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ABSTRACT

The removal of lead through adsorption by fly ash was investigated. Batch mode adsorption experiments using Atomic

Absorption Spectroscopy (AAS) technique were performed. The results obtained were described by the Langmuir, Freun-
dlich and Brunauer-Emmett-Teller (BET) adsorption isotherms using the least square fit method. The best fit was assessed
by the linear coefficient of correlation (R?) and the non-linear Chi-square test (3.1’ ). The experimental and theoretical
values of the fly ash equilibrium capacity as an adsorbent were compared. It was found that the BET adsorption isotherm
provides the best fit in view of the linear coefficient of correlation, while the Freundlich adsorption isotherm was found

more appropriate in case of non linear Chi square test (X% ) application. It was also found that the pseudo second order

kinetic model provides the best description of fly ash adsorption behavior.

Keywords: fly ash, lead, water pollution, adsorption isotherms, kinetics study.

INTRODUCTION

The general body of literature on lead toxicity in-
dicates that, depending on the dose, lead exposure can
impact almost all the body’s organs or systems. The
most common systems affected are the nervous and
reproductive systems, with brain and kidneys being the
most affected organs [1 - 6].

Various methods such as chemical precipitation,
flotation, ion exchange, adsorption, biological treatment,
etc. are often used to remove heavy metals from waste
water [7 - 10]. Adsorption is recognized as more useful
and economical among the removing techniques applied.
The application of low cost and easily available materials
in wastewater treatment has recently attracted great inter-

est. Fly ash, a by-product of coal burning power plants,
has been used as a potential adsorbent for removal of
lead and other heavy metals for water pollution control
or wastewater treatment [11 - 13].

A lot of investigations are reported in the literature
on the utilization of fly ash for adsorption of individual
pollutants in an aqueous solution. The results are en-
couraging for removal of heavy metals from industrial
wastewater [14 - 18].

Therefore, the present study was undertaken to
evaluate the effectiveness of fly ash for the removal of
lead through adsorption. Laboratory batch kinetic and
adsorption isotherm studies were conducted to determine
the fly ash adsorption capacity.

With this point of view, the present study was under-
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taken to evaluate the effectiveness of exhausted thermal
power plant coal fly ash in the removal of lead ions from
an aqueous solution. The effect of various experimental
conditions such as the adsorbate amount and the contact
time was studied at room temperature. To optimize the
design of lead ions adsorption system, the results obtained
from batch adsorption experiments were fitted to Lang-
muir, Freundlich and BET adsorption isotherms using
least square fit method. The data obtained from the batch
studies was used to study the kinetic behavior of fly ash.

EXPERIMENTAL

Materials and methods

Stock solution preparation

The stock solution of lead ions (500 mg 1) was
prepared by dissolving 1.1598 g of Pb(NO,),. H,O in 2
liters freshly distilled water. This stock solution of 500
mg 1! was further diluted by adding distilled water to
prepare solutions of different lead ions concentrations.

Fly ash

The fly ash used in the present study was collected
from a coal fired thermal power plant located in central
India. It was stored in an air tight container, and used for
lead ions adsorption without any pretreatment. Variations
in the fly ash properties may affect its ability to adsorb
heavy metals. Therefore, its chemical composition was
determined using standard methods. The fly ash collect-
ed for the study was sieved to study the size distribution.
The latter was done by passing it over the standard size
molecular sieves as per Indian Standard [19].

