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ABSTRACT

The effectiveness of phosphorylated sawdust (RSD@P) for the adsorption of both safranin and
methylene blue from aqueous systems has been studied. The related adsorption factors; pH,
stirring time, initial dye concentrations and amount of RSD@P have been demonstrated. The
adsorption’s dependence on temperature, adsorption kinetic and adsorption isotherms were stud-
ied. The pseudo-second-order model was more significant (R* = 0.99) for describing the adsorption
kinetic of both dyes than the pseudo-first-order and Elovich ones. The adsorption process best fit-
ted the Langmuir isotherm model (R* = 0.99) rather than the other studied models. The calculated
adsorption capacities using the Langmuir model were 109.22, 124.72, 135.9 mgg" for safranin and
123.46, 138.89, 158.73 mgg™ for methylene blue at 293, 303 and 318 K, respectively. Thermodynamic
studies emphasized that the adsorption process was spontaneous, endothermic and physical in nature
(AH° =12. 48, 12. 83 kj.mol™ for safranin and methylene blue, respectively). The results showed the
elevation removal of dyes by @P rather than that obtained by raw sawdust using the same dosage
(0.01 g) and experimental conditions. Thus, RSD@P can serve as a promising adsorbent for the removal
of safranin and methylene blue from aqueous solutions.
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1. Introduction

The treatment of water contamination due to colored
materials has been of great concern for many studies.
Dyes and pigments as colored materials are principally
employed in the plastics, paper, food, and pharmaceutical
industries. These colored materials, on reaching surface and
ground water sources, can cause aesthetic pollution and
poison aquatic life [1,2]. Safranin and methylene blue are
water-soluble organic cationic dyes that have been used in
several industries. Safranin is widely applied to certain food
products as flavor and color additives. It is also applied to
dyeing processes in textile industries [3,4]. The deleterious
effect of safranin’s presence in water can cause serious harm
to human health including irritation and burning to the
mouth, eye and skin. Its arrival in the digestive system causes

pain, nausea, vomiting and diarrhea [3,5]. Methylene blue
has been utilized in the paper, textile, leather, and cosmetic
industries [6,7]. Pollution from methylene blue leads to
eyesight, respiratory and abdominal disorders [8]. Most dyes
have a synthetic origin and a complex structure, so they are
very stable against heat, biodegradation and breakdown
by chemicals [9]. These properties make their removal
from aqueous systems hard to some extent. Recently, their
discharge from wastewater using several techniques has been
investigated [10-14]. Adsorption is the most physiochemical
treatment technique that has been widely used because of its
economic viability, effective dye treatment and sludge free
clean operation [15]. Nowadays, several adsorbent materials
have been reported for dye removal such as calcined
mussel shells [16], chitosan [17], raw kaolin [18], magnetic
mesoporous clay [19], carboxylated cellulose derivative [20],
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biomass fly ash geopolymer [8], oil-free algal biomass [21]
etc. The main objective of this work is to attempt to adsorb
these dyes using a new adsorbed material and to study the
related adsorption models in full. On the basis of finding a
new low-cost and eco-friendly adsorbent, our group recently
modified wood sawdust by phosphorylating the hydroxyl
groups using phosphorous oxychloride. The obtained adsor-
bent (RSD@P) successfully increased the efficiency of heavy
metal removal compared with the raw material [22]. The
promising results of the current adsorbent regarding some
heavy metal uptake were a major reason for its trial and
exploitation for the adsorption of safranin and methylene
blue removal from aqueous solutions. Every factor affecting
the dye’s adsorption, including pH, stirring time, initial dye
concentration, amount of RSD@P and temperature, has been
demonstrated. Five adsorption isotherm models, four kinetic
models, and thermodynamic and desorption studies have
been included in this study. Therefore, the successful use
of this adsorbent for the uptake of such large dye molecules
will be another crucial environmental application besides its
heavy metal adsorption ability.

2. Materials and methods
2.1. Chemicals
Safranin (C,;H ,CIN, Mol. wt. = 350.8) and methylene

200719

blue, MB (C, H,,N.SCI, Mol. wt. = 319.85) (Fig. 1) were pur-
chased from Merck, Germany.

Sodium hydroxide, acetic acid, nitric acid and
hydrochloric acid were obtained from BDH, England. The
phosphorus oxychloride (POCL,), Triethylamine HPLC grade
(CHN; 99%) and Tetrahydrofuran were obtained from
Scharlau, Spain and Lobal Chemic Laboratory Reagent &
Fine Chemicals, India, respectively. All the chemicals were
analytical reagent (A.R) grade and were used as such. Milli-Q
water was used for solution preparation. The required pH
value was adjusted by 0.1 M NaOH or 0.1HCI.

