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ABSTRACT

This study has focused on the performance of Defatted Jojoba Seeds (DJS) for the removal of
ferric (Fe’*) ion from the aquatic systems using a batch operation system. Equilibrium of
sorption has been implemented through the influence of ferric ion initial concentration, the
dosage amount of DJS, and temperature. The maximum removal of ferric ion was 96%
(approx.) by using a high-level concentration of ferric ion (400mgL ") and high dosage
amount of DJS (60gL71). Freundlich model has successfully analyzed the equilibrium of iso-
therms with R*=1. Negative thermodynamic parameter AG (=—12.954kJ mol ") indicates to
the spontaneous process. Adsorption reaction kinetic models, such as pseudo-first-order and
pseudo-second-order, and adsorption diffusion model, such as Weber-Morris intra-particle
diffusion model, have been used to describe the adsorption rate and mechanism of the ferric
ion onto the DJS surface. Adsorption of ferric ion on the DJS has achieved Lagergren
pseudo-second-order model (R*=1.0 approx.) more than Lagergren pseudo-first-order model.
The kinetic parameters, rate constant, and sorption capacities have been calculated.

Keywords: Ferric; Jojoba; Dynamic isotherm; Freundlich isotherm; Pseudo-second-order

1. Introduction

The removal of toxic heavy metals from water is
considered as an environmental priority, especially in
poorer countries with limited water resources. Water
is used in many industrial processes such as in the
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manufacture of steel goods. As a result, the quantities
of industrial and wastewater contain iron ions as a
by-product. In terms of chemistry, iron ion presents in
water in the form of ferric (Fe**) or ferrous (Fe*") ion;
and this depends on the pH and dissolves oxygen
concentration. In most of the surface water, ferric ion
form predominates. Although the iron in the water is
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essential for life, it becomes toxic at high levels of con-
centrations and it may cause serious problems to both
the environment and human health [1-3]. One of the
primary concerns for the presence of iron ion in
drinking water is its objectionable taste. Furthermore,
the presence of iron ion in a large aqueous concentra-
tion causes anorexia, oliguria, diarrhea, hypothermia,
dysphasic shock, and metabolic acidosis [3]. As we
can see, that's why we find the newly scientific
research that focused on the removal of heavy metals
from aquatic systems, especially iron ion.

A wide range of biological, chemical, and physical
processes are available in the removal of heavy metal
ions, which exists with unhealthy levels in aquatic
systems, especially for human drinking water. For
example, chemical precipitation, ion exchange and
solvent extraction, ultra-filtration, reverse osmosis,
and biosorption through microorganisms of bacteria
are among the common processes in this field [4-10].
It is known that the use of conventional methods for
removing heavy metals from aquatic or sewage
systems often considered as expensive [11,12]. There-
fore, the search is always underway to find a low-cost
process to use, for example, the adsorption process.

Currently, adsorption process is considered as one
of the most efficient methods for the removal of heavy
metals from aquatic and sewage systems [13,14]. In
many cases, activated carbon has been widely used as
a good adsorbent. But the usage of the activated
carbon remains expensive adsorbents, especially in
developing countries. The removal of ferric ion and
heavy metals from the aquatic systems using different
low-cost adsorbents was studied by many researchers.
For example, granular activated carbon and activated
tea waste [15-19], pulp and paper industrial waste
[20], thioglycolic acid-modified oil palm [21], wild
cocoyam biomass [22], coconut husk [23], chitosan-
coated oil palm shell charcoal [24], lignite [25],
chitosan [26], Bengal gram husk powder [27], zeolite
[28], activated carbon [29-31], olive cake [1], quartz,
and bentonite [32] were utilized to remove iron ion
and other heavy metals from the aquatic systems.

Jojoba [Simmondsia Chinensis or Simmondsia
californica Nutt] is a plant that can grow in semi-arid
areas. This evergreen dessert shrub is native to arid
hills of Arizona, southern California, and adjacent
parts of Mexico. Jojoba yields a crop of seeds that
contain 50% oil [33]. Oil content can be isolated
through the use of cold-pressing process leaving a
huge quantity of industrial residues of Jojoba (defatted
Jojoba). This residue could convert into raw low-cost
materials and locally available adsorbents, which can
be used as an adsorbent to remove ferric ion from the
aquatic system. Residual Jojoba has low fat content and

