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Abstract: In the present work, a methodology is presented where batch and fixed-bed column tests
of dye sorption onto granular biosorbents are analyzed with properly selected models to estimate
the parameters required for the rational design of pilot-scale units. The sorption of methylene
blue (MB) onto banana peels (BP) was investigated as a case study. To identify the mechanisms
of MB sorption onto BP, the pore structure and surface of BP were characterized with mercury
intrusion porosimetry (MIP), Fourier transform infrared spectroscopy (FTIR), and scanning electron
microscopy (SEM). Batch tests were performed over the temperature range of 15-45 °C, and three
models (Langmuir, Freundlich, Langmuir-Freundlich) were fitted to equilibrium and kinetic data
for (i) estimating thermodynamic/kinetic parameters and (ii) choosing the model with the best
goodness-of-fit. Sorption tests on fixed-bed columns were combined with a one-dimensional
macroscopic convection/dispersion/sorption model to estimate the sorption parameters of BP beds.
MB sorption onto BP was a purely exothermic (AH°~—20 kJ/mol), reversible, and monolayer
chemisorption with high activation energy for the desorption step (Eq~29 kJ/mol) and low activation
energy for the adsorption step (E,~9 kJ/mol). The Langmuir isotherm (K, = 141.9m3/kg, T = 25 °C) and
Langmuir kinetic model (kq = 1.05 x 107> s7!) provided the best fitting to equilibrium and transient data
of batch tests. The sorption capacity ~0.15-0.22 kg/kg and kinetic constant 0.3 X 107 s714.0 x 107> 57!
estimated from tests on BP beds were comparable to those obtained from batch tests.

Keywords: adsorption; banana peels; methylene blue; breakthrough curve; thermodynamics; sorption
models

1. Introduction

The presence of dyes in liquid industrial waste poses a risk to the ecosystem and human
health [1-3]. Methylene blue (MB) is a cationic azo dye widely used in industry, and several diseases
(e.g., hypertension, anemia) have been associated with its presence in the human body [4]. Adsorption
is a simple and effective method of removing dyes from aqueous systems [5,6]. Among the adsorbents
occasionally used to remove pollutants from wastewater, activated carbon is the most popular [7,8].
In recent years, emphasis has been placed on low-cost adsorbents made from agricultural waste as
alternatives to commercial activated carbon [9]. Such materials, prepared from the peels and shells of
fruits or leaves of trees, have been used to remove dyes from wastewater [10-13]. Special attention has
been paid to olive-pomace [14,15] and oil waste mills [16] for the removal of dyes from wastewater.
Still, it is worth mentioning the capacity of olive pomace/chitosan composites to adsorb antibiotics
from wastewater [17].
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Banana is a widely consumed fruit, and its peels are raw material for the development of low-cost
adsorbents. Banana peels have been widely investigated as adsorbents for the removal of various types
of dyes from water [18-20], although corresponding flow-through sorption studies in fixed-bed columns
are limited [21]. However, extensive sorption studies have been performed on fixed-bed columns
for other types of low-cost adsorbents [22-26]. In an earlier work [27], banana (BP), cucumber (CP),
and potato (PP) peels were tested as adsorbents for the purification of deionized water contaminated
with MB. Equilibrium sorption tests were conducted at a constant temperature T = 25 °C in batch
reactors under variable conditions, and the maximum sorption capacity for MB was found as ca 0.21,
0.17 and 0.11 g/g-sorbent for BP, CP and PP, respectively. Among the various models (pseudo-first-order,
pseudo-second-order, Elovich, intraparticle diffusion) used to fit kinetic data of MB sorption onto BP,
the second-order model presented the best goodness-of-fit. The point of zero charge was measured
and found as PZC = 6.5 for BP. The sorption of MB onto BP was favored at pH > 6 due to the stronger
electrostatic attraction between negatively charged surface sites (COO~, OH™) and positive charges
of MB cations [27]. Based on these studies, BP was selected to be used as a low-cost biosorbent for
the removal of MB from wastewater, under continuous flow conditions. However, for designing and
manufacturing pilot-scale units, additional data are needed for: (i) the sensitivity of the sorption system
to temperature, as quantified by the heat of adsorption and activation energies of adsorption/desorption
steps; (ii) the sorption capacity and sorption rate kinetics when the MB solution is injected through a
bed of BP grains.

Regarding the thermodynamic analysis of the sorption process, commonly, the changes of Gibbs
free energy, standard enthalpy (heat of adsorption), and standard entropy are estimated from batch
tests conducted at various temperatures [20,28-31]. On the other hand, the capacity of adsorbents
to remove pollutants from wastewater under continuous flow conditions depends on a variety of
parameters: nature of pollutants, characteristics of adsorbent, bed height, size of particles, pollutant
inlet concentration, wastewater pH, and wastewater flow rate [32—-42]. In summary, the measured dye
removal efficiency by biosorbents may vary over a broad range, depending on the types of sorbent
and sorbate, the mode of test used (batch/fixed-bed column), and experimental conditions (Table 1).
Therefore, it is critical to study the effect of flow rate and geometrical properties of fixed-bed columns
on the sorption properties of the adsorbent before designing a pilot-scale unit.

Despite the great abundance of solute adsorption studies on batch reactors and fixed-bed columns
of biosorbents, there is still a knowledge gap in how to utilize all parameters obtained from lab-scale
equilibrium/nonequilibrium and batch/continuous flow tests for the scale-up and design of an efficient
pilot adsorption system. A valuable tool in such an effort is the formulation of models capable of not
only fitting to the experimental data but also providing a true-to-the physics picture of the process
dynamics. From this perspective, it might be of high importance to demonstrate how tests performed
on batch reactors and fixed-bed columns could be interpreted by mutually consistent to each other
and true-to-the mechanism equilibrium/kinetic sorption models so that a unique set of parameters is
finally estimated.