Scanning Electron Microscope (SEM) analysis was
carried out to study the fly ash particles surface struc-
ture and morphology. Information about the surface
area of the adsorbent used is an important requirement
for modeling and simulation studies for any adsorption
separation process. Therefore, the surface area of the fly
ash used in the present study was determined by the BET
method using liquid nitrogen gas. In this method, the
amount of liquid nitrogen gas adsorbed can be measured
by a volumetric or continuous flow procedure [20]. The
BET equation can be written in a linear form as:

MQJ _ 1} s o (1)

I

where P is the partial vapor pressure of the adsorbate
gas in equilibrium with the surface at 77.4 K (b.p. of
liquid nitrogen), in Pa, P_ is the saturated pressure of
adsorbate gas, in Pa, W is the volume of the gas adsorbed
at standard temperature and pressure (STP) [273.15 K
and atmospheric pressure (1.013 x 10° Pa)], inmL, W
is the volume of the gas adsorbed at STP to produce
an apparent monolayer on the sample surface, in mL,
while C is a dimensionless constant that is related to
the enthalpy of adsorption of the adsorbate gas on the
powder sample. Thus, a linear plot can be obtained by
plotting 1/[W(P/P,)—1] versusP/P,. The values of slope
and the intercept of the linear plot are used to calculate
W,_and C. This plot should yield a straight line usually
in the approximate relative pressure range 0.05 to 0.3.
The total surface area (S)) is defined by:
_ W, NAg

‘ M )
where N is the Avogadro’s number (6.023X10%), M
is the molecular mass of the adsorbate, while A  is the

S

adsorbate cross sectional area (16.2 (/0\)2 for Nitrogen).
The specific surface area (S in m?g!) is then determined
by the total surface area divided by the sample mass (w):

S=S,/w 3)

Equipment

Scanning electron microscope Philips SEM 515 was
used to study the fly ash particles surface structure. Surface
area analyzer Micromeritics ASAP 2020 V3.04 H was used
to determine the fly ash surface area. Atomic absorption
spectrophotometer GBC 932 AA was used to determine
the concentration of lead ions present in a sample.

Adsorption isotherm studies

The results obtained from the batch adsorption
experiments carried out in this study were fitted to the
Langmuir, Freundlich and BET adsorption isotherms
using the least square fit method.

The metal ions amount adsorbed by fly ash in mg/g
was calculated using the following equation [21]:
4 (CrCOV 0

e

w
where C and C_are the initial and the equilibrium con-
centrations, correspondingly, expressed in mg L', V is
the volume of the aqueous solution in L, while w is the
mass of the adsorbent added to the solution in g.
The standard Langmuir equation [22] can be repre-



Ishwardas L. Muthreja, Ajay K. Agarwal, Mahendra S. Kadu, Chandrashekhar P. Pandhurnekar

sented in its linear form as:

C, 1

1
e C+
qc qm ‘ Ka 'qm (5)

where C_ is the equilibrium concentration of lead ions
(mg 1), q, is the solid phase concentration of lead ions
(mg g'), while q (mg g'), and K (I mg™) are empiri-
cal constants, whose values can be estimated from the
slope and the intercept of the linear plot of C /q_ vs. C_.

The Freundlich equation [23] can be presented in
its linear form as:
In q,=ln Kf+lln C.

n (6)

where K. is the Freundlich characteristic constant [(mg
gh)(L g"H'"] , while 1/n is the heterogeneity factor of
sorption.

The BET isotherm [24] is used in the present study
in its linear form:

Ce — 1 + (CBET - 1) {gj (7)
q.(C-C,) q.Cpir q.Coer \ G

where C, is the equilibrium concentration (mg L), C_ is
the adsorbate monolayer saturation concentration (mg
L-l)’ CBET
energy of surface interaction (L mg™')

is the BET adsorption isotherm relating to the

Chi-square test

Chi-square is a statistical test commonly used to
compare observed data with data expected to be obtained
on the ground of a specific hypothesis [25]. The Chi-
square test statistics is basically the sum of the squares
of the differences between the experimental data and
the data obtained by modeling, with each squared dif-
ference divided by the corresponding data calculated
using the models [26]. In this study, the Chi-square test
was performed for all adsorption isotherms considered
using the mathematical expression:

(qe calc - qe )2
W= e (8)
qc,calc
where q_ . is the equilibrium (theoretical) capacity ob-

e, calc

tained from the adsorption model (mg g'') and q_ is the
equilibrium capacity (mg g!) from the experimental data.

