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Abstract: Problem statement: The aim of this study was to investigate the rerho¥anethyl red, a
mutagenic monoazo dye, from various aqueous solitising banana pseudostem fibers of the size
212-350 micronApproach: The parameters studied were the effect of pH, amotiradsorbent,
contact time, concentration of adsorbate and agitatpeed. Results: Equilibrium data were fitted to
the Langmuir and Freundlich isotherm models. Thia deere best represented by the latter with an
adsorption capacity and adsorption intensity of 50.3 and 0.302, respectively.
Conclusion/Recommendations. Specific rate constants of the processes werailesdal by kinetic
measurements and a pseudo second order adsorjtitick was obtained for all cases.
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INTRODUCTION widespread availability. Some examples of agrowaste
that have been used for the removal of dyes ama pal
Rapid progress in industrial activities duringeet  kernel fiber§?, coir pitH*¥, sugarcane baga$¥
years has letb the discharge of unprecedented amounbanana pebf!, peanut hult®, rice bran and wheat
of wastewater containing synthetic dyesich pollutes  brarf'”, rice husk®, tea wasté”, waste apricé&t’,
the rivers and consequently causes harm to human amubber seed cdat, coconut shefi?, apple pomace and
other living organisms. A majority of the used dyee  wheat stra®®, halzelnut sheft, plum kernéf®,
azo reactive dy&% These are bright color dyes due to corncob and barley hué¥, bambo&”, grass wast&,
the presence of one or several azo (-N = N-) grouppumpkin seed huf! and garlic pe&f.
associated with substituted aromatic structtires Methyl Red (MR) is a commonly used monoazo
Effluents from textile, leather, food processing,dye in laboratory assays, textiles and other coroialer
cosmetics, paper and dye manufacturing industries aproducts; however, it may cause eye and skin
some examples of the sources of discharged az&'dyessensitizatiod! and pharyngeal or digestive tract
These dyes or their breakdown products are toxic téitation if inhaled or swallowedf'. Furthermore, MR
living organism¥l. Furthermore, dyes in wastewater IS mutagenic _undgr aeroblp condmpns: it undergoes
are difficult to remove because they are stablkgtd, biotransformation into Z—amln%g%]nzmc acid and N-N’
heat and oxidizing agents. In short, they are @asile dimethyl-p-phenylene diamiffe®*®. Of late, there k;as
degradablé®. In order to achieve a high degree of dyebeen increasing interest to develop low-cost nf&ans

removal from wastewater systems, it is necessary tﬁ/TRreOiI;:CICv%st?eewgtrg?url;teg}elf Bg?nconzﬁéitﬁg ree dmoi\r:teo
integrate biological, chemical and physical proesss receiving water body 9 9

such as coagulation, ultra-filtration, electro-clieah Banana plants ére of the family Musacease and
adsorption and photo-oxidatifh Physical adsorption b y

! . cultivated primarily for their fruit. As such, afte
techniques are generally considered as the preéferrg,,qeqting the fruit, the matured pseudostems are

means for removing and purifying organic SUbStanceﬁenerally disposed at a landfill or left to decomsg@o

due to their high efficiency and ability to separ@  gjowly in a plantation field. In the present study,

wide range of chemical compoufids’ application of the agrowaste, ground banana
The above reasons have prompted enormougseudostem fibers of the size 212-350 micron, fier t

research interest in the use of agricultural wasde removal of methyl red from various agueous solugion
starting materials because of their low-cost ancdhas been studied.
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MATERIALSAND METHODS

Sorbent: Banana pseudostems from the family of Musa

acuminatex balbisiana Colla (ABB Group) cv ‘Pisang /N

Awak’ were obtained locally. The pseudostems were

chopped into cubes of average size 82 Zm. The

cubes were boiled in distilled water for 1 h andnh /N ©
dried in an oven at 70°C until a constant weight wa N

obtained. The resulting material was ground using a

Warring Commercials high speed blender and sieved t~'9- 1: Molecular structure of Methyl Red (MR)
isolate fibers of the size 212-350 micron.

