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Abstract

In efforts to develop a novel low-cost and eco-friendly organic solvent, namely, palm
kernel fatty acid distillate (PKFAD), with free fatty acids (FFAs) as the active components,
for Cu(Il) extraction from acidic sulfate media, this work aimed to gain insight into the
stoichiometry of Cu(Il)-FFA complexes (extracted species) in PKFAD and their extraction
thermodynamics. The former was explored by both the equilibrium slope and numerical
analyses, while the latter was determined from the extraction of Cu(Il) by PKFAD at
different temperatures. Both the equilibrium slope and numerical analyses revealed that the
stoichiometry of Cu(Il)-FFA complexes in PKFAD was 1:6, whereas the thermodynamic
study indicated that Cu(Il) extraction by PKFAD was exothermic, nonspontaneous, and
enthalpy-driven over the temperature range studied. A plausible structure of Cu(Il)-FFA

complexes in PKFAD was also postulated based on the thermodynamic data obtained.
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1.0  Introduction

Copper, an element located in the d-block of the periodic table, is a soft, malleable,
and ductile transition metal with remarkable thermal and electrical conductivity, good
corrosion resistance, and antimicrobial properties (Michels et al., 2008). It finds broad
applications in various industries (e.g. metallurgical, electroplating, electrical and electronics,
automotive, construction, telecommunications, and healthcare (Chang, 2018; Gopi Kiran et
al., 2017)) and is mined mainly from oxide and sulfide ores using sulfuric acid as a lixiviant
(Bar and Barkat, 2016; Wang, 2007). With a finite supply of copper from the ground and the
increasing demand for copper in the global market, it is essential to recover copper more
efficiently.

Solvent extraction is an established and widely used separation method for
recovering metal ions from aqueous media due to its simplicity, rapidity, ability to operate in
a wide range of concentrations, and high recovery and selectivity (Rydberg et al., 2004).
However, metal ions exist as hydrated ions in aqueous media that have little, or no,
inclination to transfer to an organic phase. To achieve the required transfer, modification of
metal ions into an extractable species which carry neutral charges and possess little, or no,
water of hydration is necessary. This can be accomplished with the aid of an extractant via
the cation exchange, ion-pairing or hydrated water replacement mechanism (Wilson et al.,
2014).

The development of an efficient extractant for a metal ion requires the fundamental
understanding of the stoichiometry of the metal-extractant complexes (extracted species)

formed and their extraction thermodynamics. The stoichiometry provides the precise number



50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

of moles of each substance required to form one mole of metal-extractant complexes under
favorable thermodynamic conditions, while the thermodynamics explains the extraction
behavior of a metal ion by the extractant (Choppin and Morgenstern, 2000; Wahab et al.,
2016). The stoichiometry of various metal-extractant complexes in different diluents have
been reported, for instance, 1:4 and 1:2 for Cu(Il)-di-2-ethylhexylphosphoric acid (D2EHPA)
complexes in soybean oil (Chang et al., 2011) and waste palm cooking oil (Wahab et al.,
2016), respectively; 1:2 for Cu(Il)-2-hydroxy-5-nonylacetophenone oxime (active component
of LIX 84) complexes in toluene (Elizalde et al., 2019); 1:6 for Nd(III)-D2EHPA complexes
in sulfonated kerosene (Yin et al., 2015); 1:3 for Ga(Ill)-hexaacetato calix(6)arene in xylene
(Thakare and Malkhede, 2014); and 1:2 for hydrated Ni(II)-dinonylnaphthalene disulfonic
acid and 2-ethylhexyl 4-pyridinecarboxylate ester complexes in sulfonated kerosene (Hu et
al., 2018). The majority of these works used either the equilibrium slope or numerical
analysis, or both, to determine the stoichiometry of metal-extractant complexes (Chang et al.,
2011; Elizalde et al., 2019; Thakare and Malkhede, 2014; Wahab et al., 2016; Yin et al.,
2015). Other methods like the Job plot (Wahab et al., 2016) and quantitative analysis with
FTIR (Chang et al, 2011) had also been applied. Meanwhile, various thermodynamic
parameters, namely, the standard enthalpy change (AH°), standard entropy change (AS°), and
standard Gibbs free energy change (AG®) of several metal-extractant complexes in different
diluents have also been recorded, for instance, AH° of 35.40 and 30.05 kJ-mol!, AS° of -
0.011and -0.016 kJ-mol!-K!, and AG° of 38.80 and 34.56 kJ-mol! for Cu(Il)-capric acid
(Aidi and Barkat, 2018) and Cu(II)-N-(2 hydroxybenzylidene) aniline (Aidi and Barkat,
2010) complexes, respectively, in cyclohexane; AH® of 25.65 kJ-mol”, AS° of 0.079 kJ-mol
LK1, and AG® of 0.86 kJ-mol! for Zn(II)-D2EHPA complexes in kerosene (Jafari et al.,
2018); and AH® of 17.32 kJ-mol!, AS° of 0.041 kJ-mol"-K!, and AG® of 5.09 kJ-mol™ for

