CHAPTER-4
THEORY AND CORRELATION OF DATA

The adsorption-desorption have been used in ouk wwraccomplish our main aim; the

extraction of naringin. The theories which describe observations of adsorption and
desorption are well developed. It has been menti@aglier in the experimental chapter that
adsorbent is a macroporous (biporous solid). Tkerthof adsorption on biporous solid and
desorption from it has been taken from literatune aiscussed in the context of present

work.

4.1. Physical situation of adsorption process

A macroreticular/macroporous resin bead (partideglmost spherical in shape about 0.40
to 0.50 mm consists of a large number of microggghef 1-10um diameter each. The
schematic cross section is shown in Figure 4.1.Mthe beads are in contact with a liquid,
the voidage in between the microspheres, i.e., opaces will be filled with the liquid. The
diameter of macropores is 1t@n. The adsorbate molecules diffuse through macespor
(which act as diffusion paths) from outside theirreparticle to microspheres. The
microspheres consist micropores in them. The diamat micropore is of the order of a
few Angstroms. Adsorbents containing macroporesraiwiopores are said to have a ‘bi-
dispersed’ pore structure. In macroporous resnetlare two diffusion resistances, one is

macropore, and the other is micropore.

The macropores, i.e., voidage are initially filleith adsorbate-free liquid, when such a

biporous adsorbent is contacted with a large volafbulk liquid with concentration of

adsorbateC_, the adsorbate solution diffuses inwards.
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Figure 4.1: Macroporous/macroreticular resin particle (schéchat

As the adsorbate diffuses inwards, a rapid equilibris established between the liquid

phase in macropores and surface of microspheredenvicinity, and the surface of

microspheres is saturated to an equilibrium comagonhq,, corresponding concentration

of adsorbate in contacting adsorbate solution.

4.2. Adsorption equilibrium

An adsorption isotherm describes the relationskgpvben the amount of adsorbate that is

adsorbed on the adsorbert,) and the concentration of dissolved adsorbatehenliguid
(C,) at equilibrium at constant temperature, i.e.atiehship betwee, and C, at constant

T.
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4.2.1. The correlation of adsorption equilibrium dda:

As mentioned earlier in section 3.5.1, the valuésconcentration were measured at
equilibrium, and the values of mass of adsorba&eirigin) were calculated by mass balance
using the following relation.

_V(C,-C.)

: (31)
W

where g, (kg/kg) is the amount of naringin adsorbed at equilibrivén®) is the volume of
solution (KPBW), Co(kg/ms) is the initial concentration of naringin in solutio

C.(kg/m°) is the final concentration (at equilibrium) of magin in solution andv(kg) is a

weight of the resin

The equilibrium data obtained were correlated usiregfollowing isotherm model equations.
Freundlich isotherm:

The basic isotherm model was developed by Freumdli®07). It is an empirical expression
and valid below the saturation concentration wlerdensation or crystallization occurs and
adsorption is not significant. This isotherm attésnfo incorporate the role of substrate,
interaction on the surface and derived by assurhetigrogeneous surface with non uniform

distribution of heat of adsorption over the surface

— 1/n
Q. = Kf Ce (41)
where K, and n are the Freundlich isotherm constants, at n =duages Henry's law

equation

Langmuir isotherm:

The Langmuir isotherm model (Langmuir, 1916) isdsh®n assumptions that monolayer
adsorption on the adsorbent surface, all adsoritas equivalent in terms of adsorption
energy and no interactions between adjacent adsarlmdecules. The following equation

represents it.
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aC

_ aC, 4.2
%= L obe (4.2)

wherea (m’kg™) andb (m’kg™) are the Langmuir adsorption isotherm constahtstérm
a/b gives maximum adsorption capacity aadrepresents multiplication of maximum

adsorption capacity and energy parameter.

