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Abstract

A new activated adsorbent was produced from the debris of Posidonia oceanica rhizomes (POR). POR were activated in
acetic acid and utilized as an eco-adsorbent for the removal of cationic dye methylene blue (MB) from saline solutions. The
purified Posidonia oceanica rhizomes (PPOR) and its activated form (APOR) were characterized by elemental analysis,
pH-metric titration, Fourier transformer infrared (FTIR), and surface area measurements, which inferred a remarkable
activation of APOR. An enhancement in the free acidic sites was confirmed. The adsorption data obtained were analyzed
using Langmuir, Freundlich, Temkin, Dubinin-Kaganer-Raduskavich (DKR), and Redlich and Peterson (RP) isotherm
models. The obtained data from these isotherm models were tested using some error functions (residual root mean squares
error (RMSE), sum square error (SSE), and chi-square test (X?) function). Temkin isotherm model was the best isotherm fits
the experimental data of APOR. Kinetic data were evaluated by pseudo-first-order (PFO), pseudo-second-order (PSO), and
intraparticle diffusion models. The adsorption rate was found to follow PSO model with a good correlation (R>=0.999-1).
A suggested, endothermic, multilayer, combined electrostatic and physical adsorption mechanism may be responsible for the
removal of MB from water utilizing APOR. Adsorption is anticipated to start with chemisorption on active functional groups
of adsorbent’s surface followed by physisorption of the subsequent layers through adsorbate—adsorbate interaction. The
removal process was successfully applied for MB-spiked saline and brackish water with removal efficiencies of 51.7-97.2%.
The results revealed that activated Posidonia oceanica rhizomes is a promising adsorbent for the removal of the methylene
blue dye from real saline and brackish water with high removal efficiencies.
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Water scarcity is one of the most serious crises facing the
world currently so it is necessary to make effective utiliza-
tion of the available water resources. Environmental pollu-
tion is in an alarming problem which is facing the world due
to industrialization and urbanization. Industrial wastewater
discharge is causing severe pollution in the environment
and has become a challenge for scientists and researchers.
Various dye effluents from pickling industries, paper, dye-
stuff industries, tanning, and textile industries are polluting
limited water resources when discharged without proper
treatment [1]. Dyeing effluents are hazard-rich, which
inflict acute disorders in the aquatic ecosystem such as high
chemical oxygen demand (COD) and an increase in toxicity.
Also, the colored wastewater harms the esthetic nature of
water and affects the light permeability of the water’s sur-
face and the photosynthetic activity of the aquatic organisms
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[2]. Many of the dyes used in these industries may also be
carcinogenic and mutagenic. The aromatic nature of most
synthetic dyes makes them very stable and resistant to bio-
degradation and photo-degradation, which result in long-
lasting water pollution [1, 2].

In recent years, research is focusing on the utilization of
appropriate, low-cost green technology for the pre-treatment
of wastewater discharges [3-5]. Different processes for
removing residual dyes typically include physicochemical
[5-13], catalytic processes [14, 15], electrochemical [7, 8, 14,
16], magnetically assisted processes [, 14, 15], and biologi-
cal [17-19] schemes. Some processes such as electrochemi-
cal techniques are relatively new for textile waste treatment,
while bio-treatment and adsorption in particular [3, 9, 20, 21]
are applicable in the industry because they are simple, regen-
erative, and fast techniques. Promising adsorbents are lingo
cellulosic agricultural by-products and eco-wastes [3, 22-26]
because of their low cost, high adsorption capacity, porous
structure, and large surface area that is rich with versatile
acidic and basic sites and at the same time, waste re-use rep-
resents one of the pillars of the circular economy philosophy
[4]. They have been proven to remove dyes and other pollut-
ants from aqueous environments. However, cheap and effi-
cient adsorbents in the presence of a saline background are
relatively rare due to the competition of matrix ions [3, 27].

Posidonia oceanica (PO) is an endemic dominant sea-
grass (SG), which covers approximately 50,000 km? of the
total coastal sandy regions in the Mediterranean Sea and
contributes to the seawater oxygenation and cleaning, fauna
protection, and littoral erosion prevention [28, 29]. P. oce-
anica is viewed as a pollution-biomonitor since it naturally
retrieves heavy metal ions from seawater in its living organs,
such as its leaves, holding various amounts of heavy metal
ions, from a small mg kg‘1 of As, Cd, and Pb up to several
tens of mg kg™! of Zn [30-33]. The aggregated dead SG
(called aegagropiles) form large wastes along the Mediter-
ranean shore, thus imposing an environmental risk [29, 34].
These dead wastes are a natural cation-exchanger lignocel-
lulosic framework, which is adapted to highly saline envi-
ronments [34]. Hence, they were directly utilized (or after
modification) as a bio-adsorbent for MB [35, 36] and Pb>*
ions [37, 38] from wastewater. The Mediterranean aegagro-
piles are either ellipsoidal (egg-shaped; major) or spherical
in shape (ball-shaped; minor). The ellipsoidal shape includes
almost 60% of the cases with the heterogeneous type of
aegagropiles, i.e., containing a rhizomatic nucleus, whereas
all of the spherical aegagropiles are of the homogeneous
or intermediate type [39]. The rhizomes constitute 35% on
average of P. oceanica plant [30]. Despite the environmen-
tal importance of P. oceanica rhizomes (POR) as a natural
remediation tool, its waste is imposing an environmental
problem and was not studied as adsorbent. The current study
introduces a simple and new acid-activation method for the
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recycling of POR eco-waste as an environmental friendly
adsorbent for methylene blue as a model for cationic dyes
from saline water.

