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Abstract

The paper presents results of studies carried out on sorption of Cr(lll) ions from aqueous solutions by eggshells as a low-cost sorbent.
It was found that crushed eggshells posses relatively high sorption capacity, when comparing with other sorbents, that was evaluated as
21-160mg/g. The effect of process parameters: pH, temperature, initial concentration of Cr(Ill) ions on the process kinetics was studied.
It was found that the equilibrium of the process was reached after 60 min. Also equilibrium studies were performed: the effect of sorbent
concentration and equilibrium Cr(lll) concentration was studied. The maximum experimentally determined sorption capacity 160 mg/g was
obtained at low sorbent concentration at@and pH 5. It was found that sorption capacity increased with the increase of Cr(l1l) concentration,
temperature and sorbent concentration. Mathematical models describing kinetics and equilibrium of sorption were proposed. The process
kinetics was described with pseudo-second-order pattern and equilibrium was described with Langmuir-type equation, and the influence of
sorbate concentration, with an empirical dependence. The models were positively verified. Eggshells were able to remove the concentration
of Cr(lll) ions below the acceptable level, i.e. at"4D) at the initial concentration of metal ions 100 mg/kg, at sorbent concentration 15 g/l.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction recently, biological sorbents are searched among waste ma-
terials from food and agricultural industry. These materials
The source of environmental pollution with heavy metals can be considered as low-cost sorbgBjs Bailey et al.[2]
is mainly industry, i.e. metallurgical, electroplating, metal reported the characteristics of low-cost sorbents: it should re-
finishing industries, tanneries, chemical manufacturing, mine quire little processing, should be abundant in nature or should
drainage and battery manufacturifitj. Recently, heavy = be a by-product or waste material from another industry.
metal ions removal from industrial waste streams became Low-cost sorbents cited by the authors include: bark, lignin,
particularly difficult due to implementation of more restrict chitin, seaweed, zeolite, clay, fly ash, peat moss, exhausted
law regulations that control the concentration of pollutants coffee, waste tea, orange peel, animal bdagswilliams et
in effluents discharged into waters and soil on the level lower al.[10] reported waste materials, including agricultural prod-
than 1 mg/kg. Traditional methods of metal ions removal ucts: wool, rice, straw, coconut husks to be used as low-cost
became inefficient in the removal of metal ions below this sorbents. If low-cost sorbents are used in wastewater treat-
concentration. Therefore, there is the need to search for othement process, the process cost would be significantly reduced
methods that would be efficient at low concentration of pollu- [11].
tants. Such a possibility offers a method that uses sorbents of In the present paper it is proposed to apply hen eggshells
biological origin[2—4] for the removal of toxic metals from  as low-cost biological sorbent of metal ions. In USA
dilute aqueous solutionl]. The most frequently studied annually 120,000 tones of waste eggshells is generated and
biosorbents are bactefta], fungi[6] and algaé7]. But more disposed in landfill§12]. The eggshell (which is almost
entirely disposed of as waste) is currently used as a source
* Tel.: +48 71 3203131 fax: +48 71 3203469. of calcium in animal feeds and human health supplements
E-mail addressk.chojnacka@ch.pwr.wroc.pl. (i.e. for osteoporosig)L3].

0304-3894/$ — see front matter © 2005 Elsevier B.V. All rights reserved.
doi:10.1016/j.jhazmat.2005.02.004



168 K. Chojnacka / Journal of Hazardous Materials B121 (2005) 167-173

of sorbent concentration, initial pH, and temperature on
Nomenclature process equilibrium were studied. Mathematical models
describing kinetics and statics of sorption were proposed.
b Langmuir sorption constant (kg/mg)
Ceq residual metal ion concentration at equilibrium
(mg/kg) 2. Materials and methods
Cs eggshells concentration (g/l)
Co initial metal ion concentration (mg/kg) 2.1. Sorbent preparation
d model parameter (Ed4)), sorbent concentra-
tion at which 0.8 is reached (g/l) Hen eggshells were collected from eggs from a grocery
K pseudo-second-order sorption rate constant shop. The eggshells were washed with tap water for several
(9/(mg min)) times and afterwards with redistilled water for three times.
q sorption capacity (mg/g) Then, they were transferred to the oven at8ao dry. The
Qeq sorption capacity at equilibrium (mg/qg) dried eggshells were crushed and milled. The average size of
Om Langmuir sorption constant (mg/g) eggshells was 100m. No storage problems were observed.
R? regression coefficient
T solution temperature’ €) 2.2. Batch sorption experiments

