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Abstract

The study reports removal of heavy metals when present singly or in binary and ternary systems by the milling agr@castar@ntinum
(chickpea var. black gram) as the biosorbent. The biosorbent removed heavy metal ions efficiently from aqueous solutions with the selectivity
order of Pb>Cd >Zn > Cu > Ni. The biosorption of metal ions by black gram husk (BGH) increased as the initial metal concentration increased.
Biosorption equilibrium was established within 30 min, which was well described by the Langmuir and Freundlich adsorption isotherms.
The maximum amount of heavy metatg,§,) adsorbed at equilibrium was 49.97, 39.99, 33.81, 25.73 and 19.56 mg/g BGH biomass for Pb,
Cd, Zn, Cu and Ni, respectively. The biosorption capacities were found to be pH dependent and the maximum adsorption occurred at the
solution pH 5. Efficiency of the biosorbent to remove Pb from binary and ternary solutions with Cd, Cu, Ni and Zn was the same level as it
was when present singly. The presence of Pb in the binary and ternary solutions also did not significantly affect the sorption of other metals.
Breakthrough curves for continuous removal of Pb from single, binary and ternary metal solutions are reported for inlet-effluent equilibrium.
Complete desorption of Pb and other metals in single and multimetal solutions was achieved with 0.1 M HCI in both shake flask and fixed
bed column studies. This is the first report of removal of the highly toxic Pb, Cd, and other heavy metals in binary and ternary systems based
on the biosorption by an agrowaste. The potential of application for the treatment of solutions containing these heavy metals in multimetal
solutions is indicated.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction of 1-100 mg/I[3-5]. Some of these methods, furthermore,
generate toxic sludgg], the disposal of which is an addi-

Industrial effluents loaded with heavy metals are a cause oftional burden on the techno-economic feasibility of treatment
hazard to humans and other forms of life. The environmental procedures. These constraints have caused the search for al-
impact due to their toxicity has led to the enforcement of strin- ternative technologies for metal sequestering to cost-effective
gent standards for the maximum allowable limits of their dis- environmentally acceptable levels. The ability of biological
charge into open landscapes and water bddieguthorities materials to adsorb metal ions has received considerable at-
enforcing these standards further require the treatment pro-tention for the development of an efficient, clean and cheap
cedures to be environment friendB]. Conventional meth-  technology for wastewater treatment at metal concentrations
ods for the removal of heavy metals from wastewaters, how- as low as 1 mg/[7]. Several materials in the categories of
ever, are often cost prohibitive having inadequate efficien- microbial biomass and plant wastes have been successfully
cies at low metal concentrations, particularly in the range used for metal biosorptiof8—10].

Whereas numerous studies have reported the biosorption
of metals by materials of diverse biological origin, these have

* Corresponding author. Tel.: +92 42 9230688; fax: +92 42 9230705. . T . . .
remained limited to single species of heavy metal ions and
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very little information is available for two and multimetal 2. Materials and methods

biosorption systemfgl1,12] Wastewaters, however, contain

multiple metals, which are likely to cause interactive effects 2.1. Adsorbent material

depending on the number of metals competing for binding

sites, the combination of these metals, levels of initial metal ~ Black gram husk (BGH) was used for the metal biosorp-

concentrations, the equilibrium steady state concentrationtion studies. Black gram, also called Bengal gram or com-

of different metal ion species, limitations presented by the mon gram, a variety o€. arientinumLinn (Family: Legu-

binding sites, and the nature and quantity of the biosorbentminosae), is distinguishable from the more common white

biomasg7,13]. Among the few multimetal biosorption sys- variety chickpea (Spanish: garbanzo) by its smaller size and

tems investigated are the removal of Ni and Cr by cyanobac- coffee-black husk. BGH is the seed coat comprising testa and

terium Microcystis[14]; Cd, Cu and Zn by seawee¥sco- tegumen, which is generated as a waste of no utility during

phyllum[7]; Ni and Cu bySphagnummoss peafl5]; Cu, the seed-splitting milling process. Proximate composition,

Cr, Fe, Ni, and Pb by funguRhizopug12,16] Cu and Cd lignocellulosic constituents of the crude fibre fraction, and

by bacteriumArthrobacter[17]; Cd, Pb and Zn by bacterium  particle size profile of BGH are given ifable 1to indicate

Alteromonag18]; Cd and Cu by alg&ostoc[19]; and Cd, general physico-chemical nature of the adsorbent. The com-

