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Abstract: This study proposed a novel and low-cost adsorbent prepared from dredging sediment
(DSD) for effective removal of dye in aqueous solutions. The adsorption efficiency and behavior of the
DSD adsorbent toward the crystal violet (CV), a cationic dye, were investigated via batch experiments.
The results showed that DSD samples contain mainly clay minerals (illite and kaolinite) and other
mineral phases. In addition, DSD is a mesoporous material (Vmesopore = 94.4%), and it exhibits a
relatively high surface area (~39.1 m?/g). Adsorption experiments showed that the solution’s pH
slightly affects the adsorption process, and a pH of 11 gave a maximum capacity of 27.2 mg/g. The
kinetic data of CV dye adsorption is well described by the pseudo—second-order and the Avrami
models. The Langmuir and Liu isotherm models provide the best fit for the adsorption equilibrium
data. The monolayer adsorption capacity of Langmuir reached 183.6, 198.0, and 243.6 mg/g at 293,
308, and 323 K, respectively. It was also found that the adsorption process was spontaneous (—AG°®),
exothermic (—AH®), and increased the randomness (+AS°) during the adsorption operation. The
primary mechanisms in CV dye adsorption were ion exchange and pore filling, whereas electrostatic
attraction was a minor contribution. In addition, three steps involving intraparticle diffusion occur
at the same time to control the adsorption process. The results of this study highlight the excellent
efficiency of DSD material as an ecofriendly sorbent for toxic dyes from water media.

Keywords: dredged sediment; characterization; adsorption; crystal violet; mechanisms

1. Introduction

Dyes, colored compounds, present a serious environmental problem due to the diffi-
culty of treating the contaminated wastewaters by conventional methods. Synthetic dyes
have largely supplanted natural dyes, as they offer a wider range of colors and are less
expensive to produce [1]. The textile industry discharges wastewater containing toxic dyes,
and around 2-20% are directly rejected as liquid effluents into the environment [2]. Most
of these dyes are of synthetic origin and toxic in nature, with suspected genotoxic and
carcinogenic effects as well as low biodegradability [3,4]. Crystal violet (CV)—a cationic
dye—has been shown to limit photosynthesis in aquatic plants [5]. Removal of CV dye
from water by adsorption technique has been widely studied in several previous stud-
ies [6,7]. For example, natural clays collected from different locations in the Albaha region,
Saudi Arabia, was proven to have the capability to remove CV via exothermic processes [8].
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In addition, the use of a natural clay mineral with illite and kaolinite functioned as the
major component for the removal of methylene blue and CV [6]. The study found that the
adsorption of methylene blue and CV to the illitic-kaolinite natural clay can be described
by endothermic and exothermic processes, respectively. Therefore, adsorption has been
regarded as one of the most efficient treatment methods due to its simplicity, availability,
and high efficiency of pollutant separation.

Today, soils (clays, sands, sediments, etc.) have found widespread utilization as
alternative adsorbents in wastewater treatment due to their advantages such as low toxicity,
abundant availability, good cation exchange capacity, and important textural proprieties.
Dredging operations are defined as the excavation of sediment deposits from the seabed,
lake, river, or dams [9]. Currently, a hundred million of these sediments are dredged from
underwater each year over the world [10]. Countries in North Africa are very affected
by the siltation of dams, which is a complex phenomenon. In Algeria, the average mud
deposits volume in reservoir dams is estimated at 20 million m> per year [11]. This situation
causes a reduction of 0.3% per year in the storage capacity of water [12].

There are 1150 million m® volumes of sediment in the Algerian watersheds, and
some dredging operations are thus performed periodically [13]. In recent years, large
amounts of sediment have been produced from the dredging activities of Algerian dams.
Therefore, it became necessary to search for a strategy for valuing these soils. Dredged
sediment from dams (DSD) has complex compositions and is often rich in organic matter,
clay minerals, water, and microorganisms, and it frequently contains various organic and
inorganic pollutants [14].

