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This study aims to recycle thermal remediated bentonite clay waste (TRBCW)
as a green, new, low-cost adsorbent to remove the methylene blue (MB) dye in
an aqueous solution. The first system was the batch adsorption experiments
having five condition parameters: contact time, pH, temperature, initial
concentration of MB, and dose of TRBCW adsorbent. From the analysis of the
batch adsorption dataq, it was apparent that the adsorbing of MB molecules on
the TRBCW adsorbent was endothermic, irreversible, promising, spontaneous,
and favorable. The Fruendlich model was more compatible than the Langmuir
model for the experimental batch adsorption data, and the maximum
adsorption capacity was 34.77 mg/g. The second system is the continuous
(fixed-bed column) having three investigated condition parameters: the
influent MB concentration, flow rate, and (TRBCW weight) bed depth, the
adsorption capacity that results from the dominant parameters (1ml/min, 50
mg/L, and 22 cm) was 61.37 mg/g, and the experimental continuous
adsorption data were more suitable with Yoon-Nelson, Thomas, and BDST
models with R%> 0.9.

1.Introduction

The development of

industry[1]. Moreover, the (MB) dye is utilized in
other fields for medicinal and pharmaceutical

industrial  sector  jndustries [2]. Generally, the dyes in the aquatic

representing the number and type of factories like
a tannery, rubber, paint, pulp, textiles, plastics,
and colored paper increases the discharge of
industrial containing  different
dissolved contaminants like the methylene blue
(MB) dye that is the most utilized in the textile

wastewater
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environment have hurt all living beings due to their
ability to reduce the penetration of sunlight, create
foul-smelling water, deplete dissolved oxygen, and
then disrupt life in aquatic ecosystems [3]. As well
as, the MB dye is dangerous due to its
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characteristics, which are cationic and can
penetrate and react with some materials[4].
Moreover, the accumulation of MB dye in
wastewater leads to several adverse effects on
human health, like difficulties in breathing, shock,
vomiting, eye burns, cyanosis, diarrhea, tissue
necrosis, and nausea[5]. Various advanced
techniques to treat industrial
containing MB dye include oxidation, reduction,
photochemical degradation, and membrane
technology, and the disservices of these methods
are high energy demand, elevated cost, and the
release of large amounts of hazardous by-products
[6-8].The adsorption method is one of the well-
known methods that has been applied to remove
MB dye due to the low-cost operation, availability,
flexibility, and simplicity in the design and
operation stage, less releasing for by-products, and
the desorption process for some of the
adsorbents[?]. Different types of materials can be
employed as
contaminant of the MB dye from the water with
varied adsorption capacities as
graphene has 153.85 mg/g [10], the leaves of oil
palm have 103.02 mg/g[11], a-chitin nanoparticles
6.9 mg/g [12], the FesO4/activated
montmorillonite nanocomposite has 106.38
mg/g[13], Activated carbon with sulphuric acid
(H2S04) has 12.9 mg/g [14], the extruded pellets of
activated lignin-chitosan has 36.25 mg/g [15], a
magnetic nano-powder that results from solid
waste of the olive industry has 60 mg/g [16],
modified activated carbon with anionic has 232.5
mg/g [17], silica-composited biochars have 143.76
mg/g [18]. The adsorbents mentioned were high-
cost, complex, and required preparation time.
Therefore, converting oily industrial hazardous
waste into an adsorbent is distinguished by a low-
cost, available, efficient, and high adsorption
capacity that will achieve some of the sustainable
development goals due to diminishing the negative
impacts on the environment and recycling the
waste to reduce using the natural sources. The aims
of this study is (1) to investigate the efficiency of
the (TRBCW) as a green, available,
environmentally -friendly, and new adsorbent
material with high adsorption capacity to remove
the methylene blue (MB) dye from aqueous
solution via two methods (a) the batch system

wastewater

adsorbents to remove the

maximum

have

low-cost,

having various condition parameters as pH,
contact time, temperature, the TRBCW adsorbent
dose, and the initial concentration of the MB
adsorbate, and (b) the bed depth column system
with parameters as flow rate, inlet concentration
of MB contaminant, and (TRBCW weight) bed
depth, (2) analysis the experimental data of both
systems with different models of (isotherm,
kinetics, and thermodynamic) to identify the
optimum parameters and select the most suitable
model is more fitting with experimental data.

