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Abstract

Background Prediction of polycyclic aromatic hydrocarbons (PAHs) desorption from soil to estimate available frac-
tion regarding to initial concentration of the contaminant is of great important in soil pollution management, which
has poorly been understood until now. In the present study estimation of fast desorption fraction which is considered
as available fraction was conducted by evaluating desorption kinetics of phenanthrene (a three ring PAH) from
artificially contaminated soils through the mathematical models.

Methods Desorption rate of phenanthrene (PHE) was investigated by using the nonionic surfactant Tween80 in a
series of batch experiments. The effects of reaction time from 5 to 1440 min and initial PHE concentration in the
range of 100-1600 mg/kg were studied.

Results Available fractions of the contaminant were achieved within the first hour of desorption process as the system reached to
equilibrium conditions. Experimental data were examined by using kinetic models including pseudo-first-order, pseudo-second-
order in four linearized forms, and fractional power. Among the models tested, experimental data were well described by pseudo-
second-order model type (III) and (IV) and fractional power equation. Fast desorption rates, as Available fractions were deter-
mined 79%, 46%, 40%, 39%, and 35% for initial PHE concentrations of 100, 400, 800, 1200, and 1600 mg/kg respectively.
Among the evaluated isotherm models, including Freundlich, Langmuir in four linearized forms, and Temkin, the equilibrium
data were well fitted by the first one.

Conclusion Applying the nonionic surfactant Tween80 is a useful method to determine available fraction of the contaminant.
This method will provide the management of contaminated sites by choosing a proper technique for remediation and predicting
achievable treatment efficiency.
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Industrial activities such as petroleum refinement, coal and
gas production, incomplete combustion of fossil fuels, and

leakages have led to the extensive discharge of polycyclic

Students’ Scientific Research Center (SSRC), Tehran University of
Medical Sciences, Tehran, Iran

Department of Environmental Health Engineering, School of Public
Health, Tehran University of Medical Sciences, Tehran, Iran

3 Research Center for Environmental Health Technology (RCEHT),
Iran University of Medical Sciences, Tehran, Iran

Department of Environmental Health Engineering, Faculty of Public
Health, Iran University of Medical Sciences, Tehran, Iran

Department of Environmental Health Engineering, Faculty of Public
Health, Bushehr University of Medical Sciences, Bushehr, Iran

Department of Environmental Health Engineering, Faculty of Health,
Kashan University of Medical Sciences, Kashan, Iran

Published online: 07 March 2019

aromatic hydrocarbons (PAHs) into the soil and water re-
sources [1, 2]. Thanks to their low volatility, hydrophobic
nature and high octanol-water partition coefficients (K.,),
these ubiquitous compounds are severely adsorbed onto the
soil grains being very recalcitrant to degradation [1, 3].
Therefore, PAHs-contaminated sites are potentially serious
threats to both environmental resources and human health,
duo to their bioaccumulation potential and extreme toxicity,
mutagenicity and carcinogenicity impacts, posing the remedi-
ation of contaminated soils as a principal challenge [4, 5]. In
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the last few decades, some environmental clean-up tech-
nologies including bioremediation, advanced chemical
oxidation, electrochemical treatment, soil flushing, and
soil washing have been applied for the remediation of
PAHs-contaminated soils [6—12]. Nevertheless, removal
efficieny of these technologies depends on the ability of
the contaminat to be desorbed and transfer from soil to
the liquid phase, which is defined as availability [13].

