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Abstract

The paper presents an experimental analysis of mhechanism
of chromium(lll) ion transport in a polymer inclosi membrane (PIM). First of
all, the influence of the carrier concentrationcbmomium(lll) transport kinetics
through polymer inclusion membranes is investigat&i-(2-ethylhexyl)
phosphoric acid (D2EHPA) was used as a carrier. Thidal Cr(lll)
concentration was changed. The authors indicatethibaransport efficiency of
Cr(lll) depends on the D2EHPA concentration in Bi&1. Regardless of the
initial chromium(lll) concentration, for experimehtconditions, there was an
optimal range of carrier concentration, somewhergvben 30-50% vl/v, for
which the process was the most effective. The asthoopose the “jumping”
transport as the dominant transport mechanismemestigated system.
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Introduction

Chromium is one of the heavy metals, which areroftsed in compounds
in many industrial processes. More often than obtpmium compounds are
applied in tanning and galvanizing industries [h].tanning, chromium(lll) is
used as tannins, which enable the production di-gignlity leather [2]. In the
galvanizing plants, chromium helps to produce &gt and effective coatings
[1]. In spite of the many advantages of chromiumend tannings threaten
environment, because of the toxic effect of chramiions, in particular
chromium(VI) ions. Therefore, wastewater containthgomium ions should be
purified before discharge.

Furthermore, according to the European CommissiepoR of 2010 [3],
chromium belongs to the “critical elements.” Thisans, that it is characterized
by limited resources and the lack of substitutekilevsimultaneously being
essential for economic and industry developmenkinbainto consideration the
above factors, it requires the exploration and bbgraent of methods for the
efficient separation of chromium from aqueous sohs.

There are many different methods for chromium sspar from the
wastewater [4]. However, traditional methods used the purification of
aqueous solutions containing chromium (i.e.: préailen methods, ion
exchange, adsorption, crystallization, liquid egti@n etc.) are often inefficient
and costly, especially in the case of low concéiuma of chromium in the
wastewater. The ability to effectively remove aedaver chromium and other
toxic or radioactive metals by liquid membranes 3l-and, in particular,
polymeric inclusion membranes (PIM) [4, 5] was destoated in recent years
by many researchers.

A PIM membrane is formed by physical immobilizatiohthe ion carrier
with a plasticizer on a polymer matrix. The memleras a barrier separating
two aqueous solutions, i.e., the feed and strippimagses. The carrier facilitates
the transfer of transported ions from the feedhe s$tripping solution. The
transport of ions in SLM is a combination of extraw and reextraction
processes which occur simultaneously in the sanmeisy The effective
transport of metal cations with an acidic carriad ahe counter transport of
hydrogen ions are promoted by the lower acidityhef feed rather than that of
stripping solution.

Selective transport through a membrane can be agdrad when the
carrier/extractant in the PIM is properly chosentHe case of carrier transport
in the PIM, the carrier (P) has a high affinity tteansporting substance (S),
which, as a result of the reversible reaction, ®rompounds (PS) that easily
diffuse through the membrane (Fig. 1a). Dependimghe type and structure of
the carrier and the kind of the substance transgpdescriptions of the various
transport mechanisms can be found in literature@&her than a simple carrier
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transport, a coupled carrier transport, charaadris a co-transport (Fig. 1b),
and a counter-transport (Fig. 1c) are distinguishibe latter has greater
importance and is described as a dominant mechanipoblications [6].

PS Sl P(S]SZ) SI PS‘ Sl
s, S, > 5.8, >
a) p b) Sz P C) Sz PS2 S;

Fig. 1. Schematic transport mechanism in liquid fmemes: a) simple facilitated transport,
b) coupled carrier transport, ¢) counter-transport

Analysing the data on mechanisms occurring durhrg RIM's transport
available in the literature, descriptions of a “ping” transport can also be
found [7, 8]. The mechanism has been proposed ascritbed by Cussler et al.
[9] and confirmed by many other authors [10-13]t Esystem with the PIM,
which assumes a certain mobility of carrier molesulpossible due to the
presence of the appropriately selected plastidizé}, the assumption of this
transport mechanism seems to be correct.

The aim of this study is an experimental analysfstlee transport
mechanism of chromium (Ill) ions in a polymer inglon membrane (PIM).
Based on the previous experience [15-17], kinétidies on the system, and the
review of the literature, the “jumping” mechanismasyproposed. A description
of the mechanism is very interesting, not only ttuan educational value of the
process itself, but also because it provides a rétieal basis for the
development of a mathematical model describingrénesport of Cr (lll) ions in
the system with the PIM developed by the authoth®farticle.

