Batch Equilibrium, Kinetics and Thermodynamics Study of Sulfamethoxazole antibiotics
onto Azollafiliculoides as a Novel Biosorbent

Abstract: Azolla filiculoides (AF) were used as adsorbent for the sorption diagethoxazole
(SMZ) from aqueous solution. Alsadsorption Isotherms, kinetics and thermodynamiesew
studied. Experiments were conducted by varying rpatars such as contact time, agitation
speed, initial SMZ concentration and temperaturesadkption isotherms models including
Langmuir, Freundlich and Temkin were tested. It wdsrred that the Langmuir models (with
very high R values) were most suited to describe the sorpti®MZ in aqueous solutions. The
experimental data were fitted into the followinghéiic models: pseudo-first-order, pseudo-
second-order, and the intraparticle diffusion mottevas observed that the pseudo-second-order
kinetic model described the adsorption proceseb#tan other kinetic model§hermodynamic
parameters including the Standard free energy @w(Af5), standard enthalpy changAH)),
and standard entropy chan\S{() were calculated. This parameters indicated thattsorption
of SMZ onto AF biomass was feasible, spontaneodsesaothermic. This study revealed that
AF biomass is a good adsorbent for the eliminattdnSulfamethoxazole antibiotics from
agueous solution.
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Introduction: Since the use of the drugs has significantly iaseel for the human and animals
in recent decades and they can simply release @ntaoronment, these chemical and their
metabolites has found more attention as an importask for environment (1, 2).
sulfamethoxazole (SMZ) is an important bacteriostagent that is commonly used in human
and veterinary medicine (3, 4). The release of M@ the ecosystem or wastewater effluents
has caused pollution and many human diseases. (5, 6)

The conventional wastewater treatment plants (WWWTWare not designed to remove the
antibiotic and they are not effective for this pasp (7, 8); thus, these chemicals are
incompletely removed and released into aquatic renment (9). This has generated great
concern because it may lead to the developmenntibiatic-resistant bacteria and potential
endocrine disrupting compounds (10, 11).

Various treatment technologies have been propasedritibiotics removal including chemical
oxidation, precipitation, biological treatment, ierchange, coagulation—flocculation and so on
(12, 13). However, these treatment processes gresanmber of drawbacks in terms of low
efficiency and producing large amounts of sludgéctvitan diminish the effective use of these
methods to treat (14-16).

Among these methods, the adsorption method haadhantages of easy operation, low cost,
high efficiency; it is considered as one of the tmpeomising technologies (17, 18). The
efficiency of the adsorption processes is extrenadfgcted by the type of adsorbent and
adsorbate properties such as surface area, pqrasidypore diameter (19, 20). Several materials
have been used as adsorbents for the removal iam@s from aqueous solution including
carbon adsorbents(21-24), clay and mineral(25)rpetic resins(26), and other adsorbents such
as metals and their oxides(27, 28), molecular impd polymers(29), mesoporous material(30),
chitosan(31), gels(32) and agricultural wastes stschemna minor and Canola and etc(18, 33).



Azolla filiculoides is a floating water feriand quickly growthwhich it can be observ over the
water surface and fored a densmat; therefore it can cause numerangnthusiast effects for
marine life (34 35). Howeverthe use o0Azolla filiculoides as a bisorbent to removpollutant
from industrial effluents would be awin—win” for both environmental probler, because it
would be effective irpollutant remove, as well as elimination thgroblem associated with tl
rapid growth of this plant (3&7). Recently, non-livingAzolla filiculoides has been used as
potential biosorbento remove theheavy metal (38)phenol compounds (390 and dyes (41
42). The scientists have alseporte( that Azolla filiculoides is capablefor removing these
compounddgrom agueous solutio In this study, the driedzolla filiculoides (AF) was used as a
biosorbent to remove SMZ as a target pollutant fexqueous solution. The aiof study was to
evaluatethe biosorption of SMZ on AF using ba experiments under different experimer
conditions, including agitation spee, pH, contact time, temperature and initiSMZ
concentrations. In additiomsothern, kinetic and thermodynamic of the SMZ adsorption or
AF were studied.