The methode for availability determination is based
on the extraction of the contaminant [14]. Surfactants
are amphiphilic compounds, having both hydrophilic
head and hydrophobic tail that enhance the solubility
and desorption of PAHs in soil/solution systems [15,
16]. At their low concentrations, surfactants are present
as monomers. Increasing surfactant concentration leads
to monomers aggregation in the solution to form mi-
celles. The concentration at which first micelle is formed is
known as critical micelle concentration (CMC) [15].
Therefore, solubilization of hydrophobic organic compounds
(HOCs) increases by decreasing the surface and interfacial
tension between pollutant and water by monomers at low
surfactant concentration which accumulate them into the hy-
drophobic cores of surfactant micelles at concentrations more
than CMC, consequently desorption rate and availability en-
hance in the system [16, 17]. Polyoxyethylene-20-sorbitan
monooleate (Tween80), an environmentally-friendly nonionic
surfactant, has been reported as the most perfect extractor
agent with a great solubilization capacity for PAHs among
other synthetic surfactants accompany with the less toxicity
effects [3, 18-20]. Fastly desorbing fraction is considered as
the available amount of the contaminant. This fraction is de-
termined by evaluating desorption kinetics through mathemat-
ical models. Study of desorption kinetics models provide valu-
able information related to PAHs behavior in the system and
rate of desorption to predict their transportation between dif-
ferent media [21].

The present study was carried out to examine desorp-
tion kinetics of PAH from artificially contaminated soil
by using Tween80 to evaluate the availability of the
contaminant. To our knowledge, desorption kinetics of
PAHs for this purpose by using nonionic surfactants
with high surfactant concentration and at high liquid/
soil ratio has been rarely stuied [13]. The objectives
of the study are (1) to investigate desorption rate of
PAH from contaminated soil with different initial con-
centration in batch experiments, (2) evaluating desorp-
tion kinetic models to optimize desorption process and
finding the most proper for estimation of fast desorption
fraction, and (3) to examine equilibrium data by using
isotherm models to select the best fitted one. Phenanthrene
(PHE), a three ring PAH which is listed among priority
pollutants of US EPA was selectected as a representative
of PAHs.
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Materials and methods
Chemicals

PHE with high purity >98%, acetone, sodium chloride (NaCl)
and High-performance liquid chromatography (HPLC) grade
acetonitrile (99.9%) were purchased from Merck Company,
Germany. Tween80 and Mercuric chloride were also obtained
from Fluka and BDH, respectively. In addition, all reagents
were of analytical grade and all solutions were prepared using
distilled water.

Preparation of PHE contaminated soil

Clean soil was collected from a depth of 10-20 cm
below the ground surface, Tehran, Iran. Then, the soil
samples were air-dried at room temperature (25+2 °C)
and passed through a 2-mm steel sieve. The physico-
chemical properties of the soil are presented in
Table 1. Two grams of dry soil were placed into each
250 mL Erlenmeyer flask as non-continuous reactors
which followed by spiking with an appropriate volume
of PHE in acetone stock solution. Then, the reactors
were placed on a reciprocating shaker (Heidolph,
ProMax2020 model) at room temperature and at 180 rpm
for 24 h in dark condition to be mixed thoroughly and
evaporate the acetone to have the final PHE concentra-
tions of 100, 400, 800, 1200 and 1600 + 5 mg/kg.

Batch desorption experiments

Desorption isotherms and kinetics studies of PHE were carried
out through duplicate batch experiments. Tween80 solu-
tion with concentration of 2750 mg/L at liquid/soil ratio
of 30v/w (mL/g) was added to every flask containing PHE-
contaminated soil. All the aqueous solutions were included
0.01 M NaCl to keep the ionic strength constant and
0.001 M HgCl, as an inhibitor for bacterial growth. In addi-
tion, the pH of solutions was set at 7+0.2 using 0.5 M HCL
and 0.5 M NaOH solutions. Afterwards, the samples were
shaken (180 rpm, 20+2 °C) for 5, 10, 15, 30, 45, 60, 120,

Table 1  Physicochemical properties of soil

Parameter Value
Sand (%) 60
Clay and silt (%) 27
Gravel (%) 13
Organic matter content (%) 42
pH 8
electrical conductivity (mmhos/cm) 2.174
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480, and 1440 min and subsequently centrifuged at 5000 rpm
for 20 min to separate the solutions from solid phase
completely. Then, the supernatants were sampled and filtered
through 0.45 um PTFE syringe filter and followed by injec-
tion to HPLC (Cecil 7400) for determination of PHE concen-
trations [13, 22].