In previous studies, the use of dredged materials from rivers, lakes, and reservoir
sediments to construct building materials has been well studied [9,15-17]. However,
little research has focused on using DSD as an alternative material for the adsorption of
pollutants from water media. Therefore, this work’s objectives are (1) to investigate the
physicochemical, textural and mineralogical characteristics of DSD material from Foum
El Gherza dam (Algeria) and (2) to study its application in removing crystal violet (CV)
dye from aqueous solutions. Several characteristics of DSD samples have been outlined by
using XRD, XRF, FTIR, BET-Nj, and point of zero charge (pHpzc) analysis to learn more
about the properties of DSD powder properties. Batch adsorption tests of CV dye were
studied by varying pH value (3-11), stirring time (0-300 min), adsorbate concentration
(4250 mg/L), and temperature (20-50 °C) to explore the sorption behavior (capacity and
mechanisms) of CV dye onto DSD adsorbent. The application of different mathematical
models to analyze the kinetics and isotherm data was also investigated herein.

2. Materials and Methods
2.1. Materials and Reagents

In this study, dredged sediment from dam was acquired from Foum El Gherza dam in
the Biskra region (Algeria). All organic impurities of grass were removed from the starting
material. Then, the selected mud was washed with deionized water, dried at 75 °C, and
then crushed. A total of 10 g of purified powder were sieved to obtain particles smaller
than 80 m, labeled as dam dredging sediment, and used for further examinations. The CV
dye (generic name: basic violet 3, color index number: 42555) was acquired from Aldrich
(St Louis, MO, USA) and was of analytical reagent grade. Further specifications of CV dye
are shown in Table 1. All solutions were prepared with deionized water. Other chemical
additives such as HCI or NaOH were used to adjust the pH of the solutions.
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Table 1. Chemicals characteristics of crystal violet dye.

Chemical Molecular Density -
C.I. Name Structure Formula MW (g/mol) (g/cm®) Solubility
l l
Crystal violet | CpsHyyNsCI 407.98 1.19 168/ Lcat 2
| * cr
NG

2.2. Properties of DSD Material

The chemical composition of the studied sediment was studied by X-ray fluorescence
(XRF) spectroscopy. The structural characteristics of the DSD adsorbent were determined
by X-ray diffraction (XRD) using a “Bruker D4 ENDEAVOR” diffractometer operating with
monochromated CuK« radiation (at 30 mA and 40 kV). The radial scans were acquired
over the (26) range of 4-60° with a scanning rate of 2°. min~ 1.

FTIR Affinity-1 Shimadzu apparatus was used for the Fourier Transformed Infrared
(FTIR) analysis. Measurements were collected in the scan range of 400-4000 cm ! using
the KBr disc method (1/100 wt %). The porous properties of adsorbent were obtained
by N, adsorption—desorption technique using a Quadrasorb apparatus (Quantachrome,
Boynton Beach, FL, USA) at 77.35 K. The specific surface area (Sggr) and volume of pore
(Votal) were calculated according to the Brunauer-Emmett-Teller method [18], and the
pore size distribution was calculated by fitting the Barrett-Joyner-Hallender (BJH) model.
The acidic-basic surface characteristics of the DSD adsorbent were studied according to
the solid addition method as described by Rouahna et al. (2020) [19]. A total of 50 mL of
0.01 M NaCl solution was kept in series of flasks (100 mL); the initial pH (pHj) of each
sample was adjusted to a pH range of 3-11. Then, 50 mg of DSD material were added to
each flask and the mixtures were stirred for 24 h. Finally, the final pH (pHp) was measured
for all solutions and the pHpzc value was determined graphically.

2.3. Adsorption Experiments

The influence of several operating parameters on the adsorption of CV dye onto DSD
powder was investigated by performing several batch experiments. Tests were executed
by varying the solution’s pH (3-11), contact time (0-300 min), and temperature (20-50 °C)
with a dye initial concentration of 30 mg/L and at a fixed adsorbent dosage of 30 mg/30 mL
(at a temperature of 20 °C =+ 1). The adsorption isotherm was studied with adsorbate
concentrations ranging from 4 to 250 mg/L at neutral pH (~7.0).

The mixtures (DSD-dye solution) were stirred at speed of 150 rpm for the desired time,
and then filtered using a 0.45 pym membrane filter. The residual dye content in solution was
determined using ultraviolet visible spectrophotometry at Amax: 590 nm. Each experiment
was carried out in triplicate and the average value was reported.

2.4. Calculation and Analysis of Data

The quantity of dye that was eliminated from water at equilibrium (g¢; mg/g), and
time f (gt; mg/g) was estimated using equations (Equations (1) and (2)) of the mass balance

as follows:
(C-C)\
m

=Gy @

e = 1)



Appl. Sci. 2021, 11, 10722

40f18

where C, (mg/L), C; (mg/L), and C, (mg/L) are the CV dye concentration at beginning, at
time f, and at equilibrium; V (L) is the volume of solution, whereas m (g) represents the
mass of DSD used.