2. Materials and methods
2.1. Adsorbate and adsorbent materials

The selected adsorbate in this study was the
methylene blue (MB) dye with the chemical
formula CisH18CIN3S.3H20 and MW:373.9 g/mol
purchased from  BAKER ANALYZED. The
composition of the stock solution was by the
dissolution of one (1) gm of dry powder of (MB) dye
in one liter of distilled water, and then the required
concentration was equipped by diluting a specific
amount from the original stock. HCl and NaOH
with 0.4 N were used to change the pH value of the
aqueous solution.The adsorbent was thermal
remediated bentonite clay waste (TRBCW), and the
origin of this bentonite clay waste is hazardous
industrial resulting from the factory
recycling spent engine oil as in Figure (1.a). Thermal
remediation contains two stages: direct burning
(the temperature reaches 450+50 °C) and the
electric furnace with 700 °C for 100 min to obtain
reddish-white powder as in Figure (1.b). More
details of the preparation process and the physical
and chemical properties of TRBCW adsorbent are in
[19]. Some of the significant chemical and physical
characteristics of the TRBCW adsorbent are in

waste

Table 1.

© o, BRSNS AR
Fig.1. (a) oily industrial solid waste (bentonite clay
waste) before thermal remediation, (b) TRBCW
adsorbent.
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Table 1. The physical and chemical properties of the TRBCW adsorbent [19].

BET test and other features XRF test
Specific surface area (m?/g) 67.17 SiO2 77.342
pHpzc 10.4 AlOs 10.177
Pore size (nm) 8.54 CaO 5.443
CEC (meq) 22.9 Mg O 3.396
Real density (g/cm?) 2.133 Fe20s 1.112
Bulk density (g/cm?) 0.768 SOs 1.1

Color Reddish - white

K20 +Na,O+ TiO, 0.913+0.201+0.097

2.2. Adsorption investigations
2.2.1. Batch adsorption system

In the beginning, implementation of the batch
adsorption experiments with the five parameters
using a graduated container of 100 mL to identify
the suitable condition, where the initial pH of the
aqueous solution (2, 4, 6.5, 9, and 13), temperature
(30, 40, and 50) °C, contact time (5, 10, 20, 40, 60,
100, and 150) minutes, dose of TRBCW adsorbent (3,
2,1, 0.5, 0.2, 0.1, and 0.05) g/100 mL, and initial
concentration of (MB) dye was (5, 10, 20, 40, 60,
100, and 150) mg/L. The agitation speed of the
sample shake was 300 rpm. The selected dominant
parameters of pH, contact time, temperature,
adsorbent dose, and initial concentration were
(6.5, 30 min, 30 °C, 0.5 g (TRBCW)/100 mL aqueous
solution, and 100 mg/L) respectively.

2.2.2. Continuous adsorption system

The investigations of the continuous system via
fixed bed depth column principal via Pyrex column
1.06 cm size and its total depth is 44 cm as in Figure
2. Three condition parameters are employed: flow
rate (0.5, 1, and 2) mL/min, influent concentration
(20, 50, and 100) mg/L, and bed depth (22, 30, and
38) cm resulting from mixing (1, 2, and 3) g from
(TRBCW) with (30, 40, and 50) g from quartz sand,
respectively to create sufficient permeability and
avoid the occurrence of the clogging.The aqueous
solution containing the methylene blue was down-
flow depending on by-gravity due to the constant
pressure principle, where all adsorbent particles of
(TRBCW) are immersed in the MB-containing
solution to keep the exchange between them and
the adsorption process is correct.

4—

3
L '
5{ Flow direction
6 <

Fig.2. Laboratory set-up of a fixed-bed column system
(1) Tank of MB dye solution with agitation motor, (2)
Inflow valve, (3) Overflow valve, (4) MB dye solution, (5)
Packed column (TRBCW+ sand), (6) Support Layers of
quartz sand, and (7) Outflow valve.