Data analysis

Evaluation of the batch kinetic data

The amount of desorbed PHE from soil for each reaction time,
q: (mg/kg) was calculated by the following equation:

_C[V
q: = W

(1)

Where, ¢, (mg/kg) is the amount of desorbed PHE
from soil at time t (min), C, (mg/L) is the concentration
of PHE in the aqueous phase at various reaction times,
V (L) is the volume of the liquid phase and W (kg) is
the mass of adsorbent.

Evaluation of the batch equilibrium data

The amount of desorbed PHE from soil at equilibrium state
(q.) (mg/kg) was calculated by the following equation:

(on%
w

(2)

qd. =

Where, C. (mg/L) is the concentration of PHE in
the aqueous medium at equilibrium time. The retained
PHE concentrations in soil were also determined as
follows:

Adsorbed PHE(mg/kg) = initial PHE concentration (3)
(mg/kg)-q.(mg/kg)

Analytical method

Analysis of PHE concentration was conducted by a HPLC
instrument (CECIL Company) using a C18 column (5 pm
pore size, 250 mm length and 4.6 mm internal diameter) with
a photodiode array detector (Cecil CE 4200, En). Acetonitrile
(90%) and deionized water (10%) were also used as the mo-
bile phase isocratically, at a flow rate of 1.0 mL/min. The
retention time of PHE was 10.0 min at a wavelength of
220 nm.

Results and discussion

Effect of contact time and study of PHE desorption
kinetics in the presence of Tween80

Our previous studies on PHE desorption from the contaminat-
ed soils containing 500 mg PHE/kg dry soil indicated that
PHE desorption rate (%) had a direct relationship with surfac-
tant concentration when it was increased remarkably from 1%
at Tween80 concentration of 500 mg/L to 70.39% at concen-
tration of 5000 mg/L [25]. Although the least applied concen-
tration of Tween80 is higher than the CMC of this surfactant
(16 mg/L) [1], no significant desorption was observed. The
reason for this occurrence is that in the soil surfactant solution
system, due to the sorption of surfactant onto the soil particles,
CMC would be greater than that of the liquid system, which is
called effective CMC (CMC.p) [5, 15, 23]. By increasing the
surfactant concentration beyond the CMC.g, the sorbed
amount of the surfactant reaches the stationary level and sur-
factant micelles begin to form in the aqueous phase, resulting
in partitioning of PHE molecules within hydrophobic cores of
the surfactant micelles [24]. Effective CMC of Tween80 has
been estimated between 500 to more than 1000 mg/L in the
literature [15, 23].

However our investigation on the growth rate of bacterial
consortium isolated from a petroleum-contaminated soil re-
vealed the toxicity of Tween80 at the concentration of
5000 mg/L, due to the reduction of microbial population
[25]. Therefore, for investigation of PHE desorption in the
present work that can be considered as the bioavailability of
the contaminant in the bioremediation projects, the
Tween80 solution with concentration of 2750 mg/L
was selected. Our results also showed the considerable
raise in PHE desorptionrate as a result of increasing
liquid/soil ratio from 10 to 30 v/w (mL/g) [25]. In the
soil surfactant solution system, at concentrations gteater
than the CMC.y, the sorption of surfactant onto the soil
has been saturated; therefore increasing the volume of
surfactant solution results in rising desorption and removal
efficiency [26]. Therefore, the subsequent experiments were
carried out at liquid/soil ratio of 30 v/w (mL/g).

