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9° Mavelqvio Emtotnpoviko Tovédpro Xnpukig Mnyavikig
«H ZopPoin g Xnukne Mnyoavikng otnv Agipopo Avantuén»

AOnva, Tlolvteyveiodmoin Zawypopov, 23 - 25 Moiov 2013
Ayornra Méin the EAAnvikng Xnuxo-Mnyavikns Kowotntog:

Ex pépovc g Opyovotpiog ZyoAng tov Xnuikaov Mnyavikov tov EfBvikod Metcofiov
[ToAvteyveiov, £x® TV T Kot T Y0P Vo 60G TPOSKAAESH VO GUUUETAGYETE 6T0 9° ZuvESPLo TG
emruynpévng oepdg tov [HaveAlnviov Emomuovikav Zuvedpiov Xnukne Mnyovikng, to omoio
O mpaypatonombel oe yodpovg g IloAvteyverodmoing Zwypdoov tov EMII, ot0 tpmuepo
[Téumtng 23/5 — ZapPatov 25/5/2013.

Onw¢ kot oo Tponyovpeva 8 Xuvédpia TG oelpas, o okondg tov ITTEEXM Ba sivon n mapovaiooy
TV ATOTEAECUBTWV THS Epevvag, oL deEdyetal og [lavemotio, EpELVNTIKG KEVTPO, EMLYEIPNOELS
Kol GAAOVG OPYOVIGHOVS, Kl EVIOGGETOL OTIS EMICTNUOVIKEG TEPLOYEG TOV mediov g XMHKNG
Mnyovikne. Ouwg, m onuepviy ovykvpio pag odNynoe oty TPocOnkn evog devTEPOL GTOYOV,
aVTOV ™G ovufoins oty Agipopo Avarroén s matpioog pog. Emopévacg, Oa BElape ot epeuvnTikég
OUAOEG VO ODGOVY KATA TO OLVAUTOV TPOTEPALATNTO OTIC EPYACIEG TOVS HE AVATTLEIOKES TTPOOTTTIKEG
Kd0e gidovg.

‘Evag dAlog topéag, 6mov to ITIEXXM Bo mpoomabncel vo eKUETAALEVTEL TNV GLCCOPEVUEVT|
eumepio Tov 8§ mponyoduevomy Xvvedpimv, gival oV €vepyomoinon TG CULUUETOYNG OAOV TV
KOATNYOPLDOV GUVESP®V, KOt EI0IKOTEPAL:

- OTOV EKTOIOEVTIKO YOPOKTHPO TNG TAPUKOAOVONONG TOL ZVVEDIPIOL Y100 TOVS POITNTEG LLOG,
Y. PEC® NG ELEVLOEPNG (dWPEAV) CLUUETOYNG TOVG OTIG CLVESPLACELS

- OTNV OpPIOTEID. TOV EPYOCIDV TOV VEDV EPELVATOV HOG, .. WEGH NG OBecpobétnong
BpaPeiov kar dakpicemv og Oheg TIg Katnyopieg (Aumhopatikés, Adaktopikd, poster, K.o.)

- otV evioyvon kot aElomoinon NG GUUUETOXNS TWV EUTEIPOV GOVOOIEAPWY WOG, T.Y. ©OC
EWIKOV OIANTOV, 0€ POAOLG rapporteur, Kot o¢ HEADV ToV EMITPOT®V PBpdfevong tov
Yvvedpiov.

"Eto1, 0 tpitog oto)0¢ Tov IIEXXM eivar  dnpovpyia pog Soviovig Kot ONHOVPYIKNAG «KOWEANSH
oA EeTIOpooNS ATOU®V, BE®PLOV Kol EPAPLOYDV.