The experiments were performed in 250 ml Erlenmeyer
flasks containing 100ml of solution of chromium(lil)
About 85-95% of the dry eggshell is calcium carbonate, (Cr(NOs)3-9H20 from POCh Gliwice S.A., Poland) in ther-
1.4% magnesium carbonate, 0.76% phosphates, 4% organienostated water bath shaker at 150 rpm. pH of the solution was
matter [14]. Eggshell contains also traces of sodium, adjusted with 0.1 mol/dfsolution NaOH, with the precision
potassium, zinc, manganese, iron and copfis]. If of £0.05. The temperature was controlled with the precision
calcium from the shell is removed, the organic material is +1°C. In equilibrium experiments, the contact time was
left that possesses calcium (or other metal cation) binding evaluated from kinetic experiments as 120 min. Samples of
properties[16]. Since eggshell is composed mainly of sorbent suspension (5ml) were taken to determine residual
calcium carbonate, it should behave as known sorbents thatconcentration of chromium(lil) in the solution. Before anal-
contain this compound, i.e. calcite7], calcareous so|lL8]. ysis, samples were immediately filtered through No. 2 paper
Therefore, sorption by eggshells should occur mainly via filter.
exchange reaction and it should be possible to use it as a The concentration of chromium(lll) ions in the samples
new biological sorbent of metal ions. was determined by Inductively Coupled Plasma Spectrom-
The fundamental characteristics of a new biological etry ICP-AES plasma spectrometer (Philips Scientific PU
sorbent should include investigation of kinetics and statics 7000). pH measurements were conducted with Mettler
of sorption process. The study of sorption kinetics in Toledo MA235 pH/ion analyzer. The samples were analyzed
wastewater treatment is significant as it provides valuable in three repeats (the relative standard deviation of the
insights into the process mechanism. It is important to measurement did not differ from the acceptable for Certified
be able to predict the rate at which pollutant is removed Reference Materials).
from waste aqueous solutiofis9]. Equally important is to
study the process equilibrium. The equilibrium of sorbate
distribution between the sorbent and solution is important in 3. Results and discussion
determining the maximum sorption capacity. Both, kinetics
and statics of the process should be described with simple, The mechanism of sorption by eggshells has not been stud-
mathematical models to predict the efficiency of the processied in the literature. However, basing on studies performed
and to design wastewater treatment unit. for other sorbents of animal origin, i.e. animal bof@sthe
Inthe present work, a new biological sorbent —eggshells — process should depend on pH and temperature. Therefore,
was characterized and used in sorption of Cr(lll) ions (as ex- in the present work, the sorption of Cr(lll) ions to eggshells
ample cations) from aqueous solutions. Chromium(lll) is an was investigated as a function of initial pH, temperature, and
essential element, but its elevated concentrations in the envi-nitial Cr(Ill) concentration.
ronment are hazardous to fauna and f[@. The following
industries cause environmental emissions of chromium(lll): 3.1. Kinetic modelling
stainless steel production, leather tanning, metal plating,
chemicals production. In Poland, pollution with Cr(lll) is of Mathematical models that are used the most frequently to
particular concern. The effect of process parameters, such aslescribe kinetics of sorption in a free suspension in a well-
the concentration of Cr(lll) ions and initial pH, temperature, agitated batch system (so the effect of external film diffu-
biomass concentration, on process kinetics and the effectsion on the process rate can be ignored) are pseudo first- and
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?3/])1' The effect of pH on sorption kinetic€q 200 mg/kg, 20C, Cs Fig. 3. The effect of initial concentration of Cr(lll) ions in the solution on

sorption kinetics (20C, pH 5,Cs 5 g/l).

second-order equations, after the assumption that measured@able 1

metal concentrations are equal to cell surface Concentratlonsé comparison of second-order sorption rate constants at differenCpH (
) 00 mg/kg,T 20°C, Cs 5.0 g/l)

[21]. Pseudo-second-order rate modelis based onthe assump

tion that chemical sorption involving valency forces through pH Geq (M/9) k (g/(mg min)) i
sharing or exchange of electrons between sorbent and sorbaté i;-gg 8-8%3;2 8-2832
is the rate limiting step19]. 40.32 0.007300 0.9994

The experimental data of the process kinetics were fitted to
first, pseudo first- and pseudo-second-order kinetic equation
The highest average regression coefficieRfs{0.995) were

