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KEYWORDS Abstract In this study, a series of hemp shives (chénevotte) with different chemical compositions
Hemp shives; and properties, namely a raw (SHI-R), a washed with water (SHI-W), three samples chemically
Adsorbent; modified with KOH (SHI-OH), Na,CO; (SHI-C) or H3PO,4 (SHI-H), and a hemp shives sample
Copper; prepared by grafting of carboxylic groups (SHI-BTCA), were used as adsorbents for the removal
Batch; of copper present in aqueous solutions. This article presents the abatements and kinetics obtained
Kinetics; using batch experiments and their modeling. The results first showed that the quantity of copper
Modeling removed depended on the used shives and the copper initial concentration. At the same experimen-
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tal conditions, SHI-C and SHI-BTCA samples possessed similar performances which are signifi-
cantly higher than those of other studied hemp shives. Copper adsorption reached equilibrium after
60 min of contact time and was independent of concentration in the range 5-150 mg/L for SHI-C
and SHI-BTCA. According to the better Chi-squared values, the experimental data were better sim-
ulated by the non-linear kinetic model in the order: Lagergren < Elovich < Ho and McKay < -
Weber and Morris < Boyd for SHI-C and Boyd < Ho and McKay < Weber and
Morris < Lagergren < Elovich for SHI-BTCA. The analysis of data indicated that chemisorption
is the main mechanism for binding copper onto SHI-BTCA, while physisorption (diffusion) is the
main interaction for copper adsorption onto SHI-C. The adsorption-oriented process using hemp
shives could be an advantageous approach for recovering copper from metal industry effluents
due to the simplicity of the process, its efficiency to treat both diluted and concentrated copper solu-
tions, and the low-cost, non-toxic to humans and the environment, ecological character, and facile
use of hemp shives.

© 2022 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Plants have been largely forgotten by modern technology. Increas-
ingly, however, the bio-economy approach has been targeted as a
key element for smart, green growth, with a return to the forefront
of annual plants such as hemp, flax and jute. Indeed, the evolution
of production and transformation processes (food sector, bioenergy),
the need for materials compatible with sustainable construction, con-
sumer expectations for quality products and regulatory requirements
are driving manufacturers to turn to resources of biological origin
(called biomass), which are renewable and have little or even no impact
on the environment.

Among the different sources of biomass available for further pro-
cessing, the hemp plant (Cannabis sativa L.), referring to industrial
hemp, is an environmentally and agriculturally beneficial crop (Crini
and Lichtfouse, 2020). Hemp differs stands out in comparison to other
crops as it is inexpensive, ecological and sustainable, requires neither
pesticides nor high volumes of water to grow; it contributes to soil
improvement, is carbon neutral, and has low embodied energy con-
sumption. It is also very interesting to note that the whole plant is
recoverable for a wide variety of applications. As a multi-use plant,
hemp has traditionally been a source of a variety of products, such
as cordages, apparel, fabrics, building materials and papers from fibers
or flour and oil from seeds. Applications are also found in functional
food, beverages, biocomposites (bioplastics, automotive composites),
cosmetics, energy and fuel production, jewelry and fashion sectors.
In Europe, hemp production is currently undergoing a renaissance,
with France being the largest hemp producer (Kosti¢c et al., 2014;
Dunford, 2015; Ingrao et al., 2015; Crini et al., 2020).

The hemp plant is cultivated for its fibers from the stalk and its oil
from the seeds. The hemp industry also produces by-products called
chénevotte, shives or hurds, which form the inner woody core of the
stalks. These by-products, for long considered as wastes, found novel
applications in the fields of paper, construction and composites
(known as hemp concrete). Traditionally, hemp shives were used for
soil improvement, animal bedding or to prepare particleboards for
building insulation (Crini and Lichtfouse, 2020). Thanks to their
absorbent properties (e.g., for the adsorption of odors and liquids),
they are used in horse stalls. Hemp shives are also a lightweight
material known for its insulating properties. Mixed with binders (lime
and/or cement) and water, they produce hemp concrete (3D printed
lightweight composite) for construction. They have also been studied
as a resource for reinforcements in bioplastics (injection molded
polypropylene biocomposites). The chemical composition of hemp
shives is characterized by a high content of polysaccharides such as
cellulose and hemicelluloses, valuable biopolymers in green chemistry.
For example, these biopolymers can yield different thermochemical
conversion products (biorefinery concept), e.g., the production of

sugar-rich bio-oil, energy, biofuel or biodiesel, which are part of the
bio-economy concept. However, to our knowledge, there are not yet
any real applications of hemp shives as adsorbents of environmental
pollutants (Crini and Lichtfouse, 2020; Crini et al., 2020).

For the past year, as part of a trans-disciplinary European research
project (FINEAU project 2021-2024) involving French, Serbian, Ital-
ian, Portuguese and Romanian university groups, a French agricul-
tural cooperative and two surface-treatment industries, we have been
working on the use of chénevotte (hemp shives) for potential applica-
tions in the remediation field. The first objective of this project was to
prepare materials based on hemp shives. This raw co-product of the
hemp industry, noted SHI-R, was thus chemically modified using pro-
tocols implemented by one of the industrial partners of the project.
The shives were either washed (sample SHI-W) or activated by chem-
ical reagents such as KOH (SHI-OH), Na,CO; (SHI-C) and H3PO,
(SHI-H). Another material was obtained from grafting of carboxylic
groups (SHI-BTCA sample) through the wuse of 1,2,3,4-
butanetetracarboxylic acid (BTCA). In a recent paper (Mongiovi
et al., 2021), we prepared and characterized modified hemp shives
using spectroscopic and microscopic techniques in order to obtain
information on the structure and morphology of the samples. The sec-
ond objective of the FINEAU project is to use these materials to
recover and valorize the copper present in industrial effluents.