2.3. Analytical methods

In the batch system, the adsorption capacity of

(TRBCW) and the removal efficiency are identified

via formula (1 and 2)[20], respectively.
_ Vs (Cl - Ce)

de = — 17 M

Ci - Ce
(R%) =( . >* 100 2)
Where (Ci) and (Ce) (mg/L) are the initial and
remaining concentration of methylene blue (MB)
dye, (Vs) (mL) is the size of an aqueous solution, M
(g) is the adsorbent dose (mass) of (TRBCW).In a
fixed bed column system, the total amount of
adsorbate interred into the column is m (mg), the
adsorbed quantity by (TRBCW) is q (mg), and the
removal efficiency (R%) is calculated in equation
(3, 4, and 5) [21], respectively. Determination of the

times of breakthrough and the exhaustion
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depending on the value of the (C:/Co) to be equal
to 0.05 and 0.8, respectively.

m= Co*Q* t, (3)
Q t

q= ML(CO_Ct)dt (4)

o _ 4

R% = — 100 (5)
m

Where Q is the flow rate (mL/min), Ci¢ and Co
(mg/L) are effluent and influent
concentrations.MTZ (cm) is the mass transfer zone
representing the active bed depth for adsorbing the
contaminants through the aqueous
solution in the continuous system and is dependent
on the total bed depth, the breakthrough time (ts),
and exhaustion time (te) as calculated in Equation
6[21]. The standard deviation (Aq%) in equation 7
is a non-linear approach to verify the sufficiency of
the models' application and compare the
experimental data with the calculated model
values[22].

flowing

t
MTZ = total bed depth = (1 - t—b) (6)
e
2
Z[(Qexp —q l)/q P]
o) — ca ex (7)
Aq % \/ Number of Test — 1 * 100

2.4. Modeling adsorption data

Modeling the experimental adsorption data is a
significant procedure to determine the nature of
the adsorption. Therefore, many formulas and
equations were employed to analyze the batch
adsorption data based on the independent
condition parameters like thermodynamic analysis
for temperature, isotherm modeling for adsorbent
dose and initial concentration of the adsorbate,
and kinetic modeling for contact time. The
thermodynamic significant  for
identifying the effect of temperature on the
characteristics of the adsorption process via the
value of the enthalpy change (AH°), the entropy
changes (AS°), and standard Gibbs free energy

analysis s

(AG°) that are calculated from the below
equations[23].

9e
Ke= ¢ (8)

| As A .
Mo = R T RT (
AGe = AH® — TAS® (10)

Where (T) in (Kelvin) is absolute temperature, (Kc)
is the thermodynamic constant, and (R) is the
universal gas constant equal to (8.314 J. mole . K-
").Kinetic modeling has been utilized to study the
behavior of the adsorption process with contact
time. Four models are well-known in the adsorption
kinetic, the pseudo-first-order (PFO), the pseudo-
second-order (PSO), Elovich, and intra-particle
diffusion models. However, only PFO in equation 11
[24] and PSO in equation 12 [25] were utilized in this
study.

In(qe — q¢) = Inq, — kit (11)

t _ 1 + t
@ K qe
The isotherm model is significant in defining the
attitude of the adsorption process. Two well-known
models in isotherm study are the Langmuir
equation 13[26] and the Fruendlich equation
14[27]. Moreover, using the separation factor
(RL)in formula 15 that results from the Langmuir
model for interpreting the adsorption types,
unfavorable (RL > 1), favorable (0 < RL< 1), and
linear (RL=1).

(12)

Ce. 1 + Ce (13)
e qm*Kl Am

1
logq, = log K¢ +ElogCe (14)
Ry, = ! 1
LT 14K *C (13)

Where (KL) is the constant of Langmuir and denote
to the adsorption rate, and qm (mg/g) is the
maximum adsorption capacity.Ks is the Fruendlich
constant denoting the adsorption capacity, and
(1/n) is the heterogeneous factor and represents
the adsorption intensity.The continuous adsorption
data were analyzed using well-known models like
Adams-Bohart, Thomas, Yoon-Nelson, and the bed
depth service time (BDST) model as detailed in
equations (16, 17, 18, and 18), respectively [28-30].
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C z
lnc—t = KapCo t — Kapdas F (16)
0
Co m
In(2=1) = Knnama g~ Kot (17)
C
In (co——tct) = Kynt— Ky (18)
N 1 C
ty= ——Z— 1n<—°—1) (19)
CoUop KoCo  \Ct

Where K is adsorption rate constant, Z is bed depth,
(F or Ug) is velocity of flow, A is the time needed for
achieving, (No or q) is the adsorption capacity.

3. Results and discussion
3.1. Standard curve

The measure of the methylene
concentration via the

blue dye
UV-visible
spectrophotometer, where the device provides the
value of the absorbance and converts it into the
equivalent concentration based on the standard
curve which was prepared in the laboratory based
on the known concentrations as shown in Figure 3.
The wavelength of the methylene blue dye was 664
nanometers.

