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Abstract

The biosorption of Acid Red 274 (AR 274) dye @nteromorpha prolifera, a green algae grown on Mersin costs of the Mediterranean,
Turkey, was studied as a function of initial pH, temperature, initial dye and biosorbent concentration. The experiments were conducted in a
batch manner. The Langmuir and Freundlich isotherms were used for modelling the biosorption equilibrium. At optimum tempé@ture 30
and initial pH 2.0-3.0, the Langmuir isotherm fits best to the experimental equilibrium data with a maximum monolayer coverage of 244 mg/g.
The equilibrium AR 274 concentration of the exit stream of a single batch was also obtained by using the experimental equilibrium curve
and operating line graphically. The pseudosecond-order kinetic model and Weber—Morris model were applied to the experimental data and
it was found that both the surface adsorption as well as intraparticle diffusion contribute to the actual adsorption process. The biosorption
process follows a pseudosecond-order kinetics and activation energy was determige8=isl/mol. Thermodynamic studies showed that
the biosorption of AR 274 oR. prolifera is exothermic and spontaneous in nature.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction agents, and as such very stable and difficult to ded&d©f
current world production of dyestuffs of 10 mL kg per year
Dyes are synthetic aromatic water-soluble dispersible between 1 and 2mLkg of active dye enter the biosphere,
organic colorants, having potential application in various either dissolved or suspended in water, every yéhprlt is
industries such as textiles, leather, paper, plastics, etc. toevident, therefore, that removal of such colored agents from
color their final product§l,2]. The effluents of these indus- aqueous effluents is of significant environmental, technical
tries are highly colored and disposal of these wastes into theand commercial importand8].

environment can be extremely deleterig8k Wastewaters The conventional methods for treating dye-containing
containing dye may be toxic and even carcinogenic and this wastewaters are coagulation and flocculation, reverse osmo-
posses a serious hazard to aquatic living organidn®s4]. sis, electroflotation, membrane filtration, irradiation and

The presence of dyes in water reduces light penetration andozonation and active carbon adsorpti®si0]. The most pop-
has a derogatory effect on photosynthesis. There are moreular of these technologies is activated carbon adsorption and
than 100000 dyes available commercially, most of which widely used but it is expensive. Therefore, there is a growing
are difficult to decolorize due to their complex structure and interest in using low-cost, easily available materials for the
synthetic origin[5]. They are specifically designed to resist adsorption of dye colors.
fading upon exposure to sweat, light, water and oxidizing  An alternative inexpensive adsorbent able to reduce the
cost of a adsorption system has always been searched. A
* Corresponding author. Tel.: +90 324 361 00 01; fax: +90 324 361 00 32, |OW COSt adsorbent is defined as one which is abundant in
E-mail address: ayozer@mersin.edu.tr (Dzer). nature, or is a by-product or waste material from another
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Recent investigations by various groups have shown that
Nomenclature selected species of seaweeds possess impressive adsorption
capacities for a range of heavy metal ions but there is few
studies on the color remov§l0]. Seaweeds are a widely
available source of biomass as over 2 million tonnes are either
harvested from the oceans or cultured annually for food
or phycocolloid production, especially in the Asia—Pacific
region[10]. Aguilera-Morales et al. reported that the main
constituents irEnteromorpha spp., a kind of seaweeds, were
minerals, protein and ether extract and hemicellulose was
dominant in the cellular wall of algag4]. In this study,
Enteromorpha prolifera, growing on Mediterranean cost,

Cad the adsorbed dye concentration (mg/L)

Cade the adsorbed dye concentration at equilibrium
(mg/L)

Ceq unadsorbed dye concentration in solution at
equilibrium (mg/L)

Co initial dye concentration (mg/L)

E the activation energy of adsorption (kJ/mol)

AG free energy change (kJ/mol)

AH enthalpy change (kJ/mol)

I]io th;fé?ﬁifﬁéi?ﬁ;f;ﬁecn;rfgf;?]rt(g{n;grnlli ;)n was used as an biosorbent for the removal of Acid Red
2 P . P 274 (AR 274), one of the components of textile industry

(g/mg min)

K intraparticle rate constant (mg/g mif) wastewaters.

