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Abstract: In this study, chromate adsorption onto red peanut skin (RPS) was investigated in a
fixed-bed column; FTIR, PZC, SEM, DLS, and BET were used to evaluate its adsorption properties.
The experiments were conducted to determine the effect of physical parameters, including the
inlet initial Cr(VI) concentration (100-500 mg L1, bed height (10-20 cm), and feed flow rate
(13.59-23.45 mL min~'). They were carried out to predict breakthrough curves. The adsorption
capacity coefficients were determined using the most widely used Bohart-Adams model. It was
tested to fit experimental data, for a better understand the dynamic behavior, and for further optimize
column performance. It was found that the Cr(VI) uptake decreases when increasing the flow rate
and that high chromate concentration and bed height consequently increase the column’s life span.
A high column adsorption capacity can be achieved with a higher Cr(VI) concentration due to the
higher driving force. The results indicated that the Bohart-Adams model provides a good description
(R? > 0.98) of the experimental data of the Cr(VI)’s removal from the aqueous solution on the RPS
suggesting that the surface diffusion is the rate-limiting step in the continues adsorption process..
Breakthrough adsorption capacity is crucial for comparing RPS with other similar materials. Indeed,
possible mechanisms have been suggested for illustrating adsorption onto RPS. The obtained results
showed significant potential of 26.23 mg g~! of RPS on Cr(VI) elimination at a natural pH of 5.35.
Furthermore, this global investigation allowed for the design of a promising low-cost material for the
future scale-up of cleaning wastewater polluted by metal and determine the properly conditions for
operating column adsorption. This material provides an economical, efficient means of eliminating
pollutants, thus meeting the main aims of the UN Sustainable Development Goals (UN SDGs).

Keywords: process modeling; chromate; eco-adsorption; red peanut skin; fixed bed; wastewater

1. Introduction

The growth in urban populations has led to overall lifestyle changes and a significant
development of activities, resulting in the over-exploitation of groundwater. Consequently,
their risks impacted public health and led to a parallel increase in the regeneration of
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harmful contamination-loaded substances released into the natural environment, such as
those from mining, agricultural, and domestic activities [1].

The presence of hexavalent chromium in the aquatic environment has received consid-
erable attention from scientists and engineers because of its widespread use in metallurgy
and high toxicity [2], inevitably leading to the progressive degradation of the quality
of clean water sources, which are lacking worldwide. Moreover, Cr(VI), either in the
form of CrO4%~ or Cr,07%~, accumulates in living organisms, causing severe damage to
aquatic plants and animals and presenting a serious threat to the ecosystem. Cr(VI) is not
biodegradable and must be removed from the source before its discharge into an aquatic
medium, but conventional treatment technologies can generate a large quantity of toxic
sludge and are not economical.

Pollution primarily arises from industrial activities such as leather tanning, cement
making, pigmenting, and electroplating [3]. Conventional methods for chromium removal,
including chemical precipitation, reverse osmosis, ion exchange, and biological and electro-
reduction, are expensive, especially when applied to high-flow effluents [4]. However, they
are inefficient at low concentrations, and they often do not meet the standards for drinking
water established by the World Health Organization, which restricts the maximum level
to 0.3 mg L' [5].

Compared to other water cleaning processes, adsorption is considered the safest, sim-
plest, most affordable, and most versatile technique for retaining these pollutants [6]. Nev-
ertheless, a practical, effective metal removal method remains a significant environmental
protection challenge [7]. Over the last few years, there has been much interest in environ-
mentally friendly technologies for water purification [8]. Therefore, using natural biomasses
as adsorbents for chromate removal is attractive. These biomasses include coconut coir
pith [9], jute fiber (PANI-Jute) [10], acid-modified waste-activated carbons [11], cetyl tri
methyl ammonium bromide [12], olive oil industry waste [13], chitosan Fe® nanopar-
ticles [14], synthesized chitosan resin [15], chitosan-bond FeC nanoparticles [16], and
xanthated chitosan [17].

Red peanut skin (RPS) is an attractive lignocellulosic adsorbent biomass with a rich
surface grouping structure, allowing for interesting shape selectivity and an appreciable
specific surface [18]. The proposed approach can be used effectively to keep the effluent
concentration well below the permissible limit and to ensure the minimum solid waste
management of toxic metal-loaded adsorbents. Although it usually has an appreciable
uptake capacity, its availability and low cost are advantageous. It is also locally available
and does not require pretreatment.