14 y=5.394x -0.167
= R2=0.999
o 12
E1w0
5 8-
5 4
]
S
0 ‘ : | | |
0 0.5 1 1.5 2 2.5
Absorbance

Fig. 3. Standard curve for analysis of methylene blue
dye.

3.2. Affecting Factor in Laboratory Work of Batch
System

The affecting factors on the adsorption process via
the batch approach are initial pH solution (2 to 13),
contact time (5 to 150) min, temperature (30 to 50)
°C, the dose of the TRBCW adsorbent (0.05 to 3)
g/100 mL, and initial MB dye concentration (5 to
150)mg/L, and the experimental batch adsorption

data were studied utilizing adsorption isotherms
(Langmuir and Fruendlich model), adsorption
kinetics (pseudo-first-order (PFO) and pseudo-
second-order (PSO) models), and thermodynamic
analysis. The SEM tests in Figure 4 illustrate the
variation in the TRBCW adsorbent before and after
adsorbing the molecules of MB dye, where the
external surface of the TRBCW before adsorption
has many separated flakes. However, after the
adsorbing and precipitating of the MB dye on the
TRBCW surface and filling most of the pores,
cavities, and ravines, that led to the variation in the
morphology and color of the TRBCW adsorbent. The
specific surface area, pore size, and other chemical
and physical in Table 1
significant factors in increasing the adsorbing
molecules of the MB dye.

characteristics were

SEM MAG: 5,80 kx
WO: 475 mm
View Baid: 41.5 pm_Dsteimidy): 412422

Fig. 4. (a) SEM test for TRBCW before adsorbing, and (b)
SEM after adsorbing MB dye.

PP e,
Oet: InBeam wmas Tescanfl  somine s0av
=100 10 pm View fedt: 5.9 1
SEM MAG: 2.5 kx| Dabeimidy} 012673

3.2.1. Initial pH of aqueous solution

Figure (5.a) depicts the role of pH on the (TRBCW)
adsorption capacity and the MB dye removal
efficiency. Five values of pH were examined (2, 4,
6.5, 9, and 13) where it was apparent that the role
of the initial pH value on the results of adsorption
capacity (qe) or removal efficiency (R %) was
slightly (= 6%), and this may be due to that pHp.c
of TRBCW was alkaline (10.4)[19] and this can
convert the aqueous solution into basic solution.
Raising the initial pH value from 2 to 6.5 improves
the adsorption capacity slightly from (17.71 to
18.83) mg/g because at a lower initial pH value,
the hydrogen ions (H*) increase and then decrease
the entrance of the MB dye cationic to the binding
locations of TRBCW due to the rivalry between
them towards the active sites of the adsorbent
[31], or repulsion
between them[32]. Moreover, at low initial pH

increase the electrostatic
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values, the separation of hydrogen ions (H+) by
presenting the functional groups containing
oxygen on the TRBCW surface is inferior, and then
the electrostatic between the TRBCW and MB dye
cationic is lower [17]. The adsorption capacity (qe)
decreases after elevating the initial pH value above
6.5, and this lowering is due to the chemical
change in methylene blue dye characteristics that
result from a decrease in the degree of (MB) dye
ionization[33] or ionizable organic components
[34], and due to the increase in the repulsion
electrostatic between the molecules of MB dye and
ions of (OH) [35]on the TRBCW adsorbent surface.
The maximum adsorption in the initial pH equaled
(=5.0) and this behavior is similar to that reported
in [23].

3.2.2. The dose of TRBCW Adsorbent

The role of the TRBCW adsorbent dose on the
adsorption capacity and removal efficiency was
evident in Figure (5. b), where the removal
efficiency increases from 19.73 % to 98.39 % while
the adsorption capacity decreases from (39.46 to
3.28) mg/g when mounting the adsorbent dose
from (0.05 to 3) g (TRBCW)/100 mL (solution).
Increasing the adsorbent dose means expanding

the available surface area and then increasing the
95 19.0
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(a)