2.2. Synthesis of crosslinked phosphorylated raw sawdust
(RSD@P)

The RSD@P adsorbent was prepared using the following
procedure [22]; for each 3 g of sawdust, a mixture of 10 ml
of tetrahydrofuran (THF) and 5 ml of triethylamine (TEA)
was added. Then, the mixture was cooled in an ice bath while
adding 15 ml of phosphorus oxychloride dropwise. After
that, the mixture was refluxed for 1 h. The obtained yield was
repeatedly washed using pure hot water and dried at 70°C
for 12 h.

2.3. Apparatus

The FTIR spectra of RSD@P before and after the dye
adsorption were studied within the range 400-4,000 cm™,
using a Fourier infrared spectrometer (FT-IR: Nicolet 6700,
Thermo Scientific, USA). SEM-EDX analyses (JSM-5600LV
JEOL, Japan) were used to check the surface images of the
RSD@P. A UV Visible spectrophotometer Agilent Cary 60
Spectrophotometer (Agilent Technologies, USA) was used to
determine the dye concentrations during adsorption process.

2.4. RSD@P surface charge determination

The point of zero charge (pHpzc) of RSD@P was
determined using a zeta potential (z) analyzer (Nano
Plus Series, Particulate Systems, USA). The z potential
was measured as a function of pH at room temperature.
The RSD@P sample was suspended in D.I. water and
then sonicated during 10 min. The pHs of the dispersions
were adjusted to the desired values with HCI (0.1 M) or
NaOH (0.1 M). The dispersions were then allowed to settle
during 24 h and the z potentials of supernatants were then
measured.

2.5. Adsorption experiment

The dye adsorption assessment was achieved through
batch experiments. The volume sample was 50 mL of known
dye concentrations with the requested amount of the RSD@P.
The mixture was magnetically stirred at 500 rpm for the
requested time and temperature. The dye concentrations
were determined at characteristic wavelength of 517 nm for
safranin and 664 nm for methylene. It is worthy to refer that
varying the pH of dye solution does not produce modifica-
tion in the color of the dyes.

The adsorption capacity g, (mg.g™) was calculated using
the formula:

9.=V(C,- C,)IW (1)

where C, (mg.L™) is the initial dye concentration, C,(mg.L™) is
the liquid concentration of the dye at equilibrium, V (L) is the
volume of the solution and W (g) is the mass of RSD@P. The
percent removal (%) of the dye can be calculated as follows:

% Removal = [(C,- C,)/C,]x100 @

2.6. Desorption experiment

The study of the desorption process is a major con-
cern from an environmental and commercial point of view.
Currently, 0.01 g of RSD@P was used for the adsorption of
20 mg.L of each dye in 50 mL solution at a predetermined pH
for a stirring time of 90 min at 500 rpm at 293 K. Batch desorp-
tion experiments at different desorption times were per-
formed using different desorption agents with concentrations
of 0.1 and 1 mole. Distilled water, acetic acid, HCI, HNO, and
NaOH were investigated as desorption agents and desorption
of dye was evaluated using the following equation:

Desorption ratio = (Conc. of dye desorbed/ Conc. of dye adsorbed) x 100

®)

3. Results and discussion

The fully characterized phosphorylated saw dust
adsorbent (RSD@P) by our group in the previous study [22]
demonstrated that the surface of the RSD@P had pores and
grooves. The determined BET surface area, pore volume
and average particle size were 14.56 m?/g, 0.0090 cm®/g and
24 nm, respectively.
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3.1. Adsorption studies
3.1.1. Effect of the initial pH

Overall, the adsorption process is affected by the pH
solution, which controls both the adsorbent and dye charges.
Fig. 2 shows the dependence of the safranin and methylene
blue adsorption on the initial pH values of 3-13. Results
show that the safranin removal percentage increases from
38% to 70% by increasing pH between 3 and 11. The uptake
percentage of methylene blue also increases from 30% to 78%
as increasing the pH value from 3 to 12. Therefore, adsorp-
tion of both cationic dyes by RSD@P significantly depended
on pH values. In this context, the high percentage removal at
alkaline pH values may refer to increasing the number of neg-
atively charge deprotonated phosphate groups on RSD@P,
which leads to enhancing the electrostatic attraction of both
dye cations. At lower pH values, the competitive adsorption
between excess H* ions and dye cations gives rise a decrease
in dye adsorption. Results can be also explained in terms of
zero point charge of the RSD@P (pHzpc = 3). Generally, at
pH <pH,,., the adsorbent surface becomes positive while it
will be negatively charged at pH > pH, ., Thus, the surface of
RSD@P at pH above pHzpc (3) will acquire negative charge
leading to an increase in the adsorption, as long as the dye
molecules are positively charged. Similar observations have
been illustrated on adsorption of such dyes using diverse
adsorbents [21,23-26]. However, the net positive charge
decreases with increasing pH value, it leads in the decrease
in the repulsion between the adsorbed dyes and the dye thus,
improving the adsorption removal. The greatest increase in
adsorption above pH 9 can be attributed to reducing dye-
dye repulsion of the charge similarity. This may result to
interaction the positive charge of dye molecules with the pi

|-|=,cj : / N. i it:.H3
H,N N* NH,
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Fig. 1. Chemical structure of safranin (a) and methylene blue (b).