high protein content [34]. Fat can be removed from the
residues by washing jojoba seeds in n-Hexan. This
process leaves abundant proteins and cellulose. Fur-
thermore, it increases the cellulosic pore concentrations
and then increases the surface active sites in Defatted
Jojoba Seeds (DJS) adsorbent. Wherein, the adsorbent
includes -OH, -COO~, —CN, and -NH, functional
groups that can take part in heavy metal ion binding.
Studies on Jojoba residue as an adsorbent for
heavy metal are very limited. Only one recent
research investigated by using the Jojoba residue as
an adsorbent for cadmium removal [33]. In particular,
iron ion could be adsorbed by DJS using two suggest-
ing sorption mechanism: (i) physi-absorption of ferric
ion in the cellulosic pores, and (ii) chemi-sorptions of
ferric ion in the —-OH, -COO~, —-CN, and -NH, func-
tional groups of the DJS adsorbent. To the best of our
knowledge, no study has been reported to remove the
ferric ion from aquatic systems using DJS. The main
objective of this study is to use the DJS as a low-cost
adsorbent to remove the ferric ion from a solution
model of polluted aquatic systems. Since the
performance of any biosorbent depends on the
characteristics of biomass and the microenvironment
of the target iron solution, the effects of different
physical-chemical parameters on the adsorption
process by DJS were investigated. These parameters
included a dose of adsorbent, initial concentration of
ferric ion in the solution, temperature, and time of
exposure. The sorption process is modeled by thermo-
dynamic (e.g. Langmuir and Freundlich) and kinetic
(pseudo-first-order and pseudo-second-order) models.

2. Materials and methods
2.1. Jojoba preparation

The residue of Jojoba seeds (DJS) used in this
study was taken from Jordan University of Science
and Technology (Jordan). Jojoba oil was extracted
from the seeds using Soxhelt extractor and n-hexane
as a solvent. Details of the extraction method and
chemical characterization of Jojoba seeds were also
previously reported [33,34]. The dried DJS was
crushed and sieved to 0.425 mm mesh size.

2.2. Reagents

All chemicals were used as analytical grade. The
metal salt of Fe(NO3);6HO was purchased by
commercial providers from Fluka Chemika. Others, such
as NaOH, HNOj3, and HCI, were purchased from Merck.
Stock solution (1,000mgL ") of ferric ion was prepared
by dissolving exact amount of metal salt (+0.01g) in
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1,000 mL ultrapure deionised water (18 Qcm). The stan-
dard model solutions of 50-400mgL~" were prepared
by appropriate dilution. The initial pH of the solution
was adjusted using 1% HNO; for all experiment to run.

2.3. Apparatus and instruments

Atomic  Absorption Spectrophotometer, AAS,
(Model AA 100, Perkin-Elmer) was used to analyze the
iron ion concentration in aqueous solution. The pH of
all the solutions was recorded by pH meter (Oiron 520).
The temperature was controled using a temperature
controler (Gefellschaft Funn 1003, +0.1°C). Isothermal
shaker was also used (Gefellschaft Fur 978). Analytical
balance is used with+0.0001 mg (Sartorius, CP324-S/
management system certified according to ISO 9001).

2.4. Equilibrium studies

The removal amount of ferric ion was calculated
from the mass balance, which was stated as the
amount of ferric ions adsorbed onto the DJS. It is
equal to the amount of ferric ion that removed from
the aqueous solution. Mathematically, it can be
expressed by Egs. (1) and (2) [35]:

gm0 )

g =929 @

where g, is ferric ion amount adsorbed on DJS surface
at equilibrium (mgg™'); g, is ferric ion amount
adsorbed on DJS surface at a specific time (mgg'); C;
is initial concentration of ferric ion in the aqueous
solution (mgL™"); C, is Equilibrium concentration or
final concentration of ferric ion in the aqueous solu-
tion (mg L™1Y); and G, is the final concentration of ferric
ion in the aqueous solution (mgL™") at a specific time.

The dosage (slurry), S, concentration of DJS is
expressed by Eq. (3):

s=" )

where v is the initial volume of ferric ion solution
used (L) and m is the mass of DJS adsorbent.