Copper has become ubiquitous in our lives: household appliances,
high-tech products, electrical installations, telecommunications,
motors, energy, wind turbines and solar systems, architecture, agricul-
ture, viticulture, biomedical applications, food supplements, and paint
industry (Barakat and Kumar, 2015; Qasem et al., 2021). Due to its
extensive use in many areas, copper is found in all compartments of
the environment. Copper, like some other metals, contaminates water
and soil, disturbs ecosystems, and accumulates in the food chain. The
presence of copper in aqueous compartments has been the subject of
numerous studies over the last 20 years, both in terms of its fate and
behavior, as well as its toxicity (Solioz, 2018). Metal industries in gen-
eral and particularly the surface treatment industry, are one of the
sources of copper emissions into the environment. Copper is typically
present at concentrations of about a few hundred micrograms to a few
milligrams per liter in the discharged water of the surface treatment
industries (its authorized limit value is 2 mg/L). This metal is consid-
ered as a priority substance by the French Water Agency with the
aim of reducing its presence or suppressing it completely. Copper,
together with other seven toxic metals, is also used in the calculation
of an indicator known as the metox index, which is used to quantify
certain toxic forms of pollutions and to calculate the taxes that indus-
trials must then pay to the Water Authority. Thus, one of the objec-
tives of the industrialists is to decrease the copper content in the
discharges. However, this challenge is difficult because conventional
methods to treat trace amounts of copper are expensive for small


http://creativecommons.org/licenses/by-nc-nd/4.0/

Use of chénevotte, a valuable co-product of industrial hemp fiber

industrial structures. Therefore, innovation is needed to find elimina-
tion methods that are technologically simple, chemically effective,
and economically viable (Al-Saydeh et al., 2017; Torres, 2020;
Elgarahy et al., 2021; Paliulis, 2021; Rashid et al., 2021). Many studies
are also focusing on the recovery and reclamation of copper from low
concentration effluents (Zare et al., 2015; Wahid et al., 2017; Lopici¢
et al., 2019; Lessa et al., 2020; Jamoussi et al., 2020). This aspect is per-
tinent because the price of copper is constantly increasing due to grow-
ing demand. Indeed, with the development of green technologies,
especially in the field of energy and electric vehicles, the demand for
copper is constantly increasing. Moreover, copper has the remarkable
property of being infinitely recyclable and reusable without loss of per-
formance or properties. Thus, the aspect of recycling used copper is of
interest not only for the industrial sector but also for the academic
community. Finding simple, efficient, cheap and environmentally
friendly recovery methods is, therefore, an interesting challenge.

In this study, we evaluated the adsorption properties of raw and
modified hemp shives to recover copper from aqueous solutions. Here,
studies concerning the effect of copper concentration, adsorbent dose
and contact time were evaluated using the batch method. In order to
model experimental data, the adsorption and diffusion kinetic con-
stants were determined using the common empirical equations of
Lagergren, Ho and McKay, Weber and Morris, Elovich, and Boyd.

2. Material and methods

2.1. Hemp shives and reagents

Chenevotte or raw shives (SHI-R, Fig. 1) as co-product of the
hemp industry were provided by Eurochanvre (Arc-les-Gray,
France). These commercial shives (0.90 euros/kg) are consti-
tuted of parallelepiped particles varying in length (from 5 up
to 25 mm) and are intended for plant and animal mulching,
and insulation. Copper(I) sulfate was purchased from
Sigma-Aldrich (France) and used as received. Appropriate
weight of this salt was dissolved in water to obtain a stock
solution containing 300 mgCu/L (initial pH of the metal solu-
tion 4.5 + 0.1). Solutions with lower copper concentrations
(1-200 mg/L; initial pH in the range 4.9-5.5) were obtained
by diluting the stock solution. The copper concentration in
all solutions was determined by inductively coupled plasma
atomic emission spectroscopy (ICP-AES) following a standard
protocol prior to each experiment. All other reagents (p.a. pur-
ity) obtained from commercial sources were used as received.

2.2. Modification of the hemp shives

Raw shives (SHI-R) were modified by acidic or alkaline activa-
tion or by grafting. The procedures performed to modify the
raw shives by activation were recently detailed (Mongiovi
et al., 2021). Briefly, SHI-R samples were first washed several
times with osmosed water under agitation at room temperature
until the wash water became clear. The shives were then sepa-
rated by filtration and dried under vacuum at 80 °C for one
day (the obtained shives are noted SHI-W).

The dry SHI-W samples were activated using acidic or alka-
line solutions as follows: 1 L of 30% H3;PO4, KOH (1 M) or
Na,CO; (1 M) solution was slowly poured on 30 g of shives
placed in a beaker. Then, the solution was heated at 40 °C
and the treatment lasts 4 h. After cooling, the solution was stir-
red with a vortex mixer for 1 h at room temperature and aban-
doned for 12 h. The mixture was filtered and the recovered
shives were extensively washed with osmosed water (until neu-

Fig. 1

Chenevotte or raw hemp shives (SHI-R).

tral pH), and dried under vacuum at 80 °C for one day. Such
treated shives with H3;PO,4, KOH or Na,CO; are marked as
SHI-H, SHI-OH, or SHI-C, respectively.

A grafting reaction using 1,2,3,4-butanetetracarboxylic acid
(BTCA) as cross-linking agent was used in order to introduce
specific chelating groups onto shives surface according to the
already published synthesis (Loiacono et al., 2017). Briefly,
SHI-W were pre-treated with 1 M NaOH for 3 days at ambient
temperature under mechanical stirring and then filtered,
washed with distilled water until neutral pH, and dried at
60 °C for 15 h. Samples were then immersed in an aqueous
solution containing 100 g/L of BTCA and 30 g/L of NaH,PO,
for 15 h at ambient temperature under mechanical stirring.
After draining, shives were spread on the bottom of a glass
crystallizer and put in a ventilated oven at 160 °C for
90 min. They were suspended in distilled water overnight under
stirring, filtered, thoroughly washed with distilled water, and
dried in a ventilated oven at 60 °C for 15 h. The shives were
finally activated by converting the carboxylic groups into car-
boxylate groups by their immersion in a sodium bicarbonate
solution (20 g/L) under mechanical stirring for 24 h. The
obtained material was denoted as SHI-BTCA.

2.3. Characterization of the samples

The chemical composition of the samples was determined
according to procedure recently published by Mongiovi et al.
(2021) and given in Table 1.

The ion exchange capacity (IEC) of each sample was deter-
mined by a pH-metric titration according to the calcium acet-
ate method (Ducoroy et al., 2007).
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Table 1 Characteristics of the hemp shives samples.