Ka a constant related to the energy of adsorption
L/m .

Ke ; dso?I)Dtion capacity 2. Material and methods

n adsorption intensity

deq the adsorbed dye amount per unit weight of 2.1. Biosorbent

adsorbent at equilibrium (mg/g)

geq,cal the calculated value of the adsorbed dye
amount per unit weight of adsorbent at
equilibrium (mg/g)

E. prolifera, a kind of green algae, was obtained from
Mediterranean cost in Mersin, Turkey. The algae was washed
twice with tap water in order to remove insect larvae, soil, etc.
It was dried in sunlight and then in an oven at 205or 24 h

q: the adsorbed dye amount on the surface of : . N
. until all the moisture evaporated, put in distilled water and
adsorbent at any time(mg/qg) . . . .
0 . ; . blended by using a commercial blender (Waring) to obtain
0 maximum amount of the dye per unit weight

larger surface area. A stock solution of 10 g/L of biosorbent

of biomass to form a complete monolayer o
was prepared.

the surface bound at higfeq (Mg/g)

>

R the universal gas constant, 8.314 J/mol K
. . . 2.2. Adsorbate

RL dimensionless separation factor
Z s gﬂ;:ﬁlatlg;:;:egﬂgleggl K) The test solutions containing Acid Red 274 dye, com-
T absolzi/e temgerature K) mercial name Supranol Red 3BW, were prepared by diluting
v solution vqurﬂe L) 1.0g/L of stock solution of dye which was obtained by

0 ) - . . dissolving weighed amount of AR 274 in 1L of distilled
Xo biosorbent amount in biosorption solution (g

water. Necessary dilutions were made from the stock
solution to prepare solutions in the range of concentrations
25-1000mg/L. The pH of each solution was adjusted to
the required value with concentratecb$0; and NaOH
industry[11]. A wide variety of microorganisms such as bac- solutions before mixing the biosorbent solution.

teria, fungi, algae either in their living or inactivated form

and various materials such as coal, fly ash, wood, silica gel,2.3. Batch biosorption studies

rice husk, cotton waste, bark, sugar industry mud, palm-fruit

brunch, etc. have beeninvestigated toremove dyesfromaque- The algae solution (10 mL), except for the studies of
ous solutions with varying success for color remd&éal 2]. biosorbent concentration effect, was mixed with 90 mL of
The term ‘biosorption’ refers to different modes involving the desired dye concentration and initial pH in Erlenmayer
a combination of active and passive transport mechanismsflasks. The flasks were agitated on a shaker at constant
to remove unwanted materials by microbial biomass. The temperature for 2h ample time for adsorption equilib-
use of inactivated biomass is advantageous as the process isum. Samples (5mL) of biosorption medium were taken
free from nutrient supply and moreover there are no toxic- before mixing the biosorbent suspension and dye bearing
ity constraints in the organism employgd]. Microbial cell solution, then at pre-determined time intervals (0.5, 5,
surface is naturally formed by various chemical groups such 10, 15, 20, 30, 45, 60 and 120 min) for the residual dye
as hydroxyl, carboxylate, amino and phosphate which are concentration in the solution. Samples were centrifuged
responsible for the sequestration of unwanted materials fromat 3500 rev/min for 5min and the supernatant liquid was
effluents. analysed.
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2.4. Analysis A similar trend was observed for the biosorption of reactive
dyes on inactiveR. arrhizus [19], the adsorption of Congo
The concentration of Acid Red 274 remaining in the red by coir pith carboffil8], the adsorption of reactive dyes
biosorption medium were measured colorimetrically using [12] and acidic dyes on cross-linked chitosan bgad$.
a spectrophotometer (Shimadzu UV-160A). The absorbance
values were read at 527 nm. 3.1.2. The effect of the temperature
Investigation of temperature effect on the biosorption
of acidic dyes are very important in the real application of

