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ABSTRACT

Removal of polycyclic aromatic hydrocarbons (PAHs) from petroleum refinery wastewater
was investigated using spent waste biomass [rice straw (RS) and sugarcane bagasse (SB)]
from bioethanol production process as low-cost biosorbents of natural origin. The equilib-
rium sorption capacity has been significantly improved by increasing the initial PAHs con-
centration, contact time, and temperature. The biosorption equilibrium of PAHs onto SB
and RS was achieved in approximately 180 min with uptake capacity of the three PAHs fol-
lowed the order: SB > RS at all studied initial concentrations (4. approximately recorded
3.61, 1.01, and 0.86 mg/g SB and 3.35, 0.77, and 0.73 mg/g RS at initial concentrations of
150, 50, and 50 mg/L for naphthalene, anthracene, and pyrene, respectively). The sorption
kinetics data best fitted the pseudo-first-order rate model for naphthalene, and the pseudo-
second-order rate model for anthracene and pyrene. The adsorption isotherms of PAHs
were in agreement well with Langmuir isotherm model for all three PAHs molecules at dif-
ferent temperatures than Freundlich and Temkin isotherm models, and the adsorption
mechanism was dominated by a combination of physical and chemical adsorption. Thermo-
dynamic parameters suggested that the sorption of the three PAHs onto both SB and RS is
endothermic and nonspontaneous.

Keywords: Petroleum refinery wastewater; Polycyclic aromatic hydrocarbons; Biosorption;
Kinetic study; Equilibrium isotherm; Thermodynamic analyses

1. Introduction

The conventional treatment configuration of petro-
leum refinery wastewater (PRWW) is not suitable to
remove light fraction of aliphatic and aromatic petro-
leum hydrocarbons and chlorinated organic substances
originated from the cooling liquids used in refineries,

*Corresponding author.

resulting in subsequent disposal problem of these con-
taminants to receiving water bodies. So, there is still a
need for cost-effective and highly efficient treatment
techniques to remove the remaining toxic aromatic pol-
lutants found in PRWW.

Polycyclic aromatic hydrocarbons (PAHs) as typi-
cal persistent organic pollutants are priority pollutants
of most concern due to their high bioaccumulation,
carcinogenic, mutagenic, and toxic properties [1,2].
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PAHs are often resistant and difficult to be removed
by conventional physicochemical treatment methods
[3,4]. However, adsorption is one of the most econom-
ical and effective techniques for removing organic pol-
lutants at low concentration. Activated carbon is the
most widely used as a conventional adsorbent [3,5].
However, high cost and difficult regeneration limit its
application in large-scale wastewater treatment [6].

In the last decade, extensive research has been
undertaken to develop alternative and economic
adsorbents. An economic adsorbent is defined as the
one which is abundant in nature, or is a byproduct or
waste from industry and requires little processing.
Recently, different types of biosorbents, including
algae, bacteria, yeasts, fungi, industrial wastes, agricul-
tural wastes, and natural residues, are potential alter-
natives of conventional adsorbents owing to their
inherent sorption capability, environmental compati-
bility, and cost-effectiveness [7-10]. Therefore, biosorp-
tion is considered an interesting alternative technology
to remove organic pollutants from aqueous solutions.

The purpose of this study was to investigate the
adsorption features of spent waste biomass; rice straw
(RS) and sugarcane bagasse (SB) were obtained after
bioethanol production without any pre-treatment as
low-cost adsorbents to remove high concentrations of
PAHs from PRWW. The effect of time, initial PAHs
concentration, the sorption kinetic, equilibrium, and
thermodynamic parameters at various temperatures
were investigated.

2. Materials and methods
2.1. Chemicals and reagents

In the adsorption experiments, analytical standard
naphthalene (Nap), anthracene (Ant), pyrene (Pyr)
(Sigma Aldrich, St. Louis, MO, USA), high-performance
liquid chromatography (HPLC)-grade acetonitrile, and
distilled water Milli-Q were used. All other chemical
reagents employed in this study were of analytical
grade.