Sample SHI-R SHI-W SHI-H SHI-OH SHI-C SHI-BTCA
a-cellulose (%) 55.53 56.93 61.67 62.30 62.93 36.58
Hemicelluloses (%) 12.48 15.42 9.26 5.08 9.58 12.57
Klason lignin (%) 26.54 26.70 25.78 31.62 26.59 39.60
Pectins (%) 0.43 0.79 0.92 0.33 0.42 3.21

Fats and waxes (%) 0.72 0.38 0.09 0 0.04 0.76

IEC" (meq/g) 0.10 0.13 0.63 0.14 0.31 1.50
Volume of the pores” (um?) 72.9 75.3 74.4 72.0 68.9 49.5

# Ton-exchange capacity.

® From nanotomography measurements (diameter greater than 1 pm).

Elemental analysis of the hemp shives surfaces was
performed using the Thermo Noran system for energy-
dispersive X-ray spectroscopy (EDS) and electron beam excita-
tion with a voltage from 15 keV to 20 keV.

The computed nano-tomography (nano-CT) investigation
was performed with an RX Solution EasyTom 160 equipped
with an X-ray source Hamamatsu Open Type Microfocus
L10711 (EasyTom, Chavanod, France). The X-ray transmis-
sion images were acquired using a detector 2530DX of
2176 x 1792 pixels®. The tube voltage and the tube current
used were 60 keV and 86 pA, respectively. The exposure time
was set at 6 images/s with an average frame of 6 images. A
total of 1440 projections were collected for each sample result-
ing in a time of 30 min per tomograph. The entire volume was
reconstructed at a full resolution with a voxel size of 1.4 pm
corresponding to a field of view of 2.8 x 2.5 mm?, using filtered
back-projection. The data analysis for porosity measurement
was then processed using VG StudioMax software (Version
3.5, Heidelberg, Germany). The segmentation was realized
using visually interpreted thresholds and prior knowledge.
Indeed, the grey level depends on the density of the material.
Two distinct peaks were found in the multimodal image his-
togram. These peaks were attributed to air, and cell wall mate-
rial, respectively. Thresholds were then positioned between the
respective peaks and each material was then represented by a
color: air in grey, cell walls in white. The porosity measure-
ments were performed on 2 representative cubes of
0.125 um? artificially taken after each segmentation. The vol-
ume of pores (Vp, in pm?) is calculated using Eq. (1), where
V. is the volume of the cube and V,, is the volume of material
(Jiang et al., 2017). The values of porosity are reported in
Table 1.

Vp =V.=Vy (1)

2.4. Copper ion adsorption experiments

Adsorption kinetics were determined by the batch technique
using the following protocol. In each experiment, 100 mL of
a copper solution of known concentration were added to
0.5-3 g of hemp shives in a 250 mL round bottom flask at
22 £ 1 °C. The initial pH of each metal solution was in the
range 4.5-5.5 depending on the initial metal concentration.
The mixture was then mechanically stirred for a given time
on a rotating shaker at a constant speed (250 rpm). After treat-
ment, the shives were removed by filtration. The final metal
concentration in the solution was then determined and the

adsorption capacity, i.e., the amount of metal adsorbed per
gram of adsorbent, was calculated. Initial copper concentra-
tion (range 1-300 mg/L), adsorbent dose (0.5, 1, 2 and 3 g),
and contact time (range 1-120 min) were varied to investigate
their effect on the hemp shives adsorption capacity. All exper-
iments were replicated (n = 3-5) under identical conditions.

The amount of copper adsorbed at time 7 by one gram of
materials (g, mg/g) was calculated from the mass balance
Eq. (2), where C, and C; are the initial and final copper con-
centrations in the solution (mg/L), respectively, V is the vol-
ume of sorbate solution (L) and m is the mass of adsorbent
used (g). Eq. (2) can be rewritten as Eq. (3), where ¢. (mg/g)
and C, (mg/L) are the amount of copper adsorbed at equilib-
rium and the equilibrium copper concentration in the solution,
respectively. In this study, the copper removal (R in %) was
also calculated by using Eq. (4).

ql — V(Cun; Ct) (2)

q, = W (3)
_100(C, — C))

R=— " (4)

2.5. Kinetic models

To describe the experimental kinetic data and to investigate
the copper adsorption mechanism onto hemp shives, five com-
monly used but empirical kinetic models (Schwaab et al., 2017;
Tran et al., 2017; Kajjumba et al., 2018; Benjelloun et al., 2021;
Bullen et al., 2021), namely Lagergren (pseudo-first-order, Eq.
(5); Lagergren, 1898), Ho and McKay (pseudo-second-order,
Eq. (6); Ho and McKay, 1998a,b), Weber and Morris (intra-
particle diffusion model, Eq. (7); Weber and Morris, 1963),
Elovich (Eq. (8); Elovich and Larinov, 1962), and Boyd
(Egs. (9) and (10); Boyd et al., 1947a,1947b) models were
tested to find the best-fitting one. In the corresponding linear
equations (Egs. (5)—(10)), ¢, and ¢. (mg/g) are the copper
amounts adsorbed at time ¢ (min) and at equilibrium (mg/g),
respectively; ki, k,, k;, o« and B are the pseudo-first order rate
constant (1/min), equilibrium rate constant of pseudo-second
order (g/mg min), intraparticle diffusion rate constant (mg/g
min'?) and Elovich rate constants (g/mg min), respectively;
in the Weber and Morris equation, C is the intercept (mg/g);
in the Boyd model, F is the fractional attainment of
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equilibrium at time ¢ obtained by the ratio between the
amounts adsorbed at time ¢ and infinite time, S (mL/min) is
the rate constant and Bt is a calculated mathematical function
of F. To evaluate the validity of each kinetic model, the results
obtained by the fitting of experimental data with each kinetic
model were analyzed using the linear regression coefficients
of determination (R?) and the Chi-square test (3x%). The lowest
x* value indicates that the applied kinetic models is more
appropriate than others.

log(q, — q,) = logq, — %t (5)
qi’ = %q% + qiez (6)
q, =kit'?+C (7)
0= (®)
In(1 — F) = —St ©)
Bt = —0.4977 — In(1 — F) (10)

3. Results and discussion

3.1. Hemp shives characteristics

The results reported in Table 1 shows that significant changes
in the chemical composition of each sample after treatment as
well as in surface morphology and roughness were observed,
which were recently discussed elsewhere by Mongiovi et al.
(2021). Briefly, an increase in the percentage of cellulose and
a decrease of hemicelluloses content was observed for all the
samples after activation treatment, except for SHI-BTCA that
showed a completely different chemical composition due the
grafting reaction. Alkaline (SHI-C and SHI-OH samples)
and acid (SHI-H) treatments resulted in the reduction of hemi-
celluloses content. The volume of the pores, obtained from
nano-tomography measurements, was comparable for all the
raw, washed and activated samples, while for the grafted sam-
ple (SHI-BTCA) a significant decrease was observed. More-
over, for this later material, the grafting with BTCA led to
an important increase in the IEC values (Table 1).