number of active locations in the TRBCW surface
that is adequate to remove MB dye molecules;
Therefore, the start of the adsorption equilibrium
state when the removal efficiency of 86.29 % with
condition parameters like adsorbent dose reached
0.5 g (TRBCW)/100 mL (solution), initial MB
concentration 100 mg/l, contact time 30 min, and
initial pH solution 6.5. The equilibrium state
indicates that the most active site was binding with
dye molecules of MB and the adsorbent dose of 1
g/mL was the optimum adsorbent dose, whereas
selecting the adsorbent dose of 0.5 g/100 mL as the
dominant parameter in other parameters
experiments due to the increasing the adsorbent
dose above this value will not achieve a significant
change in removal efficiency for dose experiment in
addition to the variation in the removal efficiency
is more evident for the comparison in the other
experiments of pH, temperature, contact time,
and concentration. The decrease in the
adsorption capacity over the unit weight of TRBCW
adsorbent with increasing adsorbent weight is
yielded from the disability of all molecules of MB
dye to bind with all active locations of the TRBCW
adsorbent and then achieve the surface equilibrium
[17].

initial

40 4
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®

) -
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> Q
] g
] 2
2 8
8 20 fak -
S [
] °
5 (4 §
8 10+ . o
<

20

gl = Adsorption Capacity-e— Removal Efficiency

0.0 0.5 1.0 1.5 2.0 25 3.0
Dose (g)

(b)

Fig. 5. The role of (a) pH and (b) the dose of TRBCW adsorbent on the adsorption capacity and removal efficiency.

3.2.3. The temperature effect and analysis of
thermodynamic

Figure (6) reveals that the adsorbing of MB dye on
the TRBCW surface is endothermic, where it is
apparent that elevating the temperature increases
the removal efficiency and the adsorption capacity
due to a lowering in the solution viscosity and then

improves the diffusion speed of MB dye molecules
in the direction the exterior layer and interior
cavities and pores of TRBCW[37]. Also, increasing
the temperature creates an additional number of
active locations in the TRBCW adsorbent particles
for adsorbing the molecules of MB dye[38]. From
the data in Table 2, it was apparent that the
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adsorption process of MB dye utilizing the TRBCW
adsorbent was endothermic, spontaneous physical
adsorption, and irreversible because the values of

Table 2. Details of thermodynamic analysis.

AH°were positive, AG° was negative and arranged
from (0 to - 20) KJ/mol, and AS° being positive[39-
40], respectively.

Temp. C. qe Ke AS° AH° AG®
(k) (mg/L) (mg/g) J. K" mol) (kJ/mol ) (kJ/mol)
303 11.655 17.669 1.516 106.662 31.035 -1.048
313 6.261 18.748 2.994 106.662 31.035 -2.854
323 5.830 18.834 3.231 106.662 31.035 -3.149
due to the abundance of active locales in the
6 128 TRBCW adsorbent [41], and then grow the
94 188 _ electrostatic repulsion between the molecules of
F ol L ;g MB dye that presented on the surface of the TRBCW
z ~ adsorbent and these in the aqueous solution which
& 92+ -184°g leads stabilization in the adsorption efficacy with
£, 2 & time progress[42]. The PFO model identifies that
3 _§ the adsorption rate is equivalent (proportional) to
g 94 [T E the molecules of MB dye (number of adsorbates)
& o -17,8§ that existed in the aqueous solution due to it
depends that the diffusion is essential to
88 -17.6 . . .
‘ . : ' ] transporting the molecules from the liquid phase
30 35 40 45 50

Temperature (C°)

Fig.6. The effect of temperature on the removal
efficiency ans adsorption capacity.

for adsorbing the molecules of MB dye[38].From
the data in Table 2, it was apparent that the
adsorption process of MB dye utilizing the TRBCW
adsorbent was endothermic, spontaneous physical
adsorption , and irreversible because the values of
AH°® were positive, AG® was negative and arranged
from (0 to - 20) KJ/mol and AS° being positive[39],
[40], respectively.

