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Abstract

Five fatty hydroxamic acids (FHAs) were synthesized by refluxing of vegetable oils, namely corn, olive, palm, soybean,
and sunflower oil with hydroxylamine hydrochloride. The FHAs was synthesized by three different methods depending on the
form of the fatty acids used, i.e., free fatty acid, methyl and ethyl fatty ester or raw oil. The efficiency of FHAs synthesized
from methyl and ethyl ester was very high, because it gives good yield and pure product. These acids were characterized using
the complex formation test of hydroxamic acid group with zinc(I), copper(Il) and iron(IIl), elemental analysis, and Fourier
transform infrared (FTIR) spectroscopy. The adsorption of these five FHAs onto bentonite (BT) and kaolinite (KT)clays was
investigated using a series of batch adsorption experiments. The presentstudy primarily focuses on the adsorption kinetics to
modify BT and KT clays. Four adsorption kinetic models were tested for the adsorption of FHAs onto BT and KT clay surfaces.
In order to investigate the mechanism of these five fatty hydroxamic acids adsorption, characteristic constants of adsorption
were determined using a pseudo-first order equation of Lagergren, a pseudo-second order equation, Elovich equation and

intraparticle diffusion model.
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1. Introduction

Hydroxamic acid (HA), or (N-hydroxycarboxylic
amides),has the general chemical formula R-CO-NHOH.
It is regarded as a derivative of both hydroxylamine and
carboxylic acids (Miller et. al., 2002). The term FHA comes
when (HA) is prepared from fatty acids. A Fatty acid (FA) is a
carboxylic acid with a long unbranched aliphatic chain, which
is either saturated or unsaturated. FAs are usually derived
from triglycerides. When they are not attached to other
molecules, they are known as free fatty acids. The FA can
be defined by its source (animals or plants), or by its carbon
number as a short chain (fewer than six), medium (6-12), long
(longer than 12), or very long (longer than 22) (Clifford and
Gessuer, 1973).

In recent decades, hydroxamic acid derivatives have been
widely applied as growth factors, food additives, neurotoxic
drugs for anti HIV drugs, antibiotics, antimalarial drugs,
antibacterial agents, cell division factor, rare earth mineral
collectors and chelators (Kurzak et. al., 1992), and enzyme
inhibitors (Dankwardtet. al., 2001). Hydroxamic acids
complexes have been used for analytical chemistry as reagents
for gravimetric and spectrometric metal determination
(Agrawal and Patel, 1980; Agrawal et. al., 2000). Besides
their ability to form a complex with metal ions, long-chain
hydroxamic acids, by modification of the terminal OH group,
are of a considerable interest as an efficient surfactant in the
detergent industry(Masuyama et. al., 1987).
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Several studies were carried out on the synthesis of
hydroxamic acids from acids and esters with hydroxyl
amine (Jahangirian et. al., 2011; Al-Mulla et. al., 2009;
Holmes et. al., 2001). Many researchers synthesized fatty
hydroxamic acids from palm oil using immobilized lipase as
the catalyst(Dedy et. al., 2005; Vaysse et. al., 1997). Hoidy
et. al. (2010) reported the synthesis of fatty hydroxamic acid
using the reflux method for preparation of fatty hydroxamic
acids from different oils including palm olein, palm stearin
and corn oil with hydroxylamine hydrochloride

Bentonite is a clay deposit consisting essentially of
smectite minerals. Smectites are unique by their extreme
small crystal size and variation in the internal chemical
composition, and structural characteristics (Rauf and Tahir,
2000). Bentonite is a 2:1 type of clay, which means that it
is composed of units of two silica tetrahedral sheets with
a central alumina octahedral sheet. All tips of tetrahedron
points in the same direction and toward the center unit
(Murray, 2007).

Kaolinite is a clay mineral with the chemical composition
AlLSi,O(OH),, with one tetrahedral sheet linked through
oxygen atoms to one octahedral sheet of aluminaoctahedral
(Srivastava et. al., 2005). Kaolinite has a 1:1 layer structure,
with the basic unit consisting of a tetrahedral sheet of SiO,
and an octahedral sheet with A" as the octahedral cation.
The repeating layers of the mineral are hydrogen bonded
together (Trevino and Coles, 2003).
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The permanent negative charge in the crystal structures
of some minerals (BT and KTas an examples), make them
suitable for surface modification by long chain and short chain
organic surfactants (Li and Bowman, 2001; Li et. al., 2002).
These modifications enable those clay minerals to be used as
an adsorbent for removing organic and inorganic pollutants
from aqueous solution. In addition, this organomodification
make clay minerals compatible with polymers to synthesis the
most promising materials, i.e., clay-polymer nanocomposites
(Pavlidon and Papaspyrides, 2008).

