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ABSTRACT: The present work aimed to evaluate the effect of temperature, particle size
and bed height of the chromium (VI] adsorption process using plantain peels in a
continuous system. The experiment was carried out on a packed bed column, adjusting
the feed temperature of the solution with a REX-C100 controller coupled to a type K
thermocouple. The initial concentration of Cr (VI) was set at 100 ppm, the pH at 2 and
the feed rate of 0.75 mL/s. The analyses were performed by UV-Vis spectroscopy using
the colourimetric method of 1.5-diphenylcarbazide. The material was characterized
by infrared spectrometry by Fourier Transforms (FTIR], from this analysis, it was
determined that the OH and NH; functional groups are the main responsible for the
formation of complexes with the cations in solution. Also, it was established that only the
particle size is statistically significant. According to the response surface analysis, the
optimum conditions of the process were 353.15 K, a particle size of 0.819 mm and a bed
height of 67,768 mm. From the thermodynamic study of the process, it is established
that it is endothermic and the chemical adsorption prevails in it. The results obtained
in the process modelling suggest that Dose-Response can be used reliably to scale the
process.

RESUMEN: El objetivo de la presente investigacion fue evaluar el efecto de la temperatura,
tamano de particula y altura de lecho del proceso de adsorcidon de Cromo (VI) usando
cascaras de platano en sistema continuo. La experimentacién se realiz6 en una
columna de lecho empacado, ajustando la temperatura de alimentacion de la solucidn
con un controlador REX-C100 acoplado a un termopar tipo K. La concentracién inicial
de Cr (VI) fue fijada en 100 ppm, el pH en 2 y el caudal de alimentacién de 0,75
mL/s. Los andlisis fueron realizados por espectroscopia UV-Vis usando el método
colorimétrico de la 1,5-Difenilcarbazida. La caracterizacion del material se realizd
mediante espectrometria infrarroja por Transformadas de Fourier (FTIR), a partir de
este analisis se determind que los grupos funcionales OH y NH; son los principales
responsables de la formacion de complejos con los cationes en solucién. Ademas, se
establecid que solo el tamanio de particula es estadisticamente significativo. De acuerdo
con el analisis de superficie de respuesta, las condiciones dptimas del proceso fueron
353.15 K, tamanio de particula de 0,819 mm y altura de lecho de 67.768 mm. Del estudio
termodinamico del proceso, se establece que es endotérmico y prevalece una adsorcion
quimica en el mismo. Los resultados obtenidos en el modelado del proceso sugieren
que el modelo de Dosis-Respuesta se puede usar de manera confiable para escalar el
proceso.
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human and aquatic organisms. The contamination of
water resources, due to the indiscriminate use of heavy
metals such as cadmium, zinc, cobalt, nickel, chromium,
among others, has been a worldwide concern in recent
years, as a result of accelerated industrialization and
urbanization [1, 2]. Chromium is one of the most toxic
heavy metals. Its wide distribution in the earth’s crust and
its multiple applications in industries that include mining,
electrodeposition, leather, and pigment production means
that it can be found in the wastewater [3, 4]. If ingested
beyond the maximum concentration (0.1 ppm), it can cause
health disorders, such as vomiting and haemorrhage [5, 6].

Due to the adverse effects of Cr (VI) on human health
and aquatic ecosystems, several chemical and physical
technologies have been developed to remove metal
ions from wastewater, including ionic exchange, solvent
extraction, chemical precipitation, membrane filtration,
and electrochemical treatment [7]. However, these
traditional techniques have their inherent limitations,
such as low removal efficiency at low concentrations,
sensitive operating conditions and high operating cost.
On the other hand, the Colombian regulation about the
punctual discharge to bodies of marine water establishes
that the Cr (VI] discharge concentrations must be between
0.2-0.5 ppm, under Resolution 0883 of May 2018 [8].
However, concentrations of this metal could reach up
to 450 ppm, for industrial effluents [9, 10]. Among the
various physicochemical processes, adsorption is one of
the most effective and easy to implement methods [11, 12].