Kinetics studies
A number of experimental parameters are usually
considered in the study of adsorption process kinetics.

Three well-known kinetic models, pseudo-first-order,
pseudo-second-order and intra-particle diffusion model,
were employed to describe the adsorption process. The
pseudo-first order, proposed by Lagergren [27] for ad-
sorption analysis, can be linearized in the form:

In(q,-q,)=Inq, -kt ©)
where q, and q, are the sorption capacities (mg/g) of lead
ions at equilibrium and at a time t, respectively, while k, is
the corresponding pseudo first-order rate constant (I/min).
The pseudo second-order equation [28] can be writ-
ten in its linear form as:
t 1 1

—= +—t 10
q. ka’ q, (10)

where k, is the rate constant for pseudo second-order
sorption (g (mg™! min')).

The equation of the intra-particle diffusion model
given by Weber Morris [29] can be used in the form:
q. =k £ (1D
where k., is the corresponding rate constant.

EXPERIMENTAL

A set of experiments was carried out using an aque-
ous solution of lead ions (of a concentration of 20 mg L',
40 mg L', 60 mg L', 80 mg L! and 100 mg L!) aiming
to investigate the effectiveness of the various adsorption
isotherm models. The adsorbent quantity and the contact
time were varied to determine the equilibrium time for lead
ions removal. The fly ash amount was maintained at 1 g
per 100 ml of a solution in each of the batch experiments
carried out. Samples in different conical flasks were kept
under constant stirring for three hours. It was experimen-
tally verified that this was the time required for adsorption
equilibrium establishment. The adsorbent was separated
from the solution by centrifuging at a speed of 3000 rpm
for 5 min. The residual solution was used to determine
the quantity of lead adsorbed using AAS.

RESULTS AND DISCUSSION

Fly ash characterization

The chemical and mineral composition of fly ash
varies widely, depending upon the minerals present in the
coal and the burning condition. The chemical analysis of
the fly ash used refers to: SiO, (62.6 %), AL O, (24.41 %),
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Fe 0, (4.04 %), TiO, (0.69 %), CaO (0.35 %), MgO
(0.54 %), Na,0 (0.27 %), K,0 (0.21 %), SO, (0.84 %),
P,O, (0.037 %), MnO (0.28 %) and loss on ignition
(1.27 %). According to chemical composition of the fly
ash used the content of SiO, and Al O, corresponds to
about 85 % of the total content, while Fe, O, is the third
largest constituent amounting to about 4 % of the total
mass. All other constituents contribute to less than 3.5
%. It is also found that the fly ash contains less than 5
% of SO,. Furthermore, the loss on ignition is less than
6 %. Therefore, this fly ash can be classified as class ‘F’
according to ASTM C-618 [30].

The fly ash particle size distribution shows that the
sample contains less than 8.88 % particles of a size above
75 um, whereas approximately 91.12 % particles are of
a size smaller than 75 pm.

Fig. 1 presents the SEM micrograph of a coal fly ash
sample at 20000x magnification. It is evident that the fly
ash particles are generally spherical in shape. However,
some irregular shaped particles are also present.

To determine the surface area of the fly ash a graph of
1/[W(P/P,)—1]vs. P/P, is plotted. It is shown in Fig. 2.
The BET surface area of the fly ash used, as determined from
the Fig. 2, is found to be 10.5777 £ 0.1429 m? g'.

