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Abstract: The objective of this study was to prepare bio adsorbents from agro-industrial wastes from
yam starch (YSR) and plantain (PSR) production for its use in the removal of Cr (VI) and Ni (II) in
aqueous solution in batch and continuous packed-bed column systems. Bromatological analysis
showed that the biomaterials are rich in cellulose, lignin, hemicellulose, and SEM micrographs that
evidence a mesoporous structure characteristic of materials of lignocellulosic origin. FTIR evidenced
functional groups such as hydroxyl, carbonyl, and methyl, possibly involved in the uptake of metal
ions. EDS and FTIR analysis after adsorption confirmed that the retention of the metals on the surface
of the adsorbent materials was successful. Cr (VI) and Ni (II) removal efficiencies above 80% were
achieved using YSR and PSR in batch systems at the different conditions evaluated. The optimum
conditions for removing Ni (II) on PSR were a bed height of 11.4 cm and a temperature of 33 °C, while
for YSR, they were: 43 °C and 9 cm for temperature and bed height respectively. The variable with
the most significant influence on the removal of Cr (VI) in a batch system on the two bio adsorbents
was temperature. In contrast, the adsorbent dose and temperature are relevant factors for PSR Ni
(I) removal. Therefore, the residues from the preparation of yam and plantain starch have high
potential for removing heavy metals from wastewater and are presented as an alternative for their
final disposal.

Keywords: adsorption; biomaterials; packed bed column; adsorption kinetics

1. Introduction

Through industrialization and excessive use of chemicals worldwide, environmental
pollution has resulted in heavy metals releasing into the environment and other toxic con-
taminants [1,2]. Heavy metals in the environment are a severe problem to address in today’s
world due to their high toxicity, mobility in the environment, and non-biodegradability [3].
Among them, Cr (VI) and Ni (II) are discharged in effluents from mining, electroplating,
refining, and other industrial wastewaters, which can cause potential damage to the ecosys-
tem and human and animal health, even at low concentrations [4,5]. In addition, high
concentrations may cause cell membrane damage, alter enzyme activities, disrupt cell
function, cause birth damage, cancer, skin lesions, and kidney and hepatic damage [6].
Cr (VI) is considered a priority dangerous pollutant since it usually occurs in the form
of chromate (CrO42™) or dichromate (Cr,O72~) ions and easily crosses biological barri-
ers, being carcinogenic, in addition to being about 500 times more toxic and mobile than
chromium (IIT) [7]. Ni (II), in high concentrations, is toxic and in humans, it can cause
dermatitis, pulmonary fibrosis, decreased bodyweight, cardiovascular diseases, liver and
kidney damage, gastrointestinal upset, and cancer [8].
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For this reason, efforts have been made to remove heavy metals present in effluents
through the implementation of different technologies such as solvent extraction, membrane
filtration, ion exchange, reverse osmosis, chemical precipitation, oxidation, photocatalysis,
among others [9]. However, these methods have limitations, such as the generation of
toxic chemical sludge, incomplete metal removal, low efficiency, high energy, and reagent
requirements [10].

Thus, bio adsorption is presented as a good and effective alternative technique rec-
ommended for removing heavy metal ions from water due to its low cost and ease of
operation, minimal generation of toxic sludge, short operation time, the possibility of
recovery, and final disposal of metals [11]. This process often uses low-cost adsorbents
mainly of biological origin [12]. Various adsorbents have been tested for the removal
of heavy metals from aqueous solutions with promising results based on living biomass
(fungi, algae, and bacteria) and agricultural biomass (husks, sawdust, agricultural and agro-
industrial wastes) [13-17]. Different lignocellulosic biomasses have been used in heavy
metal remotion, such as millet [18], lime [19,20], rice husks [18,21], black walnut bark [22],
eucalyptus [23], palm residues [24], plantain [25], and kenaf [26], among others [27-31],
presenting high removal yields. The use of bio adsorbents of residual lignocellulosic origin
has advantages, such as low cost, high availability, and excellent performance at high and
low concentrations [32].

Additionally, different techniques have been studied to reuse bio adsorbent materials
to extend their useful life and recover the contaminants from a concentrated solution after
each desorption cycle, thus using solvents as NaOH, HCI, and acetic acid, and organic sol-
vent mixtures [33]. Regarding the final disposal of the adsorbents, once they are aged after
the desorption cycles, practices have been studied to get rid of this waste, such as recycling
in the cement matrix, re-filling of the road, stabilization soil, stabilization/solidification
processes, and soil correction and as a liming agent, among others [34].