Currently, the use of agricultural waste as an adsorbent
is being widely considered due to its accessibility, low
cost and its physicochemical characteristics, also, these
agricultural waste materials could take an important
role in the national economy when being used correctly
[13]. Plantain is one of the main fruits that are consumed
worldwide in large quantities. Despite its different uses, a
large amount of plantain peels is wasted every year, and
its elimination states a serious problem. The application
of plantain peels as an adsorbent is advantageous for the
elimination of the various water pollutants, since being a
material of lignocellulosic nature; it is related to functional
groups such as hydroxyls, carboxyls and amines, which
have an excellent capacity for joining metal ions using a
pair of electrons to form complexes in solution [14]. Thus,
for the development of the present work, the efficiency
of the biomass in the continuous system was evaluated
by varying the temperature, bed height and particle size.
This study was done to determine the optimum condition
in which a higher percentage of chromium concentration
is removed. Moreover, the effect on the thermodynamics
of the process was analysed.

2. Materials and methods

2.1 Experimental design

A central composite design was carried out to study the
adsorption tests in a continuous system: 2%+ rotatable
star with 3 levels of variation (temperature, particle size
and bed height]. The STATGRAPHICS Centurion XVII
software was used, as shown in Table 1.

2.2 Preparation of the adsorbent

The plantain peels were supplied by local businesses in
the city of Cartagena (Bolivar) as a residue of their food
production processes. The preparation of the material
consisted of a wash with water to remove the dirt. Then,
a manual size reduction was carried out to facilitate its
handling in the later stages, a wash with distilled water
was carried out to eliminate tannins, resins or other
compounds that can affect the biosorption process [15].
Finally, it was dried in the oven for 8 h and 279.15 K. This
material was milled and sieved in different sizes, and the
size between 0.15 and 1 mm was chosen. The chemistry
of the surface of the material was evaluated through FTIR
spectroscopy before and after the adsorption process to
determine the functional groups involved.

2.3 Adsorption tests in continuous system
and effect study

The removal capacity of the biomaterial was evaluated
by performing tests on the packed bed equipment with
continuous flow in an acrylic column as is shown in Figure
1.

The description of the elements of the continuous
adsorption equipment is shown in Table 2.

The solution containing the ions under study flowed
to the column by gravity, with a flow rate of 0.75 mL/s,
being adjusted using a globe valve. The column was
packed with the biomass by varying the temperature,
particle size and bed height, in order to determine the
optimal condition and the influence of each parameter.
The variation and control of the temperature were carried
out using a REX C-100 temperature controller. The Cr
(VI) solution at 100 ppm was prepared from 283 mg of
potassium dichromate (K,Cr,07) per litre of water.

Samples to measure the final concentration of the
ions in the solution were taken at the lower outlet of
the column. The concentration data were determined
with UV-VIS spectrophotometry using the colourimetric
method of 1.6 Diphenylcarbazide at 540 nm [16]. The
removal efficiency (%) for each condition was determined
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Table 1 Experimental design

Rank and level

Independent variables  Unit o X 0 T Ta
Temperature K 302.923 313.15 328.15 343.15 353.377
Particle size mm  0.212 0.355 0.6775 1.00 1.2199
Bed height mm  6.137 30.0 65 100 123.9
X
) TE 1 Fezistence
71 ™ 72
T 3 75 l s 4 o T 4
= o
"o
I w7 e “ V&
Figure 1 Flowchart of continuous adsorption equipment
Table 2 Elements of the continuous adsorption equipment
Nomenclature Equipment Function Description
Resistance Electric resistance Heating the solution Resistance of 220 V
Thermocouple  Thermocouple Measuring temperature Thermocouple type K
Controller Controller Keeping a set temperature Controller REX-C100
TK1 Constant height tank Mamfzalnlng the s9lut|on height Acrylic tank of 5 mm thickness and
TK 2 Feed tank Feeding the solution 945 % 115 % 150 mm
TK 3 Output tank Arranging the solution at the exit
Pipeline Pipeline Solution transport Tupe of chlorinated vinyl polychloride
¥ inch
V1-V2 Valve Calibrating outflow Gate valve of % inch
V3-Vi4 Valve Allowing flow of solution to the bed  Ball valve of Polyvinylchloride % inch
V5-Vé Valve Allowing solution flow out to bed Gate valve % inch
L1-L12 Bed tube Storing biomass bed Acrylic tube of 44.4 mm diameter and
280 mm height
B1 Bomb Pumping solution from TK 2 to TK 3