vanadium(V)-D2EHPA complexes in kerosene (Razavi et al., 2018).
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Recently, there is an increasing trend towards the utilization of green organic solvents
in solvent extraction for resource recovery following the growing public awareness of
environmental issues (Chang, 2020). In this regard, our research team has successfully used a
processing residue from palm kernel oil refinery, namely, palm kernel fatty acid distillate
(PKFAD), as a novel low-cost and environmentally benign organic solvent for Cu(Il)
extraction from acidic sulfate media (Halim et al., 2020, 2019). PKFAD is a lipid material
with a high free fatty acid (FFA) content of 92 wt% (Halim et al., 2020). We had previously
found that FFAs were the active components of PKFAD that extracted up to 98% of Cu(Il)
from acidic sulfate media by a cation exchange mechanism (Halim et al., 2019). The effects
of various extraction parameters on Cu(II) extraction by PKFAD had been investigated, along
with the optimum extraction conditions, and the loading capacity and reusability of PKFAD
(Halim et al., 2019). The most suitable type and concentration of stripping agent for Cu(II)
stripping from Cu(Il)-loaded PKFAD had also been determined (Halim et al., 2019). Herein,
the stoichiometry of Cu(Il)-FFA complexes (extracted species) in PKFAD and their
extraction thermodynamics were explored. The former was investigated by both the
equilibrium slope and numerical analyses, while the latter was determined from the extraction

of Cu(Il) by PKFAD over a range of temperatures.

2.0  Experimental Study

2.1  Materials

PKFAD was supplied by a local vendor, i.e., Sime Darby Sdn. Bhd., and was used
directly without further purification. Some of physicochemical properties of PKFAD used in
this research are provided in Table 1. Copper sulfate pentahydrate (CuSO4.5H20) (Merck, >

99.6% purity), kerosene (Pure Chemical, 100% purity), sodium sulfate (Na>SOs4) (Qrec, >
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99% purity), sodium hydroxide (NaOH) (Qrec, > 99% purity), and sulfuric acid (H2SOs)

(Merck, > 98% purity) were used as received.

Table 1 Physicochemical properties of PKFAD

Physicochemical properties

Density @ 70°C (g/cm®) 0.89
Viscosity @ 50°C (mPa.s) 23.0

Fatty acid (C:D%) composition (wt%)

Octanoic acid (8:0) 4.5
Decanoic acid (11:0) 3.7
Lauric acid (12:0) 49.1
Myristic acid (14:0) 17.0
Palmitic acid (16:0) 10.0
Stearic acid (18:0) 2.3
Oleic acid (18:1 cis) 11.0
Linoleic acid (18:2 cis) 1.6
FFA (wt%) 92.2

3C:D = number of carbon atoms: number of double bonds

2.2 Preparation of aqueous and organic phases

Aqueous phases with various initial Cu(II) concentrations (20, 100, 300, and 500
mg/L) were prepared by dissolving appropriate amounts of CuSO4.5H20 in distilled water
loaded with 200 mM Na>SO4, while the organic phases with different concentrations (0.46-
1.87 M) of dimeric FFAs were prepared by using pure PKFAD (containing 1.87 M dimeric