3.2.4. Contact Time and kinetic modeling

The role of contact time on the adsorption
capacity(qge) and removal efficiency (Re %) in the
batch adsorption experiments was apparent in
Figure (7. a)via various periods (5, 10, 20, 40, 60,
100, and 150) min, it appears that the adsorption
capacity improved with advancing contact time
from (5 to 60) min with an elevation rate was 15 %.
However, the improvement rate in the range from
(60 to 150) min was 0.3 %. The improvement rate
in the adsorption capacity is high in the first period

into TRBCW adsorbent surface. The PFO kinetic
model indicates that the change in the adsorption
rate (ki) is directly commensurate to the difference
between the equilibrium concentration and the
adsorbed concentration of the MB dye with time by
TRBCW adsorbent regardless of types or the dose of
the adsorbent and the adsorption considered as a
physical process[24]. The PSO kinetic model
exhibits that the adsorption process or
contaminants transfer is a chemical reaction that
occurs between the TRBCW adsorbent and the
adsorbates MB dye, and then the reaction rate (k2)
based on the adsorption capacity (mg/g) and not
only on the concentration of MB molecules in
aqueous solution[25]. From the results of the
analysis in Figure (7.b), it was apparent that PFO
fitting to the experimental batch
adsorption data where the correlation coefficient
(R?) was equal to 0.813 with a standard deviation
(Aq%) value equal to 8.492 due to the PFO is
suitable only for a first period which is roughly from
(20 to 30 )min[43]. However, the PSO was more
fitting and had an elevated value of (R?) equal to
0.999 and a low value of the (Aq%) equal to 4.111.

was less
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Fig.7. (a) The role of contact time on the (MB dye) removal efficiency and (b) (PFO & PSO) model.

3.2.5. Initial
isotherm

The role of the MB dye concentration on the

Concentration and adsorption

adsorption capacity and removal efficiency was
noticeable in Figure (8.a) and is significant for
identifying the maximum adsorption capacity(qm)
via TRBCW as adsorbent material. Raising the
initial MB dye concentration from (50 to 250) mg/L
improves the adsorption capacity from (9.80 to
32.50) mg/g and decreases the removal efficiency
(R%) from (98.05 to 65.0) % because an increase
in the diffusion of the molecules of MB dye and then
increasing the driving force that results from the
difference in the concentration level in the solution
and on the adsorbent surface[44]. Isotherm
analysis is significant for estimating the maximum
adsorption capacity by relating the equilibrium
concentration to the adsorbent dose with
constancy in other parameters like temperature
and initial pH solution. Also, identifying the
behavior of the adsorption technique and defining
the adsorption mechanisms. The Langmuir
isotherm supports the principle that one of the
active locations of the TRBCW adsorbent can
absorb only one of the MB adsorbate molecules, or
in other terms, there is a monolayer of adsorbates
on the TRBCW adsorbent exterior [26]. Also, it
considers that all of the active locations in the
TRBCW adsorbent have the same adsorption
capacity and no reaction between the MB

molecules (adsorbate), and then this leads to the
system being homogenous.The Fruendlich isotherm
is a practical model that considers that the
adsorption is heterogeneous, where it supports
that MB dye molecules in this study are in the form
of a multilayer on the surface of the TRBCW
adsorbent. From the results in Table 3 and Figure
(8.b), it was apparent that the Fruendlich model
was more fitting with experimental batch
adsorption data than the Langmuir model due to
the Aq% value being the least although the values
of (R?) are close to others, where the Aq% values
were 1.571% and 33.474%, and the values of (R?)
were 0.981 and 0.986 for Fruendlich and Langmuir
respectively. The adsorption was favorable due to
the (1> RL >0) where the value from (0.153 to
0.035), and the (n) value was equal to 3.608 within
(1to 10), and also, the adsorption was promising
due to the value of ks was 9.348 within the range (1
to 20)[45], [22].

Table 3. the results of Langmuir and the Fruendlich
model.

L i F dlich

angmuir Value ruendlic Value

parameters parameters

qm (Mg/g) 34.77 k¢ (L/mg) 9.348
xp. (Mg/ 32.50

Gerr- (M9/9) n 3.608

ki 0.110

R2 0.985 R? 0.981

Aq% 33.474 Aq% 1.571
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Fig. 8. (a) The role of initial concentration and (b) Fruendlich isotherm.