2.2. Biosorbents

Spent biomass of RS and SB was used in this study.
They are waste byproducts of bioethanol production
process undertaken in the Petroleum Biotechnology
Laboratory of the Egyptian Petroleum Research Insti-
tute (1 Ahmed El-Zomor St., El-Zohour Region, Nasr
City, Cairo, Egypt). The collected biomaterials were
washed with hot deionized water, dried in a hot air
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oven at 105°C until a constant weight, crushed with
grinder, sieved to constant sizes (0.25-0.315 mm), and
then used as it is without any further chemical or phys-
ical treatments.

2.3. Authentic PRWW preparation

In order to simulate the real feed of PRWW
effluents, the authentic wastewater solution used in
this work was prepared according to the physico-
chemical characteristics of petroleum refinery effluents
collected from wastewater treatment plant at Cairo Oil
Refining Company (Sharekat El Petrol St.,, Mostorod,
Kalyobiya—Egypt) at different dates and time
intervals (data not shown).

Stock solutions for each of the three PAHs (namely,
naphthalene, anthracene and pyrene) 1,000 mg/L were
prepared in acetone which were further diluted by
authentic wastewater solution mixed with 30% (v/v)
acetone. The utilization of acetone as a co-solvent was
efficient for the solubilization of the PAHs in aqueous
medium, in the concentration range used in this study
and hamper adsorption at the walls of the flasks.
NaNg3, 200 mg/L was added to inhibit the degradation
by incidental bacteria as recommended by Chen et al.

[2].

2.4. Batch biosorption experiments

A 100mL glass Erlenmeyer flask sealed with
PARAFILM “M” to prevent evaporative loss and an
orbital shaker device set to operate at 150 rpm were
used in the experiments. There was no considerable
adsorption of analytes on the walls of the flasks,
which was verified by comparing the PAHs concentra-
tions in reaction mixtures with and without the adsor-
bent. All the batch biosorption experiments were
conducted by contacting 25 mL of authentic wastewa-
ter solution of known concentration of each of the
PAHs as single-component system (adsorbate) with
0.5 g of biosorbent. Biosorption capacity and percent-
age removal of the three PAHs were determined at
different contact times with different initial concentra-
tions to know the equilibrium contact time, and also
the effect of temperature was studied. Table 1 illus-
trates all the process factors. Biosorbent was separated
from the solution at predetermined time intervals by
centrifugation at 4,000 rpm for 10 min, and the
remaining concentrations of the studied three PAHSs
were determined by (HPLC) after three times extrac-
tion with 10 mL ethyl acetate.
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Different process conditions used for biosorption of the three PAHs (naphthalene, anthracene, and pyrene)

Process factors Other conditions

Contact time
(0-720 min)
Different temperatures
288, 303, and 318 K

Temperature: 303 K; biosorbent dosage: 2% w/v; initial pH 7 = 0.2; different concentrations
10, 25, and 50 mg/L for anthracene and pyrene and 50, 75, and 150 mg/L for naphthalene.
Contact time: 300 min; biosorbent dosage: 2% w/v; initial pH 7 + 0.2; different initial

concentrations range from 10 to 150 mg/L for naphthalene and 2.5-50 mg/L for anthracene

and pyrene.
2.5. PAHs analysis aromatic rings, respectively) in single-pollutant
. . . system on the surface of SB and RS biosorbents as a
HPLC instrument model - Agilent 1200 series function of time were studied and presented in
(Hewlett-Packard-Strasse 8, 76337  Waldbronn,

Germany) equipped with auto sampler and photodiode
array detector (set at full scan range 190-400 nm) was
used to analyze Nap, Ant, and Pyr concentrations
under the following condition; C8 reversed phase
(4.6 X 25 cm, 300 A, 5 um) column, isocratic program
with 60% acetonitrile: 40% water (v/v), flow rate
1.0 mL/min, and sample size 2pl. The removal
percentage and biosorption capacity (7)) mg/g were
calculated as follows:

D_Ct)

Removal % = (C z x 100 M

0

(C—CV
qr = M @)
where C, and C; are the initial and final concentrations
of the solute in the solution (mg/L), respectively, V (L)
is the volume of the solution, and M (g) is the mass of
the biosorbent. All the listed data were the arithmetic
average of the obtained results from triplicate
experiments to check reproducibility, and the margin
errors for Jerexp Were 3.2-4.3%, 2.8-3.9%, and 2.1-3.5%
and standard deviation of ~0.007, 0.05, and 0.033 mg/g
for Nap, Ant, and Pyr, respectively, at a confidence
level of 95%.

3. Results and discussion

3.1. Pre-equilibrium kinetics of different PAHs
concentrations

The feasibility and efficiency of biosorption
process depends not only on the properties of the
adsorbate and biosorbent, but also on the initial
adsorbate concentration in solution which might have
implications on the adsorbent/adsorbate interactions
[11,12]. The rate of biosorption and equilibrium time
for PAHs uptake at 50-150 mg/L Nap (di-aromatic
ring) and 10-50 mg/L Ant and Pyr (tri and four

(Fig. 1). The adsorption curves (Fig. 1) were smooth
and continuous for all the studied PAHs leading to
saturation on the outer interface of the SB and RS
sorbents biomass and the possibility of monolayer
coverage of PAHs [13,14].

It can be noted that, within 720 min of contact
between PAHs and the biomass adsorbents (SB and
RS), the adsorption process tends to reach the equilib-
rium state nearly after 90 min (Fig. 1). Therefore, equi-
librium time was set conservatively at 180 min for
further experiments to be sure that the equilibrium state
was obtained. PAHs uptake increased with the initial
increase in PAHs concentrations and was nearly
recorded at 180 min; 2.12, 2.39, and 3.61 mg/g for SB
and 2.04, 2.23, and 3.35mg/g for RS at initial Nap
concentration of 50, 75, and 150 mg/L, respectively;
0.29, 0.67, and 1.01 mg/g for SB and 0.25, 0.57, and
0.77 mg/g for RS at initial Ant concentration of 10,
25, and 50 mg/L, respectively, and 0.25, 0.61, and
0.61 mg/g for SB and 0.22, 0.51, and 0.73 mg/g for RS
at initial Pyr concentration of 10, 25, and 50 mg/L,
respectively. The increase in adsorption might be due to
the increase in the driving force and mass transfer of
PAHs molecules from the solution onto the biosorbent
surface that results in higher adsorbate adsorption
capacity (g, mg/g) [15,16]. Similar observations were
reported by Agarry and Aremu [12] using orange peels
for the removal of PAH from wastewater.

Furthermore, the results obtained in (Fig. 1)
revealed that SB has higher affinity with higher
adsorption capacity (g, mg/g) towards PAHs mole-
cules than RS. This might be due to the high hydro-
philic properties (Si concentrations) of RS relative to
SB as confirmed by FTIR and EDX (data not shown).
Also, the adsorption capacity and percentage removal
of all the studied PAHs can be ranked in the following
decreasing order; Nap > Ant > Pyr over all the stud-
ied concentrations. This order is consistent with the
trend in molecular weight and molecular size that
suggests a diffusive mass transfer-controlled process.
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Fig. 1. Equilibrium time and adsorption capacity for (a) naphthalene, (b) anthracene, and (c) pyrene at different concen-
trations onto spent waste biomass of SB and RS from authentic wastewater solution (30% v/v acetone).