2 Experimental
2.1 Materials

Commercial glacial acetic acid was purchased from
Doummar & Sons Co. (Adra, Syria). MB chloride hydrate
(3,7-bis(dimethylamino)-phenothiazin-5-ium chloride,
C,6H;sCIN;S-xH,0 > 96.0%) was purchased from S D Fine-
Chem Limited (Mumbai, India). Stock solutions (1000 mg
L") were prepared by dissolving 1 g of MB in 11 of distilled
water (DW). Other chemicals and reagents were of grade
Puriss from Sigma—Aldrich unless otherwise stated.

POR debris were collected from the shores of Marsa
Matruh, Egypt, washed thoroughly with tap water, skimmed,
dried in the air, and coded as POR,,,. To examine the
practical application, surface water samples were collected
from different sites along the coasts of northeast Egypt,
Hurghada, Burullus, and Manzala lakes, which represent
different salinity degrees.

2.2 Equipments

Inductively coupled plasma—optical emission spectroscopy
(ICP-OES) was performed on an iCAP-7000 SERIES ICP
Spectrometer, Thermo-Fisher Scientific, Germany, to deter-
mine the elements Li, K, Mg, Ca, St, Ba, B, Al, Cr, Mn, Fe,
Co, Cu, Zn, and Cd concentrations in digested samples of
PORs. The plant debris samples were digested in a micro-
wave oven from MILESTONECONNECT model ETHOS
EASY using 0.5 g of each sample in 8 mL concentrated
HNO; and 2 mL concentrated H,0O,. Single element stock
standards (Fisher Scientific) were used to prepare multi-
element standard solutions with the necessary element con-
centrations. The standard solutions were used for calibra-
tion curve generation. An automatic Vario EL, Elementar
instrument, Germany, was used to determine the percentage
of C, H, N, and S in the samples. Nitrogen adsorption/des-
orption isotherms were performed to determine the surface
texture parameters at liquid nitrogen temperature (— 196 °C)
using Quantachrome Nova 3200 S automates gas sorption
apparatus (USA). Before such measurements, samples were
perfectly degassed at 70 °C for 4 h under vacuum pressure
5x 10™* Pa. Fourier transform infrared (FTIR) spectra were
recorded on a Nicolet iS10 instrument, Thermo-Fisher Scien-
tific, USA, using KBr pellets. The pH of each sample solution
was adjusted with NaOH and H,SO, solutions using a Cole-
Parmer Chemcadet 5986—50 pH/ion/mV meter, USA, with
an expanded range and an accuracy of +0.1.
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The pH-metric titration measurement was performed
using a Metrohm 848 Titrino automatic potentiometer, Swit-
zerland. One hundred milligram portion of the investigated
sample was added to 25 mL of 0.5 mol L~! KCI and titrated
against 0.0073 mol L™! KOH + 0.5 mol L~! KCl at 25 °C at
a rate of 1.0 mL min~!. Electronic spectra of MB solutions
were recorded on a UV/VIS spectrophotometer (Unico 2100
Spectrophotometer, USA) at 663.8 nm. The concentration
of MB was determined using a calibration curve made from
standard MB solutions.

2.3 Methodology

2.3.1 Treatment of POR,,,,
POR,,,, was washed thoroughly with DW, dried at 80 °C
to a constant mass, sieved to remove sand, manually cut
with scissors, and sieved to a size lesser than 3.0 mm. The
obtained material is named PPOR. Approximately 100 g of
PPOR was soaked in 1 L of 1 mol L™! acetic acid overnight,
filtered, washed thoroughly with DW, dried at 80 °C for 24 h,
and stored in polyethylene vials. This treated material was
denoted “APOR.”

2.3.2 Adsorption studies

The adsorption studies were performed at room temperature
(23 +1.0 °C) and the ambient initial pH values of MB
solutions of 4.8 unless otherwise stated. For the adsorption
isotherm studies, batch experiments were conducted
using 2.5 g L™'of the adsorbent suspensions with initial
concentrations ranging from 2 to 40 mg L™! of MB (prepared
by dissolving MB in deionized water) under shaking (180 r
min~") for 10-90 min.

