61 648 0994 590

100 mg/L 2.28 763 0978 0.41 951 0991 847

200 mg/L 233 847  0.982 0.40 1149 0993 10.25

Korean J. Chem. Eng.(Val. 22, No. 1)



9% T-Y.Kimetd.

wherek, ,, is the rate congant of pseudo second-order kinetic mod- the dope and intercept of the plot.
d (g/mg-min). If Eg. (6) isgpplicable, the plot of t/g ageingt t should The values of model parameters K 4, Ko 0 O @00 correlation
give alinear relaionship, and g, and k; ., can be determined from coefficients (R?) are obtained and presented in Tables3 and 4. As

Table 4. Comparison of thefirst-order and second-order rate constantsfor different biosorbent concentration

Heavy Initial First-order kinetic model Second-order kinetic model Oeg, o0
metal concentration K, . x102(min) q,(mg/lg) R®  K,,x10?(@mg'min?) q,(mglg) R (MJQ)
Lead 05g/L 5.09 48.38 0.992 0.19 71.94 0994 6850
10¢g/L 493 44,05 0.991 0.19 64.10 0992 6054
20g/L 3.98 24.87 0.980 0.68 43.29 0995 4330
409/L 3.52 9.94 0.984 0.4 23.70 0998 2311
Copper 05g/L 431 24.07 0.987 0.39 38.91 0994 37.36
10gL 4.24 20.12 0.983 0.47 35.84 0999 3452
20g/L 3.45 12.58 0.973 0.69 27.55 099 26.74
409g/L 3.36 9.56 0.965 0.86 20.49 0998 19.83
Cadmium 05g/L 2.37 9.62 0.889 0.33 11.83 0987 1052
10¢gL 2.28 7.63 0.905 0.40 9.51 0.990 8.47
20g/L 191 5.28 0.916 0.53 7.22 0.985 6.41
409/L 113 3.85 0.8%4 0.59 5.73 0.957 5.24
30
® 10mg/L (A)
25 ] o 50mg/L
v 100 mg/L
v 200 mg/L

t/q (min g mg'l)

0 50 100 150 200
t (min)
100 30
e 10mgL (B) e 10mglL ©)
0 50mglL o 50mg/L
v  100mgL 25{ v 100mg/L
801 v 200 mg/L v 200 mg/L
~ 60 ~
=1} =)
g £
o0 &n
£ £
£ £
£ 404 g
20 1
0 ; ‘ T
0 50 100 150 200 0 50 100 150 200
t (min) t (min)

Fig. 12. t/q vs. t plot for the second-order kinetic mode for different initial metal concentration. (A): lead, (B): cadmium, (C): copper.
January, 2005
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Fig. 13.t/q vs. t plot for the second-order kinetic model for different biosorbent concentration. (A): lead, (B): cadmium, (C): copper.

shown in these tables, the corrdaion coefficient for the second-
order rate equation is greater than 0.99 and subgtantialy higher than
thet for the first-order rate equation. And aso, the ¢, values cacu-
lated from the second order kinetic mode agree wel with the ex-
perimentd vaues Figs 12 and 13 show plots of the experimental
data and the second-order mode for initid metal concentration and
biosorbent concentration, repectively. These show tha the bio-
sorption of lead, copper and cadmium can be represented by the
pseudo second-order reaction.

CONCLUSIONS

In this study, the biosorption of leed, copper and cadmium was
investigated and the following conclusions can be drawn.

1. The uptake cgpacity of lead, copper and cadmium increased
withincreasing initid metal concentration and decressed with increes:
ing biosorbent concentration.

2. The uptake capacity increased with increasing pH and was
maximum a pH 5.0 (for Pb) and 5.5 (for Cu and Cd). The metd
uptake capacities and the effect of pH were in the order of lead>

copper>cadmium, and the maximum metd uptekeswere 96.4 mgPy/
0, 48.9 mgCu/g and 14.3 mgCd/g, repectively.

3. The biosorption isotherm was well described by Langmuir
modd of favorable type, and the pseudo second-order kinetic model
represented the experimentd datavery well.

4. The biosorption of the heavy metds was endothermic reac-
tion, and the heats of reaction were 4.06, 3.30 and 5.35 kcd -mol™
for lead, copper and cadmium, respectively.
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NOMENCLATURE

C. :equilibrium adsorbates concentration in the liquid phase
[mmol/L]
Ky : rate congtant of first-order biosorption [min™]
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98 T-Y.Kimetd.

K, . : rate constant of second-order biosorption [g mg™ min™]
g :adsorbative capacity per unit mass of adsorbent [mmol/g]
On : Langmuir constant [-]
Oy, - adsorbed amount on the biosorbent at equilibrium [mg/g]
: adsorbed amount on the biosorbent at timet [mg/g]
: correlation coefficient [-]
:volume of liquid [L]
H : hesat of adsorption [kcal/mol]
: universal gas constant [cal/mol K]
: absolute temperature [K]
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