3.2. Effect of hemp shives modifications on copper removal

The comparison between unmodified (SHI-R and SHI-W) and
chemically modified (SHI-OH, SHI-C, SHI-H and SHI-
BTCA) hemp shives adsorption capacities for copper (initial
concentration of 150 mg/L), is presented in Fig. 2. With excep-
tion of hemp shives modified with acid (SHI-H), all other mod-
ified shives showed improved ability to adsorb copper
compared to the raw shives. The percentage of removed cop-
per was in the order: SHI-C ~ SHI-BTCA > SHI-OH > SH
I-W > SHI-R > SHI-H. Indeed, hemp shives treated with
sodium carbonate (SHI-C) or BTCA (SHI-BTCA) possessed
the highest (>95%) adsorption capacities towards copper. In
particularly, these two samples were able to remove 7 mg Cu
per g adsorbent, whereas SHI-H, SHI-R, SHI-W and SHI-

OH only removed 0.6, 2.85, 3.15 and 5.85 mg Cu/g adsorbent,
respectively.

Higher adsorption performance of SHI-BTCA sample
could be explained by the chemisorption (complexation,
microprecipitation) and ion-exchange occurring due to the
presence of numerous carboxylate groups (see the IEC value
reported in Table 1). Indeed, the presence of these groups in
sodium form allows both electrostatic attractions with metal
ions and ion-exchange phenomena on the shives surface. This
was verified by monitoring the copper and sodium concentra-
tions in the supernatants after adsorption. When the initial
copper concentration decreased due to adsorption, the sodium
concentration increased, which was also reported by Loiacono
et al. (2018b). The chemisorption mechanism is also sustained
by another observation. At the end of each experiment, a slight
pH variation between 0.5 and 0.8 units for SHI-C and SHI-OH
samples, and between 0.8 and 1.5 units for SHI-BTCA were
registered. Indeed, for SHI-BTCA, the initial pH of
5.0 = 0.1 increased to a maximum value of 6.5 + 0.1. At this
pH, metal cations can start to precipitate, which also suggests
the presence of microprecipitation phenomenon during
adsorption.

No variation in pH was observed for SHI-R and SHI-W
samples, while the pH decreased by 1 unit after the adsorption
of copper onto SHI-H sample. The SHI-C and SHI-OH
removal capacities could be related to significant changes in
their chemical compositions (Table 1) and surface morphology
(i.e., roughness) (Mongiovi et al., 2021). On the other hand,
lower IEC values of SHI-C and SHI-OH suggested that their
higher capacities could be ascribed to the physisorption. The
IEC values of SHI-R and SHI-W samples were weak and their
adsorption performances remained limited (R ~ 40-45%),
whereas the SHI-H sample had a significantly reduced copper
adsorption capacity due to the degradation of the structure,
which was reported in the previously published paper
(Mongiovi et al., 2021).

3.3. Effect of initial copper concentration

The initial copper concentration was varied from 5 up to
300 mg/L in order to assess its effect on the adsorption effi-
ciency of raw and differently modified hemp shives. The results
presented in Fig. 3 showed that adsorption capacities of hemp
shives followed the same order previously established (Fig. 2)
independently of the initial concentration. However, for each
sample, the quantity of the removed metal depended on the
copper concentration in the aqueous solution. This is in agree-
ment with those reported in similar studies(Mokkapati et al.,
2016; Loiacono et al., 2018a,2018b; Rozumova and
Legatova, 2018; Rozumova et al., 2018; Morin-Crini et al.,
2019; Bashir et al., 2020; Tofan et al., 2020; Wong et al.,
2020). As expected, when the copper concentration increased
from 25 up to 300 mg/L, the copper removal significantly
decreased. Such behavior is due to the increase in the number
of metal ions competing for the available binding sites in the
adsorbent and the lack of sites capable of binding Cu(II) ions
at higher concentration levels.

It is noteworthy that among all samples, SHI-C and SHI-
BTCA demonstrated high performances even at high copper
concentrations. Until an initial metal concentration of
100 mg/L, the copper removal is almost 100% and decreased
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Fig. 4 Comparison of the copper removal (%) in presence of
increasing doses of adsorbents (SHI-W (a), SHI-C (b), SHI-BTCA
(c)) using a different initial metal concentrations (other conditions:
volume of solution 100 mL; contact time 120 min; agitation speed
250 rpm; temperature 22 + 1 °C; n = 3).

lower initial copper concentrations (between 5 and 25 mg/L),
the copper removal is around 40%. Based on all above dis-
cussed, in further experiments, we compared the results of
the two best performing samples (SHI-C and SHI-BTCA) with
the SHI-W sample (taken as reference).
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3.4. Effect of adsorbent dose on copper removal

The adsorption of copper ions on unmodified (SHI-W) and
modified (SHI-C and SHI-BTCA) shives was studied by
changing the adsorbent dose from 0.5 up to 3 g immersed in
100 mL of copper solutions having four initial concentrations
(25, 100, 200 and 300 mg/L) whilst keeping constant the con-
tact time (120 min), the agitation speed (250 rpm), the temper-
ature (22 = 1 °C) and the pH (range between 4.5 and 5.2).
According to the results given in Fig. 4, it is evident that the
percentage of removed copper increased by enhancing the
adsorbent dose which could be attributed to the larger
adsorbed surface and availability of more adsorption sites.
This phenomenon is the most prominent in the case of washed
sample (SHI-W) and also for activated (SHI-C) and grafted
(SHI-BTCA) samples, in particular at higher concentrations
(Fig. 4). A similar interpretation of the adsorbent dose vs.
metal removal has been reported in other studies of lignocellu-
losic materials (Vaghetti et al., 2009; Reddy et al., 2012; Gupta
et al., 2015; Lopicic et al., 2017; Wong et al., 2020). Moreover,
it is important to emphasize that at the lowest initial copper
concentration (25 mg/L), 0.5 g of samples was sufficient to
obtain the best metal removal in the case of SHI-C and SHI-
BTCA. On the contrary, for the highest initial copper concen-
tration (300 mg/L), 2 g of samples are needed to obtain
removal of about 67%.