The amount of adsorbed MB (mg g~!) at equilibrium
(g,) and at time ¢ (g,) was calculated from the mass balance
expressions given by the following equations:

C,—C
q, = MV (1

¢ m

q, = MV 2)
m

where C,, C,, and C, are the liquid-phase concentrations (mg

L_l) of MB at the start, equilibrium, and time ¢, respectively.

V (L) is the volume of solution and m (g) is the mass of

adsorbent.

The thermodynamic studies of the adsorption of MB
on APOR were performed at 23, 30, and 37 °C by adding
2.5 g L™! of the adsorbent to a solution with an initial MB
concentration of 40 mg L™! and shaking for 10—60 min.

To investigate the effect of the initial pH on the
adsorption behavior, 40 mg L™' of MB was chosen as the
initial concentration for an APOR dosage of 2.5 g L™!. The
initial pH (2.0-10) of MB solution was controlled using
0.1 M NaOH and HCI solutions. The resulting suspension
containing adsorbent was then shaken for 60 min and the
suspensions were centrifuged. The residual concentrations
of adsorbate in the solution were finally determined.

2.3.3 Application

A batch experiment for the adsorption of MB from natural
water samples spiked with 40 mg L™' MB was performed. A
dosage of 2.5 g L™! was shaken in 20 mL of the water sample
for 60 min at ambient pH and room temperature. Then, the
samples were filtered and both the initial and residual (C,)
MB concentrations were determined. The removal efficiency
(Er%) was determined from the following formula:
Cy—-C,

ER(%) =

x100 3)
0

Bivariate statistical correlations, which are a form of
statistical analysis, used to find out if there is a relationship
between two sets of values, were performed by using SPSS
program.

3 Results and discussion

3.1 Characterization of PPOR and APOR

The chemical analysis of PPOR and its acetic acid-activated
product APOR is shown in Table 1, which is compared with
some reported analysis of PO rhizomes. The abundance of
the studied elements in the PPOR was as follows: C>H >
Ca>S>Mg>N>B>K>Fe>Sr>Al>Cu>Zn>Cr>B
a>Mn>Li>Co>Cd.

PPOR showed elemental contents within those reported
for PO rhizomes except for C, Li, Ba, Cr, and Cu values,
which were higher than those reported worldwide.

These high contents may be due to the nature of POR as
offshore eco-waste. Some elemental contents in rhizomes
were lower than those in leaves [3] such as N, H, Cr, and Fe,
while some others were higher than those in leaves, such as
C, S, Mg, Ba, Cu, and Zn. The distribution of metals in PO
organs was reported previously to change depending on the
site and time [30, 46]. This plant is valuable as a biomoni-
tor for Cu, which is a necessary element for plant growth
and metabolism [46]. The high level of pollution with heavy
metals in the environment may be considered a reason for
their high levels in rhizomes of PO. This conclusion was
confirmed by the observation of metal contents of PPOR
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Table 1 Elemental analysis
(mg kg1 of PO rhizomes and

APOR

Element Present work

Reported values

PPOR APOR PPOR
Li 4.85 3.56 0.58 (Sanz—LA;zaro et al. [40])
K 1560.19 149.19
Mg 7544.34 893.85
Ca 19172.49 8348.54
Sr 313.59 153.40 227 (SanZ—LAjzaro et al. [40])
Ba 1521 1327  2.19 (Sanz-LAjzaro et al. [40])
B 1924.27 122.01
Al 259.87 166.02 19.28-52.42 [41]
Cr 35.60 1230  2.35[30], 0.24-1.27 [41], 16.56-36-81 [42], 5.93 (Sanz-LA;zaro et al.[40])
Mn 9.39 3.88 4.22-9.61 [41],9.1 (SanZ—LAizaro et al.[40])
Fe 37249 354.05 48.49-370 [41], 411 (Sanz-LA;zaro et al. [40])
Co 3.56 0.65 0.22-12.07 [41], 0.47 (Sanz—LA;zaro et al. [40])
Cu 8544 11.00  8.19[30], 25.86-29.71 [43], 2.6-15.22 [41], 1.7-7.99 [42], 5.1 (Sanz-
LAjzaro et al. [40])
Zn 4595 37.54  47.4[30], 20-220 [41], 20.24-77.88 [42], 59 (Sanz-LAjzaro et al. [40])
Cd 0.65 0.65 0.61 [30], 0.06-0.42 [43], 0.25-5.38 [41], 0.53 (Sanz-LA;zaro et al. [40])
C (%) 4472 4736  32-38 [44]
N (%) 0.29 ND 1.0-2.5 [44], 0.8-1.3 [45]
H (%) 4.66 5.5
S (%) 1.65 0.27

within or close to those reported in Mediterranean Sea
beaches. Despite the metal contents in PPOR samples were
comparable to reported values, but APOR possessed obvi-
ously lower amounts of most of the analyzed elements in
comparison with the untreated plant rhizome. The observed
slight increase in the C and H contents of APOR relative to
those of PPOR is in accordance with the anticipated rela-
tive increase in the percent hemicellulose and lignin that
may be also due to the removal of inorganic deposits dur-
ing acid activation process and the probable release of the

metal-engaged acidic sites. These results are in accordance
with the previously reported release of acidic sites accom-
panying the loss of metal contents [3].