Materials and methods

The Sulfamethoxazole (99%)(CAS Number=723-46:6 chemical formula: 10H11N303S;
molecular weight=253.27§mol; maximum wavelength267 nn) were obtained fronSigma-
Aldrich Ltd., USA and usedithoutl any further purification. Thehemical structure is shown
Fig. 1. All the othechemicals were obtained frc Merck Co. (Germany). Allhechemicals used
for the study were of analytical gra
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Fig. 1. The chemical structure Sulfamethoxazole

Preparation of Adsorbent:

Azolla filiculoides were collectedrom Anzali wetland, IranThe collected ARvas washed with
distilled water. Then they were cut i small pieces and dried in thair oven at 1C°C for 24 h
to remove moistureThe dried samplt were ground and powderetihe biomass was treat
with 0.5 M H,SQy for 2 hfollowed by washing with distilled water and themed in 100°C for
24 h.The separated samples were weighed and sealedip-lock bags for the further analy:
of adsorption studies.

The morphological features and surface charadesigtF before an after use were examint
using an environmental scanning electron microsd®8EM) instrument (Philips XL30). Tt
specific surface area of adsorbent was determiggddbBET method using the Gemini 2357
micrometrics Co.The compositions of AF biomawere examined using XRD (X' Pert P
PANalytical, Netherlands) with Cudradiation at 40 kV and 40 mA. The scanned range &
of 10—-@° with a step size oftRof 0.05".

Batch experimental procedure: Various experimental conditions which may influe the
biosorption of SMZ on ARncluding Contact time pH, biosorbent dosage and initiSMZ
concentration were testedsing batch experiments. InitiecSMZ solutions with differen
concertrations were prepared by dilutingSMZ stock standard solution 4000 mg/L with



distilled water. All glassware and plastics weraksal in 10% (v/v) nitric acid solution for 1
day before use and then cleaned repeatedly witinkeid water. The solution pH was adjusted
using either diluted 0.1 M HCL or 0.1 M NaOH soduti In the adsorption experiment, content
of the biosorbent was added to a standard-joingpgtass bottle (250 ml) containing 100 ml
wastewater sample with concentration 10-100 mgd atrthe desired pH=7. The tube was then
shaken at 250 rpm on an electrically thermostagiciprocating shaker for 90 min. The
equilibrium times at four different temperature932303, 313, and 323 K) were estimated by
testing the samples collected at different timernvels until the SMZ content in the sample was
constant. After equilibrium, the suspension waserfdd through 0.45um nitrocellulose
membrane. SMZ analysis was performed using an Ale00 series HPLC equipped with a
C18 column, a UV detector (at wavelength 267 nmj§l a methanol/water (50/50 v/v) mobile
phase at a flow rate of 0.6 ml/min. The conterBbfZ biosorbed on dried AF was estimated by
the difference between the initial and final SMAcentrations remained in the supernatant. All
experiments were conducted in triplicate and therayes of the results are presented in this
study. The equilibrium removal capacity was caltedeby (43):

v
0= (G- C) ]

Where @ (mg/qg) is the equilibrium adsorption capacity, i€ the antibiotic concentration at
equilibrium (mg/L), V is the volume of solution (And w is the mass of adsorbent (g).

Results and Discussion:

It was found that the specific surface area of ARB6 ni/g. The morphology of single AF was
investigated using SEM and the image is shown @ Ea. This Fig shows the surface texture and
porosity of the AF patrticle. Also, it reveals thhe particles have a very narrow size distribution,
spherical shaped with very small holes and rougfases. In contrast, Fig. 1(b) discloses that the
clear pore textural structure is not observed @ dtrface of AF after adsorption process which
could be due to either agglomeration on the surfaidbe incursion of SMZ into the pores of AF.

