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Abstract. The understanding of adsorption mechanisms of oomgs utilized in many medications and prescriptinugs
represents an important step for the developmediffarent separation processes of such substafdesadsorption kinetic study
of such chemical compounds through the applicatibnew models permits a better comprehension oftioéved mechanisms,
leading to the estimation of important parametérat twill be incorporated in the equipment designthis work a kinetic model of
irreversible adsorption is implemented, which ipeledent on both solute and site concentrationshéiwed to be very effective
correlating the simulated results with the adsomtexperiments of salicylic acid through three atlgmts in different temperature
conditions. The application of an inverse probleppmach, with the minimization of the squared res&leost function, was
successful in determining the kinetic parameteh® ificrease in the kinetic constants obtained withtemperature increase was
followed by a reduction in the adsorption capacifytiee adsorbents. Thermodynamic parameters wereedmated, leading to
the comprehension about the equilibrium stateb@fidsorption systems considered.
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1. Introduction

The comprehension about the adsorption mechaniotsemical compounds utilized in medicines is apantant
step for the development and improvement of sevadabrption processes evolved with such substasces, as
separation, purification, decontamination of wasttass etc.

The agitated batch process of adsorption is aniitappmethod used for equilibrium parameters egtonawhich
are applied in the processes modeling such as etogmaphy and simulated moving bed (SMB) separafidre
hydrodynamic aspects of these processes beconléngttic modeling an interesting tool for the prag@sodeling in
obtaining parameters that will be incorporatechim ¢quipment design.

The application of an inverse problem methodolagychromatographic systems is a new promising sireze the
solution of inverse problems has several relevpptigations in the engineering field (Vasconceksl, 2003). Other
results can be found in Vasconceliisal. (2002a, 2002b), Lugoet al. (2001), Denisov (2000), Felinger at al., (2003),
and Folly et al. (2005). In the work of Vasconcellost al. (2003) the inverse problem formulation with the
minimization of a cost function of squared residuas applied in the mass transfer parameters dgtimaf protein
adsorption (Bovine serum albumin-BSA). The optirtima method utilized is the same applied by Felfyal. (2005),
the Levenberg-Marquardt. The method in both apptioa was successful in determining the parameter®n-linear
equations.

Some contributions in the application of adsorpkoretic models for the liquid phase can be encenamt through
the following publications: Thomas (1944), Chas884), Sarkar and Chattoraj (1993), Hamatil. (2001, 2004),
Oteroet al(2004), Guleret al(2005) and Aroguz (2006). An important contributioomes from the work of Chase
(1984), which implemented semi-analytical exprassito model the adsorption phenomenon in agitee#ést and
chromatographic columns. He considered the kinmiicepts to model the adsorption process as asiblesystem
with an overall rate of second-order. In a genprht of view, the above publications, with exceptiof the Chase
model (Chase, 1984), use simplified or empiric egpions for the kinetic models. The advantage itizing the
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concepts of kinetic theory to develop new modelh the stoichiometric and order, related todbmpounds in the
adsorption system considered, can be varied anlyzachindependently, leading to a better comprebensf the
evolved kinetic phenomenology.

In this work an implemented kinetic model of adsimp is applied in the modeling of salicylic acidsarption
onto three different adsorbents, an activated ¢a(Bd00) and two polymeric resins (F206 and F2irthree different
temperature conditions. The model adjustment thidhg experimental data is done with the applicatiban inverse
problem approach that minimize the square residfiascost function.

2. Formulation of the kinetic model with inverse aproach

The agitated adsorption techniques to measure ptilsoparameters are modeled with the followingrexpion for
batch processes:

dn.
, =10 e
Povodt

in whichr; , that corresponds to the adsorption rate of corapy, is proportional to the variation in the moles rinem
of solutej. The tank volume\() is assumed constant.

The adsorption stoichiometry considered is represeim Fig. 1. It is related to an irreversible agigion kinetic
with a kinetic constark;. This adsorption mechanism depends both on théesobncentration (liquid phase) and the
active surface concentration (site concentratiosoird phase).
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Figure 1. Representation of the adsorption mechanis

The adsorption mechanism of Fig. 1 considers tisergtion of 1(one) mol of solute A in 1(one) moladitive site
(9). The kinetic modeling, in terms of consumptioteraf solutg (r;), is written in the following form.

(-r)=kC,"G" (@)

Wherek , G andCs represent the kinetic constant, the concentratibrsolutej in the liquid phase and the
concentration of sites of adsorption in the sollthge, respectively. For a first order elementargogation, the
exponents n and m are equal to 1, which correspmnals overall rate of second order. The irrevéesiiolsorption is an
adequate hypothesis, since in some experimentdiestthe desorption procedures are necessaryumréte original
adsorbent properties without solute traces (Pe(&889), Silva (2000)). This is done with elutiamdavashing steps.

With the considerations just described, Eq. (2) barsolved analytically through the expression §pplying a
balance in the moles number of active sites of iqdiem, i.e.