The large volumes of waste generated by agro-industrial exploitation require the
generation of alternatives for their use. One process that produces the most waste is starch
production since its yield is close to 20% [35]. Further, The Colombian national policy
aimed at agricultural exploitation on the north coast and areas affected by the armed
conflict to export and satisfy national consumption supposes the use of large hectares
of cultivation; however, there are large volumes of post-harvest crops that do not pass
the quality standards for human consumption. Thus, research was motivated around
industrialization, such as the conversion to flours, for animal feed, starch, biopolymers
for food packaging. Therefore, this study proposed an alternative of use for the large
volumes of peel that will be generated in the biorefineries of raw materials such as yams
and plantains as a product of agro-industrial rejection, seeking to take advantage of and
optimize the resources and residues from said raw material [36]. Ninety percent of the yam
and plantain production takes place in the departments of Bolivar, Cérdoba, and Sucre,
on the north Colombian coast, with about 27,938 production units of the product [36].
Therefore, the objective of the present report was to prepare bio adsorbents from yam (YSR)
and plantain (PSR) starch preparation residues and evaluate their use as adsorbents of
Cr (VI) and Ni (II) present in an aqueous solution in a batch and continuous system. Bio
adsorbents were prepared by alkaline extraction and characterized by FTIR, SEM-EDS, and
BET methods to establish the functional groups in their structure, their surface structure,
and surface area. The packed-bed behavior in the continuous system was analyzed through
a breakthrough curve by determining the effect of bed height and temperature over bed
performance.

2. Materials and Methods
2.1. Materials
Potassium dichromate (K,;Cr,O7) and nickel sulfate (NiSOy), reagent grade, were

purchased from Sigma Aldrich (St. Louis, EE.UU.). The pH of the solutions was adjusted
with sodium hydroxide solutions (97% purity) and 0.1 M hydrochloric acid, purchased
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from Merck (Kenilworth, EE.UU.). The determination of Cr (VI) remaining concentration
was carried out in a Biobase (Wolfenbiittel, Germany) UV-VIS Spectrophotometer model
BK-UV1900, and Ni (II) was determined using and Perkin Elmer (Waltham, EE.UU.) Atomic
Absorption spectrophotometer model 969 Solar Series with flame.

2.2. Methods
2.2.1. Biomaterials Preparation

The residual yam and plantain pulp was obtained as a reject product from the starch
production process, using post-harvest agro-industrial material collected in rural areas of
the department of Bolivar (Colombia). The raw material was peeled, washed with distilled
water, immersed in a 0.25% w/w NaOH solution at 5 °C for 18 h, and filtered [17]. The
particle size classification was performed in a Shaker-type sieved, Edibon Orto Alresa
brand, through 2 mm and 1 mm sieves series.

2.2.2. Biomaterials Characterization

The presence of functional groups in the structure of the biomasses before and after
the adsorption process was studied by Fourier transform infrared spectroscopy (FTIR)
analysis using a Shimadzu (Shimadzu Corporation, Kyoto, Kyoto Prefecture, Japan) spec-
trophotometer model IRAinfinity-1 with 32 scans in the 400-4000 cm ™! spectrum; 100 mg
of KBr was selected as a reference. The surface properties and elemental composition of
the bio adsorbents were measured with a scanning electron microscope coupled to an
energy dispersive spectroscope (SEM-EDS) provided by JEOL (Akishima, Tokyo, Japan)
model JSM-6490LV. Bromatological analysis was performed to estimate carbon, hydro-
gen, nitrogen, ash, pectin, cellulose, hemicellulose, and lignin composition, using the
following methods: AOAC 949.14, AOAC 984.13 (Kjeldahl), thermogravimetry, thermo-
gravimetric acid digestion, thermogravimetric digestion, and photocolorimetry. Surface
area, pore-volume, and pore diameter were measured by the analyzer software (ASAP
2020™, Micrometrics, Norcross, GA, EE.UU., 2020), Micromeritics ASAP 2020, which de-
termines the adsorption isotherm of N2 at 195.8 °C through the BET (Brunauer, S., Emmett,
P, Teller, E.) equation.

2.2.3. Experiment Design

A continuous linear factor in a central star composite response surface was selected
to perform adsorption tests according to the point provided by Statgraphics Centurion
Software 16.1.15 (developed by Statgraphics Technologies, Inc. (The Plains, EE.UU.)). This
design allows studying the effect of the variables that influence the response by combining
them simultaneously, carrying out a limited number of experiments without the need
for replications, by mapping the region of a response surface [37]. Batch adsorption tests
were performed on a MAXQ 4450 orbital shaker, and pH was measured on a Start A221
pH meter (Thermo Fisher Scientific brand (Waltham, EE.UU)). The adsorption process is
affected by several parameters, such as temperature, adsorbent charge, adsorbent particle
size, solution pH, temperature, contact time, and agitation, among others. Previous
contributions developed by the authors have suggested that the best adsorption results for
Ni(II) and Cr(VI) are obtained at pH 2 and pH 6, respectively [38,39]. Thus, batch system
adsorption tests were performed at 200 rpm, 30 °C, using 1 mm particle size bio adsorbents,
following the composite factor design of experiments with star center point, Statgraphics
Centurion Software 16.1.15 (developed by Statgraphics Technologies, Inc. (The Plains,
EE.UU.)), shown Table 1.
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Table 1. Experiment design: experimental ranges and various levels of the variables for the batch
system tests.