In this study, the dynamic adsorption process was applied for Cr(VI) removal using
an RPS biomass in a fixed-bed column. The main objective of the present study was to
evaluate the effect of various operating variables, such as the adsorbate concentration inlet
rate, the initial Cr(VI) concentration, and the bed height, on the dynamic performance study.
Next, the mathematical modeling using the empirical model of Bohart-Adams is applied
to analyze the obtained data and predict the dynamic adsorption of the column and the
breakthrough curve. To our knowledge, removing Cr(VI) by RPS biomass in a fixed-bed
column has never been performed. The contribution of the main possible mechanism of
Cr(VI) adsorption will be discussed.

2. Materials and Methods
2.1. Chemicals

All the chemicals and reagents used in the study were supplied from standard sources
and were purely analytical. Potassium dichromate (K;Cr,Oy, Merck, 98%), sulfuric acid
(H,S04, Merck Millipore, 95-97%), hydrochloric acid (HCl, Biochem, 37%), sodium hydrox-
ide (NaOH, Sigma Aldrich, 98%), and nitric acid (HNOj3; 70%) were acquired from Merck.
Freshly used deionized water was used to prepare the experiments.
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2.2. Preparation of Adsorbent Material

The biomass RPS used as an adsorbent was acquired from a south Algerian farm. It
was thoroughly rinsed with double distilled water to remove dust impurities and dried at
40 °C overnight until a constant weight was reached. The sample was then ground in a
mechanical grinder, and the powder was kept in glass bottles for further use.

2.3. Characterization of the Biomass Adsorbent

The biomass adsorbent RPS was characterized using various techniques. As previ-
ously noted, these techniques were its zero-point charge [19]. Next, a chemical elemental
composition analysis was performed using X-ray fluorescence spectrometry (XRF), Rijuka
Zsxpriness II, and Fourier Transform Infrared Spectroscopy (ATR-FTIR) with a range of
4000-400 cm ! using a Bruker Alpha 1 spectrometer.

The pore size distribution of raw RPS powder was determined by dynamic light
scattering DLS or quasi-elastic light scattering technique in the size range of 0.3 nm to
8 um, the mean diameter was measured using Horiba Scientific 5Z-100 Nanopartica series
instruments in the suspension of water medium and based on the Brownian motion
of particles. The raw RPS-specific surface area measurements were determined by N
adsorption—desorption at 77 K using a surface area analyzer (ASAP 2020 Micromeritics
apparatus). Before gas adsorption analysis, the sample was outgassed at 393 K for 12 h [19].

The surface morphology and textural properties of the RPS samples before and after
the Cr(VI) adsorption experiment were obtained using a scanning electron microscope
(SEM) (FEI Quanta 200, SEM), the analysis was performed for the dried adsorbent powder
before and after Cr(VI) adsorption in an air oven (Memmert, B200), thereafter it was
positioned to stubs with double adhesive carbon discs, The SEM is operated with Normal
secondary electron mode (SE) in low vacuum was used. A large field detector (LFD) at
10 kV acceleration voltage with a working distance of 10 mm, a spot size of 3.5 nm, a
magnification of 6000 times and the analysis is portrayed in the photographs.

2.4. Continuous Flow Column Studies of Adsorption Experiments

The adsorption tests were conducted at room temperature in triplicate, and the mean
values were considered for calculation. The continuous adsorption process was undertaken
in a glass column with an internal diameter of 2 cm and a length of 50 cm. The adsorbent
was backed in the column between two cotton plugs preventing the loss of particles. A
glass ball prevented the washout of RPS, thus ensuring the homogeneous diffusion of
the liquid.