Redlich—Peterson isotherm:

The Redlich—Peterson isotherm (Redlich and Peted®h0) is a three parameter adsorption
isotherm equation (4.3). At low concentrations, fRedlich-Peterson isotherm limits to
Langmuir equation, and at high concentrations, bighaviour approaches that of the
Freundlich isotherm. The Redlich—Peterson equasioepresented as

q — KRCe
° 1+a,Ch

(4.3)
where a, (nkg™) ™% and K, (m’kg™) are Redlich-Peterson isotherm constants, and
exponentfs;, lies between 0 and 1, #;= 1 equation reduces to Langmuir equation and at

B=:= 0 reduces to Henry's law equation

Dubinin—Radushkevich isotherm:
The Dubinin—Radushkevich isotherm (Dubinin and Ra#tevich, 1947) is based on Polanyi

potential theory of adsorption and is given by eiqued.4.
Q. = o exp(_Bng) (4-4)
where g, (kg/kg) is the Dubinin—-Radushkevich isotherm constamt,(kJmol™) is the

Polanyi potential and correlated to equilibrium centration C,) as

£, =RTIn (1+ CiJ (4.5)

e
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where R is the gas constant (8.314%1@ol “K™) and T is temperature (K). The tery

mol°kJ ™) is correlated to mean free energy of sorption Knfol™) by the following

equationE = (4.6)

1
V2B,
If the value of E lies between 8 and k&mol ™ the sorption process is a chemisorption one,

while values of below &Jmol ™ indicate a physical adsorption process.

Toth isotherm:

Toth (1971) proposed a three parameter model byifgnog the Langmuir equation to
reduce the error between experimental data andgpeddvalues of equilibrium adsorption
data. The application of this equation is bestesuib multilayer adsorption on heterogeneous
adsorbents. This reduces Henry's law equation all soncentrations of solute.

AC

9. = (B+—C§)ﬁ (4.7)

where A, B, and D are Toth isotherm constants, thren A represents the maximum
adsorption capacity, B and D are empirical constant

Several two or three parameter models have beeahtoseéescribe experimental adsorption
equilibrium data, and the model constants for weriosotherms are determined from
equilibrium data. Linear regression was used tcerdahe the two parameters in the
Langmuir and Freundlich equations. The model caortstdor three parameters models
namely Redlich—Peterson, Dubinin—Radushkevich, Eoith equations were determined by
using non-linear regression using “SOLVER” addan‘fEXCEL".

4.2.2. Thermodynamic studies

Since solute (naringin) concentration is low, bynHgs law activity coefficient can be taken
unity. The thermodynamic parametersH( AG, AS, andK_,,) for the adsorption process
were determined using the relations.
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AH =TAS+AG (4.8)
AG=-RTIn(K,,) (4.9)

Above equations can be combined and written asvial|

AS AH
In(K, ) =—-

=L 4.10
R RT ( )

where K, is the equilibrium constant between adsorptioreg@son at temperature T (K).
It is equal to the adsorption affiniy, /C,, whereC_, (kg/m?®) is the reduction of adsorbate

concentration of solution at equilibrium a@j(kg/m® is)the equilibrium concentration of

the adsorbate in the liquid phase.

In & :E—ﬂ _‘(4)
C R RT

e

whereAH (kJmol™), AG (kJmol™), andAS (kJmol ™ K™) are the change in enthalpy, free

energy and entropy respectively, R (8.314%J@ol K ™) is the gas constant.

4.3. Adsorption kinetic data

When the solution (in present case KPBW) and a@sarparticles (the adsorbent resin) are
brought into contact with each other, adsorbater{gm) is adsorbed on adsorbent particles.
The rate of adsorption is defined as the mass sbréadte picked up per unit mass of
adsorbent in a unit time.

It is well known that kinetic studies pertain tetrate of adsorption. In a batch kinetic study,
the adsorption rate is high initially which is guadly reduces with increase of time.
Fractional attainment of equilibrium is defined as

_ Amountof adsorbate picked upintime t N V(G -C)lw  _ (G, -C) (412)
Amount of adsorbatepicked upattimet — o V(C,-C)/w (C,-C.) '

U,

whereC,(kg/m® )is the initial concentration of adsorbate aBgkg/m® is foncentration

of adsorbate at time t.
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In a batch system rate of adsorption is dependefltowing
(i)  The volume of the solution, concentration of adatetand amount of adsorbent.