Range and Level

Independent Variables Unit

-« -1 0 +1 +a

Temperature °C 30 40 55 70 80

Adsorbent amount g 0.1 0.355 0.678 1 1.2
Initial concentration mg/L 31.8 100 200 300 368.2

Experiments of continuous adsorption were carried out in an acrylic column filled
with the bio adsorbent material, through which the metal solution flowed by gravity with a
flow rate of 0.750 mL/s. The variables studied were bed height and temperature, following
the design of experiments in Table 2. The final concentration of the ions in solution was
determined by UV-VIS spectrophotometry for Cr (VI) using the 1.5-diphenylcarbazide
colorimetric method at 540 nm with limit of detection of 0.096 mg/L and calibration curve
correlation number of 0.999. Atomic absorption spectrophotometry was performed for Ni
(II) at 232 nm, using a Thermo Fisher® Solaar S4 atomic absorption spectrometer (Waltham,
MA, EE.UU.) using a nickel hollow cathode lamp, by direct determination with the flame
technique; the measurement had a detection limit of 0.05 mg/L [40].

Table 2. Experiment design: experimental ranges and various levels of the variables for continuous
system tests.

Range and Level

Independent Variables Unit
- -1 0 +1 +a
Temperature °C 33.8 40 55 70 76.2
Bed height Cm 1.6 3.0 6.5 10.0 11.5

2.2.4. Adsorption Study in Batch and Continuous System

The adsorption capacity (g.) in the batch system was calculated by Equation (1), where
C, is the initial solute concentration, C ris the final concentration after adsorption, m is the
mass of adsorbent, and V is the volume of the solution.

(Co—cf)xv
go= M
The removal efficiency (R) in batch and continuous systems was determined by
Equation (2), where C, and Cy are the initial and final solute concentrations, respectively,
in mg/L. For packed-bed experiments, the sample was taken, collecting the water at the
output of the column since the appearance of the first drop.

R = -G x 100 2)
Co

The kinetic study was conducted under the best experimental conditions found, taking
eight samples at different time intervals (5, 10, 15, 20, 30 min, and 1, 2, 4, 8, and 22 h) during
24 h. For this, 100 mL of solution was placed in contact with the adsorbent. The data
were then fitted to the kinetic models (Pseudo-First Order and Pseudo-Second Order)
using OriginPro 8.5® to calculate the fitting parameters and R?. Adsorption equilibrium
was performed for 24 h by varying the initial concentration of contaminant (50, 100, 200,
300 mg/L). Langmuir and Freundlich’s models were used to adjust the data.

The quantity of metal ions retained in the fixed-bed column were determined from
the experimental breakdown curves, using Equation (3), where g;.,; is the concentration of
ions in the adsorbent (mg/g), Co is the initial concentration of the solution, and Ct is the
output concentration of the ions studied in the aqueous solution (mg/L), fs is the time it
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takes for the adsorbent to convert the initial concentration to the final concentration (min),
Q is the flow rate (mL/min), and m is the adsorbent mass (g) [41].

ts
Ttotal = T000m 0 Ct—Codt 3)

3. Results and Discussion
3.1. Characterization of the Adsorbent Biomaterials

The removal of heavy metals from an aqueous solution in lignocellulosic materials is
related to the presence of several functional groups on its surface (hydroxyl, carbonyl, phos-
phate, amino, thiol). Although their presence does not guarantee an efficient removal of
metals, because this process is affected by several factors such as the number of active sites,
their accessibility, chemical state, and affinity for the metal, it does depend significantly on
the type of compounds and elements present, being cellulose important in lignocellulosic
compounds due to its chemical stability and mechanical strength. However, it has limited
free hydroxyl groups since most of them are already forming hydrogen bonds [42]. The
chemical analysis shown in Table 3 corroborates the high presence of carbons, oxygens, and
hydrogens in the biomasses due to the high cellulose content present in the biomasses, and
to a lesser degree, lignin, and hemicellulose. It is observed that the highest lignin content
occurs in the plantain residues (PSR), so it would be expected that the removal would be
higher in this material [43].

Table 3. Bromatological analysis of residual plantain and yam biomasses.