based on Equation 1 [17]:

(%) = [COC:CT x 100} (1)
0

Where C7p is the remaining concentration of the ion
(mg/L) and Cj the initial concentration in the solution,
indicates the value of the actual removal percentage by the
continuous adsorption system. The statistical analysis of
the experiments was carried out using an ANOVA analysis
of variance.

2.4 Break curve

The rupture curve is performed to establish the shelf life
and saturation point of the bed as the solution circulates
over time. Thus, the Cr (VI] adsorption advance curve using
plantain peel as a filling packed of the continuous bed was
used at the best experimental conditions found after the
execution of the tests proposed in the experimental design
of Table 1, during 480 min, for an initial concentration of 100
ppm. Then, the adjustment of the data to the adsorption
models in the continuous system was performed using the
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Table 3 Adsorption models in continuous system

Model Equation Parameters Meaning
Adams Co EXP (K apCot) K ap (L/mg*min)  Adams-Bohart Kinetic Constant
Bohart Ny (mg/L) Volumetric adsorption capacity
Co 1 Krm . Thomas constant
Thomas C T X P[EH (X —CoV)] (mL/min*mg) _ _
(ma/al Maximum concentration of solute
do tmg/g on the surface of the adsorbent
Yoon- o ) Ky (min) Yoon-Nelson’s proportionality
o = TR oo constant
Nelson Co 7 1tebyn(T=0
(min) Time required to retain 50%
T of the adsorbate
Maximum concentration of solute
Dose- <C _q1_ L qo (mg/g) in the solid ph
Response o 1+(C{;8?(t) in the solid phase
a D-R constant

OriginPro 8 software, and they are shown in Table 3[18, 19].

Subsequently, the Equation 2 was used to calculate
the capacity of the column (mg/g):

Q T
etotal — o — dt 2
Getotal 1000m/0 (C C't) (2)

Where, @ is the flow rate (mL/min); m, the amount of
adsorbent (g); Cy and C4, the initial and final concentration
of the metal in solution (mg /L) [20].

2.5 Thermodynamics of the process

In order to calculate the thermodynamic parameters, the
graphical method based on the Van't Hoff equation was
used, therefore, the change in standard Gibbs free energy
(AG) was estimated by using Equations 3 and 4, enthalpy
(AH) and standard entropy (AS) using Equation 5 in its
graphic form.

NG =ANH —-TAS (3)

AG = —RT xIn K, (4)
—AH AS

mKe=pF+ R 15)

Where K. = Cy./ Cse; C,e is the concentration of the
adsorbate at equilibrium contained in the surface of the
adsorbent; C. is the solution concentration at equilibrium
and R is the universal gas constant (8.314 J/mol-K) [21].
The (AH °)and (AS °) are determined from the slope and
the intercept with the axis and the Arrhenius graph of InKc
vs T, respectively, by applying the Van't Hoff graphical
method [22].

3. Results and discussion

3.1 Characterization

From the FTIR analysis shown in Figure 2, functional
groups contained in the biomaterial and those that can
participate in the process were determined.