Replacing conventional adsorbents with another innovative
adsorbent implies that the latter provides a gain in perfor-
mance at the same or lower cost. In the case of the SHI-C sam-
ple, usage of higher amount of adsorbent is not a problem
because, on the one hand, the raw material (hemp shives
SHI-R) is an abundant and cheap co-product (0.90 euros/
kg), while on the other hand, sodium carbonate modification
is a process already used by the industrial partner involved
in this study. Furthermore, one of the objectives of our inves-
tigation is to propose technology for the selective recovery of
copper from industrial effluents. Once used, the adsorbent con-
taining copper would be incinerated, so its dose does not rep-
resent the limiting factor. The modification of the SHI-BTCA
sample involves a chemical grafting reaction, which will neces-
sarily increase the cost of the process, and, therefore, in this
case, the adsorbent dose is a limiting factor. At comparable
performances, the SHI-C sample is therefore more interesting
to use than the SHI-BTCA sample.

3.5. Effect of contact time on the adsorption of copper ions

It is well known that besides the initial ion concentration, the
contact time required to remove, complex or recover a metal
present in an aqueous solution represents another factor affec-
tion the adsorption process. The influence of contact time on
the adsorbents capacities (g,) for copper ions present in various
initial concentrations (ranging from 1 to 150 mg/L) is pre-
sented in Fig. 5. It is clear that in the case of copper concentra-
tions up to 75 mg/L, the adsorbents ¢, values increased with
through the time and after a certain time reached equilibrium.
Independently on the used initial copper concentrations,
higher adsorption capacities were obtained using SHI-C and
SHI-BTCA than SHI-W. The data clearly indicated that the
adsorption process was uniform with time and can be consid-
ered as rapid since the largest amount of copper ions was
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Fig. 5 Kinetics of adsorption of copper ions by hemp shives

from an aqueous solutions containing different initial metal
concentrations (other conditions: adsorbent dose 1 g; volume of
solution 100 mL; agitation speed 250 rpm; temperature 22 + 1 °C;
n = 3).

adsorbed by the shives within the first 30 min of adsorption.
After that, the values of ¢, showed no significant difference
by prolonging the contact time. In other words, at the begin-
ning of the adsorption process, the presence of a large number
of free sites for copper adsorption increased the ¢, values.
However, by extending the contact time, copper ions travel
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within the adsorbent pores, the number of free sites decreased,
thus reducing the copper adsorption reaching a plateau
(Ivanovska et al., 2021). As expected, the overall trend was
an increase of the adsorption capacity with increasing metal
concentration, confirming strong interactions between copper
and the two mentioned samples SHI-C and SHI-BTCA. The
adsorption process could be divided into three regimes
(Fig. 5): it increased instantly at the initial stages, keeps
increasing gradually until the equilibrium is reached and then
remains constant. However, it should be noted that when the
higher copper concentrations (100 and 150 mg/L) were used,
these three regimes were less obvious. Furthermore, for both
samples SHI-C and SHI-BTCA, a longer time was needed to
reach equilibrium when the initial metal concentration was
above 75 mg/L.

Different empirical kinetic models, namely Lagergren (Eq.
(5)), Ho and McKay (Eq. (6)), Weber and Morris (Eq. (7)),
Elovich (Eq. (8)), and Boyd (Egs. (9) and (10)) plots have been
used to test the kinetic experimental data (Azizian, 2004;
Plazinski et al., 2009; Qiu et al., 2009; Largite and Pasquier,
2016; Rodrigues and Silva, 2016; Tan and Hameed, 2017,
Tran et al., 2017; Kajjumba et al., 2018; Moussout et al.,
2018; Zhang et al., 2019; Obradovic, 2020; Benjelloun et al.,
2021). The kinetic parameters are listed in Tables 2 and 3,
the results obtained by the Chi-square test are given in Table 4,
while the plots are reported in Figs. 6 and 7. To distinguish the
validity of two models, e.g., between the pseudo-first order and
pseudo-second order kinetic equations (Table 2), the best
curve-to-data fitting model has been first selected by the high-
est value of R?.

3.6. Application of the kinetic models

The pseudo-first-order plot of log(g.-¢.) versus ¢ obtained from
our experimental data is given in Fig. 6. The results showed
that, although some R? values were superior to 0.98, the calcu-
lated qc a1 values were not equal to experimental ge ey, values
(especially for the higher concentrations), suggesting the insuf-
ficiency of the Lagergren model to fit the data for the whole
range of initial concentrations for the three selected materials.
According to Lagergren’s hypothesis, the interpretation of our
data indicated that (i) the copper uptake on the material was
not governed by a first-order equation; (ii) the pollutant did
not adsorb onto adsorbent occupying one localized adsorption
site and its concentration was not constant; (iii) the energy of
adsorption was dependent on surface coverage; and (iv)
adsorption capacity was not proportional to the distance to
equilibrium. Finally, the rate-controlling mechanism did not
depend on the operating parameters studied and surface cover-
age (Largitte and Pasquier, 2016; Rodrigues and Silva, 2016;
Moussout et al., 2018; Benjelloun et al., 2021).

The equilibrium adsorption capacity qecxp and equilibrium
rate constants of pseudo-second order adsorption (k,), com-
puted from Eq. (5) and depicted in Fig. 6, along with calcu-
lated correlation coefficients are listed in Table 2. The
pseudo-second-order or Ho and McKay model is another
common and popular model due to its simple mathematical
form, which can be applied to fit the experimental data and
evaluate the adsorption kinetics. This model, inspired by Blan-
chard’s model (Blanchard et al., 1984), assumes that the
uptake is second order concerning the available sites (Ho

Table 2 Pseudo-first order and pseudo-second order kinetic parameters for the adsorption of copper ions onto hemp shives (C: initial
metal concentration; ge exp and ge cai: €xperimental and calculated amount of metal adsorbed at equilibrium, respectively; k; and k»:
pseudo-first and pseudo-second order rate constant, respectively; R*: linear regression coefficient of determination; x> Chi-square test).