OH

Table 1: Optimal wavelength of MR solution at diéet pH

Adsorbate: MR, 2-[4-(dimethylamino)phenylazo] P Sg'mal wavelength (nm)
benzoic acid, a dark red crystalline powder with ag 525
molecular weight of 269.30 and melting point 179-4 433
182°C, was received from Bendosen-Laboratory>® 283

Chemicals and used without further purification.eTh
molecular structure of MR is shown in Fig. 1. MR is

red in aqueous solution of pH under 4.4, yellowolh  Contact time: Batch equilibrium studies were carried
over 6.2 and orange in between. A stock solutiobBf gt by adding a fixed amount of the sorbent (0.20 g
(500 mg L") was prepared by dissolving 0.500 g of theinto 250 mL Erlenmeyer flasks containing 50 mL of
dye in 1 L of distilled water and filtered via Whadn giferent initial concentrations (50-500 mg?). of dye
filter paper (No. 1). The prepared stock solutioasw so|ution at pH 3. The flasks were agitated in abitar
to prevent exposure to direct light. Aliquots (5 mL) were taken from the solutions ahé t

) _ concentrations were analyzed. The dye concentsation
pH study: The effect of pH was studied by agitating were measured at 525 nm at different contact ti@es
the fibers (0.20 g) in 50 mL of the stock solutissing 15 30, 45, 60, 90 and 120 min). The adsorption at

an orbital shaker at ambient temperature (25'27°C)equilibrium, q (mg g%, was calculated using Eq. 1:
The experiment was conducted at pH value range 2-7.

Agitation speed was kept constant at 150 rpm f
120 min, which was sufficient to reach equilibrium.
Since MR is a pH dependent dye, the dye
concentrations were measured by a single bearwhere:

UV/lvis spectrophotometer (Genesys 20 ThermoC,and G (mgL™) = The liquid-phase concentrations

420

v

e Z(Co_ Ce)W

(1)

Spectronic, Krackeler Scientific, USA) at various of dye at initial and equilibrium,
wavelengths. The pH was adjusted by adding respectively

appropriate amount of either 0.1 M NaOH or 0.1 My = The volume (L) of the solution
HCI solution before each experiment. The pH wasw = The weight (g) of dry sorbent
measured by using a pH meter (Cyberscan 1500, used

EUTECH Instruments, India). When the equilibrium

was established, the supernatant was carefullréitt  Optimization of amount of adsorbent: For the
through Whatman filter paper (No. 1) which was pre-purpose of optimizing the amount of the adsorbent,
saturated with distilled water. The maximum experiments were performed by adding different
wavelength obtained for each desired pH value isveights of the fibers into 50 mL of the stock swuotof
shown in Table 1. It is worthwhile to note that no MR at pH 3 in a 250 mL Erlenmeyer flask and agdate
adsorption of MR occurred on the filter paper: Afor 120 min with a rotation speed of 150 rpm. The
comparative study was done by measuring thejuantity of the fibers was varied between 0.1-0v@ith
concentration of the dye solution before and afteman increment of 0.025 g to determine the optimuvelle
filtering and the result showed no variation of of adsorption.

concentration of the dye solution meaning that the

amount of the dye adsorbed on the filter papeanif, = Concentration dependent study: The adsorption
was negligible. experiment related to the concentration of MR oaer
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range of 50-500 mg £ at pH 3 using 0.20 g of the
fibers. This adsorption study was carried out in an
orbital shaker agitated at 150 rpm with 50 mL of th
dye solution in a 250 mL Erlenmeyer flask.

Agitation study: Agitation speed variation plays an
important role in determining the efficiency of the 20
adsorption at different rotation speeds. The effefct

agitation speed at 50, 100, 150, 200 and 250 rpthen 0
adsorption was carried out. This study was carried PH
using 50 mL of the MR stock solution at pH 3 witfet
sorbent dose of 0.20 g.

Fig. 2: Effect of pH on the adsorption of MR on baa
pseudostem fibers (C= 500 mg L%, temp. =

Spectroscopic  study: Fourier Transform Infrared 25-27°C, stirring rate 150 rpm, contact time 120
(FTIR) was used to identify the characteristic fiimal min and weight of fibers = 0.20 g

groups in the fibers. A known quantity (5 mg) oéth
fibers sample was powdered and then dispersedyin dr 100
potassium bromide (KBr). The mixture was thoroughly
mixed in a mortar and pressed at pressure of 6 bar: *°

within 2 min to form a KBr thin disc. Then the dia@as e

placed in a sample cup of a diffuse reflectance
accessory. The IR spectrum was obtained using Perki
Elmer 2000 infrared spectrometer. The sample was

scanned from 4000-400 chfor 16 times to increase
the signal to noise ratio. 0

qe(mg g™

40

20

W] 20 40 &0 80 100 120
Time (min)