However, for a fixed volume of solution the ratiiotloe quantity of adsorbate and
adsorbent.

(i)  Adsorption equilibrium behaviour (affinity of adsd@te towards adsorbent particles)

(i)  Size and structure of adsorbent particle

(iv)  Relative motion of particles in the adsorbate soiyti.e., agitation or stirring speed

As mentioned in chapter 3, in these studies, a knamount of adsorbent is brought into

contact with a solution of known volume and a knoeamcentration of adsorbate and the

adsorbate concentration change is recorded with. tifhe studies are the batch. Therefore,

material balance gives

V(Co _Ct) :\_/Et

—V£ :\7£ (4.13)
dt o dt

V(Co _Ct) = Wg

_y 3G _ 99 (4.14)
dt ot

whereV (m®)is the volume of the solutioV, (m®) is the volume of the adsorbent (resin),
C.(kg/m?*) is the initial concentration of adsorbate in th@usion, C,(kg/m°) is the
concentration of adsorbate at any timeC_;t,(kg/m3) is the average concentration of

adsorbate in the adsorbent at any time tis the mass of the dry adsorbent aptkg/ kg)

is the mass of adsorbate/mass of dry adsorbemat
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4.3.1. The correlation of adsorption kinetic data

To correlate the adsorption kinetic data the follayare the existing approaches.

Pseudo-first-order model:
The Pseudo-first-order rate equation also knowthad.agergren rate equation (Lagergren,

1898) has been used widely for describing theahsslsorption from the liquid phase.

q — —
E_kf (qe qt) (415)

The above equation can be integrated with BgG 0 att =0 to get
In (g, - q,) =In(q,) - kit (4.16)
whered, (kg/kg) andg, (kg/kg) are the adsorption capacity at equilibrium andimett

respectively and, (s™) is the rate constant of the pseudo-first-ordeogation.

Pseudo-second-order model:
It was developed by Ho and McKay to describe theogation of metal ions onto adsorbents

(Ho and McKay, 1998). The rate expression is represl as

dq 2
9 -k (.- 417
dt S (qe qt) ( )

wherek_ (kgkg™s™ )is the rate constant for the pseudo-second-ordarption

The above expression can be integrated with By&.0 att =0 to get

+— 4.18
qt ksqs ( )

Banghams equation:
If the pore diffusion is the only rate controllisgep, then the Bangham model (Aharetral.

1979) can use to test the adsorption data. Thewolg equation can represent the model
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Iog{log{C C_:"q Wj} = Iog(zl;‘z)vévj+alog(t) (4.19)

wherek_ (m*kg™) and o(<1) are the Bangham'’s equation paramet&gkg/m®) is the

final concentration of naringin in solution amgkg) is weight of resin

Elovich kinetic model:
The Elovich’s kinetic model (Roginsky and Zeldovid®34) is also a type of chemisorption

model but does not predict any definite mechanlsm.expressed as
dg _
G oo (—an) (4.20)

wherea is the initial adsorption rate,is the adsorption rate at time t
The above equation can be integrated with BqG 0 att =0 for the conditionot»1 to get

1 1
o= In(aw)+c—0|n(t) (4.21)

Intra-particle diffusion model:
The intra-particle diffusion model (IPD) proposeg Weber and Morris (Weber and Morris,

1963) has been widely applied for the analysisdsbgption kinetics. This is expressed as
G =k t"? +1 (4.22)

-1/2

where k, (kgkg™s™? )is the intra-particle diffusion rate constant and Ithe adsorption

boundary layer thickness

During the process of adsorption, the transpomatibthe adsorbate particles to the surface
of the adsorbent surface takes place in severals.st€he adsorption process may be

controlled by (i) film or external surface diffusio(ii) pore diffusion, (iii) surface diffusion
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and adsorption on the pore surface or (iv) combmnabf one or more steps. For a stirred
batch process, an apparent diffusion coefficient lo& used to relate diffusive mass transfer
from solution to the adsorbent. This apparent diffily can be used to get experimental
adsorption kinetic rate data. Usually, the adsorpprocess is diffusion controlled if its rate

is dependent on the rate at which the adsorbdigsdd towards the surface.