Shives Cy (mg/L)  Pseudo-first order Pseudo-second order
Ce,exp (mg/g) Ce,cal (mg/g) l(1 (1/1‘1’111’1) R2 Ce,exp (mg/g) (e,cal (mg/g) k2 (g/mg mm) R2
SHI-W 1 0.05 0.04 0.0290 0.9835 0.05 0.06 1.1100 0.9600
5 0.30 0.25 0.0292 0.9816 0.30 0.33 0.1960 0.9510
10 0.60 0.50 0.0293 0.9818 0.60 0.65 0.0979 0.9511
25 1.48 1.27 0.0302 0.9826 1.48 1.62 0.0397 0.9519
50 2.08 1.41 0.0251 0.9552 2.08 2.29 0.0278 0.9904
75 2.83 2.00 0.0285 0.9723 2.83 3.16 0.0203 0.9919
100 3.32 2.14 0.0206 0.9212 3.32 3.59 0.0171 0.9817
150 4.06 2.87 0.0285 0.9723 4.06 4.52 0.0142 0.9919
SHI-C 1 0.10 0.03 0.0469 0.8785 0.10 0.11 2.9600 0.9987
5 0.54 0.12 0.0418 0.7537 0.54 0.55 1.0600 0.9977
10 1.12 0.68 0.0265 0.9151 1.12 1.17 0.0836 0.9931
25 2.46 1.03 0.0401 0.8738 2.46 2.53 0.0924 0.9995
50 5.50 2.55 0.0443 0.8797 5.50 5.72 0.0367 0.9992
75 6.90 3.84 0.0349 0.9692 6.90 7.16 0.0211 0.9978
100 8.53 4.88 0.0288 0.9756 8.53 8.87 0.0139 0.9955
150 9.66 8.13 0.0279 0.9854 9.66 10.42 0.0062 0.9572
SHI-BTCA 1 0.09 0.03 0.0469 0.8685 0.09 0.09 3.2600 0.9985
S 0.50 0.10 0.0410 0.7263 0.50 0.49 0.9650 0.9996
10 1.01 0.61 0.0260 0.9056 1.01 1.06 0.0923 0.9924
25 2.27 0.94 0.0406 0.8519 2.27 2.30 0.1010 0.9996
50 5.71 2.69 0.0438 0.8904 5.71 5.94 0.0355 0.9994
75 7.12 3.53 0.0301 0.9232 7.12 7.35 0.0213 0.9982
100 8.87 5.13 0.0291 0.9683 8.87 9.24 0.0131 0.9957
150 10.04 8.43 0.0281 0.9835 10.04 10.86 0.0060 0.9541
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Table 3 Elovich, Boyd and Weber-Morris kinetic parameters for the adsorption of copper ions onto hemp shives (Cy: initial metal
concentration; o and B: Elovich rate constants; S: Boyd rate constant; C: parameter proportional to the extent of the boundary layer
thickness; k;: intraparticle diffusion rate constant; R?: linear regression coefficient of determination).

Shives Cy (mg/L) Elovich Boyd Weber Morris
o (g/mg min) B (gmg) R’ S$* (L/min)  R? C(mg/g) K (mg/gmin'? R’
SHI-W 1 0.009 77.46 0.9864 0.0290 0.9817 0.0177 0.0040 0.9513
5 0.05 15.22 0.9765 0.0292 0.9795 0.0200 0.0884 0.9637
10 0.09 7.60 0.9765 0.0293 0.9818 0.1770 0.0401 0.9637
25 0.23 3.05 0.9766 0.0302 0.9826 0.4480 0.9930 0.9637
50 0.52 2.46 0.9990 0.0251 0.9552 0.8444 0.1150 0.9668
75 0.71 1.77 0.9990 0.0285 0.9723 1.2000 0.1550 0.9668
100 0.88 1.62 0.9848 0.0206 0.9212 1.1600 0.1950 0.9473
150 1.02 1.24 0.9990 0.0285 0.9692 1.7100 0.2220 0.9668
SHI-C 1 0.12 60.42 0.8084 0.0469 0.8651 0.0879 0.0014 0.8686
5 1.21 12.27 0.7935 0.0418 0.72635 0.4990 0.0052 0.8686
10 0.43 4.96 0.9831 0.0265 0.9056 0.5430 0.0530 0.9649
25 2.84 2.54 0.9432 0.0401 0.8598 1.8000 0.0663 0.9393
50 491 1.08 0.9572 0.0443 0.8797 4.1200 0.1140 0.9802
75 6.19 0.92 0.9931 0.0349 0.9692 4.2800 0.2520 0.9641
100 6.11 0.74 0.9965 0.0288 0.9729 4.5800 0.3740 0.9445
150 1.48 0.47 0.9833 0.0279 0.9837 2.8300 0.6450 0.9969
SHI-BTCA 1 0.11 66.67 0.8084 0.0469 0.8651 0.0769 0.0013 0.7217
5 1.31 13.94 0.7663 0.0410 0.7263 0.4380 0.0053 0.5804
10 0.39 5.48 0.9831 0.0265 0.9056 0.4920 0.0481 0.9721
25 2.32 2.74 0.9424 0.0410 0.8519 1.6700 0.0654 0.7632
50 5.30 1.05 0.9563 0.0438 0.8904 4.2300 0.1510 0.7494
75 6.01 0.88 0.9839 0.0301 0.9232 4.5800 0.2410 0.0232
100 5.65 0.69 0.9914 0.0291 0.9683 4.8200 0.3840 0.9807
150 1.54 0.45 0.9830 0.0281 0.9835 2.9800 0.6690 0.9531

and McKay, 1998a,b). The numerous works on the adsorption
of pollutants onto adsorbents indicated that most kinetic data
could be modeled well by this model, suggesting that the rate
of adsorption of pollutants is proportional to the available
sites on the adsorbent (Renault et al., 2008; Plazinski et al.,
2009; Mokkapati et al., 2016; Lopicic et al., 2017; Kajjumba
et al., 2018; Moussout et al., 2018; Benjelloun et al., 2021;
Bullen et al., 2021). For the range of concentration used in
our study, the kinetics of copper adsorption onto shives fol-
lowed the Ho and McKay model for SHI-W and SHI-C sam-
ples (Fig. 6). The calculated qcc, values agreed with
experimental g x, values and the R? values were higher than
0.99. It was also noted that increasing the metal concentration,
the k, values decreased, suggesting that adsorption was faster
at higher concentrations. A similar observation has been
reported before (Azizian, 2004; Crini et al., 2021; Tan and
Hameed, 2017). The Ho and Mc Kay also gave a good fit of
the experimental data for the SHI-BTCA sample even if the
Je,cal Values were less similar to those of qecxp (Table 2).
Considering that pseudo-first and pseudo-second order
models cannot clearly identify the adsorption mechanisms
(Tran et al., 2017; Benjelloun et al., 2021; Bullen et al.,
2021), the intraparticle diffusion model (Weber and Morris,
1963) and the Elovich equation (Elovich and Larinov, 1962;
Chien and Clayton, 1980) were further tested in this study.
The intraparticle diffusion model is inspired on the Crank’s
concept (Crank, 1956) who previously reported that, during
the transfer (adsorption) of a pollutant from a solution over
a porous adsorbent, three possible cases exist: (1) particle
diffusion governance of rate when transport > internal