The kinetic data were described mathematically using three reaction kinetic models
and the diffusion model. The general forms of the pseudo-first-order, pseudo—second-
order [20], and Avrami fractional-order [21] models are given by Equations (3)—(5), respec-
tively. The linear form of intraparticle diffusion model was expressed in Equation (6) [22].
Moreover, the adsorption isotherms were investigated to gain insights on the distribution
of adsorbate at the adsorbent-solution interface. The experimental data of CV adsorp-
tion isotherm at different temperatures were fitted to the Langmuir [20], Freundlich [23],
Redlich Peterson [24], and Liu [25] isotherm models (Equations (7)—(10)). All equations
and relevant parameters of the aforementioned models (for kinetic and isotherm) have
been listed in Table 2.

Table 2. Equations, relevant parameters, and references of the applied kinetic and isotherm models.

Model

Equation Description of Parameters

Pseudo—first-order

Pseudo-second-order

Avrami
Intraparticle diffusion

Langmuir

Freundlich
Redlich—Peterson

Liu

ge and gt (in mg/g) are the adsorbed
quantity of CV dye at equilibrium
and at time t, respectively.

Kj (L/min) and K (g/mg.min):
rates constants.

kay (1/min): is the Avrami kinetic
constant.

nay: is a fractional adsorption order
corresponding to adsorption
mechanism.

Kip (mg/g/min!/?): intraparticle
diffusion rate constant.

C (mg/g): constant related to the
thickness of the boundary layer.

3t = ge(1 —e~Kat) Equation (3)

2
_ Gkt )
9t = Thg kot C,: concentration of adsorbate at

gt = ge x (1 — e~ KayxD)™V) Equation (5) equilibrium.

g = kl-p\ﬁ +C Equation (6) QY ax (mg/g): maximum
monolayer adsorption capacity of
Langmuir.

K} (L/mg): Langmuir constant.
Kr [(mg/g)/(mg/L)"]: Freundlich
constant.
ng: dimensionless Freundlich

0 . intensity parameter.

9 = e Equation (7) Kgp (L/g) and a gp (mg/L) 8 are
the Redlich—Peterson constants.
grp: dimensionless
Redlich-Peterson exponent, g
should be < 1.

Q' ey (mg/g): the Liu maximum
adsorption capacity.

Equation (4)

Ge = Kp.Co/™r Equation (8) Kq (L/g): is the Liu equilibrium
ge = 1 f‘fgp% 2 Equation (9) constant.
ge = Q?nax‘(Kg‘Ci,n)"L Equation (10) nr: is. dimens.ionless exponent of
1+(Kq.Co)"t the Liu equation.

The best model representing the sorption mechanism can be selected by calculating
the difference between the qe in mg/g (or g¢) values of the experiment (ge,exp O gt/exp) and
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values of the model (g, ¢z OF gy ¢q1), Wwhich are reflected through the coefficient of correlation
(R?), standard deviation (SD), and chi-squared test (x?) [7,26]:

2
RZ — 1 _ Z (qerexp B qerCal) (11)

Z (qe,eXp - qezmean)z

5D = J (n i P> X lZ; (Ge,exp — qe,ca1>2] (12)

2
Xz _ Z (qe,exP — Ge,cal) (13)

e, cal
where e, mean (g/g) is the mean of g, experimental values; 7 is the number of observations;
p is the number of parameters in the selected equation. The best suitable model gives the
largest value of (R?), but the lowest SD and x? values.
The standard Gibbs free energy change of CV dye adsorption onto DSD can be
computed by the following equations:

AGY = —RT.In(K¢) (14)
The relationship of AG° to AH® and AS® is given by:
AG? = AH? — TAS? (15)

In this study, the K¢ derived from Langmuir equilibrium constant (K, L/mg) was used
to calculating the thermodynamic parameters. According to Zhou and Zhou, (2014) [27],
K¢ should be a dimensionless parameter with the following definition:

Kc =~ Ky (L/mg) x My x 55.5 x 10° (16)

where R is the universal gas constant (0.00831 KJ/mol x K), T is the temperature (T, Kelvin),
and MW is the molecular weight of adsorbate (g/mol).