The operating parameters that influence the Cr(VI) adsorption process of the column
experiments are chosen based on our previous batch Cr(VI) adsorption part such as the bed
height (Kebir et al., 2011). The solution of Cr(VI) initial concentration (100-500 mg L1
was continuously pumped using a peristaltic pump (Figure 1) at a fixed flow rate ranging
from (13.59-23.45 mL min~!) and the bed height (10-20 cm) where the height of 10 cm !
correspond to 5 mg L~! of RPS optimized dose in our previous study (Kebir et al., 2011).
Throughout the process, the free pH (5.35) of the solution was kept constant for all the
continuous study to become closer to the municipal wastewater. Aliquots were periodically
withdrawn for analysis at different intervals of time until the saturation of the bed. The
adsorption was followed by measuring the absorbance with a double beam spectropho-
tometer UV-Visible (Shimadzu 1800) using a 1 cm path-length quartz cell. Cr(VI) was then
complexed with 1.5-diphenylcarbazide, and the value was taken at 540 nm, because high
sensitivity of the photometric method, as we are working with high concentrations, the
samples need to be diluted with distilled water and Cr(VI) concentration was determined
from a calibration curve prepared with Cr(VI) standard solutions [20].
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Figure 1. Schema of the experimental setup for the Cr(VI) fixed-bed adsorption. 1—Cr(VI) solution
reservoir, 2—Peristaltic pump, 3—Cotton plugs, 4—Glass ball, 5—RPS fixed bed, 6—taken sample of
Cr(VI), 7—Ready sample for analysis, 8—Spectrophotometer UV-Visible.

2.5. Fixed-Bed Column Kinetic and Mathematical Modeling

Adsorption operation is a complex process, and many variables govern its perfor-
mance. A successful design of column adsorption requires the prediction of breakthrough
curves for water treatment. Thus, the Bohart-Adams model was employed to fit the
adsorption into fixed-bed configurations.

The Bohart-Adams Model

Due to its mathematical simplicity, the Bohart-Adams model has been used in many
adsorption process-modeling studies. The Bohart-Adams model used for the description
of the initial part of the breakthrough curve was based on surface reaction theory and
mass transfer, assuming that the adsorption rate was proportional to both the adsorbent’s
residual capacity and the adsorbate’s concentration [21-23]:

Ln(C/Co) = CotKABNo<fI) (1)
where Co and Ct are the inlet and outlet adsorbate concentrations, respectively. Z (cm)
is the bed height, U (cm min~1!) is the superficial velocity, N, (mg L~1) is the saturation
concentration, and Ksp (L mg_1 min~!) is the mass transfer coefficient. This model’s
advantage is its simplicity, and the characteristic parameters of the column were determined
from the plot of Ln(C/Co) versus the reaction time (t).

3. Results
3.1. Adsorbent Characterization
3.1.1. Point of Zero Charge (PZC)

One of the essential characteristics of the adsorbent/liquid interface is the potential of
zero either charge (PZC) to determine what pH range would be ideal for the adsorption
of metals or organic compounds and whether deviation from the PZC would lead to the
attraction of counterions to the surface. In this study, the biomass adsorbent RPS was
evaluated, and its zero-point charge, as previously noted, was PZC = 6.15 [19].

In solutions containing metal and adsorbent, when the pH is greater than the PZC, the
adsorbent surface is charged negatively, making it conducive to positive interaction with
metallic species. However, when the pH of the medium solutions is lower than that of the
PZC, the biomass surface is positively charged and can interact with negative species [3].



Processes 2023, 11, 363

50f 14

3.1.2. Chemical Composition

Fluorescence spectroscopy (XRF) was used to analyze the elemental composition of
RPS before and after Cr(VI) adsorption. Each raw and adsorbed RPS sample was mixed
with H3BOj3 and subjected to XRF studies using a micro X-ray fluorescence (XRF) HORIBA
brand-XGT model 5000 instrument. The composition, established by X-ray fluorescence, is
shown in Table 1.

Table 1. Chemical composition of RPS biomass before and after Cr(VI) adsorption.

Element Raw RPS (% Mass) Adsorbed Cr(VI) (% Mass)
C 98.10 90.51
Na 0.04 0.04
Mg 0.35 0.28
Al 0.04 0.04
Si 0.06 0.06
0.13 0.12
S 0.17 0.16
Cl 0.04 0.05
K 0.60 3.59
Ca 0.35 0.34
Mn 0.01 0
Fe 0.02 0.02
Ni 0.0 0.01
Cu 0.01 0.01
Zn 0.06 0.05
Rb 0.01 0.01
Sr 0.01 0.01
Pb 0 0.06
Cr 0 4.66

Comparing the samples of raw RPS and Cr(VI) RPS after adsorption (Table 1), the
concentration of K in the raw RPS was significantly lower than in the sample after Cr(VI)
adsorption. This high concentration could have been due to using K,Cr,O7 as a Cr(VI)
source. The most abundant element in both RPS samples was C. Otherwise, the different
behaviors of the elements were indicated. Some elements, such as Na, Mg, Zn and S,
decreased slightly in the Cr(VI)-adsorbed RPS, while others, including Si, Al, Ca, Fe, Ni, Cu,
Mn, Sr, Rb and Fe, remained nearly constant in all samples. Finally, Cr(VI) and K appeared
significantly in the adsorbed RPS.