FFAs) and by diluting suitable amounts of pure PKFAD with kerosene (inert diluent).
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2.3 Extraction procedure

The extraction of Cu(Il) ions was performed based on the shake-out test as delineated
in our previous work (Halim et al., 2020, 2019). Initially, 15 ml of PKFAD was mixed with a
prepared aqueous solution at 0.5:1 organic to aqueous volume ratio in a glass-stoppered
conical flask. The flask was then agitated in an incubator shaker (Lab Companion, SI-300) at
150 rpm for 8 min, followed by 5 min settling of the mixture for phase separation. Next,
about 8 ml sample was taken from the aqueous phase with a syringe and the equilibrium pH
(pHeq) of the sample was measured with a pH meter (Hanna Instruments, HI11310). If the
desired pH.q (2.40-4.70) was not obtained, a few drops of 1 M H>SO4 or 1 M NaOH were
added to the mixture and the mixture was mixed for another 8 min. This step was repeated
until the desired pH., was obtained. Finally, the mixture was transferred into a separating
funnel for overnight phase disengagement and about 10 ml sample was withdrawn from the
aqueous phase for chemical analysis with a flame atomic absorption spectrometer (Shimadzu,

AA7000). The distribution coefficient (D) of Cu(Il) was calculated by:

[Cu(I1)~FFAlprg

b= [Cu(")]aq

ey

where [Cu(Il)-FFA]ore and [Cu(Il)]aq are the concentrations of Cu(Il)-FFA complex and
Cu(II) in the organic and aqueous phases, respectively, when the extraction reaction reaches
equilibrium. All experiments were performed in duplicate or triplicate at room temperature
(25°C) unless stated otherwise, and the relative standard deviation between replicate samples

within an experiment range was less than 5%.
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3.0 Results and Discussion

3.1 Stoichiometry of Cu(Il)-FFA complexes in PKFAD

Two of the most prevalent methods to determine the stoichiometry of metal-extractant
complexes in organic solvents are the equilibrium slope (Aksamitowski et al., 2019; Ghosh et
al., 2018; Sulaiman and Othman, 2018) and numerical analyses (Chang et al., 2011). The
former is a graphical method where the stoichiometry of metal-extractant complexes is
estimated from the slopes of experimental plots, while the latter involves a multiple
regression analysis where the stoichiometry of metal-extractant complexes is evaluated from
the best least-squares fit to the experimental data. In this work, both the equilibrium slope and
numerical analyses were used to determine the stoichiometry of Cu(Il)-FFA complexes in

PKFAD.

3.1.1 Equilibrium slope analysis

Being a carboxylic acid, FFA tends to form dimers through hydrogen bonding of the
acidic hydrogen and the carbonyl oxygen between two acid molecules (Tsivintzelis et al.,
2017). Hence, the extraction of Cu(Il) by FFAs (extractants) contained in PKFAD can be

expressed as (Benalia and Barkat, 2020):

2+m

Kex
> (HR)Z,org — (CuRZ(HR)m)org +2Hc-1'-q ()

Cugs +
where the subscripts ag and org correspond to the aqueous and organic phases, respectively,
(HR): represents the dimeric form of FFA molecules, m is a stoichiometric constant,

CuR>(HR)n 1s the Cu(Il)-FFA complex formed, and K., is the equilibrium constant of the

reaction. Assuming ideal behavior in both organic and aqueous phases, K.x is given by:
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[CuRz(HR)mlorg[H*13
Kex = = 4 2+mq (3)

[Cu?*]aq[(HR)2] 0/

Replacing [Cu(II)-FFA]o and [Cu(Il)]aq in Eq. (1) with [CuR>(HR)mlore and [Cu?*]ag,

respectively, and substituting it into Eq. (3) yield the following equation correlating D with

