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ABSTRACT

Hemp-based materials have been recently proposed as adsorbents for metals present in aqueous
solutions using adsorption-oriented processes. This study aims to reveal the adsorption
mechanism of materials prepared from hemp shives as co-products of the hemp industry,
namely sodium carbonate-activated (SHI-C) and polycarboxylic agent-grafted (SHI-BTCA)
hemp shives. The interactions between copper and two hemp-based materials were

characterized by different microscopic and spectroscopic techniques such as energy-disperse



X-ray (EDX) spectroscopy, computed nano-tomography (nano-CT), X-ray photoelectron
spectroscopy (XPS), Fourier-transform infrared (FTIR) spectroscopy, Raman spectroscopy,
and X-ray absorption near-edge structure (XANES) spectroscopy. The results showed
remarkable different mechanisms for copper adsorption onto the SHI-C and SHI-BTCA hemp
shives. Namely, copper surface adsorption and diffusion in the structure of the SHI-C material
were predominant, whereas the adsorption of copper onto SHI-BTCA was due to a
chemisorption phenomenon and ion-exchange involving the adsorbent carboxylate groups. The
combination of the abovementioned complementary microscopic and spectroscopic techniques
allowed us to characterize and distinguish the type of interactions involved in the liquid-solid

adsorption phenomena.
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1. Introduction

Industrial hemp is an annual crop grown for its seed and fibers [1,2]. The three main global
producers of hemp are China, Europe, and North America. Hemp is found in countless daily
products: foods (flour, oils, butter, energy bars, chocolate, yogurts, ice cream, cheese),
beverages (milk, infusions, cocktails, brewed beers, and wines), cosmetics, and personal care
products (soaps, shampoos, creams, hand sanitizer, skin moisturizer, hair care), textiles

(clothing, fabrics, shoes, mats, ropes), papers and cardboard (cigarette paper, toilet paper),



jewelry and fashion, leisure products (fishing, sports), animal feed, animal litter, mulching and
horticulture, detergents, biofuel, building materials, insulation, composites (plastics,
automotive), etc. [3-10]. Hemp is also the object of numerous fundamental studies for
innovative potential applications in biopesticides, biotechnology, pharmacy and medicine,

paints, energy production, and wastewater treatment [11].

Hemp shives, as valuable co-products produced during the process of extracting fiber from
hemp straw, are constituted from the xylem tissue of the stem. Long considered as a by-product
of the industry, used for plant mulch or animal bedding (cats, horses), hemp shives are now
used for house insulation, energy, and fuel production [7-10,12,13]. There is also an interest in
using these co-products as adsorbent materials to complex environmental pollutants since this
resource is abundant, cheap, and easily burned. The last one is interesting in the context of
recovery of adsorbed metals and their revalorization for example. Moreover, these materials
have a highly reactive lignocellulosic macromolecular structure capable of interacting with
other substances [3,5,8]. Finally, the industry also needs to find new outlets because the volume
of shives produced annually is constantly increasing [11]. Recently, hemp fibers have been
studied as adsorbent for metal removal [14-25] and for the preparation of activated carbons for
similar applications [26-28]. However, work on hemp in shives/hurds form for environmental
applications is rare [11,22,25]. Furthermore, the identification of interactions involved in liquid-
solid adsorption phenomena is often carried out using empirical mathematical models that allow
the modeling of experimental results and the drawing of conclusions from the assumptions of
these models. Another approach is to couple different microscopic and spectroscopic techniques

to obtain information on these mechanisms [29,30].

This study is part of the European research project FINEAU which brings together
academics and industrialists focused on the potential use of hemp shives to recover metals from

industrial effluents aiming their valorization [31]. Two types of materials were targeted in this



study by comparing shives washed with water (SHI-W) with those chemically modified using
polycarboxylic agent (1,2,3,4-butanetetracarboxylic acid, BTCA, SHI-BTCA sample), and
with shives washed with water and activated with sodium carbonate (SHI-C sample). The last
one was the most efficient biosorbent of copper in our previous study among investigated raw
shives and those treated with H2O, H3PO4, or KOH [31]. The chemical treatment with Na2CO3
was carried out on a laboratory scale by copying the process already used by one of the
industrialists of the project on other cellulosic materials. The grafting with BTCA was carried
out in the laboratory using a previously published procedure [32]. The objective of these two
modifications is to purify and increase the capacity of raw shives towards metals, while
presenting high selectivity and performances independently of the pH and ionic strength
representing two important issues for wastewater from the surface treatment industry. Recently,
Mongiovi et al. [30,31] reported that in the context of copper recovery by SHI-C and SHI-
BTCA samples, these two materials had similar high adsorption capacities and fast adsorption
kinetics, while their adsorption behaviors were very different. For example, the pH of the
solution after copper adsorption onto the SHI-BTCA sample increased significantly, while that
of the SHI-C sample varied much less, suggesting different interactions between these shives
samples and the adsorbed copper. In addition, the amounts of sodium released into the solutions
after an exchange with metal ions increased strongly in the case of the SHI-BTCA sample due
to the presence of COONa groups in this material, also confirming different adsorption

mechanisms [30].