For a diffusion-controlled process, the rate of uptake
should increase with the concentration gradient—the
driving force for diffusion and, therefore, increase
with the initial concentration that agrees with the
experimental data obtained in this study. Based on
these results, it can be suggested that the adsorption
of PAHs onto the RS and SB surface appears to be
controlled not only by hydrophobicity, but depends
on number of factors including the nature of the
adsorbent (its pore structure, functional groups) and
the nature of the adsorbate that play an important role
in determining the interactions between adsorbates
and adsorbents. Mackay and Gschwend [17] and Yang
et al. [18] have reported similar observations on the
adsorption of PAHs onto single-walled and multi-
walled carbon nanotubes.

3.2. Biosorption kinetic modeling

The results showed that adsorption of all PAHs
appeared to have similar behavior (Fig. 1). Therefore,
kinetic modeling of the experimental data was studied
to find out the potential rate-controlling steps for

biosorption of PAHs onto the SB and RS, as well as,
the mechanisms involved in the sorption process. Two
kinetic models were used, namely pseudo-first-order
Lagergren (Eq. (3)) and pseudo-second-order (Eq. (4))
rate models [19].

K; ;
2.303

log(qe — q1) = logqe — ©)

t 1 1

7w K @
where g, and gq; (mg/g) are the amounts of PAHSs
adsorbed at equilibrium and time ¢ (min), respectively.
K; (min™") and K, (g/mg min) are the rate constants
in the pseudo-first and pseudo-second-order kinetic
models, respectively.

A normalized deviation analysis (Aq.%) repre-
sented by Eq. (5) [5] was examined for each experi-
mental data-set. The lowest values of the Ag.% and
highest correlation coefficients R* were used for the
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statistical evaluation of how well the experimental
data fitted to each kinetic model.

ZN texp =t cal
i=1

Ag% = T”‘) % 100 @)

where gyexp and gycqc are the experimental and calcu-
lated adsorption capacities (mg/g), respectively, and
N is the number of data points.

In this work, it was found that the pseudo-first-
order model was best representing the kinetic data for
Nap, while the pseudo-second-order model was best
representing the kinetic data for biosorption of Ant
and Pyr onto both SB and RS biomass sorbents and
could be used to determine the equilibrium sorption
capacity, rate constants, and percentage of removal.
According to Chen et al. [2] and Ho and McKay [20],
the pseudo-second-order model may be related to the
occurrence of chemical or combination of both physi-
cal and chemical sorption processes, which may con-
trol the adsorption rate. This suggests that the overall
rate of PAHs biosorption process appears to be con-
trolled by both physical and chemical sorption pro-
cesses, which involves the mass transfer of PAHs
molecules from the liquid phase to the SB and RS
adsorbents surface. Physical adsorption may be caused
by the aromatic nature of PAHs, probably combined
with Van der Waals strength or hydrophobic (z-z dis-
persive) interaction and the electron donor-acceptor
mechanism that involves carbonyl groups that pre-
dominate in RS and SB surface. Moreover, the hydro-
phobic sites available, lignin, on the RS and SB
adsorbent matrices can be used more rapidly by most
of the PAHs [21]. Ho [22] and Younis et al. [13]
reported that chemical sorption can occur by the polar
functional groups of lignin, which include alcohols,

Table 2
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aldehydes, ketones, acids, and ethers as chemical
bonding agents. Also, the obtained results show the
higher rate constants for the biosorption of PAHs onto
SB relative to RS and its increment with the increase
of the initial PAHs concentrations. These confirm that
the initial concentration plays an important role in the
sorption of PAHs on SB and RS sorbents biomass,
and the adsorption mechanism includes polarity-
dependent mechanism.

In this study, the experimental and theoretical
maximum sorption capacities for the three PAHs onto
SB and RS (Tables 2 and 3) were higher than those
reported by other researchers. Crisafully et al. [3]
reported the maximum adsorption capacity for the
four PAHs (naphthalene, acenaphthene, anthracene,
and pyrene), expressed in mg/g, were as follows:
0.345 for sugar cane bagasse, 0.553 for green coconut
shells, and 0.215 for chitin. Chen et al. [2] reported, 1.1
and 1.4 mg/g for phenanthrene biosorption on orange
peel and wood chip, respectively.