The Van’t Hoff equation (Equation (17)) [7], given by substituting Equation (14) into
Equation (15), was used to calculate the enthalpy change (AH°) and entropy change (AS°).

—AH® 1 AS
ke = 8H 1, A8

R T R 17

3. Results
3.1. Characterization of DSD Samples

Results of X-ray powder diffraction of DSD sample are presented in Figure 1. XRD
pattern shows a diffractometric reflects of clay minerals (illite and kaolinite) and others
mineral phases. Illite phase displays peaks at 10.0 and 4.96 A. Two peaks are appeared at
7.15 and 3.49 A which corresponds to kaolinitic clay. This finding is in a good agreement
with the study of Barhoumi et al. (2019) [28]. The XRD spectrum also confirms that DSD
material contains quartz (Q), calcite (Ca), and dolomite (D) as non-clay minerals.
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Figure 1. X-ray diffraction pattern of DSD sample.

The chemical analysis values for the sample are represented in Table 3 and show that
the main oxides detected in DSD are S;0;, CaO, Al,O3, Fe;O3, and MgO. Composition
of the studied sediment shows the predominance of silica (5;0;) and alumina (Al,O3)
mineral of the illite and kaolinite clays. CaO and MgO content indicate the presence of
calcite (CaCOg3) and dolomite (Ca Mg (COs3);) [16]. The content of Fe;O3 and K,O confirms
the presence of illite phase [29]. As can also be observed, the percentage of iron oxide is
important, which gives the sediment its red color.

Table 3. Chemical composition (wt %) of the DSD material.

Parameters S;0;

CaO A1203 F6203 MgO SO3 Kzo NazO P205 Ti02 SrO

Percentage 38.03

18.99 11.83 4.93 3.70 2.19 1.64 0.18 0.18 0.65 0.11

The infrared spectrum (IR) of the DSD sample is shown in Figure 2, which revealed
important information. The presence of quartz in the powder is indicated by the two
bands near 700 cm ! and 800 cm !, which confirm the XRD results. The vibration bands
appearing at 1430 cm ™! are attributed to the carbonate in the form of calcite or dolomite [30].
The band detected near 3620 cm ™! corresponds to the stretching vibrations of coordinated
water [31]. The (5i-O) of the silicate structure corresponds to the very strong absorption
band at 1013 cm ™.

1007 gy
>
=3
P 2
2 '
[} .
g 8o 3 S
s = ]
- =
b= S
E
0
j=
S 60+
=
o
]
40 =
=
=
-t
T T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500

Wave number (cm'l)

Figure 2. FTIR spectrum of DSD sample.
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Figure 3 shows the physisorption isotherm of the N, gas adsorption-desorption of the
DSD sample. All the textural characteristics (i.e., properties of specific surface and pores)
are calculated from data of this analysis. According to the IUPAC nomenclature, the N, plot
belongs of type IV with a H3 hysteresis loop which appeared at pressure (P/Py) higher than
0.3. This result suggested that the SDS material has a predominantly mesoporous structure
(Vmesopore = 94.4%) with average pores diameter centered at 9.18 nm [32]. Data in Figure 3
show also that the DSD material exhibited a good surface area (Sggr = 39.08 m?2/ g) but
relatively low total pore volume (V1 = 0.089 cm®/g).

1 Textural properties
Unit Value

=N
==
1

b2
[
1

A
5; 1 Sser m*/g 39.08
g 501 SMicropore mz/g 10.50
g ] SExternal mQ/g 28.57 .
':3" 404 V. cm?/g 0.089 Desorption
'-E Vmicr()pore cm 3/ 28 0.005 \
e 4
% 30 VMcsoporc % 94.4
; Pore diameter nm 9.18
E=]
=
]
=
<

—_
=
1

Adsorption

0 T T T T T T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0
Relative pressure (P/P()

Figure 3. N, adsorption/desorption isotherm of DSD material at 77 K and its textural characteristics.

The zero-point charge pH (pHpzc) of the DSD adsorbent was found at 7.81 (Figure 4a),
which indicates the basic nature of its surface. At this point of pH, the overall surface
charge of the material is zero [33]. When the pH of the solution is higher than pHpyc, the
DSD surface will be negatively charged, and vice versa [34]. This can also provide insight
into the role of electrostatic interactions in the adsorption mechanism [35]. In this study,
the adsorption experiments of isotherm were performed at pH = 7.0, implying that the
DSD’s surface was mostly positively charged and the ion exchange can occur.