X-ray diffraction (XRD) patterns of AF biomass befqa) and after (b) use, show the same diffused
peak with maximum at@21.1 and 21.4, respectively (Fig. 2). However, AF after use shav
higher intensity attributed to SMZ biosorbtion twe surface of AF biomass.
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Fig. 2: XRD patterns of AF biomass a: before useafter used

Effect of pH: The effect of pH for the adsorption of SMZ onto AFshown in Fig. 3. It can be
seen that the adsorption of SMZ was pH-dependeimé fEsults show that the amount of
adsorbed SMZ onto AF decreases as the pH incréases to 11. This situation can be related
to the surface charge of the adsorbent. AF hastinebacharged adsorption sites, but it is
positively charged at low pH values(40). Therefdhe electrostatic interactions between
negatively charged groups in the SMZ molecule d&edpositively charged adsorbent increase.
Also SMX predominantly occurs in its neutral foragpearing in relatively acidic solutions
where its pKa value (5.64) corresponds to the @eep level of surface water(3, 7). Since the
pH in surface water falls between 6 and 10, theatiegly-charged form of SMX also appears
often. The aniline group on the molecule has atimgaharge on the nitrogen atom, which acts
as an ionic binding site. Also AF has negativelarged adsorption sites at high pH, Therefore
the electrostatic interactions between negativélgrged groups in the SMZ molecule and the
negatiely charged adsorbent decreaced. Also thiavieur can be explained by the zero point
charge of the adsorbent and obtained in previoudies (pHpc= 6.5)(36, 40). At a pH above
this zero point charge, the surface of the adsaibecomes negatively charged, and declines the
adsorption of negatively charged SMZ through therelgce electrostatic force of attraction.

Effect of agitation speed

The study of the effect of agitation speed on ttigogption of SMZ from aqueous solution was
conducted by varying agitation speed from 50 to 4. Fig. 4 establishes that the adsorption
efficiency increases with agitation speed. The maxn SMZ sorption (85.3%) is obtained at
300 rpm and there was no significant change inrptiso efficacy at further speeds. This effect
can be attributed to the decrease in boundary thyekness around the adsorbent particles being
a result of increasing the degree of mixing(44, 45)

Effect of contact time and of initial SMZ concentration

It has reported that the mass transfer rate framlituid to the solid phase (during adsorption
processes) is influenced by contact time. The exyartal results obtained for the adsorption of
SMZ during various contact times are illustratedfing. 5). It can be observed that the SMZ
adsorbed increases with time and then attains staonvalue and there is no further adsorption



after this time(46, 47). It can be inferred franese results that SMZ adsorption is performed in
two stages: an initial rapid phase, which attales daturation point within 60 min, attributed to
the presence of free adsorption sites at the sudhthe adsorbents. Once the SMZ are adsorbed
from solution onto these sites, they block the gatsmn pores (which are of smaller sizes) from
subsequent adsorption. As a consequence, the aideaspeed decreases and that mark the onset
of the slow second phase (step) from 60 to 90 rihlerefore, surface adsorption sites are
exhausted with time. The remaining vacant sitesldfieult to be occupied by the cation due to
repulsive forces between adsorbate present in anticbulk phases (48).

The effect of SMZ concentration was studied at rommperature by increasing the initial
concentration of the SMZ (10-200 mg/L). It coulddsen that the amount of SMZ adsorbed per
unit mass (g of adsorbent increased with the increase inahdoncentration and contact time
until equilibrium was reached at about 90 iffifg. 6). This may be due to an increase in the
number of SMZ available to be adsorbed, as welthasavailability of active sites for the
adsorption (49, 50). The effect of further increasenitial concentration could be studied to
determine the equilibrium concentration at which éladsorbent will uptake the SMZ.

Effect of Temperature and Thermodynamic Parameters

The experiments were performed at different tempega (283, 293, 303, 313 and &)3while

the other conditions has been kept constant. Theeptage of adsorption increased from 19.1 to
23.2 with the increase of temperature from 283 28 3C at concentration of 100 mg/L and
pH=7. Fig 7 indicates the results of this studycdin be found that the higher temperature
facilitates the adsorption of SMZ on AF (i.e. erddmic process). This may be a result of
increasing the mobility of the SMZ ion with incre@ag temperature. Furthermore, increasing of
temperature may produce a swelling effect withmititernal structure of the biosorbent which it
helps the SMZ ions to further penetrate (51, 52).