transport; (2) film diffusion governance of rate when external
transport < internal transport; and (3) when external
transport = internal transport (this case may be excluded since
the bulk transport is considered negligible due to their rapid
character during the adsorption process) (Walter, 1984).
According to the representation proposed in the Weber and
Morris model, when an adsorption process is characterized
by good mixing, intraparticle diffusion is the rate-controlling
step if the plot gives a linear function through the origin, other-
wise, film diffusion controls the process (this is the case with
poor mixing and low concentration). The variation of q, versus
t'/2 is given in Fig. 7. Values of k; and correlation coefficients
are listed in Table 3, from which it can be seen that the kinetics
of copper adsorption on the SHI-W and SHI-C samples fol-
lowed this model with R? values higher than 0.95, indicating
that intraparticle diffusion was involved in the adsorption pro-
cess. For these samples, it seems that physisorption (diffusion)
played the main role in the adsorption mechanism. However,
for the SHI-BTCA, the R? values did not support the fact that
the metal-adsorption data closely follow this model, suggesting
that, in this case, the diffusion mechanism is not the main
interaction, and the process was mainly controlled by
chemisorption. Nevertheless, for the three selected materials
and the entire concentration range studied (1-150 mg/L), it
was noted that the adsorption process tends to be followed
by two linear regions with non-zero intercepts: the initial
curved portion of the plots indicated a boundary layer effect
while the second linear portion is due to intraparticle diffusion
(Kajjumba et al., 2018). Indeed, the data did not pass through
the origin, indicating that intraparticle diffusion was not the
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Table 4 Linear R* values and non-linear x> values of kinetic models for the adsorption of copper ions onto hemp shives (R*: linear

regression coefficient of determination; y*: Chi-square test).

Shives Cop (mg/L) Pseudo-first order Pseudo-second order Elovich Boyd Weber Morris
x x . s x
SHI-W 1 4x10°¢ 1 x107° 2 x 107° 0.0037 4 x107°
5 0.0001 0.0003 0.0007 0.0035 0.0002
10 0.0006 0.0011 0.0032 0.0035 0.0007
25 0.0035 0.0066 0.0202 0.0034 0.0045
50 0.0058 0.0196 0.0396 0.0072 0.0039
75 0.6249 0.0323 0.0774 0.0060 0.0068
100 0.7512 0.0847 0.0997 0.0124 0.0219
150 1.2779 0.0659 0.1583 0.0060 0.0140
SHI-C 1 2% 107° 1 x107° 0.0003 0.0023 0.0001
5 0.0003 0.0002 0.0081 0.0015 0.0031
10 0.0021 0.0065 0.0136 0.0102 0.0020
25 0.3192 0.0228 0.0963 0.0060 0.0185
50 1.7490 0.1188 0.4521 0.0046 0.0824
75 2.3231 0.3235 0.3706 0.0101 0.0192
100 3.5819 0.5907 0.4085 0.0121 0.0105
150 8.8247 0.1582 0.6383 0.0021 0.0747
SHI-BTCA 1 1 x10°° 2x107° 0.0001 0.0023 0.0003
5 0.0003 0.0005 0.0028 0.0468 0.0068
10 0.0054 0.0017 0.0017 0.0095 0.0112
25 0.0147 0.2751 0.0162 0.9409 0.0828
50 0.1166 1.8529 0.0822 15.7898 0.4823
75 0.2785 2.5685 0.0404 23.6858 0.4500
100 0.5090 4.1204 0.0246 36.2371 0.5004
150 0.1536 9.6173 0.0858 36.4554 0.7138

only rate-limiting mechanism and that some other interactions
also played an important role. The calculated k; values for
each initial concentration (Table 3) indicated that, when the
metal concentration was augmented, the rate constant
increased for all the tested samples. The values of C (boundary
layer thickness) also increased with copper concentration
(higher values, the greater the effect). However, the analysis
of the data indicated that deviations from Weber and Morris
model mainly occurred at high initial metal concentrations.
Similar interpretations on this were reported before (Qiu
et al., 2009; Reddy et al., 2012; Largitte and Pasquier, 2016;
Mokkapati et al., 2016; Kajjumba et al., 2018; Obradovic,
2020).

The Elovich model, inspired by Zeldowitsch’s model
(Zeldowitsch, 1934) and developed for gaseous systems, helps
to predict the mass and surface diffusion, activation and deac-
tivation energy of a given system, determining the nature of
adsorption on the heterogeneous surface of the adsorbent,
whether chemisorption or not (Kajjumba et al., 2018). This
model is expressed by Eq. (8) where o and P are the initial rate
and desorption constant, respectively, during any experiment
(Elovich and Larinov, 1962). Fig. 6 shows that, for the three
selected samples, the metal adsorption also fitted the Elovich
equation, suggesting a chemisorption mechanism such as sur-
face complexation formation and that shives surfaces are ener-
getically heterogeneous. Table 3 lists the kinetic constants. The
values of initial adsorption rate (o) and desorption constant (j3)
varied in function of the copper concentration. In particular,
when the concentration increased, the B constant decreased
for both SHI-C and SHI-BTCA samples, suggesting a decrease
in the availability of adsorption sites for copper adsorption

(Renault et al., 2008; Vaghetti et al., 2009; Lopici¢ et al.,
2017; Tan and Hameed, 2017). The analysis of the data clearly
indicated that the Elovich model gave the best fit for the
experimental data obtained for the SHI-BTCA sample,
confirming the involvement of the carboxylate groups in the
adsorption mechanism. Nevertheless, the data were also well
simulated by the Elovich model for SHI-W and SHI-C
samples, indicating the mechanism was complicated with
the presence of both chemisorption (complexation) and
physisorption (diffusion).