Kex:
(2+m)/
_ Kex[(HR)Z]org 2 (4)
[H*1%q
By taking the logarithm of both sides of Eq. (4), it follows that:
logD = log K,, + 2+Tmlog[(HR)z] + 2pH,q (5)

Fig. 1 shows the plots of log D versus pH., at various initial Cu(Il) concentrations
(20, 100, 300 and 500 mg/L). The slope values of about 2 obtained for all initial Cu(Il)
concentrations studied support the valency of Cu(Il) and, thus, the conformity of the
experimental data to the theoretical model (Eq. 5). To determine the value of m in Eq. (5), log
D is plotted against log [(HR)2] as shown in Fig. 2. In this investigation, the concentration of
dimeric FFAs in PKFAD was varied in the range of 0.46-1.87 M and the extraction
experiments were carried out at an initial Cu(II) concentration of 100 mg/L and pH., of 4.0.

The slope value of 3.056 (Fig. 2) corresponds to (2 + m)/2 from Eq. (5), which brings about

an m value of ~4. Substituting m =4 into Eq. (2), Eq. (6) is obtained as follows:

Kex
CuZy + 3(HR)z0rg < (CuRy(HR)4)org + 2Hy ©
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which suggests that one mole of Cu (II) is solvated with three moles of dimeric FFAs, giving
rise to a stoichiometric ratio of Cu(Il) to FFA of 1:6 in the formation of CuR>(HR)4 (Cu(II)-

FFA) complexes.
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Fig. 1 log D vs. pH., at different initial Cu(Il) concentrations (20 mg/L (©),100mg/L (A), 300

mg/L (o) and 500 mg/L(0)
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Fig. 2 log D vs. log [(HR):] at initial Cu(II) concentration of 100 mg/L and pH., of 4.0

3.1.2 Numerical analysis
The experimental data obtained under an initial Cu(Il) concentration of 100 mg/L at
various pH., (Fig. 1) and extractant concentrations (Fig. 2) were fit to run a multiple linear

regression analysis using the following first-order polynomial equation (Myers et al., 2016):

y=Bo+ Xl Bixi + € (7)

where f, and f; are the coefficients for intercept and linear variables, respectively, y is the
dependent variable, x; is the independent variable, and ¢ is the error term. In this analysis, the
dependent variable was log D while the independent variables were log (HR). and pH.,. The
coefficients that caused Eq. (7) to best fit the experimental data were estimated by the least-
squares method (Myers et al., 2016). All analyses were conducted using Microsoft Excel’s
(Microsoft Office 2016) at 5% significance level. Table 2 shows the estimated coefficients

along with the standard errors, f-statistics, and probability (P) values for the variable terms

10
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(intercept, log (HR)2, and pH.,) of a regression model for log D. Since the P values of all
variable terms are less than 0.05 at 5% significance level, they are considered statistically
significant. Hence, a first-order polynomial model correlating log D with all the variable

terms could be written as:

log D = —9.19 + 3.22 log[(HR),] + 2.27 pH,, (8)

Table 2 Estimated coefficients of the regression model for log D (Eq. 8)

Coefficients SE t-stat P
Intercept -9.19 0.598 -15.380 0.0000
log (HR)> 3.22 0.389 8.284 0.0000
pH.q 2.27 0.151 15.049 0.0000

SE: standard error; z-stat: ¢-statistics; P: probability value

The goodness of fit of the regression model (Eq. 8) was examined by the analysis of
variance (ANOV A) at 5% significance level and the results are tabulated in Table 3. The high
F (F > F-critical of 4.74) and low P (P < 0.05) values imply that the regression model is
significant statistically (Chang et al., 2011). The high coefficient of determination (R?) of
0.9735, on the other hand, indicates that the sample variation of 97.35% for log D is ascribed
to the independent variables (pH., and log (HR):) of the model and only 2.65% of the total
variations are not explained by the model. The small difference (0.78%) between R® of
0.9735 and R*(adj) of 0.9659 suggests that there is a slight chance for the inclusion of any
insignificant terms in the model and the model is highly significant (Myers et al., 2016). Fig.
3 shows the plot of the experimental log D against the predicted log D. Since the great
majority of the points fall directly on a straight line, with a high R* of 0.9735, the

experimental log D is said to exhibit an excellent linear relationship with the predicted log D.

