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Abstract

Bottom Ash, a power plant waste material and De-Oiled Soya, an agriculture waste product were successfully utilized in removing
trisodium 2-hydroxy-1-(4-sulphonato-1-naphthylazo)naphthalene-3,6-disulphonate—a water-soluble hazardous azo dye (Amaranth). The
paper incorporates thermodynamic and kinetic studies for the adsorption of the dye on these two waste materials as adsorbents. Characterizatio
of each adsorbent was carried out by I.R. and D.T.A. curves. Batch adsorption studies were made by measuring effects of pH, adsorbate
concentration, sieve size, adsorbent dosage, contact time, temperature etc. Specific rate constants for the processes were calculated by kinet
measurements and a first order adsorption kinetics was observed in each case. Langmuir and Freundlich adsorption isotherms were appliec
to calculate thermodynamic parameters. The adsorption on Bottom Ash takes place via film diffusion process at lower concentrations and via
particle diffusion process at higher concentrations, while in the case of De-Oiled Soya process only particle diffusion takes place in the entire
concentration range.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction Trisodium  2-hydroxy-1-(4-sulphonato-1-naphthylazo)
naphthalene-3,6-disulphonate (Amaranth) is a widely used
Removal of hazardous industrial effluents is one of the hazardous dye. This is used for colouring textiles, paper,
growing needs of the present time. Various techniques like, phenol-formaldehye resins, wood and leather. Before its
coagulation, adsorption, chemical oxidation and froth floata- legal prohibition to use as colouring agent for food and
tion etc. have been used for the removal of organics as wellbeverages, it was also employed as food additive in jams,
as inorganics from wastewaters. Amongst these, adsorptionjellies, ketchup and cake decoration. Though its carcinogenic
is considered to be most potential one due to its high effi- nature is still debatable but it has now been well proved
ciency and ability to separate wide range of chemical com- that higher concentration of this dye can adversely affect
poundd1,2]. Over the years, waste materials from industrial human/animal health and can cause tumour, allergic and
and agricultural products, such as blast furnace slag, rubberespiratory problemf—7]. There are also some evidences,
tyres, sawdust, rice straw, coconut husk, peat moss etc. havevhich suggest that it may also cause birth def¢8}slt is
been exploited as possible alternative to activated carbon toa water-soluble dye with high solubility and thus difficult to
remove hazardous chemicgBj. Leaving away these com- remove by common chemical treatments. Keeping these in
monly used adsorbents we have been trying to utilize someview, it is considered necessary to attempt and provide an
waste materials to remove hazardous dyés easy, feasible and reliable method for its removal and the
use of adsorption technique was exploited.
* Corresponding author. Tel.: +91 1332 285801; fax: +91 1332 273560.  1he ‘Bottom Ash’ is a waste material obtained by ther-
E-mail addressvinodfcy@iitr.ernet.in (V.K. Gupta). mal power generation plants after combusting coke. It is
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an undesired collected material, which is transported and2.1. Material development

dumped near the surrounding land. Its disposal has always

been a matter of concern to the station authorities, as the Adsorbents, Bottom Ash and De-Oiled Soya were first

dumped ash is considered highly unsuitable for the agricul- washed with doubly distilled water and dried. The dried ma-

tural utilization. Though it has been used as a potential ad- terial was then treated with hydrogen peroxide for 24 h to

sorbent for the removal of meta]9,10] in previous years,  oxidize the adhering organic material and for the removal of

however, its capability to adsorb organic substarjté$is moisture; the product obtained was kept in an oven af 000

not much exploited so far. for 12 h. Now De-Oiled Soya was sieved to desired patrticle
The De-Oiled Soya is the processed out waste materialsize, while Bottom Ash was further activated in furnace at

from Soya industries, which is obtained after extracting all 500°C for 15 min in presence of air and then sieved to obtain

possible nutrients of Soya beans. India is one of the lead- different particle sizes. Finally the products were stored in a

ing producers of the Soya bean crop and captivatingly many vacuum desiccator until used.