The percent adsorption (%) and the distribution
coefficient (K,) are calculated by using Eq. (4):

1 CL’
C x 100% (4)

% adsorption =

The simplest and most common method of
estimating contaminant retardation is based on the
distribution coefficient, K;. The K; parameter is a fac-
tor related to the partitioning of a contaminant (Fe**)
between the solid (DJS) and aqueous phases. The
distribution coefficient, K;, is defined as the ratio of
the quantity of the ferric ion adsorbed per mass of
DJS to the amount of the ferric ion remaining in the
solution at equilibrium. For the reaction:

Fe** + X —DJS — Fe*t — X —DJS

X =COO", CN and NH,

The mass action expression for K; is calculated by
using Eq. (5):

Amount of ferricion in DJS 1
K= Amount of ferricion in solution S (ml/g)  (3)
The percent adsorption and K, (L g™ ') can be correlated
by Eq. (6) [36]:

100K,

% adsorption = K, +1/5 (6)

2.5. Effect of dosage

Adsorption measurements were made by a batch
technique at a temperature of 30°C (+1°C). Different
doses of DJS (10, 20, 30, 40, 50, and 60 gLfl) were
used. The initial concentration of ferric ion was
C;=400mgL~". The solutions were shaken vigorously
using thermostatic mechanical shaker for 2h. The agi-
tation speed (300 rpm) was kept constant for each run
to ensure equal mixing. At the end of the equilibrium,
the flasks were removed from the shaker and then the
solution was filtered using filter paper (Whatman No.
41). The filtrate samples were analyzed. All reported
results were the average of triplicate measurements.

2.6. Effect of ferric ion concentration

Adsorption measurements were made by a batch
technique at a temperature of 30°C (+ 1°C). The stop-
per plastic flasks containing 50mL of different initial
concentrations (C;=50, 200, 300, and 400mgL*1) of
ferric ion and 10gL ™" of DJS were shaken vigorously
using thermostatic mechanical shaker for 2h. The
agitation speed (300rpm) was kept constant for each
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run. At the end of the equilibrium time, the flasks
were removed from the shaker and then DJS was
filtered using filter paper (Whatman No. 41). The
filtrate samples were analyzed. All the reported
results were the average of triplicate measurements.
Afterwards, the experiments of the isotherms were
conducted.

2.7. Effect of the temperature

The adsorption experiments were carried out by
shaking vigorously the stopper plastic flasks contain-
ing 50mL of 400mgL "' of ferric ion and 60gL ™" of
DJS using thermostatic mechanical shaker at constant
contact time (2h) and agitation speed (300rpm) with
varying temperatures (20, 30, and 40°C). At the end of
the equilibrium time, the flasks were removed from
the shaker and then DJS was filtered using filter paper
(Whatman No. 41). The filtrate samples were
analyzed. All the reported results were the average of
triplicate measurements.

2.8. Effect of contact time

Adsorption measurements were made by a batch
technique at a temperature of 30°C (+ 1°C). The stop-
per plastic flasks containing 50 mL of initial concentra-
tions (C;=400mgL"") of ferric ion and 60gL ™" of DJS
were shaken vigorously using thermostatic mechanical
shaker (300 rpm) for a known period in the interval of
5 to 120min with increment of 10min from 10 to
60min then 30min from 60 to 120min, and then
60min from 120min to 180min. At the end of the
predetermined interval, the flasks were removed from
the shaker and then DJS was filtered using filter paper
(Whatman No. 41). The filtrate samples were
analyzed. All the reported results were the average of
triplicate measurements. Afterwards, the experiments
of the kinetic models were conducted.

3. Results and discussions
3.1. Dosage effects

Fig. 1 shows the removal percentage of ferric ion
from the aqueous solution using different doses of
DJS (10, 20, 30, 40, 50, and 60gL71). This removal
experiments were applied using three temperature
values (I'=20, 30, and 40°C). The percentage removal
increases by increasing the DJS doses. It has been
observed that the maximum removal of ferric ion can
be achieved using 60gL "' of the DJS doses at 30°C.
This is because of an increase in the number of active
sites, chemical functional group in the DJS adsorbent
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Fig. 1. The effect of DJS adsorbent dosage (10, 20, 30, 40,
50 and 60gL™") on the removal of ferric ion from the
high-level aqueous solution at constant contact time (2h),
temperature (20, 30, and 40°C), agitation speed (300 rpm),
C;=400mgL "

which enhances the removal of ferric ion. This was
taken as the highest removal rate as function of
temperature for removing aqueous ferric ion. At a
temperature of 30°C, it was observed that the removal
percentage was 88% using 10mgL ™" of DJS, while it
was 96% using 60mgL~". This can be explained by
the fact that more mass available, i.e. the more contact
active sites offered to the adsorption. These results are
qualitatively in a good agreement with the similar
reported studies [1,2,28,32,37].

