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Abstract.

The performance of Solvent Impregnated ResinsqSI& extraction of MTBE from
aqueous solutions has been investigated. The @&rimacapability of two extractants, 3-
iodophenol (IPhOH) and 3,5-dimethyl-4-iodophenolMIP), was studied and compared.
IPhOH showed a better affinity for MTBE. As thesgractants are solid at room temperature, a
diluent screening was performed. The diluents wgee nonane, phenyldodecane, 1-decanol,
nonanoic acid, heptyl cyanide, toluene and propybae. Toluene and propylbenzene were
determined to have the highest capacity to sokbilPhOH and the highest overall distribution
coefficients for the distribution of MTBE betwedmetaqueous and organic phases. As the solid
support is an important feature in SIR technoldgyr adsorbents were tested for the extraction
of MTBE: the carbonaceous resin Ambersorb XE-34B€ polymeric resins Amberlite XAD-7
and macro-porous polypropylene MPP and granulaivaed carbon Aquasorb 202. The
carbonaceous resin presents the best affinity foBEl In order to test the impregnated resins,
Ambersorb XE-348F, Amberlite XAD-7 and MPP were megnated. The extraction of ETBE
with SIR was also tested. Three models for the iptieth of the extraction with SIR were
tested. Two models consider the adsorption on tinlace of the beads, and the other model
does not. A selectivity analysis was performedifmpregnated MPP between humic acid and
MTBE. The results yield good prospects for the 0$eSIR in contaminated groundwater
treatment. The dynamic behavior was examined inmnlexperiments. Separation is favoured

at low flow rates.



Resumo.

Neste projecto foi estudada a extraccdo de MTBEalecOes aquosas com resinas
impregnadas. Para tal fez-se uma analise de extttast o 3-iodofenol (IPhOH) e o 3,5-dimetil-
4-iodofenol (DMIP). Notou-se que o IPhOH apresant@a maior capacidade na extrac¢ao do
MTBE. Dado que os extractantes se apresentam sékuo condicbes atmosférico, foi
necessario fazer uma analise de diluentes. Pardotain testados sete diluentes, nonano,
fenildodecano, heptil cianeto, 1-decanol, acidoamdico, tolueneo e propilbenzeno. De entre
os diluentes testados o tolueno e o propilbenzgmmesantaram maiores capacidades para
solubilizar o IPhOH assim como os maiores valo@s s coeficientes totais de distribuicédo
entre as fases aquosa e organica.

Uma vez que a matriz sélida tem alguma influéncéa extraccdo com resinas
impregnadas, quatro adsorventes foram testadosesasas Ambersorb XE-348F, Amberlite
XAD-7 e o polipropileno macroporoso MPPe o carvabvado Aquasorb 202. O adsorvente
gue apresentou maior afinidade pelo MTBE foi an@#imbersorb XE-348F. Com o intuito de
estudar a extracgcdo de MTBE com resinas impregnaaigsegnaram-se as trés resinas.De
modo a traduzir a extracgdo de MTBE com resinasagnadas testaram-se trés modelos, um
que nao considera a adsorcdo do soluto na supedfdsi particulas e dois que o fazem. Visto
gue o ETBE é um possivel substituto do MTBE nalgess, a extraccdo deste composto
também foi testada. Uma vez que o acido humico estfias vezes presente nas aguas
contaminadas com MTBE uma analise a selectividad®BP impregnado foi realizada e foi
determinada sempre maior que um, o que traz umanbdaacao para o uso destas resinas para
o tratamento de aguas contaminadas com MTBE e &cinico. Finalmente, para perceber o
comportamento dindmico da extraccdo do MTBE emnaddoram realizadas experiéncias em
colunas. Com estes resultados € possivel dizer agextraccdo de MTBE por resinas

impregnadas é favorecida a baixos caudais.

Key Words: MTBE, Extraction, Solvent impregnated resins, Gebuater.
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1. Introduction

1.1. Background on MTBE
Methyl tert-butyl ether or 2-methoxy-2-methylpesie (MTBE) is an ether that was first

synthesized and characterized in 1904 (Peterst &l. 2005) and its formula is:
CH,
CH,-0-C—CH,
{I'H\

MTBE's physical properties are presented in tdble Besides those properties one can
mention the density of 740,5 kg?rand the Henry's law coefficient between 0,018 8r@P6
(Peters, Uet al, 2005). MTBE is colorless and has a terpene-ldker oO0MTBE is very soluble in
water (48 g/L at 25°C) (Melin, G., 2000) and in amganic liquids. When MTBE is present in
the soil as the result of a petroleum releasesnitls to separate from the rest of the petroleum
components, reaching the groundwater first andoblisgy rapidly. MTBE travels at the same
speed as the water, while the other componentsswdlt to biodegradate (B. Ray, At al,
2003). It forms azeotropes with water and methamnalhe basic phase, as well as in neutral or
weakly acidic solutions, this component is venyblaln strong acidic solutions, it cleaves to
methanol and isobutene, depending on the reacbioditons.

Table 11 — Physical properties of MTBE (Peters,dflal, 2005).

Melting point - 108,6°C
Boiling point 55,3°C

Ny’ 1,3692
Dielectric constant (20°C) 4,5
Viscosity (20°C) 0,36 mPa s
Surface tension (20°C) 20 mN m!
Flash point (Abel - Pensky) - 28°C
Ignition temperature (DIN 51794) 460°C
Explosion limits in air 1,65-8,4 vol%
Critical data

Ter 224,0°C

Per 3,43 MPa

MTBE is produced by the reaction between methandlisobutene contained in thg C
fraction from dehydrogenation of butane, steaml@ecor fluid catalytic crackers (Peters,dt.
al, 2005). MTBE is used mainly as an additive comgbimgasoline. It is used since the 1970s
in gasoline as an octane enhancer, in order tcepteangine knocking, to increase the oxygen

level, and to reduce carbon monoxide emiss{od& Environmental Protection Agency, 1998).



Nowadays, 95% of the world’s production is used thoait purpose. MTBE is also used to
produce methanol or isobutene by the reverse oeacii its production, and as a dewaxing
solvent for hydrocarbon oils (Peters,dflal, 2005).

Because MTBE is very soluble in water, any leakagther from a storage facility or
from the incomplete combustion in car engines aindufuel transfer at gas stations, may
present a risk of contamination of groundwaterh@diigh this contamination is not dangerous,
neither for public health nor for aquatic life (Bet, U.et al 2005), MTBE removal is
important, because it has a strong taste and dder.MTBE concentration in drinking water
should not exceed 2(/L (US Environmental Protection Agency, 1998)tlzs average of the
taste threshold (40g/L) and the odor threshold (1f/L) (Peters, Uet al 2005). Among the
most important MTBE removal methods, there are shiipping, adsorption with granular

activated carbon, chemical and biological treatsant adsorption with synthetic resins.

1.2. State — of — the — art MTBE removal techniques

1.2.1. Air stripping.

MTBE removal by air stripping is a physical presehat separates it from water by
evaporation. This process strongly depends on @k constant and on the air/water ratio.
Due to the very low Henry’s constant (0,018-0,026¢, air/water ratio must be high (100-250)
(Peters, Uet al, 2005). This method has been widely studied, ptesgp recovery rates of at
least 90%. The main disadvantage of using airgtigpfor MTBE removal is that the off-gas
stream needs to be treated before the releasthmtmmosphere (Peters, &.al, 2005). This is
due to the fact that after the stripping stage MTi8Eontained in the gas phase. Such a process
including off-gas treatment may involve high coétsS Environmental Protection Agency,
1998).

1.2.2. Granular activated carbon.

Adsorption in granular activated carbon (GAChiso a widely studied process. This
method is very efficient for small concentratio@®@ug/L) of MTBE (Peters, Uet al, 2005).
However, when MTBE is present in large concentregtiover 200Qug/L) (Melin, G., 2000),
this process can only be used as a polishing &illgwed by biological or chemical treatment
or air stripping (Peters, &t al, 2005). This is because of the low affinity of MTBE fasrgtion
on solids. MTBE adsorption on GAC strongly depeoxshe presence of other components due
to competitive adsorption. These components aneralabrganic matters (NOMs), humic acid
for instance, and other gasoline additives, sucBTBE or benzene, toluene, ethylbenzene and
xylenes (BTEX). Products of MTBE decomposition,t4autyl alcohol (TBA), and MTBE

cleaved products, methanol or isobutene also camipethe adsorption on GAC. This causes



selectivity problems when using GAC technology. §ha high amount of GAC is needed,
which can increase the costs significantly (Met, 2000). A second disadvantage is the low
affinity of MTBE for adsorbing when the concenteattiin the liquid phase is lower than the
concentration in the solid phase (Melin, G., 2000)this case, MTBE will start desorbing,
hence contaminating the water because it is vetgveoluble. Consequently a tight control of
the process is required. A third problem arisesfitbe difficulty to regenerate GAC, which
usually is incinerated after its saturation, theducing its life-time to typically 10 — 20 cycles
(B. Ray, A.et al, 2003).

1.2.3. Advanced Oxidation Processes.

Advanced oxidation processes (AOPs) decompose BMamd a large spectra of other
organic compounds (Melin, G., 2000). These proce#seolve the oxidation of MTBE by
Fenton’s reagent (B. Ray, At al, 2003), UV-peroxide (R. Cater, At al, 2000), UV-ozone (L.
Acero, J., 2001), high-energy electron beam irtéahia(E-beam) or sonication-hydrodynamic
cavitation (Peters, Lkt al, 2005). All these techniques produce hydroxyl caldi to oxidate the
compounds to be treated. In the case of ozonatiomarticular, an advantage is that the
presence of NOMs enhances the formation of hydroagicals. Although in the Fenton’'s
reagent and the UV-peroxide techniques few studie® been performed, the existing studies
suggest that these could be feasible techniquegriieless, one significant drawback of AOPs
is the production of lateral compounds, such as TiBA-butyl formate (TBF) and acetone. The

removal of these components from water is alsolpnoétic (Xu, Z.et al, 2003).

1.2.4. Biological treatments.

The biological treatments can be separated wboprocesses. One degrades the MTBE
at aerobic conditions and the other at anaerohiditons. At anaerobic conditions MTBE is
used as a carbon and energy source for bacteftaresi (J. Stocking, Aet al 2000). This is
only possible when there is a low amount of orgaaibon content. The degradation of MTBE
can be enhanced by the addition of iron (Ill) andnft substances, such as humic acid.
Nevertheless, in the presence of TBA, a high camaton of iron (lll) and of humic substances
is necessary to ensure the degradation of both aoemts, MTBE and TBA (T. Finneran, K.
and R. Lovley, D., 2001).

In the aerobic treatment MTBE also serves adatsate for bacterial cultures (A. Deeb,
R. et al, 2000). It is possible to totally degradate MTBHoi CQ by a direct metabolism (A.
Deeb, R.et al, 2000). However, this can only be done at MTBEcemtrations around 200
mg/L, low flows and with high residence times (Aedd, Ret al, 2000). Intermediate products
of the MTBE degradation, such as TBA or TBF, showreslower degradation times than
MTBE. In figure 1.1 the different pathways for ttiegradation of MTBE can be identified. One



can see that the MTBE degradates into TBF, forngide and TBA. The latter component will

then continually degrade to acetone.

MTHE THF

CH- CH4
CHy— fl — O0—CH; eeereeeem = i, C— 00— CHo
CH,4 'H,
TEA ‘|—“1 P
CH,— C— OH + Formaldehyde
C'H,
Y
MHF  CH. Higa  CH;
| 0
Y 2
cH,—C—CHy,— o ——=  CHy— “|- - ‘-'\ —=  2.Propansl =~ Acetone
OH OH OH

Figure 1.1— MTBE's aerobic degradation (A. Deeb,dRal, 2000).