This study has two objectives: the first is to characterize the surface state of the materials
before and after copper adsorption and the second is to assess the interactions between the
materials and the metal ions involved in the adsorption process using microscopic and
spectroscopic tools, namely computed nano-tomography (nano-CT), energy-disperse X-ray

(EDX) spectroscopy, X-ray photoelectron spectroscopy (XPS), Fourier-transform infrared



(FTIR) spectroscopy, Raman spectroscopy and X-ray absorption near-edge structure (XANES)

spectroscopy.

2. Experimental section and sample characterization

2.1.  Raw hemp shives

The raw hemp shives, abbreviated SHI-R, came from the operation of fiber extraction from
the hemp stalk used to recover the hemp fibers. They were supplied by an agricultural
cooperative (Eurochanvre, Arc-les-Gray, France). They are constituted by parallelepiped
particles whose length varies from 5 up to 25 mm, with a density of 100 kg/m?, thermal
conductivity of 0.05 W/mK, and an average price of 0.90 euros/kg, being commercialized for

plant and animal mulching, and insulation.
2.2.  Modification of hemp shives

Three different treatments were applied to SHI-R samples. A water washing (SHI-W), an
activation using sodium carbonate (SHI-C), and a grafting reaction using 1,2,3,4-
butanetetracarboxylic acid (SHI-BTCA) were carried out to study their role in the performance
of samples which were further used as adsorbents for copper presents in aqueous solution

[30,32].

To prepare SHI-W, SHI-R samples were simply washed with water for 2 days at room
temperature (22 + 1 °C). After that, they were filtered and dried in an oven at 80 °C until a

constant mass was obtained.

The SHI-C shives were prepared by treating SHI-W samples in 1 M Na.COs for 4 h at 40
°C. Thereafter, the samples were washed extensively with water until a neutral pH was obtained

and dried in an oven at 80 °C until a constant mass was obtained.



To obtain SHI-BTCA, SHI-W samples were pre-treated with 1 M NaOH for 3 days at
ambient temperature under mechanical stirring. The shives suspension was then filtered on a
filtering funnel and thoroughly washed with distilled water until the water was colorless. After
drying at 60 °C in a ventilated oven (Memmert, France) for 15 h, the samples were immersed
in an aqueous solution containing 100 g/L of BTCA and 30 g/L of NaPO2H, (Aldrich, France)
for 15 h at ambient temperature under mechanical stirring. After draining, shives were spread
on the bottom of a glass crystallizer 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 acidic form of carboxylic groups into their basic carboxylate form by immersing
materials in a NaHCOz3 solution (20 g/L) under mechanical stirring for 24 h. SHI-BTCA
samples were filtered, washed with distilled water until neutral pH was reached, and dried in a

ventilated oven at 60 °C for 15 h [32].
2.3. Reagents

Copper sulfate salt was purchased from Sigma-Aldrich (France) and used as received.
Appropriate weights of copper sulfate were dissolved in water to obtain a stock solution
containing 300 mg Cu/L (initial pH of the metal solution = 4.5 + 0.1). Solutions having lower
copper concentrations were obtained by dilution. All solutions were analyzed by Inductively
Coupled Plasma-Atomic Emission Spectrometry (ICP-AES, ThermoFisher, iCAP 6500 radial

model, Courtaboeuf, France) following a standard protocol prior to each experiment.
2.4.  Adsorption experiments

The effect of initial copper concentration on its removal by shives was studied by batch
experiments using the following procedure: 2 g of shives were stirred with 100 mL of an
aqueous solution (pH 5 £ 0.1) at known concentrations of copper in a tightly closed flask on a

thermostatic mechanical shaker operating at 250 rpm for 2 h at room temperature (22 = 1°C).