3.1.3. FTIR Analysis

The FTIR displayed several fundamental absorption bands (Figure 2a,b).

The broad, intense peak at 3292 and 3227 cm ™! corresponded to the O-H stretching
vibrations of water, alcohol and carboxylic acids [24,25]. The peaks at 2921 and 2321 cm ™!
were attributed to C-H stretching in the aliphatic group. The band at 2852 cm~! was due to
C-H’s symmetrical and asymmetrical stretching vibration in the CH, groups [25], but the
peak intensity at 1744 cm~! was assigned to the stretching vibration of the C=0 bond of
the carboxylic groups. The peak at 1258 cm ™! was due to the ester group’s C-O stretching
vibration peak, and the peak at 1014 1015 cm~! was due to the vibration band of the
C-Metal [26]. The bands at 808 cm ™! were the signature of Cr-linked with RPS groups [27].
The peaks at 533 and 512 cm~! were attributed to the C-C and C-N ring deformation
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out-of-plane bending vibrations [28]. This phenomenon was due to the bonds formed
between Cr(VI) ions and the active sites of the RPS adsorbent [1].

110

(a) RPS Raw

— (b) RPS after adsorption

Transmittance (%)

70

60 T T T T T T T T
4000 3600 3200 2800 2400 2000 1600 1200 800 400

Wave number cm™

Figure 2. ATR-FTIR analysis of RPS before (a) and after adsorption (b).

The ATR-FTIR spectrum after Cr(VI) adsorption (Figure 2b) clearly showed a decrease
in the intensity of the peaks compared to the peaks recorded before adsorption (Figure 2b),
namely the following:

(1) The stretching vibration of O-H of the functional group of alcohols and carboxylic
acids (3408.8 cm™1).

(2) The C-H bending vibration of the stretching vibration CHs groups (2918.7, 1440.5,
and 1373.42 cm™1).

(3) Theband at 1739.8 and 1630.9 cm ! is relative to the C=O stretching of the carboxylic
acid with an intermolecular hydrogen bond.

This result indicated that Cr(VI) could also be eliminated by RPS material and the
shifts in peaks could be due to the involvement of hydroxyl, carbonyl and carboxylic groups
in the adsorption process.

3.1.4. Surface Area and Pore Characteristics

The particle size distribution of raw RPS powder was determined by a dynamic light
scattering technique at 25 °C (Figure 3). The obtained data were found to be almost equal
to the mean particle size of 534 nm. In addition, this result clearly indicates that the
particles are in monodispersed phase with very low chances of aggregation. The raw RPS-
specific surface area measurements of the porosity and the pore volume were obtained from
adsorption—desorption isotherms at 77 K, which indicated a Langmuir area of 2.52 m? g1,
a pore volume of 0.003 cm® g~ !, an external surface area of 4.0158 m? g~!, and an average
pore width of 40.2498 A.

3.1.5. SEM Analysis

The morphology of the RPS before and after Cr(VI) adsorption was noted by SEM
images and is illustrated in Figure 4a,b. Figure 4a,b shows that raw RPS presents on irreg-
ular, fibrous, and porous surfaces with different sizes typical of lignocellulosic materials,
allowing for better heterogeneous Cr(VI) biosorption due to the extensive reach functional
interface. Figure 3b depicts the SEM micrographs for RPS after the Cr(VI) adsorption
experiments caused changes to the biomaterial morphology as mentioned by red circles.
This change may imply that Cr(VI) ions were bound to the surface of RPS by an electrostatic
attraction mechanism due to the chemical composition of RPS, as confirmed by XRF and
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ATR analysis. This eventually became more compact. However, on the surface of the RPS
(Figure 3b), agglomerations of Cr(VI) ions were observed, which may be attributed to the
formation of micro-precipitated complexes or chelates on the RPS adsorbent’s surface [29].
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Figure 3. Particle size distribution of RPS by dynamic light scattering.