Morphological analysis. The morphology of the fibers
was observed using a Scanning Electron Microscopyg. 3: Effect of contact time on the adsorptionMR
(SEM) machine Model Leica Cambridge AS-360 at an on banana pseudostem fibers, €500 mg L%,
accelerating voltage 15 kV. Prior to examinatidme t temp. = 25-27°C, stirring rate 150 rpm, pH 3
surface of the specimen was coated with a thinrlafe and weight of fibers = 0.20 g)

gold approximately 30 nm using Sputter Coater Rwolar

SC 515. at pH above 3 (i.e., pH range of 4-8) the degree of

protonation of the surface of the fibers will besde
RESULTSAND DISCUSSION which result in the decrease in diffusion and agison

thereby due to electrostatic repul$fof?. Furthermore,
Effect of pH: The efficiency of sorption is dependent lower adsorption of the direct dyes in alkaline meu
on the pH of the solutidff’ because variation in pH can also be attributed to the competition from esce
leads to the variation in the degree of ionizatiowd  hydroxide ions (OF) with the anionic dye molecules
the surface properties of the sor&htIn view of for the adsorption sites. In this study, we founat the
this, comparative experiments were performed over &iosorption was slightly unfavorable at pH lowearh
pH range 2.0-8.0 to obtain the optimum pH for dyepH 3. This is attributed to the increase in" H
adsorption. The result shown in Fig. 2 showd thaconcentration leading to the formation of aqua
the sorption of MR increased from the initial @H complexes thereby retarding the dye sorption. Our
up to pH 3.0 and then decreased over the pHerandinding agrees with that reported by Moreiral .
of 4-8. Therefore, all subsequent studies wereiaghrr
out at pH 3 as the optimum pH. Mdfik and Contact time study: The effect of contact time on the
Mohamed® reported that at low pH region the amount of MR adsorbed on the fibers was investibate
surface of the fibers will be largely protonatecheT at initial concentration of 500 mg L The system was
positive ions (H) provide an electrostatic attraction subjected to an agitation speed of 150 rpm for rh2
between the fibers surface and the dye moleculeBig. 3 shows a rapid adsorption of the dye at tiitéal
leading to maximum adsorption. On the otterdy  Stages of the adsorption and equilibrium was athin
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within 45 min. Such uptake indicates a high degke 1004
affinity towards the MR  molecules via 901
chemisorptiol”. 801
- 704
Optimization of amount of adsorbent: Results shown o ?g
in Fig. 4 indicate that the adsorbent dosage isa®a \5“ 0]
proportionately to the availability of the adsorbsites. 7 20l
The increase of adsorbent sites and surface area of 20]  —-0.1g-o-0.15g—02g-o0.25g —x0.3g
contact with the dyes increases the amount of dye 104
uptakes and consequently leads to a better adsdrpti 0 : : : : : .
This observed trend is mainly due to the increase i 0 20 40 60 80 100 120

sorptive surface area and availability of more Time (mir)

adsorption sité”l Fig. 4: Effect of adsorbent dose on the adsorpifoMR

on banana pseudostem fiberg €500 mg L7,

Concentration dependent study: The results shown Temp. = 25-27°C, stirring rate 150 rpm and pH 3)

in Fig. 5 show that an increase in initial concatitm

enhances the interaction between the dye molecules 901 = 100mgL1 - 400mgL
and the surface of the fibers. The dye molecules ba - 200mgL7 = 500mgL
encounter the boundary layer effect before diffgsin 801+ 300mgL
from boundary layer film onto the adsorbent surface 0
followed by the diffusion of th_e dye into the posou T €0 — .
structure of the adsorbent which eventually wiketa éﬁ /A?A

o'

relatively longer contact time. The time profile thie 30 -
dye uptake by the adsorbent is a single, smooth and 40
continuous curve leading to a saturation pdintin

addition, increasing the initial dye concentration
increases the number of collisions between dye 20
molecules and the adsorbent, which enhances the
adsorption process.