-

—electron system of the adsorbed dye. Hence, the adsorbed
dye molecules become as nuclei for more dye accumulation.
Moreover, the adsorption of safranin may be enhanced due to
the formation of H bonds between amino groups of safranin
and function groups of RSD@P. The decrease in adsorption
after the apt pH value may due to an increase of hydrated
sodium as cation in the aqueous phase competing with dye
for the adsorption sites on the RSD@P surface.

3.1.2. Effect of stirring time

Fig. 3 shows the effect of stirring time on the performance
of dye adsorption at an optimal pH value and fixing all
other experimental factors. The results show an increase
of the adsorption percentage of safranin with increase in
stirring time and it reaches to 82% at 90 min., and thereafter,
the adsorption percentage displays about 5% more at
increasing time up to 150 min. This observation may be
attributed to difficult diffusion of aggregated dyes deeper
to more micropores that already filled up [27] and hence,
a little increase in adsorption is obtained after stirring time
of 90 min. Therefore, at 90 min stirring time a steady-state
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Fig. 2. Effect of the initial pH value on the percentage of safranin
and methylene blue removal by RSD@P. Initial dye concentration
= 20 mg/L, RSD@P amount = 0.01 g, sample volume = 50 mL,
stirring time = 1 h at 500 rpm and temperature = 293 K.
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Fig. 3. Effect of stirring time on the removal of dyes onto 0.01g
RSD@P using 20 mg/L as the safranin and methylene blue
concentration. Volume solution = 50 mL, stirring rate = 500 rpm,
temperature =293 K and pH values of =11 and 12 for the safranin
and methylene blue, respectively.
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approximation as quasi-equilibrium situation is assumed
and this value is conducted for further experiment instead
to 150 min. The percentage removal percentage of methylene
blue also increases by increasing the stirring time reaching
to equilibrium at 60 min. The significant increase of the dye
adsorption percentage by increasing the stirring time may be
due to an increase of the residential time provided for dye
adsorption [28].

3.1.3. Effect of initial dye concentrations at different
temperatures

The effect of initial dye concentration in the range of
10-150 mg/L on adsorption was investigated at 293, 303 and
318 K (Fig. 4). Results show that as increasing the initial dye
concentrations the removal percentage of dye decreases at
studied temperatures (safranin; 88%-14.5%, 90%-16.5%,
91.5%-18%; methylene blue; 83%-15%, 87%—-18%, 89%—-21%
for 293, 303 and 318 K, respectively). Moreover, results show
an improvement in the removal efficiency with increasing
temperatures. The decrease in the dye percentage removal
with increasing concentration may be referred to the
decreasing of available active sides of RSD@P which become
saturated at a definite concentration.

3.1.4. Effect of adsorbent dose

Fig. 5 shows the adsorption behavior of 20 mg/L of each
aqueous dye solution as a function of the RSD@P dosage.
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Fig. 4. Effect of dye concentration on the % removal using
0.01 g RSD@P at different temperatures. Volume solution =50 mL,
stirring rate = 500 rpm, pH =11, stirring time = 90 min for safranin,
(a) and pH =12 and stirring time = 60 min for methylene blue, (b).
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The percentage dye removal increases on changing the adsor-
bent quantity from 0.001 to 0.03 g/50 mL. The percentage dye
removal increases from 5% to 39% and 9.4% to 38%, with an
increase in the RSD@P dose from 0.001 to 0.08 g for safranin
and methylene blue, respectively. A sharp increase in removal
is observed at 0.01 g of adsorbent, then an approximately
11% (safranin) and 13% (methylene blue) removal increase is
obtained as adsorbent dose increases from 0.01 to 0.03 g. In
general, a more adsorbent quantity leads to an increase in the
displayed surface for adsorption, thus obtaining more avail-
able adsorption sites. A slight increase in adsorption after
a 0.01 g adsorbent dose may be due to the adsorption sites
being superimposed [29,30].