Soya Oilindustries near Bhopal, India. Thus, use of De-Oiled

Soya, as an adsorbent is a thoughtful attempt for its valuable,, 5 Adsorption studies

necessitous and needy utilization for the mankind, which also

fits best in the agro industrial scenario. _ Adsorption studies with both the adsorbents were carried
In our earlier work[3], we reported th_e adsorption of by batch technique at 30, 40 and“&temperatures. A
Malachite Green from wastewaters using Bottom Ash. geries of 100 mL graduated conical flasks containing 25 mL
Present paper is devoted to evaluate the effectiveness ofy adsorbate solutions of varying concentrations were em-
activated Bottom Ash and De-Oiled Soya as adsorbentspjoyeqd at a desired pH. These were agitated intermittently
for the removal of trisodium 2-hydroxy-1-(4-sulphonato- {4 achieve equilibration. The concentration of the dye in the
1-naphthylazo)naphthalene-3,6-disulphonate  (Amaranth). 5o|ytion after equilibrium adsorption was determined spec-
This paper incorporates a comprehensive and deta'ledtrophotmetricalIy by measuring the absorbance.aty of
comparison qf adsorption kinetics and equilibrium uptake of 550 nm. The wavelength was recorded before and after the
Amaranth using these adsorbents. adsorption and no shift in the peak was observed. For kinetic
studies, 25 mL solution of Amaranth of known concentration
and a known amount of adsorbent were taken in an airtight
2. Materials and methods 100-mL conical flask. Keeping the flask in a water bath, main-
tained at desired temperature, mixture was mechanically ag-
Trisodium  2-hydroxy-1-(4-sulphonato-1-naphthylazo) itated. After a definite interval of time, the solution of the
naphthalene-3,6-disulphonate (Amaranth) (molecular for- flasks was filtered and filtrate of each was analysed for the
mula GoH11N2010SNag), was obtained from M/s Merck  uptake of dye. The kinetic studies were also performed at
and its stock solution (1mM) was prepared in doubly different adsorbate concentrations.
distilled water. All other reagents used were of A.R. grade.

NaO,S OH ) )
3 3. Results and discussion

@ N=—N @ SO;Na
3.1. Characterization of adsorbents
wslO) (D) - o
The chemical analysis of the adsorbents is given in

Amaranth Table 1 differential thermal analysis (DTA) curves plot-

ted for the activated Bottom Ash exhibited its thermal
The Bottom Ash was procured from thermal power sta-

tion (TPS) of M/s Bharat Heavy Electrical Limited (B.H.E.L),

. . . Table 1
Bhopal (India). The sub-bituminous coal used by TPS Was pemical constituents of adsorbents
obtained from M/s South Eastern Coal Field Limited, Chir-

.. . . . . Bottom Ash De-Oiled Soya
miri, Sarguja (India). The De-Oiled Soya was a free gift from Y
M/s Surya Agro Oils, Bhopal, India. Constituents Percentage Constituents Percentage
The chemical analysis of the Bottom Ash was achieved by weight _ by weight
by conventional methods as reported by Vofg?]. The Moisture 150 Moisture 1
pH of each solution was measured by using microproces-i:oé ‘llg'g g'ik(’):e 26
sor based pH meter; model number HI 8424 (M/s Henna In- 5o, P ca 02
struments, Italy) and absorbance measurements were carriedao 153 P Q7
out on UV/vis spectrophotometer model number 117 (M/s MgO 31 Profat 48
Systronics, Ahmedabad, India) over the wavelength range Na&O 10 Proteins 29

200-500 nm. Amino acids 3
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stability and negligible weight loss was accounted, even ature, indicating thereby the process to be endothermic in
at high temperatures. d-Spacing values provided by X- nature in both cases. The removal of Amaranth in both
ray spectrum of the adsorbent reflected the presence ofcases is fast at lower concentrations and at higher concen-
mainly alumina (AOs), gypsum (CaS@2H,0), beaverite  trations, the uptake changes from 100 to 52.05% for Bot-
[Pb(Cu,Fe,Al}(SO4)2(OH)g], borax (N&B40O7-10H,0) and tom Ash and 100 to 92.38% in case of De-Oiled Soya at
kaolinite [2{Al,Si,O5(0OH)4}]. Scanning electron micro-  50°C.

scopic photographs of the activated Bottom Ash and De-  Sorption data of Amaranth by Bottom Ash and De-Oiled
Oiled Soya revealed their surface texture and porosity and Soya have been correlated with Langmuir (Elg) and Fre-
based on these photomicrographs, particles of the Bottomundlich (Eq.(2)) models:

Ash were approximated as spheres.