The initial N and S contents in PPOR were remarkably
reduced in APOR, which indicates the acid leaching of
appreciable amounts of N and S.

The pH,,. of APOR was observed at an appreciably lower
value (2.0) compared with that of PPOR (7.72) as shown
in Fig. 1. The observed reduction of pH, . of the acid-acti-

pzc
vated POR debris is an indication of the elimination of basic

Fig.1 pH_,. of PPOR and
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Fig.2 FTIR spectra of PPOR, APOR and MB-APOR

components such as calcium carbonate and the release of
the cationic species occupying surface acidic sites, which fit
with the observed metal content reduction in the above ele-
mental analysis [3]. At the pH> pHzpc (pH 2), the surface
of APOR became negatively charged due to deprotonation
and hence enhancing electrostatic attraction with positively
charged MB ions. FTIR (Fig. 2) confirmed this assumption
from the disappearance of the IR absorption band observed
at 1428 cm™! assigned tov CO; in the FTIR absorption
spectra of PPOR [3]. New shoulders were observed at 3340
and 1739 cm™!, which are assignable to vOH and carbonyl
vC =0 vibrations respectively. The observation of a vibra-
tion for free COOH groups supports the possible release of
the acidic sites bound to cationic species and/or the occur-
rence of a partial degradation. This is in accordance with
the above-discussed measurements and the reported effect
of acetic acid on plant fibers and cellulose [47].

The spectra of the MB-loaded APOR showed a blue shift
in the wave number from 3426 cm™' to 3433-3435 cm™! and
a red shift from 1636 cm™! to 1629-1631 cm™' which may
indicate that the OH groups are involved in the adsorption
of MB. This was also supported by the disappearance of
the shoulders at 3340 and 1739 cm™". The shifting of peaks
indicates that there was strong electrostatic interaction
between adsorbate and adsorbent [48].

The pH-metric titration of PPOR and APOR against
0.0075 M KOH in 0.5 M KCl (Fig. 3) suggests the develop-
ment of new acidic sites in APOR indicated by the appear-
ance of two new deprotonation stages at pH 4.0-5.2 and
6.3-7.0 accounting for approximately 0.0657 mmol g~!
proton exchange capacity, which may be due to a partial
hydrolysis of the ester groups, a release of the carboxylic
groups engaged in ionic bonding, and a decomposition of

Fig.3 pH-metric titration of PPOR and APOR

the basic components, such as carbonates. This enhanced
acidity was supported by an increase in the consumed vol-
ume of basic titrant by APOR compared with that con-
sumed by PPOR between pH 4.5 and 8 and by the obvious
shift in the pHpzc of APOR to the more acidic value of
2 compared with the value of 7.72 obtained for PPOR as
shown in Fig. 1.

The nitrogen adsorption/desorption isotherms of PPOR
and APOR (Fig. 4) correspond to type III according to
the IUPAC classification [49]. The presence of type III
adsorption isotherm is common with microporous mate-
rials that indicates an unrestricted multilayer formation
process [49]. The textural properties of the two rhizome
adsorbents are summarized in Table 2. Sgpr values of
PPOR and APOR were 46.61 and 23.71 m? g_l; and aver-
age pore diameters values of PPOR and APOR were 1.44
and 4.26 nm, respectively. The widening of the average
pore diameter of APOR upon activation of PPOR with
acetic acid may be carried out by the removal of calcic
deposits from PPOR pores.

The decrease in Sgpp for APOR may be related to the
removal of calcic and basic depositions on the dead PO
rhizomes that may explain the unusual hysteresis for
the desorption isotherm of PPOR [3]. The observed low
surface area of the PO rhizomes is expected due to the
compact structure of the rhizome as a supporting organ
[50, 51]. However, it is reported that the adsorption
capacity of activated carbon significantly depends on its
pore diameter and pore volume [52]. The average pore
diameter of the APOR in this study is 42°A (4.26 nm), and
the reported size of MB dye molecule ranges from 5.91 to
13.82°A [52]. These findings suggest high capacity for MB
adsorption due to the large size of APOR pores.
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Fig.4 Adsorption—desorption
isotherm of N, on PPOR and
APOR
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Table 2 Textural properties of PPOR and APOR

Sample BET (m? g7 !)  Average pore  Pore volume C constant
diameter(nm)  (cm® g_l)

PPOR  46.61 1.44 0.0168 0.172

APOR  23.71 4.26 0.0253 1.446

3.2 Adsorption studies

3.2.1 Effect of contact time and initial concentration of MB
on the removal efficiency of PPOR and APOR

The effect of initial concentrations of MB (2.0-40.0 mg LY
on its removal efficiencies onto APOR and PPOR at the time
of shaking 10-90 min is presented in Fig. 5.