3. Results and discussion biosorption as various textile and other dye effluents are
produced at relatively high temperatufgk The biosorption
3.1. The determination of optimum biosorption of AR 274 onE. prolifera was investigated as a function
conditions of temperature and maximum uptake value was obtained
at 30°C as can be seen frofig. 2 An increase in the
3.1.1. The effect of the initial pH adsorbed dye amounts with increasing temperature from 20
pH affects not only the biosorption capacity, but also the up to 30°C deals with an increase in the adsorption capacity
color of the dye solution and the solubility of some dj&ls of E. prolifera. Further increase in temperature from°&0D

Therefore, the pH value of the solution was an important con- may alter the surface activity af. prolifera resulting a
trolling parameter in the adsorption process, and the initial decrease in uptake value, indicating that AR Z7 #volifera

pH value of the solution has more influence than the final pH process is exothermic in nature. The exothermic nature of
[9]. The effect of initial pH on AR 274 biosorption @ pro- dye biosorption has also been reported for the biosorption
lifera is shown inFig. 1L The maximum uptake value (mg/g) of Remazol Black B byR. arrhizus [20].

was obtained at 2—3 values of initial pH due to existing a sig-

nificantly high electrostatic attraction between the positively 3 7.3 The effect of the initial dye concentration

charged surface of the algae cells and anionic dye, AR 274.  The initial concentration provides an important driving

Acid dyes are also called anionic dyes because of the neg-force to overcome all mass transfer resistance of all molecule
ative electrical structure of the chromophore gr¢i,16} between the aqueous and solid phg&s24} In this study,
This kind of dye is composed of ionizable groups such as sul- the effect of initial dye concentration on biosorption of the
fonates, carboxylates or sulfates to favor their solubilization AR 274 byE. prolifera was investigated at different initial

in water[17]. As the initial pH increases, the number of neg-  gye concentrations. The equilibrium uptake values increased
atively charged sites on the biosorbent surface increases angrom 60.3 to 241 mg/g with increasing initial dye concentra-

the number of positively charged sites decreases. A negativéton from 60.3 to 256 mg/L as a result of the increase in the
surface charge does not favor the adsorption of dye anionsgriving force. However, AR 274 removal yield decreased
due to the electrostatic repulsi¢h8]. It was also reported  from 100 to 94.14% with an increase in initial dye concen-

that electrostatic attraction could be the primary mechanism tration from 60.3 to 256 mg/L. At lower dye concentrations,

in the biosorption of Acid Blue 29 oRspergillus niger [5]. solute concentrations to biosorbent sites ratio is higher,
In general, the acidic dye uptakes are much higher in acidic yhich cause an increase in color remof25]. At higher

solutions than those in neutral and alkaline conditifiry. concentrations, lower adsorption yield is due to the saturation
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Fig. 1. The effect of initial pH (temperature 3G, 250 mg/L initial dye Fig. 2. The effect of temperature (initial pH 3.0, 250 mg/L initial dye con-
concentration, agitation speed 150 rev/min). centration, agitation speed 150 rev/min).
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300 high biosorbent concentration. Such aggregation would
lead to decrease in total surface area of the sorbent and an
increase in diffusional path lengf®6]. Further increment in
biosorbent concentration from 3.0 g/L did not cause signif-
icant improvement in adsorption. This is due to the binding
of almost all ions to the sorbent and the establishment of
equilibrium between the dye molecules bound to the sorbent
and those remaining unadsorbed in the soluf.

250

200

150

q (mg/g)

100

50

0 3.2. Application of the pseudosecond-order kinetic
0 50 100 150 200 250 300 350 model
initial dye concentration (mg/L)

Information on the kinetics of dye uptake is required for
Fig. 3. The effectof initial AR 274 concentration (initial pH 3.0, temperature selecting optimum operating conditions for full-scale batch
30°C, agitation speed 150 rev/min). dye removal processg$0]. Mathematical models that can

of adsorption sites. A plot of the final uptake values (mg/g) of describe the _behaviour of_a batch bios_o_rption Process oper-
AR 274 OnE. prolifera at the end of 120 min versus the initial ated under different experimental conditions are very useful

dye concentrations was also presentdeign 3. As seen from for scale-up studies or process optimisat_[chﬁ]. The two
Fig. 3 the saturation plateau is reached at 250-300 mg/L important aspects for parameter evaluation of the adsorp-

and did not change with further increment in initial AR tslon stuldy ?irel the kl;netlcsdqnd edqumbrlum ‘?f ads?]rptlon.h
274 concentration, suggesting that available sites on the everal models can be used in order to investigate the mech-

biosorbent are the limiting factor for AR 274 biosorption. anism of biosorption and potential rate controlling steps such
as mass transport and chemical reaction processes. Ho and