Effect of fly ash dose and contact time on its re-
moval efficiency in respect to lead ions

To study the effect of fly ash dose and contact time
on its removal efficiency in respect to lead ions from the
aqueous solution, 100 ml of aqueous solutions of lead

m Inspec S RS dept

Fig. 1. A SEM image of a fly ash sample (magnification:
20000x).
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Fig. 2. A plot of 1/[W(P/PO — 1)] vs. (P/PO).

ions (20 mg L', initial pH of 5.82) were taken in a coni-
cal flask and 1 g of fly ash was added. The mixture was
stirred from 10 min to 180 min using a magnetic stirrer
at 150 rpm. The solution was then centrifuged for 5 min
at a speed of 3000 rpm. The resultant solution was used
to determine the lead ions concentration in the sample. A
graph between the percentages of the lead ions removed
vs. the contact time is plotted. It is illustrated in Fig. 3.
It is seen from the Fig. 3 that the removal efficiency
in respect to the lead ions increases with the contact time
increase. Furthermore, it is very high at the beginning
of the adsorption. Then it continues to increase but at a
slower rate. The removal efficiency reaches 53.2 % in
just 10 min and increases to about 95.95 % when the con-
tact time is increased to 3 h. After that, the contact time
increase does not affect the removal efficiency. Therefore,
the equilibrium time of contact required for lead ions
removal from the solution is found in this study equal
to 3 h, while the value of q_ is estimated to 1.9 mg g™

Adsorption isotherms study and Chi square test

To optimize the design of an adsorption system for
lead ions sorption from an aqueous solution, it is important
to establish the most appropriate equilibrium curves. The
values of C; and C_and respective value of q, as obtained
from batch adsorption studies are listed in Table 1. The
various parameters required to plot the graphs of the
Langmuir, Freundlich and BET adsorption isotherm
are calculated on the ground of the experimental data.

The results obtained in the batch adsorption experi-
ments are fitted to the Langmuir adsorption isotherm by

plotting C /q_ . C, using the least square fit method as

€ VS,



Ishwardas L. Muthreja, Ajay K. Agarwal, Mahendra S. Kadu, Chandrashekhar P. Pandhurnekar

% of Pb? fons removed
£ 3 g

8

(=

0 o ' 120 160 200
Contact time ( min. )

Fig. 3. Effect of the contact time on the removal efficien-

cy of fly ash in respect to lead ions.
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Fig. 4. Langmuir isotherm referring to lead ions adsorp-

tion on fly ash.

shown in Fig. 4. The coefficient of correlation (R?) is
found equal to 0.986. The values of q_ is estimated to
be equal to 5.52 mg g, the value of K_is found equal
to 0.186 1 mg.

The adsorption data are also fitted to the Freundlich
adsorption isotherm by plotting In g, versus In C_us-
ing the least square fit method. The isotherm graph is
shown in Fig. 5. The coefficient of correlation (R?) is
found equal to 0.992. The value of n, i.e. the reciprocal
of the heterogeneity factor of adsorption is estimated
equal to 3.401, whereas that of K, i.e. the Freundlich
characteristic constant equals 1.653.

The BET adsorption isotherm model is also inves-
tigated by plotting C, / q,(Cg —C,) versus C/C, using
the least square fit method. The results obtained are
visualized in Fig. 6. The coefficient of correlation (R?) is
found to be 0.996. The value of q_(mg g') equals 4.545,
whereas those of C,(mg I'') and C . (I mg™") equal 312
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Fig. 5. Freundlich isotherm referring to lead ions adsorp-

tion on fly ash.
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Fig. 6. BET isotherm referring to lead ions adsorption on
fly ash.

and 110, respectively.

The experimental values of q_and those calculated
(theoretical value) on the ground of the best fit linear
equations are compared in Table 1.

The various adsorption isotherm constants and val-
ues of ZXZ referring to the Chi square test obtained
for the different adsorption isotherms are summarized
in Table 2.

The adsorption data analysis is important to opti-
mize the design of the adsorption system for adsorptive
removal of lead ions from an aqueous solution. The
best fit isotherm must have the minimum value of Chi
square () X2 ) and the maximum value of the coefficient
of correlation (R?). It is evident from Table 2 that the
value of 3’ xz is minimal for the Freundlich adsorption
isotherm and maximal for the Langmuir adsorption
isotherm. It is also seen from the Table 2 that the value
of the coefficient of correlation (R?) is maximal for the
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Table 1. Juxtaposition of experimental and theoretical (calculated) values of q_.