By applying the Lagergren, Ho and McKay, and Elovich
models, it is assumed that the overall adsorption process rate
is governed by the rate of binding, whereas when applying
the Weber and Morris model, the rate of mass transport is
expected to govern the overall process rate (Obradovic,
2020). The Boyd model is also an adsorption diffusion model
used to predict the mechanistic steps involved in an adsorption
process, i.e., whether the rate of removal of the metal takes
place via film diffusion or particle diffusion mechanism
(Boyd et al., 1947a,1947b). If the plot is a straight line passing
through the origin, then adsorption is governed by a particle-
diffusion mechanism, otherwise governed by film diffusion
(Okewale et al., 2013; Benjelloun et al., 2021). An analysis of
the literature shows that, in numerous works, film diffusion
is the limiting step during the initial stages of the adsorption
process followed by intraparticle diffusion when pollutant spe-
cies reach the material surface (Kajjumba et al., 2018). How-
ever, it is difficult to estimate appropriate values of Bt for
the entire time scale, so the data should be carefully inter-
preted. The good correlation obtained between the experimen-
tal data and predicted curves proved the validity of the Boyd
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Fig. 6 Lagergren (a), Ho and McKay (b), and Elovich (c) plots for copper adsorption onto SHI-W, SHI-C and SHI-BTCA.

model only for the SHI-W sample, with R? values higher than
0.95 (Table 4). For the two other samples, the Boyd model did
not adequately fit the data. In addition, as shown in Fig. 7, the
plots for the three materials did not pass through the origin,
revealing that the film diffusion controls the process for the
copper adsorption onto three samples.

3.7. Goodness of fit of the plots

The analysis of kinetic modeling indicated that these data
should be plotted with the experimental data in the non-
linear form of the model equation used and predicted through-
out the adsorption period. Selecting the appropriate model and
analyzing the results of the modeling deserves a careful inter-
pretation, whereas using only the quality of the fittings by
determining the coefficient correlation values is not sufficient
(Tran et al., 2017). Due to the inherent bias resulting from
the linearization of models, a non-linear chi-square test (x°)
was also used to confirm the best-fit kinetic equation to the
experimental data. Table 4 presents the results of fitting exper-
imental data with the five kinetic models using x> values. The
comparison of error analysis indicated that the order of devi-
ation was:

— Lagergren > Elovich > Ho and McKay > Weber and
Morris > Boyd for SHI-W and SHI-C samples;

—Boyd > Ho and McKay >  Weber and
Morris > Lagergren > Elovich for SHI-BTCA sample.

For SHI-W and SHI-C samples, the Boyd model was the
best at describing the adsorption kinetics of copper, suggesting
the predominance of the physisorption (diffusion) in the
adsorption process. The order obtained for SHI-BTCA indi-
cated that the Elovich model gave the best fitting for the exper-
imental data since the lowest %> values were obtained with R>
values greater than 0.95 in comparison to other models. The
applicability for the Elovich model described chemisorption
(complexation) on highly heterogeneous adsorbents (Zhang
et al., 2019). However, the adsorption mechanism is much
more complex as it Involves several interactions such as com-
plexation, ion-exchange and microprecipitation. To confirm
this, a preliminary study by coupling energy-disperse X-ray
(EDX) spectroscopy and X-ray computed nanotomography
(nano-CT) was carried out.

Fig. 8 reports EDX spectra and nano-CT images of hemp
shives samples before and after copper adsorption. In the
EDX spectra obtained for SHI-BTCA, the replacement of
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the sodium at the surface of the fibres by copper indicated the
presence of an ion-exchange mechanism, in agreement with the
increase of the values of sodium concentrations after adsorp-
tion. Copper is also observed in all three EDX spectra after
adsorption. The nano-CT images obtained before copper
adsorption illustrate the modification of the cell wall obtained
after treatment with BTCA compared to the SHI-W and SHI-
C. Indeed, after BTCA grafting, it is observed a collapse of the
structure with a distortion of the vessels, a degradation of the
woody rays and a fully disorganization of the tissues. This is in
agreement with the important decrease of porosity value and
the change in the chemical composition (Table 1). Neverthe-
less, for SHI-C sample, the fiber walls are also affected by
the treatment due to the removal of a part of the hemicellu-
loses leading to a partial deconstruction of the cell wall of
the woody fibers (Fig. 8). After copper adsorption, the metal
distribution showed in red in the 3D images is totally different
for the samples. For SHI-C and SHI-W, the copper is diffused
on all the free surfaces (confirming the physisorption) while for
SHI-BTCA, the copper is mainly adsorbed on the external sur-
face of the shives, suggesting the involvement of the carboxy-
late groups grafted in the surface of the shives. All these
data demonstrated that the adsorption mechanism for the
three materials is different.

Time"* (min"%)

Boyd (a and b) and Weber and Morris (c) plots for copper adsorption onto

Time®s (min®%)

SHI-W, SHI-C and SHI-BTCA.

4. Conclusion

In this study, a series of hemp shives with different surface properties
were used as adsorbents for copper removal in batch experiments. The
adsorbents were a raw sample (SHI-R), a washed sample with water
(SHI-W), three samples activated by chemical reagents such as KOH
(SHI-OH), Na,CO; (SHI-C) and H;PO, (SHI-H), and a material pre-
pared from a grafting of carboxylic groups (SHI-BTCA). Adsorption
data indicated that, for the same experimental conditions, the order
in terms of performance to recover copper was: SHI-C ~ SHI-BTC
A > SHI-OH > SHI-W > SHI-R > SHI-H. In the case of studied
parameters (metal concentration, adsorbent dose and contact time),
SHI-C and SHI-BTCA samples had the highest levels of copper
removal with an equilibrium time of 60 min. A detailed kinetic study
of the experimental data using five common models showed that the
orders obtained were Lagergren < Elovich < Ho and
McKay < Weber and Morris < Boyd vs. Boyd < Ho and
McKay < Weber and Morris < Lagergren < Elovich for SHI-C
and SHI-BTCA, respectively. The analysis of the results indicated that
chemisorption played the main role in the copper adsorption onto the
SHI-BTCA while physisorption (diffusion) was the main interaction
with SHI-C. However, the adsorption mechanisms are much more
complex as they involve several interactions at the same time. To
clearly demonstrate these mechanisms, we will characterize these inter-
actions using spectroscopic tools such as Raman, X-ray photoelectron
spectroscopy, and X-ray absorption near-edge structure spectroscopy.
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