Parameters (%) PSR YSR Methods
Lignin 26.22 19.53 TAPPI T 222 om-83
Cellulose 41.80 39.24 TAPPI T 203 o0s-74
Hemicellulose 15.81 27.41 Difference between holocellulose and cellulose

Figures 1 and 2 show the IR spectra of plantain and yam starch residues, before and
after the adsorption process of Cr(VI) and Ni(Il), where the records between wavelengths
between 3000 and 3500 cm ™! of O-H functional groups are initially highlighted, as well
as between 3200 and 3500 cm~! may appear amines and small signals of an overtone of
the carbonyl by stretching vibrations of the O-H bond [44]. The peak at 2927.94 cm ! is
attributed to possible vibrations of C-H methyl, methylene, and methoxy groups [45], and
further on between 2000 and 2500 cm ™! signals of alkynes and carboxylic acids can be
observed as a broad signal by hydrogen bridges with overtone pattern of the carboxylic
acids by O-H stretching [46]. Following this, FTIR records peaks near 1650 cm !, indicating
the presence of cellulose, hemicellulose, and lignin functional groups due to C=0O and
C-O stretching by the vibrations of carboxyl groups of hemicellulose and lignin [32]; it
can also indicate the presence of aromatic rings due to hydrogen vibrations that represent
the stretching of C=C. On the other hand, between 1000 and 1200 cm !, the presence
of primary, secondary and tertiary alcohols is evidenced; the product of the stretching
vibrations of the C-OH bond and the bending between the plane (1225-950 cm™?) are
only complementary signals since the C-C, C-N, and C-O stretches fall in the same region,
and several signals appear as a function of the number of hydrogens, which would affect
the interactions that administered the adsorption when the adsorbate interacted with the
carbonyl groups or surface alkenes of the bio sorbent [47].
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Figure 1. IR spectrum of PSR before and after Cr (VI) and Ni (II) removal.
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Figure 2. IR spectrum of YSR before and after removal of Cr (VI) and Ni (II).

The presence of Cr (VI) and Ni (II) metal ions within the surface structure of the
biomass is evidenced in Figures 1 and 2, the increase in the width of the spectral bands
and the slight decrease in intensity for each of the adsorption processes, the infrared
spectroscopy after the adsorption process of Ni (II) being the one that shows a slightly more
noticeable decrease in intensity. For both metals, such decrease provided by the variation
of the adsorption frequency can be attributed to the binding of Cr (VI) and Ni (I) ions to
the different functional groups present in the biomass, as corroborated by the change in the
intensity and width of the adsorption peak at 2341 cm ™!, due to the interaction of hydrogen
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bridges with overtone patterns indicating the presence of carboxylic acids (-COOH) [48], by
O-H stretching, as shown in the change of intensity of the adsorption peak at 2927.94 cm !
attributed to the vibrations of C-H methyl, methylene, and methoxy groups present in the
biomass that facilitate the adsorption process and justify the high retention percentages of
Cr (VI]) ions at high temperatures and Ni (II) ions at ambient conditions [49].

Similar to the bio adsorbents under study, other biomaterials, after the adsorption
process, were characterized by FTIR and showed the presence of similar functional groups,
for example, Sakura residues showed the presence of groups such as -CH, C=0, which favor
Cr (VI) adsorption [50]; sugar cane bagasse showed some functional groups responsible
for Ni (II) adsorption, such as, OH group attributed by a broad absorption band shown at
3350 cm ! [10]. Activated coffee and coffee husk also showed the presence of the OH group
due to the bands located at 1440, 1364, 698, and 626 cm !, which denotes the interaction
with Ni (II) ions [51].

Adsorbent pore structure and surface chemistry contribute significantly to efficient
heavy metal removal processes. Table 4 summarizes the results of the Brunauer-Emmett-
Teller (BET) analysis. Plantain starch residues (PSR) reported the highest surface area;
however, residues of lignocellulosic origin generally have low surface areas due to cellulose,
hemicellulose, and lignin content [52]. For both biomasses, the pore volume was low; this
may be due to cellulose, hemicellulose, and lignin structures within the lignocellulosic
framework of the material, which may lead to the development of few numerical pores or
blocked pores [53]. On the other hand, yam starch residues (YSR) presented a pore size of
83.7 nm, which makes it a macroporous biomaterial, while PSR exhibited a value between
2-50 nm, which indicates that its structure is mesoporous; this makes the bio adsorbents
understudy suitable for adsorption in the liquid phase since it facilitates the diffusion of
the adsorbate in the adsorbent structure [54].

Table 4. Surface area and porosity analysis of biomasses.

