U.P.B. Sci. Bull., Series B, Vol. 88, Iss.1, 2026 ISSN 1454-2331

FACILITATED PERTRACTION OF INDOLE 3-ACETIC ACID
IN THE PRESENCE OF TRIOCTYLAMINE AS A CARRIER

Sorina Laura TOPALA!, Toana DIACONU?*, Oana Crivstina PARVULESCU?,
Roxana Sanziana JIDVEIAN*, Ana Maria DRAGHICI-POPA?

The transfer of indole 3-acetic acid (IAA) from a feed (F) phase (an aqueous
solution of IAA) to a stripping (S) phase (an aqueous solution of NaOH), using a
chloroform liquid membrane (M) and trioctylamine (TOA) as a carrier, was studied
at different levels of pertraction process factors, i.e., initial molar concentrations of
IAA in the F phase (craaro = 10107 kmol/m?) and NaOH in the S phase (cnaom,s0 =
10—1 kmol/m?). Each experiment was performed for 4 h, at 20 °C, at an initial molar
concentration of TOA in the M phase of 107 kmol/m®, in a tube-in-tube device, under
mechanical stirring of inner tube (200 rpm). The inner tube contained the S phase,
and the outer tube contained the F phase at the top and the M phase at the bottom.
Specific yields of IAA in the F, M, and S phases were predicted based on a kinetic
model assuming consecutive irreversible first-order reactions. The values of
extraction and stripping rate constants, i.e., k; = (1.93-3.64)x10* s and k> = (2.00—
4.18)x10* 57!, were similar, indicating that both chemical reactions occurring at the
interfaces between the F and M phases (complexation) and M and S phases
(decomplexation) were rate-limiting steps. The maximum experimental value of
recovery efficiency of IAA (91.09%) was obtained at craa.ro = 107 kmol/m* and cyaon,s0
= [ kmol/m’.

Keywords: indole 3-acetic acid (IAA), liquid membrane, kinetic model, mass
transfer, pertraction, trioctylamine (TOA)

1. Introduction

Indole 3-acetic acid (IAA) is an important phytohormone from the auxin
class. It plays a key role in plant germination, growth, and development, being
involved in cell division, elongation, and differentiation [1-5]. Positive effects on
the plant height, root and shoot development, number of branches, leaves, flowers,
pods, fruits, and seeds were reported for plants treated with IAA [1,3,6,7].
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Moreover, IAA application often enhances the plant resistance to abiotic stresses,
e.g., drought, extreme temperatures, salinity, heavy metal toxicity [1,5,8].
Biostimulants and biofertilizers based on IAA could lead to significant
environmental and agronomic benefits [1].

IAA can be obtained by extraction from plants and chemical or microbial
synthesis. It is synthesized by various bacteria (e.g., from genus Alcaligenes,
Azospirillum, Azotobacter, Bacillus, Enterobacter, Klebsiella, Pantoea,
Pseudomonas, Rhizobium, Streptomyces), fungi (e.g., from genus Amanita,
Colletotrichum, Laccaria, Paxillus, Phytophthora, Pisolithus, Rhizopogon,
Taphrina, Ustilago, Absidia, Aspergillus, Fusarium, Penicillium, Rhizoctonia,
Rhizopus), and yeasts (e.g., from genus Aureobasidium, Candida, Debaryomyces,
Filobasidium, Hanseniaspora, Metschnikowia, Meyerozyma, Paenibacillus,
Rhodotorula, Yarrowia) [1,2,3,6,9,10].

Facilitated pertraction is a rapid, inexpensive, and effective technique used
for the selective separation and concentration of IAA and other solutes from dilute
aqueous solutions [11-15]. It consists in the mass transfer of a solute from an
aqueous solution, i.e., feed (F) phase, to another aqueous solution, i.e., stripping (S)
phase, using a liquid membrane (M) phase, consisting of an organic solvent and a
suitable carrier [13,14]. This process involves the following steps: (i) complexation
reaction between the solute and carrier at the interface between the F and M phases;
(i1) diffusion of the solute-carrier complex (CX) through the M phase; (iii)
decomplexation reaction between the CX and stripping agent at the interface
between the M and S phases, resulting in the release of the solute in the S phase and
the carrier in the M phase [16-20]. The solute recovery efficiency can be strongly
influenced by the process factors, especially the type of solute, membrane, carrier,
and stripping agent, initial composition and volumes of F, M, and S phases, type
and dimensions of the separation device.

In this paper, an experimental study and modelling of the separation of [AA
from a dilute aqueous solution using chloroform as an organic solvent in the M
phase and trioctylamine (TOA) as a carrier were presented. The effects of the
process factors, i.e., initial concentrations of IAA in the F phase (1010 kmol/m?)
and NaOH (stripping agent) in the S phase (102-1 kmol/m?), on its performances
were evaluated.