The present study combines batch and fixed-bed column tests with true-to-the physics models
to provide all parameters, which, along with an adequate numerical tool, would allow the rational
design of pilot-scale biosorbents. The case study of methylene blue (sorbate) sorption onto banana
peels (sorbent) is examined. The methodology, however, is more general and could be combined
with a wide variety of models and applied to numerous sorbent/sorbate systems. Equilibrium and
kinetic studies of MB sorption onto BP are conducted in batch reactors at four temperatures (1545 °C).
Nonlinear regression analysis of results is performed by three models, each capable of describing the
sorption isotherm and kinetics. In this manner, the equilibrium and kinetic constants of MB sorption
onto BP are estimated as functions of temperature. Accounting for the properties of BP surface and
pore structure, mechanisms of MB sorption onto BP, and model goodness-of-fit, the most suitable
sorption model is chosen. The MB removal efficiency from water is studied with flow-through sorption
tests onto grains of banana peels packed in a fixed-bed column by varying the inlet MB concentration
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(100 and 200 mg/L), bed height (1.86, 3.72, and 5.58 cm), and feed injection rate (1 and 3 mL/min). A
numerical model is developed by combining convective flow with hydrodynamic dispersion and
sorption dynamics in a porous bed. By fixing the sorption equilibrium constant, the remaining
sorption parameters are estimated with inverse modeling of the MB concentration breakthrough curves.
The variability of BP bed sorption parameters is interpreted referring to interactions of reactive with
mass-transfer processes at the grain- and bed-scale. Finally, the estimated MB sorption capacity of BP
beds is compared with the corresponding capacities of other biosorbents from earlier studies.

Table 1. Dye sorption capacity for banana peels and other biosorbents.

Sorption Capacity

Adsorbent Dye (mg/g) Mode of Study Reference
Banana peel Methylene blue 210 Batch [27]
Cucumber peel Methylene blue 170 Batch [27]
Potato peel Methylene blue 110 Batch [27]
Banana peel ng:gﬁie;egk;};i 120 Batch [19]
Banana peel Acid Black 1 250 Batch [18]
Banana peel Congo red 1.7 Batch [20]
(;Sggae:e_glsg%ff Methylene blue 323 Batch [30]
Cafbonized plant Methylene blue 61.2 Batch [31]

eaf powder

Grapefruit peel Crystal Violet 254 Batch [11]
Olive pomace D]i?iel;etcéfaejée >4,>3.5 Batch [14]
Oil mill waste Direct blue >5 Batch [16]

Banana peel Methylene blue 150-220 Fixed-bed column  This study
Rice husk Methylene blue 44 Fixed-bed column [23]
Peanut husk Methylene blue 75.1 Fixed-bed column [24]
Eucall)yptus. sheathiana Methylene blue 49.5 Fixed-bed column [25]

ark biomass

Rice straw Methylene blue 29 Fixed-bed column [34]
Maize stem ground Methylene blue 45.9 Fixed-bed column [35]
Water hyakinth Methylene blue 156 Fixed-bed column [36]
Coffee residues Methylene blue 104.5 Fixed-bed column [37]
Watermelon rind Methylene blue 1244 Fixed-bed column [38]
Pinecone Methylene blue 55.7 Fixed-bed column [39]
Capsicum annuum seeds Reactive blue 49 65.5 Fixed-bed column [40]
Peanut husk Indosol Yellow BG 25.9 Fixed-bed column [41]
Citrullus lanatus rind Crystal violet 54.2 Fixed-bed column [42]

and Cyperus rotundus

2. Materials and Methods

2.1. Materials

Methylene blue (molecular formula: C14H15N3CIS) was supplied by Merck and used without any
other purification. MB was dissolved in distilled water to prepare stock solutions with a concentration
of 1000 mg/L, which were diluted to obtain solutions over the concentration range of experiments
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(10-300 mg/L). All aqueous solutions were degassed before use to minimize the eventual generation of
air bubbles during the tests.

Bananas were purchased from a fruit store, and their peels were used to prepare the adsorbents.
The peels were washed extensively with water, dried in an oven at 110 °C for 24 h, crushed with a
stainless grinder, and sieved on a mechanical shaker (Fritsch) to isolate particles in the size range of
125-500 pm.

2.2. Surface Characterization

The porosity, specific surface area, and pore size distribution of dry banana peels were measured
with mercury intrusion porosimetry (MIP) on a Pore Master 60 (Quantachrome Instruments.,
Boynton Beach, FL, USA). The morphological characterization of the adsorbent surface was performed
with field-emission scanning electron microscopy (FE-SEM) (Zeiss SUPRA 35VP-FEG) operating at
5 keV, and the chemical characterization of their surface was based on attenuated total reflectance
midinfrared (ATR-FTIR) spectra (Bruker Equinox 55 FTIR spectrometer) on dry BP grains before and
after MB adsorption.

2.3. Batch Sorption Studies

Equilibrium and kinetic sorption studies were conducted in tightly sealed glass bottles on an
orbital shaker rotating at a speed of 2.4 rpm and placed inside a thermostatted incubator. For each
run, 0.01 g of BP was added in 10 mL of MB solution with a concentration between 10 and 300 mg/L,
and the initial pH of the solution was adjusted to 6.0 by adding 0.1 M HCI or 0.1 M NaOH, accordingly.
Tests were carried out at four constant temperatures: 15, 25, 35, and 45 °C. Samples were collected from
each suspension with the aid of a tip syringe, either at regular time intervals for kinetic tests or after
24 h for equilibrium studies. Each sample was centrifuged (Heraeus Megafuge 16, Thermo Scientific,
Waltham, MA, USA), and the concentration of the supernatant solution was determined by measuring
its light absorbance at wavelength 663 nm in a UV-vis spectrophotometer (UV-1900 Shimadzu).