In the present study, the synthesis and characterization
of fatty hydroxamic acid (FHA) derived from the reaction
of hydroxylamin with five different oils, namely corn, olive,
palm, soybean, and sunflower oil. The synthesized fatty
hydroxamic acids were employed to modify BT and KTclays
to form ten kinds of organic-modified clays, i.e., CornFHA/
BT, OliveFHA/BT, PalmFHA/BT, SoybeanFHA/Bt,
SunflowerFHA/BT, CornFHA/KT, OliveFHA/KT, PalmFHA/
KT, SoybeanFHA/Kt, andSunflowerFHA/KT.The present
paper primarily focuses on the adsorption kinetics of BT and
KTclays. Four adsorption kinetic models were tested for the
adsorption of FHAs onto BT and KTclay surfaces. In order
to investigate the mechanism of these five fatty hydroxamic
acids adsorption, characteristic constants of adsorption were
determined using a pseudo-first order equation of Lagergren,a
pseudo-second order equation, Elovich equation and
interparticular diffusion model.

2. Materials and methods
2.1. Materials

Corn, olive, palm, soybean and sunflower vegetable oils
were purchased from Universal Modern Industries Company
(UMIC), Jordan. All chemicals used in this study were
provided by Sigma-Aldrich Chemicals Company, where
their purity is higher than 99% and used without further
purification.

Samples of Jordanian BT and KT from the Azraq region
in northeast of Jordan were obtained from Natural Resources
Authority (NRA, Amman, Jordan). The crushed and milled
samples were washed several times with deionised water with
a constant stirring to remove soluble inorganic salts and any
adhering materials, and then dried in a drying oven to constant
weight at 110°C. The samples were sieved and fractions of 45
um and below were collected.

2.2. Instrumentation

FT-IR spectra were recorded using Thermo Nicolet
NEXUS 670 FT-IR spectrophotometer using KBr disc. The
infrared spectrum was recorded in the wave-number range
400 - 4000 cm™.

Scanning electron microscope (SEM) technique has
been used to obtain information on the morphology and size
of the sample by scanning electron microscopy (SEM). The
morphology was studied using FEI inspect F50 scanning
electron microscope operated at accelerating voltages of 2 kV
with magnification of 15000 X. The particles were glued to a
metallic sample holder using a carbon double-side tape and
then coated with platinum to prevent the charging effect.

Ultra violet visible (UV-VIS) spectrophotometer type
Cary 100 Varian spectrophotometer was used to identify the
A,..of FHA/Fe (IlI) complex and measuring the absorption
intensity for all samples.

The chemical composition of BT and KT samples was
performed using X-ray fluorescence (XRF) spectrometer
(Philips PW 2400).

2.3. Synthesis of (FHAs)

The FHAs was prepared by three different methods
depending on the form of fatty acids used, i.e., free fatty acid,
methyl and ethyl fatty ester or raw oil. The FHA, prepared
from methyl and ethyl ester, was found to be the best, because
it gave a good yield and a pure product. The following
procedure was used:The methyl and ethyl fatty ester were
prepared using transesterification reaction method which was
carried out by mixing methoxide/ethoxide with warmed palm
oil as an example with continuous stirring for 6h (Ma and
Hanna, 1999). Then, the product was separated and dissolved
in hexane with hydroxylamine hydrochloride by reflux at the
boiling point of hexane for 10 h, using a thermostated round
bottom flask, equipped with a water cooled condenser, and
a mechanical stirrer. The product was first dissolved in hot
hexane, and separated from the bottom layer using a separating
funnel. The hexane phase was cooled in an ice bath for 4 h to
obtain FHA, then filtrated and washed by hexane three times.
The products was recrystallized from hexane; finally, it was
dried in vacuum desiccators over phosphorous pentoxide
(Haron et. al., 1994). The reaction is shown in Scheme 1:
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Scheme 1. The Reaction Equations of Triacylglyceride with
Hydroxylamine