The effect of varying the dosage of the adsorbent
on the distribution coefficient, K; is shown in Fig. 2.
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Fig. 2. The effect of DJS adsorbent dosage (10, 20, 30, 40,
50, and 60 gLfl) on the distribution coefficient of ferric ion
from the high-level aqueous solution (C;=400mgL"") at
constant contact time (3h), temperature (20, 30, and 40°C),
agitation speed (300 rpm).
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The K; values increase with the increasing dosage
concentration over the three temperature values
(20, 30, and 40°C). The maximum K; value was
0.0975Lg "' at 20°C using 50mgL 'of the DJS doses.
Higher values of K, indicates that the DJS has high
sorption capacity for adsorbing ferric ion. While, low
K; indicates that most of the metal ions remain in
solution where they are available for transporting.
Thus, we can conclude that higher amounts of DJS are
preferred for adsorbing more numbers of ferric ions.

3.2. Effect of initial ferric ion concentration

Actually, the variation of the removal percentage
of heavy metal ions through changing the initial
heavy metal concentration does not show in regular
trends. In this study, the removal percentage using
the doses of DJS vs. different concentrations of ferric
ion (50, 100, 200, 300, and 400mgL*1) is shown in
Fig. 3. We have noticed that the removal percentage
increases by increasing the initial ferric ion concentra-
tion. This could be an indication for a weak interac-
tion between ferric ion and DJS adsorbent. This means
that the high concentration of ferric ions will create
and activate some new activation sites on the DJS
adsorbent surface. Furthermore, this behavior is
connected with the noncompetitive diffusion process
of the ferric ions through the microchannel and pores
in DJS. This could guide us for the presence of large
size of pore inlets on the adsorbent surface. This could
allow more number of ferric ions to pass deeply
inside the DJS adsorbent.

This result does not compatible with those results
founded in the literatures through the use of natural
zeolite [28], olive cake [1], bentonite [32], chitosan
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Fig. 3. The effect of initial concentration namely 50, 200,

300, and 400mg L~! of ferric ion at constant contact time

(3h), adsorbent dosage 60 gL ™" of natural DJS, temperature
(30°C), and agitation speed (300 rpm).
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Fig. 4. Variation of ferric ion on DJS as a function of initial
concentration: dosage=60g L', t=3h, and T=30°C.

[38], and chitin [2]. But, it is compatible with other
studies concerning the adsorption of the cationic
methylene blue dyes on DJS [39] as well as the
adsorption of ferric ion on the natural quartz [32].

Fig. 4 illustrates K; as a function of ferric ion
concentrations. The K; values increase with increasing
concentration of ferric ion. This result indicates that
energetically high favorable active sites, chemical
functional group, become involved with increasing
metal concentrations in the aqueous solution.

3.3. Effect of temperature

Fig. 5 indicates the temperature effect for the
removal of aqueous ferric ion using DJS. There has
been a slight change in the percentage removal of
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Fig. 5. The effect of temperature between 20 to 40°C for the
removal of Fe>* ions from the aqueous solution at constant
initial concentration (400 mg LY, contact time (3h),
adsorbent dosage 60gL™' of natural Jojoba (DJS), and
agitation speed (300 rpm).
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ferric ion by increasing the temperature values in this
study. This study has achieved the maximum removal
of ferric ion at a temperature of 30°C reaching 90%.
While, this percentage was 88% at a temperature
value of 20 or 40°C. This behavior may be due to the
following interpretations: (i) the higher temperatures
do not activate the ferric ion for enhancing the
adsorption on the active sites in the DJS adsorbent
[40-42]; (ii) high temperatures do not accelerate the
slow step of chemisorption mechanisms and do not
create some new activation sites in the DJS surface
[43,44]. This result is in a good agreement with our
study regarding the adsorption of the cationic methy-
lene blue dyes on DJS [39] as well as the adsorption
of ferric ion on the natural quartz [32].

3.4. Isotherms models

In this study, the experimental data for the
isotherm set are fitted by wusing Langmuir and
Freundlich isotherms, which are the most common
isotherms describing the equilibrium of adsorption.
The Langmuir isotherm is based on the theoretical
principle that only a single adsorption layer exists on
an adsorbent. It represents the equilibrium distribu-
tion of metal ions between the solid and liquid
phases. The basic assumption of the Langmuir adsorp-
tion process is the formation of a monolayer from the
adsorbate (Fe’*) on the outer surface of the adsorbent
(DJS), and afterward no further adsorption takes
place. The Langmuir isotherm for pure component
adsorption is described in Eq. (7) [45]:

C. 1 1
+

Je Gmaxb  Gomax

C, (7)

where gmax is the maximum removal of the ferric ion
per unit mass of the DJS adsorbent (mgg '), which
relates to the adsorption capacity of DJS. The b is
Langmuir constant (Lmol '), which is exponentially
proportional to the heat of adsorption. It relates to the
adsorption intensity, which indicates to the interaction
forces between DJS surface. Therefore, a plot of C./q.
vs. C. gives a straight line of slope 1/gmax and inter-
cept 1/(4maxb) as shown in Fig. 6.