C.=C.+C,, 3
in which C, corresponds to the maximum concentration of gd&or sites, that is the sum through the concentraif
vacant sites@s ) and occupied sites by solute 8,( ). Another important balance is related to thecemtration of
solute A. In the balance of solute A, the initiahcentration in the solutiorCfg) corresponds to the sum of the final
solute concentration in the solutid®,() and the adsorbed solute concentration in thid pblase Cas), i.€.

CAO = CA + CAS (4)
The Combination of Egs.(1-4) leads to.

| dc,

_ 949G i 5
XCITN j k dt (5)

in which a =G - C,,. Performing the integrations in Eq. (5) results.

In( Cs Jz—a.lg.t+c (6)

a+C,
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We obtain the final expression of the irreversiblisorption kinetic model of overall order of 2 (IRMusing the
following contour conditions.

c,=C C,=C
t=0=( ~ M tzeo=( @ @)
Ct = Cs Ct = CAS
The balance of the solute (Eq. 4) in the above itiond (Eq. 7) leads to the following form in theualibrium.
CAO = Ct + Ceq (8)

The equations below (Eq. 9) present the final esgioms for the concentration of solute A, wth, C5o andk; in the
time domain.

Ca — Co eaktorC = aCy 9)
a+C, (a+C, A (@a+C) et -G,

Note that the implemented IKM2 expression comemftbe moles balance following the moles relatiooveh in
Fig. 1, which can be calculated independently efitblume of each phase. The paramaterthe IKM2 (Eq. 9) can be
substituted by the ternGg, becoming the model dependent on the liquid ppasameters.

The correlations with the kinetic model implemeniedhis work (IKM2) were obtained through the exp®ntal
data of Otercet al. (2004). The correlation results from the kinetiodul applied by Oteret al. (2004) were also
analyzed for comparison purposes.

In order to obtain estimates for the unknown patarsewe formulate the inverse problem impliciths an
optimization problem in which we look for the minim value of the cost function. The last one is gl the
summation of the squared residues between expeiah(@a,,) and calculatedd,) values of the solute concentration.

N

Q = Z(Cexp‘ - Ccal )2 (10)

i=1
3. Results and discussion

The simulation results of IKM2 model are compared aorrelated to three different adsorbent matetiaked in
the adsorption of salicylic acid (Oteeb al, 2004).

The simulation results were obtained assuming aiiliequm concentration €., that corresponds to the final
concentration of the solute in the solution. Theildorium concentration is an important parametethe adsorption
process once it determines the concentration afrptien sites (solid phase concentration) from demdalance with
the initial concentration of the solute (see Eq.I8)all simulations were considered an implicitoerin the equilibrium
concentration ¢.,). The C,q was varied in the range between —10 to 10% obriginal value. It led to optimized
simulation results with better fit between the moded the experimental data. This was confirmedsigyificant
reductions in the cost function of squared resid@s

The Figs. (2-4) present the correlation resultsvbeh the IKM2 model and the experimental data f@@eroet al.
(2004). As can be observed from the Figs. (2-4) |KM2 model showed high fit correlating the expeeintal points of
all adsorbents in all temperature conditions.
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Figure 2. Correlation between the IKM2 model (Ilnasd the experimental adsorption data (pointsgti€ylic acid
onto the F400 adsorbent.
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The IKM2 model was highly satisfactory correlatiting experimental data both in the initial periodiofe and in
long times. It provided better correlation resudtscording to best fits, than those obtained bydxeal, 2004, which
applied a linear driving force (LDF) model for thdsorption kinetic.

An interesting characteristic of the implementeatded (IKM2) is the very small computational effamtobtaining
the simulation results. It is related to the anehltform of the mathematical expression (Eq. 9sifles the good

agreement with the real experimental data, thetikimaodel described (IKM2) requires only two paraens Cao and
C; or C,) to obtain the rate kinetic constarkg.(
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Figure 3. Correlation between the IKM2 model (Ilnasd the experimental adsorption data (pointsgati€ylic acid
onto the F206 adsorbent.

SP207
50
P o
07 o -
_ B d’ﬁ/"zs"
9 30 f’/
2 | o/
- .Eé,,,,,o,,,, o 0O O
o 20 A //
a OT=293K
™/
10 '#// ©T=310K
// OT=333K
00 , ‘ |
0 50 100 150 200
Time(min)

Figure 4. Correlation between the IKM2 model (Ilnasd the experimental adsorption data (pointsgati€ylic acid

onto the F207 adsorbent.

The Table 1 presents the kinetic constants of atisorestimated from the IKM2 model. As can be sgem the
Table 1, there is an increase in the kinetic cantstavith the increase in the temperature. Thisease in the kinetic
constant is accompanist by a reduction in the audigor capacity of the adsorbent, as can be verffieth the Figs. (2-
4). The estimated kinetic constants from the pohljenadsorbents (F206 and F207) were greater thasetfrom the
activated carbon (F400), although the last onegmitesl the high adsorption capacity (vide Fig. 2).

For the processes design, the optimization betwe&mntion capacity and adsorption rate (proportidoathe
kinetic constants) must be carried out to reachdéisre temperature for the maximum production ih minimum

time for the processing.

Table 1. Estimated kinetic constants of adsorgioreach adsorbent.