3.2. Adsorption kinetics

Four kinetic models are proposed to study both safranin
and methylene blue adsorption. The study involved the
treatment and fitting data of time-dependent adsorption to
the linear form of four kinetic models, including pseudo-first
and second-order models as well as Elovich and intra-particle
diffusion equations (Table 1). The data show the results of
the linear regressions of time vs. log(q—¢,) and t/g, for the
pseudo-first and second orders, respectively. They also
refer to the linear relations between 1/Ing, against g, for the
Elovich model and #'? as a result of g, for the Weber-Morris
intraparticle [16]. The most applicable model shows a closer
correlation coefficient value (R?) to 1 and the closeness the
experimental adsorption capacity to the calculated value.
Based on the comparison of R? the pseudo-second-order
model is more significant and better for describing the adsorp-
tion of both dyes than the pseudo-first-order and Elovich
models. Fig. 6 shows good agreement between the experi-
mental data and the pseudo-second-order model (R* values
of 0.9910 and 0.9977 for safranin and methylene blue, respec-
tively). Overall, the pseudo-second-order model can be favor-
ably fitted to both chemical and physical equilibriums [31,32].
This model involves two pathways; a fast one, which quickly
attains equilibrium, while the other one is slower and takes a
long time. As shown in Table 1, the pseudo second-order rate
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Fig. 5. Effect of RSD@P dosage on the % removal of dyes. Volume
solution = 50 mL, stirring rate = 500 rpm, pH = 11, stirring
time =90 min for safranin, and pH =12, and stirring time = 60 min
for methylene blue.
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Correlation of some kinetic models with the experimental results of safranin and methylene blue adsorption by RSD@P at 293 K

Model Linear form Fitting results
Safranin Methylene blue
Pseudo 1st order Log(q,—q,) =Logq,~k,t/2.303 R*>=0.968 R?=0.9749

Pseudo 2nd order

Elovich model

Weber and Morris
Intraparticle

tlg,=1/k,q2 +1/q,

q,=1/B In(a B) + 1/ B In(#)

q,= kbtm +A

(. mg.g" =52.17

k,, min™ = 0.0269
R?>=0.9910

(opr M-S =88

Gy MGG =93.46

k, gmg'min =8.24 x 10~
h, mg.g? min”'=7.2
R*=0.8203

B, gmg'=-0.0118

a, mg.g” min”'=4.75x 107
R*=0.9558

k, mg.g™ min™' = 5.624

A, mg.g™ =25.405

G- Mg =55.02

k,, min™ = 0.0402
R*=0.9977

(opr MGG =78

ey, MG-g ™' = 82.64

k, g mg? min"=1.53 x 103
h, mg.g™ min™'=10.48
R*=0.8774

B, gMg'=-0.0117

a, mg.g” min™ =4.61 x 10
R*=0.8286

k,, mg.g” min™=5.137

A, mg.g™" =26.881

203

t/ qt
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Fig. 6. Fitting the experimental results of safranin, (a) and
methylene blue, (b) adsorption with pseudo-second-order at
293 K.

constant (k,) is (8.24 x 10 and 1.53 x 10 g.mg™' min™) at 293 K
for safranin and methylene blue, respectively. The values of
calculated equilibrium capacity (q_; 93.46 and 82.64 mg.g™")
are much closer to the experimental g values (88 and 78 mg.g™)
for safranin and methylene blue, respectively. The results also
show that the adsorption affinity (h =k,q,?) of methylene blue
adsorption (h, mg g min™ = 10.48 mg g min™) is greater
than that of safranin (, mg g min™ =7.2 mg g™ min™).

Although, the pseudo-first order model expressed a
fairly high value of correlation coefficient (R* = 0.968 and
0.9749, for safranin and methylene blue, respectively),
values of calculated g were not close to the experimental g as
obtained from the pseudo-second-order model. The fitted
experimental results to the Elovich model show lower values
of correlation coefficient (R* = 0.8203 and 0.8774, for safranin
and methylene blue, respectively) than that obtained from
the pseudo-second-order model. The alpha values (initial
sorption rate) predicted the initial sorption rate are much
low (4.75 x 107 and 4.61 x 10° mg.g™ min™, for safranin and
methylene blue, respectively). Hence, the Elovich model is
inadequate a kinetic model for the adsorption study.

Results of applying the intra-particle diffusion kinetic
equation are shown in Fig. 7 and Table 1. The Figure
show almost to three steps, meaning that the adsorption
is dominated by several diffusion processes. The first and
second portions indicate both the macro- and micro-pore
diffusions, respectively [33,34]. Meanwhile, the three steps
may also be attributed to the adsorption of the dyes to the
boundary layer diffusion effect, a gradual equilibrium stage
and a final equilibrium stage. The latter is slow due to the
slow intra-particle diffusion when approaching the dye
concentration’s minimum [3]. The intra-particle diffusion
rate constant (k,) evaluated is 5.624 and 5.137 mg.g™ min™
for safranin and methylene blue, respectively. It was found
that the first linear portion (not presented) did not pass the
origin point and gave positive intercept values (2.26 and
3.16 for safranin and methylene blue, respectively), empha-
sizing the predominance of the boundary layer diffusion
beside the pore one [34].
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Fig. 7. Relation between g, (mg/g) against the square root of
stirring time 2 (min)"? of RSD@P at 293 K (safranin, (a) and
methylene blue, (b)).