The Freundlich adsorption isotherm assumes an
exponentially decaying function of site density with
respect to the heat of adsorption. The Freundlich
isotherm is expressed as in Eq. (8) [46]:

1
Ing, = InK; +;lnCe (8)

The Freundlich isotherm is an indicator of the
heterogeneity extent of the adsorbent surface. The

1.34

y=0.003x+ 1.156
1.32 R?=0.992 4
-

Ce/Cq 1.26 /

0 10 20 30 40 50
Ce, ppm

Fig. 6. The linearized Langmuir adsorption isotherms for
the ferric ion on the DJS at a temperature 30°C, (initial
concentration: 400 mg L%, 300 rpm, and contact time: 3 h).

Freundlich constants K¢ and 7 indicate the adsorption
capacity and the adsorption intensity, respectively.
Wherein, they have been calculated by the intercept
and slope of the Ing, vs. InC, plot as shown in Fig. 7.

The calculated results of the Langmuir isotherm
constants are present in Table 1. The maximum
removal of the ferric ion per unit mass of the DJS
(Gmax) is 333.33mg g '. The calculated b value is equal
to 0.0026ng_1, which is consistent with the higher
ionic potential of the ferric ion [31].

The R* values that were obtained from both
Langmuir and Freundlich models were above 0.99,
indicating a very good agreement with the data. The
experimental data for the isotherm set were well
described by Freundlich isotherms. This is due to the
higher value of the correlation regression coefficient

35 —

3 e y=0.933x- 0.014
s R?=0.999

25 —

Inge 2

1.5

0.5

2 25 3 35 4 4.5
InCe

Fig. 7. The linearized Freundlich adsorption isotherms for
ferric ion adsorption by DJS at constant temperature 30°C.
(C: 400ppm, 1% HNO; aqueous solution, 300rpm,
contacts time: 3 h).
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Table 1
Langmuir and Freundlich parameters
T/C Gmax (mgg™h) b (Lmg ") R? AG® (K mol™) K (Lmol ™"
Langmuir 30 333.33 0.0026 0.992 —12.954 145.197
T/°C n K; R?
Freundlich 30 1.0718 0.986 0.995

from the Freundlich model (R*=0.999) as shown in
Fig. 7. The empirical formula of this model was found
Ing, =0.933InC, + 0.014 with R?=0.999. This indicates
the formation of heterogeneous layers of the ferric ion
around DJS adsorbent and surface. This can be
supported from the value of the K; (see Fig. 2).
Freundlich model has been widely applied to describe
the adsorption of several ferric ions onto several
adsorbents like natural bentonite, natural quartz, olive
cake, and chitin (see Table 2).

The Freundlich constants K¢ and 7 indicate the
adsorption capacity and the adsorption intensity,
respectively. They have been calculated by the intercept
and slope of the Ing, vs. InC, plot as shown in Fig. 7.
The values of the K¢ and n were also listed in Table 1.
The magnitudes of Ky and n show easy separation of
ferric ion from the aqueous solution and they indicate
favorable adsorption. The intercept K value is an indi-
cation of the adsorption capacity of the adsorbent; the
slope 1/n indicates the effect of concentration on the
adsorption capacity and represents adsorption intensity
or surface heterogeneity. It becomes more heterogo-
nous as its value gets closer to zero. A value below
unity implies chemisorptions process. As seen, n value
was found high enough for separation.

The apparent Gibbs free energy of sorption (AG’)
is the fundamental criterion of spontaneity. Reaction

occurs spontaneously at a given temperature, if AG is
negative in value. The standard Gibbs free energy
change (AG°) for the adsorption of ferric ion by DJS
can be calculated using the thermodynamic Eq. (9):

AG® = —RTInk; )
wherein, T is the absolute temperature in Kelvin and
R is the gas constant (8.314]mol 'K™"). The equilib-
rium constant (k;) can be calculated by Eq. (10):
ki =bxMA (10)
where MA is the molar weight of sorbate, and b is the
Langmuir constant, b=0.0026. The calculated equilib-
rium constant (k;) equals to 145.197 Lmol . The value
of standard Gibbs free energy change calculated at 30°
C is found to be —12.96kJmol '. The negative sign
for AG® indicates to the spontaneous adsorbing nature
of ferric ion adsorption on the DJS.