The IR spectrum of activated Bottom Ash exhibited 1 1 1 1 1
sharp adsorption bands in the region 3700-3500%in- ge Qo + b0\ C (1)
dicating thereby the presence of free hydroxyl group. The
bands at 3467, 2930, 2676, 1502, 1097 and 790'cm
showed the presence of laumonite, amber, mulite, azu-logqe:
rite, bavenite and kaolinite. In case of De-Oiled Soya, the
bands obtained at 479, 779, 1113, 3459 represented gorthitavhereC is measured molar concentration in solution at equi-

log Kt + 1 logC (2
n

(4[FeOOH)]), corundum (2-Al»03]), coesite (SiQ), lau- librium, Qo is number of moles of solute adsorbed per unit

monite (4[CaA}SisO12-4H,0]). weight of adsorbentye is the number of moles of solute ad-
sorbed per unit weight at concentratiérandb, K¢ andn are
constants.

3.2. Adsorption studies The values of LangmuirFig. 3) and FreundlichKig. 4)

constants obtained from the plots are listed in Table 2
The adsorption behaviour of the dye on Bottom Ash and The data indicates that the valuekfis almost similar for
De-Oiled Soya was studied over a wide range of pH (2-7), both the systems at all temperatures. In both cases, values
as depicted irFig. L From the figure it is clear that in both  of Q, obtained from the intercepts of Langmuir plots (i.e.
the adsorbents the maximum uptake of Amaranth takes placemaximum uptake) increases with increase in temperature.
ata pH 2.0. Hence, all subsequent studies were performed afhis also indicates the processes to be endothermic in nature.

pH 2.0. However, theQ, values appeared to be slightly higher for
The adsorption of Amaranth was also recorded at adsor- Amaranth—De-Oiled Soya system, indicating thereby better
bate concentrations ranging fromx3L0~° to 1x 10~4M, adsorption ability of De-Oiled Soya. It is pertinent to men-

at a pH of 2.0 and at different temperatures (30, 40 and tion that the Langmuir model is slightly better fitted then
50°C). Fig. 2 shows that the adsorption of Amaranth on the Fraundlich model in the present studies and indicates the
both the adsorbents increases with an increase in temperformation of the monolayers of the dye on the adsorbent.
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Fig. 1. Effect of pH on percentage removal of Amaranth by Bottom Ash and De-Oiled Soya (a) Bottom Ash: amount, 0.1 g/25 mL; sieve size, 0.08-0.15mm;
concentration, & 10~° M. (b) De-Oiled Soya: amount, 0.05 g/25 mL; sieve sizd).3; concentration, @ 10> M.
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Effect of Concentration on Adsorption of Amaranth
over Bottom Ash & De-Oiled Soya at Different Temperatures
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Fig. 2. Effect of concentration on adsorption of Amaranth over Bottom Ash & De-Oiled Soya at different temperatures (a) Bottom Ash: amount, 0,1 g/25 mL
sieve size, 0.08-0.15 mm pH 2; (b) De-Oiled Soya: amount, 0.05 g/25 mL; sievec$iZ&mm, pH 2.
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Fig. 3. Langmuir adsorption isotherms for Amaranth adsorption at different temperatures. (a) Bottom Ash adsorption, (b) De-Oiled Soya adsorption.
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Fig. 4. Freundlich adsorption isotherms for Amaranth at different temperatures. (a) Bottom Ash adsorption, (b) De-Oiled Soya adsorption.
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Table 2
Freundlich & Langmuir constants amelalues of Amaranth adsorption over Bottom Ash (BA) & De-Oiled Soya (DOS) at different temperatures

Langmuir constants

Adsorbent Qo x 1072 (mol/g) bx 10° (L/mol)

30°C 40°C 50°C 30°C 40°C 50°C
BA 1.965 2053 2123 13.768 14.252 14.564
DOS 2304 2336 2786 153.356 228.877 237.748

Freundlich constants

n Kt (L/g)
BA 0.1520 01452 01397 0.9999 0.9999 0.9999
DOS Q1423 01650 01368 0.9999 1.0000 1.0000
r-values
BA 0.908 Q467 Q0462
DOS Q068 Q046 Q045

To confirm the favourability of adsorption process, method greater adsorption at higher temperature. The positive values
suggested by Weber and Chakrabfiri] was employed and  of enthalpy changeAH°) further suggest the endothermic
separation factor' [14], a dimensionless constant, was cal- nature, while positiveAS’ values reflect the affinity of the

culated by following equation: adsorbent materials towards Amaranth.

o 3) inetic studi
ryr =

1+ bCo 3.3. Kinetic studies
where valuesb and Co, were obtained from Langmuir Attempts were also made to innovate more effective de-
isotherm. The linear, favourable or irreversible nature of signing and modelling of the adsorption process on these
isotherm is dependent on the obtained value ab unity,  cheap and easily available adsorbents. For this purpose, ki-
between 0 and 1, and zero, respectivéble 2clearly ex-  netics of the adsorption process was carefully monitored by

hibits that the values of r are less then 1 at all temperatures forrecording effects of some major parameters like contact time,
both the adsorbents, indicating thereby a highly favourable amount and particle size of adsorbent and concentration of

adsorption in both the cases<1). adsorbate solution on the uptake of Amaranth on Bottom Ash
Thermodynamic data of each system was calculated fromand De-Oiled Soya.