3.3. Adsorption isotherms

The study of adsorption equilibrium isotherms is very
important for determining the sorbent capacity of current
dyes and an adequate interpretation of the adsorption
process. The obtained adsorption data at 293, 303 and
318 K were correlated with five adsorption isotherms; the
Langmuir, Freundlich, Dubinin—-Radushkevich, Temkin and
Flory-Huggins isotherm models. The Langmuir isotherm
is essentially applied to homogeneous adsorption and it
describes the monolayer adsorption well. The linear form of
this model is given by [35]:

C.la.=1/q,k+C.q, (4)

where C, (mg.L™") is the dye’s liquid concentration at
equilibrium, g, (mg g™) is the adsorption capacity, and
g, (mg.g™) and k, (L. mg™) are the dye’s maximum adsorption
capacity at a complete monolayer formation on the surface
and the affinity of the binding sites with the dye, respectively.
On following this model, the experimental data should give
a linear plot between C and C /g, with a slope and intercept
that can be used to determine g, and k, respectively.

An important dimensionless equilibrium parameter of
the Langmuir isotherm known as the separation factor (R,)
can be expressed as follows:

L

R =1/(1+KC,) )

wherek (Lmg™)is the a constant obtained from the Langmuir
equation and C, (mg L) is the initial dye concentration. In
general, the value of R, characterizes the nature of the dye
adsorption. Accordingly, the adsorption process may be
termed favorable, unfavorable, linear favorable or irreversible
adsorption for R, values between 0 and 1, greater than 1, or
equal to 1 or 0, respectively [16,36].

The Freundlich isotherm is significant for treating
multilayer heterogeneous adsorption with interaction
between adsorbed species [3,37]. The linear form of the
Freundlich model (Eq. (6)) illustrates the dependence of the
adsorption capacity (g,) on the equilibrium liquid adsorbate
concentration (C).

logg, = logK, + 1/nlogC, 6)

The values of K, (mg.g™', adsorption capacity) and n
(adsorption intensity) can be illustrated by the intercept
and slope of the plot. The adsorption process can be
inferred from the adsorption intensity factor (1) values.
N <1 adsorption is considered to be chemisorption, while
n > 1 is physical adsorption and it becomes linear for
n =1 [38,39]. The Dubinin—-Radushkevich isotherm model
(Egs. (7)—(9)) is used to differentiate between physical
and chemical adsorption based on the mean energy of
adsorption [40,41]:

Ing, =1ng, —B&’ @)
&=RTIn(1+1/C,) ®)
Epe =1/(2B)" )

where R is the gas constant (8.314 J.mol™ K™), T is the tem-
perature (K), C, (mg L™) is the initial dye concentration and {3
is the isotherm constant. E is the average adsorption energy,
whose calculating value is also useful for classifying the
adsorption process. E_. values ranging from 8 to 16 k].mol™
may refer to the adsorption’s chemical nature, while values of
E . <8 k].mol™ characterize physical adsorption [5,42].
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Table 2
Fitting some adsorption isotherm models with the experimental data of safranin and methylene blue adsorption by RSD@P at different
temperatures

Model Dye T/(K)