2.4. Adsorption of FHAs by Bentonite and Koalinite clays

Batch adsorption was carried out using Pyrex glass
vessels. An accurate mass (0.5g + 0.1 mg) of BT or KTclay
measured to the nearest 0.0001g was shaken with 100 mL
solutions of FHA prepared by dissolving 0.5 g of each of FHA
in 100 mL of 70% ethanol at 25°C. For adsorption, a kinetics
set of experiments was carried out by taking aliquot of the
solution by pipette after different times 1, 3, 6, 12, 18, 24 and
48 h. The solution was then filtered using 0.45pm micro filter.
One milliliter from this solution was reacted with 10 mL of
FeCl, solution in 70% ethanol to give a colored solution. All of
the samples were analyzed by UV-VIS spectrophotometer at
wavelength 520 nm to measure the concentration of free FHA.
The calibration curve, at this wave length, was established as
a function of FHA concentration. The reproducibility of the
data varied in the range of 1.5%.
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The FHA uptake capacity was calculated by the simple
concentration difference method. The FHA uptake (mg FHA
adsorbed/g adsorbent) was calculated from the mass balance
equation (1) as follows:

7. = (Ci—Ceq)V (1)

m
where C, is the initial concentration (mg/L); Cy is the
equilibrium concentration (mg/L) of the FHA in the aqueous
phase; V is the volume of solution (L) and m is the mass of
the adsorbent (g).
The removal efficiency (% Removal) (%R) values were
calculated as a percentage using equation (2):

_ (€i—Ceq)

%R = — X 100(2) 2)

3. Results and Discussion
3.1. Characterization of Materials

The average molar mass of corn, olive, palm, soybean
and sunflower vegetable oils was calculated by back titration
technique and the calculated values were 560, 510, 435,
480 and 545 g/mol, respectively. A qualitative analysis of
hydroxamic acid group on FHAs was carried out by observing
the colored complex formed after methanolic solution of the
FHAs reacted with iron(III), copper (II) and zinc (II) in the
dilute hydrochloric acid solution. The colors of complexes of
FHAs with iron(III), copper (II) and zinc (II) were green, dark
red and pale yellow, respectively (Haron et. al., 1994).

The results of the elemental analysis showed that the
nitrogen contentsin the FHAs synthesized from the corn,
olive, palm, soybean and sunflower oil were 6.41, 5.68, 4.93,
5.39 and 6.11%, respectively.

The chemical composition of BT and KTsamples, as
determined by XRF technique (wt%), are listed in Table 1.
The loss on ignition (L.O.1.) values indicates the loading of
mineral by the organic compounds.

Table 1. The chemical composition of bentonite and kaolinite
samples (%)

Adsorbents
Constituents
Bentonite Kaolinite

SiO, 54.59 47.62
AlLO, 21.97 27.89
Fe,0, 2.09 6.11
CaO 4.17 0.49
TiO, 0.31 0.72
Na,0 3.42 0.84
MgO 1.01 1.01
K,0 2.35 2.34
LO.L 9.56 12.10

The results of FTIR spectrum of the FHA, synthesized
from palm oil as a representative example (Figure 1b), show
the characteristic absorption bands of hydroxamic acid at
3426 and 3264 cm’!, corresponding to N-H and OH stretching,
respectively. These absorption bands are typical bands for
amide (Vaysse et. al., 1997). Absorption bands at 2854 and

2917 cm’, which correspond to C-H stretching of alkyl
chain, at 1641 cm™! which correspond to C=0 for secondary
amide and at 1044 and 1113 cm™ which correspond to C-N
stretching, respectively.

