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Abstract: The high concentration of Polyaromatic hydrocarbons (PAHS) in produced water which are possibly carcinogenic both
to humans and wildlife animals poses a significant threat to the environment giving rise to the need for a sustainable and economical
method for PAHSs elimination in produced water which is the use of Pineapple crown cellulose (PCC) as an adsorbent in the
wastewater treatments as conventional methods are not efficient. The thermodynamic properties of batch adsorption of the PAHs in
produced water onto the PCC, under the effect of temperature, were investigated in this study. The raw pineapple crown leaves were
processed, treated with NaOH aqueous solution before being washed and dried and then used for the treatment of produced water
containing a multi-component mixture of P-Nitrophenol, Naphthalene, Acenaphthene and Pyrene, using batch adsorption method
atvarying temperatures (40-60 °C). Thermodynamic parameters, such as Gibb’s Free Energy (AG), Enthalpy Change (AH), Entropy
Change (AS), Isosteric Heat of Adsorption (AHx), Activation Energy (£2), Sticking Probability (S*), Surface Coverage (&) and
Hopping Number (n) were calculated, which are indicators of the possible nature of adsorption. The most suitable adsorption
temperature was 40 °C with maximum adsorption capacities of 3.2, 4.5, 4.6 and 4.9 mg/g and the corresponding removal efficiency
of 61.81, 81.03, 84.39 and 76.08 %, were obtained for P-Nitrophenol, Naphthalene, Acenaphthene and Pyrene respectively. The
AH, A4S, E; and S* values were —3694.58, -27102.81, -37004.78 and -138353.27 kJ/mol; -3.1261, -66.5652, -95.7690 and -
407.4775kJ/mol; -3694.58, -27102.81, -37004.78 and -138353.274 gmol*; and 1.4565, 3.0010 X 10%, 1.0061 x 10° and 1.9284 X
10%* for P-nitrophenol, Naphthalene, Acenaphthene and Pyrene respectively. These values confirm that the adsorption process is
favourable and endothermic.
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1. INTRODUCTION biocompatibility, renewability and affordability [9]. It is a
partly crystalline, unbranched homopolysaccharide that is
insoluble in water and other common solvents due to a robust
network of intramolecular and intermolecular hydrogen bonds
[6]. Cellulose is therefore a highly desirable material for the

removal of toxic substances in generated water.

The Oil and gas industry’s high concentrations of
polycyclic aromatics hydrocarbons (PAHSs), which are known
to be hazardous and possibly carcinogenic to both humans and
wildlife make produced water a serious environmental
problem. Traditional techniques for eliminating PAHs from

Produced water are not suited for broad usage because they are
costly and energy-intensive. PAHSs are a significant issue due
to their intrinsic characteristics which include hydrophobicity,
thermostability and heterocyclic aromatic ring topologies
which make them resistant and extremely persistent.

A sustainable and economical way to eliminate PAHs from
produced water is to make cellulose from pineapple crowns.
Cellulose is the most prevalent natural polymer in the world
and continues to attract interest because of its high availability,
non-toxicity, chemical stability, biodegradability,

The most popular edible member of the bromeliaceae
family is the pineapple (Ananas comosus) is one of the most
significant fruits in the world, its juice is the third most popular
around the world, after apple and orange juices [8]. The
pineapple crown (upper part of a pineapple fruit) makes up
about 10-25% of its total weight [9], its processing generates 3
billion tons of by-products each year and has caused an
environmental problem in the agricultural lands. The
pineapple crown leaf contains fibres that have a variety of
physical characteristics mostly composed of cellulose (79-
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83%), Lignin (5-15%), hemicellulose (19%), pectin (1%),
waxes (2-3%) and ash (1%) [12]. Natural fibres found in these
wastes, particularly pineapple crown leaves are typically
recyclable as raw materials for cellulose production [10].