From the process before and after the adsorption,
the change in the intensity of peaks in the wavelengths
of 3,300 cm™' corresponding to the -OH functional group
is observed, at 2,914 cm™' it is related to the vibrations
of the CH bonds, at 1748 cm™' with the group -NH; and
at 900 cm™ were attributed to the vibration of the CM
(carbon-metal) bonds. Thus, the OH and NH, groups
are related to the bands responsible for the formation
of complexes with the cations in solution, and the CH
group does not participate directly in the formation of
the complex, however, its decrease can be attributed to
an equalization of the intensity due to the formation of
complexes [23].

3.2 Adsorption tests and effects study

In Table 4, the adsorption efficiency of the different
conditions studied is shown, finding that the proposed
biomaterial present favourable adsorption results.
This fact may be associated with the lignocellulosic
characteristics of the material related to the presence of
hydroxyl, carboxyl and amino functional groups that have
been related to the high metal removal [24].

Table 5, ANOVA divides the variability of adsorption
efficiency into separate pieces for each of the effects.
Then, it tests the statistical significance of each effect by
comparing its mean square against an estimate of the
experimental error. In this case, the particle size has a
P-value of less than 0.05 indicating that it is significantly
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Transmittance (%)
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Figure 2 Plantain peels’ FTIR before and after chromium adsorption

Table 4 Adsorption efficiency Cr (VI) in continuous system using plantain peels

Temperature (K)

Particle size (nm) Bed height (mm) Adsorption efficiency (%)

313.15
343.15
328.15
328.15
328.15
353.377
343.15
343.15
328.15
343.15
313.15
313.15
313.15
328.15
328.15
302.923

0.355 100 97.076
0.355 30 97.330
0.15 65 88.559
0.678 65 99.618
1.0 65 99.860
0.678 65 100

1.0 30 100

0.355 100 100

0.678 65 99.618
1.0 100 98.855
1.0 100 99.122
0.355 30 96.695
1.0 30 97.457
0.678 123.86 97.839
0.678 6.137 97.457
0.678 65 99.237

Table 5 ANOVA for Cr (VI) adsorption in continuous system using plantain peles

Source

Sum of squares Gl MeanSquare F-test P-value

A:Temperature  3.709
B:Particle Size  39.887

C:Bed height
AA

AB

AC

BB

BC

CcC

Total Error
Total (corr.)

1 3.709 0.61 0.463

1 39.887 6.61 0.043
1.299 1 1.299 0.22 0.659
0.859 1 0.859 0.14 0.719
0.206 1 0.206 0.03 0.859
0.034 1 0.034 0.01 0.943
23.944 1 23.944 3.97 0.093
0.799 1 0.799 0.13 0.728
1.424 1 1.424 0.24 0.644
36.202 6  6.034
116.927 15

different from zero with a confidence level of 95.0%, being The R-Square statistic indicates that the model, thus
the only significant effect on the adsorption of Cr (VI]. adjusted, explains 69.039% of the variability in the
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which is more suitable for comparing models with a
different number of independent variables, is 22.597%.
The standard error of the estimate shows that the standard
deviation of the residuals is 2.456. The absolute mean
error (AME] of 1.138 is the average value of the residuals.
The Durbin-Watson (DW] statistic tests the residuals to
determine if there is any significant correlation based on
the order in which the data is presented in the file. Since
the P-value is higher than 5.0%, there is no indication
of serial autocorrelation in the residuals with a level of
significance of 5.0%.

In Figure 3, the effect of the parameters studied on
adsorption efficiency is plotted, thus it is established that
as the particle size, which is the only significant one,
increases, so does the removal efficiency, which may be
related to the decrease of the stagnation of the solution,
which facilitates and improves the transit of fluid through

the bed.