Figure 4. Micrographs from a scanning electron microscope of RPS before the adsorption process
(a) and after Cr(VI) adsorption (b).

3.2. Governing Parameters
3.2.1. Effects of Cr(VI) Concentration

The breakthrough curve was obtained by changing the inlet Cr(VI) ions’ concentra-
tion. The breakthrough curve point appeared more slowly, increasing the initial Cr(VI)
concentration and decreasing the bed height.

The fixed-bed column experiments were conducted by varying Co in the range of
100-500 mg L~! to determine its effect on the uptake performance of the breakthrough
curve. The flow rate was fixed at 13.59 mL min—!, feeding the column continually with a
bed height of 10 cm. The corresponding breakthrough curves are shown in Figure 5. High
feed concentration saturates RPS rapidly, thereby decreasing both the breakthrough (t,)
and the saturation point time (ts), as previously observed by others [13]. The breakthrough
and exhaustion times for a concentration of 100 mg L~! were 27 and 120.5 min, respectively,
and decreased to 25 and 104.73 min for 200 mg L~!. The adsorption capacities obtained
by integrating the area above the breakthrough curve were 4.597 and 4.603 mg g~ !. The
decrease in the breakthrough and the exhaustion times at high concentrations of Co were
due to the rapid exhaustion of the adsorption sites. The high concentration also provided
the driving force for the transfer process, which overcame the mass transfer resistance
between the adsorbent and the solution, resulting in better column performance. However,
the breakthrough curve was dispersed and slowed down at low concentrations of Co.
In contrast, the bed saturation was faster at high concentrations, resulting in the rapid
exhaustion of sorption sites and making the Cr(VI) uptake less efficient.
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Figure 5. Effect of initial concentration on breakthrough curves.

The breakthrough was flat for low inlet concentrations, indicating a relatively wide
mass transfer zone and film-controlled process. Conversely, the breakthrough curves
were sharp at high Cr(VI) concentrations, implying a smaller mass transfer zone and
intra-particle diffusion control. Many authors have reported similar observations [23,30].

3.2.2. Effects of Bed Height

To investigate the effect of bed height on the breakthrough curves for Cr(VI) adsorption
onto RPS, three masses of adsorbent were used (5, 7.5, and 10 g), producing heights of 10,
15, and 20 cm, respectively, under the following operating conditions: 13.25 mL min~};
Co =300 mg L™, pH 5.35, and 25 °C. The typical curves are shown in Figure 6. It was
noted that the Cr(VI) uptake increased when the height was raised from 10 to 20 cm, but
both the breakthrough and the exhaustion point time increased since more binding sites
were available for Cr(VI) adsorption. Consequently, more liquid could be treated, and
higher contact times would result in a broadened mass transfer zone. As the bed height

increased, a steeper breakthrough curve was observed.

1.0+

0.8

0.6

C/Co

0.4 +

0.2

0.0

0 20 40 60 80 100
Time (min)

Figure 6. Effect of bed height on breakthrough curves.
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The increase in the breakthrough and exhaustion times in adsorption by increasing
the bed depth was due to the increased amount of RPS, which provided more functional
sites for the Cr(VI) ions [31].

The amount of RPS packed in the column varied with bed height. It was also found
that the metal uptake decreased slightly when the bed height decreased. This finding may
have been due to the effect of liquid maldistribution and channeling in the tall beds.

3.2.3. Effect of the Flow Rate

The flow-rate effect on Cr(VI) adsorption was investigated at 13.25, 18.53 and
23.45 mL min~! for a height of 10 cm and a pH of 5.35. The breakthrough curves are
illustrated in Figure 7. The adsorption efficiency was higher at low flow rates, and a break-
through point was rapidly attained. Such behavior was due to insufficient residence time,
resulting in fewer Cr(VI) ions on the bed column and, thus, due to the diffusion limitation
of the solute in the adsorbent pores [32]. Even though a shortened mass transfer zone was
observed for the highest flow rate, the Cr(VI) removal percentage and the Cr(VI) uptake
were highest at a low flow rate (13.25 mL min ).