Boyd's diffusivity model:

Boyd et al. (1947) developed a theoretical model for ion-exgeakinetics and mostly to
determine the rate-controlling step. This moddbased on diffusion through the boundary
liquid film, considering adsorption kinetics as leemical phenomenon. The simplified form

of the rate equation can be expressed as

in[—L|=7CDd (4.23)
1-u; R;
whereu, =%is the fractional attainment of equilibrium at timeD_(m?s™) is the effective
e

diffusivity, and R, (m)is the radius of the spherical adsorbent particle

In bi-porus solids, the two resistances are as iovegd in earlier. The Boyds diffusion model
is likely to hold good at negligible macropore ddfon resistance. Furthermore, our case

adsorption is physisorption. Therefore this moae hot been adopted.
Modified adsorption shell Model:

The adsorption of naringin on macroporous resimfrits aqueous solution (Singh al.
2008) and stored as well as fresh kinnow juice Bt al. 2015) have been correlated by
modified adsorption shell model. The same model Ibasn used in the present work.
Adsorption shell model was developed by Anand (198%(anoja (1994) and Ananet al.
(1994); by solving rate equations numerically. Thaynd that for adsorption in macroporous
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resin occurs in the distinct zones: (i) outer zonehich microspheres are almost completely
saturated (i) middle zone where adsorption isrigkplace at a given moment and (iii) the
inner zone where adsorption is yet to take place.

It may noted that, there is a time delay in develdept of the three zones. Once the three
zones are developed, the outer saturated zoneagegeand inner zone (fresh core) shrinks,
and an adsorption zone (middle zone) moves inwBn@. thickness of adsorption zone is
finite. Figure 4.2 represents physical picture saged, during adsorption in macroporous
resin bead.

There will be two diffusion resistances viz. in m@mores and micropores. The term defined

31-¢)q,D,/r?
£C,D, /R’

combines the diffusion and concentration char&ties in

as f=

macropores and microspheres. thhg(mzs'l) and D (m’s™) are macropore and
micropore diffusivities respectively;, is initial concentration of adsorbate in the salnti
(KPBW), q,is sorption capacity of adsorbent microspheregjatlierium, R is the average

radius of the adsorbent particles,is the radius of micro spheresis a void fraction in the

adsorbent particle.

For very thin adsorption shelB - « , the above group of research workers derived
following relationship between fractional saturatig, and time of adsorption t for the

condition: amount of adsorbate initially presenttire solution>> adsorption capacity of

adsorbent
2KD_&eC
! R o 02 (4.24)
(1_ut) 5(1_£)qup

whereK is a parameter related to accumulation of adsotibhadsorption zone. The physical

meaning of parametex is as follows: For3 — «, and quasi-steady state conditions the flux
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of the adsorbate through the macropores get uilizeeducing the radius of the unexposed
core.

The above equation was used to analyse the nurhersedts obtained for finite values @,

as well.

An empirical relation betweel and 8 was expressed as:

log,, K =1.357exp (0.207log,, )
for 6 < 5 <1000000 40< K < 50,000 (4.25)

In other words the kinetic data over a wide ranigexperimental conditions (indicated by the
wide range off be correlated by this approach.
However, for batch kinetic experiments the aboveatéiqn (4.24) was modified by Singh

al. (2008) by replacing), with ¢, of the corresponding run as follows:

[ 1 }_ 2KD,£C, (4.26)

a-u)™ 7] 50-£)q.R?
The above equation (4.26) was used to correlate theta for naringin adsorption on

polymeric resin Indion NPA-1 from agueous soluti{@inghet al. 2008) and kinnow juice

(Singhet al. 2015).