293 303 318

Langmuir Safranin

k (L.mg™) 0.4656 0.4534 0.4002

g, (mg.g") 109.218 124.715 135.899

R? 0.9992 0.9995 0.9989

Freundlich

K, (mg.g™) 55.169 58.9118 61.924

n 6.263 5.667 5.445

R? 0.7442 0.7838 0.8042

Dubinin—Radushkevich

q,, (mol.kg™) 5.569 x 107 6.23 x 107 7.42 x 107

B (mol2kJ™) 1.31x 107 142 x 107 1.47 x 10

E (kJ.mol™) 19.531 18.765 18.443

R? 0.7891 0.8259 0.8446

Tempkin

b (j.mol™) 206.1191 174.6188 166.0719

a, 121.2296 67.2838 56.3361

R? 0.8185 0.8731 0.8967

Flory-Huggins

n -0.6285 -0.7068 -0.6341

k (L.M™) 2.2926 2.4161 2.4943

AG® (kJ.mol) —-2.0211 —2.2222 —2.4165

R? 0.8449 0.8412 0.8419

Langmuir Methylene blue

k, (L.mg™) 0.1852 0.1769 0.1694

q, (mg.g™) 123.457 138.89 158.730

R? 0.9966 0.9948 0.9927

Freundlich

Kf (mg.g™) 45.991 49.037 52.312

n 11.289 4.438 4.117

R? 0.8357 0.9081 0.9226

Dubinin-Radushkevich

g, (mol.kg™) 6.574 x 107 8.165 x 107 9.909 x 107

B (mol2.kJ™) 1.67 x 107 1.82 x 107 1.94 x 107

E (kJ.mol™) 17.303 16.575 16.054

R? 0.8612 0.9305 0.9468

Tempkin

b, (jmol™) 158.8393 132.8185 118.3832

a, 16.3952 10.6516 8.6353

R? 0.8924 0.9616 0.9789

Flory-Huggins

n -0.9308 -0.7725 -0.6787

k (L.M™) 2.2803 2.4278 2.5390

AG® (kJ.mol) —2.0080 —2.2344 —2.4635

R? 0.8609 0.8592 0.8620
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The Temkin model considers the existence of interactions
between adsorbate and adsorbent. It also assumes there is
a linear decrease in the adsorption heat on increasing the
surface coverage [32]. The linear form Temkin equation is:

q, =RT/b,Ln(a, )+ RT/b,Ln(C,) (10)

where b_(J. mol™) is the Temkin adsorption constant, a,. (L.g™)
is the adsorption isotherm constant, R is the gas constant
(8.314 J.mol™ K™) and T is the temperature (K). Both the a,
and b, values can be determined from the linear dependence
of g, on Ln (C).

The Flory-Huggins model is valuable for counting the
degree of the adsorbate’s surface coverage characteristics on
the adsorbent and clears both the spontaneity and probability
of the adsorption process [43]. The linear express of this
isotherm has the following form:

2.9
‘ (a)
2.7
= [ )
N4
=
-
2.5
[
2.3
0.0031 0.0032 0.0033 0.0034 0.0035
/T (K™
2.6
)
(b)
24
¥ .
=
-
22
[ ]
2
0.0031 0.0032 0.0033 0.0034 0.0035
/T (K™

Fig. 8. Van't Hoff plots for the adsorption of safranin, (a) and
methylene blue, (b) on the RSD@P.

ln(G/CU) =InK,, +nlr1(1—9) (11)

where 0 = (1-C/C)) refers to the degree of surface coverage,
K.y (L. mol™) is the equilibrium constant and 7 is the number
of adsorbed dyes on the available sites.

Applying Eq. (11) gives a straight line with slope and
intercept equal to n and In k,, respectively. K, and the
standard free energy change (AG®) are related as follows:

Ky, =exp(~AG®/ RT) (12)

The results of the correlated experimental data with the
five adsorption models are presented in Table 2. With regard
to the obtained correlation coefficients (R?), the Langmuir
adsorption model virtually displays higher values of R*than
the others in both dye cases. The values of R*are 0.9992, 0.9995
and 0.9989 for the safranin dye; 0.9966, 0.9948 and 0.9927 for
the methylene blue at 293, 303 and 318 K, respectively. The
superiority of the Langmuir model suggests the homogeneous
adsorption of both dyes on the RSD@P and the formation of
a monolayer surface coverage. The Langmuir monolayer
adsorption capacity calculated at293,303and 318 Kare 109.218,
124.715, 135.899 mg.g and 123.457, 138.89, 158.730 mg.g™
for safranin and methylene blue, respectively. The results in
Table 2 also show the direct proportion of g with tempera-
ture, implying the endothermic nature of dye adsorption.
Moreover, methylene blue displays higher adsorption
capacities than safranin. This is attributed to the variation
in chemical structure, molecular size and adsorption affinity
referred to in the previous part. The calculated R, values for
different concentrations of safranin and methylene blue at the
studied temperatures (293, 303 and 318 K) are 0.064, 0.065,
0.072 and 0.138, 0.143, 0.148, respectively. All the R, values are
within the 0-1 range; therefore, the adsorption of both dyes
onto the RSD@P certainly undergoes a favorable process.
Overall, increasing the temperature leads to an improvement
in dye adsorption by changing the pore size and activating
the RSD@P surface [16]. In addition to relying on R? value in
figuring out the applicability of adsorption model, calculated
some adsorption parameters are taken into account. Results
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Fig. 9. FTIR of modified raw sawdust (RSD@P) before and after
safranin (a) and methylene blue (b) adsorption.
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of the calculated adsorption capacity (g,) by Freundlich
model for both dyes displayed lower values than those
obtained by Langmuir adsorption model (Table 2). It has
been found that values of activation energy (E) obtained from
the Dubinin-Radushkevich isotherm model are greater than
8 kJ.mol™ (Table 2). These values are contrary with the physi-
cal adsorption of these dyes on RSD@P. The obtained Temkin
parameters (a, and b,) as shown in Table 2 are lower values
suggesting its poor fit to the experimental data. However, the
Flory—-Huggins model displays fair fit with the experimental
data (Table 2); the determined negative values of AG® indicate
the spontaneous nature of adsorption.