11



231  This finding lends support to the fact that the model is capable of giving a reasonably good

232 estimate of log D for the system under consideration in the range studied.

233
234 Table 3 ANOVA of the regression model for log D (Eq. 8)
DF SS MS F F-critical P
Regression 2 13.8741 6.9370 128.6364 4.74% 0.0000
Residual 7 0.3775 0.0539
Total 9 14.2526

235  DF: degree of freedom; SS: sum of square; MS: mean sum of squares
236 *F-critical (2,7) at 5% significance level
237 R’=0.9735; R*(adj) = 0.9659

238
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Since Egs. (5) and (8) take the same form, their coefficients for each variable term can
be compared conveniently. The close proximity between their coefficients of pH.,, i.e. 2 (Eq.
5) vs. 2.27 (Eq. 8), implies that they are fairly compatible. By equating the coefficient of log
[(HR):] from Eq. (5), ie., (2+m)/2, with that from Eq. (8), an m value of 4.44 ~ 4 is
computed, leading to a stoichiometric ratio of Cu(Il) to FFA of 1:6 in the formation of
CuR>(HR)4 complexes and this is in good agreement with that obtained earlier in the
equilibrium slope analysis (Eq. 6). Nevertheless, this finding contradicts the stoichiometry of
1:4 for Cu(Il)-FFA complexes in chloroform (F.Adjel and D.Barkat, 2011), cyclohexane
(Guerdouh and Barkat, 2015), and toluene (Guerdouh and Barkat, 2015)as reported by other
similar works. This may be attributed to the different extractants and diluents used between
this work and other similar works (F.Adjel and D.Barkat, 2011; Guerdouh and Barkat, 2015).
In this work, multiple FFAs consisting of lauric acid (49 wt%), myristic acid (17 wt%), oleic
acid (11 wt%), palmitic acid (10 wt%), octanoic acid (5 wt%), decanoic acid (4 wt%), and
stearic acid (2 wt%) (Halim et al., 2020, 2019) were used as the extractants, while a mixture
of kerosene (added diluent) and other minor components of PKFAD, mainly tri-, di- and
monoacylglycerols (Ibrahim, 2013), was employed as the diluent. Other similar works, by
contrast, applied lauric acid as the sole extractant and chloroform (F.Adjel and D.Barkat,
2011), cyclohexane (Guerdouh and Barkat, 2015), or toluene (Guerdouh and Barkat, 2015) as
the sole diluent. Since extractant is a ligand (Lewis base) which coordinates to a metal ion
(Lewis acid) via a Lewis acid-base reaction to produce a metal-extractant complex, different
extractants with distinct sizes, charges, and electron configurations would have a
considerable impact on the coordination number (Reid, 2018), and thus the stoichiometry of
the metal-extractant complexes formed. Different diluents, on the other hand, tend to show
varying degrees of intermolecular interaction with the extractant depending on their dipole

moments, solubility, and dielectric constant (Aksamitowski et al., 2019) and, thus, may also

13
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affect the number of extractant molecules bound to a metal ion. Accordingly, the
dissimilarities in both the extractant and diluent used between this work and other similar
works (F.Adjel and D.Barkat, 2011; Guerdouh and Barkat, 2015) led to the discrepancy in the
stoichiometry of Cu(Il)-FFA complexes obtained. Given that the coordination numbers of
Cu(Il) are typically 4 and 6 (Rydberg et al., 2004), the stoichiometry of 1:6 obtained for

Cu(I)-FFA complexes in this work is reasonably acceptable.