When functionF,(t) = [(1—1)2/3—1} is plotted against time t a straight line passing
- . : 2KD_eC, o
through origin should be obtained with the slopeat ® . Thus for a kinetic run
51-¢)aq.R;

K could be determined from the slop@;could be determined from the equation (4.25). It

may be noted in present casg, is replaced byqg, of corresponding run thereforg

becomes
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B 31-£)q.D,/r. (4.27)

£C, Dp/R;
B=y— (4.28)
C;O
_31-¢) D/}
wherey/ T DIR D,/ (4.29)

Experimental data were analysed by following appinca

a) In a given experiment, change in solution concéoimaas a function of time was

measured, and fractional attainment of equilibriurwas calculated.

L X —1} was calculated using above valuespf

b) F (t)=
) Fa() {(Ht
c) F,(t)was plotted against time (t).

d) K was determined by the relation (4.26). (usingelopF, (t) vs. t)

e) [ was calculated using the equation (4.25).
f) The parametey , for bidispersed solids in adsorption, is a charéstic of any
adsorbent— adsorbate systemwas calculated fronf by the substituting value of
C, andq..
Generation of kinetic data

The experimental change in concentration for amymay be generated with following steps:

1. From the value ofy, the value ofg is calculated S = w%, the experimental values

of C, and q, of that run need to be used.
2. From value ofg, the value ofK is calculated by using the relation

log,, K =1.357exp(0.207l0g,, 5) (4.25)
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3. The value ofK obtained in step (ii) is used to calculate theugabfu, by using the

relation (4.26) rewritten as (4.27)

1

u =1- 3 (4.30)
2 KDp‘sC0
1+ —
5 (1-¢€)g.R;
4. Fromu,, C, can be calculated
C,-C _
asu, = c. —C; = C =C,-y(C,-C) (4.31)
However, by the slight modifications it becomes
C,=C.-u/(C!-C,) (4.32)

whereC! is a concentration of naringin at the start oeéhdistinct zones. When the resin is

brought into contact with solution, microspheresoafer layers of the bead are exposed to
naringin solution of the initial composition. Thater layers of the bead are saturated with an
adsorbent to form a saturated shell initially witfew seconds, therefore in early period there

is a sharp drop of the concentration of naringirsatution. The adsorbate adsorbed by the
resin in early period]is given by

Ous = kW (4.33)
wherekis mass or volume fraction of adsorbent bead samiraith adsorbate to form the
saturated shell before the start of three distinehes. q, is equilibrium resin phase

concentration corresponding to the initial concandn of the solution, w is a mass of

adsorbent.
The concentration of naringin at the start of thaestinct zone<C! (i.e. Modified adsorption
shell model) is given by

CI :C _kqu

4.34
'=Com (4.34)
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whereV is the volume of solution.
Microspheres in a bead are 1-10 um diameter tatkiagthickness of initially developed

saturated shelAR) equal to 8 um (equal to the diameter of 2—-3 mpneses). The volume
fraction of the shell will bek =3AR/R; where R is the radius of the bead. Putting the

values the estimated value of was found tdkbe0.064 for resin PA-500 and 0.050 for resin

PA-800.

4.4. Fixed bed adsorption column studies

The design of a fixed-bed column involves estinratad the shape of the breakthrough
curves and the appearance of the breakpoint, whiah important factor in accessing the
feasibility of using the adsorbent in real appligas. For a given column bdukight, the
plot of exit concentration versus time or volumeotilghput collectedare known as
breakthrough curves. The performance of a packdddebtained through the concept of
breakthrough curves. The characteristic shape efbteakthrough curves along with the
time axisdepends on the inlet flow rates and other propesieh as columdiameter and
bed height. Hence, successful design of an adsargilumnrequires prediction of the

concentration—time profile from breakthrough curves

When adsorption reaches the breakthrough pointgthet of maximum saturation, when
the resin cannot hold the adsorbate molecules)adserption effect decreases and solute
starts to leak from the resin. Thus, it is importém define the breakthrough point to

calculate the resin quantity, processing volumsamhple, and proper sample flow rate.