3.3. Biosorption isotherm

Study of adsorption equilibrium isotherms is an
important step in investigating adsorption processes,
since it makes it possible to identify the relationship
between the amounts of analyte adsorbed and in solu-
tion, after equilibrium is reached and provide funda-
mental physicochemical data for evaluating the
applicability of the sorption process to design a unit
operation [19]. Three models namely, Langmuir [23],
Freundlich [24], and Temkin [25] isotherm models in
their linear form are used in this study for a better
understanding of the interactions between RS or SB
adsorbents and PAHs. Equilibrium isotherm constants
and the correlation coefficient, R?, with Ag,% are listed
in Tables 4 and 5.

Parameters of kinetic models of adsorption pseudo-first-order and pseudo-second-order models at different initial PAHs

concentrations by spent biomass SB

Pseudo-first-order

Pseudo-second-order

PAHs C, (mg/L) g (mg/g) qc (mg/g) Ki(min) R*  Aq (%) q(mg/g) Ka(g/mgmin) R®  Ag. (%)
Naphthalene 50 2.15 2.15 0.034 0.99 2.69 2.17 0.037 0.99 10.31
75 2.40 2.39 0.042 1.00 1.51 2.42 0.056 1.00 9.14
150 3.64 3.64 0.055 1.00 1.45 3.64 0.065 1.00 7.75
Anthracene 10 0.29 0.27 0.032 0.99 9.82 0.27 0.335 0.99 7.35
25 0.67 0.73 0.04 0.95 16.26 0.66 0.197 1.00 11.63
50 1.02 113 0.058 0.98 14.31 1.02 0.166 0.99 9.75
Pyrene 10 0.25 0.22 0.037 0.97 10.77 0.23 0.553 0.99 7.59
25 0.60 0.56 0.021 0.96 13.31 0.61 0.237 0.99 10.05
50 0.86 0.79 0.042 0.98 11.00 0.86 0.122 0.99 8.01
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Parameters of kinetic models of adsorption pseudo-first-order and pseudo-second-order models at different initial PAHs
concentrations by spent biomass RS

Pseudo-first-order kinetic model

Pseudo-second-order kinetic models

PAHs C, (mg/L) g, (mg/g) gq.(mg/g K; (min”!) R? Ag, (%) q. (mg/g) K, (g/mg min) R? Ag, (%)
Naphthalene 50 2.06 2.05 0.023 0.99 4.23 2.07 0.032 0.99 16.62

75 2.28 2.29 0.029 1.00 1.73 2.26 0.045 0.99 14.54

150 3.37 3.35 0.034 1.00 1.65 3.39 0.037 0.98 12.45
Anthracene 10 0.26 0.23 0.03 0.97 12.96 0.25 0.474 0.99 9.11

25 0.58 0.53 0.027 0.98 13.32 0.58 0.229 1.00 10.37

50 0.78 0.69 0.042 0.98 13.37 0.78 0.212 1.00 5.31
Pyrene 10 0.22 0.21 0.027 0.97 10.00 0.22 0.401 0.99 9.28

25 0.51 0.47 0.03 098 12.94 0.51 0.282 0.99 9.67

50 0.74 0.81 0.05 0.96 10.73 0.75 0.205 1.00 8.92
Table 4
Isotherm constants of Langmuir, Freundlich, and Temkin isotherm models at different temperatures for SB biosorption
process

Langmuir isotherm Freundlich isotherm Temkin isotherm

Temp. g, max Aq, Aq, b Ag,
PAHs (K) (mg/g) ar KL R (% n K R (% K B  (J/mol R* (%)
Naphthalene 288 3.31 0.016 0.101 099 4.62 147 019 099 8.09 0.17 130 1,838 0.99 6.95