Sample Surface Area (m?/g)  Pore Volume (cm3/g) Pore Size (nm)
PSR 38,590 0.0004 4.86
YSR 24,610 0.0055 83.71

The morphological and compositional characteristics of plantain starch residues (PSR)
and yam starch residues (YSR) were analyzed. Figures 3 and 4 refer to the biomaterials
before and after Cr (VI) and Ni (II) adsorption characterized by SEM analysis coupled with
EDS. The micrographs showed that the surface structure of the biomaterials is uniform and
cylindrical, which are attributed to the presence of lignin, hemicellulose, and cellulose [55],
without micropores, as reported in Table 2 [56]. The above could be due to the alkaline
extraction carried out during the preparation of the bio sorbents, increasing their adsorption
capacity [57]. The EDS spectrum showed a high oxygen, carbon, and nitrogen content,
which is typical of materials rich in cellulose, hemicellulose, and lignin (Table 1). Before
adsorption, no signal was recorded for chromium and nickel ions. It must be said that the
detection limit for bulk materials is 0.1 wt%. Therefore, EDS cannot detect trace elements
(concentrations below 0.01 wt%). Thus, it can be said that the levels of Cr (VI) and Ni (II) in
the bio adsorbent samples before the removal process were below the equipment limit of
detection.
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Figure 3. SEM micrographs and EDS of the PSR (a) natural and after adsorption of (b) Cr (VI) and (c) Ni (II).
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Figure 4. SEM micrographs and EDS of the YSR (a) natural and after adsorption of (b) Cr (VI) and (c) Ni (II).

SEM images of the biomaterials after adsorption of Cr (VI) and Ni (II) clearly show
their smoother and more diffused structure due to the surface coverage with the metals.
Previous studies report similar results when removing metals with biomaterials from Citrus
limetta [19], Citrus limettoides [20], coconut sawdust, and cane bagasse [58]. After adsorp-
tion, appearance of Cr (VI) was observed in the high-intensity peaks 0.6, 5.6, and 6 keV;
additionally observed were the increase of C, the decrease of O, K, and the disappearance
of Na at 1 ekV and K at 3.4 keV, which could be due to the formation of bonds between the
ion and the active centers of the bio adsorbent [59]. Additionally, the formation of white
precipitates on the material and the smoothing of the cylindrical surface are observed,
which determines that ion exchange between the metals under study and the mechanism
of ions in biomaterials is given by ion exchange between the metals under investigation
active centers of the material [13]. Regarding the adsorption of Ni (II), we observed its
appearance in the 0.8, 7.5, and 8.2 ekV peaks for both biomaterials, as well as the disap-
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pearance of chlorine, sodium, and potassium, which would be the active centers to which
the ion adhered, with the conversation of the presence of the cover, which indicates that
the adsorption of Ni (II) is highly competitive for the active centers resulting in an ion
exchange process [13].

3.2. Adsorption Efficiency in Batch System

From Table 5, it is observed, from the values of p-value < 0.05, that temperature was
the variable with the most significant influence on the removal of Cr (VI) when using the
biomaterials under study, as well as the amount of adsorbent when using YSR and the
initial concentration of contaminant when using YSR; this can be explained since these
variables are determinants on the rate of diffusion from within the solution to the active
sites available on the surface and pores of the adsorbent [60]. From Table 6, it is observed
that the adsorbent dose and temperature are the relevant factors in the design used for the
removal of Ni (II) on PSR. At the same time, such variables are not significant when using
YSR. The above shows that the processes where there is an incidence of the variables in
the metal removal may be due to the interaction of adsorbate-adsorbent bonding or the
formation of new effective sites for adsorption [61].

Table 5. Analysis of variance for Cr (VI) adsorption in a batch system.

Biomass PSR YSR
Source Sum of Squares F-Ratio p-Value Sum of Squares F-Ratio p-Value

A: Temperature 158.3 0.5 0.04 997.5 8.3 0.03
B: Adsorbent dose 1302.2 3.9 0.03 132,95 1.1 0.3
C: Initial concentration 126.2 0.4 0.6 743.5 6.2 0.05
AA 58.8 0.2 0.7 51.1 0.4 0.5
AB 113.2 0.3 0.6 299.6 2.5 0.2
AC 5.0 0.02 0.9 520.5 4.4 0.08
BB 456.7 14 0.3 12 0.01 0.9
BC 43.6 0.1 0.7 2319 19 0.2
CcC 41.5 0.1 0.7 12.6 0.1 0.8

Total error 1976.9 718.2

Total (corr.) 4190.4 3719.9

Table 6. Analysis of variance for Ni (II) adsorption in a batch system.