Thermodynamic parameters including Gibbs free gnetmnge 4G, enthalpy changeAfd),
and entropy chang@\§) is used to recognize whether the adsorption o spontaneous or
not. AG” were calculated from the following equation (58):5

AGe = -RT Ln Ky

Where R is the universal gas constant (8.314 J'ol), T is the temperature (K) and; i the
distribution coefficient. The Kvalue was calculated using following equation &),

Je
Kg=—
d Ce

Where @ and G are the equilibrium concentration of SMZ on adsotb(mg/L) and in the

solution (mg/L), respectively. Relation betweaG-, AH> and AS> can be expressed by the
following equation (57):

AG =AH-TAS

This equation can be written as (58):



Thermodynamic parameterAH” andAS’), were calculated from the slope and intercepthef
plot of In Ky versus 1/T, respectively.

The AG', AH’, andAS’ for the adsorption of SMZ on the AF at differeeainiperatures are given
in Table 1. The negative values &&" confirm the feasibility of the process and spoatars
nature of the adsorption of SMZ on the AF. On tlleeo hand, the increasing &iG™ with
increasing temperature indicates that better atlsarpis actually obtained at higher
temperatures. The positive valueAHl" confirmed the endothermic nature of adsorptionictvh
was also supported by the increase in value of Sidake of the adsorbent with the rise in
temperature. Also, the values&ifl’ give an idea about the type of sorption whethersthrption

is physical or chemical. The enthalpy for physiadkorption is usually no more than 8 kcal
mol™ and its amount for chemical adsorption is mora tB&cal mol*; therefore, it seems that
adsorption of SMZ on the AF is almost a chemicakpss. The positive value 4% suggested
randomness increase at the solid/solution interdacmg the adsorption SMZ on the AF.
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Table 1: Thermodynamic parameters of the SMZ gy on the AF at different temperatures

T (K) (Kg) AG’ (kJ mor?) AS (J mol* K™ AHe (kJ mol®)
283 1.18 -0.411

293 1.49 -1.021

303 1.76 -1.494 45.12 9.825
313 2.07 -1.984

323 2.46 -2.345

Adsor ption I sotherms

Adsorption isotherms describe how the adsorbatesact with adsorbents. For this purpose,
three isotherm models were applied to this adsmmpstudy. The Langmuir isotherm theory
assumes monolayer coverage of adsorbate over adem®mous adsorbent surface where all
sorption sites are identical. The assumption of theory is the uniform energies of adsorption
onto the adsorbent surface. The linear form of baug isotherm equation is given as follows
(59, 60):

C 1
= +
de dmax Ymax K|,

Ce

Where @ (mg/g) is the amount of SMZ adsorbed per unit mafsadsorbent at equilibrium, C
(mg/L) is the final concentration at equilibriumy,g(mg/g) is the maximum adsorption at monolayer
coverage and K(L/mg) is the constant related to the extent cfomgtion. The parameter calculated
from the Langmuir model isotherm is given in TaBleThe high correlation coefficient obtained
from Langmuir model confirms that the this isothemght be suitable for the interpretation of the
adsorption data. The essential features of Langoanr be expressed by a dimensionless constant
which is called separation factor or equilibriuntgraeter (R) and is calculated using the following
equation(61).

_ 1
1+Cy Ky,

R

Where G (mg/L) is the initial concentration of the SMZ. dvalues of R indicate the shapes of
isotherms which it can be either unfavorable B, linear (R=1), favorable (0O<g1). In the
present investigation the equilibrium parameterb(@a2) was found to be in the range Q<R
(between 0.081-0.185) indicating that the adsomptwocess was favorable and the Langmuir
isotherm was applicable tR0.996 at all temperatures).