3.2. Adsorption Mechanism

The solution pH is an important element in the mechanism investigations since it
influences the dominant adsorbate species and the surface charge of the solid. In this study;,
the influence of pH on adsorption efficiency of CV dye was studied by fixing stirring time
at 240 min and an initial dye concentration of 30 mg/L by using 1 g/L DSD. Results show
that pH was found to have little effect on the CV dye removal by DSD adsorbent, which is
illustrated in Figure 4b. This observation is consistent with findings of other researchers
for the removal of cationic dyes using different kinds of soils [36,37].

At pH ranging from 3 to 11, the adsorption capacity increases slightly with increasing
pH values. The basic condition (pH = 11) was more favorable for the CV dye adsorption
with a maximum uptake of 27.19 mg/g. The slight improvement of adsorption efficiency
can be explained by the weak role of electrostatic attraction between the negative surface
charges of DSD material and the positive charge of CV* dye at pH above pHpzc. The
hydroxyl groups on the solid surface are ionized (such as AI-OH and Si-OH) at high pH
values and give it a negative charge [31,38].
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In contrast, the DSD adsorbent reacts as a positive surface at pH levels lower than
pHpzc and does not favor the attraction forces with CV* adsorbate. Additionally, the
competition between the H* protons and the CpsH39N3* dye can occurred at acid pH,
which slightly decreases the CV removal efficiency [39].

3] (+) DSD surface : (-) DSD surface
30 n .‘ .......................................... i ___________________________________ )
25 4
. . .
. 00 (a)
oD 1 g
BB . e
E s 0 -G/ e
33 Co=30mg/L, =: 2 4 6 / 8 10
' T=20 °C +1, & -1 -
10 - ; = 7
t= 240 min, | =
_2 O /
/-0 el i~ ipHy 081
5 -3
-4 2%
0 Initial pH (pHg)
% t 0 Initial pH . 19 12
301 W] :
~ 251 ._."'. ® O o
of
o CO= 30 mg/L
g 201 .
N’ pH=7
& 151 t= 240 min .
T=20°C + 1
101 1
m/V=1.0 g/L
5 . . . . . .
0.0 0.2 0.4 0.6 0.8 1.0

NaCl concentration (M)

Figure 4. (a) pHpzc of DSD sample; effect of (b) initial pH value and (c) ionic strength on the adsorption capacity of DSD
adsorbent to crystal violet dye.

The effect of ionic strength on the adsorption capacity (ge, mg/g) was investigated
further to better understand the role of electrostatic attraction in the dye removal process.
As shown in Figure 4c, the adsorption efficiency was not significantly influenced by the
variation of ionic strength in the range 0 M to 1.0 M. This finding suggests that electrostatic
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attraction forces play a minor part in the adsorption process, which was confirmed previ-
ously in the pH effect study presented in Figure 4b. Hence, the electrostatic attraction is a
secondary mechanism in removing CV dye by DSD adsorbent.

The cationic dye removal onto clay is mostly occurred through cation exchange be-
tween, i.e., CV* and the clay’s exchangeable cations (sodium, calcium, potassium, etc.) [40].
The cations released leave the clay surface with negative charge. Hence, the cationic dye
molecules are attracted by the negatively charged surface of clay [41]. Other adsorption
mechanisms can take place, such as pore filling or simply adsorption [38,42].

This study found that the mesopore volume of DSD powder was dominant, and it
was found to be about 94.4% of the total pore volume. Therefore, the adsorption of dye
molecules onto the meso-pores network through pore-filling process is very expected. In
addition, the distribution of pore size was predominantly located at around 1.278, 3.658,
and 6.074 nm (Figure 5). Thus, the pore filling of CV dye molecules with a molecular size
of 1.28 nm and 1.34 nm can be an adequate mechanism during the adsorption process onto
the DSD adsorbent. The existence of the intraparticle diffusion mechanism and their steps
will be further discussed in the next section (stirring time and kinetic study).

M., =407.9 g¢/mol
1.379 nm W g/
0.006

0.004 - .

®
b
4
(3
| |
0.000 4@ % Mesopores (2- 50 nm)

Favorable region for the pore-filling adsorption mechanism
1 5 I i I i 1 i 1 : I 3 I i 1 ' I i 1 ' I 5 I ;i 1

0 4 8 12 16 20 24 28 32 36 40 44 48
Pore width (nm)

=
o
S
2
1

Incremental pore volume (cm3/g)

Figure 5. Pore size distribution of DSD sample and possibility of the pore filling diffusion of CV dye.