2.4. Continuous Flow Studies in a Fixed-Bed Column

A stainless steel column (L = 6.65 cm, D = 1.68 cm) was fabricated (Figure 1a). A fraction of
the column was packed with a weighted mass of granular BP (Figure 1b) and connected with a
peristaltic pump (Dynamax/Rainin RP-1) to inject the MB solution at a constant influx rate (Figure 1c).
The effluent outflowing from the outlet port was either dropped in a storage tank or collected in 7 mL
centrifugal glass tubes of a fractional collector (ELDEX) (Figure 1c) to measure the MB concentration
with UV-vis spectroscopy. The entire system was placed in a thermostated incubator (Friocell) to keep
the temperature constant. Before starting each test, the column was flushed with 1 L of degassed
and distilled water to remove any impurities from the BP grains. Experiments were conducted for
two initial MB concentrations (Cy = 100 and 200 mg/L), three masses of adsorbent (ms = 2.43, 4.86,
and 7.29 g), and two volumetric flow rates (Q = 1 and 3 mL/min).
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Figure 1. (a) Components of the fixed-bed column. (b) Packing material. (c) Schematic diagram of the
experimental setup.

The goal of the column sorption experiments was to quantify the effects of flow and mass-transfer
parameters (e.g., Peclet number) on the sorption capacity and kinetics. Such information could be
exploited when designing a pilot adsorption system and for scaling-up and selecting the geometrical
(e.g., diameter, column, and bed lengths) and flow (e.g., flow rate) parameters.

3. Theoretical Modeling

3.1. Sorption Isotherms

The Langmuir model assumes monolayer biosorption on identical and energetically equivalent
active sites without any interaction between adsorbed molecules [43] and is written

o K1 SmaxCe

— 1
Seq 1+ K.Ce ™

where S¢; (mg/g) is the mass of dye adsorbed per unit mass of adsorbent at equilibrium, C, (mg/L) is the
equilibrium concentration of dye in solution, 5;,,x (mg/g) is the maximum adsorption capacity of the
adsorbent corresponding to monolayer coverage, and K; (L/mg) is the Langmuir adsorption constant.
The Freundlich isotherm describes the multilayer biosorption with the nonuniform distribution of
sorption sites over the heterogeneous surface along with interactions between adsorbed molecules [44]

and is expressed by
Seq = KFCeﬁ (2)

where Kr ((mg/g)(L/mg)"") is the Freundlich adsorption constant related to the maximum adsorption
capacity of the adsorbent, and the exponent § varies with the adsorbent heterogeneity.

The Langmuir-Freundlich isotherm is a hybrid model describing the distribution of sorption
energy onto the heterogeneous surface of the adsorbent [45]. This model transits to the Freundlich
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or Langmuir isotherm at low or high adsorbate concentrations, respectively. The isotherm can be
expressed as follows

_ KLFSmaxCeﬁ

71+ KpCF

where Kjr is the equilibrium constant for heterogeneous solid, and § is a heterogeneous parameter
ranging from 0 to 1.

For a reversible adsorption/desorption process, the dependence of the equilibrium constant K;
(I = L, F,LF) on the absolute temperature T (K) is governed by the van’t Hoff equation [46]

®)

dln(K;)  AHO
d(T - RT? @
where R represents the universal gas constant (8.314 ] K~ mol™!), and AH" represents the change of
the standard enthalpy (heat) of adsorption (J mol ™). Over a limited temperature range, AHO can be

assumed constant, the integration of Equation (4) yields

In(Ky) = In(B) - ATHO(%) 5)

and AH® can be estimated from the slope of the plot of In(K;) versus 1/T (Equation (5)).

3.2. Kinetic Models

The analysis of kinetic data of MB sorption onto BP with conventional (first-order/second-order/etc.)
models has already been performed [27]. To maintain consistency in kinetic with equilibrium
models, instead of using the conventional models, the dynamic form of the aforementioned
isotherms was chosen [47,48]. Sorption is regarded as a reversible reaction with fundamental steps:
the adsorption/desorption of dye molecules between the aqueous phase and the surface of adsorbent.

(1) Inthe Langmuir kinetic model, the adsorption rate is regarded proportional to the fraction of
vacant sites, and the desorption rate is proportional to the fraction of sites covered by adsorbed
molecules. The overall rate is written

das
i [kaC(Spiax — S) — k4] (6)
where kg, k; are the kinetic constants of adsorption and desorption steps, respectively. Atequilibrium,

dS/dt = 0, and Equation (6) coincides with the Langmuir isotherm with

— kg

K=

@)

(2) In the Freundlich kinetic model, the adsorption rate changes nonlinearly with the concentration
of dissolved molecules, and the overall sorption rate is given by [48]

‘Z—f = (kaCP - k4S) (8)

At equilibrium, Equation (8) coincides with the Freundlich isotherm with

ka

Ke= -2
F kd

©)
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(3) Inthe hybrid (Langmuir-Freundlich) kinetic model, the adsorption rate changes nonlinearly with
the concentration of dissolved molecules and is proportional to the concentration of vacant sites.