the concern Langmuir isotherm$able 3 using following Preliminary investigations suggest that the uptake of Ama-

equations: ranth within first hour was almost in the range 0.75-5.27%

AG® — —RT Inb 4) and 42.75—47.39% over the Bottqm Ash and De-Oiled Soya,
respectively, at each temperatukég. 5. In case of Bottom
AHC — —R( T ) In (@) ) Ash equilibrium was established within 9—10 h, whereas, in
To—T1 b1 case of De-Oiled Soya 6—7 h were found sufficient for attain-
AH® — AG® ing the equilibrium. Further, kinetics of the process at dif-
ASC ="~ =" (6) ferent temperatures (30, 40 and“&0) exhibits an increase
r in adsorption with the increasing temperatuFgy( 5). The
whereb, by, by are the equilibrium constants at different half-life of each process was also calculated and was found
temperatures and obtained from the slopes of adsorptionto decrease with increase in temperature. These results once
isotherms at different concentrations. again confirm endothermic nature of the on-going process in
In each case, the feasibility and spontaneous nature ofboth cases.
adsorption process is well confirmed from the negative values  The effect of amount of adsorbent on the rate of removal of
of AG°. It is also observed that in each cagei® value Amaranth was also studied and results obtained are presented
decreases with the increasing temperature, indicating therebyin Table 4 It was found that with the increasing dosage of

\T/ZIti:Zssof thermodynamics parameters for the adsorption of Amaranth on different adsorbents

Adsorbent AG° (kJmot 1) AHe (kJ mol1) AS (JK-1 mol~1)
30°C 40°C 50°C

Bottom Ash 23976 24857 25709 2277 86658

De-Oiled Soya 3Mm80 32115 33243 121844 490917
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Effect of Contact Time for Adsorption of Amaranth at different Temperatures

(a) Bottom Ash adsorption (b) De-Oiled Soya adsorption
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Fig. 5. Effect of contact time for adsorption of Amaranth at different temperatures (a) amount of Bottom Ash, 0.19/25mL; sieve size, 0.08-0.15mm;
concentration of dye, & 10-° M; (b) Amount of De-Oiled Soya, 0.05 g/25 mL; sieve size.3; concentration of dye, 9 107> M.

Table 4 powdered adsorbent over granular form from a kinetic view-
Effect of amount of different adsorbents on the uptake of Amaranth point.
Adsorbent Amount of Adsorbed amount of t12 (h)
4 .
?dsgrrb;;;m Amaranthx 10~ (g) 3.3.1. Adsorption rate constant study
9P To determine the specific rate constant of adsorption pro-
Bottom Ash o1 7.86 1581 cesses of Amaranth-Bottom Ash and Amaranth—De-Oiled
0.2 9.05 1203 g .
Soya systems, Lagergren'’s first order rate expression was ap-
De-Oiled Soya @ 1288 563 plied [15] by using following equation:
0.2 1345 364
kads
lo —qgt)=lo — —— Xt 7
d(ge — q1) dqge 5303 (7)

adsorbent the rate of removal of adsorbate also increases. Itis

important to note that there is a substantial increase in adsorpWherede andg are the amount adsorbed at equilibrium and
tion when amount of adsorbents is increased by two times of timet, respectively. The plots between log{-o) andt were

the undertaken amouritgble §; however a further introduc- ~ found to be linear for both the systentsd. 6), which clearly

tion of the adsorbents amount did not Change the rate S|gn|f|_ confirm the first order nature of the processes in each case.
cantly. Keeping this in view, in all subsequent kinetic studies The values of the rate constaitgs for each system was
the amount of Bottom Ash and De-Oiled Soya was taken as also calculated from the respective Lagergren’s plots and are
0.1g and 0.05g, respectively. The half-litg/f) of the pro-  listed inTable 6

cess was also calculated at different doses of each adsorbent

and it was found that the half-life decreases with increasing 3.3.2. Rate expression and treatment of data

amount of adsorbent at a constant temperaftablé 5. This For the proper interpretation of experimental data, it is es-
very well confirms the dependence of rate of adsorption on sential to identify the steps in the adsorption process, which

the amount of adsorbent and also specifies the advantage ogovern the overall removal rate in each case. To identify,
whether the on-going process is particle diffusion or film