3.3. Kinetic Behaviors

The influence of stirring time on the adsorption efficiency of CV dye onto DSD
adsorbent is presented in Figure 6. As expected, the uptake process occurred rapidly in the
first few minutes, with approximately 74% dye removal attained during 20 min (Figure 6a).
This is because of the availability of vacant adsorption sites at the beginning and the high
affinity of DSD adsorbent towards CV molecules in solution. The adsorptive removal
efficiency of CV dye reached plateau values of adsorbed amounts after nearly 120 min.
Further tests were carried out at 240 min to ensure that the adsorption process had reached
real equilibrium.
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=) 10 J — — -Elovich model fitting i
5 4 -
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Figure 6. (a) Contact time effect, and nonlinear relationship of PFO, PSO, Avrami, and Elovich kinetic models, (b) linear relationship of
intraparticle diffusion model.
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The kinetics play an important part in the adsorption process, allowing it to be
scaled up to small reactor capacity while maintaining efficiency and economics. Data of
time-dependence tests were analyzed using four selective kinetic models. These models
have been widely used in the literature to model the adsorption of various pollutants
(Section 2.4). Table 4 summarizes the computed parameters of such models by using the
origin software.

Table 4. Kinetic parameters of CV dye adsorption onto DSD material at Cy = 30 mg/L.

Model Parameter Unit Value Standard Error
kq L/min 0.078 0.006
Qe mg/g 25.4 0.416
PFO R? — 0.982 —
x> — 1.270 —
PSO ko g/mgxmin 0.004 22 x107*
Je mg/g 27.4 0.228
R? — 0.997 —
x> — 0.221 —
Elovich o mg/g X min 18.1 7.954
B g/mg 0.253 0.024
R? — 0.966 —
2 — 2.356 —
Avrami Kav min~1 0.071 0.004
nay — 0.661 0.045
q mg/g 26.1 0.306
t1/2 min 8.1 —
R? — 0.996 —
2 — 0.347 —
Intraparticle- Kip mg/g/ min?/2 0.926 0.169
diffusion First C mg/g 2.88 2.07
step R? — 0.908 —
X2 — 0.162 —
Second Kip mg/g/min!/2 0.048 0.008
step C mg/g 20.59 0.628
R? — 0.953 —
X2 — 0.121 —
Third Kip mg/g/min!/2 0.008 0.004
step C mg/g 24.35 0.905
R2 — 0.902 —
X2 — 0.213 —

According to the modeling results, the PSO (R? = 0.997, x? = 0.221) and the Avrami
(R% = 0.996, x? = 0.347) models fit the experimental data better than the other models. The
adsorbed amount of dye calculated by PSO and Avrami model was 27.4 and 26.1 mg/g,
respectively, which is very close to value of ge (26.6 mg/g) obtained from the experiment.
The PSO model suggests that chemical adsorption is involved in the adsorption process,
whereas the Avrami model assumes that different adsorption mechanisms exist and the
process subject to the change in mechanisms. According to the Avrami model, the half-life
of the CV dye adsorption process was 8.1 min.

To check the existence of the intraparticle diffusion mechanism during adsorption and
determine the controlling steps in the whole process, the model of Weber and Morris was
used to fit the data of time-dependence. The intraparticle diffusion model curve is given
by plotting qt vs. t*° (as shown in Figure 6b). It can be observed that the straight-line
plot shows a multilinear type with difference in slope and intercept (Table 4). This shows
that intraparticle diffusion is involved in the adsorption process, but that it is not the only
rate-limiting phase for the entire reaction [26]. The CV dye adsorption onto DSD powder is
controlled by three steps occurring at the same time. The first straight portion depicts the
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film diffusion mechanism that the dye molecules immediately enter the solid surface. The
second and third portion represent the intraparticle diffusion mechanism and equilibrium
condition, respectively [43,44]. Similar researches reported that the adsorption of dyes onto
mineral clays involves the intraparticle diffusion mechanism [1,45].