6
4
2
. 0 T T T 1
0.75 1 0 0.25 0.5 0.75 1
P/Po

APOR showed better removal efficiency compared to
PPOR which is consistent with the above measurements,
indicated by increased acidity, release of acidic groups,
and the increase in the pore diameter and size. The time of
shaking of 30 min was enough to approach equilibration,
after which the removal efficiency slightly increased.

The kinetics of the adsorption process is regulated by
characteristics of utilized adsorbate and adsorbent, as well as
reaction steps involved in the whole process. To establish the
kinetics of the MB adsorption in the present study, the time-
dependent adsorption data was fitted to the mathematical
relationship for pseudo-first-order model, pseudo-second-
order model, and the intraparticle diffusion model which is
based on liquid film mass transfer diffusion [53-55]. Kinetic
studies performed indicated that the adsorption process of
MB onto APOR follows the pseudo-2nd-order kinetic model

I ——APOR+2 mg L-1 MB

—— APOR+4 mg L-1 MB

—&— APOR+8 mg L-1 MB
*—APOR+16 mg L-1 MB
—&—APOR+40 mg L-1 MB
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Fig.5 The effect of shaking
time on the removal efficiency 100
(%) of MB with initial con-
centrations ranging from 2 to — 95
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a 90
o 4
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=
& 85
()
g
3 80
S
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70 L T
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T T T
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Time (min)
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where R? values are equal or very close to one and the
calculated g, values are mainly close to the g, values from
the experimental work; the obtained data are reported in
Table 3. The results suggest that a heterogeneous adsorption
mechanism is likely to be responsible for the uptake of MB
onto APOR.

Table 3 Kinetic parameters for the adsorption models of MB onto
APOR

Pseudo-first-order kinetic model

Cy (mg LY q. (mg g_l) K, (min~") R?
Calculated Experiment

2.0 0.562 0.774 0.117 0.968

4.0 0.438 1.566 0.051 0.972

8.0 1.024 3.121 0.630 0.900

16 18.093 6.276 0.172 0.766

40 7.539 15.136 0.063 0.983

Pseudo-second-order kinetic model
Cop(mgL™") g, (mgg™)
Calculated Experiment

K, (g g 'min™") R?

2.0 0.792 0.774 0.691 1.000
4.0 1.613 1.566 0.228 0.999
8.0 3.205 3.121 0.129 1.000
16 6.423 6.276 0.078 1.000
40 15.848 15.136 0.016 0.999

Intraparticle diffusion rate kinetic model

Cyp(mgL™") C(mgg™ K, (mg g~' min™"?) R

2.0 0.6340 0.0172 0.7539
4.0 1.1999 0.0433 0.7958
8.0 2.4976 0.0729 0.8240
16 5.2275 0.1235 0.8644
40 10.5640 0.5376 0.8946

K,, K;, and K|, are the rate constant of the pseudo-lst-order and
pseudo-2nd-order kinetic equations and the rate constant of the
intraparticle diffusion model, respectively, while C is a constant

related to the thickness of boundary layer

The adsorption isotherm of MB onto APOR fitting
to Langmuir [56], Freundlich [57], Dubinin-Kaganer-
Raduskavich (DKR) [58], Temkin [55, 59, 60], and Redlich
and Peterson [61, 62] models was performed, and different
isotherm equations are presented in Table 4.

Langmuir adsorption isotherm describes the homogene-
ous adsorbent surfaces where a monolayer of adsorbate is
formed, and the maximum adsorption capacity (Qm, mg/g)
corresponding to complete monolayer coverage on a surface
of adsorbent can be estimated using the isotherm model.
Freundlich isotherm describes the heterogeneous surface of
adsorbents on which multilayer of adsorbate is formed and
if the value of the constant ny is higher than one, then it
indicates that the adsorption of MB dye onto adsorbent is a
favorable physical process [11, 24, 63], whereas the DKR
isotherm model is attributed to the Polanyi potential theory,
DKR evaluates the apparent free energy of porosity and the
characteristic of adsorption. It assumes that the adsorption
process continues until the pores are filled [55]. The mean
free energy, derived from DKR model, provides information
about whether the mechanism of adsorption is physical or
chemical. The Temkin isotherm model considers the interac-
tion between adsorbate and adsorbent. The Temkin model
assumes that the adsorption heat of all molecules in the layer
will decrease linearly with the accumulation of adsorbed
molecules on the adsorbent surface [24, 64]. Redlich and
Peterson (RP) suggested a three parameter adsorption iso-
therm model. The RP isotherm equation is mainly used to
explain the formation of the monolayer with multisite inter-
action phenomena at the same time [65]. The three param-
eters of the Redlich—Peterson isotherm model are employed
to study both homogeneous and heterogeneous adsorption
systems [66]. Results are shown in Fig. 6 and Table 5.