1.0 111 I -9

0.8 +

0.64 ——Q=13.25mL min™
8 —+— Q= 18,53 mL min™
©) —s— Q= int
0] Q= 23.45 mL min
0.2
0.0 1 T T T T
0 20 40 60 80 100
Time (min)

Figure 7. Effect of the flow rate on breakthrough curves.

The equilibrium column capacity of RPS quickly reached its maximum value at a
higher flow rate because more Cr(VI) ions exchanged with functional group sites in a
shorter time.

3.3. The Bohart-Adams Model

The Bohart-Adams model was applied to describe the initial part of the breakthrough
curve. It focused on characteristic parameters, such as the maximum adsorption capacity
No and the mass transfer coefficient Kag. The curves In(Ct/Co) were plotted against the
time (t) at various flow rates, Co and h. The comparison of the experimental data with the
predicted breakthrough curves is illustrated in Figure 8a—c, and the calculated values are
provided in Table 2.

Table 2 indicates that the values of N, increased with the inlet concentration from 2163.98
t0 493223 m L™, and the volumetric flow rate increased from 4693.46 to 5416.24 m L™, as it
decreased from 2610.58 to 2514.30 for the increased the bed height.

This could be explain that, the increase in No with increasing initial Cr(VI) concen-
tration and the feed flow rate results in a higher effluent concentration; this is because a
large number of molecules leave the column without treatment, in addition to the higher
saturation of RPS adsorbent sites. This adsorption was directed to earlier bed saturation,
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C/Co

thus reducing N, [33]. Furthermore, an increase in the constant Kap by increasing the flow
rate and a decrease with the rise of the initial Cr(VI) concentration and flow rate indicated
that the external mass transfer dominated the overall kinetic system.
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Figure 8. A comparison of the experimental and predicted breakthrough curves obtained at different
initial Cr(VI) concentrations (a), different bed heights (b) and different flow rates (c), according to the
Bohart-Adams model.

Time (min)

Table 2. The parameters of the Bohart-Adams model for different initial concentrations, flow rates
and bed heights.

Bohart-Adams Model Parameters

Operating Conditions

No (mL-1) Kap (L mg—1min—1) R?
100 2163.98 0.0016 0.785
Concentration 200 3865.08 0.0006 0.983
(mg LY 300 493223 0.0004 0.988
400 443211 0.0003 0.905
Flow rate 13.25 4693.46 0.0006 0.970
(mL min-1) 18.53 5416.24 0.0008 0.952
23.35 5353.35 0.0028 0.956
10 2610.58 0.0017 0.957
Bed height (cm) 15 1940.37 0.0012 0.946
20 2514.30 0.0010 0.911

3.4. Comparison of Adsorption Capacity with That of Other Absorbents in the Literature

To evaluate the effect of RPS capacity on Cr adsorption, the results obtained in this
study were compared with other adsorbents in the literature. A comparison of adsorption
capacity at the defined pH is shown in Table 3.

From Table 3, researchers [13-16] used different forms of chitosan, such as xanthated
chitosan, chitosan-bond FeC nanoparticles, synthesized chitosan resin, and chitosan Fe®
nanoparticles, for Cr removal. The adsorption capacity results were very high for the
adsorbents xanthated chitosan (202.25 mg g~ ! with a pH adjustment of 3) and synthesized
chitosan resin (100.9 mg g~! with a pH adjustment of 3.5). In contrast, the adsorption capac-
ity of chitosan-bonded FeC nanoparticles and chitosan Fe® nanoparticles was 10.5 mg g~
atpH 7.5 and 32 mg g~ ! at pH 6.

In a previous study [10], acid-modified waste-activated carbons used as adsorbents
obtained a very high adsorption capacity, with a value of 288.19 mg g~ at pH 3.

Conversely, the use of adsorbent materials, such as jute fiber (PANI-Jute), cetyl tri
methyl ammonium bromide, and olive oil industry waste (Table 3), gave a very low Cr(VI)
adsorption capacity that did not exceed 4.66 mg g~ ! in an acid range of pH 1-3.
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Table 3. Comparison of the Cr(VI) adsorption capacity of different adsorbents.