1.2.5. Synthetic resins.

MTBE removal with synthetic resins was first usedhe 1970s as an alternative to
GAC (Melin, G., 2000). These resins are produce@ragdsorbent for organic compounds.
They have low density and a higher number of péss#usorption sites than GAThe
synthetic resins can be divided into two categovibdéch are the polymeric resins and the
carbonaceous resins. The polymeric resins are lyso@ded on cross-linked polymers. These
polymers can have polystyrene, phenolformaldehpdecrylate matrices (Melin, G., 2000).
The carbonaceous resins are produced as a profitice goartial pyrolysis of macroporous
polymer beads. Due to the pyrolysis micropores béllformed. These micropores are critical
for the application of carbonaceous resins in wdteatment. The micropores are only
accessible to small molecules. Fouling and conipetgorption with large molecules, such as
NOMs, can thus be avoided. Both types of resinfedifom the traditional ion-exchange resins
in their lack of functional groups.

In general, the interactions between resins andatteorbed compound are physical
instead of chemical ones. The main advantage skthesins is that they can be regenerated
situ with steam(Melin, G., 2000). This may represent a low costaatage when comparing
with GAC (Melin, G., 2000). In addition, synthetiesins can be tuned so that they are more
selective than GAC. They can also be used to remio¥esecondary products of the MTBE

oxidation. This is of particular interest for themroval of TBA, because TBA is more



hydrophilic and has a lower Henry’'s coefficientitHdTBE. It can hardly be removed by GAC
sorption or air stripping. Furthermore, the separaby an adsorption process does not produce
lateral compounds. The only compounds that canecautecrease in selectivity during MTBE
removal are those which already exist in the grewatdr, such as humic acid. The main
disadvantages of the use of synthetic resins arinfpand their price, because they are not
widely used (Melin, G., 2000).

1.3. Alternative approach MTBE removal technique.

1.3.1.Solvent impregnated resin.
Solvent impregnated resins (SIR) are poroushgyitt resins, in which an extractant is

immobilized inside the pores, see figure 1.2.

Complexing Polar Solute
Agent in aqueous phase

@
\Aqueouq
phase |

Extractant Impregnated Resin

o Complex  pglar Solute
Solid matrix Pores containing Solvent in solvent

and Complexing Agent

Figure 1.2— Extractant impregnated resins (BabicgKal, 2006).

It is desirable to use an extractant which i dblform complexes with the solute to
shift the extraction equilibrium to the organic ppaWhen contacted with an aqueous phase
containing a polar contaminant, the contaminarnit diifuse into the pores and form complexes
with the extractant. The reaction should be retdgdio assure regenerability of the resin, but
should still be strong enough to increase the igffiof the contaminant towards the organic
phase.

SIRs are a synergy between adsorption and reagefitraction combining high capacity
and high selectivity with simple equipment and agien (Babic, Ket al, 2006). This technique
avoids emulsification and can decrease the sollesd, problems which are frequently
encountered in liquid-liquid extraction. Anothervadtage of SIRs lies in the possibility of
choosing an optimum extractant. This way, SIRs bentailor-made to solve a specific
contamination problem obtaining high removal efficgies (MPPSystems,2004).

SIRs have a very large spectrum of uses, suakrasval of dissolved and dispersed
hydrocarbons from water (MPPSystems,2004) or reimofvanetals, such as copper or zinc,
from contaminated solutions (S. Juang, R. and @, H., 1995; Saha, Bet al, 2004; G.



Strikovsky, A.et al, 1996; Kabay, Net al, 2004). However, many of these applications ase ju
performed on a bench-scale. So far, the only langde applications of SIRs are the removal of
aliphatic, aromatic and halogenated hydrocarboosn fivaste water. An example for the
macroporous particles used as solid support folRai$S MPP (MPPSystems, 2001). MPP is
used for the removal of hydrocarbons from watesffahore oil platforms. A very high removal
efficiency can be achieved with MPP (99,9999%)ha temoval of hydrocarbons with lower
polarities than water (MPPSystems, 2004). In figtr8, a scanning electron microscopic
picture of the surface structure of an MPP pariglshown.

Figure 1.3- Internal structure of MPP (MPPSystems, 2001).

The key component of a SIR is the extractanshltuld be chosen according to the
purpose of the remediation. Depending on the congm, the extractant should be highly
selective in order to prevent co-extraction of ott@mponents, which can decrease the capacity
of SIR. Other requirements for the extractant, plodymeric matrix, and the impregnation
method are the following (Babic, K., 2006):

— The extractant must either be a liquid or be ret@ias one by the addition of a diluent;

— Extractant and diluent should have minimal soltypili the aqueous phase, as mentioned
before;

— The polymeric matrix should be fully expanded dgrimpregnation and it should
remain so;

— The impregnation method should not destroy the gntas of the extractant or the
polymer.

There are several methods to perform the imptemnaf a resin (S. Juang, R., 1999).
Among these methods, the dry method and the wdtadetee figure 1.4, are the most usual.
The dry method requires the extractant to be disslbin a diluent and contacted with the resin.
The diluent is then removed by slow evaporationeundaccum. This method is particularly
suitable for hydrophilic extractants (S. Juang,1R99). The wet method involves the extractant
to be dissolved in a pre-calculated amount of dilueand contacted with the resin until the



liquid phase is completely absorbed by the solidsgh(L. Cortina, J. and Warshawsky, A.,
1997). In the removal of metals from aqueous sohstiwith a SIR further treatment can be
necessary (S. Juang, R., 1999).

s L T W
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Figure 1.4— Description of the different impregnation method) Dry method; b) Wet methgd.
Cortina, J. and Warshawsky, A., 1997).

The solute removal process with SIRs can be pmnt¢ged as follows: (1) the
contaminated groundwater passes through a colukegavith SIR; (2) the contaminant will
react with the extractant and will be extractedrfrihe groundwater; (3) when the saturation of

the SIR is reached, its regeneration starts. Tegemeration can be performed with steam. The
extraction can restart once the SIR is regeneratfigure 1.5.

water sleam

extraction regeneration

steam C ; CONoENsor

condensate ¥

recycle
- —= hydrocarbons

water
hydrocarbons

Figure 1.5— Schematic overview of macro porous polymer exima process (MPPSystems, 2004).

Recent studies indicate that this kind of exteachas good perspectives in the near
future (MPPSystems, 2004; S. Juang, R. and C. Hip,1995; Saha, Bet al, 2004; G.
Strikovsky, A.et al, 1996; Kabay, Net al 2004).



1.4. Objective

The main goal of this research project is to stigate the most suitable system in order
to remove MTBE from contaminated groundwater witlvent impregnated resins. MTBE has
to be removed from groundwater either to avoidhirtcontamination or to obtain high purity
streams. To achieve the objective the followingdsjare studied:

» Extractant screening;
» Diluent screening;
* Adsorbent screening;

Two extractants are tested 3-iodophenol (IPhOHY &,5-dimethyl-4-iodophenol
(DMIP). These compounds are solid at room tempegataus they have to be solubilized. In
order to achieve the best possible extraction Bients are tested: toluene, nonane, nonanoic
acid, decanol, propylbenzene, phenyldodecane aadamitrile. The best pair extractant/diluent
is used for impregnation.

Because the SIR implies adsorption on solidsmgortant feature is the solid matrix of
the resins. Based on literature four adsorbentsimrestigated. These are macropourous
polypropylene particles MPP, polyacrylate Amberli€&D-7, carbonaceous resin Ambersorb
XE-348F and granular activated carbon AquaSorb 202.

The best resin is then impregnated and the isothef extraction of MTBE is
determined. The isotherm of ETBE is also studieddifionally the selectivity of the SIR for
MTBE, TBA and humic acid is investigated for thesbgystem.

In order to determine the breakthrough for thst Isgstem tested, column experiments

were performed.



2. Materials and Methods.

2.1. Substances.

The chemicals used in this project are 3-iodophén 98%, Sigma-Aldrich Chemie
GmbH, Germany), toluene (> 99%, Sigma-Aldrich Cheer@mbH, Switzerland), nonane (>
99%, Sigma-Aldrich Chemie GmbH, Germany), 1-decafwl 99%, Merck Schuchardt,
Germany), methyl tert-butyl ether (> 99%, Merck KG&ermany), nonanoic acid (>98%, TCI
Europe, Netherlands), heptyl cyanide (> 97%, Sidduaich Chemie GmbH, Germany), 3,5-
Dimethyl-4-iodophenol (> 98%, ABCR GmbH & Co. KGefmany), phenyldodecane (>99%,
Merck Schuchardt, Germany), propylbenzene (> 98%gm&-Aldrich Chemie GmbH,
Germany), tert-butyl alcohol (>99,7%, Sigma-Aldri@mbH, Germany), humic acid (Sigma-
Aldrich GmbH, Switzerland). The reagents were usilout further purification.

The polymeric resins that were used are the MPREAUPP Systems, Netherlands),
Amberlite XAD-7 (Rohm and Haas Company, France) @&mdbersorb XE-348F (Sigma
Aldrich Chemie GmbH, USA). The resins were usechaiit further treatment. The granular
activated carbon used is AquaSorb 202 (Jacobi @arli@ermany).

2.2. Liquid-liquid Extraction.

Liquid-liquid extraction experiments with 3-iodwgnol (IPhOH) were conducted for
different concentrations of the extractant. As IPh@ solid at standard conditions, it was
diluted with different diluents, namely phenyldodee, decanol, nonanoic acid, heptyl cyanide
to give concentrations of 0,5, 1,5 and 2,5 mgldk For toluene and propylbenzene IPhOH was
solubilized up to 10 and 6 Molken. Pure diluent was also used in each case. The rati
between the aqueous phase and the organic phase Wwahe initial concentration of MTBE
was 5000 ppm in the aqueous phase. The two phasestiaxen stirred for 16h at 500 rpm in a
closed 50ml Erlenmeyer flask to ensure that thélibgum was reachedAfter this the stirring
was stopped and the solutions were left on the iswerich for 2h for gravimetric phase
separation. The experiments were performed at room temperg20e°C) and atmospheric
pressure. The liquid-liquid extraction was alsofgened for constant concentration of IPhOH
(2,5 mol/Lgieny in propylbenzene changing the concentration ofBETin the aqueous phase
between 500 and 45000ppm

3,5-dimethyl-4-iodophenol (DMIP) also is a sadilstandard conditions. Due to its low
solubility in toluene (<0,3g/mL), phenyldodecanenanoic acid and heptyl cyanide the DMIP
was diluted in decanol (maximum concentration 1d/Imq;..). Therefore experiments were
performed at 0,5 and 1,5mo}len. Pure diluent was also tested. The liquid-liquxdraction

experiments with DMIP were performed as mentiortsul/e.



2.3. Isotherm experiments.

Isotherm experiments were conducted in 10 mL gtates. In each bottle 0,3 g of
adsorbent were introduced. The bottles were thdledfiwith solutions of different
concentrations of MTBE, see below. The two phaseewhen magnetically stirred for 24h in
case of Amberlite XAD-7 and MPP resins to ensueg #guilibrium was reached (Hung, Hsu-
W. and Lin, Tsair-F., 2006). For the Ambersorb X4&8B and the Aquasorb 202 the phases
were stirred for 5 days according to literature iMeG., 2000; Hung, Hsu-W. and Lin, Tsair-
F., 2006), to ensure that equilibrium was reached. The sesnplere stirred at 500 rpm. The
resins were used without further treatment.