3.4. Adsorption thermodynamics

The determination of thermodynamic parameters is
very important for the further investigation of adsorption
behavior. Here, the free energy change (AG°), enthalpy
change (AH®) and entropy change (AS°) will be determined
by the following thermodynamic laws and Van't Hoff
Egs. (13)-(15) using the obtained adsorption results of three
different temperatures: 293, 303 and 318 K.

AG° = —RTll’le (13)
AG® = AH° ~TAS® (14)
InK, =AS°/ R-AH°/ RT (15)

where R is the gas constant (8.314 J.mol? K7), T is the
temperature (K) and the K, constant relates to the adsorption
equilibrium or distribution coefficient. Its value can be
obtained using the following equation [7,9,44,45]:

Ki=q. /c, (16)

The listed values of AH° and AS° in Table 3 were
calculated from the slope and intercept of the linear plots
In K, against 1/T (Fig. 8). For both dyes, the AG® values are
negative and increase at increased temperature, indicating
its favorability and spontaneity at the studied tempera-
tures. The AH® values are found to be positive for both
dyes, thus confirming the endothermic nature of adsorp-
tion. The type of adsorption can be classified according to
the AH® values. Physical adsorption is characterized by AH°®
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Fig. 10. SEM images of RSD@P before and after adsorption of
safranin (a) and methylene blue (b).

Table 3
Thermodynamic data of safranin and methylene blue adsorption by RSD@P at different temperatures
Dye Temperature (K) K, AG® (kj/mol) AH° (kj/mol) AS° (kj/mol)
Safranin 293 10.87 -5.81 12.48 62.64
303 13.76 -6.60
318 16.37 -7.39
Methylene blue 293 8.00 -5.06 12.83 61.24
303 10.07 -5.82
318 12.18 —6.61
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Fig. 11. SEM-EDX spectra of RSD@P before and after adsorption of safranin (a) and methylene blue (b).

values of 2.1-20.9 kJ. mol™, while AH® values between 80 and
200 kJ. mol™ describe chemisorption. Accordingly, the current
AH?® values (12.48 and 12.82 kJ. mol™ for safranin and meth-
ylene blue, respectively) certainly imply physical adsorption.
Moreover, the positive AS° values indicate an increase in sys-
tem randomness as there is more dye adsorption onto the
RSD@P’s solid surface of [3,16,19,44].

3.5. Dye desorption tests

The results generally show no appreciable increase in
desorption efficiency on increasing the agent concentration.
The final desorption percentages after 90 min are shown
in Table 4. The results imply that the safranin desorption

efficiency follows the order 0.1 M HCl > 0.1 M HNO3 >
0.1 M NaOH > CH,COOH> DI H,0. In case of methylene
blue desorption, the same order is obtained with referring
to convergent desorption results of acetic acid and distilled
water. The highest desorption efficiencies of 24% and 15%
with 0.1 M HCI are obtained for safranin and methylene
blue, respectively. Results show the possibility of hydrolytic
ruptures of possible links between dyes and adsorbent
caused in neutral, acid and basic medium, being more
efficient in acid medium, confirming the physical nature
of both safranin and methylene blue dye’s adsorption onto
the RSD@P. Moreover, desorption of dyes by dilute mineral
acids further indicates for the physisoprtion process [46].
However, the low desorption percentage may be attributed
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to the available porosity and the binder nature of RSD@P
which influence on retention ability of dyes and hence their
fixation.

3.6. Proving the adsorption efficiency of safranin and methylene
blue by RSD@P and in comparison with other sorbents

The removal percentage of safranin and methylene blue
by 0.01 g of RSD@P using predetermined conditions was
compared with that obtained using raw sawdust. The RSD@P
shows 82% safranin removal at 90 min stirring time and
78% methylene blue removal at 60 min, while raw sawdust
shows 44% and 41% removal for both dyes, respectively.
This result certainly indicates the appropriateness of the
current adsorbent for the removal of both dyes. The FTIR
of the RSD@P before and after the adsorption of both dyes
were also compared (Fig. 9). The FTIR spectrum for RSD@P
shows a broad adsorption at 3,349 cm™, which can be
assigned to the O-H stretching vibration mode of hydroxyl
functional groups. The band observed at 2,901 ecm™ is
attributed to the aliphatic -CH stretching vibrations. The