Biomass PSR YSR
Source Sum of Squares F-Ratio p-Value Sum of Squares F-Ratio p-Value

A: Temperature 1.9 0.09 0.8 1.6 0.06 0.8
B: Adsorbent dose 948.5 434 0.0012 59.3 2.3 0.3
C: Initial concentration 1490.7 68.2 0.0004 7.3 0.3 0.6
AA 38.3 1.8 0.2 7.0 0.3 0.7
AB 0.2 0.01 0.9 6.8 0.3 0.7
AC 1.52837 59 0.2 0.7
BB 124.6 5.7 0.06 28.6 1.1 0.4
BC 109.1 49 0.08 0.015 0.0 1.0
CcC 207.7 9,5 0.03 0.02 0.0 1.0

Total error 109.4 50.6

Total (corr.) 2901.7 207.7

Regression model equations in coded form for each adsorption system in the batch
system are as follows: Equation (4) is for YSR-Cr (VI), Equation (5) is for YSR-Ni (II), Equa-
tion (6) is for PSR-Cr (VI), and Equation (7) is for PSR-Ni (II). Where T is the temperature
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(°C), A the adsorbent amount (g), C is the initial concentration, and g; is the adsorption
capacity (mg/g).

qr = —6.01859 — 0.79674 * T +98.0305 x A — 0.155557 x C + 0.0104372
T2 —1.26502 % T« A + 0.00537723 « T+ C — 3.49734 (4)
* A2 — 0.166952 % A * C + 0.000116763 % C2

gt = —4.6956 — 23.224 % A +0.6779 x T + 0.0484 x C — 6.6834 x A2 +0.7036 + M T
+0.0146 * A x C — 0.0037 * T2 — 0.0029 x T * C + 0.0002 * C2
®)
g = 325.826 — 68.131 * A — 6.8846 * T — 1.0124 % C + 153.937 + A2 —3.7751 x A+ T
+0.2585 + A % C + 0.6677 * T2 4+ 0.0129 % T % C + 0.00034 * C2

(6)
q: = 63.7897 — 0.0362617 x C — 1.1754 x T — 60.2943 % A + 0.0006 * C> — 0.0003 @)
*CxT—01145% Cx A+ 0.0112 x T2 — 0.03176 * T * A + 43.6142 x A2

For continuous systems, regression model equations were generated too, and these
are as follows: Equation (8) is for YSR-Cr (VI), Equation (9) is for YSR-Ni (II), Equation (10)
is for PSR-Cr (VI), and Equation (11) is for PSR-Ni (II). Where H is the beg height (cm), T is
the temperature (°C), and R is the efficiency of removal (%).

R=342%10"°—694xT —3.62% 105« T —3.61 % 10° * H + 2.76 % 10° * T2 ®)
+4.73 %107 % T * H + 5.069 % 107 * H?

R=2311+122%T+10.90 * H — 0.006 * T?> — 0.081 % T * H — 0.41 « H? 9)
R = —75.343 + 1.442 « H? +3.384 % T — 0.006 * H> — 0.006 * H « T — 0.020 « T>  (10)
R = 93.001 + 0.043 % T + 0.092 « H — 0.0002 * T?> — 0.0006 * T * H — 0.0003 * H>  (11)

The equations make it possible to establish the influence of each evaluated effect and
their interactions as standardized values.

The removal efficiencies were calculated by Equation (1) after the adsorption process
shown in Figure 5. PSR biomass reported high removal efficiencies (>80%) for the removal
of Cr (VI) and Ni (II) ions, which can be attributed to the high surface area and small pore
size enhancing adsorption properties of such materials [62], consistent with the EDS after
the adsorption process reported in Figures 4 and 5, as well as the irregular morphologies
evidenced in the SEM micrographs, which is a desirable characteristic of adsorbents due to
the availability of active sites for adsorbing heavy metal ions [63].

The kinetic study was carried out to analyze the effect of time on the adsorption
capacity at the best experimental conditions found for each process (Table 7). According
to these best experimental conditions, a gap of 10 °C between optimum conditions for
removing Ni (II) onto both bio adsorbents. This fact could be explained because the
structure of PSR is dominated by the presence of mesopores (Table 4 and Figure 3), while
the size of the pores of YSR is macro (Table 4 and Figure 4); these results suggest an
excellent adsorbent capacity by PSR, as it could offer a larger contact area between the
metal ions and the biomaterial [64]. On the other hand, the increase in temperature is
possibly explained by the endothermic nature of the Ni (II) adsorption process, and it may
be due to the increase in the ionization of the lignocellulosic components, which act as
adsorption sites, thus promoting the increase in the rate of diffusion of Ni (II) through the
outer boundary layer into the pores [65,66].
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Figure 5. Results of Cr (VI) and Ni (I) adsorption on biomass-derived adsorbents. n = 1. (a) Adsorption capacity; (b)

Removal efficiency.

Table 7. Best adsorption conditions for Cr (IV) and Ni (II) on YSR and PSR.