The effect of isotherm shape is discussed from the
direction, predicting whether adsorption system is
“favorable” or “unfavorable”. This can be predicted by
dimensionless separation factor “R;”, which is defined as:

Ry =1/(1+bC)

Table 2
List to compare the isotherm parameters for the adsorption of ferric ion on the DJS with other natural adsorbent
Adsorbents Langmuir Freundlich Refs.
Jmax mgg™) b (@Lmg ")  AG (kJmol™) R? Ky 1/n R?
Natural bentonite (NB) ~ 20.96 0.005 —13.90 0938 0202 0775 0992  [32]
Natural quartz (NQ) 14.49 0.004 —13.40 0961 0115 0780 0.9%  [32]
Olive cake (OC) 58.48 0.015 —16.87 0.96 2164 0628 0992 [1]
Natural zeolite (NZ) 7.35 0.014 —16.98 0998 3353 0.106 0954 [28]
DJS 333.33 0.0026 -12.96 0992 1.795 0.672 0999  This study
Others
Carbon 6.14 0.274 1.00 [29-31]
Eggshells 5.991 1.285 0.983 3.0 0.608 0982  [47]
Chitosan 90.09 2.413 0.999 553 0301 0995  [38]
Chitin 1.3982 0.259 —4.52 0975 245 0.672 [2]
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where b is the Langmuir constant and C; is the initial
concentration of ferric ion. The calculated R; was
0.490, indicating for the favorable adsorption.

To justify the validity of DJS as a good adsorbent to
remove ferric ion from the aqueous solution, the
adsorption potentials of DJS have been compared with
the other adsorbents like olive cake (OC) [1], natural
zeolite (NZ) [28], natural bentonite (NB) [32], natural
quartz (NQ) [32], activated carbon [30,31], and eggshell
[47]. The obtained results from this study suggest a
preference to use the DJS adsorbent compared with all
previous natural adsorbents as shown in Table 2. The
preference is determined in terms of the highest
removal efficiency (gmax=333mgg ). In addition, the
adsorption capacity of DJS adsorbent is better than
natural zeolites, bentonite, and quartz. In terms of
adsorption intensity (n), its value is found similar for
other reported adsorbents as listed in Table 2.

3.5. Kinetic models

Kinetic models of sorption govern the rate, espe-
cially using batch sorption systems. Kinetic models of
the pseudo-first-order and pseudo-second-order are
used to describe the rate and transporting of the ferric
ion onto DJS adsorbent surface. Evidently, this rate con-
trols the residence time of ferric ion at the solid-liquid
interface. Therefore, the required time for the removal
of ferric ion to complete the sorption is important and
gives insight into a sorption process. This can provide
information on the minimum time that required for the
adsorption on the DJS. In addition, it controls the diffu-
sion mechanism between ferric ions as it moves from
the bulk solution towards the DJS surface.

3.5.1. Effect of contact time

The role of contact time on sorption was studied
under the shaking conditions, such as 300rpm, 60 gL ™"
dosage of DJS, 40°C of temperature, and 400mgL ™" of
ferric ion solution. The effect of contact time is shown
in Fig. 8. Samples were collected at regular intervals
and then analyzed after filtration. At the initial stage,
the removal rate is high and is associated with uncont-
roled rate, especially during the first 5min of sorption.
This behavior may be due to the availability of a huge
number of the uncovered active sites on DJS surface.
For example, the removal of ferric ion was 90%
(approx.) at the first 5min of sorption. This stage shows
that the external active sites on the DJS surface are
covered before 5 min. Afterward, smooth and continual
plot is observed leading to the saturation. This is due to
the gradual decline of the few remaining active sites on
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Fig. 8. The effect of contact time on the removal of
400mgL~" of ferric ion in the interval of 5 to 120min
(with increment of 10min from 10 to 60min, and then
using 30min from 60 to 120min) at constant adsorbent
dosage (60gL™") of natural Jojoba (DJS), and agitation
speed (300 rpm).

the DJS. In this stage, the final equilibrium of sorption
starts after 40 min (approx.), where ferric ion is slowly
transported and linked into the DJS active sites. The
maximum removal of ferric ion has been calculated
96% at all temperatures that are used in this study, see
Fig. 8. We have seen such results and behavior in many
of the studies such as using of the olive cake [1], Zeo-
lite, [28] and natural bentonite [32] adsorbents.