2. Materials and methods

IAA, chloroform, TOA, and NaOH were analytical grade reagents
purchased from LiChrosolv® (Merck, Germany).

The membrane system consisted of the following components: (i) F phase
— IAA aqueous solution; (i1) M phase — chloroform + TOA; (ii1) S phase — NaOH
aqueous solution. For the preparation of F and S phases, distilled water (DW)
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saturated with chloroform was used, and for the preparation of M phase, chloroform
saturated with DW was used.

The mass transfer of IAA species from F phase to S phase was conducted
in a tube-in-tube device [11,12]. The F and M phases were placed at the top and
bottom, respectively, of the outer glass tube. The S phase was placed in the inner
glass tube, which was continuously stirred (v = 200 rpm). More information on the
experimental setup and mass transfer process is given in our previous papers
[11,12].

Facilitated pertraction experiments were carried out at different levels of
initial molar concentrations of TAA and NaOH in the F and S phases, namely ¢4, ro
= 10%-107 kmol/m*® and cnwomso = 102—1 kmol/m®. Each experiment was
performed for 4 h, at 20 °C, and at an initial molar concentration of carrier (ligand)
in the M phase (cz mo0) of 10 kmol/m?>. It was assumed that the liquid phases were
perfectly mixed and their volumes remained constant during the transfer process
(Vr=20x10°m?, Var=50x10° m?, and Vs=7x10° m?).

The molar concentrations of TAA in the F and S phases at a time ¢, i.e.,
cuar(t) and cras(f), were measured using a spectrophotometer (UV1900i,
Shimadzu, Kyoto, Japan), whereas the molar concentration of IAA in the M phase
at a time ¢, i.e., cuam(t), was calculated using equation (1) based on the mass
balance of IAA species in the membrane system. Specific amounts of [AA in the F,
M, and S phases at a time ¢, namely Rq(¢), Ru(?), and Rs(t), are defined by equations
(2)—(4). Equation (5) was obtained by substituting equations (2)—(4) into equation
(1).

Craam (t )VM =Cri4F0 Vi— Craar (t )VF ~Crus (t )VS (1)

R, (t) _ Craar (t)VF _ Craar (t) )
CIAA,FOVF Cra4,Fo0

R, (t) _ Craam ([)VM 3)

CraaroVr

R, (t) _ Craa,s (I)VS (4)
CraaroVr

R (6)+ Ry, (1)+R(r)=1 (5)

3. Modelling

A kinetic model based on consecutive irreversible first-order reactions, as
shown in scheme (6), and characterized by equations (7)—(9), where k1 and k; are
the rate constants, was selected to describe the mass transfer process of IAA species
in the membrane system. Time variations of specific amounts of IAA in the F, M
and S phases are given by equations (10)—(12). Equations (10) and (11) were
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obtained by integrating equations (7) and (8), whereas equation (12) resulted by
substituting equations (10) and (11) into equation (5).

IAAJ(WS — > AAy — TAAs (6)
dR, (1)
5 kiR, (¢) (7
dR, (1) _ _

0 = R, ()= oy 1) ®)
dRg (1) _
= kyRy, (1) ©
R.(t)=e™ (10)

kl —kit e—kzt

RM(t)zkz_kl (e ) (11)

! (kzefklt —kleszt) (12)

Ry (0)=1- R (1) Ry ()=1-
2 1
The maximum value of function Ru(f) given by equation (11), ie.,

Rimax(tmax), and the corresponding level of ¢, i.e., fmax, are expressed by equations
(13) and (14) [11].

ky

Ry o (rm){ﬁj (13)

| (li
k,
=2 (14)

The kinetic constants k1 and k> were determined from the experimental data
using the Excel Solver. The extraction rate constant k1 was calculated by
minimizing the sum of squared residuals SSR: defined by equation (15), where
Rrex(ti) and Rrprea(ti) are the experimental and predicted values of specific amount
of IAA in the F phase at #; = 1800i (i = 0, 1...8). The stripping rate constant k» was
determined by minimizing the sum of squared residuals SSR> given by equation
(16), where Rsex(ti) and Rsprea(t;) are the experimental and predicted values of
specific amount of IAA in the S phase at ¢
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5B, =3 [Re(t)~ Rl )P (15)

i=0

SSRZ = i [RS,ex (ti ) - RS,pred(ti )]2 (1 6)

i=0

Final values (at #/= 4 h = 14400 s) of extraction, stripping, and recovery
efficiencies of IAA, i.e., Egy, Esf, and Egy, are given by equations (17)—(19), where
cl4Ff, ciu4,sy, Rif, and Rgrare the final values of molar concentrations and specific
amounts of IAA, respectively, in the F and S phases [11].