1. Materials and methods

In our investigation, we used a reactor descridsevéhere [16] consisting
of two cylindrical chambers divided by a PIM. Thee@l phase contained an
aqueous solution of chromium(lll) chloride (Cs@HO, POCH) at
a concentration from>80* M to 2x10° M with an initial pH of 4, while the
stripping phase was made up of an aqueous solofigulphuric acid (96%
H,SO,, Lach-Ner) with the concentration of 4 molfinThe volume of both
solutions amounted to 130 &nThe PIM membrane was formed by the physical
immobilization of the ion carrier with the plaster (2-nitro phenyl-octyl ether
or 2-nitro phenyl-pentyl ether, Fluka) on a polymaatrix made of triacetate of
cellulose (CTA, Fluka). After evaporation of theh@mt, the membrane was
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conditioned by immersing it in distilled water fd2 hours. The active
membrane surface area amounted to 152 Pi(2-ethylhexyl) phosphoric acid
(D2EHPA, Merck) (Fig.1b) was used as a carrier. Titele investigation
process was thermostate® £ 25°C+1°C) using a Julabo CF41 Circulator.
During the experiments, the solutions used weresthixi both chambers with
mechanical stirrers (IKA Yellow Line OST 20 digitalvorking at a constant
speed of 300rpm. The samples were collected frargld and stripping phase
in the defined time intervals. The concentrationCoflll) was measured with
a spectrophotometric method with 1.5-diphenyl-caid® after previous
oxidation of Cr(lll) to Cr(Vl) at a wave length eguto 540 nm
(Spectrophotometr NANOCOLOR UV/VIS NUV480).

2. Flux and Activation Energy calculation

It was assumed that the transport of Cr(lll) iomssr according to the
consecutive first-order reaction [12]. Based ors tassumption, the Cr(lll)
extraction kinetics can be described by the follapformula:

_dc(f) _ (1)
o Ko

The integration of Eq. (1) leads to:
2)

0 = kg
Co

The reaction constant ratid can be determined from the linear relationship
of In(cy/co) vs. the elapsed time. The temporary fldy 6f chromium(lil) ions
transported through the membrane from the feedh¢o stripping phase was
calculated for the initial stage of process, wha@ process runs most quickly.
At t = 0, when the concentration of chromium in feed phase is equal to the
initial concentration@; = Cy), the fluxJ; assumes the following form [12]:

Irfziﬁf)k.co (3)

The knowledge of initial flux values at differeminperatures allowed us to
establish the activation energy of transport precésough PIM using the
Arrhenius equation [18, 19]:

4
logJ = IogA—L “)
2,303RT
where Ea is the activation energy of transport @ssc(kJ/mol), R is the gas
constant equal to 8,314 kJ/mol K, T is the tempeeafK), and A is a constant.
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3. Results and discussion

First, the influence of carrier (D2EHPA) concentrat in PIM on
chromium(lll) ion transport at the initial ion coemtration of %10* M was
investigated. The results of these studies are showig. 2. As indicated, the
carrier concentration has a very large impact @nkihetics of the process. In
this system, there is no transport of chromium{dhs without the carrier in the

membrane.
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Fig. 2. Variation of chromium(lll) concentration.wsme in feed (a), stripping (b) and membrane

(c) phase, for different concentration of D2EHPA membrane. Initial concentrations
of Cr(ll1)=5x10“ M. Cy- initial concentration of the Cr(lll) ion€- current concentration
of the Cr(lll) ions in feed phas€s current concentration of the Cr(lll) ions in spipg
phaseC, current concentrations of the Cr(lll) ion in meizbe phase



110 PROBLEMY EKSPLOATACJI — MAINTENANCE PROBLEMS 1-2016

A partial extraction and reextraction, at an init@ncentration of the
carrier in the range of 5-20% v/v D2EHPA, was obsér The effective and
fast process was provided by gradually increagiegd2EHPA concentration in
the membrane up to 30-50% v/v. When the conceotraif D2EHPA in the
membrane was above 50%, due to the limitations@iutual solubility of the
carrier and the plasticizer, the membrane did raihtain its properties; e.g., the
tarnishing of the membrane surface could be obdewhich resulted from the
crystallization of plasticizer in the membrane stase.