Table 4
Desorption efficiency of safranin and methylene blue using
several agents

peak at 1,724 cm™ may be attributed to C=O stretching.
The band observed at 1,605 cm™ is due to either the C=O
or the C=C aromatic ring stretching vibrations [23]. The
band observed at 1,506 cm™ offers the presence of C=0O. The
band observed at 1,330 cm™ corresponds to the symmetric
aliphatic C-H bending vibration of CH,. The characteristic
peak at 2,364 cm™ is ascribed to P-H. Peaks at 1,233, 1155,
1035, 901, and 816 cm™ refer to P=O and P-O groups
[27,47-51]. After adsorption of dyes, a change in position
and intensity of some absorption bands was observed. The
observed peak of O-H was slightly altered to 3,342 cm™
and became wide. The superimposed a weak shoulder at
3,220 cm™ in spectrum (A), may be due to intermolecular
hydrogen bonding between O-H and NH, of safranin dye.
The presence of NH, is confirmed by N-H bending vibra-
tion at 1,645 cm™. The observed band at 1,605 cm™ (C=0O
or the C=C aromatic ring stretching vibrations) shifted to
1,611 cm™ (safranin) and 1,608 cm™ (MB) with increasing
the band intensity. The magnitude of corresponding band
to symmetric aliphatic C-H bending vibration of CH, at
1,330 cm™ was also increased. Moreover, peaks related
to the P=O and P-O also displayed some changes, such
as 1,233—1,197 (safranin), 1,204 (MB) and 1,155—1,161
(both dyes); while the intensity peak at 816, 901, 1035 cm™
increased after adsorption. The peak at 1,226 cm™ in the
spectrum (B) shows the stretching vibration of C=S in meth-
ylene blue dye confirming its adsorption on the RSD@P

Desorption agent Dye Efficiency
desorption% surface. .

The SEM micrographs of the RSD@P before and after
Distilled water 4.8 the adsorption of safranin and methylene blue are shown
Acetic acid 0.1 M 7.3 in Fig. 10. A clear difference between images can be
HC10.1M Safranin 24 observed. The surface of the RSD@P shows uneven spots
HNO, 0.1 M 18 whelre .they welre loadTFl C‘tl)y dyes af'tsr atdfsorstion.dThe EtDX

analysis was also applied as an evident for dye adsorption
NaOH 0.1 M 108 (Fig.yll). Patterns a};El EDX analysis Tables o}fl dye adIs)orp—
Distilled water 42 tion (Fig. 10(a), Fig 10(b)) show the appearance of nitrogen
Acetic acid 0.1 M 4.1 and sulfur peaks in addition to that already exist in RSD@P
HCl01M Methylene blue 15 Egtlgerg. These results certainly confirm dye adsorption on
@P.
E?gﬁ%lll;\/{/[ 1i: The RSD@P’s maximum adsgrption capac.ity q, (mg/g)
value was eventually reviewed with other studies conducted
Table 5
Comparison of safranin and methylene adsorption capacity with some other adsorbents

Sorbent Dye q, (mg/g) Reference
Calcined mussel shells Safranin 154.34 [16]
Magnetic mesoporous clay 18.48 [19]
HDTMA-modified Spirulina sp. 54.05 [45]
RSD@P 109.22 (293 K) [This work]

124.715 (303 K)

135.899 (318 K)
Biomass FA-geopolymer Methylene blue 15.4 [8]
Raw kaolin 72.57 [18]
Zeolite 335 [52]
RSD@P 123.46 (293 K) [This work]

138.89 (303 K)
158.730 (318 K)
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Fig. 12. Schematic adsorption mechanism of safranin and
methylene blue by RSD@P.

(Table 5). The results of comparing the RSD@P’s sorption
capacity with some other sorbents show a relatively high
sorption capacity compared with that of some of those
reported. Therefore, the RSD@P appears to provide an effec-
tive surface for dye removal.

3.7. Adsorption mechanism

Fig. 12 shows the suggested adsorption mechanism for
the removal of safranin and methylene blue by RSD@P.
The adsorption mechanism involves electrostatic attraction
between the dye and the adsorbent’s surface function groups,
formation of H bonds between amino groups of safranin and
function groups of RSD@P, and the interaction between posi-
tive charges of dye molecules with the pi —electron system of
the adsorbed dye.

4. Conclusions

Phosphorylated sawdust (RSD@P) was applied for
safranin and methylene blue uptake from aqueous solutions.
The study of all the experimental adsorption factors, as well
as the kinetics, adsorption isotherm and thermodynamics,
showed the effectiveness of removing dyes using RSD@P. The
RSD@P showed superiority in the efficiency of dye removal
rather than raw sawdust using the same dosage (0.01 g) and
experimental conditions. It offered 82% safranin removal
at 90 min stirring time and 78% methylene blue removal at
60 min, while raw sawdust showed 44% and 41% removal
for both dyes, respectively. The adsorption process agreed
with pseudo-second-order kinetics and the Langmuir model.
With regard to the obtained thermodynamic parameters,
the adsorption process could be characterized as a physical
adsorption, spontaneous and endothermic reaction in
nature.
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