The SIR extraction experiments were performedhwhmbersorb XE-348F fully
impregnated with toluene/IPhOH and propylbenzemgdiR. Amberlite XAD-7 and MPP were
impregnated with propylbenzene/IPhOH. In order woic extractant loss in the experiments
with toluene/IPhOH, the aqueous phase was satuwitbcdthese components prior to use. To
ensure equilibrium the phases were stirred forys dar impregnated Ambersorb XE-348F and
24h for impregnated Amberlite XAD-7 and impregnatd®P. The stirrer speed used was
750rpm. Isotherm experiments were performed at reamperature (20 °C) and atmospheric
pressure.

For all experiments the aqueous concentratioM®BE ranged from 500 to 45000
mg/L. Regarding the extraction of ETBE with a SHe toncentrations were set in the range of
500 to 20000 mg/L, as ETBE has a lower water stitylthan MTBE.

2.4. Impregnation method.

Ambersorb XE-348F was impregnated with toluert@lA and propylbenzene/IPhOH,
respectively, with a concentration of 2,5 m@i{L. The resin was put in a solution of extractant
and left for 48h in a 50 ml Erlenmeyer. Due to #éxestence of micropores in Ambersorb XE-
348F the flasks were then put in an ultrasonic latlensure full impregnation. Resin was
assumed fully impregnated when no air bubbles wmiticed for at least 30 minutes. For
impregnation of Amberlite XAD-7 and MPP the beadsrevput in the extractant solution and
left for 24h. Due to the lack of micropores in thgmrticles, no ultrasound needed to be applied
during impregnation. The solvent impregnated resiese then separated from the solution,
washed with water saturated with toluene and IPloDidropylbenzene and IPhOH and left to

dry. The SIR was considered dry when it did notrfatusters.

2.5. Selectivity experiments.

The selectivity experiments were carried out @mR amber bottles. The mass of
impregnated resin was 0,3g. The resin used was MPlRegnated with propylbenzene and
IPhOH (2,5makbhor/Ldien). The selectivity of the SIR was studied betweehB# and humic



acid and MTBE and TBA. The concentrations of MTBt &f humic acid used are depicted in
table 2.1 (Melin, G.,2000).

Table 2.1- Concentrations of MTBE and humic acid used flfedent experiments.

| Exp.1 Exp.2 Exp.3 Exp.4
Initial concentration of MTBE (mg/L) 92 14 7 1
Initial concentration of humic acid (mg/L) 3 15 1 0,5

In case of TBA, its concentrations ranged betwe@nabd 32mg/L and the concentrations of
MTBE were in the same range as for the study ok#iectivity with humic acid. Nevertheless,
severe problems were encountered during TBA arsglgsich as varying peak area of the same
sample and insufficient peak separation between KI&Bd TBA. Since the development of a
suitable analysis method is a longsome processe tgperiments could not be analyzed within

the timeframe of this project.

2.6. Column experiments.

The column experiments were carried out in anktas steel column with a length of
118 mm and internal diameter of 8 mm. Besides titenen, the set-up consisted of a HPLC
pump K1001 Wellchrom and a 2142 differential refoaceter, LKB Bromma connected via a
Penlab module to a PC for online detection, saa&di@.1. The feed stream used had an MTBE
concentration of 5000ppm. Different flows were used range of 5 to 15mL/min. The SIR

used was MPP impregnated with a solution of 2, %R@IL giuent

i

— o
o0

o
o

Figure 2.1 —Set-up used for the column experiments.
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2.7. MTBE analysis.

Two different methods were evaluated for the ysialof MTBE in the aqueous phase.
These are direct agueous injection and headspacehgamatography (HSGC). The advantages
of direct aqueous injection are the simplicity apeged of analysis (C. SchmidteT al, 2001).
Very low sample volume is needed and duplicateiplidate analyses are easily carried out (C.
Schmidt, Tet al, 2001). However, serious problems were encountéuethg the analysis. On
the one hand, a lack of reproducibility occurred! dhe retention times changed in each
analysis. On the other hand, column bleeding wasemed in the chromatograms. These
problems exist because gas chromatography anadysessually conducted in silica columns.
These kinds of columns are very sensitive to wdtke analysis of MTBE is then affected by
the elution of the stationary phase from the coluine to these problems HSGC was
eventually preferred. This technigue uses thetparing of compounds from the aqueous phase
to the gas phase in a closed system. The trantfITBE to the gas phase is enhanced by
thermostatic control of the samples at 70 °C (CGniflh T et al, 2001). In this investigation the
vials were heated up to 70 °C. To ensure that phgadibrium was reached each vial was
agitated for 10 minutes before the injection. CGalilon was done using an external standard.
The concentration of MTBE in organic and solid msasvas calculated by a simple mass
balance (Bébic, K., 2006).

Samples for analysis were prepared in 20 ml vialseach vial an equal amount of
agueous phase was added, in order to have the diatribution between aqueous and vapor
phase. A headspace was left in the vials. To meakerconcentration of MTBE at equilibrium,
the agueous phase was analyzed by HSGC in a Cohi&a Focus (Atas GL International
B.V., Netherlands) with a Varian CP-3800, gas clatwgraph including an 11/70 injector. The
column used was a capillary column CP 8945, faictor, VF-5ms, with 30m length, 0,25mm

internal diameter and 0,50n of film thickness connected to a FID.
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3. Results and Discussion
3.1. Liquid-liquid extraction.

3.1.1 Effect of the diluents.

The main objective of performing the liquid-liguextraction is to determine the best
suitable diluent for the extractant 3-iodophen&h®H). The diluents which were investigated
were toluene, 1-decanol, nonanoic acid, heptyl icggnnonane, phenyldodecane and
propylbenzenelt was observed that the diluents nonane and ptedgtane did not solubilize
the extractant IPhOH to a sufficient degree to cahdlLE experiments. Solubility of IPhOH in
decanol and nonanoic acid was sufficient, butistirivas needed to facilitate solubilization.
Toluene, heptyl cyanide and propylbenzene werdilhents that solubilized the extractant best
in this study.

To quantify the extraction of MTBE from the aque@hase, the distribution coefficient
Kp was determined for each pair diluent/extractast,definition will be presented next. As
mentioned before, the aqueous concentration wasmieted by HSGC and the concentration of
MTBE in the organic phase was determined by a sinmpass balance as given in equation
3.1.1.

V¥ (Cureei ~ Curee 1) =V " Cure 1 (3.1.1)

By plotting the distribution coefficients for tliifferent experiments as a function of the
concentrations of the extractant it is possiblddtermine which diluent is most suitable for the
MTBE removal, see figure 3.1.1. As can be seefgiré 3.1.1 for all the different diluents the
distribution coefficients increase with the inciegsconcentration of IPhOH. Toluene and
propylbenzene are the diluents that result in fgbdst distribution coefficients. For 1-decanol,
nonanoic acid and heptyl cyanide it can be seen tthia increase is significantly less
pronounced than for the pairs toluene/IPhOH angybenzene/IPhOH. This suggests that the
diluent plays an important role in the extractidhe fact that the diluents 1-decanol, nonanoic
acid and heptyl cyanide give lowerp with IPhOH than toluene with IPhOH or
propylbenzene with IPhOH may imply hydrogen bondiegween these diluents and IPhOH. In
case of toluene and propylbenzene this hydroger b®mot possible. Hydrogen bonding
between extractant and diluent will reduce the cipaf the extractant for MTBE, as MTBE
also forms complexes with the extractant by hydndgending.

The approximate maximum concentrations of IPh@H-decanol, nonanoic acid and
heptyl cyanide only go um 2,5 mol/Lgen: due to the low solubility of the extractant in ke
diluents at room temperature (20 °C). In toluene S$olubility of IPhOH is around 12

mol/Lgiwen FOr the pair propylbenzene/ IPhOH thg Kicreases with the increase of the
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concentration of the extractant (M. Lankvelt, BO08). The LLE performance with this pair

diluent/extractant is similar to the LLE performaneith the pair toluene/ IPhOH.

300 - @ Toluene B Decanol A Nonanoic acid
® Heptyl Cyanid: X Propylbenzer .
250 -
X o *
200 -
X
X
¥ 150 - -
100 - XK
X
L 4
50 X A :
ga ® o
O T T T T T 1
(0] 2 4 6 8 10

Concentration of IPhOH in the organic phase
(moliphoH/L diluent)

Figure 3.1.1- Graphical representation of the distributionfioent Ky versus the concentration of the
IPhOH in the diluent (initial MTBE concentration5900ppm).

With the pair toluene/ IPhOH a significantly lomacrease of the slope can be seen
after an extractant concentration of 2,5 mglil.. Apparently, a high degree of MTBE removal
is already reached at extractant concentrationgppfoximately 6 mol/k,.. An additional
increase of extractant concentration in the orgph&se does not provide a significantly better
extraction. This fact might be caused by extractartt diluent loss to the aqueous phase. Also
co-extraction of water might play a role. Anothessgibility for such aplateau may be
dimerization of the extractant. In table 3.1.1 gigsical distribution coefficients K for the
five diluents are depicted. However, the physidstridhution coefficients for decanol, nonanoic
acid and heptyl cyanide may also involve chemidatribution, as hydrogen bonds occur
between these diluents and MTBE.

Table 3.1.1 Physical distribution coefficients for the diffetgrairs diluent/extractant.

Diluent Kon
Decanol 12,996
Nonanoic acid 24,618
Heptyl cyanide 12,903
Toluene 25,246
Propylbenzene 19,617
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In order to determine the complexation distribaticoefficient k& a model for the
overall distribution is necessary. This model isdzhon the mass balance of the solute and the

extractant as well as the equilibrium constantsesg®.1.2 — 3.1.6.

vae,, -c.M)=vee e, +C.0) (3.1.2)
Ceo™ =C+C,"°  (3.1.3)

In previous equations, s& and G represent the initial concentration and the
concentration after equilibrium of the solute MTBEespectively. € represents the
concentration of complex formed by MTBE and IPh@Htie organic phase ggstands for the
initial concentration of IPhOH andgQor the concentration of uncomplexed extractateraf
equilibrium. The superscripag and org represent the aqueous and the organic phases,
respectively.

Regarding the distribution coefficients one caefie the physical distribution

coefficient Ky, as:

org
K. =—S_ (3.1.4)
ph

c.™

The chemical complexation coefficieng 8an be defined as:

C org
Kc :ﬁ (315)
C.%9 [T,

S
The overall distribution coefficient Kis defined as described in equation 3.1.6,, wikkyg’"®

stands for the overall MTBE concentration in thgamic phase as described in equation 3.1.7.

org

C
Ko =T—‘q' (3.1.6)

Coxe, =C.° +C."° (3.1.7)

Total
Rearranging equations 3.1.2 — 3.1.5 and equatibi it is possible to define ™ as

a function of K, K. and the concentration of MTBE in the aqueous phétee equilibrium:

org _ aq Kc |:CE,Oorg
CTotaI - Kph l:Cs 1+1 K [K_[C aq (318)
+
ph c s

With equations 3.1.6 and 3.1.8, the overall iigtion coefficient kg can be described

KC |]::E 0org
Ky =K, D1+ L (3.1.9)
1+ K, K, [C,

as follows.
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This model will be referred as MLL in the futuréor determination of the
complexation distribution constant the fitting b&texperimental data has to be done, see figure
3.1.2.
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Aqueous phase concentration (mgise/L)

¢ Experimental data— Model fitting

D

Figure 3.1.2 —Graphical representation of the overall distribntcoefficient kg versus the concentration
of MTBE in the aqueous phase, for the experimeddtd and the model.