The rate becomes

ds
= = [KaCP (Suax = ) ~ kS| (10)

At equilibrium, Equation (10) coincides with the Langmuir-Freundlich isotherm with

Kip = :—u (11)
d

Starting from the integrated form of the van’t Hoff relationship (Equation (5)), and after some

manipulation [46], we get Arrhenius-type equations for the rate constants
E E

In(ke) = In(As) = 2, In(ka) = In(Aq) - R—; (12)

where E;, E; are the activation energies for the adsorption and desorption step, and A;, A; are the
corresponding pre-exponential factors, interrelated by

AH® = E, — E4, In(B) = In(A;) — In(Ay) (13)

3.3. Modeling the Performance of a Fixed-Bed Column

The one-dimensional (1D) transport of a solute (MB) through a nonhomogeneous porous medium,
such as the bed of packed BP grains, is governed by convection, dispersion, and adsorption [49] and
described by the following mass balance:

aC ?’C _ dC pydS
o “Piga T T g (14
where ¢ is the time (s), C is the MB concentration (kg/m?) at axial distance x (m) from the column inlet,
Dy is the longitudinal hydrodynamic dispersion coefficient (m? s71), u is the pore velocity (m s™1),
defined as uy = Q/(¢pA), A is the cross-sectional area of the column, ¢ is the bed porosity, S is the
concentration of MB adsorbed per unit mass of solid (kg/kg), and pj is the bulk density of the dried
adsorbent. If normalized, the aforementioned kinetic models (Equations (6), (8), and (10)) can be
merged into a general expression for the overall sorption rate as

‘Z—f = a[Se(C) - 5] (15)

where 7 is a rate constant that is proportional to k;. The hydrodynamic dispersion coefficient is
commonly described by the relationship [50]:

Dr = ?—g + arpug (16)
where D,, is the molecular diffusion coefficient of MB (m? s™1), F is the electrical formation factor of the
porous bed of adsorbing grains, and 4y, is the longitudinal dispersion length (m). For homogeneous
porous media, for the sake of simplicity, we can assume that a, = <d g> [50].

If L is the total height of the column (m), and using the dimensionless variables 7 = tuy/L, £ = x/L,
C* = C/Cy, Equations (14) and (15) are finally transformed into the following dimensionless relationships

Pleg _[ 1 a ][(%}]azc* Lac

apy .
o g L)oo (el

T
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ggz(gﬁ@m«n—s] (18)
where Pe; = uo<dg> /Dy, is the grain-scale Peclet number.

Equations (17) and (18) describe the mass transfer along the bed of adsorbing material extending
over the length, {p < £ < 1.0, where the distance &g specifies the upper surface of the adsorbent,
&0 =1-(Ly/L), and Ly is the bed height (Figure 1c). On the other hand, the first segment of the column,
0 < & < &, is fully occupied by the aqueous phase. Over this region, no sorption occurs, namely

S(1,) =0  0<&<& (19)

whereas the MB mass transfer is described by the classical diffusion—convection equation, which in
dimensionless form is written

I 1 PC I
ot N Per, (952 (P 55

0<&< & (20)

where Pe; = ugL/D,, is the column-scale Peclet number, which can be replaced by Pe; through the
relationship

PeL = Ped[L] (21)

(dg)

The foregoing Equations (17)—(20) are subject to the initial condition

t=0 C(0,&)=0 (22)
and the boundary conditions
. _ JdS
E=0  C(r,0)=1 %—O (23)
aC )
E=1 7 =0 =0 (24)

4. Results

4.1. Surface Chemistry and Sorption Mechanism

Potential changes on the BP surface due to the BP sorption are evident in the FE-SEM images
(Figure 2a,b). It is observed that the initially rough surface of the adsorbent (Figure 2a) is smoothed
by adsorbed molecules of dyes (Figure 2b). Moreover, mercury intrusion porosimetry (MIP) data
(Figure 2c,d) indicate that BP peels have low intragranular porosity (~4%), a very low specific surface
area (<1 m?/g), and a trimodal pore diameter distribution (Figure 2d), associated with intergranular
pores (~20-250 um), crevices (~0.5-20 um), and surface microroughness (<0.5 um).
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Figure 2. Representative FE-SEM images of BP (a) before and (b) after methylene blue (MB)
adsorption. (c) Cumulative and (d) differential pore diameter distribution of banana peels from
mercury intrusion porosimetry (MIP) data. (e) ATR-FTIR spectra of banana peels’ (BP) surface before
and after MB adsorption.

The surface chemistry of BP and its interactions with MB were analyzed by examining the ATR
spectra of BP grains before and after MB adsorption (Figure 2e), and an analytic interpretation was
given elsewhere [27]. A high number of hydroxyl, oxygen, and carboxyl functional groups (OH, C-O,
C=0) were identified on the surface of BP. The oxygen atoms of these groups might create hydrogen
bonds with the nitrogen atoms of MB [51]. The characteristic bands of MB were overlapped by
stretching vibrations of BP (inset of Figure 2e). Given that the adsorbed MB mass is much less than the
BP mass, the peaks associated with BP were prevalent in the spectrum. The band at ~1600 cm™ is
associated with the stretching vibrations of C=0 and C-O of carboxylate groups of BP and the stretching
vibration of the C=N bond of MB (Figure 2e). In this manner, the amplitude and intensity of this band
changed after the MB sorption due to the electrostatic interactions between BP and MB. Respectively,
the oxygen atoms of the C=0 carboxylate group of BP could participate in hydrogen bonding (a form
of electrostatic interactions) with the nitrogen atoms of MB, leading to the disappearance of the band
at 1374 cm™! in the spectrum of BP-MB (Figure 2e). The electrostatic interactions of the negatively
charged BP surface with the positively charged cations of MB is the main mechanism of adsorption
onto BP.
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4.2. Equilibrium and Kinetic Parameters from Batch Tests

Nonlinear regression analysis of sorption isotherms revealed that the Langmuir (Equation (1)) and
Langmuir-Freundlich (Equation (3)) models fit the data better than the Freundlich model (Equation (2))
(Table 2, Figure 3). This is reflected in the lower value of the coefficient of determination, R?, and broad
confidence intervals for the Freundlich parameters (Table 2).