303 3.56 0.028 0.154 099 3.00 1.66 030 098 621 026 124 2,028 0.99 14.93

318 3.73 0.045 0.233 099 459 183 043 096 9.18 039 121 2,182 0.98 14.32
Anthracene 288 0.74 0.068 0.075 099 3.72 157 010 097 10.68 0.70 024 10,164 0.99 15.52

303 0.92 0.071 0.104 098 396 149 0.12 097 944 0.75 031 8,146 098 24.17

318 1.13 0.077 0.145 097 654 141 016 096 9.17 0.89 038 6,920 0.98 35.17
Pyrene 288 0.73 0.057 0.066 099 4.12 151 0.08 097 1047 0.62 024 10,028 0.99 18.79

303 0.85 0.061 0.084 098 486 146 0.10 097 11.10 0.66 0.29 8,709 0.98 22.10

318 1.02 0.089 0.140 098 5.12 150 015 096 875 094 034 7,877 0.98 28.85
Table 5
Isotherm constants of Langmuir, Freundlich, and Temkin isotherm models at different temperatures for RS biosorption
process

Langmuir isotherm Freundlich isotherm Temkin isotherm

Temp.  ge, max Aq, Ag, b Ag,
PAHs (K) (mg/g) ar K, R % n K R (% K B (J/mo) R* (%)
Naphthalene 288 3.06 0.013 0.079 0.99 322 143 0.15 099 384 015 1.20 1,991 0.99 20.12

303 3.32 0.025 0.129 099 370 1.69 028 099 451 023 1.16 2,169 0.98 14.94

318 3.58 0.033 0.174 099 352 176 035 097 745 029 122 21162 0.98 12.88
Anthracene 288 0.61 0.046 0.046 0.99 170 147 0.065 098 6.62 052 020 11,743 0.98 2241

303 0.77 0.054 0.069 097 477 143 0.084 097 10.66 0.60 0.27 9478 0.98 2292

318 0.84 0.059 0.082 098 338 143 010 097 939 0.66 0.29 9,261 0.98 24.78
Pyrene 288 0.63 0.041 0.046 0.98 1042 140 0.061 098 16.82 0.48 0.22 10,845 0.99 18.64

303 0.74 0.047 0.061 098 6.80 141 0.078 098 1255 0.53 0.26 9,525 0.99 20.95

318 0.89 0.041 0.069 098 252 134 0.084 098 728 0.56 0.31 8,635 0.97 30.36

Langmuir sorption model is based on the assump-
tion that the maximum sorption corresponds to a satu-
rated monolayer of the molecules on the adsorbent

surface, with no lateral interaction between sorbed
molecules [14]. The linear form of Langmuir equation
(Eq. (6)) for homogenous surface is:
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Cg 1 ar,
—=—4—=C (6)
. K. K. ¢

where C, is the concentration of PAHs at equilibrium
(mg/L), g, is the adsorption capacity at equilibrium
(mg/g), and a;, (L/mg) and K, (L/g) are the Langmuir
isotherm constants.

In this work, the relatively lower values of Lang-
muir constant “a;” (< 0.3 L/g) [5] implies low surface
energy of RS and SB biomass. This might indicate the
occurrence of a probable strong bonding of the three
PAHs molecules with the spent waste RS and SB bio-
sorbents [26].

Freundlich isotherm model is an empirical expres-
sion that encompasses the heterogeneity of the surface
and the exponential distribution of sites and their
energies [14]. The linear form of Freundlich equation
(Eq. (7)) can be expressed as follows:

1
logg, = - log C, + log K¢ )

K¢ (L/g) and n (=) are the characteristic constants of
the system. The magnitude of dimensionless exponent
n is related to the intensity of biosorption, where a
value of n >1 represents favorable adsorption [16,27].
In this work, when plotting log g, vs. log C,, straight
lines were obtained with R* > 0.96. The obtained expo-
nent n (Tables 4 and 5) indicates the favorability of
the adsorbent/adsorbate system at different tempera-
tures (288, 303, and 318 K) onto heterogeneous surface
of RS and SB sorbents, which implies stronger interac-
tion between adsorbent and PAHs.