The percentages of PHE desorption at different initial PHE
concentrations as a function of the reaction time is presented
in Fig. 1. As observed, at initial PHE concentrations of 400—
1600 mg/kg, PHE desorption rate (%) increased intensively
within 60 min and then followed by equilibrium conditions
that demonstrate significant decline in desorption velocity.
The adsorbed contaminant in the surface layer with lower
adsorption energy can readily and quickly be desorbed, but
when the adsorption intensity is high, there is mass transfer
limitation that causes the contaminant to resist against desorp-
tion [13]. A previous study reported higher equilibrium time
of'around 8 h with similar trend [13]. This dissimilarity can be
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Fig. 1 Effect of contact time on 60
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due to the different properties of soil including coexistence of
hevy metals with high concentration; however, the difference
between liquid/soil ratio and the concentration of the surfac-
tant solution may possibly have participated [13, 27]. Studies
have demonstrated that the presense of metals in the soil in-
fluence on polar part of organic matter and create more hydro-
phobic sites for PAHs sorption, resulting in sever persistence
of these compounds in soil and consequently decrease in mo-
bility of them [27]. Our findings are consistent with those of
previous studies in which stable conditions were observed
after the first hour of desorption process [1, 23]. In the system
with initial PHE concentration of 100 mg/kg in the current
study, desorption rate increased rapidly with passage of the
time within 30 min up to around 80% and then reached to a
stationary state. This result is supported by those of Zhao et al.
(2005) who indicated sharp increase in desorption rate during
the first 30 min [28]. Results of analysis of variance
(ANOVA) also revealed that the impact of reaction time
on PHE desorption process was positively significant
(P>0.0001). According to Viglianti et al. (2006), dissolution
of the pollutants is the principal feasible mechanism for ex-
traction of PAHs from soil to the aqueous phase [29]. Chang
and Wong (2006), who achieved PAHs desorption equilibri-
um within an hour after addition of surfactant, pointed out that
half an hour should be adequate as a reaction time to form
surfactant micelle [22]. Therefore in the present study based
on the equilibrium time of the desorption kinetics, fast desorp-
tion fractions which is in general considered as available frac-
tions [14], were determined 79%, 46%, 40%, 39%, and 35%
for initial PHE concentration of 100, 400, 800, 1200, and
1600 mg/kg respectively.

@ Springer

In the present work, we evaluated the PHE desorp-
tion experimental data with three kinetic models of
pseudo-first-order, pseudo-second-order and fractional
power to discover the best fitted model for PHE desorp-
tion process. The pseudo-first-order model is defined as
following equation [30, 31]:
In(g,~q,) = Ing,~k:t (4)

The pseudo-second-order kinetic model is expressed
through equation below [31]:

kzqzl
U Tt gk ®)
This model can be presented by at least four different linear
types as follows [31]:

1 ¢
LI L 6
4 kg q, ©)

1 1\ /1 1
—=— =)+ (= 7
v () () )

1 q;

—g—(— )% 8
0= )" 0
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Fractional power kinetic model is given as equation below
[13, 31]:
q, = kt" (10)

Where, g, and g, (mg/kg) are desorbed amount of PHE at
equilibrium and time t (min). k; (1/min), k, (kg/mg.min) and k&
(mg/kg.min) are the pseudo-first-order, pseudo-second-order
and fractional power rate constants of desorption, respectively,
and v is the constant of the fractional power function [13, 30,
31]. The associated parameters of pseudo-first-order, pseudo-
second-order type (D), type (II), type (III), and type (IV) and
fractional power kinetic equation were obtained by plotting
In(g. — q,vs. t, tlgvs.t, 1/gvs. 1, qvs. q/t, q/t vs. q,, and In
q.vs.Int, respectively [31]. The correlation coefficient values
and the related parameters of kinetic models at initial PHE
concentrations of 400, 800, 1200, and 1600 mg/kg are pre-
sented in Table 2. Furthermore, selection of the best-fitted
kinetic model was carried out by considering the correlation
coefficient (R?) and comparison between the values of calcu-
lated g, and the experimental one [32].

Correlation coefficient (R?) of pseudo-first-order model for
desorption of PHE by TweenS80 is significant (0.928) at initial
PHE concentration of 400 mg/kg; however, they varied in the
range of 0.782—0.896 at initial PHE concentrations of 800—
1600 mg/kg, which are relatively good. Furthermore, the

calculated ¢, obtained by this model at all initial concentra-
tions are beyond the experimental values, showing that this is
not the model that can describe the desorption of PHE from
the soil.