100 F 7
2 P \/ .
c o 4
o r / 7
Q r p
£ 98 -
w [ ]
T L 4
3 ok ]
£ F ]
[} - 4
14 [ ]
* % :

95 J

0,355 1,0 30,0 1000 313,15 343,15
Particle Size Bed Height Temperature

Figure 3 Main effects on the removal efficiency

However, at particle sizes of 1 mm, a decrease occurs
as a result of a slower pore diffusion rate because the
diffusion trajectory along the pores is high as well as the
resistance to diffusion [25, 26]. In the case of temperature,
the increase in removal efficiency due to the increase of
this parameter could be due to the binding between the
adsorbate and adsorbent by the formation of new active
sites. These sites could form new bonds between the
ions and the active functional groups on the adsorbent,
overcoming the barrier of activation energy and improving
the rate of intraparticular diffusion [27]. For the bed
height, the behaviour could be explained by the increase
in the penetration time of the solution, which represents
a longer residential solution time in the bed column.
Consequently, the metal has more time to diffuse into the
solid phase. This fact proves that at the highest level of
the bed, the diffusion towards the solid phase dominates
over the axial dispersion although it is observed that at
given bed height, a maximum of ion retention is reached
by the surface of the material, which affects the decrease
in removal at such a bed height [28].

Table 6 shows the combination of the factor levels, which
maximizes the removal efficiency over the region indicated
in Figure 4.

Table 6 Optimum values for Cr (VI] adsorption in continuous
system using plantain peels

Factor Low High Optimum
Temperature (K] 302.923 353.376 353.377
Particle size (mm])  0.135 1.219 0.819
Bed heigh (mm) 6.137 123.863 67.768

In practice, the smaller pore sizes produce stagnation
of the solution in the upper part of the bed so that the
outflow of the liquid in the lower part decreases. Due
to this, a mean bed height with an average particle size
ensures proper execution of the experiments. Regarding
the temperature, the highest one was taken as optimum,
which suggests a possible endothermic process, favoured
with an increase in temperature. However, it is noted that
the other temperature values evaluated also show good
percentages of removal, between 88 and 99%, considering
that in practice, additional energy consumption, referred
to the heating of the solution, would not be necessary.

=S ST —~o——
PAVAS A A WAL
ARATTST
=5y

e E— ———

[ [T ] 7S
1+

% Removal Efficiency

% Removal Efficiency

Temperature

Figure 4 Estimated response surface for percentage Removal
Efficiency
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3.3 Rupture curve modeling

Factor values that resulted in a higher removal were
selected and were implemented for the configuration of
the packed column and operation of adsorption tests. To
establish the useful life and breakage of the bed through
an advance curve during a period of 480 min, where this
better condition was corroborated due to the high removal
made by the adsorption column for an initial concentration
of 100 ppm Cr (VI], pH 2, 303.15 K, and flow rate of 0.75
mL/s.

It is observed that the breaking time of the column is
300 min, where the output concentration was 7.3 ppm,
and therefore, the removal percentage was 92.7%. Then,
using Equation 2 and calculating the area under the curve,
it was determined that the total amount of metal removed
after 8 h of experimentation is 989.191 mg corresponding
to 86,856% of total removal. Likewise, as the solution
continued to flow, the output concentration began to
increase. However, during the 8 h of the process, the
saturation of the material was not reached, indicating the
high adsorption potential of the plantain peel [20].

1,6 1
—m— Experimental
1.4 1 —@— Adams-Bohart
—A&— Thomas
1.2 4 ¥ Yoon-Nelson
’ —<— Dose-Response
1,0
s
S 0.84
£
5}
L 0,6
>
Ll
0,4
0,2 H
0,0

T T T T T
o} 100 200 300 400 500
Time (min)

Figure 5 Fitting of Cr adsorption breakage curve models (VI)

Table 7 shows the adjustment of the Response Dose,
Yoon-Nelson, and Thomas models to the experimental
data and the calculated parameters.