0 20 40 50 20 100 120
Tirme (rain)

Fig. 5: Effect of MR concentration on the adsorptadf

Agitation Study: The effect of agitation speed on the MR on banana pseudostem fibers (weight of
dye adsorption at the adsorbent dosage of 0.2t/ i fibers = 0.20 g, Temp. = 25-27°C, stirring rate
dye concentration of 500 mg™i. pH 3 listed in Table 2. 150 rpm and pH 3)

The data indicate that the adsorption capacity (g . " _
increased as the agitation speed increased froaB60- Table 2: g and R parameters for the adsorption of MR on banana

L pseudostem fibers (Weight = 0.20 g, ambient tentpexa
rpm. However, the gvalues at the agitation speeds of concentration 500 mgt.and pH 3)

150, 200 and 250 rpm are fairly the same suggestinggition rate (rpm) amg g9
that the effect of agitation has plateaued at ali®® 7| 66.58
rom. This effect can be attributed to the increase 50 71.06
turbulence and the decrease in boundary layerribigk 100 75.56

) I 150 78.94
around the adsorbent particles as a result of aserén 84.98
the degree of mixin®. This result is also in agreement 5z 8764

with that reported by Al-Qod&H and Hoet al.*®, for

the adsorption of dyes onto activated clay andesbdl model that can be used for design purpddes
ash, respectively. Adsorption isotherm is basically important to déser

how solutes interact with adsorbents and is ctitica
Adsorption isotherms. An adsorption isotherm optimizing the use of adsorbents. In this study,
indicates how adsorbed molecules distribute betweeadsorption isotherm study was carried out on two
the liquid phase and the solid phase when thésotherm models: Langmuir and Freundlich. The
adsorption process reaches an equilibrium state. Thapplicability of the isotherm models to the adsiomt
analysis of the isotherm data by fitting them tifiedent ~ study done was compared by judging the correlation
isotherm models is an important step to find theable  coefficients, R values.
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Langmuir isotherm model: Langmuir isotherm model The essential characteristics of the Langmuir isath
assumes the uniform energies of adsorption onto thean be expressed in terms of a dimensionless ctnsta
surface and no transmigration of adsorbate in threp separation factor Rthat is given in Eq. 3:
of the surface. Langmuir sorption is a model based

the physical hypothesis that there are no inteyacti _ 1

between adsorbed molecules and the adsorptionyenerg™ = 1+ bC,

over the entire coverage surface. Also there is no

transmigration of the adsorbate in the pIang of the  The value of Rindicates the type of the isotherm
surface of the adsorbéfit On the other hand in the o either favorable (0 <R 1), unfavorable (R> 1),
Langmuir model, it is assumed that intermolecularj,aqar (R = 1) or irreversible (R= 0). The value of R

forces decrease rapidly with distance and this kad |55 found to be 0.0385 suggesting the isothermeto b
the prediction that coverage of the banana pseemiost ¢5,,qrable at the concentrations studied.

fibers is of monolayer type. Once a particular sit¢he
adsorbent is occupied by an adsorbate molecule, ne, g ngiich isotherm model: This model considers a

further adsorption takes place at that site. Theai  peierggeneous adsorption surface that has unequal
form of Langmuir isotherm equation is givenin Bq. 5y jlable sites with different energies of adsanpt!

and can be represented by Eq. 4:

®3)

&:ib-f_lce (2) 1
% Qb Q Ing, =In Kf+H(InCe) 4)
Where:
Ce = The equilibrium concentration of the Where: o _
adsorbate (mg ) Ce = The equilibrium concentration of
Oe = The amount of adsorbate adsorbed per the adsorbate (mg'h)
unit mass of adsorbent (mg'y Oe = The amount of_ adsorbate
Q.and b = Langmuir constants related to adsorption adsorbed per unit mass of
capacity and rate of adsorption, adsorbent (mg o) .
respectively Ki(mg g andn = Freundlich constants with n

giving an indication of how
favorable the adsorption process

= The adsorption capacity of the
adsorbent

When G/ge was plotted againstCa straight line
with slope of 1/Q was obtained, as shown in Fig. 6. The "'
value of Q was determined from the Langmuir plot at

the concentration range 100-500 mg ks 88.50 and , . .
then the b value was calculated to be 005. The K: can be defined as the adsorption or distribution

correlation coefficient of Langmuir isothern?’ i® 0.983. coefficient and represents the quantity _qf .dye
adsorbed onto the fibers for a unit equilibrium