c )
E,, =100 1=425 | _100(1-R,, ) (17)
' Cla4,Fo ‘
E = 100¢ 4 57V _ 100¢ 4 57V _ 100R, _ 10000& (18)
(CIAA,FO - RFfCIAA,FO Wi (- RF_[)CIAA,FOVF 1- RFf EEf

V. E_E
Eqy =100-445S _j00R, = ZE=S (19)

Craa,roV F 100

4. Results and discussion

Time variation of experimental and predicted values of specific amounts of
IAA in the phases of the membrane system at different levels of ¢;44,70 and cywoH,50
are shown in Fig. 1, where Rrpred, Rypres, and Rsprea Were determined using
equations (10)—(12). Characteristic parameters of equations (10)—(12), i.e., k1, k2,
tmax and Ry max, are specified in Tables 1 and 2, which also contain the values of
sum of squared residuals (SSRi and SSR»), total sum of squares [SST1 and SST>»
given by equations (20) and (21)], and coefficient of determination (R;? and R>?
defined by equations (22) and (23)].

8 12

; 2 Rralt)

SSTI = Z RF7ex(ti)_i=0T (20)
i=0

8 T
8 ZRS,ex(ti)

SSTZ ZZ RS,ex(ti)_i:OT (21)
i=0
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Fig. 1. Effects of initial concentration of IAA in the feed (F) phase (¢4 r0) and initial
concentration of NaOH in the stripping (S) phase (¢nyaor.s0) on dynamics of experimental (bullets)
and predicted (lines) specific amounts of IAA in the F (red), liquid membrane (green), and S (blue)
phases (czmo = 102 kmol/m?, v = 200 rpm, and ¢r= 4 h = 14400 s): (a) cr4.70 = 10 kmol/m? and
enaon,s0 = 1 kmol/m?3; (b) cruar0 = 610 kmol/m?® and cyuom.s0 = 1 kmol/m?; (¢) craaro = 3x10
kmol/m? and cnaoms0 = 1 kmol/m?; (d) crua.r0 = 10 kmol/m?® and cyuom.s0o = 1 kmol/m?; (€) crauaro =
104 kmol/m?® and cyuom.s0 = 107 kmol/m?; (f) cr44.70 = 107 kmol/m? and cnaom 50 = 102 kmol/m?.
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R =1-200 22)
SST,
R =1- SSR, (23)
SST,
Table 1
Relevant parameters of data given in Fig. 1a—d (cvwom,s0 = 1 kmol/m>).
CI44,F0

(kmotm? 10 3x10* 6x10™ 107
Parameter
SSRy 0.019 0.028 0.029 0.003
SST 0.757 0.935 0.896 0.825
R? 0.975 0.970 0.967 0.996
kix10* (s 3.64 2.12 1.93 2.17
SSR> 0.018 0.016 0.017 0.002
SST» 0.863 0.752 0.724 0.658
R? 0.980 0.979 0.977 0.998
kox10* (s 3.12 4.02 4.18 2.00
Rt max 0.397 0.258 0.238 0.383
fmax (S) 2968 3368 3434 4802

Table 2
Relevant parameters of data given in Fig. 1d—f (c144,70 = 10 kmol/m?).

Parameter o (nolm’) 10” 10" !
SSRy 0.012 0.012 0.019
SST 0.858 0.807 0.757
R? 0.986 0.985 0.975
kix10% (s 2.32 3.53 3.64
SSR> 0.035 0.014 0.018
SST» 0.669 0.798 0.863
R>? 0.948 0.983 0.980
kox10% (s 2.68 2.30 3.12
Rt max 0.342 0.449 0.397
fmax (S) 4005 3485 2968
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Tabulated results highlight a very good agreement between experimental
and predicted data (Ri? = 0.967-0.996 and R»> = 0.948-0.998). The extraction and
stripping rate constants, k1 = (1.93-3.64)x10* s and k> =(2.00—4.18)x10™* s™!, were
similar, indicating that both reactions occurring at the interfaces between the F and
M phases (R1) and M and S phases (R2) were rate-limiting steps in the mass transfer
of [AA.

The values of ki were lower than those obtained in a previous study
performed at the same levels of ciu4,r0 and cnvaomso, but using tributylphosphate
(TBF) and trioctylphosphine oxide (TOPO) as carriers, i.e., k1 = (5.12-11.35)x10*
s'!, whereas the values of k> were generally higher than those reported for TBF and
TOPO, i.e., kx=(1.16-2.41)x10* 5! [15]. Moreover, fmax increased with an increase
in c44, 70 and a decrease in cya0m s0.