Temkin isotherm assumes that the heat of adsorp-
tion of all the molecules in a layer decreases linearly
with the surface coverage of the adsorbent due to sor-
bate/adsorbate interactions. This adsorption is charac-
terized by uniform distribution of binding energies
[14,28]. The linear form of the Temkin isotherm equa-
tion (Eq. (8)) can be expressed as follows:

ge = BInK; + BInC, 8)

where B = RT/b, T is the absolute temperature in K, R
is the universal gas constant (8.314 J/K mol), K; is the
equilibrium binding constant. By plotting g, vs. In C,,
straight lines were obtained with R* > 0.97.

The data obtained from the adsorption isotherms
experiments listed in Tables 4 and 5 appeared to be
well represented by all theoretical models tested. But
Langmuir model expressed the highest R* and lowest
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Ag.%, indicating that it gives the best fit and more
accurately describes the sorption of the studied PAHs
on the spent waste biomass of RS and SB. Further-
more, the Langmuir isotherm best fits the experimen-
tal data for lower values of C,, indicating that initially
the adsorption process occurred as a monolayer phe-
nomenon. However, this does not persist under higher
concentration ranges, where the adsorption seemed to
be a multilayer process (Fig. 2). This gives a possibility
of monolayer and hetero-layer PAHs molecules forma-
tion on the adsorbent surface. The spent waste RS and
SB used in this study are composed of ~¥15-18% hemi-
cellulose, 17-21% cellulose, 7-8% lignin, and the rest
are ashes containing silicates and other minor and
trace elements [29]. The presence of active functional
groups with different intensities and nonuniform dis-
tribution may cause differences in the energy level of
the active sites available on the RS and SB surfaces,
which affect their biosorption capacity to form hetero-
layer PAHs molecules coverage with robust support
from strong chemical bonding and monolayer cover-
age due to electrostatic forces.

The intensity of adsorption constant K;, Ky, and K;
appear to be significantly higher for the PAH-SB sys-
tem than PAH-RS system, which indicates greater
affinity and better effectiveness for the three PAHSs
molecules onto SB biosorbent and confirming the
importance of hydrophobicity of the RS and SB biosor-
bent surface in adsorbing the three PAHs. Within all
the studied range of temperatures 288-318 K, the max-
imum sorption capacity (.., mg/g), the intensity of
adsorption constant K;, K, and K; calculated values of
Nap, Ant, and Pyr adsorption system onto SB and RS
increased by increasing the temperature of the waste-
water solution (Tables 4 and 5) indicated easy uptake
of studied pollutants from the authentic wastewater
solution with an endothermic reaction. This is due to
increase in the number of PAHs molecules acquiring
energy that leads to increase the diffusion rate of the
adsorbate molecules across the external boundary
layer and in the internal pores of the adsorbent
particles [30,31]. Furthermore, the maximum sorption
capacity (., mg/g), Ky, and K; for PAHs uptake
ranked in the following decreasing order;
Nap > Ant > PYR onto either RS or SB that agrees
well with active site pore filling phenomenon. The
higher b values greater than 8]/mol for the PAHs
adsorption onto SB and RS adsorbents indicates
strong interaction between the three PAHs species and
SB and RS surface and implies the presence of
chemisorption interaction of PAHs onto the adsorbent
[14,32].
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Fig. 2. Biosorption isotherm at different temperatures for (a) naphthalene, (b) anthracene, and (c) pyrene onto spent waste

biomass of SB and RS.