Materials Adsorption _Clapacity pH References
(mg g—1)

Jute fiber (PANI-Jute) 4.66 3 [9]
Acid modified waste activated carbons 288.19 3 [10]
Cetyl tri methyl ammonium bromide 0.366 1.15-1.39 [12]
Olive oil industry waste 3.33 1-2 [13]
Chitosan Fe® Nanoparticles 32 6 [14]
Synthesized chitosan Resin 100.9 35 [15]
Chitosan-bond FeC nanoparticules 10.5 7.5 [16]
Xanthated chitosan 202.25 3 [17]

RPS 26.21 5.35 This work

Comparing these results with the RPS capacity used in this work, which gave
26.21 mg g~ ! at a natural pH of 5.35, represents an advantage because the effluent does
not require neutralization treatment. This capacity could provide a solution for small- and
medium-sized businesses to clean their effluents before discharging them into the environ-
ment. Using chitosan in different forms or activated carbon also provides interesting results
compared to RPS [31]. However, we found that if it is necessary to consume chemicals,
thermal energy, and thereby contaminated water while reducing operating costs, using
RPS was the best solution because chitosan requires extraction by shrimp shell waste [34]
and Goliathus orientalis [35].

These data show the benefits of using RPS for eco-adsorption with green adsorbents.
Ultimately, the study showed the advantages of using RPS as a potential green, eco-friendly
adsorbent for cleaning wastewater contaminated with Cr(VI) metal in a column mode
while offering opportunities for future industrial use.

3.5. Cr(VI) Adsorption on RPS Mechanisms

As previous studies have indicated, the adsorption of Cr(VI) containing aqueous solu-
tions onto natural material is a complex process involving the binding of metal ions by a
variety of physical and chemical interactions, including precipitation, complexation precip-
itation, electrostatic attractiveness, ion exchange, reduction, chemisorption, and adsorption
on the pores and surface [34,36]. Figure 9 shows the different mechanisms involved in
Cr(VI) adsorption onto RPS. Due to natural biomass adsorbents” complex elementary com-
position, they contain several compounds, such as cellulose, hemicellulose, lignin, simple
sugar, starches, proteins and hydrocarbons; several functional groups, including alcohols,
carbonyls, sulfonates, carbonyls, amides and carboxylic acids; and esters that can attract
metal ions, which is the bath way that governs this adsorption process [37-43].

Adsorption
- Ion-exchange —-.» OH
- Precipitation
- Electrostatic-ads - .» NH

- Complexation = +» CONH
- Chelation

Cr(VD)

Figure 9. A schematic diagram of the mechanism of the RPS adsorbent for removing Cr(VI).
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4. Conclusions

The present work reveals the efficiency of dynamic adsorption of the red peanut skin
aa a green and inexpensive process in eliminating Cr(VI) ions in the aqueous medium.
Results showed that the Cr(VI) ions adsorption is dependent on the flow rate, inlet Cr(VI)
concentration and bed height.

The study also evaluated the breakthrough curve, which is significantly affected by
the Cr(VI) initial concentration, the flow rates and the bed height. Additionally, Cr(VI)
ions adsorption on RPS in a fixed bed column is a low-cost technique. Such configuration
operates better at weak Cr(VI) concentrations, and low flow rates. The Bohart-Adams
model provides simple and comprehensive approaches for evaluating the sorption column
tests. However, their validity remains limited to the operating conditions such as inlet
concentrations, low feed flow rate and bed height.

e  The modeling of the whole breakthrough curves is applied with successful with the
Bohart-Adams model, indicating that the surface diffusion is the rate-limiting step in
the continues adsorption process, and the latter can be used with confidence of the
purpose of design; also, it is the most suitable to fit the experimental results.

e The comparison of the adsorption capacity of RPS adsorbent for Cr(VI) with the
adsorbents attempted in fixed-bed columns. It may be concluded that the current
green adsorbent has a highly comparable adsorption capacity.

e  The Cr(VI) adsorption mechanism onto RPS is complex and takes place since it involves
several steps, the electrostatic interaction between the adsorbent functional groups
and the Cr(VI) ions make up the adsorption mechanism.

e The data in this investigation of red peanut skin for adsorbing Cr(VI) respond per-
fectly to the requirements of the global sustainable development policy. Namely,
affordability and innovation to combat climate change, as stipulated in the Sustainable
Development Goals 7 and 9, which target clean and affordable energy and industry,
innovation and infrastructure.
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