H enitevén tov avotépm otodywv Ba eEaptnOel amd T GUUUETOYN GOC, AVAAVTIKO GTOlXELD Y10 TV
omoiav Ba Ppeite oty ek 1otocerida Tov Xuvvedpiov (http://9pesxm.chemeng.ntua.gr/).
Ewdwotepa, KoAoVUE TIC EVOLAPEPOUEVEG Y10. TNV OVOKOIVOOT TMOV EPYOCUDY TOVG EPEVLVNTIKES
OLAOES VO VTOBAAOVY TEPIANYEIS TV EPYOTLOV OVTAV UECH TV 16T00EAIOWY Tov IITEXXM, t0
apyotepo we tig 28/2/2013. H Emotpoviky Enttponn) tov Zuvedpiov Oa evnuepdoet, o apydtepo
o¢ T1c 15/3/2013, tovg GLYYpaQEiS TOV EPYOSIOV Yoo TNV OOdO0YN TOLG Kol TN 0€om TOvg GTO
npdypappa, dlvovtog odnyieg yoo TNV cuyypoe TOV KEWEVOV TOLG. Tovtdxpova, KAAOVUE TOVG
oLvyypaeis Tov gpyaciav mov Pacilovion oe dirdwuoartikes Epyaocics i Aidakxtopixes Aatpifiés va
OMADGOLV TIC VTOYNPLOTNTESG TOVG Yo PPAPELON OTIG GYETIKES IGTOCEAIDEC.

EAniCovpe, pe ) Pondeia OAmV coc, o€ Eva ZuvESPLo avTdElo TOL OLVOKOD KOl TOV EMLTEVYLATOV
g EAM vk g Xnuuo-Mnyavikng Kowodtrag.

Abnva, 31-12-2012 O ITPOEAPOX THX OP

2 HKCHY EITITPOITHE
= o

C_/ &
i EMII - Ilpoedpos Xyoriic XM

E.T'. KoVvxwog, Ko



ON THE KINETICS AND THERMODYNAMICS OF MERCURY (1) REMOVAL
FROM AQUEOUS SOLUTIONS WITH MAGNETIC GRAPHENE OXIDE AND
MAGNETIC CHITOSAN

George Z. Kyzas, Nikolina A. Travlou, Konstantinos A. Matis, Eleni A. Deliyanni
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EXTENDED ABSTRACT

Contamination of aquatic systems is a serious environmental problem given the pollution of
natural waters by heavy metal ions. Mercury is one of the most toxic heavy metals since it is not
bi odegradable and causes alot of toxic effects in the human body. Its presence is due to a combination
of natura processes (volcanic action, erosion of mercury—containing sediments) and anthropogenic
activities (mining operations, tanneries, metal plating facilities) as well. Adsorption is considered to be
one of the most effective and economical treatment methods for mercury removal of effluents. In order
to focus on the kinetics and thermodynamics of the mercury(l1) adsorption, two main adsorbents were
selected: magnetic chitosan and magnetic graphene oxide.

Chitosan is a multifunctional polymer that has primary and secondary hydroxyl groups, as
well as highly reactive amino groups. It has been regarded as a useful starting support for adsorption
purposes. Numerous investigations on chemica activation of chitosan have been carried out to
increase its adsorption capacity for metals. In the past, magnetic chitosan has emerged as a new
generation of materials for environmental decontamination, since magnetic separation simply involves
applying an externa magnetic field to extract the adsorbents. Graphene, a new class of two
dimensiona carbon nanostructure with one atom thickness and with a two—dimensional honeycomb
sp? carbon lattice, receives extensive research interest due to its unique properties and applications in
catalysis, biomedical fields, adsorption and separation etc. The n—electron rich structure renders
graphene potential applications as adsorbent. Graphene oxide produced from graphite after chemical
oxidation, is one of the most important derivatives of graphene. It is characterized by a layered
structure with oxygen functional groups bearing on the basal planes and edges. However, its small
particle size and the high dispersibility in agueous solutions, make difficult its separation from
solution after adsorption process via filtration and/or centrifugation. A solution to this problem is the
development of magnetic adsorbents, which can ensure the convenient magnetic separation after
adsorption. Many procedures were applied to magnetic graphite oxide fabrication including in—situ
co—precipitation, and covalent bonding, methods are generally multistep, hard to control and they aso
require some rigorous conditions. Electrostatic self—-assembly has proved to be an effective method for
fabricating metal oxides composites especially with carbon based materials.