3.3. Affecting factor in laboratory work of fixed
column system

The affecting factors on the adsorption process in
the continuous system (fixed bed depth column)
are bed depth (weight of the TRBCW adsorbent),
influent concentration of MB dye, and flow rate
with pH aqueous solution 6.5 and temperature 25+
2 C°. Two models only were drawn for comparison
with experimental data, Adams-Bohart
Thomas modeling, where there are no distinctions
between the model of Thomas and the models of
Yoon-Nelson, and BDST in the drawing due to the
similarity of the intercept and slope of them with a
difference of signs.

and

3.3.1. The effect of bed depth

The role of bed depth or weight of the TRBCW
adsorbent was evident in Figure (9) and Table 4,
three weights of (1, 1.5, and 2) g were mixed with
(30, 40, 50) g of sand to produce bed depth of (22,
30, 38) cm, respectively with a flow rate of 1
mL/min and influent MB dye concentration 50
mg/L. It was apparent that mounting the
adsorbent weight from (1 to 2) g of the TRBCW
adsorbent increased the adsorbed quantity of MB
dye from (61.37 to 131.16) mg and the mass transfer
zone (MTZ) from (12.30 to 22.12) cm because of an
expansion in the TRBCW adsorbent surface area
and increasing the number of active locations.Also,
increasing the bed depth decreases the axial
dispersion rate and increases the axial convection,
which is considered a significant factor in
increasing removal efficiency, service time, and the
mass transfer zone of the column system [46]. It

was apparent that an increase in the bed depth of
the fixed column decreases the rate constants
(Kag), (Krn), (Kyn), and (Ko) as in Table 5, and the
model adsorption capacity of (qas), (qm), (No), and
also the time (A) increase due to the
availability of the adsorbing locations result from
increase of the bed depth and the length of
demand time for adsorbate of (MB) dye to leave
the TRBCW bed depth. It was apparent that
Thomas, Yoon-Nelson, and BDST models were more
fitting with all experimental data as shown in Table
5, where the R? values were arranged from (0.90 to
0.98) while the Adams-Bohart model was weak
compared with them due to is simulated the
experimental data only for an initial period with
(C0/Ct < 0.7)[47].

was

3.3.2. The effect of flow rate

The experiments investigating the role of the flow
rate on the adsorbing MB dye were carried out via
three levels (0.5, 1, and 2)mL/min, and the effect
of this change was evident in the removal efficiency
and adsorption capacity, as displayed in Figure (10)
and Table 4, where an increase in the flow rate
from 0.5 to 2 mL/min decrease the total adsorbed
MB dye from (64.12 to 56.28) mg and the removal
efficiency from 95% to 61% and increase the MTZ
from (11.18 to 16.66) cm. Also, increasing the flow
rate decreases the breakthrough and exhaustion
time, and then the service time of the column
system was shorter, and subsequently, there is
more time for the MB molecules to diffuse in the
pores and active site of the TRBCW adsorbent.
Moreover, the high flow rate decrease from the
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adhesion of adsorbates on the surface of the
TRBCW adsorbent[48]. It was apparent that an
increase in the flow rate increases the rate
constants (Kas), (K), (Kyn), and (Ko) asin Table 5,
and the model adsorption capacity of (qag), (qm),
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S
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(No), and also the time (A) decreased due to
increase the flow rate increase the number of
molecules of MB dye and then the external mass
transfer is controlled the kinetic mechanism in the
fixed bed depth[49].
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Fig.9. The role of bed depth on the adsorption of MB dye with Adams-Bohart and Thomas modeling.
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Fig.10. The effect of flow rate on the adsorption of MB with Adams- Bohart and Thomas modeling.

3.3.3. The effect of influent concentration

The role of the influent MB dye concentration was
apparent in the change in the removing MB dye
from the aqueous solution in a continuous system
as in Table 4, as well as the removal efficiency and
adsorption capacity curves are in Figure 11, the
influent concentration was (20, 50, and 100) mg/L
with a flow rate of T mL/min and bed depth of 22
cm. It was apparent that the elevating influent MB
dye concentration from 20 to 100 mg/L increased
the total adsorbed quantity from (48.05 to 80.89)

mg and lowered the service time of the column due
to the high influent concentration increasing the
diffusion of the MB dye molecules in the structure
of the column and then available high driving force
to achieve fast adsorption[28]. It was apparent
that an increase in the influent concentration
decreases the rate constants (Km) and (Ko) and
increases (Kyn) as in Table 5, and the model
adsorption capacity of (gas), (qm), (No) increase,
whereas the time (A) decreased.
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Fig.11. The effect of the influent concentration on the MB dye adsorption with Adams-Bohart and Thomas modeling.

Table 4. the data of experimental work of the MB dye adsorption.