“Table 2
A comparison of second-order sorption rate constants at different tempera-

obtained for pseudo-second-order kinetic equation (E)). tures Co 200 mg/kg, pH 5.0Cs 5.0 g/l)
d g ) Temperature®C) Oeq (Mg/g) k (g/(mg min)) R?
o = Hdeq—a) 1) 20 40.32 0.007300 0.9994
30 35.84 0.002935 0.9936
and this model was further used to describe the process40 39.53 0.002139 0.9854
rate. Model parameters (determined by linearization) for ki- 0 30.03 0.005094 0.9935
20.24 0.04327 0.9958

netic experiments performed at different process parameters:
pH (3-5) Fig. 1), temperature (20-6) (Fig. 2 andCy
(100-300 mg/kg)Kig. 3) are presented iables 1-3 3.1.1. Effect of initial pH

pH is an important process parameter in sorption, since it
is responsible for protonation of metal binding sites, calcium
carbonate solubility and metal speciation in the solution. It
was found that Cr(lll) uptake by eggshells was a function
of solution pH. The effect of pH was studied at ZD at
initial Cr(lll) concentration 200 mg/kgHig. 1, Table 3. The
increase of pH resulted in increasekof

The rate of sorption at pH 5 was significantly higher than
at pH 3 and 4. The equilibrium sorption capacity was similar
at pH 4 and 5 and was lower at pH 3. This means that when
considering biosorption kinetics and equilibrium, it is the

q (mg/g)

= 20°C
. 30°C Table 3
. 40°C A comparison of second-order sorption rate constants at different initial
0 . 50°C Cr(Il) concentration T 20°C, pH 5.0,Cs 5.0 g/l)
0 B L 1. w0 20 . g% Co (Mg/kg) Geq (MY/g) k (g/(mg min)) R
t (min
(min) 100 21.60 0.009950 0.9986
200 40.32 0.007300 0.9994

(F:Igézdn;rhe effect of temperature on sorption kineti€s 200 mg/kg, pH 5, 300 56.50 0.002807 0.9985
S .
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Table 4

A comparison of the model sorption constants obtained for the equilibrium model proposed at different temperature€grid-pbig/l,Co 100-300 mg/kg)
Temperature®C) pH g experimental aCs=1 g/l dm (Ma/g) b (kg/mg) d(g/l) R2

20 5 1599 5028 0.3095 004914 0.9921
30 5 256 1420 0.01220 645 0.8931
40 5 573 11Q7 0.01030 ®815 0.8912
50 5 725 7778 0.02010 15583 0.8292
60 5 662 1533 0.4010 06565 0.9090
22 3 21 2272 0.09648 u21 0.7766
60 3 294 2215 0.3612 1316 0.9410

mostly advantageous to carry out biosorption at pH 5. The the increase of initial Cr(lll) concentratiomeq increased
effect of pH can be explained by ion-exchange mechanism of and k decreased linearly. Increaseggf with the increase
sorption in which the important role is played by carbonate of Cy was as expected (it was confirmed by equilibrium
groups that have cation-exchange properties. At lower pH, studies — isotherms), due to the increase of sorption surface
protons compete with metal ions for a binding site. At lower area, whereas the sorbed Cr(lll) ions quantity per unit
pH, the concentration of protons is higher, and thus more weight of eggshellsq) decreased by increasing eggshells
groups are bound with protons and therefore less groups isquantity. It was found, that increasing the initial sorbate
available to metal ions. concentration resulted in decrease of the rate of sorbate
In this study co-effect of pH and temperature was ob- sorption. At increased metal ions concentration in the
served. The strongest influence of temperature was observedolution, the diffusion of Cr(lll) ions in the boundary
at pH 5 than at pH 3Tables 1 and ¥ At pH 3 biosorption layer and thus resulted in slower diffusion in eggshell.
capacity was significantly lower than at pH 5. By considering At low initial metal ions concentration, sorption occurred
the mechanism of the process, including Cr(lll) ions binding faster due to larger difference in concentration between
to carbonate sites and the influence of pH on metal chemistryeggshells surface and the boundary layer or a strong driving
in the solution, at pH 3 the majority of sites were bound with force.
protons and were thus were not available to metal ions. This

effect was stronger than the effect of temperature. 3.2. Equilibrium modelling

3.1.2. Effect of temperature The most frequently used sorption equilibrium models
The effect of temperaturd~{g. 2, Table 9 was studied (isotherms) are Langmuir and Freundlich equations. In

in the temperature range 20-8D at pH 5,Cs 54/l, Co the case of eggshells, however it was found that models