Figure 3.1.2 shows the relation betweenakd the MTBE concentration in the aqueous
phase for the system propylbenzene/IPhOH. Afterfittiag the Kc was determined as 5,72.

The correlation coefficient of this fitting was 9.R

3.1.2 Extractant comparison.

The comparison between IPhOH and 3,5-dimethyl-#denol (DMIP) had to be done
with decanol as diluent. This is, because DMIP du®sdissolve in the other tested diluents. It
also has a low solubility in decanol, which is wiIP could only be dissolved up to a
concentration of 1,5 molfien The results are presented in figure 3.1.3, whwzedetermined
Kp values are depicted over the concentration oé#tiactant in the diluent.

It can be seen in figure 3.1.3 that thg iKcreases with the increase in the concentration
of IPhOH and DMIP, respectively. However, the ollerecrease of the Kis less pronounced
for DMIP than for IPhOH. The reason for this coblel an inductive effect created by the two
methyl groups of the DMIP. Inductive effects areiszd by the transmission of charge through
a chain of atoms by electrostatic induction (SamoW. et al 1990). In case of IPhOH, the
iodine causes a —I effect, which lowers the electiensity of the hydrogen of the OH group.
This way, the respective hydrogen atom has a $lidhigher partial positive charge than it
would have in an ordinary phenol molecule. In cak®MIP, the two additional CHgroups

cause a +l effect, which weakens the —I effecthef ibdine. Thus, the hydrogen of the OH
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group in DMIP has a slightly lower partial positicearge than IPhOH. This can be a reason
why hydrogen bonding between IPhOH and MTBE is neifective than between DMIP and
MTBE.

The lower capacity of DMIP compared to IPhOH and thck of a suitable diluent

suggests that this component is less suitable foBEextraction than IPhOH.

257
A
20
.
15 4 A
[a] ® .
10
5 b . .
A 3-iodophenol® 3,5-Dimethyl-4-lodophenol
0 T T T
0 0,5 1 15

Concentration of the extractant in the organic phae
(mo |extractant/ L decanoD

Figure 3.1.3— Graphical representation of the distributionfficient Ky versus the concentration of
IPhOH and DMIP.

3.1.3. Eutectic point.

In order to avoid the problems encountered with diluents, such as low solubility of
the extractant and hydrogen bonding between eztmaeind diluent, the eutectic point between
the two possible extractants, IPhOH,& 44 °C) and DMIP (f = 130 °C) is calculated. Mixing
these two components could provide an extractamridblwhich is liquid at room temperature.
Thus, there would be no need for a diluent any mdiee eutectic point was calculated
assuming that the solids are immiscible when threyirathe solid phase and that they can form
an ideal liquid solution when liquefied. The calfidns were made using the Clausius —
Clapeyron equation 3.1.10 for IPhOH and equatidnl3. for DMIP (M. Smith, J and C. Van
Hess, H., 1975). This equation relates the melterghalpy, the temperature and the
composition in the liquid phase. In fact, the nmgtenthalpy can be found by the slope of a plot
In(xX) vs 1/T (A. Gokcen, N., 1996).

[AH - [éT—Tm,lphOH ]
R, phoH T

Xiphon — € (3.1.10)
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AHm,DMlPS_LrQT_Tm,DMPJ
=1- Ry, omip t T
XDMIP -

Since the melting enthalpies of the componergsuaknown, equation 3.1.12 was used
(De Haan, A., 2008).

(3.1.11)

m

R
AH :ET % (3.1.12)

R is the gas constant and, s the melting temperature in Kelvin. Figure 3.5Hows the
eutectic point of the system IPhOH/DMIP.

150
M — — 3,5-DM-4-IPhOH— 3-IPhOH
G 100- T~ —
< ~
(o 50 7 ~ “\~_\
0 I I I - ‘\\ 1
0 0,2 0,4 0,6 0,8 1

XiPhoH

Figure 3.1.4— Eutectic point of the system IPhOH/DMIP.

As can be seen in figure 3.1.4, the calculatadatic point for this system is 19 °C.
However, when tested, the mixture started to met7&C. This is too high for an application of
this system at standard conditions. The deviatibthe calculated eutectic point from the
experimentally determined one is due to the assomgptin the calculations. The equations
given above assume that the mixture is an ideal dhat is not the case. An error is also

introduced by equation 3.1.12, as it is just anigongl estimation of the melting enthalpy.

3.2. Adsorption on unimpregnated sorbents.

The main objective of performing adsorption expents was to determine which
adsorbent has the best affinity for MTBE. For thispose four different adsorbents are tested,
namely polypropylene MPP, non-ionic aliphatic aicryAmberlite XAD 7, carbonaceous resin
Ambersorb XE-348F and activated carbon Aquasorb 2682 best adsorbent of the tested ones
is then used as a solid support for the extractanider to combine its adsorptive capacity with
the capacity of the immobilized extractant. In figu3.2.1 the isotherms of the MTBE

adsorption experiments are given.
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Figure 3.2.1 shows that amongst the adsorbestisdti¢he Ambersorb XE-348F has the
highest adsorption capacity, while the MPP haddiest adsorption capacity. The adsorption
capacity of XAD-7 is only slightly higher than tlagsorption capacity of MPP. The MTBE
adsorption capacity of Aquasorb 202 is higher ttrencapacity of MPP and of XAD-7. The
reason why Ambersorb XE-348F is the best MTBE dumur may be the presence of
micropores in the carbonaceous resin. These mioespdormed by the pyrolysis of the ion-

exchange resin, are the reason for its high effeyieluring water treatment (Melin, G., 2000).
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Figure 3.2.1- Representation of the isotherms of MTBE on tlifedint adsorbents at 20 °C.

When the isotherms are plotted in a log-log cowi@ system they are linear with the

exception of the MPP isotherm, see figure 3.2.2.
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Figure 3.2.2— Representation of the isotherms of adsorptionlififerent adsorbents in a log-log
coordinates system. a) Ambersorb XE-348F and ArtbetAD-7; b) Aquasorb 202 and MPP.

Therefore, the Freundlich equation is adequatedéscribing the isotherms of MTBE

on the different adsorbents with the exception d?PM The Freundlich isotherm stands for
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heterogeneous adsorbents (K. R. HalleCal, 1966), i.e. adsorbents with a porous surface. The
Freundlich isotherm also assumes that the adsoibgt®lar and the adsorbent is polar or
strongly polar (K. R. Hall, Cet al, 1966).

g=KC" (3.2.1)
The K value represents the sorption capacitythadc value is related to the energy of
sorption and to site heterogeneity (Melin, G., 2000he Freundlich parameters were
determined by the least squares method and are givéable 3.2.1. The curve fittings are

depicted in figure 3.2.3.

Table 3.2.1- Freundlich isotherm parameters of the testedrbésits

K
Sorbent (mg/g)/(mg/L)" n r°
XE-348F 43,78 0,3201 0,968
XAD-7 0,4809 0,6554 0,995
Aquasorb 202 5,482 0,4783 0,939
& XE-348F Isotherm Freundlich XE-348F
5 12004 Amberite XAD-7 - - - - Freundiich XAD-7
b= B Aquasorb 20 — — Freundlich Aquasorb 2(
£ 1000 o
o =
c 3 800
oo
o & 600
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S— > 400 LA
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o
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Figure 3.2.3— Representation of the fitting isotherms for Amdoeb XE-348F, Amberlite XAD-7 and
Aquasorb 202.

As can be seen in figure 3.2.3, the Freundliothisrm describes the experimental data
rather well with correlation coefficients of motean 0.9.

For the adsorption of MTBE on MPP the constant sdjman factor isotherm (K. R.
Hall, C.et al, 1966), as given in eq. 3.2.2. fits the experirakedata very well, see figure 3.2.4.
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4;_R+a‘®9émx (3.2.2)

In equation 3.2.2 R ithe constant separation factor equilibrium constgqi is the
highest experimental concentration at equilibriumthe solid phase and& is the highest
concentration at equilibrium in the aqueous phaghis isotherm is based on the mass action
law. It is a simple mathematical model, which isub-set of the Langmuir equation (Arévalo,
E. et al 2000). With this isotherm many experimental systecan be represented, such as
irreversible equilibrium, favourable equilibriunméar equilibrium or unfavourable equilibrium.
The constant separation factor will be differenttfee four different systems. R=0 if the system
is irreversible, R<1 for a favourable system, R=iew there is a linear system or R>1 for

unfavourable systems (K. R. Hall, €.al, 1966).

2

g 300

g 250 ¢ Experimental data— Fitting

c 5 k

S %'.;) 200

3 £ 150

< 5

o £ 100

c

g 50

(?) O \ \ \ \ \
0 5000 10000 15000 20000 25000

Aqueous Phase Concentration (mgse/L)

Figure 3.2.4— Graphical representation of the experimentad fiat the adsorption isotherm of MTBE on

MPP and the constant separation factor fit.

The constant separation factor R for this systeP1i446 and the correlation coefficient
is 0,9970.
Apparently, this is an unfavourable isotherm (R)>which will lead to a dispersive wave in an
adsorption column (Guiochon, @t al, 1994). The adsorbents with this type of isotharenot
often used in industry, as the breakthrough timi v different than the stoichiometric time

due to the low bed length used in packed bed pseses
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3.3. Adsorption on solvent impregnated resins.

3.3.1. MTBE extraction with SIR.

The first part of this sub-chapter will focus dhe extraction of MTBE with
impregnated Ambersorb XE-348F. In order to evaludie removal capacity of solvent
impregnated resins, Ambersorb XE-348F was impreghaiith two pairs of diluent/extractant,
namely toluene/IPhOH and propylbenzene/IPhOH. guirg 3.3.1 the extraction isotherms of
MTBE on Ambersorb XE-348F impregnated with the aitoluene/IPhOH and

propylbenzene/IPhOH are given. The concentratich@kxtractant was of 2,5 molflent

1000~ & XE-348F with propylbenzene/IPhOH

é m  XE-348F with toluene/IPhOH
o E 800 - Fitting XE-348F with Toluene/IPhOH
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c
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S "é 400 +
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0 5000 10000 15000 20000 25000

Aqueous phase concentration (Mmgge/L)

Figure 3.3.1- Graphical representation of the experimentad fat the adsorption isotherm of MTBE on
solvent impregnated Ambersorb XE-348F and the em&eparation factor fit.

As can be seen in figure 3.3.1, the impregnadibthe carbonaceous resin Ambersorb
XE-348F causes a significant decrease of MTBE dgpat concentrations below 20 000
mguree/L. Furthermore, the isotherms of impregnated Arsbdy XE-348F are now
unfavourable. Before, the unimpregnated resin hfal/aurable isotherm. Such effect may be
caused by the fact that this type of resin hasapimres, which are crucial for their high solute
capacity in water treatment as they have relativeg-polar surfaces (Melin, G., 2000). The
micropores might be filled or blocked by the imprated extractant. The adsorption of

extractant by the resin, which decreases the nuwibactive sites, may also be an explanation
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for these results. Another reason may be a toodstractant capacity inside the pores of the
resin, as the particles are relatively small.

The fitting of the isotherms presented above wkmee using the constant separation
factor, as in the previous case of the adsorptibM®BE with unimpregnated MPP. The
constant separation factor isotherm parameters eetsrmined by the least squares method and
are stated in table 3.3.1. The curve fittings agicted in figure 3.3.1. Apparently, the fitting is
describing the experimental data well, which me#was this isotherm can be reliably used in

this case.