Adsorbent Metal Temperature (°C) Adsorbent Dose (g) Initial Concentration (mg/L)
VSR Cr (VI) 76.16 0.14 368.18
Ni (I) 70 1.19 31.82
Cr (VI) 40 1 100
PSR Ni (1) 55 0.6775 368.18

The fit parameters of the pseudo-first-order and pseudo-second-order models were
estimated by nonlinear fitting and are summarized in Table 8. It was found that the pseudo-
second-order model best describes the adsorption kinetics of the two metals under study
on YSR and PSR according to the correlation coefficient obtained; this indicates that the
removal of metals occurs by chemisorption or chemical adsorption due to the formation
of chemical bonds between adsorbent and adsorbate [67]. The value of the k, constant
evidences the selectivity of the materials for Cr (VI) relatively to Ni (II), which could be
explained by the difference in the electronic configuration, ionic radius, and first ionization
potential of the two metals. [68]. According to the pseudo-second-order parameter ky, it
was observed that Cr (VI) ion was adsorbed at a faster rate than Ni (II). This fact may
be explained by considering the ionic radius of both metals: Ni (II) (0.72 A) y Cr (VI)
(0.52 A). Since Cr (VI) ions have a smaller ionic radius, it could be reasonable that their
faster diffusion could be possible through the adsorbent pores [69]. Additionally, it showed
the selectivity of PSR by Ni (II) ions, which has been speculated to the availability of
limiting binding surface sites [70]. Concerning g, calculated parameters by pseudo-first
and pseudo-second-order model, it is observed quite a difference between the obtained
parameters by each model, as well as R?, having pseudo-second-order more accuracy with
experimental data; this may be due to the chemical nature of the interactions between the
metal ions and adsorbent active sorption centers [33].
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Table 8. Kinetic model fitting parameters.

PSR YSR
Model Parameter Cr (VI) Ni (IT) Cr (VD) Ni (II)
ge1 (Mg/g) 9.65 18.54 75.8 105.3
Pseudo-first-order kq (min—1) 4.92 0.12 1.7 x 1012 8.2 x 1012

R? 0.99 0.96 0.78 0.97

Ge2 (Mg/g) 9.73 19.24 94.6 112.9

Pseudo-second-order k (g/mg min) 2.99 0.012 3.49 2.24
R? 0.99 0.98 0.98 0.99

The fitting parameters of the isotherm models are summarized in Table 9. The Fre-
undlich model achieved the R? closest to 1, indicating the heterogeneity of the bio adsorbent
surfaces, which is consistent with the results obtained during the biomass characteriza-
tions (Figures 1 and 2). Likewise, the adsorption process occurs in multilayer due to the
non-uniform heat distribution in the pores of the adsorbents [71]. The Freundlich constant
value, n, of 12.82 suggests that there are strong bonds between the Cr (VI) ions and the YSR
surface and that the adsorption process is favorable [72].

Table 9. Fitting parameters of isotherm models.

PSR YSR
Model Parameter Cr (VI) Ni (II) Cr (VD) Ni (IT)
Gmax (Mg/g) 44,021.46 27,775.59 77.5 3.86 x 108
Langmuir b (L/mg) 3.67 x 107%  1.6256 x 10° 29 3.9 x 1038
R2 0.94 0.99 0.92 0.08
ke (mg/g) 0.013 0.14 54.2 8.7 x 10715
Freundlich n 0.63 0.99 12.8 0.49
R2 0.97 0.99 0.96 0.99

3.3. Packed Bed Column Performance

Table 10 shows the results obtained for the study of the influence of temperature
and bed height on the removal efficiency of Cr (VI) and Ni (II) on PSR and YSR; for this
experiment, a concentration of 100 mg/L was taken as the initial condition. The adsorption
percentage was calculated using Equation (2). For the removal of Cr (VI) on PSR, a positive
effect of the increase in temperature was evidenced, which can be caused by the increase
in the diffusion rate of the ions in the mesopores of the adsorbent due to the formation of
bonds with the groups; likewise, the increase in the bed height benefits the removal due to
the greater availability of the active centers and the residence time; consequently, the metal
has more time to diffuse in the solid phase [73]. Thus, the best conditions for removing Cr
(VI) using PSR are a bed height of 8.14 cm and a temperature of 68 °C. When using YSR to
remove Cr (VI), it is evident that the temperature and bed height conditions do not seem to
influence the process since percentages >90% were obtained in almost all cases. Therefore,
it can be concluded that the lower bed height (1.5 cm) and the ambient temperature (30 °C)
are sufficient to favor the adsorbent-adsorbate contact area.
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Table 10. Removal efficiencies of Cr (VI) and Ni (II) on PSR and YSR in a continuous system.