2. MATERIALS AND METHODS

Fresh pineapple crown leaves were washed with distilled
water to remove dirt and then dried in a laboratory oven at 100
°C for 3 h. The dried sample derived was then mechanically
pulverized and sieved to a particle size of 840-1189 um (mesh
size 20). A total of 300 g of pineapple crown powder was
treated with 6.0L of distilled water at 70 °c for 4 h, under
strong mechanical stirring (pH 5.0-5.5). Then, the insoluble
powder was collected and treated with 5000 mL 10% wi/v
sodium hydroxide aqueous solution for 24 h at room
temperature and then heated for another 30 mins at 80 °c
under mechanical stirring. The alkali-treated fibre was
washed with deionized water four times until the alkali was
completely removed (washed thoroughly until neutrality) and
then, it was air dried. The yield of pineapple crown cellulose
by the above processing was almost 28% (w/w) [9].

2.1 Batch Adsorption Studies

Samples of the prepared produced water (100 mL) were
combined with 1.0 g of the PCC in a 250 mL flask. The flask
and its contents were then placed in a rotary shaker and
agitated for 60 mins at 180 rpm, with the temperature varying
between 40 and 60 °C in 5 °C increments. After agitation, the
flasks were removed from the shaker, and the solution was
decanted. The supernatant was subsequently centrifuged at
1500 rpm for 20 mins. The concentration of unadsorbed PAHs
in the centrifuged sample was measured using a UV-Vis
Spectrophotometer at wavelengths 318 nm, 220 nm, 226 nm
and 240 nm for P-nitrophenol, Naphthalene, Acenaphthene
and Pyrene respectively. The adsorption capacity and
percentage removal were then calculated based on Egns 1 and
2 (Okoye et al., 2018).

Co—Ce

qe = X Volume (1)
Re = =52 % 100% @)
o

where C, is the initial adsorbate concentration, C. is the
equilibrium PAH concentration, V is the volume of solution,
and W is the weight of the adsorbent.

2.2 Adsorption Thermodynamics Study

The thermodynamic properties of the selected
polyaromatic hydrocarbon adsorption onto the pineapple
crown cellulose produced were investigated based on the
existing adsorption thermodynamics models. These properties
often give insight into the nature (physisorption or
chemisorption) and the impact of the temperature-prompted
energy of the adsorption process.

2.2.1 Gibb’s Free Energy, Enthalpy Change and Entropy
Change

The adsorption study examined Gibbs free energy, enthalpy
change, and entropy change using Eqns 3-6. The values of AH
and AS were determined from the slope and intercept of the
linear plot of In Kc versus 1/T [1].

_ Co

Kc = E (3)

AG®° = —RTInKc 4

AG®° = AH — TAS (5)
_as_an

InKc = " r (6)

Here, R represents the gas constant (8.314 J/mol-K), T
denotes the temperature, and K¢ is the equilibrium constant
(distribution coefficient). Additionally, C, refers to the initial
concentration of the adsorbate, while C. indicates the
concentration of the adsorbate remaining in the solution
(mg/L).

2.2.2 Isosteric heat of adsorption

The isosteric heat of adsorption is defined as the ratio of a
minute change in adsorbate enthalpy to a corresponding
infinitesimal change in the amount adsorbed while
maintaining constant temperature and pressure [13]. This
parameter is crucial in characterizing adsorption processes
and is typically determined using the Clausius-Clapeyron
equation, as shown in Eqn 7.

dinCe __ AH

dr ~ RT2

U]

By integrating

AH
RT?

[dinC, = [ 22 ar 8)

Rearrangement of Eqn 8 gave equation (9)
InCe = ——.=+K 9)
where AHy is the isosteric heat of adsorption (kJ mo').

The values of AHx and K were determined from the slope and
intercept, respectively from the plot of InC. against 1/T.

www.ijeais.org/ijaer

81



International Journal of Academic Engineering Research (IJAER)

ISSN: 2643-9085
Vol. 9 Issue 3 March - 2025, Pages: 80-87

2.2.3 Activation Energy and Sorption Probability

Activation energy refers to the minimum energy required for
a particular adsorbate-adsorbent interaction, such as a
chemical reaction to take place. Sorption probability, a
thermodynamic parameter, represents the tendency of an
adsorbate to adhere to the surface of an adsorbent
permanently. The values of E; and S* were determined using
Eqgns. 10-11 and the plot of In(1-8) versus 1/T, where the
intercept and slope correspond to InS* and E4/R, respectively.