Similar results were obtained for other initial centrations of Cr(lll).
Therefore, in the case of the PIM, regardless efitlitial concentration of the
transported substance, there is a range of D2EH®&#cemtrations in the
membrane that helps to reach the highest efficielrcyur investigation, this
concentration is in the range of 30-50% vl/v, inahkhboth the penetration of
Cr(lll) ions and pertraction were the fastest (F2g). Kebiche-Senhad;ji et al.
[20] and Kavitha and Palanivelu [21], who studidw ttransport of metals
through PIM including alkyl derivatives of phosplwacid as a carrier, made
a similar observation.

The rate of the process with the PIM, with an optiemmount of a carrier,
depends on the initial concentration of Cr(lll) $pras illustrated in Fig. 3.
Increasing the initial concentration of Cr(lll) ®mad a negative impact on the
extraction and reextraction (Fig. 3a, b), resultimglower transport of Cr(lll)
ions through the membrane (Fig. 3c).

The presence of some fixed range of D2EHPA conagatr in PIM, for
which the transport of chromium (lll) occurs mostiakently, confirms the
results of instantaneous changes in the flow ofliCiéns penetrating into the
membrane as a function of the carrier concentratadifferent initial content of
Cr(lll) ions (Fig. 4).

To explain the results, Cussler et al. (1989), wlkwueloped the transport
mechanism through the membrane with a physicallyadbilized carrier,
adopted a layered structure of a polymeric inclisinembrane. This theory is
also supported by many other researchers [7, 813]0-According to this
concept (Fig. 5), the molecules of plasticizer an@anged in the membrane in
layers at certain distances from each other. Aigraadded to the membrane
gradually fills the areas of the individual laye®ssuming mobility of the
plasticizer chains in the membrane, the substararesported across a single
layer can only occur with a minimum concentratidntiee carrier. Transport
takes place based on the "transfer" between tteeewlj carrier particles.
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Fig. 3. Variation of chromium(lll) concentratios.vtime in feed (a), stripping (b), and membrane
(c) phase for initial Cr(lll) concentration Cr(lll) 2x10% 1x10°3; 5x10* M. D2EHPA
concentration was constant = 40% v@- initial concentration of the Cr(lll) ions;
Cs current concentration of the Cr(lll) ions in fegldaseCe- current concentration of the
Cr(Ill) ions in stripping phas€,- current concentration of the Cr(lll) ion in membea

phase

In order to verifythe assumptiongbout jumping transportof Cr (lil)
through the PIM,the effect of temperaturen the transport kinetics was
analysedImplementation oktudies on the effectsf temperaturallows one to
determinethe activation energy and confirms whether trensporis limited by
the kinetics of the reactionbetween thecarrier and theCr (i) ions at the
interface or thediffusionof Cr (Ill) through the membrane.



112 PROBLEMY EKSPLOATACJI — MAINTENANCE PROBLEMS 1-2016

®(0.0005M A0,001M 0,002M
6.0
.
5.0 1
¢ .
7 .
"E 4.0 A .
= A
b A
S 3.0 - s 4
= ° °
- i
T 20 R
104 &
.
0.0 ’ T T T T T ?
0 10 20 30 40 50 60
Cpaenpa, %

Fig. 4. Variations in the temporaflux of chromium(lll) ions penetrating into the mbrane, as
a function of carrier concentration, for differénitial concentrations of chromium (l11)

The study was conducted at the most effective caitipo of the PIM, at
an initial concentration of Cr(lll), C = 0.002M ,ithe temperature range
of 293-313K.

Figure 5 shows the initial flux variation for Cifltransport as a function of
the process temperature. The relation log J vsiriditates that the process is
controlled by the formation of a metal complex irembrane phase. The
activation energy (Ea) calculated from the Arrhenegquation, Eq. (4), was
equal to 108+5 kJ/mol. This value is consisterthwihat obtained by [19] for
chromium(lll) transport through PIM with D2EHPA am ion carrier and
Aliquat 336 as a plasticizer. It is known that Eeevalue is used as a criterion in
the classification of the step-controlled mechanistar diffusion-controlled
processes, the Ea values are lower than 20 kJimiole those for processes
controlled by chemical reaction are higher tharkd/nol. In the case when the
activation energy values are in the range from®@2 kJ/mol, the transport
processes are controllable by both diffusion anglhrgbal reaction [18, 19]. In
our investigations, the value of the activation rgge indicates that
chromium(lll) transport through PIM with D2EHPA a® ion carrier is also
controlled by chemical reactions occurring at if#tee of boundary layers. That
is a confirmation of our assumptions about the ‘Himg” transport mechanism
in the studied system.
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Fig. 5. Arrhenius plot of Cr(lll) transport acrosdMP The initial Cr(lll) concentration is
Cr(Ill) = 0.002 M. The D2EHPA concentration was dams$ = 40% v/v