(H-A)r + ((CsH17)sN)m =—— ((CsHi7)sNHA)m (RI)
((CsHi7)sNHA)M + (HO)s =—— ((CsH17)sN)m + (H20)s + (A)s (R2)

The effects of caaro (10%=107 kmol/m?) and cnaom 50 (10°—1 kmol/m®) on
RFfexs Rufexs Rsfexs EEfexs Esfex, and Eggex (crmo = 102 kmol/m?, v = 200 rpm, and #
=4 h) are shown in Figs. 2 and 3. The maximum value of Rsfex (Rsfexmax = 0.911),
corresponding to maximum values of Egfex (94.81%), Esfex (96.08%), and Egfex
(91.09%), was obtained at the minimum level of craar (10* kmol/m?®) and
maximum level of cyzom,s0 (1 kmol/m?).

The values of Rsex for the other levels of cr4470 (3x1074~1073 kmol/m?), i.e.,
0.790-0.882, were 3—15% lower than Rsfermax = 0.911 (Fig. 2a). An increase in
craaro (from 10 kmol/m? to 10~ kmol/m?) had a negative effect on Esgex and Eggex
(which decreased from 96.08% to 84.54% and from 91.09% to 79.04%,
respectively), but a negligible effect on Egrer (93.17-94.81%) (Fig. 2b). These
findings were similar to those reported in our previous study [11].

The values of Rsrex for the other levels of cnzoms0 (102 kmol/m* and 10!
kmol/m?®), i.e., 0.781 and 0.851, were significantly lower (7.1% and 16.6%,
respectively) than Rgrexmax = 0.911 (Fig. 3a). An increase in cywomso (from 1072
kmol/m® to 1 kmol/m?) had a significant positive effect on Eszer and Egger (Which
increased from 83.87% to 96.08% and from 78.14% to 91.09%, respectively), but
a negligible effect on Egrex (93.17-94.81%) (Fig. 3b). These findings were similar
to those reported in our previous study [11].

Moreover, Essexr and Errex Were very strongly positively correlated (» =
0.998, where r represents the Pearson correlation coefficient).
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Fig. 2. Effects of initial concentration of IAA in the feed phase (cr44,r0) on the final values of: (a)
specific amounts of TAA in the feed (F), liquid membrane (M), and stripping (S) phases; (b)
extraction (E), stripping (S), and recovery (R) efficiencies of IAA (czmo = 102 kmol/m?, cyuom.so =
1 kmol/m3, v =200 rpm, and ;= 4 h).
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Fig. 3. Effects of initial concentration of NaOH in the stripping phase (cy.0n,50) on the final values
of: (a) specific amounts of IAA in the feed (F), liquid membrane (M), and stripping (S) phases; (b)
extraction (E), stripping (S), and recovery (R) efficiencies of [AA (cra4r0 = 10 kmol/m?, ¢z mo =
102 kmol/m?, v =200 rpm, and # = 4 h).

5. Conclusions
Facilitated pertraction of IAA from an aqueous solution using a chloroform

liquid membrane and TOA as a carrier was performed in a tube-in-tube device,
where the inner tube contained the S phase (an aqueous solution of NaOH), whereas
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the outer tube contained the F phase (an aqueous solution of IAA) at the top and the
M phase at the bottom. Six experiments were conducted for 4 h, at 20 °C, under
mechanical stirring of inner tube (v = 200 rpm), at various levels of initial molar
concentrations of IAA in the F phase (cz44,7,0 = 10107 kmol/m*) and NaOH in the
S phase (cnaom,s0 = 10%—1 kmol/m?).

A kinetic model assuming consecutive irreversible first-order reactions was
used to predict the specific yields of IAA in the F, M, and S phases. The adjustable
parameters of the model in terms of extraction and stripping rate constants, i.e., ki
= (1.93-3.64) x 10* s! and k» = (2.004.18) x 10* s, were obtained from
experimental data. The values of k1 and k> were similar, suggesting that both
chemical reactions occurring at the interfaces between the F and M phases
(complexation) and M and S phases (decomplexation), respectively, were rate-
limiting steps. The results obtained indicated a good agreement between
experimental and predicted data (R* = 0.948-0.998).

The maximum final value (at 7= 4 h) of specific amount of IAA in the S
phase (Rszex = 0.911), corresponding to maximum finals values of extraction,
stripping, and recovery efficiencies (Egfexr = 94.81%, Esfex = 96.08%, and Egfex =
91.09%), was obtained at cz44,70 = 10 kmol/m* and cvuom.s0 = 1 kmol/m?>.
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