In(1—6) =InS * +i—j (10)
In (C"Cf“’) =224 IS« (11)

Where; 0 is the surface coverage and Ea is the activation
energy.

2.2.4 Eyring Equations

The thermodynamic properties (AH™ and AS~) of the Eyring
equation from Equations 12 and 13. The values of (AH") and
(AS") were calculated from the slope and intercept of the plot

K 1
of In = versus - [23].
T T
InKB AH

i = (M) -5 (12)

where Kg is the Boltzmann constant (1.3807 x 10722 J K, h
is the Plank constant (6.6261 x 1073* Js) and R is the universal
gas constant (8.314 J mol 1K ™Y).

2.2.5 Surface Coverage versus the Hopping Number

The hopping number represents the possible number of
movements an adsorbate molecule makes while searching for
an available site on the adsorbent surface during adsorption
[4]. Surface coverage is defined in Eqn 13, while the
relationship between 0 and n is given in Eqn 14.

— Ce
6 =(1-3) (13)
n=1(1-6)6 (14)
3  RESULTS AND DISCUSSION

3.1 Effect of Temperature on Adsorption

The effect of temperature on the adsorption of Polycyclic
Aromatic Hydrocarbons (PAHs) is a crucial factor in

determining adsorption efficiency. Based on the bar chart
Figure 1, removal efficiency (Re) increases with temperature
up to a certain point, indicating an endothermic adsorption
process. This suggests that at higher temperatures, PAH
molecules gain more Kinetic energy, enhancing their diffusion
across the adsorbent surface and into available micropores
[15]. However, beyond a certain temperature, specifically at
60 °C, a decline in adsorption removal efficiency is observed.
This decrease may be attributed to desorption effects, where
excessive thermal energy disrupts the adsorbate-adsorbent
interactions, leading to reduced retention of PAHs on the
adsorbent surface [14].

The most favourable temperature for adsorption appears to be
around 50-55 °C, where adsorption efficiency is at its peak.
At lower temperatures, such as 40 °C, adsorption is less
effective, likely due to insufficient molecular energy to
overcome activation barriers for effective surface interaction
[17]. Conversely, at excessively high temperatures (60 °C),
desorption becomes more prominent, reducing overall
adsorption efficiency [16]. These findings align with previous
studies, which suggest that adsorption processes involving
PAHs often exhibit optimal efficiency within a moderate
temperature range before thermal agitation disrupts adsorbate
retention [14]. Overall, 50-55 °C is the most favourable
temperature range for PAH adsorption, as it provides an
optimal balance between enhanced molecular interaction and
minimal desorption effects, leading to maximum adsorption
efficiency.

The plot of adsorption capacity against temperature in Figure
1, indicates that all adsorbates' adsorption capacity ()
increases with temperature, suggesting an endothermic
adsorption process. This trend implies that higher
temperatures enhance the interaction between adsorbates and
the adsorbent, possibly by increasing surface activity,
reducing mass transfer resistance, or improving diffusion into
pores. The effect is more pronounced for some compounds,
such as pyrene, compared to others like p-nitrophenol,
indicating variability in adsorption behavior based on
molecular properties.