3.2 Extraction thermodynamics of Cu(Il) by PKFAD

The extraction thermodynamics of Cu(Il) by PKFAD was investigated over a
temperature range from 25 to 70°C. In this investigation, thermodynamic parameters, namely,
AG°, AH°, and AS° due to the migration of a unit mole of Cu(Il) from the aqueous to the
organic phase were evaluated. The AG® of Cu(Il) extraction at various temperatures was

calculated by (Rydberg et al., 2004):

AG °= —2.303RT logK,, )

where R is the universal gas constant (8.314 J/mol.K) and T is the temperature. With a
constant dimeric FFA concentration of 1.87 M and a pH., of 4.0, the values of log K., at
different temperatures were determined from Eq. (5) and they were associated with AH°

according to the Van’t Hoff equation (Rydberg et al., 2004):

" 4 constant (10)
2.303RT

logK,, =

The corresponding values of AS° and -TAS° were then calculated by the Gibbs—Helmholtz

equation (Rydberg et al., 2004):

14
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Table 4 shows the thermodynamic data (log K., AS°, -TAS°, AG®) obtained from
Cu(II) extraction by PKFAD, with FFAs as the active components. The value of AH® (-5.85
kJ/mol) was determined from the slope of a linear plot of log K, against 7! (Fig. 4) based on
Eq. (10). These thermodynamic data obtained reveal that the complexation reaction between
Cu(Il) and FFAs was accompanied by negative AH° and AS°, as well as positive -TAS° and
AG°. The negative AH® indicates that the complexation reaction was exothermic and favored
at low temperatures, as shown by the decreasing log K.. with temperature in Table 4. The
negative AS°, on the other hand, corresponds to decreasing randomness in the system without
disruption of the hydration spheres of Cu(Il) (Choppin and Morgenstern, 2000; Rydberg et
al., 2004). This negative AS° gave rise to the positive -TAS® which, when coupled with the
negative AH°, brought about the positive AG® according to Eq. (11). The positive AG°
implies that the complexation reaction between Cu(Il) and FFAs was not energetically

favorable and the reaction happened non-spontaneously within the temperature range studied.

Table 4 Thermodynamic data obtained from Cu(Il) extraction by PKFAD

T (K) log Kex AS° (kJ/mol'K)  -TAS? (kJ/mol) AG” (kJ/mol)
298 -8.419 -0.181 53.89 48.04
303 -8.485 -0.182 55.08 49.23
313 -8.513 -0.182 56.87 51.02
323 -8.514 -0.181 58.51 52.65
343 -8.577 -0.181 62.18 56.33

15
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To predict the structure of either inner- or outer-sphere for Cu(Il)-FFA complexes, the
net AH° and AS° changes of the complexation reaction were examined. Since both the
negative AH° and AS° obtained were -5.85 kJ/mol (Fig. 4) and -0.18 kJ/molK (Table 4),
respectively, the net AH® and AS° changes were negative and thus suggesting an outer-sphere
structure for Cu(Il)-FFA complexes (Rydberg et al., 2004). These negative AH® (favorable)
and AS° (unfavorable) attained also imply that the binding of Cu(Il) to FFAs was primarily
driven by enthalpy (Arisaka and Kimura, 2011) and FFAs acted as non-chelating or
monodentate ligands. Several researchers have reported the similar findings for the enthalpy-
driven complexation reaction (Arisaka and Kimura, 2011; Mishra and Devi, 2011; Thakare
and Malkhede, 2014; Wang et al., 2018) and the outer-sphere metal-extractant complexes
(Bell et al., 2008; El-Sweify et al., 2008) as this work, while others have recorded the
entropy-driven reaction (Mishra and Devi, 2018; Yin et al, 2015) and the inner-sphere
complexes (Arisaka and Kimura, 2011; Hu et al.,, 2017; Mishra and Devi, 2018). Fig. 5

illustrates the postulated outer-sphere structure of a Cu(II)-FFA complex in PKFAD based on
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the thermodynamic data obtained (Table 4 and Fig. 4). The complex consists of a hydrated
Cu(Il) located at its center with three dimeric FFA molecules surrounding it. The hydrated