200 200
b
180 - 180 (®)
160 - 160
140 140
120+ 1201
o 2
S 100 > 100
E E ,
o 80 - . To15%C o 80 + Data Freudlich
- o = — T=I5C
601 N ;:gzog 601 « T=25°C
40 o 40 & A T=35C
* - - T=45°C . . T=45°C
20 # 20
.
0 T T T T T T T T T 0 T T T T T T T T T
0 20 40 60 80 100 120 140 160 180 0 20 40 60 80 100 120 140 160 180
C, (mg/L) C, (mg/L)
200
180 1
160
140 |
- 120
o
o 100 /
:E/ 804 / Q Data Langmuir-Freundlich
n’ ; . —_— T=15°C
60 e - T=25°C
’ A T=35°C
40 * - - T=45°C
20
O T T T T T

— T T T T —T T T —T
0 20 40 60 80 100 120 140 160 180
C, (mg/L)

Figure 3. Experimental vs. predicted isotherms of MB sorption onto BP grains. (a) Langmuir model.
(b) Freundlich model. (¢) Langmuir-Freundlich model.
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Table 2. Optimal estimates and 95% confidence intervals of isotherm parameters for MB adsorption

onto BP.
Temperature (°C)
Model Parameter
15 25 35 45
Smax (Mg/g) 153.4 + 8.1 160.3 +9.5 184.1 + 14.0 158.7 + 11.9
Langmuir K (L/mg) 0.196 + 0.043 0.142 + 0.033 0.11 + 0.029 0.090 + 0.0253
R? 0.991 0.990 0.988 0.987
B 0278 +0.0717 0290 +0.0817  0.314 +0.0936  0.325 + 0.069
n
Freundlich Ke (Lmg)'(ms/g)  4» 494 1044 407241345 4139+ 15.16 3245 +£9.25
((mg/g)(L/g)")
R? 0.942 0.935 0.929 0.964
Spax (Mg/g) 166.85 +13.91  171.34 +21.02  201.11+19.98  184.21 + 35.63
Langmuir—Freundlich K; (L/mg) 0.227 + 0.037 0.169 £ 0.046  0.140 +0.0405  0.122 + 0.032
B 0.775 + 0.137 0.826 + 0.209 0.802 + 0.157 0.737 + 0.201
R2 0.996 0.993 0.986 0.993

The foregoing estimated values of equilibrium constants, n(Kp),In(Kg),In(Kp) (Table 2),
were fitted to the van’t Hoff equation (Equation (5)) to estimate the heat of adsorption (Table 3).
It seems that the reversible MB adsorption/desorption in BP is an exothermic reaction (AH? < 0),
whereas the fitting to the Freundlich equilibrium constant is poor (Table 3). However, depending on
the type of adsorbent, the potential pretreatment, and changes on pore space morphology, the dye
sorption onto sorbents may be dominated by one or more mechanisms (e.g., electrostatic interactions,
pore diffusion), and such differences are commonly reflected in the different values of standard heat of
adsorption (Table 4).

Table 3. Thermodynamic parameters for the MB sorption onto BP.

Model Parameter Optimal Value + Standard Error

AHO (KJ/mol) -19.72 £ 1.10

Langmuir In(B) -9.89 £ 0.44
R? 0(?9989619

AHO (KJ/mol) —5.93 £ 3.06

Freundlich In(B) 1.68 + 0.94

R? 0.478

AHY (KJ/mol) -15.75 + 1.50

Langmuir-Freundlich In(B) —8.09 + 0.60
R? 0.973

Table 4. Thermodynamic properties of adsorbents from literature.

Adsorbent Dye AH? (kJ/mol)  Reference

Banana peel Methylene blue -20.0 This study
Banana peel Congo red —28.3 [20]
Copper-modified activated carbon ~ Methylene blue 6.2 [30]
PZS nanotubes Methylene blue 9.8 [28]
Carbonized Plant Leaf Powder Methylene blue 23.1 [31]
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The equilibrium parameters estimated from sorption isotherms (Table 2) were fixed, and the
kinetic constant k; was estimated (Table 5) with the nonlinear fitting of the transient MB sorption
datasets to the numerical solution of Langmuir (Equation (6)) Freundlich (Equation (8)) and hybrid
(Equation (10)) kinetic models (Figure 4a—c) by the ATHENA Visual Studio 14 software [52]. Due to the
limited number of degrees of freedom (only one parameter to estimate), discrepancies were observed
between the predicted curves and measured data (Figure 4a—c), while the confidence intervals were
quite high (Table 5) for all kinetic models.

Table 5. Optimal estimates and 95% confidence intervals of the parameters of three kinetic models for

MB sorption onto BP.

Temperature (°C)

Model Parameter
15 25 35 45
Langmuir kg x 103 (min_l) 0.397 + 0.14 0.634 + 0.194 0.777 £ 0.182 1.328 + 0.308
R? 0.897 0.930 0.962 0.9625
Freundlich kg x 103 (min_l) 6.40 + 2.61 7.68 +2.73 7.25 +2.01 10.87 + 2.84
R2 0.853 0.896 0.939 0.947
Hybrid kg x 103 (min_l) 0.814 + 0.313 1.056 + 0.343 1.305 + 0.337 2.617 + 0.653
R? 0.875 0.919 0.952 0.954
100 100
(@) o —— (b)
804 § 804 B S
60+ 60 -
G ’ Langmuir kinetic model I G ’ Freundlich kinetic model I
? g Exper. Simul
E J Exper. Simul. S 4 : :
n 40 o T=288 K n 40 = —— T=288K
°« - T=298 K * T=298K
_ A T=308 K
201¢ o . Tk 201 o - Tk
0 T T T T T 0 T T T T T
0 100 200 300 400 500 0 100 200 300 400 500
t (min) t (min)
100
v
— Hybrid kinetic model
g (Langmuir-Freundlich)
é Exper. Simul.
(%) " —— T=288K
e T=298 K
A T=308 K
& - T=318K
2(I)O 3(I)0 4(I)O 500
t (min)

Figure 4. Experimental vs. numerically predicted transient response of MB sorption onto BP for the
three kinetic models: (a) Langmuir; (b) Freundlich; (c) hybrid (Langmuir-Freundlich).