Linear plots of pseudo-second-order equation type (I)
(t/qvs.t) at initial concentrations of 400, 800, 1200,
1600 mg/kg are shown in Fig. 2. It can be seen that
the linear regression is extremely reliable at all initial
PHE concentrations. In addition, having a closer look to
Table 2, the values of correlation coefficients obtained
from the equation are the highest, compared to other
equations at all the initial PHE concentrations. There
is good compatibility between the calculated g, obtained
by the equation and the experimental values at initial
concentrations of 400 and 1200 mg/kg, but they dis-
agree at initial concentrations of 800 and 1600 mg/kg.

The values of correlation coefficient of pseudo-second-order
equation type (I) (1/g,vs.1/¢) are high (0.917-0.977), except at
initial PHE concentration of 1600 mg/kg which is moderate
(0.770). As the equation type (1), the values of experimental
and calculated g are consistent at initial concentrations of 400
and 1200 mg/kg; however, these values are not close to each
other at initial concentrations of 800 and 1600 mg/kg.

The values of correlation coefficients (R°) obtained from
type (1) (g,vs. ¢/t and (IV) (g/t vs. q,) of pseudo-second-
order model linearized form were in the range of 0.727-0.952

Table 2 Kinetic models
parameters and correlation
coefficients (R?) for desorption of

Kinetic models

Kinetic parameters

Initial PHE concentration,Co(mg kg ")

PHE at various initial PHE 400 800 1200 1600
concentration
o expmg kg ) 185.49 326.1 475.77 563.1
Pseudo-first order Jy (min™") 0.073 0.072 0.067 0.071
ge (mg kg™ 149.306 134.29 113.295 222.516
R? 0.928 0.896 0.841 0.767
Pseudo-second order
Type (I) kop (kg mg ™" min") 8.06x107* 0.0005 0.0013 333x107*
g.mgkg ") 200 500 500 1000
R? 0.997 0.998 0.999 0.996
Type (II) fop(kg mg ' min ') 0.001 0.000333 0.002 0.0005
ge (mg kg™ 200 500 500 1000
R? 0.977 0917 0.962 0.770
Type (II) kap(kg mg™" min") 1.036x 1073 0.000791 0.00149 0.001554
g. (mgkg ™" 192.4 350.4 482.88 545.9
R? 0.952 0.794 0.942 0.727
Type (IV) kop(kg mg ™" min ) 9.759x 10~ 0.000599 0.00139 0.001096
ge (mg kg™ 194.68 376.5 485.524 562.013
R? 0.952 0.794 0.942 0.727
Fractional power k& (mg kg ' min ™) 69.13 159.6526 342.0647 393.8618
v 0.24 0.189 0.083 0.082
R? 0.980 0.727 0.839 0.853
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Fig. 2 Pseudo-second order 0.35
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for initial PHE concentrations of 400—1600 mg/kg. However,
the calculated g, values by these equations are in good agree-
ment with experimental values, demonstrating that these equa-
tions are appropriate to predict the values of q.. In Fig. 3, the
calculated values of desorbed amount of PHE from the equa-
tion type (III) of pseudo-second-order model and the

Time (min)

experimental values are plotted next to each other as a func-
tion of the reaction time. As can be seen, the calculated values
are consistent with the experimental amounts of desorbed
PHE at each initial PHE concentration. In previous studies,
pseudo-second-order model was also reported as a suitable
model to describe PHE desorption from soil [13, 30].