3.5.2. Kinetic modeling

In order to investigate the mechanism of sorption,
adsorption reaction kinetic models, such as pseudo-
first-order (Fig. 9) and pseudo-second-order (Fig. 10),
and adsorption diffusion model, such as Weber-Mor-
ris intra-particle diffusion model, were wused to
describe the adsorption rate and mechanism of the
ferric ion onto the DJS surfaces.

The pseudo-first-order kinetic model and its
integral can be expressed by Eq. (11) [48]:
In(g. — q¢) =Ing. — kqt (11)
where ¢, and g, (mgg ') are the amounts of adsorbed
ferric ion at equilibrium and at any time ¢, respectively,
ki (min~") is pseudo-first-order rate constant, and t
(min) is contact time. The values of the model parame-
ters, k; and g,, can be determined by plotting In(g.—4;)
vs. t to produce a straight line of slope k; and intercept
Ing,, which are listed in Table 3. The fitting of the exper-
imental data to the pseudo-first-order (Fig. 9) was not
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Fig. 9. Legergen pseudo-first-order of initial ferric ion
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Fig. 10. Pseudo-second-order of initial ferric ion

concentration on 60gL71 dosage, 30°C, 120 min, initial pH
of 1% HNO;, 300rpm, and constant initial concentration
(400mgL ™).

so good rather than low R? value. Therefore, the experi-
mental g, values for the pseudo-first-order model were
much remarkably deviated from the calculated values
for all studied temperatures.

The goodness degree of linear plot is applied by
the pseudo-second-order kinetic model and its integral
form. This model is expressed by Eq. (12) [49]:

t 1 t
= 4 12
gk ge "2
where k, is the equilibrium rate constant of the
pseudo-second-order kinetic model (gmg ' min ).
The value of k, can be determined by plotting t/g; vs.

Table 3
The calculated and experimental data of the pseudo-first-
order model

T(C) ki min™) g, cl (Mgg ™) Go mp (mgg ) R

20 0.014 5.92 1.177 0.225
30 0.053 5.92 1.09 0.773
40 0.022 5.92 0.92 0.392

t to obtain a straight line of slope 1/4. and intercept
of 1/(k,), which were listed in the Table 4.

The goodness degree of a linear plot t/g; vs. t can
be judged from the determination coefficient values
(R?) of the plot, which can also be regarded as a crite-
rion in the determination of the adequacy of kinetic
model. Based on the R” values in Table 4, adsorption
of ferric ion on the DJS is regarded as pseudo-second-
order rather than pseudo-first-order. Furthermore, the
adsorption of ferric ion is faster at 20°C, which binds
easily with the active sites on the DJS surface.

Apparently, the pseudo-second-order model
explains the adsorption of ferric ion onto DJS well. It
was considered that the interaction of ferric ion with
active sites on the DJS surface was found to be rate
limiting and controling step of adsorption reaction.
This means that ferric ion is chemisorbed with two
functional groups in the DJS adsorbent. The similar
results were observed using olive cake (OC) [1], natu-
ral zeolite (NZ) [28], natural bentonite (NB) [32], natu-
ral quartz (NQ) [32], activated carbon [30,31], and
eggshell [47] and chitosan [38]. In general, based on
the various conditions of the previous experiments
(see Table 2), it could be said that DJS has high
adsorbing rate for removing aqueous ferric ion com-
pared to the natural olive cake, zeolite, carbon, and
chitosan (Table 5).

The pseudo-first-order and pseudo-second-order
kinetic models could not identify the diffusion mecha-
nism. Thus, to determine the diffusibility of the ferric
ions into the pores of the adsorbent, Weber-Moris
intra-particle diffusion model [50] was used in the
form of the following equation:

Table 4
The calculated and experimental data to the pseudo-second-
order model

T (QC) k2r g/ qe, cal qe, Exp Rz
(mgmin)  (mgg™") (mgg ")

20 0.724 5.92 5.95 1

30 0.181 5.92 6.45 0.999

40 0.346 5.92 6.25 1
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Table 5

List to compare the kinetic parameters for the adsorption of ferric ion on the DJS with other natural adsorbent

Adsorbents Pseudo-first order Pseudo-second order Refs.
ki (min~") rR? ky (gmg 'min ") e R?