Cu and Ni by pine barkL1]. The biological materials usedin  posite mixture of all particle sizes of BGH, as generated after

most of these studies were of microbiological origin, which milling, was used since an earlier study showed no signif-

inevitably add to the cost and complexity of biosorption pro- icant difference in the biosorption of Cd by the composite

cedures. No study has yet been carried out on the removal ofmixture in comparison with individual fractions of different

metals by agrowastes in multimetal solutions, although sev- particle size48]. BGH was thoroughly washed for 2—-3 h in

eral materials have been reported to efficiently biosorb them running tap water followed by boiling in double distilled wa-

from single metal solution8]. Most of the multimetal sorp-  ter, changed repeatedly, till water was clear of all colouration.

tion studies, furthermore, were done in shake flasks, which The washed and boiled BGH was then oven dried &30

cannot be extrapolated for designing an operational technol-for 24 h and kept stored in desiccator till use. Quantity of

ogy without the data obtained from a continuous flow system. the BGH biomass was varied, as respectively mentioned for
Validity of the phenomenon of metal biosorption by a va- different investigations.

riety of biological materials is sufficiently established. Atten-

tion now needs to be focused on the search of cheaper and.2. Metal solutions

more efficient biosorbents capable of binding toxic metals

from multimetal solutions in a continuous flow system. Husk  Atomic absorption spectroscopy grade metal solutions of

of black gram Cicer arientinum) has been recently reported Cd, Cu, Ni, Pb and Zn (nitrate salts in 0.5 mol/l Hy)@on-

to remove 100% Cd from 10 mg/l solution within 30 min and centration 100@& 2 mg/l (Merck), were diluted in ion-free

regenerating completely by desorbing 99.9% of the adsorbeddouble distilled water to the desired metal concentration. Ad-

metal [20]. Similar efficiencies were noted when Cd solu- sorption was investigated from single metal solutions, from

tion was passed in a continuous flow system through a fixed binary solutions containing Pb and another metal in differ-

bed column packed with the husk. The agrowaste is availableent combinations, and Pb with Cd + Cu and Pb with Ni+Zn

at no cost. These are sufficient indicators for developing a in ternary solutions. The solution pH was adjusted to 5, or

cheap and efficient procedure for the treatment of wastewa-as stated otherwise, with 0.1 M HCI or 0.1 M NaOH. Fresh

ter, containing several metals. Biosorption efficiency of the dilutions were made for each study.

agrowaste is presently reported for the removal of Cd, Cu,

Ni, Pb and Zn in single metal solutions, and different com- 2.3. Metal analysis

binations of Pb and Cd, two of the three most toxic metals,

in binary and ternary solutions in batch and continuous flow  Concentration of each metal, remaining in solution as

fixed bed column reactor. the residual metal after adsorption, was determined us-
Table 1

Proximate composition, crude fibre composition, and the particle size profile of black gram husk (consolidated from publisf&adata:

Proximate composition Composition of crude fibre Particle size fraction

Contituents % Constituents % Sieve size % by weight
Protein 332 Cellulose 69.0 <4 a7

Fat Q70 Hemicellulose 11.98 4 143

Crude fibre 5190 Lignin 19.14 5 2746

Ash 493 7 3374

Moisture 1550 8 1160
Nitrogen-free extract (by difference) 3% 12 444

British standard sieves of mesh size <4, 4, 5, 7, 8, and 12 with aperture size of >4, 4, 3.35, 2.8, 2.0, and 1.4 mm, respectively.
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ing atomic absorption spectrophotometer (UNICAM-969). shaken at 150 rpm for 30 min at 252 °C. The flask contents

Analyses were done on triplicate samples. Controls com- were centrifuged to remove BGH and the residual content of

prised of adsorbent in double distilled water blank and Pb, Cu, Cd, Ni, Zn in the supernatant was determined. The

adsorbent-free metal solutions. Analytical values were sta- metal-loaded BGH-pack in fixed bed column was desorbed

tistically analysed according to Duncan’s multiple range test. by passing 0.1 M HCI through the same BGH-packed column
used for the removal of Pb from single, binary and ternary

2.4. Shake flask biosorption metal solutions in the upward direction at the flow rate of
5 ml/min. Effluent from the column was manually collected