Fig. 3 Desorbed amount of PHE
as a function of time
(experimental results (markers)
and the calculated values (lines)
obtained by equation type (III) of
pseudo-second-order model) at
initial PHE concentrations of 400,
800, 1200 and 1600 mg/kg
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We also determined the amount of desorbed PHE by frac-
tional power equation. The results are shown in Fig. 4a—d. It
can be observed that the calculated values of PHE desorption
quite agree with experimental data at various initial concen-
tration up to the equilibrium time (60 min). In accordance with
the present findings, Fonseca et al. (2010) found that the ex-
perimental values of desorbed PHE were well-fitted by empir-
ical power function model [13]. However, in this study, it was
observed that the experimental and calculated values did not
match well in the times out of equilibrium. As seen in the Fig.
4a—d, this observation is more apparent at lower initial PHE
concentrations and by increasing initial concentration, exper-
imental data are being more consistent with calculated values.
The values of g, obtained from fractional power equation at
initial PHE concentration of 400, 800, 1200, 1600 mg/kg were
184.68, 346.13, 480.5, and 551 mg/kg respectively, which are
considerably, close to the experimental values. It can be con-
cluded that this model can estimate the values of q. accurately
at every initial concentration.

Effect of initial PHE concentration and study of PHE
desorption isotherms in the presence of Tween80

Initial concentration of PHE is among the critical parameters
that influences on the effectiveness of PAHs desorption by
using different surfactants. In the present study, based on the

[\
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300 4

200 ] L]
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gt mg’kg)

100

0 500 1000

Time (min)

1500
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results obtained from ANOVA statistical test, initial PHE con-
centrations had also a significant effect on the desorbed
amount of PHE and PHE desorption rate% as well
(P>0.0001). Figure 5 shows the amount of desorbed PHE
and the percentage of PHE desorption versus different initial
PHE concentrations. It can be seen that with increasing initial
PHE concentration, a sharp decrease was happened in the
PHE desorption% from 100 to 400 mg/kg which was followed
by a slight reduction in the desorption percentage of PHE from
400 to 1600 mg/kg. However, as observed in Fig. 5 the raise in
initial PHE concentration from 100 to 1600 mg/kg resulted in
increment of the desorbed amount of PHE from 79.56 to
563.1 mg/kg. The reason of this phenomenon would be the
higher solubilization capacity of Tween80 at its available con-
centration in the soil slurry system than the amounts of PHE in
the soil in the present work. As mentioned before in the soil
surfactant solution system, due to sorption of the surfactant
onto the soil particles, CMC would be greater than that of the
liquid system, which is called CMC,g [33]. The values of this
parameter is 10 mg surfactant/g soil, based on our previous
study, regarding to liquid/soil ratio of 30 v/w (mL/g) in the
present study, it would be about 350 mg/L, implying that the
available Tween80 concentration in the system is 2400 mg/L.
On the basis of our previous research, solubilization capacity
of Tween80 solution with this concentration for PHE is about
77 mg/L, that is higher than the maximum content of PHE in
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Fig. 4 Desorbed amount of PHE versus time (experimental results (markers) and the calculated values (lines) obtained by fractional power equation) at

initial PHE concentrations of (a) 400, b 800, ¢ 1200, and d 1600 mg/kg
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Fig. 5 Desorbed amount of PHE 600 90
and PHE desorption rate% as a
function of initial PHE 500 80
concentration, C 70
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=< 50 R
2 300 =
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= <
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the soil in present work in case total amount of the PAH to be
transferred and solubilized in liquid medium (~53 mg/L).
Nevertheless, the sorption of the hydrophobic contaminant
onto the soil and sorption of the surfactant that causes severe
sorption of the PAH onto the soil particles hinder 100% de-
sorption of PHE.

In the present study, the experimental data were examined
by using linear form of three isotherm models including
Freundlich, Langmuir, and Temkin. Freundlich isotherm
equation is defined as follows [31]:

Ing,=InKr+n'lnC, (11)
Langmuir isotherm model is given as following [31]:

_ (quLCe)

1= 1K.C) (12)

This model can be existed as at least four linear equations
which are [31]:

5_: - (K;qm) ’ (t%) (13)
o= () * (00) 19
)

qe
—=K;q,—K 16
I L9m 19, ( )

e

@ Springer

Temkin isotherm is described as following equation [31]:
qe = lenKT + lence (17)

Where, K- ((mg/kg) (L/mg)” ") is Freundlich constant and
can be described as the distribution coefficient and » is the
Freundlich exponent. K; (L/mg) is the Langmuir constant, g,
is the maximum desorption capacity (mg/g) and K (L/mg) of