McKay have conducted a literature review containing the
use of sorbents and biosorbents to treat polluted aqueous
effluents containing dyes/organics or metal ions and they
noted that the highest correlation coefficients were obtained
by using the pseudosecond-order kinetic model for different

3.1.4. The effect of the biosorbent concentration

To investigate the effect of biosorbent concentration, the
biosorption of AR 274 ontd. prolifera was measured at
five different biosorbent concentration at an initial dye con-

centration of 250 mg/L. The uptake values and adsorbed dye i b 81 Ifth f ion foll
concentrations are given Fig. 4. It is obvious fromFig. 4 metal ion-sorbent syste[@8]. If the rate of sorption follows

that by increasing the biosorbent concentration the adsorbed? secopd—order mechanism, the pseudosecond-order kinetic
dye concentration increases but the amount adsorbed pemc’deI is expressed §88,29}

unit mass decreases_. It |s_reao_||ly understopd that_the numb_qu/dt = ka(geq— qt)z 1)

of available adsorption sites increases with an increase in

biosorbent concentration and it, therefore results in the wherek; is the pseudosecond-order rate constant (g/mg min),
increase of adsorbed concentration. The decrease in amoungeqandg; are the adsorbed dye amount per unit mass at equi-
of dye adsorbed with increasing adsorbent mass is due tolibrium and any time (mg/g), respectively. For the boundary
the split in the flux or the concentration gradient between conditionst=0 tor andg =0 to ¢, the integrated and linear
solute concentration and the solute concentration in the form of Eq.(1) becomes

surface of the adsorbeft5]. Another reason may be due to

2
the particle interaction, such as aggregation, resulted from?/q: = 1/ k2qgeq+ 1/qeq )

400 400 If the pseudosecond-order kinetics is applicable, the plot of
—e—q(mglg) tlq; against of Eq.(2) should give a linear relationship, from
—0—Cad(mg/L) which geq,caiandk; can be determined from the slope and

300 | 300

intercept of the plot.

) ) In this part, the pseudosecond-order kinetic model was

‘\E” 200 | {200 E applied to the experimental data in order to investigate the

T S biosorption mechanism of Acid Red 274 and potential rate
100 1100 controlling steps such as mass transport and chemical reac-

tion processes:igs. 5 and &how the plots of the experimen-
tal and predicted; (mg/g) values from the pseudosecond-
25 30 order kinetic model for the biosorption of AR 274 dh
prolifera at different temperatures and initial dye concentra-
tions, respectively. The values of tle, experimental and
Fig. 4. The effect of biosorbent concentration (initial pH 3.0, temperature Calculatedgeq values and correlation coefficients are pre-
30°C, initial dye concentration 250 mg/L, agitation speed 150 rev/min). sented ifTable 1 The experimental and calculateg, andk,

! !

0,5 1,0 1,5 2,0

Biosorbent concentration (g/L)
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300 values increased up to 3C€ and then decreased with further
increase in temperature indicating the exothermic nature of
250 AR 274 biosorption. The temperature optima obtained from
—3 the pseudosecond-order kinetic model confirmed the exper-
200 —A imental optimum temperatur&ig. 2). As can be seen from
:: Fig. 6, the adsorption of AR 274 dii prolifera occurred very
E 150 o 25°C fast and the short contact time owing to the large difference in
o : 2(5)8 concentration between the biosorbent surface and solution at
100 o 40°C low initial dye concentrations. A similar trend was observed
A 50°C for the adsorption of anionic dyes on chemically cross-linked
50 — 2nd order model .
chitosan beadH 2]. As seen fronTable 1 the values of rate
0 . . constant decreased with a increase in the initial dye concen-
0 50 100 150 tration. There are many factors which can contribute to this
time (min) sorbate concentration effect on rate of adsorption: increas-

ing the solute concentration in solution seems to reduce the
diffusion of solute in the boundary layer and to enhance the
diffusion in the solid30]. Also, the experimental equilibrium
data for AR 274 are in good agreement with those calcu-
lated using the pseudosecond-order kinetic motible J).