Using linear regression analysis, the kinetic constant vs. temperature datasets (Table 5) were
fitted with Equation (12) to estimate the pre-exponential factor In(A;) and activation energy E; for the
desorption step. Subsequently, the pre-exponential factor of In(A,) and activation energy E, for the
adsorption step were obtained from Equation (13) along with the results of Table 3. All parameters of
the sorption rate constants are summarized in Table 6. Based on R? values and the relative size of the
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standard deviation (Table 6), it seems that the fitting is very good for the Langmuir model, satisfactory
for the hybrid model, and poor for the Freundlich model (Table 6). For all cases, the activation energy
for the desorption step is quite high and exceeds the heat of adsorption, in agreement with the theory
for exothermic reactions [46]. On the other hand, the activation energy for adsorption step is quite low,
indicating that MB adsorption onto BP can be regarded as a weakly activated step (Table 6).

Table 6. Kinetic parameters for the MB sorption onto BP.

Model Parameter Optimal Value + Standard Error

Langmuir kinetic model E; (kJ/mol) 29.02 + 3.58
In(Ay) 429 +142

R? 0.956

E, (kJ/mol) 9.30

In(Ag) -5.6
Freundlich kinetic model E; (kJ/mol) 11.48 + 4.87
In(Ay) -028+£1.94

R? 0.603

E; (kJ/mol) 5.55

In(Az) 1.40
Langmuir-Freundlich (hybrid) kinetic model Eq (K/mol) 2804+ 650
In(Ayg) 451 +£258

R? 0.855

E; (kJ/mol) 12.29

In(Ag) -3.59

From Tables 2, 3, 5 and 6, it is evident that the Langmuir isotherm and kinetic model agree with
the mechanism of monolayer chemisorption of MB cations on the surface of BP grains by attractive
electrostatic forces, providing the best fitting to (i) the experimental data of batch tests and (ii) generated
thermodynamic parameters therefrom. It is worth mentioning that the relatively high values of heat
of adsorption (Table 3) and desorption activation energy (Table 6) along with the low adsorption
activation energy are consistent with the abovementioned mechanism of chemical sorption of MB on
BP surface through electrostatic interactions.

4.3. Parameter Estimation from Column Tests

To simulate the MB fate in a fixed-bed column (Figure 1c), the Langmuir isotherm and kinetic
model were selected to describe the sorption process. Under these conditions, Equations (17) and (18)
are transformed to

o (1, |l))2c ac _( pLa )[KLCOC*(SWX ~5)-§ -
Tt F¢Pe, <dg> L | 0&? o0& dupCo (1 + KLCQC*)
(9_5 o Q {KLCOC*(Smax - S) - S] (26)
at  \up (1+K.CoCY)
where the rate constant a is defined by
a= kd(l + KLCOC*), kd <a< kd(l + KLCO) (27)

and its value is expected to vary over the region.



Processes 2020, 8, 1467 14 of 22

The full set of input parameters for the operation of the fixed-bed column are given in Table 7.
For each set of experimental conditions (Cp, Q, Lp), the Langmuir equilibrium constant K; was kept
equal to that estimated from batch tests at 25 °C (Table 2), and ATHENA Visual Studio 14 software was
used to estimate the sorption parameter values (Syx, ) that minimize the distance of experimental from
numerically predicted breakthrough curve. Specifically, the partial differential equations (Equations (20),
(25), and (26)) were solved with finite differences, under the adequate initial (Equation (22)) and
boundary (Equations (19), (23), and (24)) conditions. The numerically predicted transient response
of the MB concentration at the column outlet was fitted to the measured breakthrough curve by a
stochastic Bayesian estimator [52], and the results are shown in Table 8. There is an excellent agreement
between the experimental and numerically predicted breakthrough curves (Figure 5a—).

Table 7. Geometrical parameters and physical properties of the experimental system.

D (m) 0.0168 o 0.35
L (m) 0.0665 F 4.0
Co (kg/m3) g—; a k(m?2) 0.8 x 10712
1o (ms~1) ﬂ <dg> (m) 3.0 x 104
6.45 x 107*
0.0186
Ly (m) 0.0372 ar, (m) 3.0x107*
0.0558
pp (kg m3) 590 Dy, (m2s71) 4.6 x10710

2 Measured Darcy permeability of the packed column.

Table 8. Sorption parameters estimated with inverse modeling of column tests (T = 25 °C,
Ky =141.9m3 kg1, k; = 1.05 x 1072s71).