Statistical error function analysis of isothermal models Error
functions have been used by many researchers to select the
appropriate isotherm model for adsorption. The error analysis
of the isothermal models used in this study was performed

Table 4 Equations of the

. . . Isotherm model Equation (linear form) Equation no Reference
isotherm models used in this
study Langmuir C_C 4 1 4 [56]
) 9o Imax  KiGna
Freundlich logg, = logK -+ l/n logC,(5) [57]
Dubinin-Kaganer-Raduskavich Ing, = Ing,, — £ (6) [58]
(DKR) e max 2FE2
: RT RT
Temkin q, = ZlnAT + ZlnCe @) [60]
Redlich—Peterson (RP) Ceo L L 1 ca@®) [62]
Y R P

K;, Kp, 1/n, and E are the Langmuir and Freundlich adsorption consﬁlnts, adsorption intensity, and mean

adsorption energy respectively.e (adsorption potential)= RTIn #
correlated to the heat of sorption (J mol™!) and Ay is Temkin isotherm constant (L g‘l). q

. by is Temkin constant which is

Bygp, and a are

’
mon’

the R—P isotherm equation parameters. R is the general gas constant and 7 is the absolute temperature
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Fig.6 Adsorption isotherm of MB onto APOR (a) and their linear fitting to Langmuir (b), Freundlich (¢), DKR (d), Temkin (e), and Redlichand

Peterson (f) adsorption models. € (adsorption potential)= R7'ln

using the residual root mean squares (RMSE), sum square
error (SSE), and chi-square test (X?) functions where RMSE
is the widely applied technique to foretelling the optimum
isotherm at low concentrations [67], SSE is one the most
utilized error functions, which provides a good match and the
best value when we get close to zero [68], while the nonlinear
chi-square (X? test is useful to show if the experimental result
matched the expected data; the X is a parametric test based
on the distribution of the difference from normal distribution,
small values of chi-square test refer their resemblance, while
a larger numbers refer to the difference of the empirical result
[69]. Error function equations are listed in Table 6 and results
are shown in Table 7.

According to the used error function analysis, the best
fit isotherm model with the lowest error function results is
the Temkin isotherm model. The smaller the error function
values indicate similarity between the experimental data of
MB adsorption on APOR and the values calculated using
the theoretical isotherm. Temkin isotherm model considers
that the heat of adsorption of all molecules in the layer will
decrease over time with the accumulation of adsorbed mol-
ecules on the adsorbent surface [24]. The isotherm model
takes into account the interaction between adsorbate and
adsorbent. Temkin linear equation is presented in Table 4

@ Springer

1
1+C, )

R is the general gas constant and 7 is the absolute temperature

and Eq. (7), where A; is the equilibrium binding constant
corresponding to the maximum binding energy and constant
B, which is equal to RT/b; (J mol ™), indicates the heat of
sorption, by is employed to determine the type of adsorption
process, R is the universal gas constant (8.314J K™! mol_l),
and T is the absolute temperature in Kelvin. All of these
parameters were determined from the plot between g, and
InC,. If the value of § parameter is less than 8 kJ/mol, this
indicates a weak interaction between MB and the surface of
APOR [70]. If b value is < 80, this means that the adsorp-
tion process is of physical nature [70]. The values from
Temkin isotherm were b,=1.13 X 108, then the adsorption
of the first layer is mainly not physical adsorption and the
value of f is less than 8 kJ/mol, indicating a weak interac-
tion between MB and the surface of APOR, which may be
attributed to minor physical adsorption in the first layer.
The values of b; and A, which is corresponding to the bind-
ing energy indicate that the first layer is predominated by
chemical adsorption [55, 71].

Considering the correlation coefficients, R? values of
the different isotherm models, it was observed that a good
fitness of the studied adsorption models for MB on APOR
is found with the DKR and Freundlich isotherm models
(Table 4, Egs. (6) and (5) respectively). The DKR was the
most matching model with a linear regression coefficient
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Table 5 Isotherm model . Langmuir isotherm parameters
parameters for the adsorption of
MB onto APOR G (Mg 7 K, R, R?
5291 0.285 0.034-0.637 0.848
Freundlich isotherm parameters
1/n K (mg/g) R?
0.756 9.449 0.955
DKR isotherm parameters
Ginax (Mg 271 E (kJ/mol) R
1097 10.242 0.966
Temkin isotherm parameters
by S=RT/ by (J mol™!) Ay (L/mg) R?
1.13x 10® 221x107° 3.487x10° 0.8786
Redlich—Peterson isotherm parameters
Tron Mg g™ b g™h a R
19.531 1.076 0.54 0.892

K; and K are the Langmuir and Freundlich adsorption constants; 1/n adsorption intensity, £ mean
adsorption energy, by, and A, are the Temkin isotherm constants; and g’,,,,,, bgp, and a are the Redlich—
Peterson isotherm equation parameters
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Table 6 Error function equations

Model name  Equation Formula Best fit Equation
number
SSE Z:;l - qeexp),'z Smallest value  (9)
RMSE 1§5N | _ %2 Smallest value  (10)
100 /5 Zim (1 T
Chi-square o (eexp—2eca); Sallest value  (11)

i=1 Gecal

Table 7 Statistical error function analysis of different isothermal
models

Isotherm model RMSE SSE X?