200mg/kg. It was found thadeq decreased with increase describing sorption uptake as the function of only chromium
of temperature, which was probably related with increased concentration were not suitable, since it was found that the
solubility of chromium carbonate at higher temperatures. process equilibrium strongly depended on sorbent concen-
Eggshells are composed mainly of calcium carbonate, with tration igs. 4 and bthat had an impact on pH, solubility
some contribution of organic matter. Generally, carbonates
and organic matter constitute the skeleton of eggshells.
Calcium ions are bound via ion-exchange and can be thus
exchanged by other cations — in this case chromium ions. In
some cases, it is possible that chromium carbonate precip-

itates on the surface of eggshells. At elevated temperature, 40 .

the solubility of chromium increases, and thus biosorption _ s
capacity of eggshells decreases. The value of sorption rate"i".-, 30

constant slightly decreased between 202@0and above £

40°C increased. The increase was significant between 50 ]
and 60°C. This could be explained by dramatic changes in
the nature of the sorbent (i.e. denaturation of protein) at this

20

B Sl K L
temperature - e . 19l
e R e
3.1.3. Effect of initial Cr(Ill) concentration 0 s mggn
. . . . 0 50 100 150 200 250 300
In Fig. 3there is shown the effect of initial concentration o 159/l
Ceq (mg/kg)

of Cr(lll) ions on process kinetics. The data presented
are for ZCPC’_ pH 5,Cs 59/l and were described Wlth_the Fig. 4. Isotherms carried out for various sorbent concentrations°a 46H
model equation (Eq(l), Table 3. It was found that with 5.
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Fig. 5. The effect of initial Cr(lll) concentration on biosorption capacity at  Fig. 6. Three-dimensional sorption surface showing model prediction (con-
various sorbent concentrations at’ZQ pH 5. tinuous surface) and experimental data points for biosorption 2€2pH
5

of carbonates etc., since eggshells are composed mainly of
calcium carbonate, with some contribution of organic matter. at high equilibrium sorbate concentration and low sorbent
The equilibrium dependence between q &agat a given concentration.
Cs (Fig. 4 was described with Langmuir-type equation: Langmuir constant k) describes how steep is the
bCo isotherm, this is so-called the affinity of sorbent to sorbate.
geq(Ceq) = gm (H—bg) (2)  The higher value ofl is, the better affinity of sorbent to
d sorbate would bed is the concentration of sorbent at which
and the influence ofs (Fig. 5 was described with the fol-  4=0.5m. This means thadl describes the effect of sorbent

lowing dependence: concentration on sorption capacity. It was showed that at

low sorbent concentration higher sorption capacities are

4eq(CS) = gm (1 _ Cs ) ©) reached, at high sorbent concentration, low sorption capacity
d+Cs is obtained. Therefore, &s— 0, g— gm. At d— 0 at

whered is the sorbent concentration at which sorption capac- Cs— 00, g— 0, but aFd — 00, 4=(m In the whole range
ity is 0.50m. of sorbent concentration. Therefore, low values of d mean

that there is the strong influence of sorbent concentration on
sorption capacity, high values of d show that the influence
of sorbent concentration is the opposite.

By considering the model parameters of eggshells,

The following model, describing sorption capacity as the
function of equilibrium chromium(lil) concentration and sor-
bent concentration was proposed:

bCeq Cs the sorbent posseses the highest affinity to sorbate at the
Ceq, Cs) = —_— 1- 4
Cqu( eq s) f]m<1+bceq>< d+Cs (4)
The model parameters for sorption carried out at different 2
. . 501 e
pH and temperature were determined by nonlinear regres- e
sion (Mathematica v. 3)0and are presented ifable 4 The e

sample experimental results for sorption at@)pH 5 were
described with the model equatioRig. 6). The model fit-
ted the experimental data reasonably well, that was shown
in Fig. 7 that compares model values with experimentally
determined.