Table 3.3.1- Constant separation factor isotherm parameterthé adsorption of MTBE in the different
SIR.

System R T

Ambersorb XE-348F impregnated with toluene/IPhOH ,32068 0,991
Ambersorb XE-348F impregnated with propylbenzerellA 6,3339 0,998

Since impregnated Ambersorb XE-348F did not hd#wve expected high MTBE
capacity, two other resins were evaluated for igpation. These two resins are MPP and
Amberlite XAD-7. The impregnation of these resirsswlone with propylbenzene/IPhOH. The
concentration of IPhOH was 2,5 malfle. The activated carbon Aquasorb 202 was not
considered for impregnation as its life time is @hbd0 to 20 cycles after which the activated
carbon must be incinerat@8l. Ray, A.et al, 2003).

The extraction of MTBE on fully impregnated Amliter XAD-7 and fully impregnated
MPP resulted in two linear isotherms, see figgi®&2.The fitting of these isotherms was made

using the Freundlich isotherm. In figure 3.3.2filted isotherms are also depicted.
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Figure 3.3.2— Representation of the isotherms and the fitsotherms for the adsorption of MTBE on
fully impregnated Amberilte XAD-7 and fully impregted MPP.

In table 3.3.2 the corresponding fitted paramedersthe correlation coefficients are stated.

Table 3.3.2— Freundlich isotherm parameters for the adsorifdd TBE on the fully impregnated
Amberlite XAD-7 and fully impregnated MPP.

Solvent impregnated resin K (fm@e/9sir)/ (MGuree/L)" n P
Amberlite XAD-7 SIR 0,02443 1 0,9800
MPP SIR 0,03235 0,9870 0,9586

Comparing the two isotherms it is possible to &t the MTBE extraction with fully
impregnated MPP is better than the one with futtpiegnated XAD-7. This is probably due to
the higher porosity of MPP. This means that the M¥Ricles will have a higher amount of
extractant inside the beads. Nevertheless, boifuapregnated XAD-7 and fully impregnated
MPP have a better affinity for MTBE than impregrbfembersorb XE-348F. This observation
is contrary to the affinity during the adsorptidnMTBE on the unimpregnated adsorbents.

When comparing the results for the adsorptiorfudly impregnated XAD-7 and the
adsorption on unimpregnated XAD-7 it is possibleag that for lower concentrationyfge ac<
5000 ppm) the adsorption on unimpregnated XAD-béagter than for the fully impregnated
XAD-7. However, for high concentration of MTBE irater (Guree,ag> 5000 ppm) the SIR has
a higher MTBE capacity for it, see figure 3.33-#&). case of MPP the isotherm of
unimpregnated MPP is unfavourable and when the bHtEcles are impregnated it presents a

linear isotherm, thus favourable, see figure 313)3—
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Figure 3.3.3 —Graphical representation of the isotherms of MTBEa) fully impregnated Amberlite
XAD-7 and unimpregnated Amberlite XAD-7; b) fullgnpregnated MPP and unimpregnated MPP.

Such fact can occur due to the addition of a et@ncomplexation in the system. This

chemical complexation may contribute to the lineaion of the isotherms. When the resins are
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unimpregnated the MTBE is recovered by its distitou between the aqueous phase and the
solid phase, i.e. by a physical adsorption distitoy Kphads, see figure 3.3.5-a). When the resin
is impregnated, the distribution of MTBE betweea fihases can additionally be influenced by
the solubility in the extractant phase and by antbal complexation reaction. MTBE will
physically dissolve in the mixture of propylbenzeme IPhOH, which can be described by the
physical equilibrium constantl Then, MTBE will form complexes with IPhOH whichr be
described with the chemical equilibrium constarg, see figure 3.3.5-b). The overall
distribution coefficient, Is, will then be a function of bf‘ds, Kc and Ky, This relation between
the distribution coefficients and equilibrium caanss is valid for Amberlite XAD-7, as it has a
certain capacity for MTBE. For MPP the relationviee¢n the equilibrium constants is also
assumed valid, but the affinity of MPP for MTBE che neglected up to a concentration of

MTBE of 10000mg/L.

Solid Phase Solid phase

MTBE
MTEBE IPhOH hoH Organic
I
Ke phase
MTBE + [PhOH < MLBE*IPhOH
vph.ads AL s
Agqueous Phase T
MIEE
MTBE
a) b)
MTEE

Agqueous phase

Figure 3.3.5 -Distribution of MTBE from an aqueous phase to: ajrhpregnated resin; b) Impregnated

resin.

To determine these coefficients a model is necgs§ hree models were tested. The
first one neglects the adsorption of the soluteéhensurface of the particles. This model (MLL)
was derived previously in chapter 3.1.1. The othedels were determined by the use of the
mass balance to the system, sqaation 3.3.1 3.3.2, the mass balance for the extractant, see
equation 3.3.3 and the definition of the differafistribution coefficients and equilibrium
constants such as,KKc and the overall distribution coefficienpKsee equation 3.3.3-3.3.5. In
the two models the adsorption is considered, a$ Isgfiore. These equilibrium constants are
different according to the porous matrix used. T be discussed later for each case
impregnated MPP and Amberlite XAD-7.

The mass balances for the two systems will be:

V% E(CS’an —Csaq)=V SR [(Ep E(CSSIR +CCSIR)+ (1_£p)|:cssolid) (3.3.1)
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In these equations,“*¥represents the volume of the aqueous phasg; e initial
concentration of MTBE in the aqueous phasé? the concentration of MTBE in equilibrium,

VR the volume of the solvent impregnated resist; ‘@nd G>"®

the concentration of physically
bound MTBE in the solvent impregnated resin andcimgcentration of the complexes formed
between MTBE and the extractant after equilibrivespectivelyg, stands for the porosity of
the particles and £" for the concentration of MTBE adsorbed on the aaefof the solid
matrix.

The mass balance for the extractant can be widtse
SIR SIR SIR
C., " =C. 5" +C, (3.3.2)
In equation 3.3.2, &> stands for the initial concentration of IPhOH iretSIR and

C>® for the concentration of uncomplexed extractataragquilibrium.

Regarding the distribution coefficients one cafiree K, as:

SIR
Ko = CS - (3.3.3)
K. as:
C SIR
K.=——=*—— (3.34)
c SIR SIR
Cs ECE
Kp is defined as:
C SIR
Ko =TCI—'q (3.3.5)

S
The value for §,°"

Amberlite XAD-7.
SIR _ SIR SIR solid
CTotaI _gp E(CS +Cc )+ (1_£p)|:cs (336)

in equation 3.3.5 is defined by equation 3.3.6Nt®P and for

These models state that the existence of adsorfgi@ fact in the extraction of the
solute. The model for MPP (MMPP) will be discusgezkt. As it was previously said, an
adsorption equilibrium constantmlﬁds must be defined. This constant comes from thénésat
equation stated in sub-chapter 3.2 the constaratraépn factor isotherm. Thus for MPP this

constant will be defined as:

(- XL0-y) (3.3.7)

T yifi-x)

In this equatiorx andy represent the mole fraction of MTBE in the aqueand the

solid phases, respectively.
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Rearranging equations 3.3.1 — 3.3.4 and equati@®® &8nd 3.3.7 it is possible to define

Cww T as a function of the concentration of MTBE in #wpieous phase after equilibrium as:

ag SIR 1_ gp * aq
‘gp |:Kph |:q:s 1+ Kc |z[:E,O + Kc £ m + Kph |:q:s

p

Crow = +fi-¢,) qu (3.3.8)

B

In this equatiory” is defined by equation 3.2.2, where R takes the fof K,***and B

is defined such as:

B=1+K,, [K, [CX (3.3.9)

By equation 3.3.5 it is than possible to define dkerall distribution coefficient as:

1-¢€, .
g, K, [E1+ K, [CER+K, [ﬁ PO +K,, mg‘*D
: . .
p
+(1—(sp)GqE (3.3.10)

Kp =

B
This is the final equation of the MMPP.
In order to determine J£ and K for the complexation of MTBE with the extractant
impregnated MPP the plot ofpkvs. G*is essential. The fit of the experimental data masle
with MLL, model defined in sub-chapter 3.1.1 andhaMPP, see figures 3.3.6 and 3.3.7. The
least squares method was used to determine timg fithrameters. The fitted parameters and the

correlation coefficients are depicted in table 3.3.

80 ’~ e experimental data
60 1 ™ c - mll:/lLPP
¢ 40 -
20
0 | | ‘ ‘ ‘

0 0,05 0,1 0,15 0,2 0,25
Aqueous phase concentration (m@ise/L)

Figure 3.3.6 —Graphical representation of the overall distribntomefficient as a function of the
concentration of MTBE in the aqueous phase foetgerimental data and the MLL and MMPP models
for the extraction of MTBE by impregnated MPP.

Table 3.3.3- Fitted parameters for the two models and regmecbrrelation coefficients.
System | Model | B Ko Kp™® Gl Conai™|?
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MLL
MMPP

Impregnated MPP 19,611,287 — - - 0,9966

Impregnated MPP 19,61,878 0,4864 0,2056 3,580( 0,9940

The physical distribution coefficients ;Kwere fixed as the values of K for
propylbenzene obtained from the liquid-liquid egtran experiments. The reason for such fact
will be explained later. The G was fixed with the value of the concentration of BE in
the aqueous phase after equilibrium for the exparimvith the higher initial concentration of
MTBE. Cmat™™ was fixed with the value of the concentration off BE on MPP after
equilibrium for the experiment of adsorption of MEB®N unimpregnated MPP with the higher
initial concentration. As it can be noticed the mimal complexation constant decreased
relatively to the determined by the liquid-liquidteaction. Such fact can be explained by a
decrease of active sites after the impregnatioth@fpropylbenzene/IPhOH solution inside the
beads. Another explanation may be a decrease irsufface area where the mass transfer

occurs. In fact assuming that the beads have aidmldshape then the area over the volume will

be%. However in the liquid-liquid extraction a stromgnulsion is created. Assuming the

droplets of organic phase as spheres its ratiaaeane will be%. Thus, even if the beads

were as many as the droplets in a liquid-liquidation experiment the contact area between
the technique used to extract and the aqueousaolubuld always be smaller for the beads.
The MMPP model for the system of impregnated MPpiated in table 3.3.3 fits the
extraction well. However the model defined by MLIlodel gives a better fit of the extraction of
MTBE on impregnated MPP. For further validation thie models the isotherms of the
extraction of MTBE by SIR were fitted. These isaothe take into account the distribution of
the solute between the aqueous and organic phaskes tase of the MLL model and the three
phases, aqueous, organic and solid for the extraofiMTBE described by the MMPP model.
The isotherm for the extraction of MTBE by SiRhdze defined as:

VSIR [C SIR
q=——Toa _  (3.3.11)
rnSIR

For the case represented by MLL model the conagon of MTBE in the SIR can be
rewritten introducing equation 3.1.8 in equatiod. B1.
K, [T J

K, IV, [T 1+
1+K,, [K, [CX

q= (3.3.12)
mSIR

The VP® was substituted by the,Vas this model assumes that the extraction is made
only by the distribution between the organic phted is immobilized inside the pores of the

resin and the aqueous phase. This will be refexsd®ILL.
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For the case of the extraction of MTBE on imprgd MPP the isotherm will be

represented by:

K [T K TS K 1 1 4K,
V. | £, i-¢) g
q=—> + p @ (3.3.13)
m, B & B

p

This isotherm will be presented as IMMPP in thieife.
The curve fitting for both models are plottedigures 3.3.7.
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g e experimental data IMLL 'S
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Figure 3.3.7— Isotherm of the extraction of MTBE with impreged MPP for the two models and the

experimental data at 20°C.