Cussler et al. [9] singled out two major casehttansport mechanism. In
the first, illustrated in Fig. 6a, whdm |, the areas of the mobility of carrier
molecules do not overlap. Therefore, it is impdgstb transport ions between
particles of the carrier in the membrane, becalsdltxJ = 0. The second case
is illustrated in Fig. 6b, where it is assumed tk&g. In this case, areas of the
mobility of neighbouring molecules partly overlaphis enables multiple
complexation reactions, releasing ions, and tramsyp particles through the
membraneJ = 0).
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Fig. 6. Transport mechanism in a polymer inclusimembranei — the distance between carrier
molecules|, —the length of the carrier molecules
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However, our results demonstrate that, apart ftoentwo above-mentioned
cases, there may be even more options. In Fig.hd, dffect of carrier
concentration, D2EHPA on the flow of Cr(lll) iondirbugh a polymeric
inclusion membrane for different initial concentwas of chromium ions is
demonstrated. It is clearly seen that, in the cdgbhe PIM, transport efficiency
improves with the increase in the concentratiothefcarrier in the membrane.
The most preferred flux was obtained for a cardencentration of 40%.
Therefore, there is a certain limit concentratidrihe carrier in the membrane
that guarantees the most preferred flux, as showig. 7a. In this case, the
distance between the carrier molecules, locatedhé membrane, is much
smaller than the range of movement that the cacdarperformlg< | o), which
guarantees efficient ion transport. This mechanssenvariation of the coupled-
carrier transport and is schematically shown in.F8 Increasing the
concentration of the carrier in the membrane byerivian 40% resulted in
a greater flux decrease. It can be assumed thatxbess of the optimal
concentration of carrier in the membrane leads tsitaation in which the
particles are overlapping and hence limiting orvpreging its movement£0;
1,=0) and the transport of iond £ 0) (Fig. 7b).
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Fig. 7. Transport mechanism in polymer inclusionntheane:l — the distance between carrier
molecules), —the length of the carrier molecules
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Fig. 8. Schematic transport mechanism in a systgmmiM

Conclusion

The polymer inclusion membrane containing di(2-#tayyl)phosphoric
acid as a carrier enables efficient release of mhnm(lll) ions from agueous
solutions. The transport efficiency of Cr (lll) dugh PIM, and directly the
speed of the "transfer” of Cr (lll) ions througletmembrane, depends mainly
on the carrier concentration in a membrane. Ircdee of PIM, regardless of the
initial concentration of the transported substartioere is a range of D2EHPA
concentration in a membrane for which the high&stiency can be obtained.
For the system studied the optimal concentratioDZEEHPA varies from 30 to
50% v/v. To explain the transport mechanism of ohiuon (I11) ions through the
PIM, layered membrane structures were proposeder@ésons suggest that the
dominant mechanism of transport is the “jumping” chrnism. For the
conditions of the experiments the assumption seerbe correct.

SYMBOLS

Agm— the interfacial area @y

C, - the initial chromium(lll) concentration in tfieed solution (mol/dri)

Cn — the current concentration of chromium(lll) ithe feed solution
(mol/dnT)

Cn — current concentration of the Cr(lll) ion in merabe phase

Cs - current concentration of the Cr(lll) ions migping phase

J — temporary flux of chromium(lll) ions transpedtthrough the membrane

k — reaction constant rate'th

t — the elapsed time (h)

Vi — the volume of the feed phase’m
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Eksperymentalna analiza mechanizmu transportu jonowCr(ll1)
w polimerowej membranie inkluzyjnej

Stowa kluczowe

PIM, chrom (lll), mechanizm przeskokowy, D2EHPA.

Streszczenie

W pracy dokonano eksperymentalnej analizy mechanizemsportu jonéw
chromu(lll) w polimerowej membranie inkluzyjnej ). W pierwszej kolejnéci
zbadano wplyw gtenia przenénika na kinetyk transportu jonéw chromu (lil)
przez polimeroy membrane inkluzyn Jako przerimika jonéw Cr(lll) uwyto
kwasu di(2-etylkoheksylo) fosforowego (D2EHPA). Bat prowadzono przy
réznym stzeniu pocatkowym jonéw chromu. Autorzy wskazyjze efektywnéé
transportu jest zalea od sfzenia D2EHPA w PIM. Niezalmie od pocatkowe-
go stzenia Cr(lll) w warunkach prowadzenia badayznaczono zakrescgen
przendnika 30-50% v/v, przy ktorych transport zachodailefiektywniej. Zapro-
ponowano mechanizm przeskokowy jako transport dojagy.