In the present study, a full thermodynamic analysis was redlised for the adsorption of
mercury(l1) onto both magnetic graphene oxide and magnetic chitosan (Table 1). The parameters
determined were the change of Gibbs free energy (AG®, kJ/mol), change of enthalpy (AH®, kd/mol) and
entropy change (AS’, kJ/mol K). The equations for the calculation of the above parameters are briefly
expressed below and based on theory (where Cs (mg/L) is the amount adsorbed on solid at equilibrium
and R (=8.314 Jmol K) isthe universal gas constant):

C
K.=—=5 (1)
C Ce
AG? =—R T In(K,) )
AGY = AH? - T AS? 3)
AH? )1 AS
In(K.)=| - —+ 4
(Ke) [ R JT R (4)



The values of AG® were calculated from Eq. (2), while the values of AH® and AS® were calculated
from the dop and intercept of the plot between In(K.) versus 1/T (Eq. (4)). For both adsorbents, the
decrease of negative values of AG® with the increase of temperature from 25 to 65 °C revealed that the
adsorption process was more favourable at higher temperatures. The latter can be explained by (i) the
enhancement of the mobility/motion of adsorbate Hg(ll) ions in the solution with increase of
temperature, and (ii) the higher affinity of adsorbate on the adsorbent at high temperatures.
Furthermore, the positive values of AH® implied the endothermic nature of the process for all cases
studied. The positive values of AS’ emphasized the increased randomness at the interface of
solid/solution interface with possible micro—structural changes of the adsorbate and adsorbent.

Adsorbent Co(mg/lL) T(K) Qe(mglg) K. AG°(kJmol) AH®(k¥mol)  AS°(kJmol K)

GOm 20 298 14.02 2.33 -2.10
318 15.06 3.00 -2.90 +18.38 +0.068

338 16.980 567 -4.87

100 298 56.02 1.27 -0.60
318 60.08 1.50 -1.07 +6.10 +0.023

338 62.99 1.70 -1.50

500 298 12310  0.33 -0.11
318 145.04 o041 -1.44 +5.78 +0.010

338 15003 043 —2.44

CSm 20 298 15.11 3.00 -0.50
318 16.02 4.00 -0.80 +13.27 +0.054

338 17.08 5.67 -3.09

100 298 58.12 1.38 -0.20
318 61.99 1.63 -0.85 +6.21 +0.024

338 65.03 1.86 -2.52

500 298 130.07 0.35 -0.17
318 139.89  0.39 -2.03 +5.70 +0.010

338 158.01  0.46 -2.80

A deep kinetic study was realized in order to examine the adsorption dynamics of the process.
The experimental results were fitted to the pseudo—first, -second order and Elovich equation:

09(Q. - Q) =loa Q) 55 ®
L= 12+[i} (6)
QI sze Qe

Q :Elﬁln(a- eh)+tﬁi () (7)

In the case of pseudo-first order equation (Eq. (5)), the slope (k1/2.303) and intercept log(Q.) of plot
log(Qe-Q:) versus t were used to calculate the parameters of k; and Qeca. In the case of pseudo—
second order equation (Eq. (6)), the slope (1/Q.) and intercept (1/k,Q.°) of plot (t/Q;) versus t were
used to calculate the parameters of k, and Qecq. . IN the case of Elovich equation (Eg. (7)), the Slope
(UB4) and intercept (In(aBa)/Ba) Of plot Q; versus In(t) were used to calculate the parameters of a and
Ba. The linear fitness revealed the perfect connection between theoretical points exported from the
pseudo-second order model and experimental data. R? (correlation coefficients) in al cases (both
chitosan and graphene oxide) was 0.999. The fitness success can be easily confirmed from the nearly
same adsorption capacities (cal culated and experimental) Qeca=Qeeqp All above confirmed the second
order kinetic trend of the experimental results (Fig. 1).
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Fig. 1. Effect of contact time on adsorption of Hg(I1) onto GOm and CSm: fitting to (a) pseudo-first
order equation; (b) pseudo-second order equation; (c) Elovich equation.
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- Alm ~ Kinetics
= Kinetic and Thermodynamic evaluation of adsorption o | | | | |
. Ad bents: M ti h ide (GO T_he fitting was performed using ps_eudo—flrst, —seco_nd order and Elovich equations. First
SOorbents. Magnetic grapnene oxide ( m) figure shows the plot of linearization of pseudo-first order model, where the slope (-
Magnetic chitosan (CSm) k,/2.303) and intercept log(Q,) of plot log(Q.-Q,) versus t was used to determine the
= Removal of Hg(II) from aqueous solutionst pseudo-first order constant k;, and the equilibrium adsorption density Q. .. However, the
K / experimental data deviated considerably from the theoretical data. The correlation