The characterization bands of raw BT(Figure la) that
appear at 3434-3625 cm™ as a broad band is assigned to OH
stretching vibrations, which may arisefrom the isomorphic
substitution in the tetra and octahedral layers in bentonite
(Wilson, 1994). On the other hand, the characteristic IR bands
of Al and Mg bound water molecules appear at 1642 cm™.
The band at 1039 is assigned to the asymmetric stretching
vibration of Si-O-Si of BT. It can be seen from the spectrum
of raw KT(Figure 1c) that the absorption bands of OH within
the crystal structure appear at 3621-3698 cm™. The band
at 1631 cm™ corresponds to the OH deformation of water,
because the OH stretching band at 3467 cm'suggests the
presence of some interlamellar water (Gadsden, 1975). After
the BT and KT were treated with FHAs, a pair of strong bands
at 3434 cm™ and 3625 cm™ for BT and the bands at 3467 and
3654 cm’! for KTwere observed which can be assigned to
the symmetric and asymmetric stretching vibrations of the
methylene groups (CH,-) and their bending vibrations are
between 1384 and 1470 cm!, (Figures 1d, e) which support
the intercalation of FHAs molecules between the silica layers,
but these stretching bands are not observed in the raw BT and
KT.

The surface morphology of the raw and modified BT
and KT was studied by using scanning electron microscopy
(SEM). Figures 2 and 3 give a clear picture of the surface
morphology of the samples. They show the porous nature
of the surfaces. BT exhibits sieve like structure. In both
micrographs of the modified clays it can be noted that the
modifier has coated most of the pores and edges.

(a)

(b)

(c)

%T

3000 2500 2000

Wave nubmber (cm')

3500 1500

Figure 1. FTIR for (a) Unmodified BT, (b) PalmFHA, (¢) Unmodified
KT, (d) PalmFHA/BT, and (¢) PalmFHA/KT

Figure 2. SEM Micrographs of (left) Unmodified BT and (right)
PalmFHA/BT
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Figure 3. SEM Micrographs of (left) Unmodified KT and (right)
PalmFHA/KT

3.2. Kinetic models applied to the sorption of FHAS onto
bentonite and kaolinite

Figure4 shows the contact time curves for the adsorption
of FHAs onto BT and KT. The adsorption equilibrium was
reached after 8-10 h, depending on the FHASs type. Adsorption,
first, followed a linear rising in which instantaneous extremely
fast uptakes take place, and, then, a stationary state was
observed. The fast initial uptake was due to the accumulation
of FHAs on the surfaces of BT and KTadsorbents which is
a rapid step (Al-Khalisy et. al., 2010). For all systems and
in all subsequent investigations, a shaking time of 12 h was
conveniently adopted followed by the standing overnight in
the thermostatic bath.
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Figure 4. Different adsorption kinetic models fit for adsorption of
CornFHA on BT (a) and on KT (b) at 25°C

In order to investigate the mechanism of adsorption and
the potential rate of controlling steps, such as mass transport
and chemical reaction processes, kinetic models were used
to test the experimental data. The four adsorption kinetic
models included the pseudo-first order equation, the pseudo-
second order equation, Elovich equation and the intraparticle
diffusion model.

3.2.1. Pseudo-First Order Rate Equation of Lagergren
The pseudo-first order equation of Lagergren (1898) is

generally expressed as follows:
G = ge(1—e™"19) (3)

where q and q, are the amount of FHA adsorbed per

¢.caled.
unit weight (mg/g) of adsorbent at equilibrium and at any time
t, respectively and k, the rate constant of pseudo-first order

sorption (min™).
3.2.2. Pseudo-second order rate equation

If the rate of adsorption is a second order mechanism, the
pseudo-second order kinetic rate equation is expressed as (Ho
and McKay, 1999):

_ kpqdt
e = 1+k,qet @

where k, is the rate constant of pseudo-second order
sorption (g/mg min).

The constants q and k,values were calculated from

e.caled.

the slopes and intercepts of t/q, versus t plots. The value
of h,, which is the initial FHAs adsorption rate (mg/g.min)
(Chion and Li, 2003), was calculated using the k rate constant
obtained from pseudo-secondorderkinetic data and expressed
asequation (5):

h; = kzqg.calcd. ®)
According to Tables 2 and 3, the correlation coefficients

(R?) of the pseudo second-order kinetic model for the linear
plots are higher than 0.99 for all systems. These values are
higher than the R?values of the pseudo-firstorder kinetic model
(maximum value 0.9265). The calculated adsorption amount
(d, e for the pseudo second-order kinetic model is close
to the experimental one (qe_exp_) (The values were calculated