Fig. 5. Comparison of experimenta}, and predictedg, from the
pseudosecond-order kinetic model for different temperatures.

350 The correlation coefficients obtained from the pseudosecond-
o 61 mg/L m 86 mg/L order kinetic model were greater than 0.99 for all the initial
300+ Ll mgﬁ: e mgﬂ: dye concentrations and temperatures for contact times of
250 o 256 mg/L ——2nd order model 120 min. This indicates that the biosorption of AR 274 on
S © e E. prolifera follows the pseudosecond-order kinetic model.
E-, Py PY
;-'; 3.3. The determination of the activation energy
* 4 The pseudosecond-order rate constant is expressed as a
—i I . . .
o function of temperature by the following Arrhenius type rela-
tionship[28,29}
60 80 100 120 140 k2 = koexp[-E/RT] (3)
time (min)

wherekg is the temperature independent factor (g/mg nin),
Fig. 6. Comparison of experimentaj, and predictedg, from the the activation energy of sorption (kJ/mak)the universal gas
pseudosecond-order kinetic model for different initial dye concentrations. cgonstant (8.314kJ mot K_l) andT the absolute tempera-
ture (K). The activation energy of AR 274 @éhprolifera was
calculated by using pseudosecond-order kinetic constants, by
Table 1 calculating the slope of the plot of ka versus 17 (Fig. 7).
A comparison of the pseudosecond-order rate constants, experimental andThe activation energ)z/ in the range of 30-&Dwas f?””‘?‘
calculatedgeq values and correlation coefficients obtained at the different to be —4.85kJ/mol R°=0.9981). The observed activation
initial AR 274 concentrations and temperatures (initial pH 3.0, agitation energy values for the biosorption of AR 274 were of the same
speed 150 rev/min) magnitude as the heat of physical adsorption.

Co (mg/L) Geq (MY/Y)  geqca(Malg) k2 (g/mgmin) R?

61 60.26 60.6 0.0336 1.0000 4,80 - - - - -

85.7 83.08 84.74 0.0091 0.9998 0,04305 0,0031 0,00315 0,0032 0,00325 0,0033 0,00335
114.6 100.78 109.89 0.0088 0.9998 4851

128.8 121.56 123.45 0.0086 0.9999 400 ]

146 134.56 135.14 0.0083 0.9999 o«

219 204.03 204.08 0.0075 0.9999 & 45

256 241.32 243.9 0.0073 1.0000
Temperature’C)  geq(MY/0) deqcal(Mylg) k2 (g/mgmin) B2 =

y = 582,66x - 6,8372

25 238.10 238.87 0.00678 1.0000 5,05 1 R? - 0,766

30 241.32 243.9 0.0073 1.0000

35 230.91 232.55 0.00712 1.0000 -5,10

40 22129 22223 0.00698 1.0000 1T(/K)

50 203.00 204.08 0.00648 0.9999

Fig. 7. The determination of the activation energy.
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3.4. Weber—Morris model (intraparticle diffusion) by sorption isotherms, usually the ratio between the quantity
sorbed and that remaining in the solution at a fixed tempera-
In order to investigate the contribution of intraparticle dif- ture at equilibriumj32]. By plotting solid phase concentration
fusion, which is accepted to be rate controlling step, on the (mg/g) against liquid phase concentration (mg/L) graphically

adsorption of AR 274 on inactivatdd prolifera, the equa- it is possible to depict the equilibrium adsorption isotherms

tion described by Weber and Morris can be used to assess thigFig. 9).