3.4. Thermodynamic analyses

Thermodynamic parameters are calculated to
understand the inherent energetic changes involved
during the sorption process. The values of thermody-
namic parameters of free energy of sorption AG (k] /mol),
standard enthalpy AH (kJ]/mol), and standard
entropy changes AS (kJ/mol K) were calculated from
Clausius—Clapeyron equations (Egs. (9)-(11)):

AG = —RTInKj,

AG AS AH
e A
AG = AH — TAS

)

(10)

(11)
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Fig. 3. Clausius—Clapeyron plots for adsorption of naphthalene, anthracene, and pyrene onto spent waste biomass of RS

and SB.

Table 6

Thermodynamics parameters for biosorption of PAHs onto spent waste biomass RS and SB

PAHs Temperature (K) AG (kJ/mol) AH (kJ/mol) AS (J/mol K)
Biosorbents RS SB RS SB RS SB
Naphthalene 288 6.08 5.50 20.10 21.32 489 54.9
303 5.16 4.71
318 4.63 3.85
Anthracene 288 7.36 6.22 14.66 16.94 25.6 37.1
303 6.73 5.72
318 6.61 5.10
Pyrene 288 7.39 6.52 10.48 19.07 10.9 43.2
303 7.06 6.23
318 7.05 5.21

Hence, a plot of In K vs. 1/T yields a line with a
slope = —AH/R from which —AH can be calculated
(Fig. 3). From the data listed in Table 6, it can be con-
cluded that the positive values of AG imply the ther-
modynamic feasibility and nonspontaneous nature of
three PAHs biosorption onto RS and SB. The AG
decreased with increase in temperature, indicating
that temperatures play a positive role in the biosorp-
tion, and the adsorption mechanism associated with
the removal of PAH onto RS and SB involves a tem-
perature-dependent process (Fig. 2). The positive
value of AS reflects the good affinity of PAHs towards
RS and SB and suggests the increase in randomness at
the solid-solution interface during the sorption of
PAHs molecules onto the biomass due to the dissolu-
tion of the adsorbing species, changes in the pores size
of the adsorbents, and enhanced rate of intraparticle
diffusion. The positive value of AH indicates chemical
adsorption, confirms the endothermic nature of the
biosorption process which is an indication of the exis-
tence of a strong interaction between biomass and

PAHs molecules [14], and suggests some structural
changes in adsorbate and adsorbent. By comparing
the AH and AS values for the three PAHs on either RS
or SB (Table 6), it was clearly observed that AH and
AS for biosorption process onto SB is higher than onto
RS. This indicated that the adsorption bonds between
PAHs and RS adsorbent are weaker than those
between PAHs and SB which confirm the higher affin-
ity of PAHs molecules towards SB than RS. This
agrees well with the experimental obtained results.

4. Conclusions

In the view of the ubiquity, environmental compat-
ibility, and cost-effectiveness, spent waste biomass of
RS and SB as waste byproducts for bioethanol produc-
tion process proved to be a favorable biosorbent for
PAHs pollutants from PRWW with high sorption
capacity of about 3.61-3.35 mg/g for 150 mg/L naph-
thalene, 1.01-0.77 mg/g for 50 mg/L anthracene, and
0.86-0.73 mg/g for 50 mg/L pyrene onto SB and RS,
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respectively. The pseudo-first-order adsorption kinetic
model best represented the adsorption kinetics data of
naphthalene. The results of anthracene and pyrene
appeared to be better adjusted to the kinetic model of
pseudo-second order. The rapid observed kinetics of
biosorption of PAHs molecules onto RS and SB have
significant practical importance, as it will facilitate
smaller reactor volumes ensuring efficiency and econ-
omy. Thermodynamic analyses indicate that the bio-
sorption of PAHs molecules onto RS and SB takes
place by combination of physical and chemical
adsorption.

The results will provide a better understanding of
sorption mechanisms and thermodynamics of PAHs
adsorption from authentic wastewater solutions onto
spent waste biomass of RS and SB, which would help
in the development of more efficient adsorbate/adsor-
bent suitable for real-world application. .

Further application of these biosorbents for treat-
ment of a real PRWW effluent is undertaken now in
Egyptian Petroleum Research Institute.
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