from Langmuir isotherm), but q for the pseudo-first

e.caled.
order kinetic model are generally not supported by Dy
According to the correlation coefficient constant (R?) and
the experimental adsorption amount (q, ), it could be said
that the experimental data exhibit a good compliance with the

pseudo- secondorder equation for FHAs removal.
3.2.3. The Elovich equation

The Elovich equation is given as follows (McKay et. al.,
1999; Low, 1960):

ac = (5) In(x.p) + (5) In® (©)
where is the initial adsorption rate (mg/g.h) and is the
desorption constant (g/mg).
The constants and can be obtained from the slope and
intercept of a straight line plot of q, versus In t and are listed
in Tables 2 and 3.
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Table 2. Pseudo-First Order, Pseudo-Second Order, Elovich, and Intraparticle Diffusion Model Constants and Correlation Coefficients for
FHAs Adsorption onto BT

Adsorbents
Kinetic model Constants CornFHA/BT  OliveFHA/BT PalmFHA/BT SoybeanFHA/BT  SunflowerFHA/BT
Gecxp 0.453 0.448 0.511 0.486 0.445
(mg/g)
Gecatea 0.081 0.028 0.595 0.220 0.004
(mg/g)
P -fi k
seudo-first order ! 0.116 0.112 0.115 0.122 0.115
()
R? 0.9255 0.9212 0.9265 0.9122 0.9233
Gecatea 0.439 0.438 0.481 0.451 0.436
(mg/g)
kZ
Pseudo-second (e/me.h) 0.308 0.263 0.239 0.241 0.254
order
h.
! 0.059 0.051 0.239 0.049 0.048
(mg/g.h)
R? 0.9965 0.9968 0.9998 0.9984 0.9971
(mg/g.h) 6.686 6.225 7.642 7.042 5.872
Elovich equation (g/mg) 0.218 0.178 0.219 0.225 0.136
R? 0.7771 0.8144 0.7839 0.7631 0.8648
kid
Intraparticle (mg/g.h%%) 0.188 0.196 0.139 0.177 0.205
diffusion
R? 0.9184 0.9468 0.9184 0.9262 0.9184

Table 3. Pseudo-First-Order, Pseudo-Second-Order, Elovich, and Intraparticle Diffusion Model Constants and Correlation Coefficients for
FHAs Adsorption onto KT

Adsorbents
Kinetic model Constants CornFHA/BT  OliveFHA/BT PalmFHA/BT SoybeanFHA/BT  SunflowerFHA/BT
Gecxp 0.476 0.46 1.061 0.501 0.444
(mg/g)
Gecatea 0.084 0.029 0.589 0.232 0.041
(mg/g)
P first k
seudo-first order : 0.112 0.107 0.101 0.107 0.118
(h")
R 0.9213 0.9131 0.9015 0.9134 0.9217
Gecatea 0.403 0.381 0.901 0.421 0.376
(mg/g)
kZ
Pseudo-second (/mgh) 0.751 0.821 0.118 0.672 0.769
order
h
i 0.122 0.119 0.145 0.119 0.108
(mg/g.h)
R 0.9998 0.9999 0.9998 0.9998 0.9941
6.562 10.781 10.059 11.962 5.546
(mg/g.h)
Elovich equati
ovich equation 0.159 0.153 0.143 0.168 0.187
(g/mg)
R 0.8806 0.8686 0.8985 0.8716 0.7854
kid
Intraparticle (ng/a10%) 0.118 0.124 0.135 0.116 0.216
diffusion
R2 0.9418 0.9403 0.9633 0.9403 0.9184
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The Elovich equation was also applied to the adsorption of
FHAs by BT and KT. The linearization of the equation giving
the rate of reaction allows obtaining the initial adsorption
rateo. (mg/g.h) from the intercept of a straight line plot of g,
versus In t. However, the experimental initial adsorption rates
were substantiallyhigher than the predicted initial adsorption
rates (h) which have no physical sense.

Elovich equation was commonly used in the kinetics
of chemisorption of gases on solids (Low, 1960). This
equation has been rarely applied to liquid-state adsorption.
If the adsorption of FHAs onto BT and KT is predominantly
chemisorption, the Elovich equation may be used to describe
the kinetics of these adsorption systems. It seems that the
adsorption of FHAs onto BT and KT might be physical in
nature, which explains the behavior of the studied systems.