Table 1 compares the removal efficiencies of various
cellulose-based adsorbents for different pollutants at specific
temperatures. This suggests that higher temperatures
generally enhance adsorption performance. References from
previous studies add credibility while this study indicates
original research findings on Pineapple crown adsorption.
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Figure 1: The plot of (a) Removal efficiency against temperature and (b) Adsorption capacity against temperature for the
removal of P-Nitrophenol, Naphthalene, Acenaphthene and Pyrene

. Table 1: Comparison of Removal efficiency to other studies

Cellulose Pollutant Temperature Removal References
(K) Efficiency (%)
Cu(l)-Polyaninile composite Orange 16 323 94.99 Kumar et al., 2021
Desert date seed shell-activated carbon  Crystal violet 303 50.12 Umar et al., 2020
Activated carbon from apple peel Neutral red 318 87.20 Ali et al., 2023
Pineapple crown P-nitrophenol 313 64.8 This Study
Naphthalene 313 90.2 This Study
Acenaphthene 313 93.0 This Study
Pyrene 313 98.7 This Study

3.2 Thermodynamics Properties

Thermodynamic parameters such as enthalpy change (AH),
entropy change (AS), and Gibbs free energy (AG) (Table 2)
were determined from the intercept and slope of the plots of
In K against 1/T for different temperatures used as shown in
Figure 2. Negative values obtained for AG at all temperatures
confirm the feasibility of the process and the spontaneous
nature of the adsorption of the PAHs onto the adsorbent.
Higher negative values were obtained at higher temperatures,

suggesting that the adsorption process becomes more
spontaneous as temperature increases. The calculated
thermodynamic parameters AG, AH and AS for each
adsorbate; P-nitrophenol, Naphthalene, Acenaphthene and
Pyrene were -3.092 kJ/mol, 2.151 kJ/mol, 16.23 J/mol-K; -
3.958 kJ/mol, 4.317 kJ/mol, 25.61 J/mol-K; -4.015 kJ/mol,
4.542 kJ/mol, 26.48 J/mol-K; and -3.928 kJ/mol, 12.768
kJ/mol, 51.66 J/mol-K for P-nitrophenol, Naphthalene,
Acenaphthene and Pyrene respectively.

Table 2: PAHs uptake dynamic thermodynamics parameters

Thermodynamics Parameters

Adsorbate - AH AS AG (KJ/mol)

(Kimol)  (KlgmolK) 313K 318K 323K 328K __ 333K
P-Nitrophenol  0.0446  -3.694600 0003126 -2.71611 -2.70048 -2.68485 -2.66922 -2.65359
Naphthalene 08623  -27.10280 L0.066570 -6.26790 -5.93508 -5.60225 -5.26942 -4.93660
Acenaphthene  0.9447  -37.00480 0095769 -7.02008 -6.55024 -6.07139 -5.59255 -5.11370
Pyrene 0.8719  -138.3533 0407478 -10.8128 -8.77543 -6.73804 -4.70065 -2.66326

The values of AG suggest a chemisorption process, as values
of AG for a physisorption process are generally between -2.77
and -1.27 kJ/mol. The positive values of AH confirm the
endothermic nature of the adsorption process, while positive
AS values indicate increased randomness at the solid-liquid
interface. Pyrene exhibited the highest increase in adsorption
capacity (ge) with temperature, suggesting stronger

adsorbate-adsorbent interactions. The values obtained for AH,
AS, and AG align with previous studies, indicating that the
adsorption of PAHSs onto the adsorbent is a feasible process.
The results are consistent with those obtained by Chakraborty
et al. 2021 [22].
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Figure 2: Plot of In Kc against /T

3.2.2 Isosteric Heat of Adsorption

The values of AHx were obtained from the slope of a plot
of In Ce versus 1/T, which was found to be linear (Figure 3).
The R2 values of the isosteres, indicating the goodness of fit,
were 0.9446, 0.8623, 0.9447, and 0.8719 for P-Nitrophenol,
Naphthalene, Acenaphthene, and Pyrene, respectively. The R2
values confirm the strong linear correlation and reliability of
the calculated AHx values, which are summarized in Table 3.