concentration. The slope of 1/n ranging betweend a

22 1 is a measure of adsorption intensity or surface
7 g heterogeneity, becoming more heterogeneous as its
~ value gets closer to zérd. Figure 7 clearly reveals
IT;'D 154 that for the adsorbents log gersus log € plots are
5 linear. The Freundlich constants were derived from
o H S the slopes and intercepts of log @rsus log gand
054 are shown in Table 3. By analyzing the Freundlich
isotherm, it describes the heterogeneous system and
0 : : . : . reversible adsorption. However, the adsorptionas
0 40 80 120 160 200 restricted to a monolayer formation but the model

Celmg LD predicts that dye concentration in the adsorbetit wi
increase with increase in dye concentration in the
Fig. 6: Langmuir isotherm for MR sorption onto solution. Theoretically, adsorbent has finite nemb
banana pseudostem fibers at ambieniof sites and once all these sites are occupied by
temperature (25-27°C) adsorbed molecules further adsorption cannotpidee.
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Table 3: Langmuir and Freundlich isotherm constarasd 15, ©100mgLl 0200mgll a300mgL’
correlation coefficients for adsorption of MR onnbaa ‘ © 400mg L1
pseudostem fibers at ambient temperature 1 = 500mgL!
Isotherms Parameters
Langmuir: 0.5
Qo (mg g*) 88.50 =
b (mg LY 0.050 &0
R? 0.983 b 0.2
Freundlich: £ -05
K (mg g% 17.25
n 3.310 -14
R? 0.998
-1.54
5 ] .
-2 Time ()
' /ﬂ/ﬂ
T s Fig. 8: Pseudo first order for MR sorption onto &iaa
g pseudostem fibers at ambient temperature (25-
52 27°C)
=

01, ©100mgLl™? 2 200mgL? x300mg L

0 °400mg L1 +500mg L7
0 1 2 3 4 5 6
In Ce (mg L1 0084
Fig. 7: Freundlich isotherm for MR sorption onto "é‘* 0 064
banana pseudostem fibers at ambient ;éﬂ
temperature (25-27°C) = 0.04]
]
As seen from the Table 3, a high regression cdioela
coefficient, B (0.998) was shown by the Freundlich 0.024
model. This indicates that the Freundlich model was
suitable for describing the sorption equilibrium MR 0 -
by the banana pseudostem fibers. From the plot show 0 0.5 1 1.5 Z
in Fig. 7, the K value and n value was recorded at Time (b

17.25 and 0.302, respectively. When the linearitthe ] )
plots of the Freundlich and Langmuir models wasFig- 9: Pseudo second order for MR sorption onto

compared, it is found that the former has a bdtter banana pseudostem fibers at ambient
Thus it is reasonable to conclude that the adsmryf temperature (25-27°C)

MR on the fibers that consist of heterogeneous

adsorption sites that are similar to each otheeapect Values of k at ambient temperature were
of adsorption phenomenon. calculated from the plots of log £q;) versus t (Fig. 8)

. L N L for different initial concentrations of MR. The s#tR?
Adsorption kinetics: Two simplified kinetic models values obtained were poor and the experimental

were a_dopted to examine t_he _mechanlsm .Of th?/alues did not agree with the calculated valueainbtl
adsorption process. First, the kinetics of adsorptias from the linear plots (Table 4). On the other haihe

223%&?’3} agi/jepitsteed irl;aE%erSQ'ren pseudo_ﬁrSt_Orderpseudo-second-order equation based on equilibrium

adsorptioff” is expressed as Eq. 6:
k.t
log(g. - &) = logg,~——— ® ©
. t_ 1 1
k 2
Where: Ao ol

geand @ = The amounts of MR adsorbed (md)cat R
equilbrium and at time t (min), Where, k (g mg" min) is the rate constant of second-

respectively order adsorption. The linear plot of {t/gersus t at
ky (min™) = The rate constant ambient temperature, as shown in Fig. 9, yieldeédke

1695



Am. J. Applied Sci., 6 (9): 1690-1700, 2009

Table 4: Comparison of the pseudo-first-order, peesecond-order adsorption rate constants and latdduand experimental. oyalues
obtained at different initial MR concentrations