The shives were then withdrawn and each solution was analyzed using ICP-AES. The
adsorption performance of shives was calculated and expressed as a percentage of removed
copper. At the end of each experiment, a slight pH increase between 0.5 and 0.8 units and
between 0.8 and 1.5 pH units occurred for SHI-C and SHI-BTCA, respectively (no variation
was observed for the SHI-W sample). Each experiment was repeated five times under identical

conditions, showing reproducibility.
2.5.  Chemical composition and ion-exchange capacity

The determination of the chemical composition of hemp shives is detailed elsewhere [30,31].
Briefly, the hemp shives’ non-cellulosic components were removed as follows: i) water-soluble
components (extraction with boiling water); ii) fats and waxes (Soxhlet extraction with
dichloromethane); iii) pectins (treatment with ammonium oxalate at boiling temperature); iv)
lignin (treatment with sodium chlorite at boiling temperature); and v) hemicelluloses (treatment
with sodium hydroxide at room temperature). After removal of the non-cellulosic components,
a-cellulose remained as a solid residue. For each sample, the chemical composition was
determined in duplicate. The ion-exchange capacity of the three samples was determined by

pH-metric titration previously reported by Loiacono et al. [32].
2.6. Computed nano-tomography analysis

The nano-CT investigation was performed with an RX Solutions EasyTom 160 equipped
with an X-ray source Hamamatsu Open Type Microfocus L10711 (RX Solution, Chavanod,
France). The X-ray transmission images were acquired using a detector 2530DX of 2176 x 1792
pixels?. The following conditions were used: tube voltage of 60 keV, tube current of 86 pA,
exposure time at 6 images per second with an average frame of 6 images, and 1440 projections
collected for each sample resulting in a time of 30 min per tomograph. The entire volume was
reconstructed at a full resolution with a voxel size of 1.4 um corresponding to a field of view

of 2.8 x 2.5 mm?, using filtered back-projection. The data analysis was processed using VG



StudioMax software. For shives exposed to copper adsorption, a segmentation was realized
using visually interpreted thresholds and prior knowledge. Indeed, the grey level depends on
the density of the material. Three distinct peaks attributed to air, cell wall material, and copper,
were found in the multimodal image histogram. Thresholds were then positioned between the
respective peaks and each material family was then represented by a color: air in black, cell

walls in grey, and copper in red.
2.7.  Energy-disperse X-ray spectroscopy

The surfaces of samples were examined on a scanning electron microscope (Apreo,
ThermoFisher Scientific, Courtaboeuf, France) with a tungsten filament voltage from 15 keV
to 20 keV and low-vacuum conditions. Elemental analysis of the sample surfaces was then
performed using the Thermo NORAN system for EDX spectroscopy and the electron beam
excitation (ThermoFisher Scientific, The Netherlands). EDX spectra recorded at these specific
surface locations were then analyzed to evaluate the influence of treatments and copper

exposure on the elemental composition.
2.8.  Fourier-transform infrared spectroscopy

Shives samples were immersed for 8 min in N2 liquid (CryoGrinder™) and FTIR spectra
were recorded from KBr pellets containing 2 mg of sample and 120 mg of KBr. The spectra
were collected in transmission mode between 4000 and 400 cm™ at 2 cm™ resolution with an
IS50 spectrometer (ThermoFisher Scientific, Courtaboeuf, France). The infrared spectra
resulted from 200 co-added scans using the OMNIC 9.2.41 software. All spectra in the 2000-
700 cm™ region were baseline-corrected and unit vector normalized using the OPUS 7.5
software (Bruker Optics, France). Mean spectra were calculated with The Unscrambler 10.1

software (CAMO, Oslo).

2.9.  Raman spectroscopy



Samples of shives were observed on the aluminum slide and Raman spectra were recorded
using a confocal Raman microspectrometer InVia (Renishaw, Marne la Vallée, France).
Confocal Raman microscopy is a sensitive surface technique with a spatial resolution in the
order of 250-500 nm. A 785 nm laser excitation from 100 to 1 mW according to the sensitivity
of the sample to burn with a grating of 1200 grooves/mm was used. The spectra were collected
between 200 and 2000 cm™ at 1 cm™ resolution with an X50 objective and a pinhole of 65 pum.
Data acquisition and processing, in order to remove spikes and baseline correction, were
performed with Wire 4.2 software. The smoothing process, vectorial normalization, and mean

spectra were processed with The Unscrambler 10.1 software (CAMO, Oslo, Norway).
2.10. X-ray photoelectron spectroscopy