Langmuir 0.0024 0.0160 2.77E—02
Freundlich 0.0884 1.9525 5.43E-01
Dubinin-Radushkevich ~ 0.3513 10.3520 3.02E—02
Temkin 1.163E—-9 9.579E—-9  5.44E-05
Redlich—Peterson 0.0017 0.016 2.38E—-02

(R?) closest to one and maximum adsorption capacity I max
(1097 mg g~') for MB adsorption on APOR. The high
value of g,, is expected due to the significant increase in
the pore size and diameter of APOR during the activa-
tion process and the DKR model assumes that the adsorp-
tion process continues until the pores are filled [55]. The
positive value of adsorption energy E=10.242 kJ mol™!
obtained for MB indicates that the adsorbate is chemi-
cally adsorbed onto APOR in endothermic processes.
The obtained adsorption capacity of APOR towards
MB is remarkably higher than many adsorbents such as
chitosan/zeolite composite (24.5 mg g~' [72]) activated
carbon obtained from Posidonia oceanica dead leaves
(285.7 mg g~! [36]) or acrylic waste (8.76 mg g~! [73]),
citrus limetta peel waste (227.3 mg g_1 [74]), and Marine
green algae Ulva lactuca (344.83 mg g~' [24]). The value
of Freundlich isotherm constant, ng, is higher than one,
which may indicate that the adsorption of MB dye onto
APOR is a multilayer favorable physical process. The
chemical adsorption suggested by the DKR and Temkin
isotherm models is supported by the electrostatic interac-
tions between the functional groups (-CO and —-COQO™)
available on the APOR surface and MB™ ions in solution
(-CO-MB and -C-O0-MB) as suggested by FTIR spec-
trum given in Fig. 2. Hence, suggested combined electro-
static and physical adsorptions may be responsible for the
removal of MB from water by APOR where chemisorp-
tion predominates the first layer followed by physisorp-
tion on the subsequent layers through adsorbate—adsorbate
interaction.

@ Springer

3.2.2 Effect of temperature

The effect of temperature (23-37 °C) on the adsorption
of MB onto APOR is shown in Fig. 7, and adsorption was
observed to increase with increasing the temperature, which
is consistent with the DKR results. The increase in adsorp-
tion with increasing the temperature may be attributed to
increasing the kinetic energy of the molecules and in turn
increasing the diffusion of MB and hence the chances of
collision between APOR and MB ions. This is in agreement
with the results from DKR isotherm supporting the endo-
thermic nature of the process.

The observed preferred warm conditions for the
adsorption process are very optimal for the application in
the Mediterranean Sea weather.

3.2.3 Effect of initial solution pH

The effect of initial pH of the solution on the adsorption of
MB onto APOR is studied. The experiment was performed
at a pH ranging from 2 to 10, results are shown in Fig. 8, and
adsorption was found to increase with increasing pH with
maximum removal efficiency at pH 8.0. The MB dye gives
positive ions when dissolved in water. Then, in an acidic pH,
the positively charged absorbent surface tends to counteract
the absorption of the cationic dye. The increase in pH of the
solution made the surface of adsorbent become negatively
charged, which resulted in increased adsorption of the MB
dye as a result of increased electrostatic attraction force that
occurred between the negatively charged surface of APOR
and the positively charged MB dye [24]. These conditions
are optimal for natural water.

3.3 Application
The removal efficiency of MB by APOR was examined

on natural water samples spiked with 40 mg L~! MB, and
adsorbent dosage of 2.5 g L™! was shaken in 20 mL of the

100

£ 95 -
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S 80 -
o
£
S 75 A
[ —e—23°c  —e—30°c —m37°C
70 . . . . r r
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Fig.7 Effect of temperature on the adsorption efficiency of MB
(40 mg L") on APOR (2.5 gL}
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Fig.8 Effect of initial pH of the solution on the percent removal effi-
ciency of MB on APOR

water sample for 60 min at ambient pH and room tempera-
ture. Natural water samples were collected from different
sites along the coasts of Gamassa, Port Said, Hurghada,
Burullus, and Manzala lakes as detailed in Table 8. The
water samples are characterized by quite versatile salinities
ranged from seawater samples (TDS, g L™!, 26.00-40.18)
to brackish water from Burullus and Manzala lakes (TDS,
g L7!, 0.90-21.63). The low salinity values in some sea-
water samples are due to domestic inflows of freshwaters

while the saline origin of the lake waters overflows the
Mediterranean Sea water through water exchange canals.
The initial pH values of the water samples ranged from
7.25 for freshwater-influenced sites to 8.55 for seawa-
ters, which are within the recommended range for high
adsorption of MB onto APOR. The final pH values after
the adsorption process slightly dropped within 0-1.15.