Batch biosorption assays were carried outin 250 ml Erlen- after every 20 ml desorbent HCI passed. Each fraction was

meyer flasks by transferring 100 ml of 10 mg/I single metal analysed for Pb content.

solutions and 1g BGH. The flasks were tightly stoppered

and the BGH—metal solution suspension was shaken on or-2.7. Adsorption isotherms

bital shaker for 60 min at 150 rpm at 252°C followed by

centrifugation at 5000 rpm for 5min to separate BGH from Langmuir and Freundlich isotherms were used to anal-

the metal solution. The supernatant was analysed for residualyse the biosorption data. The Langmuir isotherms model is

metals from which the quantity of metal biosorbed by BGH valid for monolayer adsorption on to surface containing finite

was computed. For the determination of rate of biosorption number of identical sorption sites which is described by the

and the biosorption equilibrium time, the residual metalinthe following equation:

supernatant was determined by allowing BGH—metal contact bC

for different periods between 5 and 60 min. The BGH-metal Geq= gmax®®eq (1)

sorption suspension was equilibrated at different pH values 14 bCeq

of 2-7 for determining the effect of pH on biosorption. For wheregeqandgmaxare the observed and maximum uptake ca-
the adsorption isotherm studies, metal concentrations usegyacities (mg/g biosorbent), respectiveBs, the equilibrium

for biosorption by BGH were 10-800mg/l. For studies on  concentration (mg/l solutioniithe equilibrium constant. The
metal biosorption by BGH from binary and ternary solutions, | angmuir equation can be rearranged to linear form for the

the concentration of each metal in the solution was 10 mg/l, convenience of plotting and determining the Langmuir con-
so that total multimetal concentrations, respectively, were 20 gtants as below:

and 30 mg/l. The biosorption procedure was the same as forC 1 c
single metals described above. e + =&
deq bgmax  gmax

2.5. Column biosorption The Freundlich equation, on the other hand, is purely em-

_ ) _ ) ) pirical based on sorption on heterogeneous surface, which is
Fixed bed biosorption was done in glass columns of inter- commonly presented as:

nal diameter 1.7 cm and height 28 cm, packed with 10 g BGH,

packing height 25.0 cm. For single metal biosorption, 10 mg/l geq = KFCéq” 3)
Pb solution was pumped upwards through the BGH-packed

column, at a flow rate of 5 ml/min by a peristaltic pump (Cole
Parmer). Effluent was collected manually after every 500 m
of the Pb solution passed through the column. Each fraction
was analysed for residual Pb. The solution was continued to
pass till the attainment of inlet—outlet Pb concentration equi-
librium, which indicated no further metal sorption was occur-
ring. Similar procedure was followed for metal biosorption
from binary and ternary metal solutions. The quantity of each
metal in the solution was 10 mg/l, so that total metal concen- 3. Results and discussion

trations were 20 and 30 mg/I for the binary and ternary metal
solutions, respectively. 3.1. Biosorption from single metal solutions in shake

flasks

)

whereKg andn are the Freundlich constants related to ad-
| sorption capacity and adsorption intensity, respectively. The
Freundlich equation can be linearized in logarithmic form for
the determination of Freundlich constants as below:

1

2.6. Desorption of metal-loaded adsorbent
For determining the optimal conditions and efficiency of

For the desorption of BGH after metal sorption in shake Metal biosorption by black gram husk (BGH), as the pri-
flasks, the metal-laden biosorbent was treated with HCI, mary data for elucidating comparative sorption in binary and
which has been reported to be an efficient metal desorbenttérnary systems, single metal solutions of Cd, Cu, Ni, Pb and
[15,20,21] Desorption was done by transferring 1g BGH Znwere investigated for time course and pH effect at 10 mg/l
loaded with different metals during the biosorption process metal ion and 10 g/l biosorbent concentration, and the initial
to flasks containing 20 ml of 0.1 M HCI. The flasks were Metalion concentration varying between 10 and 800 mg/l.



68 A. Saeed et al. / Journal of Hazardous Materials B117 (2005) 65—73

1.2

-
N

i
i

)

o
o
=]

Metal sorption at 60 min

e
o
)

Pb 0.998+0.002 mg/g
Cd 0.999+0.029 mg/g
Zn 0.986+0.002 mg/g
Cu 0.947+0.011 mg/g

)
=
!
o
>

©
()

=}
N
Metal adsorbed (mg/g biomass)
o
N

Metal adsorbed (mg/g biomass)

RERE:

Ni  0.897+0.092 mg/g

0 10 20 30 40 50 60 pH

Time of metal-biosorbent contact (min) ) ) ) ) ) )
Fig. 2. Biosorption of various metals from solutions of different pH, by 19

BGH mixed in 100 ml of 10 mg/I metal solution contained in 250 ml flasks

Fig. 1. Sorption at different periods of metal-biosorbent contact for 10 mg/l during orbital shaking of 60 min at 150 rpm incubated oC.