. qe(mg gHcalculated on the ground of the
Sr. Co Ce Experimental adsorption isotherm used
Ol ng 1) [ (mgry | Yale ofe | .
(mgg™) Langmuir Freundlich BET

1 20 1.58 1.842 1.257982 1.89171 1.6398

2 40 7.84 3.216 3.281653 3.02956 3.4469

3 60 20.14 3.986 4.363709 3.99801 4.2935

4 80 34.58 4.542 4.783524 4.68667 4.7645

5 100 48.12 5.188 4971218 5.16480 5.1191

Table 2. Langmuir, Freundlich and BET adsorption isotherm constants referring to lead ions.

Langmuir Adsorption Isotherm Constants

gn(mg g™ ka(1mg'") R’ ¥’

5.524861878 0.186598 0.986 0.32678528
Freundlich Adsorption Isotherm Constants

n Ki(mg g R’ Sy’

3.401361 1.653674861 0.992 0.017386628
BET Adsorption Isotherm Constants
gs Cs(mg 1™ Ceer (I mg™) R? Sy’
4.54545 312 110 0.996 0.0737474

Table 3. Values of various parameters referring to the kinetics of lead ions adsorption on fly ash.

Sr. No. | t(min) t!2 qc (mg gh) In (qe-q) t/qt
1 10 3.162278 1.064 -0.15665 9.398496
2 30 5.477226 1.669 -1.38629 17.97484
3 60 7.745967 1.844 -2.59027 32.53796
4 90 9.486833 1.884 -3.35241 47.7707
5 120 10.95445 1.901 -4.01738 63.12467

Table 4. Values of constants referring to different models describing the kinetics of

lead ions adsorption on fly ash.
Pseudo first order kinetic model

ki (min™) ge(mg gh) R?
0.034 0.834 0.960
Pseudo second order kinetic model
k2 (g mg” min™) qe(mg g7) R?
0.065 2.04 0.999
Intra-particle Diffusion model
Kid(mg g 'min"?) R?
0.10 0.789
BET adsorption isotherm, while it is minimal for the mated in the course of the batch experiments carried out.
Langmuir adsorption isotherm. They are listed in Table 3 and further used to determine
the various kinetic parameters considered. The pseudo
Adsorption Kinetics study first-order kinetic model is been verified by plotting In
The values of the current adsorption capacity of the (q,-q) vs. t. It is presented in Fig. 7. The value of the
fly ash sample in respect to lead ions at time t, q,, are esti- correlation coefficient (R?) is found to 0.96. The values
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In(q,-q)

t (min)
Fig. 7. Pseudo-first order model applied to the kinetics of
lead ions adsorption on fly ash.
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Fig. 8. Pseudo-second order model applied to the kinetics
of lead ions adsorption on fly ash.
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Fig. 9. Intra-particle diffusion model applied to the kinet-

ics of lead ions adsorption on fly ash.

of t/q, vs. t are plotted in correspondence with the pseudo
second-order kinetic model examined. The visualization
is presented in Fig. 8. The validation of the intra particle
diffusion model is verified by plotting t'? vs. q,as shown in
Fig. 9. The values of the coefficient of correlation (R?) and
other parameters concerning the different kinetic models
considered are summarized in Table 4. The value of R?
is expected to have a maximal value in case of a best fit.
It is seen from the Table 4 that the first order rate ex-

pression and the intra-particle diffusion model can not fit
well to the experiment data. In contrast, the pseudo second-
order kinetics shows a much better correlation coefficients
(R?=0.999), suggesting that this model is applicable to
the adsorption kinetics description. The experimental val-
ues are fitted to the corresponding equations by the least
square fit method and the values of g, i.e. the sorption
capacity of fly ash in respect to lead ions at equilibrium
are calculated. The value of 2.04 thus estimated is very
close the experimental one, which equals 1.90.