opinion[9,24,30,31] The Langmuir model is valid for monolayer adsorption
a2 onto a surface with a finite number of identical sites. The

ar = Kt ) well-known expression of the Langmuir model is given by

whereg, (mg/g) is the amount of dye adsorbed at time  Ed.(5)
K .the intraparticle rate constant (mg/g rHf). According to deq= (0°KaCe /(1 + KaCeg) (5)
this model, the plot of uptakey{) versus the square root of
time should be linear if intraparticular diffusion is involved in  Eg. (5) can be rearranged to the following linear form:
the adsorption process and if these lines pass through the ori- 0 0
gin then ir?trapefrticle diffusion is the rate Eontrolling%tep. In /9ea=1/0"+1/(KaQ7)- 1/ Ceq ()
many cases, an initial steep-sloped portion indicating externalwheregeq (Mmg/g) andCeq (Mg/L) are the amount of adsorbed
mass transfer is followed by a linear portion to the intraparti- dye per unit weight of biomass and unadsorbed dye con-
cle diffusion and plateu to the equilibrium. centration in solution at equilibrium, respectivey is the
Weber—Morris model was applied to the biosorption of AR maximum amount of the dye per unit weight of biomass to
274 onE. prolifera as a function of the biosorbent concen- form a complete monolayer on the surface bound at bigh
tration and the variation af versus*/2 was given inFig. 8. (mg/L) andK,is a constant related to the energy of adsorption
The linear portions of the curves do not pass through the (L/mg).0° represents a practical limiting adsorption capacity
origin indicating that the mechanism of AR 274 removal on when the surface is fully covered with dye molecules and it
E. prolifera is complex and both the surface adsorption as assists in the comparison of adsorption performance, particu-
well as intraparticle diffusion contribute to the actual adsorp- larly in cases where the sorbent did not reach its full saturation
tion process. For the different biosorbent concentrations, thein experiments.
intraparticle rate constant values calculated from the slopes The Freundlich expression (E7)) is an exponential
of the linear portions of the plots gfversus¥’? were found equation and therefore, assumes that as the adsorbate con-
as 10.36, 7.02, 2.35, 1.39, 1.45 and 1.02 mg/dhior 0.5, centration increases, the concentration of adsorbate on the
1.0,1.5,2.0, 2.5 and 3.0 g/L, respectively. At low biosorbent adsorbent surface also increases. Theoretically using this
concentrations, increase kwas due to the decrease in the expression, an infinite amount of adsorption can occur
intraparticle diffusion resistance. Also, this may be explain

) . : , . Geq= KrC" (7)
why the maximum biosorption capacity (mg/g¥oprolifera eq
was obtained at 0.5 g/L of biosorbent concentration. or, in its linear form
3.5. Equilibrium modelling N geq = In Kr + 1/nIn Ceq (8)

In this equation Kg and 14 are the Freundlich constants
The equilibrium sorption isotherm is fundamentally indicating adsorption capacity and intensity, respectively.
important in the design of sorption syst¢82]. Equilibrium The Langmuir and Freundlich isotherm models were
studies in sorption give the capacity of the sorbent. Equilib- applied to the equilibrium data of AR 274 dye @h pro-
rium relationships between sorbent and sorbate are describegifrq at different temperatures and their linear forms were

300 400
€05gL mM10gL
020¢g/L O25¢g/L
250 1| @3.0g/L A15gL
300 1
200
—_ —
(= o
A— A £ A —A k=)
? 150 £ 2004
= e o——o6—o—20 4
& o o -
100 B—_Ei. ° ° ﬂ. ®  experimental
1001 = == Freundlich
501 s | aNg MU
0 0 T T T T T T
0 1 2 3 4 5 6 0 50 100 150 200 250 300 350

Ceq (mg/L)

Fig. 9. The graphical comparison of the experimental and calculated equi-

Fig. 8. . Weber—Morris model plots for biosorbent concentrations. librium data.
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©20°C 040°GC A30°C Xo,qo
0,03
0,01 1
0 T T T T Xo,Qeq
0 0,1 0,2 0,3 0,4 0,5
1/Cqq 300
Fig. 10. The linearized Langmuir isotherms obtained at different tempera- 250 + —
ture values (initial pH 3.0). equilibrium curve l
o 200
B
6 E 1501
¥ slope=Vy/X, = -1
% 1001 pe=Vo%,
. operating line
47 50 -
&
: 0 T T T T T T T
- 0 10 20 30 40 50 60 70 80

2 4
Ceq(mglL)
®20°C  040°C  A30°C

Fig. 12. AR 274 adsorption in a single stage batch reactor by inacti#ated
prolifera.