100 ml metal solution per gram black gram husk, pH 5.0, during orbital
shaking at 150 rpm at 25 2°C. All values are mean of three independent

observations. particularly the highly toxic Pb and Cd completely, within

30 min, is indicative of the efficient biosorption ability of this

i . . biowaste.
3.1.1. Time—course relationship

The biosorption equilibrium, in terms of metal-biosorbent
contact time, was achieved very rapidly, within the short pe-
riod of 30 min Fig. 1). The sorption process, nevertheless,
proceeded in two distinct phases. The rates of adsorption for
all metals were very fast initially, the percent removal, re-
spectively, for 5 and 10 min for the five metals was, Cd (79.9,

94.8), Cu (68.7,86.1), Ni(71.3,84.2), Pb (79.2, 92.3) and Zn there is a net positive charge in the biosorption system due

(75.4, 89.1). The rate of metal removal declined appreciably . Y .
during the next 20 min to attain the sorption equilibration in _to H* and HO". In such a system Hcompete with metal

30 min for the percentage removal of Cd (100), Cu (93.5), Ni ions [23], resulting in active sites to become protonated to

) the virtual exclusion of metal binding on the biosorbent sur-
(90.5), Pb (99.7) and Zn (98.6). This amounted to the mg re- face[29]. This means that at higher*Htoncentration, the

movalofthese metals, respectively, 9.99, 9.35, 9.05, 9.97 andbiosorbent surface becomes more positively charged thus re-
9.86 from 10 mg/l metal solution with 10 g BGH in 30 min. ! . re p y 9
L . . : ducing the attraction between biomass and metal caf8jns
Similar two-phase biosorption has been reported during stud- : .
In contrast, as the pH increases, more negatively charged sur-

ies with Cd, Fe and Pb removal Bghizomeris leiblein[22], : A
. . ! . : face becomes available thus facilitating greater metal uptake
and Cu sorption by oil-palm fibres, which was very rapid dur- . : . X
[30]. Metal sorption, accordingly, was noted to increase sig-

ing the first 10 min followed by a §Iower proce{%]..The nificantly as the pH was increased, such that at pH 4 and
fast-phase sorption may be explained as the passive lthak%‘)iosorbent—metal contact time of 60 min, Pb, Cd, Zn, Cu and
through physical adsorption, or the biosorbent surface ion ex- Ni removal was 0.96. 0.91. 0.93. 0.87 an,d 0 é4 n;g/g, respec-
changg24]. Smce_ th_e adsorption phen_o_me_znon characteristi- tively. Itis commonly agreed that the sorption of metal cations

cally tends to attain instantaneous equilibril2s] and many increased with increasing pH as the metal ionic species be-

agrlcult.ural waste; act as natural ion exchangg ag[_é ﬁ_lS came less stable in the solutif81]. With further increase in
the rapid-phase biosorption of metals by BGH is within the o o i
pH, the solubility of metals decreases resulting in their pre-

foregoing considerations. It is also relevant to point out that ™. " . . : )
X ‘ i L : : cipitation as hydroxides, which at low metal concentrations
since active sorption sites in a system is a fixed number and.

each active site can adsorb only one ion in a monol@/gr is governed by the following equatiga]:

3.1.2. Effect of pH

Sorption of all metals at pH 2 was negligible, increas-
ing with increase of pH, attaining optimum at the range of
5-6 (Fig. 2). Availability of negatively charged groups at the
biosorbent surface is necessary for the sorption of metals to
proceed?28], which at the highly acidic pH 2 is unlikely as

the metal uptake by the sorbent surface will be rapid initially, - /Kesp
slowing down as the competition for decreasing availability [OH]= (M2 (5)

of active sites intensifies by the metal ions remaining in solu-

tion. The rate of metal removal is of greatest significance for where M2*] is the metal ion concentratiorksp solubil-

developing a biosorbent-based water-treatment technology.ty product constant, which for precipitation of Pb(QH)
The ability of BGH to rapidly biosorb all the five metals, Cd(OH), Cu(OH), Zn(OH), and Ni(OH), respectively,
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are 1.2x 10715, 2.5x 10714, 2.2x 10729, 1.2x 10717 and
2.0x 1015 at 25°C[33].
Water occurs as:

[H*][OH™] =Ky, (6)
or

Kw
H*] = [OH ] (1)

where Ky, is the ion product constant of water, which is
1 x 10~ pH of precipitation, from the above equation can
be calculated as:

pH = log (8)

[H]
The hydroxide precipitation of Pb, Cd, Zn, Cu and Ni from
their solutions of 10 mg/l was mathematically calculated to

occur, respectively, at pH 8.7, 9.2, 7.4, 6.0, and 8.5. Since

metal ion precipitation is pH dependent, all biosorption stud-

69

aneq

LnC,,

Fig. 4. The Freundlich adsorption isotherms of sorption of various metals
(Pb, Cd, Cu, Ni, Zn) for initial concentration in the range of 10-800 mg/I
by BGH, where IrCeq is the natural log equilibrium concentration of metals
and Ingeq the natural log of quantity of metals adsorbed at equilibrium. All

ies were done at pH 5, which is much below the pH at which values are mean of three independent observations.

the studied metals precipitate at 10 mg/l.

3.1.3. Adsorption isotherms
Initial concentrations;) of metals in the solution were

for all the metals in the Langmuir model, being very close

to 1, are near perfect. The maximum amounts of metals ad-
sorbed ¢max) were found to be 49.97, 39.99, 33.81, 25.73

varied between 10 and 800 mg/I for sorption by the constant @nd 19.56 mg/g BGH biomass for Pb, Cd, Zn, Cu and Ni,

quantity of BGH biomass of 10 g/l. Howeveg; for Cu was

limited to 10-400 mg/l, as the metal commences to precipi-

respectively. Working with various biosorbents, Sing and Yu
[34] concluded that higher is the value bof the higher is

tate at 500 mg/l at pH 5. The data so obtained were convertedthe affinity of adsorbent for the metal biosorbed. It is evi-

to Langmuir and Freundlich isotherms, shown, respectively,

in Figs. 3 and 4Various parameters calculated from the ad-
sorption isotherms, namely, adsorption capadifysf), ad-
sorption efficiencylf) and correlation coefficient?) for the

dent from the values df for various metals, that the affin-
ity of BGH to biosorb them followed the same pattern as
was noted for? andgmax in relative order from the highest
to the lowest of Pb > Cd>Zn>Cu> Ni. These observations

Langmuir isotherms, and sorption capacity of the adsorbentconfirm that experimental data on the capacity of BGH to

(Kg), sorbability of the metal (1) and correlation coefficient
(r?) for the Freundlich isotherms are shownTiable 2 The

biosorb different metals fit the Langmuir model well. Titfe
values of the Freundlich model between 0.94 and 0.96 for

values 0fr2 are regarded as a measure of the goodness-of-diﬁerent metals were not as close to the value of 1 as was in

fit of experimental data on the isotherm modgl$], which

35
(Ni)
1°=0.98

[]
o

N
a

Ceq/qeq (mgll)
- N
[$)] o

300 400
Ceq(mg/l)

500

600 700

Fig. 3. The Langmuir adsorption isotherms of sorption of various metals
(Pb, Cd, Cu, Ni, Zn) by BGH, wher€q is the equilibrium concentration

of metals andeq the quantity of metals biosorbed. All values are mean of
three independent observations.

the case of the Langmuir model. Working with the adsorption
of Pb by the fungal biomass @éfspergillus niger neverthe-
less, the correlation coefficient of 0.93 was regarded as a high
value for the experimental data to conform well to the Fre-
undlich model[35]. Since ther? values for all metals in the
present study were higher than 0.93, the experimental data

Table 2

Experimental values of total quantity of various metals biosorlogg,g,
Langmuir and Freundlich parameters of different heavy metals biosorbed on
BGH for contact period of 60 min at an initial metal concentration 800 mg/I
and the biosorbent 10 g/l

Metal Experimental Langmuir Freundlich
ions parameters parameters
Omax Omax b r2 Kg 1/n r2