Cu(II) is covalently bound to the oxygen atoms of C-OH and C=0O of FFA molecules via

hydrogen bonding.
H2 1C O----- H
CnHany1 e / \O
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/' o ! / CnH2n+1
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—> Dativebond == -——--- Hydrogen bond

Fig. 5 Postulated outer-sphere structure of Cu(II)-FFA complex in PKFAD

3.3  FTIR analysis
To verify the presence of Cu(Il)-FFA complexes in PKFAD, FTIR analysis was
conducted on PKFAD samples with and without Cu(Il)-FFA complexes and the spectra

obtained are as shown in Fig. 6. The spectra reveal that the intensity of a strong absorption
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358

peak at a wavelength of 1709 cm™, which is assigned to the carbonyl (C=0O) stretch of a
carboxylic acid (B.Stuart, 2004), is lower for the PKFAD sample with Cu(Il)-FFA complexes
compared to that for the PKFAD sample without Cu(Il)-FFA complexes. The former
indicates a smaller amount of carboxylic moieties in the PKFAD sample following the
heterolytic cleavage of the O-H bonds in the carboxylic moieties at one end of the FFAs to
release the acidic protons (H*) for cation exchange with Cu(Il) during the complexation
reaction (Eq. 6), while the latter denotes a larger amount of carboxylic moieties in the
PKFAD sample due to the absence of the complexation reaction (Eq. 6). In fact, similar

results have been reported in our previous studies (Chang et al., 2011, 2010).
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Fig. 6 FTIR spectra for PKFAD samples loaded with (—) and without (---) Cu(II)-FFA

complexes

3.4  UV-Vis analysis
Fig. 7 shows the UV-Vis spectra of PKFAD before and after extraction with

wavelengths in a range from 550 to 800 nm. The broad absorption band observed at a
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wavelength of 679 nm (Wojciechowski et al., 2008) in the spectrum of PKFAD after
extraction was caused by the presence of Cu(Il)-FFA complexes, while no such band was
found in the spectrum of PKFAD before extraction. The band observed at 679 nm indicates
the d-d transition in the Cu(Il)-FFA complexes, and thus suggesting an octahedral molecular
geometry of the complexes as reported by Guerdouh and Barkat (Guerdouh and Barkat,
2017). This result reaffirms the presence of Cu(Il)-FFA complexes in PKFAD and also
supports the stoichiometry of 1:6 for Cu(Il)-FFA complexes obtained earlier from both the

equilibrium slope and numerical analyses.
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Fig 7 UV-Vis spectra of PKFAD before ("**™") and after (—) extraction

4.0 Conclusions
Both the equilibrium slope and numerical analyses uncovered that one mole of Cu (II)
was solvated with three moles of dimeric free fatty acids (FFAs), giving rise to a

stoichiometric ratio of Cu(Il) to FFA of 1:6 in the formation of Cu(Il)-FFA complexes
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(extracted species) in palm kernel fatty acid distillate (PKFAD). The thermodynamic study
demonstrated that the complexation reaction between Cu(Il) and FFAs was accompanied by
negative standard enthalpy change (AH®) and standard entropy change (AS°), as well as
positive standard Gibbs free energy change (AG°®). These thermodynamic data obtained
implied that the complexation reaction between Cu(ll) and FFAs was exothermic,
nonspontaneous, and enthalpy-driven over the temperature range studied. An outer-sphere
structure for Cu(Il)-FFA complexes in PKFAD was proposed based on the negative net AH°

and AS° changes attained.
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log D vs. pHeq at different initial Cu(ll) concentrations (20 mg/L (¥),100mg/L (A), 300 mg/L (f) and 500
mg/L(0)
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log D vs. log [(HR)2] at initial Cu(ll) concentration of 100 mg/L and pHeq of 4.0
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Postulated outer-sphere structure of Cu(ll)-FFA complex in PKFAD
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FTIR spectra for PKFAD samples loaded with (__) and without (—) Cu(ll)-FFA complexes
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UV-Vis spectra of PKFAD before (.....) and after (¥lf) extraction