As can be noticed, the fitting of the experimemiatia of the extraction of MTBE with
impregnated MPP with both models is similar. Theraation coefficients are 0,8842 for the
IMLL and 0,8499 for the IMMP. This can be due torsoextra extraction on the surface of the
beads that is not taken into account.

In order to have a clear view of the differenbesveen the fitting and the experimental
data, parity graphs are presented. In figure 3I3e8parity graphs for MLL for impregnated
MPP are shown. The parity graphs were plottedHfemiodel and for an error in the model of +
15%. The errors encountered may be due to the simatgethod, to small errors in the

laboratorial settings, or because the model ivalid for the system.
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Figure 3.3.8 —Parity graphs for the overall distribution coeffint K, and for the isotherm of
extraction of MTBE with impregnated MPP by MLL aldLL, respectively.

As it can be noticed, this model does not represbe data well. For small
concentration of MTBE in the aqueous phase, andsemuently in the SIR, the model
represents quite well the experiments. However nwtigher concentrations are used the model
has a big deviation relative to the experiment#h.da

Next, the parity graphs for the IMLL and IMMPReatepicted, see figure 3.3.9.
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S 80 S 6 .
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o 20- =
2 E
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Kp simulation g simulation (molymse/Lsr)

Figure 3.3.9 —Parity graphs for the overall distribution coeféint Ky and for the isotherm of extraction
of MTBE with impregnated MPP by MMPP and IMMPP,gestively.

As can be noticed in figure 3.3.9 for the modet tiefates k with the concentration of
MTBE in the aqueous phase the experimental datdnarée the range of the error defined
(x15%). However for the isotherm of extraction offBE the same is not noticed. For high
concentration in the SIR (>1,5M) the model doesfitdlhe experimental data well.

Next the emphasis goes to the model for the didraavith impregnated Amberlite

XAD-7. For this model equations 3.33L3.6 and equation 3.3.11 are also valid. As it said
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before, an adsorption constant term was defingteSihe isotherm of adsorption of MTBE on

unimpregnated Amberlite XAD-7 is assumed to folldwve Freundlich isotherm, p\{‘ds can be

defined as:
C Solid
ads __
K ™ = CS = (3.3.14)
S

Combining this last equation with equations 3:33.3.6 it is possible to defing & "

as:
sir, K d'

c:‘%@;[l%m;o S thoe e Eﬂ%hm;a‘*}(l—ep) Ly

G = L \ (3.3.15)

[ G K
The overall distribution coefficient, includingisorption for impregnated Amberlite
XAD-7 will then be defined as:

(1)

KC aas al al aas al
K, B‘p(1+ K. [((1—gp)[ﬂ<pg T +¢, (K, T, ‘*J+(1—ep)[ﬂ<pg [
p

K, = (1+ o DKC) (3.3.16)

This model will be referred as MXAD.

In order to determine F}ffds, n for the adsorption on the surface of the beadskaibr
the complexation of MTBE with the extractant impmated Amberlite XAD-7 the plot of K
vs. G*is again essential. The fit of the experimentahdeas made with MLL and MXAD, see
figures 3.3.10. The least squares method was osgetérmine the fitting parameters. The fitted

parameters and the correlation coefficient areadegiin table 3.3.4.

Table 3.3.4— Fitted parameters for the two models and resfecorrelation coefficients.

System | Model | K Ke Kpd®™ n |r2
Impregnated Amberlite XAD-YMLL 19,61 0,2617 - - 0,9913
Impregnated Amberlite XAD-YMXAD 19,61 0,00589 25,7 0,903%0,9928
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Figure 3.3.10 -Graphical representation of the overall distribatimefficient as a function of the
concentration of MTBE in the aqueous phase foettperimental data and the models MLL and IMLL
for the extraction of MTBE by impregnated AmberlKAD-7.

As it is possible to notice, model MXAD fits trexperimental data better than the
model MLL for the extraction of MTBE on impregnaténberlite XAD-7. As it can be
noticed, again, the chemical complexation consmss than the same constant for liquid-
liquid extraction. The same explanation as the gimen for the extraction with impregnated
MPP can be used in this case. But, here the coateet for both droplets and beads will be
calculated by the same ratio as mentioned befarthéodroplets. So for this system one has to
notice that the number of droplets is higher tHanriumber of beads. Nevertheless, the results
for this model suggest that the complexation betwdd@BE and IPhOH does not have a very
important role in the extraction or is taken intw@unt in the adsorption distribution constant.
Thus, the extraction would be due mainly to thegital solubility of MTBE in propylbenzene
and to the adsorption on the surface of the beads.further validation of the model the
isotherms of extraction of MTBE on impregnated Amhbe XAD-7 were plotted. As it was
said equation 3.3.11 is also valid in this casee ™0 models fitted were the IMLL and the
IMXAD that will be defined next. Rearranging equati 3.3.11 and equation 3.3.15, the
IMXAD will be defined as:

e}

&
+ p ad q'
75}) |:|Kphs|:ﬂz1 ]

G, EEKph GGy K [E‘l—fp) RTE K, (€

i o, @K

The result of the fitting is depicted in figureé330. In this case of the extraction of
MTBE with impregnated Amberlite XAD-7 the IMXAD {= 0,9919) fits the experimental data
better than the IMLL r= 0,8431). These results were expected, as the Misumes that the

(3.3.17)

solute does not adsorb on the surface of the resfact, for small concentrations this effect is

not important, as the organic phase does not saturwever for higher concentrations of

31



Ko simulation

MTBE (Curee’"> 0,07mol/L) the organic phase saturates with MTEBE the adsorption on the

surface of the beads becomes more important. Tes#s also validate MXAD
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Figure 3.3.11- Isotherm of the extraction of MTBE with impreg¢ea Amberlite XAD-7 for the two
models and the experimental data at 20°C.

To have a clear view of the differences betwdmnfitting and the experimental data,
parity graphs were plotted. In figure 3.3.11 theitpagraphs for the MLL and IMLL for

impregnated Amberlite XAD-7 are depicted. The pagitaphs were plotted for the model and
for an error in the model of + 15%. The errors emtered may be due to the analysis method,

to small errors in the laboratorial settings, atdiese the model is not valid for the system.
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Figure 3.3.12 —Parity graphs for the overall distribution coeféiot Ky and for the isotherm of extraction
of MTBE with impregnated Amberlite XAD-7 by MLL an®LL, respectively.

For this model the values ofpkare situated inside the errors allowed. Howevdrerw

the parity graph is plotted for the isotherm ofragtion, the results are dispersed for higher
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agueous concentration (<0,05M). This model does raptesent the data well. For small
concentration of MTBE in the aqueous phase, andsemuently in the SIR, the model
represents quite well the experiments. However nwhgher concentrations are used the model
has a big deviation relative to the experiment#h.da

For the case of models MXAD and IMXAD it is pddsi to say that this is the model
that gives better results for the overall distribaitcoefficient and for the isotherm of extraction

of MTBE. All the experimental data are in the raderrors allowed, see figure 3.3.12.

0 \ \ \ \ 0 \ T
0 10 20 30 40 0 2 4

Ko simulation q simulation (molyrse/Lsig)

Figure 3.3.13 —Parity graphs for the overall distribution coeféiot, Ky, and for the isotherm of
extraction of MTBE with impregnated Amberlite XAD#@r MXAD and IMXAD.

3.3.2. Sensitivity analysis.

The main goal performing a sensitivity analysisd see which parameters have a high
impact on a model. In this case the sensitivityyses were made for the six models. Models
MLL, MMPP, MXAD, IMLL, IMMPP and IMXAD. In the caseof MLL and IMLL for the
extraction of MTBE with impregnated MPP the onlififig parameter is K However, for this

sensitivity test ks and Ky, were increased by 10%, see figure 3.3.14.
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Figure 3.3.14 -Sensitivity test changing the values of &nd Ky, for the extraction of MTBE with
impregnated MPP; a) for MLL; b) for IMLL.

As it can be noticed in figure 3.3.14, for MLL antrease in KK or Ky, have a similar
behaviour. At low concentrations of MTBE (<0,05Ntese constant have a high impact in the
fitting. After 0,05M the effect is still significarfor K,, but not for k.. This suggests that for
high concentration of MTBE Kcan be fixed. For IMLL the effect of&is even less important.
Nonetheless, } maintain its influence over the fitting. The seéngly analysis for MMPP and

IMMP is presented in figure 3.3.15.
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Figure 3.3.15 -Sensitivity test changing the values of &nd Ky, for the extraction of MTBE with
impregnated MPP; a) for MMPP; b) for IMMPP.

In this case it is possible to notice a similiee with MMPP and for IMMPP as with
MLL and IMLL when K, and K are changed. However, the sensitivity is lowethis case.
Regarding K, *the sensitivity is high in the case of MMPP but s high for IMMPP,
For the extraction of MTBE with impregnated AmitterlXAD-7 the sensitivity tests were
performed for MLL, MXAD, IMLL and IMXAD. Again forMLL and IMLL K¢ and Ky, were
varied increasing 10% of the fitted value, seerg8.3.16.
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Figure 3.3.16 -Sensitivity test changing the values of &nd Ky, for the extraction of MTBE with
impregnated Amberlite XAD-7; a) for MLL; b) for IML

As it was expected the sensitivity is similathe one calculated for the same model and
impregnated MPP, i.e. for low MTBE concentratior®,LM) the sensitivity of the model for
the two constant is higher than for concentratiabsve that range. And as previously, for the
IMLL the model is not sensible to changes in theiwaf K.. However, a slight change in the
value of Ky is felt by the response of the model.

Regarding MXAD and IMXAD the parameters that ¢enchanged are g Kc, Kph""dS
andn. The sensitivity tests for these models are degict figure 3.3.17.
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Figure 3.3.17 -Sensitivity test changing the values gf K¢, Kphadsandn for the extraction of MTBE
with impregnated Amberlite XAD-7; a) for MXAD; bpf IMXAD.
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3.3.2. ETBE extraction with SIR.

The extraction equlibrioum of ethyl tert-butyl et{&TBE) was also studied as ETBE
IS a possible substitute for MTBE gasoline. Theraotion of ETBE was performed by two
systems impregnated Ambersorb XE-348F with tolug&iwmdophenol (IPhOH) and
propylbenzene/IPhOH. In figure 3.3.18 are depidtesl two isotherm and the fitting by the

Freundlich isotherm.
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Figure 3.3.18- Extraction isotherm of ETBE with Freundlichffir the systems a) impregnated
Ambersorb XE-348F with Toluene/IPhOH; b) impregiafenbersorb XE-348F with
propylbenzene/IPhOH.

The Freundlich parameters are depicted in talBl&3

Table 3.3.5—- Freundlich isotherm parameters for the adsorgifdaTBE on fully impregnated
Ambersorb XE-348F with toluene/IPhOH and propylEveIPhOH and their correlation coefficients..