CONCLUSIONS

The study reveals that coal fly ash used in the pre-
sent work can be used effectively for the adsorption of
lead ions from an aqueous solution. The fly ash used
can be classified as class F. The adsorption studies
carried out show that the BET isotherm model fits
well in view of the values of the linear dependences
correlation coefficient R? obtained. However, the Fre-
undlich adsorption isotherm is found the most suitable
based on the non linear Chi square test. It can also be
concluded that the Langmuir adsorption isotherm is
the least preferred model studied based on the value
of the linear dependences regression coefficient and
that of the Chi square Y XZ . The study of the kinetics
of lead ions adsorption on fly ash shows that the best
fit of the value of the adsorbent capacity is obtained
in case the kinetics is described by a pseudo-second
model — the theoretical value is 2.04 compared to the
experimental one of 1.90.

REFERENCES

1. M. Jung, 1. Thornton, Heavy metals contamination of
soils and plants in the vicinity of a lead-zinc mine, Korea,
Applied Geochemistry, 11, 1996, 53-59.

2. C. Heidel, M. Tichomirowa, J. Matschullat, Lead and
Strontium isotopes as indicators for mixing processes
of waters in the former mine ‘HimmelfahrtFundgrube’,
Freiberg (Germany), Isotopes Environ Health Study, 43,
4,2007, 339-354.

3. F.B. Pyatt, G. Gilmore, J.P. Grattan, C.O. Hunt, S.
McLaren, An Imperial Legacy? An Exploration of the
Environmental Impact of Ancient Metal Mining and
Smelting in Southern Jordan, Journal of Archaeological
Science, 27, 2000, 771-778.

511



Journal of Chemical Technology and Metallurgy, 52, 3, 2017

10

11.

12.

13.

14.

15.

16.

. J.T. Matheickal, M.Y. Qi, Biosorption of lead from aque-

ous solutions by marine algae eckloniaradiate, Water
Science and Technology, 34, 9, 1996, 1-7.

. A.K. Agarwal, M.S. Kadu, C.P. Pandhurnekar, I.L.

Muthreja, Removal of Nickel (II) ions from aqueous
solution using thermal power plant fly ash as a low cost
adsorbent: Adsorption isotherm and kinetics study, Int. J.
Envir. Prot., 3, 3, 2013, 33-43.

. V. Maria, P. Nicoleta, Adsorption of Heavy Metals Cations

onto Zeolite Material from Aqueous Solution, Journal of
Membrane Science & Technology, 5, 1, 2015, 1000133

. P.C. Mishra, R. K. Patel, Removal of lead and zinc ions

from water by low cost adsorbents, J. Haz. Mat., 168,
2009, 319-325.

. A.Mishra, B.D. Tripathi, Utilization of fly ash in adsorp-

tion of heavy metals from wastewater, Toxicol. Environ.
Chem., 90, 2008, 1091-1097.

. T. Bohlia, A. Ouedernia, N. Fiolb, I. Villaescusab, Single

and binary adsorption of some heavy metal ions from
aqueous solutions by activated carbon derived from
olive stones, Desalination and Water Treatment, 53, 4,
2015,1082-1088.

. AK. Agarwal, M.S. Kadu, C.P. Pandhurnekar, I.L.

Muthreja, Characterization of coal fly ash and its ability
to remove Ni++ ions from Aqueous Solution, Holistic
Approach to Environment, 4, 1, 2014, 17-29.

V. HeAquet, P. Ricou, I. Lecuyer, P. Le Cloirec, Removal
of Cu?*" and Zn** in aqueous solutions by sorption onto
mixed fly ash, Fuel, 80, 2001, 851-856.