The proposed model consists of two equations: (1) the ef-

Py
o
N\

L]

q Predicted (mg/kg)
w
o

N

o

fect of equilibrium sorbate concentrati@@), (2) the effect of /' *
. . . . 10t
sorbent concentratio(8). The maximum sorption capacity P
that is possible to reach @z, (maximum biosorption capac- pd :
Ity) In Eq (2): qeq:qm at highCEQ1 in Eq (3)1 qeqzqm at OO 10 20 30 40 50

low Cs. This is achieved by the particular construction of the
equations: the termbCeq/ (1 4 bCeq)) — 1 WhenbCeq > 1,

the term 1 (Cs/(d + Cs)) — 1 whenCs — 0. Therefore, Fig. 7. Comparison of model predictions and experimental data for biosorp-
the maximum biosorption capacity of eggshells is reached tion at 20°C, pH 5.

Qeq Observed (mg/kg)
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temperature 20 and 6C at pH 5, and at 60C at pH 3. 4. Conclusions
The effect of sorbent concentration on sorption capacity at
pH 5 increases with temperature up to°&Dand afterwards Among various metal sorbents (including biosorbents), a
decreases, and at pH 3 is significantly higher at®@vhen particular attention is paid to the identification of those that
compared with 22C, pH 3 and 60C, pH 5. Therefore, are cost-effective. If a sorbent is low-cost or is even a waste
if we would like to work on high concentrations of the material, the process efficiency might be highly improved
sorbent (in order to reach the lowest possible concentra-by increasing the concentration of a sorbent. In this work,
tion of metal ions), it would be advantageous to work eggshells were identified as a promising biological sorbent,
at possible low values of parameter d, that is 202@0 since exhibited high sorption capacity. The present study
pH 5. showed that eggshells, a biological sorbent of animal origin,
The effect of sorbent concentration on biosorption canfindan application as biological sorbent of chromium(lil)
isotherm (eq=f(Ceg)) Was determined for sorbent con- ions from aqueous solutions. The experiments were carried
centration in the range 1-15g/l. However the effect of out only for Cr(lll) as an example of metal cation, but it is
sorbent concentration on biosorption capaciy € f(Cs)) supposed that eggshells would show similar sorption perfor-
at different initial Cr(lll) ions concentration was studied mance towards other cations, according to evaluated cation
for wider range of sorbent concentrations (0.1-25 g/l). The exchange capacity, that was evaluated as up to 4.4 meq/g.
lowest concentration of the biosorbent, the highest biosorp- However, in order to confirm this, it is necessary to perform
tion capacity (according to the formuda= (Co — C)/Cs), further investigations.
however at lowest concentration the sorbent, there is also The effect of process parameters: concentration of pH,
higher residual Cr(lll) ions concentration. Therefore, if temperature, sorbent and sorbate on the process kinetics
the objective is to achieve very low residual Cr(lll) ions and pH and temperature on process equilibrium were
concentration, it is necessary to work on high concentration studied. The uptake of chromium ions by eggshells, when
of the sorbent. At these conditions sorption capacity would the initial concentration of Cr(lll) was 100mg/kg and
be low. However, if the cost of the sorbent is not a problem sorbent concentration was 1 g/l atZD, pH 5 was evaluated
(just like in the case of eggshells), it would be advantageousas 15.2mg/g. Under these conditions, 15% of Cr(lll)
to perform the process at high sorbent concentrationsions were removed. Between 15 and 66% of Cr(lll) ions
in order to remove the highest possible quantities of were captured from the solution when the concentration
Cr(lll) ions. of the sorbent was 1 and 159/l at initial concentration
The uptake of Cr(lll) increased with increasing solution 100 mg/kg.
concentration and generally with decreasing sorbent concen- At low sorbent concentrations, high biosorption capacity
tration (Fig. 5). The maximum binding capacity of chromium  is obtained, but low quantities of Cr(lll) ions are removed
was ca. 70 mg/g were observed at final Cr(lll) solution in from the solution. At high sorbent concentration, sorption
the region 200 mg/kg and at sorbent concentration <1 g/l (for capacity is low, but larger quantities of metal ions are

sorption at 20C, pH 5). bound. Low concentrations of metal ions can be used for
It was observed that the maximum sorption capacity the treatment of low concentration, large volume effluents.
decreased with temperaturEig. 2, Table 4. The param- If treatment of concentrated effluents is planned, it is