Pb 50.20 49.97 0.590 0.999 7.33 0.452 0.941
Cd 42.56 39.99 0.373 0.993 496 0.440 0.946
Zn 34.28 33.81 0.160 0.995 2.87 0.477 0.962
Cu 27.97 27.73 0.057 0.996 1.73 0.511 0.959
Ni 20.15 1956 0.056 0.982 1.38 0.470 0.955

All values are mean of three independent observations.
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Table 3
The Freundlich adsorption isotherm values for different metals biosorbed r2 5 F
on BGH for contact period of 60 min at different initial metal concentration Pb 0.99
(Ci) range of 300—800 mg/l and biosorbent 10 g/l ’

cdogs 4

Ci (mg/l) r2 values

(m]
o L
Pb cd Zn cu Ni A Zn089 3L
300 0.991 0.987 0.993 0.997 0.987 ¢ Cu0.99 X
400 0.991 0.989 0.993 0.988 0.978 X Ni 099
500 0.987 0.985 0.985 N.D 0.970 A
600 0.971 0.972 0.976 N.D 0.964
800 0.941 0.949 0.962 N.D 0.955 1
N.D: not determined due to precipitation of Cu after 400 mg/l. All values /
4

I-nqeq

are mean of three independent observations.

-2 0 2 4 6

may be regarded to reasonably fit the Freundlich model. Com- aneq

pared withKg and 1h for the Pb-Aspergillus nigebiosorp-
tion system, 1.69 and 0.39, respectivEdp], these values
for the metal-BGH biosorption system in the present study

Fig. 5. The Freundlich adsorption isotherms for various metals (Pb, Cd, Cu,
Ni, Zn) for initial concentration in the range of 10-300 mg/l by BGH, where
In Ceq is the natural log equilibrium concentration of metals. All values are

were significantly higher (except thevalue for Ni), point- mean of three independent observations.
ing to the better efficiency of BGH to sequester heavy metals
(Table 2. be presentin industrial effluents. The BGH-metal biosorbent

The parameters calculated from the two models point to system, therefore, validly fits the Freundlich isotherms model
the Langmuir isotherm model to be closer to the experi- at the low metal concentrations at which it is expected to be
mental data than the Freundlich model for therange of applied under practical conditions.
10-800mg/l by 10g/l BGH. Relevant with the Langmuir
equation assumptions, therefore, the metal sorption by BGH3.2. Biosorption of Pb from binary and ternary metal
biomass was a chemically equilibrated and saturable mech-solutions in shake flasks
anism[36]. The reasonable fit of the experimental data to
the Freundlich model, however, needs to be critically consid- 3.2.1. Binary metal solutions

ered in the light of the suggestion that lower but accepteble The efficiency of BGH to biosorb Pb from binary solutions
value is related to low adsorption capacity, resulting in higher with Cd, Cu, Ni and Zn was maintained at the same level as
experimental uncertaintig€7] Validity of the Freundlich it was from the single metal solution, remaining within the

equation, furthermore, is limited to low solute concentrations statistical limits of no significant variation (Duncan’s new
[25,38] The experimental data were thus fragmented to de- multiple range test aP=0.05) (Table 4. The presence of
termine the optimum range of maximum me@lat which Pb, likewise, did not interfere in the sorption of Cd, Cu and
ther? values were high enough to minimize experimental un- Zn, which also showed no significant difference for the level
certainties Table 3. Ther? values of 0.99 for all metals at  of sorption from their respective single metal solutions. Al-
theC; range of 10—-300 mg/Hig. 5) indicate that biosorption  though the 86.41% sorption of Niin the presence of Pb may be
capacity of BGH perfectly fit the Freundlich model at these rated as high, the statistical difference was significant when
metal concentrations. It is appropriate to note that sorption by compared with sorption from its single metal solution. The
biosorbents has been projected in literature for metal sequesperformance of BGH to biosorb Pb, Cd, Cu and Zn (even
tering at low metal concentrations, particularly in the range Ni, considering 86.41% sorption to be high) from the binary
of 1-100 mg/I[3-5], and the level of >300 mg/l not likely to  metal solutions was as good as noted for sorption from sin-

Table 4
Sorption of Pb from single, binary and ternary metal solutions by BGH
Metals Metal adsorbed (%)