0 . .
0 1 2 3 4
Ln Ceq The adsorption capacity &f prolifera was relatively high
when compared with other adsorbents used for the anionic
dyes in the literature. For example, Sulfur Black 5 removal
capacity ofTremella fuciformis was determined as 92 mg/g
) - ) ) sorbent while maximum sorption capacity Af niger was
given inFigs. 10 and 1lrespectively. The isotherm con-  fond to be 6.63 mg/g. Ragajuru et al. studied for the removal
stants were determined by using linear regression analysisys girect red dye using four bacterial strains and reported that
and were presented ifable 2 the maximum removal capacity was 112 mg/g as reported by
Ascan be seen froifable 2 Q° of E. prolifera was deter-  ky and Viraraghavaib]. Differences between dye uptake
mined to be 244 mg/g at 3€ and initial pH 3.0, as was  y3|yes are due to the properties of each adsorbent such as
previously mentioned on determination of optimum condi- structure, functional groups and surface area.

Fig. 11. The linearized Freundlich isotherms obtained at different tempera-
ture values (initial pH 3.0).

tions. geq was found to be smaller thaQP indicating that the The adsorption in a batch stirred reactor can be considered
biosorption of AR 274 dye 0. proliferais by amonolayer g 3 single stage equilibrium. The same quantity of solution
type adsorption. For AR 274 biosorption, the values oél- (Vo) is treated at the single stage by a given amount of adsor-

culated from Freundlich isotherms at different temperatures pent () to reduce the dye concentration of solution frégn
were found to be very close to each other, indicating that the 4 Ceq (Fig. 12. The mass balance for the dye in the single
adsorption intensity was not affected by changing the tem- stage is given by

perature of adsorption medium. The magnitudeKefand

n shows easy separation of AR 274 from aqueous solutions VoCo + Xogo = VoCeq+ X0geq 9)
with high adsorptive capacity df. prolifera, especially at

30°C and initial pH 3.0. —Vo/Xo = (geq— 90)/(Ceq— Co) (10)
Table 2

Comparison of the adsorption constants obtained from the Langmuir and Freundlich adsorption isotherms at different temperatures for AR 2d4Hlye (ini
3.0, agitation speed 150 rev/min)

Temperature“C) Langmuir model Freundlich model

0° (mg/g) Ka (L/mg) R? K¢ 1in R?
20 238.1 0.0649 0.9933 20.92 0.6166 0.9945
30 244.0 0.0741 0.9963 23.28 0.6187 0.9932

40 204.1 0.0729 0.9850 20.44 0.5740 0.9992
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The amount of dye adsorbed per unit mass of biosorbent
at the beginning in a batch reactaeg) is equal to 0.0. Eq.
(10) will provide the operating line passing througfp(

go) and Ceq geq for the single stage. The equilibrium

A. Ozer et al. / Journal of Hazardous Materials B126 (2005) 119-127

The R_ values at 30C and initial pH 3.0 for the stud-
ied system were found in the range of 0.213-0.0512 for
50-250 mg/L initial dye concentrations. As a result, it can
be said that the isotherm shape of AR 274 adsorptioR.on

AR 274 concentrations can also be obtained by using theprolifera is favorable type.

experimental equilibrium curve and operating line. The equi-
librium curve and operating line for AR 274 at 30 and
initial pH 3.0 are given irFig. 12 To determine the equilib-
rium AR 274 concentration in solution leaving the reactor,
the initial dye concentration located at the proper point on
the ordinate Co = 76 mg/L,q0 = 0.0 mg/g), the operating line
passing throughdp, qo) with a slope ofVp/Xg=—1.0. The
absisca(eg) and ordinatedeq) values for the intersection of
coordinates of the operating line and the equilibrium curve
gives Ceq=5.1mg/L and 69.9 mg/g, respectively while the
experimentaleq andgeq values were obtained 5.8 mg/L and
70.2 mg/g, respectively.