coefficients (R?) obtained were not as high as those for pseudo-second equation. Also, the
adsorption equilibrium values (Q. .,) found gave significant deviation for both adsorbents.
These findings suggest that this adsorption system is not a pseudo-first order reaction.

Furthermore, the experimental data fitted to the pseudo-second order equation (2"
fiugure), calculating the respective parameters. The slope (1/Q,) and intercept (1/k,Q.?) of

Adsorption Experimental

Kinetic experiments were performed by mixing 0.02 g of adsorbent with 20 mL of metal plot (t/Q,) versus t were used to calculate the parameters of k, and Q. .,;. The straight lines
agueous solution (CO,Hg(”):lOO mg/L). The suspensions were shaken for 24 h at pH=5 iIn In plots showed an excellent agreement of experimental data with this model. The
water bath at 25 °C (N=160 rpm). Samples were collected at fixed-time intervals (from 5 correlation coefficients for all adsorbents were equal to 0.999. Also, the calculated Q. .,
min to 24 h). Pseudo-first, pseudo-second order,and Elovich equations were used to fit the values are completely the same with those exported from the experimental data. These
Kinetic experimental data. findings Indicate that the adsorption system studied belongs to the second-order kinetic
The effect of temperature on adsorption was determined by mixing 0.02 g of adsorbent model. 3" figure shows a plot of linearization of Elovich model. The slope and intercept of
with 20 mL of metal aqueous solutions of different initial concentrations (C ;,,,=0-500 plots of Q, versus In(t) were used to determine the constant B, and the initial adsorption
mg/L). The suspensions were shaken for 24 h at pH=5 in water bath at 25, 45, 65 °C rate a. However, the experimental data deviated considerably from the theoretical data.
(N=160 rpm). The resulted equilibrium data were fitted to the Langmuir model and The correlation coefficients for the Elovich kinetic model obtained at all the studies
Freundlich equation. concentrations were low (R%.,,=0.658 and R2.,,=0.884). This suggests that this adsorption
_Q._K,C, B U system is not an acceptable for this system.

Q.= 1+K. C Qe_KF(Ce) - Zonic B - ] ™ Hovichequation -

L™~e 1m . 24 - 4 60- N il
where Q. (mg/g) is the equilibrium metal concentration in the solid phase; Q.. (mg/g) Is - . A aaty ]
the maximum amount of adsorption; K, (L/mg) Is the Langmuir adsorption equilibrium B 46 S |
constant; K. (mgti/" LY"/qg) is the Freundlich constant representing the adsorption 2’12_- 12 o . :
capacity; n (dimensionless) is the constant depicting the adsorption intensity. % ] IS -
The thermodynamic parameters determined were the change of Gibbs free energy = N ]
(AG®, kJ/mol), change of enthalpy (AH°, kJ/mol) and entropy change (AS°, kJ/mol | ] | e N = Gom
K). The equations for the calculation of the above parameters are briefly expressed O A s T e oo Do o do e T3 3 E 5 R F b
below and based on theory (where C, (mg/L) is the amount adsorbed on solid at t (min) t (min) In®
equilibrium and R (=8.314 J/mol K) Is the universal gas constant):

0 0 i
K¢ = g— AGO=—RTIK)  AGO=AHO-TAS  In(K,)= [_ o );H: Thermodynamics
e

The values of AG® were calculated from first eq. while the values of AHC and AS? For both adsorbents, the decrease of negative values of A_GO with the increase
were calculated from the slop and intercept of the plot between In(K,) versus 1/T of temperature from 25 to 65 °C revealed that the adsorption process was more

favourable at higher temperatures. The latter can be explained by (i) the
enhancement of the mobility/motion of adsorbate Hg(ll) ions in the solution
with increase of temperature, and (ii) the higher affinity of adsorbate on the

S hesi £ Ad b adsorbent at high temperatures. Furthermore, the positive values of AHC
_ynt esis of Adsorbents Implied the endothermic nature of the process for all cases studied. The

last eq).