Single metal solution Binary metal solution Ternary metal solution

Pb + Ni Pb+2Zn Pb+Cu Pb+Cd Pb+Ni+Zn Pb+Cd+Cu

Pb 99.6+0.28 98.5+0.8 98.9+0.3 99.1+0.7 98.1+0.6 99.7+0.2 99.5+0.3
Ni 90.5+1.42 86.4+1.7 86.3+-1.3
Zn 98.6+0.13 97.8:0.5 96.5+0.9
Cu 93.5+£0.79 94.14+-0.9 93.8-1.6
Cd 99.9+0.02 98.8-0.4 92.3t1.1

Experimental conditions: BGH 10 g/l, metal concentration 10 mg/l each, pH 5.0, incubation at 150 rpg 2t 25or 30 min. All values are mean of three
independent observations.
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Y
o

Pb+Ni+Zn and Pb + Cd + Curéble 4. Sorption of Cu, Ni

r2 and Zn from these ternary solutions also showed no signif-
Pb 0.99 icant difference from the level of their sorption from binary
Pb4+Ni solutions. The sorption of Cd, however, declined to 92.32%,

0.99 in comparison with its sorption of 99.99 and 98.86% from
single metal and binary metal solutions, respectively. This
slight drop in the sorption of Cd from ternary solutions may
be attributed to the greater cumulative occupancy of the bind-
ing surface of BGH by the larger ion size of Pb and Cd. lonic
radii of the metals are—Cd: 0.9¢ Cu: 0.72A; Ni: 0.72A;
Pb: 1.23; Zn: 0.74A [33]. Surface area occupancy by an ion
each of the tri-component ternary systems can be calculated
from the radii by applying the formular? as below:

, , Pb+ Ni + Zn = 452A + 1.63A + 1.72A = 7.87A
0 100 200 300 400 500

Ceq (Mmg/l)

Pb+Zn (.99
Pb+Cd 0.99

O b ¥ O

Ceo/Geq (Mg/l)

1

Pb+ Cd + Zn = 4.52A + 2.96A + 1.63A = 9.11A

These calculations clearly show that surface area occu-

Fig. 6. The Langmuir adsorption isotherms for the sorption of lead when pancy was significantly greater in the ternary system of
present singly or in binary solutions with nickel, zinc and cadmium for initial P+ Cd + Znin comparison with Pb + Ni + Zn, which may be

fr?fé‘éﬁ?fé?"éﬂfééfiﬂs'zrtv'l.eﬁcr,igge of 10-800mg/l. All values are mean of yha 4y se of slight Cd sorption decline. A generalized conclu-

P ' sion from the above observations is that BGH has the ability

gle metal solutions. The adsorption of Pb in the presence of 0 Piosorb Pb from binary and ternary systems at about the

other metals in the binary system was found to typically fitthe Same efficiency as from single metal solution. The presence
Langmuir adsorption isotherms model and to the Freundlich ©f PP also did not significantly affect the sorption of other

model in the Pb concentration range of 10-800 mg/l in the N€&vy metals in binary and ternary systems, however, exert-

same manner as was noted for sorption from single metaliNg some limitation to the sorption of Cd, which had ionic

solution Figs. 6 and . radius greater than Zn and Ni. The insignificant competition
between metal ions, in the binary and ternary systems, for
sorption on BGH may be attributed to their |@y (10 mg/l)

b and sufficient availability of adsorption sites. Similar con-

clusions of no competition at low metal concentration were

drawn when Cd, Cu and N{X: 10 mg/l each metal), in bi-

nary and ternary systems, were biosorbed on seaweeds and

3.2.2. Ternary metal solutions
Non-significant statistical differences were noted when P
sorption was considered from ternary solutions containing

L -

P2 seaweed-derived materigly, and Hg and Cd;: 100 mg/I
O Pb 099 35 each metal) in a binary system were biosorbed on brown
X PbeNi 099 seayveed{§39]. The;e flndlngs'suggest that BGH has the po-

| 3 tential of application when simultaneous removal of more
A Pb+Zn 098 than one metal species is desired to be done at low metal ion
O PbiCd ggg | concentrations.

I-nqeq

3.2.3. Biosorption of Pb from ternary metal solutions in
fixed bed column

A fixed bed column packed with BGH biomass was de-
signed, as reported earlig20], to operate as a continuous
liquid flow system for the biosorption of Pb from binary so-
lutions of Pb +Ni and Pb+Zn, and the ternary solution of
Pb + Ni+Zn. The volume of single, binary and ternary metal

0
o

4 2 0 D 4 solutions passed through the biosorption column was 90|
each. Two stages have been considered in the breakthrough
aneq curves for the sorption of Pb from these solutioRg( 8).