Q Co Sinax B SSR (Sum of
mLming P (mg) (kg/kg) ax10° 67 g0 are Residuals)
10 1107 1000  0.190+0.0003  2.195 % 0.0008 0.047
10 1107 2000  0.193+0.0002 3511+ 0.0079 0.1093
10 2214 1000  0.164+00020  0.433 00141 0.0512
10 3321 1000  0.149+0.0009  0.330 + 0.0057 0.0213
3.0 1107 1000  0212+0.0001  3.753 + 0.0012 0.0102
3.0 1107 2000 0221£0.0029  4.184+0.179 0.0154
3.0 2214 1000  0.160+00019 1412+ 0.049 0.0163
3.0 3321 1000 0222400053  0.666 % 0.048 0.0372
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Figure 5. Experimentally measured vs. numerically predicted breakthrough curves of the MB
concentration under varying flow conditions in a fixed-bed column of BP grains. (a) Effect of the inlet
MB concentration on the breakthrough curves. (b) Effect of the bed length on the breakthrough curves
at a low flow rate. (c) Effect of the bed length on the breakthrough curves at a high flow rate.

The maximum MB sorption capacity of BP bed, Sy, estimated from flow-through tests (Table 8)
is comparable to that determined by batch experiments (Figure 6a). The rate kinetic constant estimated
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from column tests, g, is comparable to the lower limit of inequality (Equation (27)), k;, and much less
than the upper limit k;(1 + K;.Cp) (Figure 6b).

0.24 5x10°

(@) [ = Q=1 mLimin, C;=100 mg/L (b) = Q=1 mL/min, C;=100 mg/L
0.224 ¢ ® Q=3 mL/min, C ;=100 mg/L % . § ® Q=3 mL/min, C;=100 mg/L
° A Q=1 mL/min, C,=200 mg/L 4x10” 1 4 Q=1mL/min, C;=200 mg/L
0.20 ® Q=3 mL/min, C;=200 mg/L ] ¢ Q=3 mL/min, C,=200 mg/L
) i ’ Batch tests: S, =0.1603 + 0.0095 kg/kg I —~ 3x10°+ C, (mg/L) k,(1+K.Cy) (sY)
v (o2}
S 0.18 X 100.0 1.604x10* s
< 2 ] 200.0 3.102x10% s
5 . < 2x10°
w0167 ¢ © . k,=1.056x10° s I
|
s |
0.14 - 1x10
[ ]
- |
0.12 . . 0 . .
1 2 3 4 1 2 3 4
L,/D L,/D

Figure 6. Estimated sorption properties of BP bed as functions of all pertinent parameters: (a) maximum
sorption capacity; (b) sorption kinetic constant.

At the microscopic scale of the grain surface (Figure 7a), the near-surface flow and solute
concentration fields can be approximated by the boundary layer theory so that the dynamics of solute
mass-transfer toward the solid surface is correlated with the fluid properties and flow conditions [53].
Statistical thermodynamics and molecular dynamics [54] approaches are required to quantify the
interactions (e.g., electrostatic attraction of MB cations to negatively charged sites of the solid surface)
at the submicroscopic scale (Figure 7b).

It seems that S;,;y increases with the flow velocity (Table 8, Figure 6a). As the flow velocity
increases, the thickness of the boundary layers around the grain surfaces decreases (Figure 7a),
the access of MB cations to the active sites of the solid surface is facilitated (Figure 7b), and the overall
sorption capacity of the bed, Sy, has the tendency to increase (Table 8, Figure 6a). As the bed
length increases, nonuniformities of the flow field caused by nonrandom pore space heterogeneities,
associated with the quality of bed packing, may prevent the MB access to a fraction of grain surface
sites and lead to lower bed sorption capacity (Table 8, Figure 6a). On the other hand, the longer water
retention times and the conditions of fully developed flow in long beds increase the probability of
MB cations to access the active surface sites, increasing the overall MB sorption capacity (Table 8).
Therefore, the estimated S5y value may be an increasing or decreasing function of the bed length
(Table 8, Figure 6a).

It seems that the kinetic constant, a, increases with the flow velocity and with initial concentration
and bed length decreasing (Table 8, Figure 6b). It is a macroscopic parameter depending on the
diffusive transport of dissolved molecules from the bulk phase to the external surface of the grains
(Figure 7a) and the kinetics of the purely reactive process of adsorption/desorption of solute molecules
surrounding the surface (Figure 7b). The diffusion rate is proportional to the concentration gradient
across the boundary layer, the thickness, 6, of which is inversely proportional to the square root of the
local pore velocity [53]. Therefore, the higher the flow velocity, the thinner the concentration boundary
layers around the grains and the higher the expected a values (Table 8, Figure 6b). On the other hand,
the higher the feed concentration, C, the higher the concentration gradient across the boundary layer
(Figure 7a), the faster the diffusive rate of MB toward the solid surface, the higher the expected a values
(Table 8, Figure 6b).
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Velocity profile 5

— C
(a) ] O
Concentration
s rofile

(b)

? ? Negative charged functional groups

Cations adsorbed and desorbed
(attachment by electrostatic forces)

Figure 7. (a) Approximate velocity and concentration boundary layers at the vicinity of the grain
surface (its curvature is ignored; uy, is the local pore velocity; Cs is the solute concentration at the
liquid/solid interface). (b) At the submicroscopic level, the sorption of a cationic dye on the solid surface
may be governed by the near-surface concentration of MB cations, the frequency of their collisions with
the surface, and the strength of attractive electrostatic forces between the negatively charged sites and
positively charged cations.

As the bed height increases, the spatial fluctuations of the flow velocity are enhanced due to either
more frequent nonrandom heterogeneities of the pore space or higher spatial deviations of the pore
velocity. Such an enhancement of the nonuniformity of the flow field may delay the MB access to grain
surfaces leading to a lower sorption rate constant, a (Table 8, Figure 6b).

The mass-transfer rate of solute in a fixed-bed column is governed by: (i) the bed-scale Peclet
number defined by Pe;, = 1oLy, /D, and regarded as the ratio of the time of convective flow to the time
of diffusion; (ii) the Damkohler number defined by Da = aL/ug and regarded as the ratio of the time of
sorption process to the time of convective flow.