: . . . positive values of AS® emphasized the increased randomness at the interface of
Synthesis of magnetic cross-linked chitosan (CSm) : .. . : .
— ; : ; . . solid/solution interface with possible micro-structural changes of the adsorbate
Initially, the preparation of magnetic nanoparticles was carried out mixing 3.5 ¢ and adsorbent
of FeCl,-4H,0, 9.5 g of FeCl;-6H,0 and 400 mL of double distilled water and :
stirring in a water bath at 60 °C under nitrogen for 1 h. Ammonia solution was dsorbent  Co (mg/L) T(K) Q.(mglg) K. AG’(kimol) AH’(ki/mol) AS”(ki/mol K)
added dropwise, purged with nitrogen until pH=10. The precipitate obtained was €0 2L 2okt i:'gé Atk ol
decanted in a dialysis tubing cellulose membrane (Sigma Co.) and the latter was 318 ' 300 290 +18.38 +0.068
. . . . . . 338 16980 567 ~4.87
placed in a bath filled with distilled water. The chloride 1ons presented in the 100 208 56.02 197 0.60
ini_tial suspensior_l were slowly removed by osmosis t_hrough the_ membrane. The 318 60.08 1:50 _1:07 +6.10 +0.023
existence of Cl- ions In the water bath was tested with a solution of AgNO; (0.1 338 62.99 170 _150
M). The water of the bath was replaced several times, until no more chloride 500 208 123.10 33 011
lons were detectable In 1t. The resulting cake on the membrane surface after 318 145.04 041 ~1.44 +5.78 +0.010
decanting was freeze-dried in a bench freeze drier (Christ Alpha 1-4). 2 g of CSp 338 150.03 043 —2.44
was dissolved in 400 mL of acetic solution (2% v/v). 0.75 g of the prepared CSm 20 298 15.11 3.00 —0.50
magnetic nanoparticles were added in the above chitosan solution and the 318 16.02 4.00 -0.80 +13.27 +0.054
mixture was sonicated for 30 min. Then, GLA was added to mixture solution in 338 17.08 5.7 —3.09
order to cross-link chitosan. So, 15 mL of GLA (similarly as CS, the ratio was 2:1 e 2ot 912 ie A0
aldehyde groups (-CHO) of GLA per initial amino groups (-NH,) of chitosan) were 318 61.99 163 085 +0.21 +0.024
. . T . . . 338 65.03 1.86 ~2.52
added Into reaction flask to mix with the solution and was vigorously stirred at £00 208 130,07 035 047
60 °C for 2 h. The precipitate was washedowith ethanol and distilled water in 218 13089  0.39 503 e +0.010
turn an_d dried In a vacuum oven at 50 °C. The obtained product was the 338 15801 046 280
magnetic cross-linked chitosan derivative (CSm).
Synthesis of Magnetic Graphene oxide (GOm)
In a typical synthesis, GO (0.3 g) was dispersed in 150 mL water by sonication for
30 min in order graphene oxide to be formed. Then, 0.825 g FeCl,-6H,0 and Conclusions
0.322 g of FeCl,-4H,0 were dissolved In 25 mL of water and the solution was
a_dded drop_vvi_se to GO solution af[ room temperature u?der a nit_rogen fl_ow with AH°>0 suggested the endothermic nature of the process, AG°<0
vigorous stlrr!ng. After completing Ion exc_hange, 28% ammonia solution was suggested the spontaneity of the process, and AS®>0 showed the
added dropwise to make the pH of solution 10 for synthesis of magnetite T ereEEas] Rl TTRESS St e salflTETel e e
nanoparticles. The temperature of the solution rose to 80 °C. After stirring for a '
about 45 min, the black precipitate was centrifuged, washed with ethanol o _ _ _
several times, and finally was freeze-dried. The best fitting was done using the pseudo-second order Kinetic
eguation for both adsorbents. Low correlation coefficients for

pseudo-first order and Elovich equations.
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