The Freundlich isotherm assumes that the adsorptiocess takes place on heterogeneous surfaces
and the adsorption capacity is related to the aanagon of the adsorbent. The Freundlich model is
based on the following expressi#2, 63)

1
Lhge=1In KF+;InCe

The constant Kis an approximate indicator of adsorption capaeityle 1/n is a function which

is related to the strength of adsorption in theogatson process. If the value of n is equal with 1,
the partition between the two phases are indepeémdéhe concentration. When the value of 1/n
is below 1, the adsorption is occurred normally. @ other hand, the cooperative adsorption



can be observed. In addition, the value of n betw@ee and ten indicates a favorable sorption
process. As it can be seen in table 2, the valigsohigher than 1.8 at abmperaturesvhich it
indicates the favorable sorption of SMZ and tRe&ue is above of 0.85.

Temkin Isotherm: This isotherm contains a factor that explicitlkitey into the account of
adsorbent—adsorbate interactions. This model assuhe heat of adsorption (function of
temperature) of all molecules in the layer woulduee linearly with coverage and it is not
dependent to the concentration. The model is shopwthe following equation (64):

RT RT
=—InA+—In
Oe 3 3 Ce

Where A is Temkin isotherm equilibrium binding ctartt (L/g); B is Temkin isotherm constant;
R is universal gas constant (8.314J/mol/K); T imperature (K). The comparing of the
correlation coefficients (8 at all temperaturebtained from the three isotherms (Table 2)
reveals that Langmuir model can be applied sucekgdio explain the equilibrium data of
adsorption of SMZ on AF biomass. Increase in temapee causes an increase in the mobility of
SMZ and the kinetic energies of SMZ increased]ilegin turn to an increase in the adsorption
of SMZ onto AF.

Table 2: Isotherm parameters for SMZ adsorption &t biomass

Tem CK) 283 293 303 313 323
Langmuir
Omax(Mg/g) 30.81 | 32.18 | 33.95 35.44 37.86
K. (L/mg) 0.044 | 0.068 | 0.091 0.104 0.112
R. 0.185 | 0.128 | 0.099 0.088 0.081
R? 0.997 | 0.996 | 0.997 0.999 0.998
Freundlich
Ke(mg/g) 4451 | 5.844 | 5.976 6.435 7.382
n 1.85 2.27 2.68 2.94 3.29
R? 0.855 | 0.876 | 0.884 0.895 0.871
Temkin
A (L/g) 0.125 | 0.176 | 0.241 0.285 0.314
B 28.45 | 29.11 | 30.72 31.66 32.39
R? 0.795 | 0.774 | 0.832 | 0.814 | 0.859

Adsor ption Kinetics

Adsorption kinetics show large dependence on thesiphl and chemical characteristics of the

adsorbent material and presence of adsorbate kn buthe present work, pseudo first-order,

pseudo second-order and intraparticle diffusiorekchmodels were used in order to examine the
controlling mechanism of sorption processes suahass transfer and chemical reaction.

Pseudo-first order kinetic model

The linear form of first-order kinetic equation(&5, 66):

K,
2.303

Log (G —q) = log ¢ —



Where @ and q are the amounts of SMZ adsorbed at equilibrium ahdime t (min)
respectively; k is the first-order rate constant (iffjn A straight line of In(gq) versus t
suggests the applicability of this kinetic modehdag. and k can be determined from the
intercept and slope of the plot, respectively. Tesults of the Pseudo-first order kinetic
parameters are given in Fig 8a and Table 3. ThdtreBowed that the adsorption of SMZ onto
AF did not follow the first order kinetics. At trgtven temperature, the first-order rate constant
(k1) increased with the increasing of initial SMZ centration. At higher initial SMZ
concentration, the number of available bindingssaé the AF surface per adsorbate molecule
increased. The adsorption data fitted poorly wideymlo-first order kinetic model for AF
biomass and the calculated galues did not agree with the experimentalvglues at all
concentrations.