3.4. Isotherm Behaviors

The initial content of dye can have a significant impact on the adsorption efficiency
because it affects the mass transfer of solute between the aqueous phase and the solid
phase [44]. The influence of CV dye concentration on the elimination percentage and the
adsorbed quantity of dye was investigated in the range of 4-250 mg/L (Figure 7a). It can be
observed that the removal rate of the CV dye has decreased, but the adsorbed quantity has
increased with increases in the initial content of dye. The enhanced driving force of mass
transfer from solution to the DSD solid surface could explain the improved adsorption
capacity. This causes CV dye molecules to diffuse into the internal porosity of the adsorbent
and reach the active sites [46].

100 ~ 120
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Figure 7. (a) Effect of initial CV dye concentration on percentage of elimination and adsorption
capacity, and (b) and nonlinear relationship of Langmuir and Liu isotherm models.
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Study of the adsorption isotherm provides information about the equilibrium be-
havior (mechanism and maximum adsorption capacity), affinity, binding energy between
adsorbate /biosorbent, and mode of adsorption (monolayer or multilayer). In this work,
Langmuir, Freundlich, Redlich-Peterson, and Liu isotherm models were employed to inves-
tigate the adsorption behavior of CV dye onto DSD adsorbent. The adsorption isotherms
at three temperature values (20, 35, and 50 °C) are presented in Figure 7b. As observed,
the temperature remarkably influenced the dye-binding capacity, and the adsorption is
favored at high values of temperature. This could be due to the increase in active sites for
CV dye uptake as the temperature rises. The relevant parameters of the studied isotherm
models were calculated and summarized in Table 5. According to the R? and x? values,
the equilibrium data were best fitted by the Langmuir and Liu model compared with the
other models (as shown in Figure 7b). The Langmuir equation suggests the saturation
of the adsorbent surface at high concentrations, whereas the Liu model suggests that the
adsorbent sites cannot have the same energy [26,47]. Based on Langmuir isotherm, the
monolayer adsorption capacity (Q%max) was found to be 183.6, 198.0, and 243.6 mg/g at
293, 308, and 323 K, respectively. The gain in adsorption efficiency at higher temperatures
was linked to a rise in adsorption energy. Generally, the appropriate isotherm models are
classified in the following order: Langmuir > Liu > Freundlich > Redlich-Peterson.

Table 5. Parameters of adsorption isotherms of CV dye onto DSD adsorbent.

. Temperature
Model Unit 20°C 35°C 50 °C
Langmuir
Q% max mg/g 183.6 198.0 243.6
K, L/mg 0.0047 0.0045 0.0041
R? — 0.994 0.995 0.995
x> — 6.73 7.02 11.23
Freundlich
Kg (mg/g)/(mg/L)~1/n 2.58 2.80 2.77
ngp — 1.507 1.502 1.441
R? — 0.992 0.989 0.986
x> — 7.93 16.02 29.20
Redlich—
Peterson

Kgrp L/g 1.37 0.99 1.00
agp (mg/L)"8 0.098 1.006 0.004

g — 0.583 0.00 1.00

R? — 0.991 0.901 0.994
x> — 8.23 169.62 12.84

Liu

Qmax mg/g 299.9 215.4 211.6
Kg L/mg 0.002 0.004 0.005
ng — 0.823 0.955 1.088

R? — 0.996 0.995 0.995

x> — 496 7.84 12.05

As DSD is a natural material, its adsorption capacity was compared with other natural
adsorbents such as clay, zeolite, biochar, etc. Table 6 summarizes the maximum adsorption
capacity which is calculated from Langmuir from for some adsorbent materials. The
results show the DSD powder has an excellent ability to remove CV dye from water media
compared with many natural and synthetic materials and can be applied as a low-cost and
eco-friendly adsorbent to remove dye colors from wastewaters.
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Table 6. Comparison of the monolayer adsorption capacity (Q°max) of CV Dye onto DSD material to different adsorbents

reported in the literature.

Textural Properties

Conditions of Adsorption Isotherm

Q°max Reference
SBET Vioal Co Range o (mg/g)
Raw smectite clay 74.0 0.19 0.5 - 24 12.5-100 - 86.5 [37]
Surfactant modified 27.9 0.24 0.2 9.0 4 81.6-408 30 149 [48]
bentonite
Zéolite-Montmrillonite 4 0.12 1 9.0 24 20-150 25 68.7 [49]
adsorbent
Cu(Il)-loaded
Montmorillonite 83.0 - 1.0 8.2 5 10-100 25 114.3 [50]
Natural clay 128.0 0.32 0.5 7.5 3 90-300 30 330.0 [6]
Palm Petioles biochar 640.0 0.403 1.0 7.0 24 5-250 20 196.5 [7]
Woody biochar
(at 700 °C) 808.0 0.89 2.0 8.0 4 5-200 30 125.5 [51]
This
DSD 39.08 0.089 1.0 7.0 4 4-250 20 183.6
study
This
DSD 39.08 0.089 1.0 7.0 4 4-250 35 198.0
study
This
DSD 39.08 0.089 1.0 7.0 4 4-250 50 243.6
study