PSR YSR
Bed Height (cm)  Temperature (°C) - -

Cr (VD) Ni (ID Cr (VD) Ni (II)
6.5 33 65.67 98.13 79.91 94.31
10.0 40 82.45 98.28 99.91 99.03
3.0 40 63.51 94.81 99.36 81.75
11.5 55 94.78 96.73 99.91 91.60
6.5 55 92.37 97.20 98.85 97.85
1.6 55 54.87 97.13 97.58 81.49
10.0 70 94.78 97.15 99.49 95.52
3.0 70 89.19 95.00 99.36 95.25
6.5 76 95.42 97.01 99.91 93.76

For Ni (I) removal, removal efficiencies >80% were obtained at the different conditions
evaluated using the two bio adsorbents; all obtained values were within the calibration
curve and above the detection limit. The lowest adsorption values were obtained using
YSR at 40 °C/3 cm and 55 °C/1.5 cm, respectively, with an efficiency of 81%. It is also
evident that the bed height has a direct influence, thus favoring the adsorption efficiency
of Ni (II) present in the solution; this is because the greater the amount of adsorbent in the
column, the more binding sites are available, thus expanding the mass transfer zone [74].
When the bed height is low, axial dispersion phenomena predominate during mass transfer,
which reduces the residence time and the rate of diffusion of ions from the solution to the
adsorbent [73]. Thus, it was found that the optimum conditions for removing Ni (II) on
PSR were a bed height of 11.4 cm and a temperature of 33 °C, while for YSR, they were:
43 °C and 9 cm for temperature and bed height respectively.

The breakthrough curve, which describes the behavior of the adsorbate concentra-
tion concerning time for the pollutant load leaving the bed, was determined at the best
conditions previously specified to achieve maximum removal in the packed column con-
figuration and operation of the adsorption tests in order to establish the useful life and
breakthrough or saturation point of the bed over 8 continuous hours [75], where the satura-
tion of the biomass in the adsorption column was observed for an initial concentration of
100 mg/L. Figure 6 shows the maximum adsorption capacities in the packed bed system of
Cr (VI) and Ni (II) on YSR and PSR calculated with Equation (3). Better performance of
YSR for the removal of the two metals was observed, which could be attributed to its larger
pore size and volume (Table 4) for PSR. Other authors found Ni (II) adsorption capacity
of 54 mg/g on a Bacillus sp. bio composite supported on alginate and revealed that the
increase in bed height and initial concentration resulted in a higher adsorption rate and
higher biosorption rate [76].

=Cr(Vl) =Ni(ll
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Figure 6. Experimental packed-bed column capacity. n = 1.
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It is emphasized that the present study was limited to adsorption experiments of
Cr (VI) and Ni (II) ions on two materials obtained as rejection product of the starch-
obtaining process, using yam and plantain as raw materials, in a batch and continuous
system. Desorption cycles were not carried out. However, the use of hydrochloric and
nitric acids in concentrations ranging from 0.1 to 1 M was studied to evaluate the reuse
of adsorbents and recovery of heavy metals from lignocellulosic matrices [32]. However,
the final disposal of saturated biomasses with heavy metals remains a challenge. Thus,
different immobilization techniques based on cement or brick have been studied as an
attractive solution to this problem. In addition, the presence of soluble organic compounds
in treated water presents another field for future research. A considerable difference was
observed between the maximum experimental capacity obtained by the filter (Figure 6)
and the calculated by Langmuir’s model (Table 9).

4. Conclusions

It is concluded that: (a) The biomaterials are rich in cellulose, lignin, and hemicellu-
lose and have a mesoporous structure characteristic of materials of lignocellulosic origin.
(b) FTIR evidenced functional groups such as hydroxyl, carbonyl, and methyl, possibly
involved in the uptake of metal ions. (c) EDS and FTIR analyses confirmed that the reten-
tion of metals on the surface of the adsorbent materials was successful. (d) Cr (VI) and Ni
(IT) removal efficiencies above 80% were achieved using YSR and PSR in batch systems at
the different conditions evaluated. (e) The variable with the most significant influence on
removing Cr (VI) in a batch system on the two bio adsorbents was temperature. In contrast,
the adsorbent dose and temperature were the relevant factors for Ni (II) removal on PSR.
(f) From the fitting of the kinetics data to the pseudo-second-order model, it is inferred that
adsorption occurs by chemical adsorption. (g) The fitting of the adsorption equilibrium
to the Freundlich model indicated that the process occurs in multilayers. (h) The batch
and continuous study evidenced a better performance of YSR due to the larger pore size
and volume compared with PSR. This study is presented as an alternative for the final
disposal of residues from the process of obtaining starch from yam and plantain; its use as
a biomaterial represents a solution to mitigate Cr (VI) and Ni (II) contamination in water.
The observed results are based only on specific configurations of the experiments.
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