3.2.4. The intraparticle diffusion

The intraparticle diffusion model, proposed by Weber and
Morris, has been widely applied to the analysis of adsorption
kinetics (Wu et. al., 2009) and can be defined as shown in
equation (7) (Hameed et. al., 2009; Greluk and Hubicki, 2009):

qr = kigt"* + C ™

The intraparticle diffusion model, proposed by Weber and
Morris, has been widely applied to the analysis of adsorption
kinetics (Wu et. al., 2009) and can be defined as shown in
equation (7) (Hameed et. al., 2009; Greluk and Hubicki, 2009):

where k, (mg/g min'?) is the Weber and Morris
intraparticle diffusion rate constant and C is a value of
intercept constant of the plot that provide information about
thickness of the boundary layer (mg/g). The intraparticle
diffusion constant (k) was calculated from the slope of the
straight line part of the plot of q,versust'”.

The pseudo-first-order and pseudo-second-order kinetic
models could not identify the diffusion mechanism; the
kinetic results were then analyzed by using the intraparticle
diffusion model. According to Greluk and Hubicki (Greluk
and Hubicki, 2009), the plot of uptake q, versus the square
root of time (t'?) should be linear if intraparticle diffusion
is involved in the adsorption process and if these lines pass
through the origin then intraparticle diffusion is the rate
controlling step (Wu et. al., 2009; Hameed et. al., 2009; El-
Sikaily et. al., 2007). When the plots do not pass through the
origin, this is indicative of some degree of boundary layer
control and further shows that the intraparticle diffusion is
not the only rate-controlling factor, but also other kinetic
models may control the rate of adsorption, all of which may
be operating simultaneously (Greluk and Hubicki, 2009). As
indicated by the fact that the linear plot does not pass through
the origin, suggesting that the intraparticle diffusion is not the
only rate-limiting step for FHAs adsorption.

The fitted parameters of adsorption kinetics for the
five fatty hydroxamic acid at 25 (Tables 2 and 3) were
calculated from the non-linear regressions of the integrated
equations (3), (4), (6) and (7). The profiles of the fitted curves
of the experimental kinetics of that fatty hydroxamic acid
were displayed in Figures 4-8.

It can be deduced from the data in Tables 2 and 3 that in
BT and KT modifications, the FHAs adsorption capacity, q,
is in the order:

PalmFHA>SoybeanFHA>CornFHA>OliveFHA>SunflowerFHA

—a—Experimental
~m—Pseudo-firstorder
—a—Pseudo-second order
—s—Interparticle diffusion model
—+—Elovichmodel

o 10 20 a0 50 60

30
t(hour)

Figure 5. Different adsorption kinetic models fit for adsorption of
OliveFHA on BT (left) and on KT (right) at 25°C
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Figure 6. Different adsorption kinetic models fit for adsorption of
PalmFHA on BT (left) and on KT (right) at 25°C
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Figure 7. Different adsorption kinetic models fit for adsorption of
SoybeanFHA on BT (left) and on KT (right) at 25°C
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Figure 8. Different adsorption kinetic models fit for adsorption of
SunflowerFHA on BT (left) and on KT (right) at 25°C

4. Conclusions

In the present study, BT and KTclays were tested as
adsorbents for the removal of FHAS prepared from corn, olive,
palm, soybean and sunflower vegetable oils from aqueous
solution. The kinetics of adsorption of FHAs onto BT and KT
was tested using four different kinetic models, namely pseudo-
first order kinetic, pseudo-second order kinetic, Elovich
equation and intraparticle diffusion model. All findings
presented in the present study suggest that FHAssystems
cannot be described by a pseudo-first order reaction and
the Elovich equation. The pseudo-first order kinetic model
does not give theoretical q
experimental q

values thatagree with the

e.caled.
e Exp. values, and the correlation coefficients R?
values were less than 0.94. For all of the systems examined,
the pseudo-second order kinetic model provided the best
correlation coefficients R? of the experimental data (higher
than 0.99) and the calculated value of adsorption capacity
(9, 4100 agreed well with the experimental ones (q, ), thus

suggesting that the adsorption of FHAs follows the pseudo-
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second order kinetic model. Intraparticle diffusion also be
taken into account, but it was observed that intraparticle
diffusion is not a rate-limiting step.
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