The breakthrough timét, ) in this study is defined as the time at which adate (in our

case naringin) concentration in the outgoing KPB\Af column(C,) reaches 5% of the
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inlet concentration(C,), and bed exhaustion timg,) is the time at which naringin

concentration in the outgoing KPBW exceeds 95%gfDutta, 2009).

Time equivalent to total or stoichiometric capacgty

t, = T(l—&jdt (4.35)

(1——} dt (4.36)
Usable capacity of bed up to the breakthrough poiat t,

where the area under the cur}{ﬂ—%) dt, givest, value (total time), whereas area under
[0}

]

tp
the curve J'(l—&J dt gives thet, value.
C

o]

The total KPBW volumgV,, ) can be estimated as follows
Vi = Qliga (4.37)
whereQ (m’s™) andt,,, (s) are the volumetric flow rate and the totaifitme

The total adsorbed naringin quantity,, (g) in the column is calculated as follows

Qo = QXC, X I (1—%j dt (4.38)

where C,is initial concentration of kinnow peel boiled wate
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Saturation loading capacity of the adsorbent beegoilibrium naringin uptakey, (kg/kg)

in the column is calculated as the following:

Naringin adsorbed / kg dry resig, = Stotar (4.39)
w

wherew is mass of dry resin

When the adsorption occurs in a column three zane®bserved. If adsorbate solution is
flows downwards, there (i) top most zone of adsorlvéll be saturated with adsorbate (ii)
The zone where the adsorption will be taking pleakked mass transfer zone (MTZ) (iii)
The lowest zone free of adsorbate. The mass trangfee moves downwards with progress
oof time. it has a fixed height for constant floate.

Mass transfer zonéMTZ) is formed at the front of the column where adsorptakes
place. The controlling factors for the depth BITZ are the nature of adsorbate,
characteristics of adsorbent, bed height, the garsize of adsorbent, and solution flow
rate. TheMTZ moves toward the outlet from inlet of the fixeddbduring operation as

adsorption proceeds.

The unused bed length (k&) is given by

HUNB:(;L—_UJ H, (4.40)

where H (m) is the total bed height.
MTZ can be calculated as

_ H
t, a
(tt _tbj /

t .
where y = t—“ represents the degree of saturation inM¥& .
t

MTZ = (@)4
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4.5. Correlation of desorption equilibrium data

The same isotherms as used in adsorption are apfdicfor desorption because it is
understood that adsorption-desorption are reversdohd occurs simultaneously, only
equilibrium shift is important. Freundlich isotherwas used to correlate desorption

equilibrium data.
G = KyuCa (4.42)
where K, andn, are Freundlich isotherm constants for desorption

4.6. Correlation of desorption kinetic data

The Boyds diffusivity model (Boydt al. 1947) equation was used to correlate desorption
experimental kinetic data. Although this has beenveéd and used to relate kinetics of
chemical reaction, these can be used to corretergtion kinetic data. The same have been

used to correlate desorption kinetic data in tles@nt work.

The simplified form of the rate equation can beregped as

n[—L _|=7 Dt (4.43)
1-ug(t) R,
|
where u, () =4 C,- Sl (4.44)

max e

u,(t) is the fractional attainment of equilibrium at tirhén desorptionD_,(m*s™)is the

effective diffusivity for desorption an& (m i} the radius of the adsorbent particle.
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Generation of desorption kinetic data

(1) The concentration of naringin desorbed in ethahalng timeC,, for any run can be
generated by the Boyd’s diffusivity model equatigsing average value of effective
diffusivity D _(m?s™) .

(i) From the value dD,,, the value ofu, (t) is calculated by relation (4.43).

(i) ~ From value ot (t), the value ofC,, is calculated by relation (4.44).

4.7. Desorption fixed bed column studies:

The total naringin desorbed from the column cacdleulated using the equation (4.45).

t
Amount of naringin desorbed Q, x J'(Ctd ) dt (4.45)

where Q is flow rate of eluent at effluentCy, is concentration of naringin in ethanol at

timet

The above mentioned relations and approaches heem lised to correlate the observed

data in present study. The results are given irCthegpter 5.
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