Bentonite (NB) 0.066 0.89 0.337 0.649 0.99 [32]

Quartz (NQ) 0.057 0.76 0.552 0.746 0.99 [32]

Olive cake (OC) 0.061 0.89 0.018 15.97 0.99 [1]

Zeolite (NZ) 0.045 0.88 0.040 20.00 1.0 [28]

DJs 0.053 0.773 0.181 6.45 1.0 This study

Others

Carbon 0.048 13.04 1.0 [29-31]

Eggshells 0.403 1.92 1.0 [47]

Chitosan 0.0306 0.96 0.032 1.0 [38]

qr = kinttOA5 +C

where C is constant, g; is the amount of metal ions
adsorbed at time (mgg ") and ki, is the intra-particle
diffusion rate constant (mgg ' min ). A plot of g; vs.
t°3 giving straight line confirms intra-particle diffusion
sorption as shown in Fig. 11. The plot is not totally
linear and moreover does not pass through the origin.
This is indicative of some degree of boundry layer
control, and this further show that the intra-particle
diffusion could not be the only mechanism involved.
This plot presents multilinearity which indicates that
two or more steps occur. The first, sharper portion
(ca. t°° range from 0.87 to 0.94 min"?; i.e. from 0 upto
5min of adsorption period) is the external surface
adsorption or instantaneous adsorption stage. The
second portion is the gradual adsorption stage (ca. t*

range from 0.94 to 0.98 min®>; i.e. from 5 upto 30 min of

adsorption period), where the intra-particle diffusion is
rate-controled. The third portion is final equilibrium
stage where the intra-particle diffusion starts to slow
down due to extremely low solute concentrations in the
solution and chemisorptions stage is taken part on the
DJS surface and pores (which already has been success-
fully explained by pseudo-second-order kinetic model
from 30 to 120min of adsorption period). Moreover,
what we notice is that the temperature does not signifi-
cantly affect the diffusibility of ferric ion over the first 5
minutes of adsorption compared to the last time of
adsorption (see Fig. 11).

Film diffusion mass transfer
presented be Boyd et al. [51] is

ln{ —ﬂ} — Kt
qe

rate equation

’ t, min
6 100 120 140
5
20 4
2 = 3|
E [
=8 o
[=4 - "
E =
2 —— at30C o
" —=— at20C =
—— at40cC
0 —— at30cC
086 088 09 092 094 096 098 1 1.02 === at20C
t1/2 (min) —— at40C
-7
Fig. 11. Weber-Moris intra-particule diffusion kinetic

model for adsorption of ferric ion on DJS starting from 0
to 180 min equilibrium contact time.

Fig. 12. Film diffusion mass transfer rate model presented
by Boyd et al. [51].
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where k (min~') is the liquid film diffusion constant.
A plot of In{1 -2/ vs. t should be a straight line with
a slope —k if the fqﬁm diffusion is the rate-limiting step.
Fig. 12 shows the film diffusion mass transfer stage.
Therefore, this stage cannot be considered as rate
controling and limiting step.

4. Conclusion

DJS are found to be a very effective and low-cost
adsorbent for the removal of the aqueous ferric ion.
The maximum removal has been found by applying
several parameters such as 400mgL ™' of ferric ion
solution, 6OgL*l doses of DJS, 30°C of temperature,
120 min, solution acidity adjusted by 1% HNOj;, and
300rpm. The final equilibrium of sorption starts after
40min, yielded a maximum removal of 96%. The
equilibrium data have been yielded excellent fits
within the Freundlich isotherm. The kinetic studies
show that the removal rate is high, and is associated
with uncontroled rate, especially during the first 5min
of sorption. Kinetic models of the pseudo-second-
order are good model to describe the removal rate of
the ferric ion onto DJS surfaces. Ferric ion can be
spontaneously, favorably, and heterogeneously chemi-
sorbed onto the DJS adsorbent.

Based on the thermodynamic parameters, this study
suggests a preference to use the DJS adsorbent
compared with some previous natural adsorbents that
have been used for the removal of iron ion from aquatic
systems such as natural zeolite, bentonite, quartz, olive
cake, and chitosan, carbon, and eggshells. Based on the
kinetic studies, this sorption on DJS adsorbent is faster
than the use of the natural olive cake, zeolite, carbon,
and chitosan. But, it is as slower compared to the use of
bentonit, quartz, and eggshells adsorbents. Therefore,
we suggest applying this study to manage and prevent
pollution of the aquatic system or to reclaim the water
for reuse especially in the poor countries.
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