Table 3  Isotherms parameters and correlation coefficients (R?) for the
desorption of PHE
Isotherms Parameters Values
Freundlich Ky (mg/kg) (L/mg)"" 4.063318
n 0.516529
R? 0.966
Langmuir
Type(l) Kp (L/mg) —0.04902
gm (mg/kg) 200
R? 0.553
Type(I) K; (L/mg) —0.06667
dm (mg/kg) 100
R? 0.937
Type(III) K7 (L/mg) -0.05
qm (mg/kg) 253.6
R? 0.808
Type(IV) Ki (L/mg) —-0.040
dm (mg/kg) 4355
R? 0.808
Temkin Kt (L/mg) 0.318916
qm (mg/kg) 478.2
R? 0.889
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Fig.6 Freundlich isotherm model
for desorption of PHE from soil in
the presence of Tween 80

In q,

y = 1.9363x + 1.4022

R2=0.9661 7°®

S = NN W kA N

Temkin isotherm constant [31, 34]. The related parameters of
Freundlich, four linear forms of Langmuir and Temkin iso-
therm models can be obtained by plotting In ¢, vs. InC,, C/q,
vs. Ce, 1/ vs. 1/C,, q. Vs. q/C,, q./C, VS. g, and g, vs. In C,,
respectively [31]. The values of correlation coefficients
and the parameters of isotherm models are given in
Table 3. Choosing among the fitted isotherm equations
to describe desorption process is conducted based on the
correlation coefficient [32].

As presented in Table 3, Freundlich equation has the highest
amount of correlation coefficient compared to the other applied
models, indicating that it is the best-fitted model for description
of PHE desorption process. Linear regression of this model is
also depicted in Fig. 6. Calculated values of adsorbed (retained)
PHE (mg/kg) obtained by Freundlich model beside experimen-
tal values as a function of the equilibrium aqueous PHE (mg/L)
are shown in Fig. 7. As illustrated, the experimental data are
quite well fitted with the obtained amounts of adsorbed PHE

Fig. 7 Adsorbed PHE 1400
(experimental values and
calculated values obtained by ;
Freundlich model) versus to 1200 cal (FreundhCh)
equilibrium aqueous PHE ~ ® exp .
< 1000
=Y}
E
= 800
=
=W
= 600
=P}
=
o
S 400
=
<
200
0
0 5 10 15 20

Aqueous PHE (mg/L)
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(mg/kg) by Freundlich model. However, the experimental
values of adsorbed PHE (mg/kg) relatively disagreed with the
calculated values obtained by the rest of the equations applied in
the present study. This finding is in agreement with the obtained
results of Yu et al. (2011) who reported the reliability of
Freundlich isotherm model to fit the experimental data of PHE
and PYR desorption by using DOM and biosurfactants [34].

Conclusion

PHE desorption rate from contaminated soil is highly affected
by the nonionic surfactant Tween80. Therefore, this method is
auseful method to determine available fraction of the contam-
inant. Results of the present study revealed that PHE desorp-
tion% increased sharply within the first hour of the reaction
and then reached to the equilibrium conditions. Desorption
equilibrium time is introduced to estimate the rapid desorption
fraction, is considered to be the available fraction. In the cur-
rent study this fraction decreased from 79% to 35% by in-
creasing initial PHE concentration from 100 to 1600 mg/kg.
Auvailability assessment provides the management of contam-
inated sites by choosing a proper option for remediation and
predicting achievable treatment efficiency.

Experimental data were well described by equations type
(IIT) and (IV) of pseudo-second-order model linearized form.
In addition, more agreement was observed between the calcu-
lated values of desorption obtained by fractional power equa-
tion and the experimental data with increasing initial PHE
concentrations. It can be concluded that the PHE desorption
process from soil with high initial PHE concentration can be
described by fractional power kinetic model. Finally, the ob-
tained results of equilibrium studies showed that equilibrium
data of Tween80 enhanced PHE desorption process were best
fitted by Freundlich isotherm model.
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