Chemical surface analyses of the samples were studied on a Versaprobe 5000 spectrometer
(ULVAC-PHI, Inc.) equipped with a monochromatized and a focalized Al Ka X-ray source
(1486.6 eV). For each sample, survey spectra, as well as high-resolution core-level windows of
carbon 1s, oxygen 1s, and copper 2p levels, were acquired over a spot size of 200 um and a
pass energy of 187.5 eV for spectra and 58.7 eV for windows. LMM Auger transition for copper
was monitored to make the difference between Cu(l) and Cu(0) [33,34]. Data processing was
done using Casa XPS software and energy calibration was done on CC/CH bonds (1s level at
284.8 eV). The quantification of metallic atoms (atomic concentrations in %) before and after
adsorption was obtained from the measurement of the corresponding peak area and the use of
relative sensitivity factors (RSF), specific of the spectrometer and furnished by the
manufacturer. To approach the effective atomic surface concentrations, all the atoms detected
on the surface were taken into account. For one atom, the signal obtained can be decomposed
into different contributions relative to various chemical species. The calculation of the
respective contribution of each peak area will lead to the knowledge of the relative proportion

of each chemical form for a given atom.



2.11. X-ray absorption near-edge structure spectroscopy

XANES measurements were performed to determine the Cu speciation. Cu K-edge XANES
spectra were recorded on the SAMBA beamline at the SOLEIL synchrotron (Saint-Aubin,
France). The Si (220) monochromator was calibrated to 8979 eV at the first inflection point of
the Cu foil XANES spectrum. Powders of shives samples SHI-C and SHI-BTCA containing
copper (i.e., samples SHI-CCu, SHI-BTACCu), and CuSO4,5H,0 (Sigma-Aldrich) were
diluted into cellulose and pressed into 6 mm pellets for optimal transmission analysis. The
pellets were sealed in Kapton tape, placed on a sample rod, quenched in liquid nitrogen, and
then introduced into a He cryostat (T = 20 K). One continuous XANES scan was recorded in
transmission mode using an ionization chamber, in the 8900-9193 eV energy range with a
monochromator velocity of 10 eV/s and an integration time of 0.025 s/point. The obtained scans
were then normalized and background-subtracted using the Athena featured in the Demeter

software package [35].

3. Results and discussion

3.1. Characterization of the SHI-W, SHI-C, and SHI-BTCA samples before use as

adsorbents

The results presented in Table 1 showed changes in the chemical composition of the samples
after activation and grafting treatments. The chemical composition data for SHI-W and SHI-C
samples can be directly compared since the latter material was obtained from SHI-W by alkaline
treatment. As expected, after the treatment with Na>COz (SHI-C sample), water-soluble
components, fats, and waxes were removed, while an increase in the percentage of cellulose
was observed. Alkaline treatment also resulted in the reduction of the hemicellulose content,
while the content of lignin did not vary, suggesting that it is highly resistant to this chemical

reaction [31]. Such behavior was also observed for alkaline treated jute [36]. It is difficult to



compare the chemical composition of SHI-W and SHI-C with that of the SHI-BTCA sample
since its chemical composition is very different from those of the mentioned samples.
Nevertheless, the ion exchange capacity data revealed that the amount of carboxyl groups
present in the SHI-BTCA sample (1.50 meg/g) was much higher than in the case of the other
two samples (0.13 and 0.31 meq/g for SHI-W and SHI-C, respectively), confirming the grafting

reaction of BTCA molecules on the cellulosic support by esterification reaction [32].

Table 1

Characteristics of hemp shives samples.

SHI-W SHI-C SHI-BTCA
Treatment water washing Na;COs grafting
Cellulose 56.93% 62.93% 36.70%
Hemicelluloses 15.42% 9.58% 12.60%
Lignin 26.70% 26.59% 39.60%
Pectins 0.79% 0.42% 3.21%
Fats and waxes 0.39% 0.04% 0.76%
Water solubles 1.11% 0.45% 7.29%
lon-exchange capacity 0.13 meqg/g 0.31 meg/g 1.50 meqg/g

3.2.  Adsorption data

SHI-W, SHI-C, and SHI-BTCA samples having different chemical compositions and in-
exchange capacities were used as adsorbents for cupric cations present in copper(ll) sulfate
solutions using an adsorption-oriented process. Fig. 1 illustrates the impact of the initial copper
concentration on the performance of the three shives samples to remove copper from the

aqueous solution. These data clearly demonstrated that SHI-C and SHI-BTCA were more



efficient for adsorbing copper than SHI-W, which is in agreement with recently published data
[30]. In terms of purification efficiency, the order obtained is as follows: SHI-C ~ SHI-BTCA

>> SHI-W, which is especially pronounced for concentrations above 25 mg/L (Fig. 1).