eterd representing the effect of sorbent concentration on necessary to use higher concentrations of the sorbent. In
sorption capacity, increased with temperature up t6G0  this case sorbent will not be saturated with metal ions. The
and decreased at 6Q. It was found that the parameter studied sorbent was able to remove Cr(lll) to a level lower
describing the effect of sorbent concentration on sorption than permitted by environmental regulations, for instance
capacity was influenced by temperature, since i.e. moreat 40°C, Co 100 mg/kg,Cs 15 g/l. However, at 260C, Cqo
intense dissolution of carbonates from eggshells might 200 mg/kg, pH 5Cs 5 g/l, residual Cr(Ill) ions concentration
occur at higher temperatures. The confirmation of co-effect would be 70 mg/kg. Eggshells were found to be an efficient
of sorbent concentration and temperature is the fact thatsorbent with the maximum experimentally determined
equilibrium pH (at given initial pH) was the function of both  sorption capacity in the range 21-160mg/g depending
temperature and sorbent concentration. on pH and temperature. The maximum experimentally
Table 4shows maximum sorption capacity determined determined sorption capacity was obtained at°@Q
experimentally alCs 1 g/l and as model parameter. It was pH 5.
found that the maximum biosorption capacity was reached at ~ The process kinetics was found to follow pseudo-second-
the lowest possible sorbent concentration. The experimentalorder rate equation. The model fitted experimental data very
values are given for sorbent concentration 1 g/l, the model well. The process equilibrium was reached after 60 min. It
value gm should be reached &s — 0. Statistically signif- was found that the initial concentration of Cr(lll) ions resulted
icant correlation (=0.90,p<0.01) was observed between inincrease of equilibrium sorption capacity, similarly as tem-
these values. The parametgy was in general 2.6 times perature and pH. This effect on sorption rate constant was
higher thangeq values determined s 1 g/l sincegm was usually the opposite. It was found that the highest sorption
the model parameter estimatedGg— 0 andCeq— 0. capacities were reached at very low sorbent concentrations.
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The equilibrium sorption capacity was described as the [7] K. Chojnacka, A. Chojnacki, H. Grecka, Trace element removal by
function of equilibrium concentration of chromium(lll) Spirulina sp. from copper smelter and refinery effluents, Hydromet-
ions and sorbent concentration. The influence of sorbent __ alurgy 73 (1/2) (2004) 147-153. .

trati d ibed with L ir-t ti [8] F. Boukhlifi, A. Bencheikh, Characterization of natural biosorbents
concen .ra lon was described wi ar)gmw.r— ype Equa,lon used for the depollution of waste water, Ann. Chim.-Sci. Mat. 25
and the influence of sorbate concentration, with the empirical (2000) 153-160.
dependence. The model fitted experimental data reasonably[9] K. Chojnacka, Equilibrium and kinetic modelling of chromium(lil)
well. Model maximum sorption capacity was higher than sorption by animal bones, Chemosphere 59 (3) (2005) 315-320.

determined experimentally, although a strong correlation [10] C.J. Williams, D. Aderhold, R.G.J. Edyvean, Comparison between
betw th | b d biosorbents for the removal of metal ions from aqueous solutions,
etween these values was observed. Water Res. 32 (1) (1998) 216224,

Sorption performance of Cr(lll) by eggshells was com- [11] 3.z, xie, C. Hsiao-Lung, J.J. Kilbane, Removal and recovery of metal
pared with other sorbents. It was found that its biosorption ions from wastewater using biosorbents and chemically modified
capacity was two times higher than activated carf##], biosorbents, Bioresour. Technol. 57 (2) (1996) 127-136.
comparable with animal bong8], two times lower than [12] Anonymous, Valuable raw materials extracted from egg shells, Food

- . . Eng. Int. 25 (2) (2000) 45-48.
blue-green algapirulinasp.[23]. Since the mechanism of [13] C. Davis, R. Reeves, High value opportunities from the chicken

biosorption by eggshells is probably ion-exchange to carbon- egg, A Report for the Rural Industries Research and Development

ate groups, it is expected that binding capability of other met- Corporation, 2002.
als could be of similar magnitude. However, it is necessary [14] A. Schaafsma, |. Pakan, G.J.H. Hofstede, F.A.J. Muskiet, E. Van
to perform further investigations to confirm this hypothesis. Der Veer, P.J.F. De Vries, Mineral, amino acid, and hormonal com-

position of chicken eggshell powder and the evaluation of its use in
human nutrition, Poultry Sci. 79 (2000) 1833-1838.

[15] W. Daengprok, W. Garnjanagoonchorn, Y. Mine, Fermented pork
sausage fortified with commercial or hen eggshell calcium lactate,
Meat Sci. 62 (2) (2002) 199-204.
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