. ) Gexp. Jexp. Qexp. o, Servicetime MTZ
Item H(cm) Q(mL/min) C;(mg/L) m (mg) (mg) (mg/g) _(mg/l) R % (min) (cm)
Cao 22 1.0 20 64.15 48.05 48.05 2340 74.9 2402 121
Cso 22 1.0 50 83.27 61.37 61.37 2989 73.7 1227 12.3
Cioo 22 1.0 100 12.5 80.89 80.89 3939 71.9 809 12.6
Qo.5 22 0.5 50 67.80 64.12 64.12 3123 94.6 2565 1.2
Q. 22 2.0 50 91.75 56.28 56.28 2741 61.3 563 16.7
Hso 30 1.0 50 126.2 94.11 62.74 3361 74.6 1882 16.8
Hss 38 1.0 50 174.0 131.2 65.58 3698 75.4 2623 22.2
Table 5. The results of the models of MB dye adsorption.
Adams-Bohart Thomas Yoon-Nelson BDST
Kyn

Item qas 2 qrh 2 A . 4 2 No 2

(mgrt) ' (mgrg) " K (min (M) mgry %
Cao 3055 0.080 0.93 49.5 0.112 0.98 2475 0.002 0.98 2411 0.112 0.98
Cso 3996 0.061 0.89 64.6 0.085 0.95 1292 0.004 0.95 3147 0.085 0.95
Cioo 4443 0.065 0.82 80.9 0.077 0.96 809 0.008 0.96 3941 0.077 0.96
Qo5 4677 0.023 0.86 69.4 0.035 0.92 2778 0.002 0.92 3382 0.035 0.92
Q 2594 0.072  0.77 62.1 0.115 0.90 621 0.006 0.90 1750 0.115  0.90
Hso 4369 0.047 0.92 66.2 0.063 0.96 1987 0.003 0.96 3548 0.063 0.96
Hss 4647 0.041 0.87 69.1 0.052 0.95 2765 0.003 0.95 3897 0.052 0.95

4. Conclusions

- This work studies the ability to use the TRBCW
adsorbent as a new, green, available, and low-cost
adsorbent for adsorbing MB dye molecules from an
aqueous solution. The origin of the TRBCW
adsorbent is the thermal remediation of the oily
industrial bentonite clay waste produced from the
plants recycling spent engine oil with a
temperature of 700 °C for 100 minutes.

-It was apparent
molecules of MB dye
favorable,

promising, endothermic,

that the adsorbing of the
on the TRBCW adsorbent was
irreversible,

and spontaneous due to the analysis findings of the

thermodynamic and

isotherm modeling. The

maximum adsorption capacity was 34.77 mg/g,
and the Fruendlich model was more fitting than the

Langmuir  model

with  experimental batch

adsorption data. Also, it was apparent from the
SEM test that TRBCW adsorbent had high
sufficiency to adsorb the MB dye molecules.
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- In a fixed column system, with dominant
parameters flow rate 1 mL/min, influent MB dye
concentration 50 mg/L, and total bed depth 22 cm,
the adsorption capacity was 61.37 mg/g, and the
service time was 20.45 hr, and the models of
Thomas, Yoon-Nelson, and BDST were more fitting
with the experimental data than Adams-Bohart
model, where the R? values of them were > 0.90
due to that the Adams-Bohart was compatible with
the first period of the adsorption or with first (20 to
30)min of the operation time.

Recommendations

- Study the capability to modify the adsorbent
material (TRBCW) with nano metal oxide particles
or functionalize the surface of (TRBCW) with
functional groups containing nano-materials or
convert them into organic material.

- Study the capability of using prepared TRBCW for
removing organic pollutants such as pesticides and
phenolic compounds from aqueous solutions in
batch and continuous flow systems.

The DOE approach suggested that three
parameters, HRT, COD, and biomass
concentration, would be significant factors,

among which HRT had the most effect. An increase
in HRT and/or MLSS enhanced COD removal
efficiency, raising the COD
concentration lowered the efficiency. The proposed
model for the prediction of COD
efficiency
correspondence with the experimental results. The
maximum OLR introduced to the hybrid bioreactor
was 3.6 kg COD/ (m*.d). The data also revealed
that the modified Stover-Kincannon highly
correlated with the experimental results for the
biokinetic modeling of this combined reactor. The
modeling demonstrated that by
biomass concentration in the biological systems,
the biokinetic coefficients increased. In summary,
the current combined system could be considered
a practical approach to reducing the COD content
of beet sugar industry wastewater.

while inlet
polynomial

removal had an excellent

increasing
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