B. Lokeshappa, A K. Dikshit, Fate of Metals in Coal
Fly Ash Ponds. International Journal of Environmental
Science and Development, 3, 1, 2012.

A. Ashfaq, M. Kaifiyan, Simultaneous Biosorption
of Iron (II) and Zinc (I) onto Fly ash from Aqueous
Solutions, International Journal of Current Microbiology
and Applied Sciences, 5(7), 2016, 117-120.

R.S. Iyer, J. A. Scott, Power station fly ash - A review
of value-added utilization outside of the construction
industry. Resour. Conserv. Recy., 31,2001,217-228.
F.T. Ademiluyi, J.C. Nze, Multiple adsorption of heavy
metal ions in aqueous solution using activated carbon
from Nigerian bamboo, International Journal of Research
in Engineering and Technology, 5, 1,2016, 164-169.
G. Senthilkumar, A. Murugappan , Multicomponent
Adsorption Isotherm Studies on Removal of Multi
Heavy Metal Ions in MSW Leachate using Fly Ash,
International Journal of Engineering Research &

512

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Technology, 4, 8, 2015, 58-66.

A.K. Agarwal, M.S. Kadu, C.P. Pandhurnekar, I.L.
Muthreja, Kinetics study on the adsorption of Ni**
ions onto fly ash, Journal of Chemical Technology and
Metallurgy, 50, 5, 2015, 601-605.

S. Salehina, A.S. Aburizaizaab, M.A. Barakatab,
Activated carbon from residual oil fly ash for heavy
metals removal from aqueous solution, Desalination and
Water Treatment, 57, 1, 2016, 278-287.

Indian Standard Code, IS 1727: 1967. Methods of test
for pozzolanic materials.

N. Maurya, A. Mittal, Applicability of Equilibrium
Isotherm Models for the Biosorptive Uptakes in
Comparison to Activated Carbon-Based Adsorption, J.
Env. Eng., 132, 12, 2006, 1589-1599.

P. Devarly, J.C. Liu, 1. Suryadi, M.J. Wang, Adsorption
of Tetramethyl ammonium Hydroxide on Activated
Carbon, J. Env. Eng., 138, 2012, 232-238.

I. Langmuir, Adsorption of gases on plane surfaces of
glass, mica and platinum, J. Amer. Chem. Soc., 40,
1918, 1361-1403.

H. Freundlich, Adsorption in solution, Physical
Chemistry 57, 1906, 384-410.

S. Brunauer, P.H. Emmett, E. Teller, Adsorption of
gases in multi molecular layers, J. Amer. Chem. Soc.,
60, 1938, 309-319.

V. Bagdonavicius, M.S. Nikulin, Chi-square goodness-
of-fit test for right censored data, The International
Journal of Applied Mathematics and Statistics, 2011,
30-50.

S. Chatterjee, S.D. Lee, M.W. Lee, S.H. Wooa, Enhanced
adsorption of congo red from aqueous solutions by
chitosan hydrogel beads impregnated with cetyltrime-
thyl ammonium bromide, Biores. Technol., 100, 2009,
2803-28009.

S. Lagergren, About the theory of so-called ad-
sorption of soluble substances, Kungliga Svenska
Vetenskapsakademiens, Handlingar. Band 24,1898,1-39.
G. McKay, Y. Ho, Pseudo-second order model for sorp-
tion processes, Process Biochem., 34,1999, 451-465.
T.S. Anirudhan, C. Raji, Choromium (VI) adsorption by
sawdust carbon: Kinetics and equilibrium, Indian Journal
of Chemical Technology, 4, 1997, 228-236.

A.R. Pourkhorshidi, M. Najimi, T. Parhizkar, F. Jafarpour,
B. Hillemeier, Applicability of the standard specifications
of ASTM C618 for evaluation of natural pozzolans,
Cement Concrete Composition, 32, 10, 2010, 794-800.