K
System ‘ (mg/g)/(mg/L} n ‘ r
Impregnated Ambersorb XE-348F with toluene/IPhOH 8262 0.3776 0.994
Impregnated Ambersorb XE-348F with propylbenzere?lA 1.118 0.5918 0.999

As it is possible to see in figure 3.3.18, thehsom of extraction of ETBE on
the different systems present a shape typical ¢dvaurable isotherm. It is also
possible to notice that the extraction with impraigd Ambersorb XE-348F with
propylbenzene is better than with impregnated Awstrdr XE-348F with toluene.
Such fact might be due to a higher solubility ofBETinto propylbenzene than into
toluene. When comparing this isotherm and the &athof MTBE on impregnated
Ambersorb XE-348F with toluene/IPhOH, figure 3.3tlis possible to see that the

isotherms have different shapes. The different ebag the isotherm may be due to
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the difference of solubilities of the two compouridghe organic phase. A reason for
such fact may be the higher polarity of MTBE whesmpared with ETBE, once
ETBE has a larger carbon chain that MTBRE.for the extraction of MTBE the plot of
Kp vs. G*is necessary for determine the fitting paramekgfsand K, see figure
3.3.19. K, was fitted as it has a large influence over theasi was shown in sub-
chapter 3.3.2. However, this constant should besored experimentally. The fitting
was made using MLL and MXAD.
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Figure 3.3.19 -Graphical representation of the overall distribatimefficient as a function of the
concentration of ETBE in the aqueous phase foeiperimental data and the models MLL and IMLL
for the extraction of ETBE by impregnated Ambersgi-348F with propylbenzene/IPhOH.

As it can be noticed the IMXAD model, i.e. the mbtleat consider some
adsorption on the surface of the beads fits béteexperimental data than the MLL
model. The parameters fitted are depicted in t&8e6, along with the correlation

coefficients.

Table 3.3.6— Fitted parameters for the two models and resfecbrrelation coefficients.

Model | Kph Kc Kphads n | &
MLL 2,925 37,68 - - 0,9454
MXAD 40,01 6,516 7,618 0,892 0,9879

For further validation of the model the isothermf extraction were
represented graphically by IMLL and IMXAD, see figl8.3.20.

As it is possible to see the IMLL model represethie experimental data well for
small concentrations. However, for higher concdiamna (0,01M) it diverges from the
experimental data. With the IMXAD model the experittal data is well represented in the

whole range of tested concentrations. Once agasethesults validate the IMXAD model.
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¢+ Experimental data— IMLL
IMXAD

Sorbent phase concentration (mayBe/LsIR)
*

0 T I I I I \ |

0 0,02 004 0,06 0,08 0,1 012 014
Aqueous phase concentration (mejge/L)

Figure 3.3.20- Isotherm of the extraction of ETBE with impretgthAmbersorb XE-348F for the two

models and the experimental data at 20°C.

3.4. Selectivity.

The selectivity of impregnated MPP between MTBT &aumic acid and MTBE and
TBA were studied. In the case of the selectivitiwmsen MTBE and humic acid it is possible to
say that the selectivity is dependent of the commatian, see figure 3.3.26. The selectivity was

calculated as:

Qng = EZ: (3.3.18)
200 o
150 -
S 100 -
50 -
0 +—& ¢ : : ‘ *
0 20 40 60 80 100

Aqueous Phase Concentration (mggse/L)

Figure 3.3.21 -Graphical representation of the selectivity of isgmated MPP relatively to MTBE and
humic acid, at 20°C.
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As it can be noticed, for concentrations lowemtiOmg/L the selectivity of the SIR for
MTBE increases drastically. The selectivity of 8I& for MTBE is around 3 for concentrations
higher then 10mg/L. But for small concentrationksas values near 200. This may be due to the
fact that when the concentration of humic acideases it can block the pores of the resin as it
is a large molecule. Nevertheless, this is a goddtation of the selectivity of the SIR, as the
selectivity of the SIR is always greater than difeus the SIR has a better selectivity for MTBE
than for humic acid.

For the case of TBA, the method of analysis watssoitable, as there was no separation

between the peaks of the two compounds, see fR)Gr27.
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Figure 3.3.22 -Chromatogram of the analysis of the mixture MTBEBA.

3.5. Column experiments.

Column experiments were performed in order to rddtee the breakthrough curves.
The curves were determined for three different #ows, 10 and 5ml/min. The initial
concentration of MTBE was kept constant, 5000ppar.thRis purpose, the water used in these
experiments had to be saturated with propylbenzerk 3-iodophenol (IPhOH) in order to
avoid a leak of these compounds from the SIR.

As it was expected, when the flow increases tteakihrough time decreases. The
breakthrough time is the time for which the solstarts to leave the column. At that time the
beads start to saturate and some solute is natogstt from the stream. It is also possible to see
that when the flow decreases the shape of the thmemigh curve becomes smoother. That
means that when the flow rate is lower the cortiaw between the liquid stream and the beads
is longer, thus more MTBE is extracted. Therefarés possible to say that the extraction of

MTBE with impregnated MPP is better at lower floatas. However if the desired is a fast
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process, the high flows will be more suitable foaittpurpose as the shape of the curve is more

steep.
1 ] - - -
0,8
S 0.6°
O il TR 5ml/min
0.4 : -==-10ml/min
0,2 . — 15ml/mir
0 - '
0 500 100q (s) 1500 2000 2500

Figure 3.3.23— Breakthrough curves for the different flows dinelir stoichiometric times.

3.6. Cost evaluation.

As the extraction of MTBE with unimpregnated Amdxb XE-348F
has shown to be better than with impregnated MPBmall cost evaluation was
performed. This cost evaluation was made for a meluof resin of 10L. The
concentration of extractant used was 2,5M. The gb#te resins, propylbenzene and
3-iodophenol (IPhOH) per kilogram are depictedablé 3.6.1. In order to present the

prices in kg/€ the volumes were multiplied by tlemsity of the pure compounds.

Table 3.6.1. -Prices per kilogram of the different chemicals used

Chemicals Price (€/kg)
MPP 10
Ambersorb XE-348F 3230
3-IPhOH 3800
Propylbenzene 104,41

Performing the calculations it is possible to ghpt for 10L of unimpregnated
Ambersorb XE-348F costs 39729€. However, when peifgy the cost analysis for MPP
impregnated with propylbenzene/IPhOH the cost f@ same volume with the previously
mentioned concentration is 11000,52€. Neverthekbss,price may decrease if the extractant
was sold in big amounts as for this analysis theaetant is bought in flasks of 25g. Therefore,
it is possible to say that the impregnated MPP asentost effective, as its price for the same

amount of resin is about three times lower thahah@&mbersorb XE-348F.
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4. Conclusions.

The main goal of this project was the extractionMX¥BE from groundwater. It was
shown that this is possible but with some limitasio

In order to perform the extraction of MTBE twotmactants were tested 3-iodophenol
(IPhOH) and 3,5-dimethyl-4-iodophenol (DMIP). Theot extractants are solids at room
temperature, thus the use of a diluent is requioesiolubilize them. The diluent used was 1-
decanol. Amongst these two extractant 3-iodophpnegented the best extraction. In order to
avoid the use of a diluent the eutectic point @& thixture of the two solids was calculated.
Nevertheless, the experimental result did not geatds the theoretical result. So a diluent was
needed.

For such purpose a diluent screening was madenSdifferent diluents were tested
nonane, phenyldodecane, 1-decanol, nonanoic agpdylhcyanide, toluene and propylbenzene.
Nonane and phenyldodecane did not solubilize eitihahe extractants. 1-decanol, nonanoic
acid and heptyl cyanide solubilized IPhOH but doeat possible hydrogen bond between
extractant and diluent the overall distribution fticeent were low. Amongst the diluents
propylbenzene and toluene presented the highésbdison coefficients. Thus the diluent plays
an important role in the extraction. However, doetrlte high solubility of toluene in water,
propylbenzene was used for the rest of the project.

Because the solid support in the solvent impreggheesin is an important feature an
adsorbent screening was also performed. Four diffeadsorbents were tested Ambersorb XE-
348F, Amberlite XAD-7, macro-porous polypropylen@Mand the activated carbon Aquasorb
202. From these adsorbents Ambersorb XE-348F pieslea best extraction followed by the
activated carbon, Amberlite XAD-7 and MPP.

Also, because the Ambersorb XE-348F presentbelse extraction it was impregnated
with toluene/IPhOH and propylbenzene/IPhOH. Cogttarexpectations this SIR presented an
unfavourable isotherm shape, thus not useful fdustrial application. In order to find the best
system Amberlite XAD-7 and MPP were impregnatedhwiiropylbenzene/IPhOH. The
impregnated MPP presented the best extractionSdR.aNevertheless, the extraction of MTBE
with unimpregnated Ambersorb XE-348F was provedbddoetter than with any impregnated
resin. However, impregnated MPP has the advantaigaesing less costly and takes less time to
attain equilibrium, turning the process faster.

In order to model the extraction of MTBE with thlRSthree models were tested. One
such model has been presented in the literaturbi¢BE&., 2006), model MLL. The two other
models were derived in this work. These two mothte into account the fact that some MTBE
can adsorb on the surface. One of these models, IMXias derived for the extraction of

MTBE with a SIR whose resin, when unimpregnatetipfes a Freundlich isotherm. The other
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model, MMPP, assumes that the adsorption of th&esa@n the unimpregnated resin follows a
constant separation factor isotherm. The MXAD walBdated. However, the MMPP model
needs some refinement.

The extraction of ETBE with SIR was also testedthiis case the Ambersorb XE-348F
presented a favourable isotherm either when im@tegh with toluene/IPhOH and
propylbenzene/IPhOH. It was also determined that éxtraction of ETBE with a SIR
impregnated with propylbenzene/IPhOH has a bettieaetion than with toluene/IPhOH.

A sensitivity test was performed to the fitting gaeters. In such test was determined
that K, has a big influence over the fitting. However csint is a measurable constant it was
determined by the LLE experiments and fixed wh&ing. Against the expectationscKloes
not have significant importance in the modej,*® andn both significantly affect the fit of
experimental data.

A selectivity analysis was performed for impregaaMPP between humic acid
and MTBE and TBA and MTBE. The selectivity betwediBE and humic acid was
determined to be quite high and to increase whertdmcentrations of both compounds
in the aqueous phase are lowytge?=1ppm and Ga= 0,5ppm). This is a good
indication of the selectivity of SIR for water tte@ent. A suitable analysis method was
not found for the selectivity between MTBE and TBWus the selectivity could not be
determined.

Column experiments were also performed in order determine the
breakthrough curve. At low flow rates (5ml/min)etbxtraction was shown to be better,
as the shape of the breakthrough curve is lesp ¢han at higher flow rates. Thus, the
extraction is favoured by using low feed flow rates

To conclude, it can be said that the extractidn MTBE with solvent
impregnated resins is possible, although it stilsents a number of limitations, namely
the lack of an extractant, of a diluent, and ofe#tdr solid support. However, the cost

analysis provided good prospects for the use ofiGNRater treatment.
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5. Evaluation of the presented work.

5.1. Accomplished objectives.

The objectives presented in chapter 1.4 were aclisimep, with the exception of the
measurement of the selectivity of impregnated MBPfvben MTBE and TBA. This was due to
the lack of a suitable method of analysis, as maeti before. It was not possible to set up such
method in the timeframe of this project.

5.2. Other accomplished work.

As other accomplished work, one may point out tBeihination of a suitable method
for the analyses of MTBE through headspace gasvdiagraphy. That method is presented in
chapter 2 -MTBE Analysis.Another extractant was tested as an alternativ@-it@ophenol
(IPhOH), namely 3,5-dimethyl-4-iodophenol (DMIP)owever, this extractant did not perform
as well as IPhOH. The eutectic point of the mixtbetween DMIP and IPhOH was calculated
and tested in order to yield an extractant blenith wilow melting point. The melting point of
the mixture of IPhOH and DMIP proved to be too highan application at room temperature.
Three resins were impregnated and tested instetiek dfest resin, as referred in the objectives.
Two models for the extraction of MTBE with SIR tagiinto account some adsorption on the
surface of the beads were derived and tested. ©ther was validated.

These results are presented in chapter 3.