3.5. Thermodynamics Behaviors

The calculation of thermodynamic parameters is indispensable component to deter-

mine the adsorption mechanisms (e.g., chemical or physical). The enthalpy change (AH®)
and entropy change (AS°) were calculated from the slope and intercept of InKC versus 1/T
(Figure 8). Results demonstrate that the Gibbs free energy is negative (—AG°), showing that
the adsorption process is spontaneous and favorable at the tested temperatures without
any additional prerequisites (i.e., heating).

In KC

11.60 - COZ 30 mg/L
pH=7.0 . ,-"’@
m/V=10g/L -
11.55 - — 240 min /’__,,-
® .-
11.50 o
y=427.97 x +10.12
R® = 0.946
11.45 -
=]
11.40 T T T T
0.0030 0.0031 0.0032 0.0033 0.0034
YT (1/K)

Figure 8. Thermodynamic plot for the adsorption of CV dye onto DSD adsorbent.
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In general, AG® value for a process dominated by physisorption is in the range of —20
to 0 KJ/mol, whereas it is between —400 and —80 KJ/mol for chemical adsorption [52].
Therefore, AG° values are between 28.2 and 30.7 kJ /mol for the range studied of tempera-
tures (from 293 K to 323 K), indicating that the adsorption process was controlled by both
ion exchange and physical interactions (i.e., pore filling) in our case. Cantu et al. (2014) [53]
reported that the ion exchange is the predominate mechanism for AG®, ranging from —34
to —40 kJ/mol.

On the other hand, the value of the standard change in enthalpy is negative (—AH®),
indicating an exothermic process (Table 7). Several scholars have found a similar trend in
the exothermic nature of the adsorption of cationic dyes onto various materials, such as
natural clay [6], illite/kaolinite [45], and Montmorillonite [36]. Furthermore, the positive
value of AS® reflected that the organization of the CV dye molecules at the solid /liquid
interface becomes more random during the sorption operation [7], and the reaction is a ther-
modynamically favorable [53]. In general, findings from this study contribute significantly
on the development of new natural adsorbents for remediation of polluted water [54,55].
Although various natural adsorbents have been used for removal of pollutions [56-60], the
use of dredging sediment employed in this study suggested that natural clays that are freely
available have the potential not only for dye removal but also for other pollution removal.

Table 7. Thermodynamic parameters for CV dye adsorption process onto DSD adsorbent.

T (K) Van 't Hoff AG® (kJ/mol) AHP (kJ/mol) AS° (J/mol K)
Equation
293 106426.8 y =427.8 x + 10.12 —28.18 —3.56 84.14
308 101898.0 RZ =0.946 —29.51
323 92840.4 —30.70

4. Conclusions

This work evaluated the potential of dredged sediment from dam (DSD) for the elimi-
nation of the cationic dye crystal violet (CV) in a batch mode. The elimination of CV dye by
DSD powder is slightly influenced by the solution pH (3.0-11.0) and ionic strength (0-1.0 M
NaCl). The kinetic study showed that approximately 74% (from 30 mg/L) of the total CV
dye content could be eliminated from the solution within the first 20 min of stirring. Kinetic
data follows the pseudo-second-order and the Avrami models. The adsorption process of
CV dye was attributed to ion exchange and pore filling mechanisms, with little contribution
from electrostatic attraction forces. The adsorption process of CV dye takes place in three
stages: (i) film diffusion mechanism, (ii) intraparticle diffusion, (iii) and equilibrium condi-
tion, respectively. The CV dye adsorption process was spontaneous (—AG®), endothermic
in nature (—AH?°), and increased the randomness at the adsorbent/liquid interface (+AS°).
The adsorption efficiency increased with the temperature, and isotherm data was better
described by the Langmuir and Liu equations. The adsorption capacity of Langmuir model
reached 243.6 mg/g (at 323 K). These results show that the studied sediment of the dam
can become an alternative adsorbent because of its near-zero production cost coupled with
excellent capacity and rapidity of dye removal.
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