The magnitude of AHx provides insights into the adsorption
mechanism, distinguishing between chemical ion exchange
and physical adsorption. According to Neimark et al. (2017),
physical adsorption occurs when AHx is below 80 kJ mol™.
In this study, the values of AHx were 3.6946, 27.1028,
37.0048, and 138.3532 kJ mol™ for P-Nitrophenol,
Naphthalene, Acenaphthene, and Pyrene, respectively (Figure
3). These results indicate that the adsorption of P-Nitrophenol,
Naphthalene, and Acenaphthene onto cellulose was a physical
process, whereas Pyrene followed a chemical adsorption
mechanism. This suggests surface energetic heterogeneity,
where different adsorption sites contribute to varying
adsorption strengths based on the adsorbate.
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Figure 3: Plot of In Ce against 1/T

3.2.3 Sticking Probability and Activation Energy

The activation energy (E.) values calculated from the slope of
the plot (Figure 4) were 3694.58 J/mol, 27102.81 J/mol,
37004.78 J/mol, and 138353.27 J/mol for P-Nitrophenol,
Naphthalene, Acenaphthene, and Pyrene, respectively. The
results shown in Table 3 indicate that the probability of
adsorbate sticking to the cellulose surface (S* values) were
1.46, 3000.10, 100609.30, and 1.93 x 102 for P-Nitrophenol,
Naphthalene, Acenaphthene, and Pyrene, respectively.

The sticking probability should lie within 0 < S* < 1, which
indicates a physisorption mechanism [24]. However, the high
values of S*, particularly for Naphthalene, Acenaphthene, and
Pyrene, suggest a deviation from the expected range. This
could imply strong interactions between the PAHs and the
cellulose surface or potential limitations in the adsorption
model used.

The positive values of E, confirm that the adsorption process
is endothermic, requiring energy for the adsorbate molecules
to adhere to the surface. Additionally, the relatively high
activation energy values suggest that the adsorption is not
diffusion-controlled and may involve stronger interactions
between the adsorbate and adsorbent than simple
physisorption. Further investigation is needed to confirm the
adsorption mechanism and validate the calculated S* values.
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Figure 4: Plot of In(1 - 0) against 1/T

3.2.4 Eyring Equation

The thermodynamic parameters for the compounds P-
nitrophenol, Naphthalene, Acenaphthene, and Pyrene were
determined using the Eyring equation. A plot of In(K/T)
versus 1/T yielded straight-line equations with slopes and
intercepts corresponding to the activation enthalpy (AH") and
entropy (AS"), respectively. The result in Table 4 shows that
P-nitrophenol exhibited the lowest activation enthalpy, AH™,
-6.38 KJ/mol, indicating a low energy barrier for its reaction.
Additionally, its entropy value, AS-, -0.2570 KJ/mol-K was
relatively low, suggesting a little or no degree of
disorderliness in the transition state. The positive Gibbs free
energy, AG~, 70.21 KJ/mol indicates that the process is non-
spontaneous under standard conditions.
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Table 3: Isosteric Heat of Adsorption, Sticking Probability and Activation Energy Parameter

Adsorbate Thermodynamics Parameters
R? K AHx (KJ/mol) Ea (g mol-1) s
P-Nitrophenol 0.9446 3.6946 4.288 -3694.58 1.4565
Naphthalene 0.8623 27.1028 11.918 -27102.8086 3000.0973
Acenaphthene 0.9447 37.0048 15.431 -37004.7826 3000.0973
Pyrene 0.8719 138.3533 52.923 -138353.274 1.9284 X 10*
In contrast, Pyrene demonstrated a much lower activation valuable insights into reaction mechanisms and molecular
enthalpy, AH-, -141.04 KJ/mol and negative entropy, AS, - behavior.
0.6614 KJ/mol-K, which suggests a highly ordered transition
state. Its positive Gibbs free energy, AG, 56.05 KJ/mol -1
reflects a non-spontaneous process under standard conditions. 0.003 0.00305 0.0031 0.00315 0:0032
Naphthalene and Acenaphthene exhibited intermediate B