For the sake of homogenization, the MB maximum sorption capacity estimated from flow tests on
BP beds is expressed as a function of Pe; and compared with the corresponding literature data obtained
from flow tests on the beds of various biosorbents (Figure 8a). It is evident that the highest 5,4 values
were achieved with bed columns operating at a relatively low Pe, < 1000 (Figure 8a). On the other
hand, for the majority of other biosorbents, the MB sorption capacity was weaker, while most studies
were conducted over high values of Peclet number (Pe;, >> 1000) (Figure 8a). However, due to the
different origins of adsorbents and grain sizes, it is difficult to give a full interpretation of the observed
MB sorption capacity in terms of the prevailing flow and mass-transfer regime.
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Figure 8. (a) Maximum MB sorption capacity of BP bed as function of Peclet number, as compared
with that of other biosorbent beds from earlier studies; (b) Variability of kinetic sorption constant of BP
bed (Damkohler number) as a function of Peclet number.

Regarding the sorption dynamics in BP beds, the smaller than 1.0 Da values confirm that sorption
is always much slower than convective flow at the bed-scale, and sorption kinetics is a decreasing
function of Pe;, tending to an asymptotic value at very high Pe;, values (Figure 8b).

5. Conclusions

A methodology was proposed and applied to the case of methylene blue sorption onto banana
peels, where sorption parameters needed for the design of pilot-scale biosorbents were obtained from
the combination of batch and column studies with mutually consistent and true-to-the mechanism
sorption models. Equilibrium and kinetic sorption tests of MB onto BP grains were conducted in
batch reactors at temperatures of 15-45 °C to estimate thermodynamic/kinetic properties and assess
the goodness-of-fit for three models used to describe the isotherms and sorption kinetics: Langmuir,
Freundlich, and Hybrid (Langmuir-Freundlich).

MB sorption tests were conducted in fixed-bed columns packed with BP grains by varying the flow
rate, the MB concentration in feed solution, and bed length, measuring the relevant MB concentration
breakthrough curves. To estimate the maximum sorption capacity along with the sorption rate constant
as functions of all pertinent parameters, the breakthrough curves were fitted to the numerical solution
of a 1-D advection—dispersion—sorption model coupled with the Langmuir kinetic model.

The most important conclusions are outlined below

e  MB sorption onto BP is an exothermic and reversible process, with a strongly activated desorption
step and weakly activated adsorption step.

e  Equilibrium and kinetic data are better fitted by the Langmuir model, which is consistent with the
monolayer chemisorption of MB cations onto BP solid surface by electrostatic forces.

e  The experimental breakthrough curves and MB sorption capacity onto BP grains of the bed are
predicted satisfactorily by the numerical model.

e The sorption capacity of adsorbents under continuous flow conditions is comparable to the
corresponding one estimated from batch experiments.

e  Thesorption rate constant estimated from continuous flow tests on a column bed is fully compatible
with corresponding parameters estimated from batch tests when the same sorption model is used.

e  Thekinetics of sorption in column beds is affected by the thickness of the velocity and concentration
boundary layers surrounding the grains of sorbent and nonuniformities of the flow field caused
by local nonrandom heterogeneities. This parameter is an increasing function of flow velocity
and feed concentration and a decreasing function of bed length. It is a decreasing function of Pey,
tending to an asymptotic value at high values of this parameter.
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e  Compared to earlier studies, the highest MB sorption capacity was achieved in the present study
with fixed-bed columns of BP operating over relatively low Pe;, values.

It is worth mentioning that, depending on the sorbent/sorbate system, a broad variety of
equilibrium/kinetic models might be used in the aforementioned methodology. However, it is critical
to use equilibrium and kinetic sorption models that are mutually consistent with each other so that,
finally, a unique set of parameters is estimated. In this manner, when designing a pilot-scale system,
the uncertainty associated with the choice of parameter values is minimized, and the cost-efficiency
and performance of large-scale sorption systems are ensured.
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Nomenclature

A Cross-sectional area of fixed-bed column

Ag Pre-exponential factor of Arrhenius rate constant for adsorption step
Ay Pre-exponential factor of Arrhenius rate constant for desorption step
a Rate constant of desorption step

ar, Hydrodynamic dispersion length

B Integration constant of van’t Hoff equation

C Dye concentration in aqueous solution

Co Initial dye concentration

Ce Dye concentration in solution at equilibrium with adsorbent
c Dimensionless dye concentration in aqueous solution

D Inside diameter of column

Dy, Longitudinal dispersion coefficient

Dy Molecular diffusion coefficient of dye

Da Damkohler number

dg Adsorbent grain diameter

<dg> Mean grain size

E, Activation energy for adsorption step

E4 Activation energy for desorption step

F Electrical formation factor of packed bed

Kr Freundlich equilibrium constant

K Langmuir equilibrium constant

Kir  Langmuir-Freundlich equilibrium constant
k Permeability of packed bed

ka Kinetic constant of adsorption step

ky Kinetic constant of desorption step

L Column length

Ly Bed length

My Adsorbent mass

Q Volumetric flow rate

Pe;  Bed-scale Peclet number
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Pey Grain-scale Peclet number

Pey, Column-scale Peclet number

R Universal gas constant

S Adsorbed dye concentration (dye mass per unit mass of adsorbent)

Se Adsorbed dye concentration at equilibrium

Smax ~ Sorption capacity (maximum dye concentration)

T Temperature

t time

g Mean pore velocity

X Axial coordinate

Greek letters

B Freundlich exponent

AH?  Heat of adsorption

& Dimensionless axial coordinate

&o Dimensionless axial position of the upper bed surface

Pp Bulk density of bed

T Dimensionless time

o} Porosity of packed bed
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