Pseudo-second order kinetic model

Pseudo second-order model rate equation is refsgesas (67):

t 1 t

— + —

ac k208 ge

Where k (g mg* min™) is the rate constant of the second-order equaficstraight line of t/g
versus t suggests the applicability of this kinetiedel, and gand k can be determined from the
intercept and slope of the plot, respectively (Bly. Table 3 shows the obatined data from
pseudo-second-order model. It is observed from el@blthat there was a good agreement
between experimental gnd calculated gvalues with high correlation coefficient values fo
adsorbent. Hence the pseudo second-order moddr lrefpresented the adsorption kinetics
between the AF biomass and SMZ. The adsorptionegsots depended on the concentration of
adsorbent and adsorbate. The rate of adsorptioendegd on the concentration of AF and SMZ
molecules in the bulk.

Intraparticle diffusion

The adsorption kinetic data were further procegsedxplore the possibility of intra-particle
diffusion using the Weber—Morris equation. The madesxpressed by the following equation
(68):

0= Kgit t &%+ C

Where Ky is the intra-particle diffusion rate constant (gygiin¥2) and C is the boundary layer
thickness.

The Weber-Morris intraparticle diffusion model weemmonly used to determine the sorption
data, which was used to study the diffusion medmarduring the adsorption process. A linear
plot of q versus ¥2at different initial concentrations is shown in F8g and the parameters are
given in Table 3. As can be seen from Fig. 8c,dlfiision kinetic plots exhibited the three-
stage linearity. It has a good linear correlatieteen gand t'2in this stage, indicating that the
adsorption process was not only controlled by tpaeticle diffusion, but two or more steps
were controlling the adsorption process. The fpsttion of curve has sufficient available
adsorption sites on the adsorbents surface with &dtgorption rate; this portion was ascribed to
the diffusion of SMZ molecule in micropores biomasdterwards, the second linear portion



belongs to intraparticle diffusion. The SMZ molexsilcome across much larger hindrance
because of transfer in deeper inner pores. Therthihe section represented final equilibrium
stage where the intra-particle diffusion beginsltow down the arrival of absorption saturation,
and the diffusion of SMZ molecules into micropokesmass. Furthermore, the plot of line did
not pass through the origin. This results suggettatdthe boundary layer control was involved
in this adsorption stage. The value of C increagid the increasing of the initial concentration,
indicating that the film diffusion plays more impant role at high initial concentration(40, 41).
These results also implied that this mechanism doedividually limit the overall adsorption
process, which may be a complicated combinatiomwblving both surface adsorption and
intra-particle diffusion.
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Fig. 8. Adsorption kinetics of SMZ on AF a: psetiitst-order b: pseudo-second-order C: intra-pégtdiffusion

Table 3: Kinetic parameters for the adsorption of SMZ ontelfilomassat various concentration

Co(mg/L) | G exp(MO/Q) Pseudo-first order Pseudo-second order Intrapaditiusion
Ky Ge R Kz L c R

50 18.22 0.0564| 13.58 | 0.806 | 0.0723| 17.85| 0.998| 0.193| 1.876| 0.783

100 34.52 0.0725| 29.47 | 0.864 | 0.0464| 33.69 | 0.999| 0.245| 2.244| 0.775

200 59.66 0.0867| 52.64 | 0.882 | 0.0221| 58.76 | 0.996| 0.326| 2.957 | 0.794

Conclusion: In the present study, batch adsorption experimbat® been carried out for the

adsorption of SMZ from aqueous solutions using Adfiass. The effects of various parameters
such as contact times, temperature, pH, initial SéAcentrations and agitation speed were
investigated. The isotherm studies revealed thatetuilibrium data obtained from for the

adsorption of SMZ on AF biomass was better desdrtibeLangmuir isotherm model compared

with Freundlich and Temkin model. In addition, thermodynamic studies indicated that SMZ
adsorption process onto the AF is endothermic gmahtaneous. Furthermore, Kinetics of
adsorption process was investigated using pseusiodider kinetic, pseudo second order and
intraparticlediffusion kinetic models. The results showed the adsorption process followed

pseudo second order kinetic model. Finally, thisdgtrevealed that AF biomass can be
effectively used for the adsorption of Sulfamethmmnta antibiotics from aqueous solution.
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