Pseudo first order kinetic model Pseudo seawddr kinetic model
Initial concentrations (Mg E)  Ge exp) Ky e (Cal) R? ka e (cal) R?
100 24.27 0.829 11.90 0.849 0.185 23.980 0.990
200 43.80 3.915 11.65 0.741 0.137 51.020 0.990
300 60.03 4.756 28.41 0.876 0.111 68.970 0.993
400 72.18 3.703 55.78 0.830 0.581 75.760 0.971
500 82.41 2.251 29.72 0.977 0.098 88.500 0.999

62.0

el Unmodified BF
&0
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Fig. 10:Infrared spectra of banana pseudostem fibers

R? values that are greater than 0.970 for all MRTable5: Infrared spectrum data of banana pseutdiers

. requency, crt Assignment
concentrations. It _also showed a good agreement e 3413 s 3238 W OH stretching
between the experimental and the calculateglaipes 2918 ms C-H stretching
(Table 4), indicating the applicability of this meldo 1728w C = O stretching
describe the adsorption process of MR onto thedibe 1836 ™S O-H bending (of HO)

p p 1618 s C = C stretching
1423 w CH; bending

Spectroscopic study: The aim of using FTIR analysis 1373w O-H bending )
is to determine the existence of functional groths 528 W C-C and C-O stretching
IS . ) 9 1250 w C-O stretching
exists on the fibers. The IR spectrum of bananaissw C-O antisymmetric stretching
pseudostem fibers in the form of KBr pallet is shaw 1104w C-O-H (OH association)

. e - e . 1036 w C-O-C stretching (pyranose
Fig. 10. Identification of the characteristic pe&kbased ring skeletal)

on previous studies of banana and coconut fiBers w:weak: s: strong; vw: very weak; ms: medium sfron
sugarcane bagasse cellufd¥erice straW”, perennial

ryegrass leav€d and hemicellulose, cellulose and
lignin®. The typical functional groups and their

corresponding IR signals are listed in Table 5. Th(?ibers The band at 1636 chis assi -
) . gned to the bending
absorptions at 3540, 3467, 3413 and 3238 are due mode of absorbed water sirfdmers with hemicellulose

to the stretching of hydroxyl groups of cellulose, component are known to have a strong affinity for
hemicellulose and lignin that are present in theaba  \atef®%! The band at 1618 ¢is due to C = C
pseudostem fibers. The medium strong band at 2008 ¢ stretching associated with the aromatic skeletalerf
is due to the C-H stretching of saturatepf)(sarbon. fibers containing lignii®. The weak bands at 1423,

1696
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Freundlich model of adsorption, which suggests a
heterogeneous coverage of the dye molecules at the
outer surface of the fibers. The present research
demonstrates that banana pseudostems, which are
abundantly available but generally discarded as
agricultural waste, can be utilized as efficientosmts

for the removal of MR from aqueous solutions.
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1373 and 1250 crhare assigned to C-bending, C-O
stretching and O-H bending, respectif@yThe bands
at 1318 and 1158 crhare assigned to O-H bending and
C-0O skeletal vibrations, respectively.

1.
Morphological analysis: Studies of the fibers surface
topography could provide vital information on tlesel
of interfacial adhesion that would exist betweee th
fibers and the dye molecules. Figure 11 shows e S
micrograph of the banana pseudostem fibers. So
minor impurities can be observed as tiny white Epec
on the surface of the fibers. On the whole, howetrer
surface of the fibers appears to be clean but faitty
rough texture which is ideal for surface adsorption
Bilba et al.®™ reported that the banana pseudostent
fibers were made of rough particles. Each particdes
formed of hollow not cylindrical fibers whose walls
presented hazardous porosities whose size is smalle
than 1um. The walls which made of fibrils embedded
in a homogeneous matrix. The fibrils were probably4-
composed of cellulose that constitutes the skeleton
cellular wall, the homogenous matrix a mixture of
various polysaccharide acids, neutral hemicellidose
and lignin.

CONCLUSION .

The use of ground banana pseudostems fibers of
the size 212-350 micron for the removal of MR from
aqueous solutions was investigated. The effect of
various parameters such as pH, sorbent dose, tonte
time, dye concentration and agitation speed watiesiu
The kinetics of direct dye adsorption of MR on the
banana pseudostem fibers follows the pseudo-second-
order model. The equilibrium data fit well in the
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