The best-fitted model in the column adsorption system
was chosen according to the determined correlation
coefficient (R?) [29]. From the adjustment of Figure
5 and the values of the sum of errors (SS) and R?, it
is established that the process behaviour is described
by the Dose-Response model, which adjusts to the
entire advance curve. Also, it is observed that the gq
calculated by the model (21.723 mg/g) is very close to the
experimental value obtained (25 mg/g). The adjustment of
the entire rupture curve to this model was also reported
in similar works with olive seeds [30], Spirulina platensis

Table 7 Adjustment parameters for continuous system
adsorption models

Model Parameter Value

K 45 (L/min*mg) 5.476x107°
Adams-Bohart Ny [mg/L) 7056.355

SS 0.277

R? 0.905

K7y (mL/minsmg)  0.341
Thomas qo (mg/g) 2.872

SS 0.002

R? 0.884

KYN [1/min] 0.006
Yoon-Nelson 7 (min) 660.030

SS 0.002

R2 0.900

A 1.155
Dose-Response  ¢g (mg/g) 21.723

SS 5.887x107®

R? 0.999

cyanobacteria [31], orthophosphoric acid-activated lignin
[32], Chinese pumpkin [33], cocoa shell [34, 35], allspice
[36], among other biomaterials used for the removal
of Cr (VI), reaching adjustments higher than 92%. In
this way, the adjustment to the Dose-Response model
allows, through the value of its parameters, to obtain an
expression that reproduces the behavior of the columns
in other experimental conditions, without the need for
additional experiments, maintaining the same operating
conditions of the system fixed bed as well as its scaling
[35].

3.4 Thermodynamic parameters

The results of the thermodynamic parameters calculated
for the adsorption of Cr (VI) plantain peel are shown in
Table 8.

Table 8 Values of the thermodynamic parameters for Cr (VI)

adsorption
T (K) AG® (J/mol)  AH° (J/mol)  AS® (J/molxK)
303.15 15623 195362 593
328.15 801 - -
353.15  -14022 - -

The positive values in the change of enthalpy (AH°)
indicating that the adsorption process is endothermic, as
the diffusion is an endothermic process, the temperature
of the solution could have increased the adsorption of
ions from of the aqueous solution [37]; this is evidenced
in the adsorption results presented in Tables 6 and 8.
In addition, the value of the enthalpy change (AH°] is
195362 J/mol, which is in the range between 20000 and
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400000 J/mol, thus, it is suggested that the process is
dominated by a chemical adsorption mechanism, where
the functional groups on the surface of the adsorbent
behave as active sites that can interact through chemical
bonds [38, 39]. On the other hand, the positive value in the
change of entropy (AS°] warns the possible reversibility
of the process, indicating an increase in the randomness
in the liquid-solid interface during the adsorption process,
which suggested that the ions of Cr (VI) could replace
some water molecules previously adsorbed on the surface
of the adsorbent [40, 41].

On the other hand, the change in the Gibbs free energy
(AG°) decreased proportionally with the increase in
temperature, indicating that the process of adsorption of
Cr (V) in aqueous solution becomes more favorable at
higher a temperature, which provides an increase in the
removal capacity of the studied ions. However the system
presents two stages in the adsorption process, the positive
values of the change of the Gibbs free energy (AG®)
indicate a non-spontaneous system for adsorption, since
it is unable to evolve by itself, meanwhile the negative
value suggested that the process of adsorption of Cr (VI)
with the plantain peel is thermodynamically feasible at a
temperature of 353.15 K [42].

4. Conclusions

The removal of Cr (VI) in a continuous system using
plantain peel was efficient to the studied conditions,
determining that, from all the evaluated parameters, only
the particle size is significant in the adsorption efficiency.
A temperature of 353.15 K, the particle size of 0.82 mm
and a bed height of 67.768 mm was found as an optimum
condition.  According to the thermodynamics of the
process, chemical adsorption is suggested, establishing
that the predominant mechanism may be the formation of
complexes between the metal and the functional groups
of the adsorbent, it is also determined that the process
is endothermic, and it is favoured at high temperatures.
Although the process has an endothermic nature, at
temperatures evaluated in the design of experiments,
good removal percentages are obtained. The results
obtained in the present investigation suggest that the
Dose-Response model can be used reliably to scale the
process, considering the variables involved.
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