Table 5 diffusion, the kinetic data has been treated by ingenious math-
Effect of sieve size of different adsorbents on the uptake of Amaranth ematical treatment suggested by Boyd dtld] and Reichen-
Adsorbent Particle Adsorbed Amount of ta (h) berg[17].
size (mm) Amaranthx 1074 (g) During the adsorption of an organic/inorganic compound
Bottom Ash 0.15-0.3 2416 7453 by a porous adsorbent, there are three possible consecutive
(0.19g per
25mL) Table 6
0.08-0.15 786 1581 Values of specific rate constark,§g obtained for different adsorbents at
<0.08 816 1478 different temperatures
De-Oiled Soya 0.425-0.6 a5 1487 Adsorbent Kags (h™1)
(0.059 per
25mL) 30°C 40°C 50°C
0.3-0.425 160 635 Bottom Ash 0285 Q321 Q351

<03 1339 394 De-Oiled Soya @39 0255 Q0272
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Time vs. log (q.—q;) Plot for the Adsorption of Amaranth at Different Temperature

(a) Bottom Ash adsorption (b) De-Oiled Soya adsorption
-4 # 30 Degree C .32 ) ) # 30 Degree G
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&F -34 —
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Fig. 6. Time vs. logge—0at) plot for the adsorption of Amaranth at different temperature.

steps involved, viz. film diffusion, particle diffusion and ad- \whereQ; and Q. are amounts adsorbed after titand after
sorption of adsorbate on the interior surface of the adsor- infinite time, respectively.

bent. Out of these processes the third one is quite rapid,

hence cannot be considered as rate-limiting $1&). Re- 2
maining two steps give rise to following three distinct cases; B =
Case |, when external transport>internal transport, where
rate is governed by particle diffusion, Case Il, when exter-
nal transport <internal transport and the rate for these pro-
cesses is governed by film diffusion and a Case lll, when X
external transport internal transport, meaning thereby the assumed to be spherical.

transport of ions to the boundary may not be possible at a For eyeryfobservgdhvalue Ef, corresponhdinglg values &
significant rate, hence formation of a liquid film surround- Was derived from Reichenberg’s tafl&]. The plot ofB; ver-

ing the adsorbent particles takes place with a proper concen-SUS time clearly distinguishes between the film diffusion and

tration gradient. To investigate the actual process involved e parnclehdlffulsmn controlledrates of adzorptlr(])n.l_ln case of
in the present adsorption, a quantitative treatment of the BOttoM Ash, atlow concentrations (s5107> M) the linear-

. . . . . 5
sorption dynamics was employed with the help of following ity d'eV|at.es,.Wh|Ie_ at 'hlgher conce.ntrat.|0r§5(>< 1¢ M)
expressions: the linearity is maintained and straight lines passing through

origin are obtained. This suggests involvement of film dif-
- fusion at low concentrations and particle diffusion mecha-
6 1 2 nisms at higher concentrations, as the rate-controlling steps.
F=1- 72 21: <;> expEn”B;) (8) The B; versus time plot for Amaranth-De-Oiled Soya sys-
tem at lower concentrations (s510~° M) were non-linear
confirming the film diffusion to be rate-determining mecha-

D;

(r3)

= time constant

whereD; is the effective diffusion coefficient of adsorbate in
the adsorbent phase angds the radius of adsorbent particles

whereF is the fractional attainment of equilibrium at timté * nism. However, at higher concentrationsi(x 10-5 M), the
and is obtained by using E(¥) andn is Freundlich constant  ghtaineds, versus time plots were found linear and passing
of the adsorbate. through the origin, thus the process seems to be particle diffu-
sion controlled in this region, while during the later stages, the
F = 9 film diffusion mechanism also becomes operative, because of
O deviation of the plot from linearity.
Table 7

Values of effective diffusion coefficienX), pre exponential constarig), activation energyH,) and entropy of activationAS) for diffusion of Amaranth
in Bottom Ash (0.08-0.15 mm) and De-Oiled Soye0(3 mm)

Adsorbent D; (m?/s) Do (m?/s) Ea (I mot 1) AS (K- mol-1)
30°C 40°C 50°C
Bottom Ash 1.25¢ 10710 1.37x 10710 1.57x 10710 5.750x 1010 967623 —55274

De-Oiled Soya 4.9% 1010 532x 1010  576x 10710 5.244% 10-10 593650 —56.039
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