Kinetic constants of adsorption (mL/mg.min)*10

Temp. (K) F400 F206 F207
293K 1.578 6.278 8.052
310K 4.877 14.148 11.993
333K 12.194 52.642 41.394
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Fig. 5 presents the behavior and the minimum ofcthg function Q) by varying the kinetic constarit) for three
different values of equilibrium concentratioGef). These results correspond to the adsorption érpets through the
adsorbent F400 in the temperature of 333 K. Thescatudied correspond to tfg, values of 76 mg/L, 83.1 mg/L and
79.2 mg/L. The first and second one corresponti¢osilues obtained by Oteep al. (2004), from the Langmuir model
correlation and the equilibrium kinetic experimentsspectively. The last one was obtained from dapgmization
procedure ofC,q (varied in the range of -10 to 10 % of its orig)naAs can be seen, the minimum cost function
presented smooth profiles that led to absolute minis in some determined kinetic constants valuke. dptimized
condition Ceq = 79.2 mg/L) showed the great absolute minimurhe Q. cases from the Langmuir isotherm and the
equilibrium kinetic experiments presented the highidue value if compared to the optimized conditi®he last
procedure can leads to erroneous estimation ofrpeteas.

The results of the Fig. 5 showed that an improvenierthe model correlation with experimental datn de
obtained, what is related to the reduction in tbst dunction. It was reached optimizing the equillim concentration
in a pre-determined range of error.
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Figure 5. Cost function residual)(of three equilibrium concentration values varyihg kinetic constants.

The estimated kinetic constants (Table 1) wereiagphto the Ahrrenius equation (Eq. 11), makinggible the
determination of the adsorption activation enerfpeshe adsorbents studied.

Ea

k = AeR (11)

where A, E, and T represents the frequency factor (inThe activation energy (J/mol) and the tempeeaiif),
respectively, utilizing the constaRtequals to 8.314 J/mol.K. The application of thgalagthmic in both equation sides
becomes the Ahrrenius equation linear. The resultsplotted in the Fig. 6. The activation energynes from the
angular term of the straight equation.
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Figure 6. Linear form of the Ahrrenius equation tlee determination of the adsorption activationrgpe
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Other thermodynamics parameters were determinedghrthe expression of the free energy of Giklig),
AG=AH-TAS (12)

in which 4H, 4S andT correspond to the variation of enthalpy and entrapd the temperature, respectively. The free
energy of Gibbs, in the standard sta16Y), is represented by the Eq. (13).

AG° =-RT.LN(K) (13)

The termK_, represents the equilibrium constant. It is obtaitteough the ratio of the solid phase and theidiqu

phase concentration in the equilibrium (Aroguz, @00 he Eqgs. (12) and (13) combined lead to thealirform of the
Eq. (14).

Ln(K,) = _[%°j+[a_s°] (14)

The parameterdS, and 4H, were obtained, respectively, from the linear andudar coefficient of the Eq. (14).
The thermodynamics parameters, from Eqgs. (11) adddre presented in the Table 2.

Table 2. Estimated kinetic constants of adsorpfioreach adsorbent..

F400 F206 F207
E,(KJ/mol) 41,55 14.6 43.31
AH® (KJ/mol) -9.75 -21.31 -17.34
A2 (J/mol) -40.44 -77.9 -65.24

Analyzing the data of Table 2 can be verified valud activation energies that correspond to medcmasiof
physisorption (Aroguz, 2006). These values arehi@ high limit of physisorption, in which after ihdre is the
chemisorption domain. The negative variation ohafgy and entropy is related to the adsorption ihaxothermic
and to the decrease in the system disorder, régplgctAn increase in the temperature leads to eredese in the
equilibrium constant, as the adsorption procegx@hermic. This is verified from the Figs 2-4,vihich the retention

capacity decrease with the increase in the tempreraBo, the adsorption is not spontaneous withrttieease in the
temperature.

4, Conclusions

The analytical kinetic model of adsorption implerteeh(IKM2) has proved to be satisfactory due tauenber of
aspects. Firstly, it provided better agreement$ wiperimental data when compared to other kimatidels, such as
the kinetic model of linear driving force (Oteed al, 2004). Other relevant aspects are related tondoessity of a
small number of parameters in the model and thagstiforward procedure obtaining the solution.uiined out to be
very useful when associated to the square residuesse modeling.

The consideration of an acceptable error domairttferequilibrium concentratiorC{,) provided good results by
reductions in the residues cost function, whichtted better experimental correlation with an iasesin the accuracy
of the parameters estimated. In the proceduresvedolvith the correlation of experimental equilibrildata with
isotherm models, such as Langmuir model, a spéaatment must be considered since implicit ergams lead to
erroneous estimation of parameters.

The simulated results indicated an increase irkihetic parameters) with an increase in the temperature for all
the adsorbents studied. The increase in the kigetistants or adsorption velocity was followed neduction in the
retention capacity of the solid phase. It was comdd by the thermodynamic parameters obtained.

The observed decrease in the capacity of adsomigntthe increase in the temperature must be aedlyand

optimized in terms of adsorption velocity (relatedthe kinetic constants) as the last one decrtdesdime for the
processing.
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