values, with AH~ values of -29.786 KJ/mol and -39.688

KJ/mol, respectively, and negative AS. Their Gibbs free E
energies were 65.71 KJ/mol and 64.51 KJ/mol, respectively. 1:— 3 A a
£ A - o
These findings highlight significant differences in the 4 A izl -
thermodynamic behavior of the studied compounds. P- e
Nitrophenol's low activation energy and non-spontaneous &P EROPHENOD———WrNAPHTHATENE @
nature make it more reactive compared to Pyrene, which - it
requires significantly more energy to overcome its activation 4 ACENAPHTHEN PYRENE
barrier. This analysis underscores how thermodynamic
parameters derived from the Eyring equation can provide Figure 5: Plot of In(K/T) against 1/T.
Table 4: PAHSs uptake for Eyring equation
Thermodynamic Parameters
Adsorbate R? AH AS AG (KJ/mol)
(KJ/mol) - (KJ/mol) 313K 318K 323K 328K 333K
P Nitrophenol 0.9807 -6.378 -0.2570 74.067 75.352 76.637 77.922  79.207
Naphthalene 0.8829 -29.786 -0.3205 70.518 72.120 73.723 75.325  76.927
Acenaphthene 0.9514 -39.688 -0.3497 69.753 71.501 73.249 74997  76.746
Pyrene 0.8762 -141.039 -0.6614 65.970 69.277 72.584 75.899  79.197
3.2.5 Surface Coverage vs the Hopping Number surface coverage, Pyrene demonstrates a more gradual
) increase. The hopping number describes how fast an
The plot of surface coverage () versus hopping number (n) adsorption process happens; thus, the smaller the hopping

indicates the movement of selected PAHSs to vacant sites on
the adsorbent surface increases with surface coverage. The
clustering of P-Nitrophenol data at low 'n' values, along with
its high R-squared value (0.9985), suggests that within this
observed range of hopping numbers, P-nitrophenol achieves
higher surface coverage with fewer hops compared to
Naphthalene, Acenaphthene, and Pyrene, potentially
indicating faster initial binding. While Naphthalene and
Acenaphthene exhibit relatively steep initial increases in

number (n), the faster the sorption process [4].
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4 CONCLUSION

This study investigated the removal of a PAH
multicomponent mixture from synthesized produced water
using pineapple crown cellulose derived from agricultural
residues. The adsorption process, involving P-Nitrophenol,
Naphthalene, Acenaphthene, and Pyrene, was found to be
temperature-dependent, with decreasing PAH concentrations
at higher temperatures indicating a low energy requirement
for adsorption onto the cellulose. Thermodynamic analysis
confirmed that the adsorption process was spontaneous,
feasible, and exothermic, exhibiting increased randomness at
the interface and an overall affinity for the cellulose
adsorbent.

Further insights were gained from the analysis of the surface
coverage (®) versus hopping number (n) relationship,
revealing differences in the adsorption kinetics among the
PAHs. Specifically, P-Nitrophenol demonstrated a rapid
increase in surface coverage at low hopping numbers
(consistent with its clustered data points and high R2 value of
0.9985 in the ® vs. n plot), suggesting a faster initial binding
to the cellulose. Three trend lines exist for Pyrene: y =
0.0029x + 0.788 (R2 = 0.781), y = 0.0114x + 0.7632 (R2 =
0.9691), and y = 0.0188x + 0.6952 (R2? = 0.9603). Data from
the thermodynamic study suggest a relatively high sticking
probability for pyrene compared to P-nitrophenol. While the
isosteric heat of adsorption values increased with decreasing
temperature for all four PAHs. Notably, the isosteric heat of
adsorption increased significantly more for pyrene and was
the least for P-nitrophenol with temperature. These
differences highlight that cellulose-PAH interaction
mechanisms and affinity vary based on PAH molecular
structure.

Considering the combined evidence of favourable
thermodynamic parameters, insights into adsorption Kinetics,
and the low-cost nature of pineapple crown cellulose, this
study supports the potential application of this bio-adsorbent
for treating industrial effluents containing PAHs and
potentially other pharmaceutical residues. Future research
should focus on optimizing cellulose modification strategies
to enhance the equilibrium adsorption capacity, particularly

for PAHs like Pyrene, and on evaluating the performance of
this material in real-world wastewater matrices.
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