Substituting the Freundlich and Langmuir equations for
geqin Eq.(10) and rearranging give for a single stage

Co = Ceq+ (Xo/ Vo) KrCal' (11)

KaC2+[1 — KaCo + 0%(Xo/ Vo)KalCeq— Co =0 (12)

The experimentakr, n, 0° andK, values obtained under the
optimum biosorption conditions were used to calculate the
CeqVvalues in the stream leaving the single batch system from
Egs.(11) and (12)For 76 mg/L initial AR 274 concentration

at 30°C and initial pH 3.0, Eqg(11)is solved for theCeq by a

trial and error computation and was found as 5.94 mg/L. The
positive root obtained from analytical solution of H32)
gives the equilibrium dye concentration as 5.49 mg/L. The
experimental equilibrium data for Acid Red 274 are in good

agreement with those obtained by both isotherm models and

graphical method. On the other hand, the isotherm constants
Ke, 1in, Q° andKj, or the operating lines obtained from the

3.6. Determination of thermodynamic parameters

Thermodynamic parameters such as enthalpy change
(AH), free energy changeAG) and entropy changeA(s)
can be estimated using equilibrium constants changing with
temperature. The free energy change of the sorption reaction
is given by the following equation:

AG = —RTIn K, (14)

whereAG is free energy change, J/md;the universal gas
constant, 8.314 J/mol K arifi the absolute temperature, K.
The free energy change indicates the degree of spontaneity of
the adsorption process and the higher negative value reflects
a more energetically favorable adsorpt[86,36] The equi-
librium constant of biosorption is defined &g = Cag,dCeq
[22]. WhereCyq eis the amount of dye (mg) adsorbed on the
adsorbent per liter of the solution at equilibrium (mg/Clq
is the equilibrium concentration. If biosorbent concentration
is 1.0g/L, Caq,eis equal togeq at a given temperatuf@7].
For the AR 274 biosorption oR. prolifera, the K. values
were calculated at different temperatures for 250 mg/L ini-
tial dye concentration, 3.0 initial pH and 1.0 g/L biosorbent
concentration and were found to be 8.217, 5.75, 4.87 and
2.74 L/g for 30, 35, 40 and 5, respectively. Th& value
decreased with increasing temperature resulting a shift of the
adsorption equilibrium to the lef85].

According to the Van't Hoff equation

InKe = —(AH/R)(1/T) + AS/R (15)

experimental equilibrium data can be used to find the stageAccording to Eq.(15), the InKc versus 17" plots for the

number and/or the final concentration of the exit stream for
the desired purification without any experiments. As a result,
the removal of a given amount of solute can be accomplished
with greater economy of adsorbent if the solution is treated

biosorption of AR 274 ont@&. prolifera were given irFig. 13

AH andAS values in the range of 30-5C were obtained as
—42.58 kJ/mol and-123.08 J/mol K at initial pH 3.0 and ini-
tial AR 274 concentration 250 mg/L, respectively. The effect

with separate small batches of adsorbent rather than in single

batch, with filtration between each stg@e].

The effect ofisotherm shape can be used to predictwhether

a sorption system is ‘favorable’ or ‘unfavorable’. The essen-
tial features of the Langmuir isotherm can be expressed in

terms of a dimensionless constant separation factor or equi-

librium parameterR, which is defined by the following
relationship33,34}

R =1/(1+ KaCo) (13)

whereR| is a dimensionless separation factor, indicating the
shape of the isotherm. The isotherm is unfavorable wten
>1, the isotherm is linear whek =1, the isotherm is favor-
able when 0 ®_ <1 and the isotherm is irreversible when
R =0.

y=5121,9x - 14,804

2 4 R? = 0,9931

Vg

c

0,00305 0,0031 0,00315 0,0032 0,00325 0,0033 0,00335
1T (1/K)

Fig. 13. The determination of the biosorption enthalpy.
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