One was the metal solution passed through the column at

Fig. 7. The Freundliph adsorp.tion isc_)therms for the sorption_of Iead_ vyhen influent—effluent equilibrium for Pb sorption of ZEM»,(aQ,
present singly or in binary solutions with nickel, zinc and cadmium for initial

concentration of lead in the range of 10-800 mg/l, wheflyis the natural which was noted to_ occur at 7gh), 70kpo+niy, 79 kpb+zn)
log equilibrium concentration of metals ancisy the natural log of quantity and 81 |pp+nNi+zn) This represents the stage of breakthrough
of metals adsorbed at equilibrium. curves for the total metal retention capacity of the biosorbent,
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Fig. 8. Biosorption breakthrough curves for the removal of lead(ll) in a fixed

bed column bioreactor based on BGH biomass for single metal, and binary HCI passed (ml)

and ternary solutions with nickel and zinc. Conditions: column internal di-

ameter 1.7 cm, height 28 cm; BGH biomass 10 mg; 10 mg/l lead in single Fig. 9. Desorption breakthrough curves for the elution of lead from single
metal solution, with additional 10 mg/l of either zinc or nickel in binary so- ~metal and binary and ternary solutions with nickel and zinc in a fixed bed
lution (total metal load 20 mg/l) and 10 mg/l each of zinc and nickel (total column bioreactor based on BGH biomass. Conditions: column internal di-
metal load 30 mg/l); flow rate 5 ml/miVin: volume passed at0.1 mg/llead ~ ameter 1.7 cm, height 28 cm; BGH biomass 10 g; 0.1 M HCI desorbent; flow
at dischargeYmax volume passed at influent—effluent equilibrium at 10 mg/l. ~ rate 5 ml/min.Veyt: volume of HCI discharged at 0.1 mg/l metal solution.

It may be noted from the elution breakthrough curves that
desorption of Pb from single, binary and ternary metal so-
dutions was completeHig. 9). The elution volume ey,

for the desorption required to achieve 0.1 mg/l Pb in the

ted inindustrial effluent discharg¥in). This stage of metal efflugnt discharged from single, binary and ternary metal

sorption ¥min) is, therefore, the more appropriate stage of solutions was 460 i), 500 Mipy+ni), 520 Mipb+zn) and

breakthrough curves for consideration of the metal sorption 600 Mipo+nivzn) Th(_ase observations ;how that as the I_oad

efficiency of biosorbents, which in present studies was the of ”f'eta's on the biosorbent sqrface increased from single

metal solution passed at which the Pb discharge remaine(ito binary to ternary metal solutions, the volume of de_sorb-

below 0.1 mg/l. For the sorption of PNy from single ing agent needed for'the recovery of Pb was more. Th!s was

metal solution was 551 (Pb), which progressively decreased expected as along with Pb, other metals were also being re-

to 46 [pp+Ni)y 34 lpo+zn) and 32 pp+Ni+zn). These findings ved.

expectedly show that as the metal load increases from single

to binary to ternary metal solutions, respectively, 10, 20 and )

30 mgl/l, full occupancy of the biosorbent surface is reached 4. Conclusions

on the passage of lesser and lesser volumes of metal solu- . , .

tions.Vpin for Pb from the single metal solution was thus the On the b,as',s ,Of good adsorption ability shown by BGH
for several individual metals (Pb, Cd, Cu, Ni and Zn), Pb

highest and from the ternary metal solution the lowest. This . : .
was expected, since as the metal load increased, BGH wad the presence of other metals, desorption of various metal

simultaneously sorbing other metals along with Pb. The so- species with mild acid.treat.ment, and their removal in binary
lution volume outflowing betweeXmin andVimax contained and ternary systems in a fixed bed column suggest that this

Pb from 0.1 to 10 mg/l. This volume of the breakthrough b'iosorbent (BGH) has the potential of application fgr thg
curves in effect had undergone partial treatment of varying S|multane0us_ removal of several heavy metals contained in
degrees for the removal of Pb, which can also be rendered€ffuent solutions.

fit for discharge by inserting a secondary fixed bed treatment

column.

which has been reported in literature to signify the metal sorp-
tion efficiency of algal, microbial and plant biomd46-42]

Such breakthrough curves are grossly misleading, as they d
not take into account the limits of respective metals permit-
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