The removal efficiencies ranged from 51.7 at Bahr
Kromlos, Manzala Lake, in winter to 97.2% at the 15th
May coast, Gamassa. The bivariate statistic evaluation of
results revealed that E;% values were not influenced by the
initial pH values (Pearson Correlation =0.246), which is
in agreement with the pH study. Moreover, a significant
positive correlation between the removal efficiency
and TDS is found (Pearson correlation =0.585), which
indicates that despite the high cationic competition in
saline water, APOR is appropriate for its water applications
due to its oceanographic origin. The difference between
the high ¢,,,, of DKR and the obtained values is possibly
due to the adsorption of a monolayer of MB molecules
on the surface of the APOR, which is also supported by
Temkin isotherm results, forming an outside coverage
which causes resistance for deeper MB diffusion [52], and
the monolayer is then followed by multi-layer physical
adsorption formation [3].

Table 8 Removal efficiency

(Ex%) of APOR for MB-spiked Sample ;Eﬁ PHo PHy Ex%
water samples from Gamassa,

Portt Saig» afﬁ) Hufg]ilfﬁi/[ %’astal Manzala Lake Winter Elzarka 7.50 7.78 7.19 88.9

E’SSZ;_' 25 Lff“f) £ APOR and Bahr Kromlos 2.20 7.9 727 517

time of stirring =60 min Deshdy 4.00 7.94 7.32 80.6

Genka 2.00 7.73 7.7 67.3

Elbashtir 3.40 7.87 7.66 68.0

Temsah 20.00 7.25 7.25 85.3

Summer Elzarka 1.00 7.71 7.65 76.4

Bahr Kromlos 1.20 7.83 7.32 78.8

Deshdy 0.90 7.42 7.16 75.2

Genka 1.00 7.81 7.53 74.2

Elbashtir 1.20 7.86 7.64 78.5

Temsah 4.50 7.72 7.63 68.3

Port Said Elborg Rest 26.00 8.02 7.00 93.0

Army Hotel 32.29 8.02 7.15 84.9

Gamassa Ellesan 26.71 8.04 7.15 78.5

Amon 40.18 7.29 7.17 84.2

15th May 40.18 7.60 7.10 97.2

Hurgada 30.00 8.30 7.15 95.6

Burullus Lake Tera 4.24 8.20 - 91.3

Bughaz 21.63 8.17 - 87.9

East 6.15 8.55 - 90.5
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4 Conclusions

The debris of Posidonia oceanica rhizomes (POR) were
effectively activated via a simple and fast acetic acid
treatment which led to an elimination of basic components
and release of cationic species occupying surface acidic
sites, in addition to development of new acidic sites.
Kinetic studies performed indicated that the adsorption
process of MB onto APOR followed pseudo-2nd-order
kinetic model. Application of different error functions
revealed that Temkin isotherm is the most appropriate
model with a by value of 1.13 X 108, p value less than 8 kJ/
mol, and high A; value of 3.487 x 10°, which indicates
a chemically adsorbed monolayer. While based on the
linear regression coefficient (R%), DKR was the most
matching model with (R?) value of 0.966 and maximum
adsorption capacity ¢, (1097 mg g~') for MB adsorption
on APOR, with a positive value of adsorption energy
E=10.242 kJ mol~! which indicates that the adsorbate is
chemically adsorbed onto APOR in endothermic processes.
The DKR was followed by Freundlich isotherm model
with (n) value higher than one, indicating a multilayer
favorable physical adsorption. A suggested, endothermic,
multilayer, combined electrostatic and physical adsorption
mechanism may be responsible for the removal of MB
from water by APOR. Adsorption is expected to begin
with chemisorption on active surface functional groups
of adsorbent’s surface followed by physisorption on the
subsequent layers through adsorbate—adsorbate interaction.

Adsorption of MB onto APOR was observed to
increase with increasing temperature within the studied
range (23-37 °C) and within a wide pH range from 4 to
10 with a maximum value at pH 8.0. The time of shaking
of 30 min was enough to reach equilibration. The removal
efficiency of MB by APOR was examined on spiked water
samples from different sites along the northeast coasts.
A maximum removal efficiency of >97% was achieved,
which indicates that despite the high cationic competition
in saline water, APOR is appropriate for applications due to
its oceanographic origin. In conclusion, Posidonia oceanica
rhizomes which is currently imposing an environmental
risk can be effectively used, after acid activation, as a
cost-effective adsorbent for the removal of MB as a model
cationic dye from polluted brackish and saline waters with
high efficiency.
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