5.3. Recommendations for future work.

This work provides an insight about the recoveirWMTBE with Solvent Impregnated
Resins (SIR) and presents a new model for the @idraof solutes with solvent impregnated
resins (SIR), where the adsorption on the surfdcéh® beads is also taken into account.
However, several key issues need further attention:

— Extractant used for the extraction;

— Diluent used to solubilize the extractant;

— Concentration of the extractant in the organic phas
— Effect of the porous support;

— Temperature effect on the extraction of MTBE witRS
— Multicomponent sorption behavior;

— Kinetic studies;

— Column studies;

- Regeneration of SIR.

The extractant used in this work, 3-iodophenBh(@H), is solid at room temperature.
This fact represents a big drawback in the extactas it has to be solubilized. Also, its

comparatively high solubility in water (411,7mg/ls) an important issue. Another extractant
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was tested in this work is 3,5-dimethyl-4-iodophe@@MIP). This extractant was very difficult

to solubilize, and could only be tested with de¢asoa diluent. However, the results obtained
by the LLE experiments did not yield a better estiicn of MTBE than with IPhOH. In order to
overcome problems associated with using a dilmgxtractant blend might be used. In such a
blend, the melting point of the mixture is loweaththe melting points of the pure components.
In this way, the use of a diluent can be avoideboAthe capacity of such an undiluted
extractant will be higher than when a diluent isdisThus, the extractant investigated in this
study should be optimized in terms of water soltyhilmelting point and overall distribution
coefficient Ks.

If the investigated extractant can not be optadjza diluent might still be needed. The
effect of the diluent was studied in this work. Was shown, the diluent plays an important role
in the extraction, as it can inhibit the extraction bonding with the extractant. Thus, other
diluents should be tested, for example Butylbenzégtylbenzene should not bond with
IPhOH once it does not have any group that coulttbend it has a lower solubility in water
(11,8mg/L @ 25°C) than propylbenzene (~50mg/L @C25Rs vapour pressure is also lower
(141Pa @ 25°C) than the vapour pressure of propgthe (412 Pa @ 25°C). Another
possibility is to impregnate the resin with an ohquid. These compounds can be taylor made
as the SIR, what represent a big advantage. Anattheantage of these liquids is their low
vapor pressure (~0 kPA), thus turning possible tise of thermo regeneration at high
temperatures. Nevertheless, some caution shouiakba into account when choosing the ionic
liquid. It has to be unsoluble in water to guararttee non-leakage of the liquid from the beads.
It should be acidic in order to remove MTBE sinkis tast compound has basic characteristics
but not so acid that it would destroy the solidmup This can be achieved performing a ionic
liquid screening.

The concentration of extractant in the organiagghused in this study was 2,5
MOliphor/Laiens Other concentrations above 2,5 mel/Lqiwen: Should be tested in order to
verify the behavior of the extraction at higher cantrations of extractant. It might be seen at
higher extractant concentrations that the sorpifaine solute on the surface of the beads has no
effect, as the organic phase may not be saturated.

The effect of the porous support was studiedwAs shown, the effect of the sorption is
more evident at higher concentration of MTBE (>4%@0n). These concentrations are hardly
found in water treatment. However, also other psrmatrices should be tested in order to
validate the model presented in this work. Anothedel was tried for the extraction of MTBE
with impregnated MPP. This model did not bringgngficant improvement in the prediction of
the extraction. Refinement of the model by alsosabering the adsorption of solute on the

outer particle surface could give better results.
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The influence of the temperature should be teistetder to define the limitations and
optimal conditions of the process. Such limitatimas: occur due to a significant increase of
leakage of the extractant/diluent from the porowsrixy as the solubility of these components
in water increases with increasing temperature. éd@n at higher temperature a higher
solubility of the extractant in the diluent can f@mached. This can increase the capacity of
extraction of the SIR.

Multicomponent adsorption should be considerdds Work showed that SIRs have a
good selectivity for MTBE in the presence of huraaid. Selectivity between MTBE and TBA
should be studied. It was tried to perform sucllisiibut a suitable method of analysis was not
found within the timeframe of this project. A stita analysis method should be found in order
to analyze such systems, as TBA is an importantaoainant of water and a product of the
oxidation of MTBE.

In order to understand which step is controllitg extraction and to determine
constants such as film diffusion or pore diffusidinetic experiments should be done.
However, this study is already being done in anothaster’s project. This will bring further
information in order to implement this techniqueaim industrial scale. For this last objective,
column experiments should also be performed. Theperiments will bring a better insight
about the cycles of adsorption and regeneratiois Would allow a better prediction of the
behavior of the extraction process, such as breakgh time, mass transfer zone, length of
unused column and dynamic behavior of the process.

Regarding the regeneration of the SIR, columreergents should be investigated in
order to detect if there is a hysteresis phenomeByn hysteresis one means a different
breakthrough time or even a different shape in sbéute wave between extraction and
regeneration. The breakthrough curves must bedine $n case of the absence of a hysteresis
phenomenon. However, a change in the shape of rdekthrough curve is expected, as the
isotherm of adsorption is favorable. Thus the regation of the SIR in a column should result
in a dispersive wave of the solute. One way tomegge the column would be through thermal
regeneration with nitrogen. Nevertheless, one shbalcautious, because there is also a diluent
inside the solid matrix. At high temperatures tHikient may evaporate together with the
MTBE, as mentioned before.

5.4. Final evaluation.

This project served to get in contact with a nesht®logy in the process separation
field. The use of solvent impregnated resins asethod for the extraction of groundwater
contaminants was proven to be possible, although sdame limitations. A diluent and a solid
screening were done in order to discover the bessiple system for the extraction in the
timeframe of this project. Two models that takeiatcount the adsorption on the surface of the

beads were introduced. A selectivity analysis d@e and lead to good perspectives of the use
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of SIRs for remediation in contaminated water. Guiuexperiments were also performed and
the dynamics of the extraction could be understobd better.
As a conclusion, one may consider that the ptojant well in spite of some small

challenges that emerged along the road.
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Removal of MTBE from Groundwater with Solvent Impregnated Resins

This part regards the effect of the thermal regaticar over MTBE. The vapour pressure of this
compound was calculated by the Antoine equatiom,espiation A.1. This empirical equation relates the
vapour pressure of pure compounds with the temyreraind takes, usually the form (M. Smith, J. and C

Van Hess, H., 1975).
B

C+T
In the Antoine’s equation A, B and C are constaf*' stands for the vapour pressure in

kPa and T for the temperature in Kelvin. The Anédgrconstants are depicted in table A.1

prarour = A — (A.1)

Table A.1- Antoine’s constants for MTBE (H. J.-HyekOh, Kyuand P. D.-B. Won, So-J., 2003)
Antoine constants

A 6,2548
B 1265,4
C 242,571

In order to check the validity of the theoretiegjuation some literature research was made.

The values encountered for the vapour pressuriéfatesht temperatures are depicted in table A.2.

Table A.2 - Vapour pressures of MTBE at different tempeeduB. Belaribia, Get al, 2006).
| 263,1¢ 273,1¢ 283, 293,1f 298,1¢ 303,1f 313,1¢ 323,1f 33315 3431

T (K)
27,064 33,392 40,862 089,8 85,152 118,271 160,66

P (kPa) | 6,252 10,641 17,31

The results of the Antoine equation correlatiod #re plot of the data collected are depicted

in figure A.1.
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Figure A.1— Vapour pressure as a function of the temperdtyitbe Antoine equation and by the collected dBta (

Belaribia, G.et al, 2006).



Removal of MTBE from Groundwater with Solvent Impregnated Resins

As it can be noticed the empirical correlationasid for MTBE.

The thermal regeneration of the column would baedat 120°C. At this temperature the
vapour pressure of MTBE is 581,8kPa. Thus the regeion would be possible by this method if it wibul
depend only of MTBE. Nevertheless, the diluent plap important role as a possible limitation orice i

can vaporize with MTBE and be carried by the nigrogtream.

The same study is done for propylbenzene. Howéwethis compound the Antoine equation

takes the form:

Log(P***")= B —$ (A.2)

The Antoine constants for propylbenzene are degiict table A.3.
Table A.3— Antoine’s constants for propylbenzene (Buschetfal, 1960).

Antoine constan |
A 2367
B 8,479

In order to check the validity of the Antoine etioa for this compound literature research
was made. The values encountered for propylberaenghown in table A.4.
Table A.4— Vapour pressures of propylbenzene at differemperatures (Busch, At al, 1960).

T (K) ‘ 279.5 316.6 367.2 432.4

P’ (kPa) ‘ 2096.42 2374.70 2754.23 3243.27
The representation of the vapour pressure asaidanof the temperature and the collected

experimental data are depicted in figure A.2.
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Figure A.2 — Vapour pressure as a function of the temperdtytbe Antoine equation and by the collected data

(Busch, A.et al, 1960).




Removal of MTBE from Groundwater with Solvent Impregnated Resins

As can be seen the Antoine equation is only vapdto approximately 330K. After that

temperature the experimental vapour pressure isesaaore than the empirical vapour pressure.
By the comparison between the vapour pressurehef ttvo compounds, MTBE and

propylbenzene it is possible to say if the theregeneration with Nat 120°C is possible, see figure A.3.
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Figure A.3— Vapour pressure as a function of the temperdaytbe Antoine equation for MTBE and

propylbenzene.

As it can be noticed at 120°C (393K) the vapouwspure of propylbenzene is half of the
vapour pressure of MTBE. That brings a problemtfa thermo regeneration once the propylbenzene
would vaporize with MTBE and be carried by the s$tream. It is then possible to conclude that er th
propylbenzene is not a suitable diluent for therastion of MTBE with SIR or that for this system,
MTBE/IPhOH/propylbenzene, the thermo regeneraisomat a suitable method for the regeneration of the
SIR.
As it was mentioned in the recommendations fouritwork, butylbenzene could be a

suitable diluent for the extraction of MTBE withRSIIn order to assure the non vaporization of this
compound the same analysis was made for it. lt®iAatconstants for butylbenzene and the range of

temperature where the constants are valid are taeic table A.5.

Table A.5— Antoine’s constants for propylbenzene and thaige of application (Busch, At al, 1960).
A B | AT (K)
2476 8,389 273,15 -335,5
2385 8,140 335,5-456,4
2238 7,780 456,4 - 753,15

In order to verify the validity of the Antoine eafion for butylbenzene, literature research

was made. The values found in the literature apéctid in table A.6.

Y
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Table A.6 — Vapour pressures of propylbenzene at differemiperatures (Busch, At al, 1960).
T (K) ‘ 295.9 335.5 388.4 456.4
paPouT(kpPa) ‘ 2219.43 2516.46 2913.24 3423.28

The representation of the vapour pressure as éidanaf the temperature is depicted in figure A.4.
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Figure A.4 — Vapour pressure as a function of the temperdtytbe Antoine equation and by the collected data
(Busch, A.et al, 1960).
As it can be noticed the vapour pressure of batytene follows the Antoine equation until
380K, approximately. However, its vapour pressuternvcompared to propylbenzene is lower, thus it
gives a good indication of its possible use aduedt regarding the thermo regeneration. The coispar

between butylbenzene and MTBE is given in figurg.A.
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Figure A.5 — Vapour pressure as a function of the temperdtytbe Antoine equation for MTBE

and butylbenzene.



	Início
	Abstract
	Resumo
	Acknowledgements
	Nomenclature
	Table of contents
	1. Introduction
	2. Materials and methods
	3. Results and discussion
	4. Conclusions
	5. Evaluation of the presented work
	References
	Appendix A