By increasing the copper initial concentration from 25 up to 300 mg/L, the efficiency of the
SHI-W sample decreased sharply, i.e., the percentage of removed copper was reduced from 90
down to 20 %. If we express the results in concentration, a dosage of 1 g of material removed
1.48 and 3.23 mg of copper from the 2.5 and 30 mg present in 100 mL of solution, respectively.
Curiously, besides their different chemical compositions, the SHI-C and SHI-BTCA samples
have similar performances whatever the initial copper concentration and their efficiencies were
less influenced by the concentration increase. In addition, up to 100 mg/L, their efficiencies
were remarkable since the removal was complete (~100%), with a slight and similar decrease
in their performances when initial copper concentrations were higher than 100 mg/L. A more
pronounced decrease in the removal efficiency of SHI-C and SHI-BTCA shives occurred by
raising the pollutant concentration from 200 up to 300 mg/L. Nevertheless, the results are
interesting because about 70% of the metal present in a solution containing 300 mg Cu/L was

eliminated, i.e., an adsorbed quantity of ca. 10 mg per gram of sample.

Another surprising observation was obtained for these two samples at the end of the
adsorption process. Indeed, after copper adsorption, the SHI-BTCA shives sample became
colored, while those of the SHI-C sample remained colorless (Fig. 2), suggesting different
adsorption mechanisms: physisorption (surface adsorption, adsorption onto internal surface and
diffusion into cell wall) for SHI-C and chemisorption (complexation, microprecipitation) and
ion-exchange for SHI-BTCA [30]. In order to highlight these mechanisms, different
microscopic and spectroscopic techniques were performed on the shives samples before and

after adsorption (marked as SHI-CCu and SHI-BTCACCu).
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Fig. 1. Effect of initial copper concentration (mg/L) on its removal by three hemp shives

samples (adsorbent dose 2 g/100 mL; contact time 120 min; n = 5).

Fig. 2. Hemp shives samples after copper adsorption.



3.3.  Characterization of the samples before and after copper adsorption

The interactions between copper and hemp-based samples were assessed by using different
microscopic and spectroscopic techniques such as computed nano-tomography (nano-CT),
energy-disperse X-ray (EDX) spectroscopy, Fourier-transform infrared (FTIR) spectroscopy,
Raman spectroscopy, X-ray photoelectron spectroscopy (XPS), and X-ray absorption near-edge
structure (XANES) spectroscopy.

Nano-CT images given in Fig. 3a show the typical cross-section of raw hemp shives.
Namely, different tissues such as the woody part (xylem) constituting the main part of the shives
and some remaining pith on the right side can be observed. The woody part is made of different
cell types: i) isolated or grouped in groups of two or three vessels which have a quite thin cell
wall and a diameter of approximately 50-150 um; ii) the fibers with a thick cell wall, an irregular
polygonal cross-section and a diameter of only a few um and iii) the rays which are oriented in
the radial direction and are generally composed of one cell in width. The influence of the
treatments with Na.COz and BTCA on the shives SHI-C and SHI-BTCA microstructure is
clearly visible on the nano-CT scans (Figs. 3b and 3c, respectively). The removal of a part of
the hemicelluloses in the case of sample SHI-C (Table 1) led to the partial deconstruction of
the woody fibers cell wall, and general disorganization of the cells within the tissue, which is
directly observed through the misorientation and waviness of the woody rays (Fig. 3b). The
fiber walls were also strongly affected by grafting (SHI-BTCA), the woody rays degraded, the
vessels distorted, and the tissues got fully disorganized as shown in Fig. 3c. The collapse of the
fibers was explained by the significant changes in their chemical composition (Table 1). Indeed,
the cellulose compartment seems the most affected, with a strong decrease, whereas the lignin
content was increased, reflecting an enrichment effect. One can note that the pectin content is
also higher in the BTCA sample, suggesting a selective chemical targeting of the treatment on

cellulose polymers. Fig. 3 also shows EDX spectra of SHI-W, SHI-C, and SHI-BTCA samples



before copper adsorption, highlighting the presence of sodium on the surface of hemp shives

after Na,COz treatment and BTCA grafting.
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Fig. 3. X-ray nano-tomography images of the transverse cross-sections (left: a, b, and c),
computed nano-tomography images (middle: d, e, and f), and EDX spectra (right: g, h, and i)

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

Fig. 4 presents the X-ray nano-CT images and EDX spectra of the raw and modified hemp
shives after copper adsorption. No significant effect of the exposition to copper on the shives’
microstructure can be detected but a major change in the EDX spectra can be observed. The
data point out the presence of peaks that were not observed before the shives immersion in the
copper salt solution, which was assigned to copper (see Fig. 4). It is worthy to remind that EDX
is a technique for surface characterization with limited penetration in matter thickness. To better
identify the spatial localization of the copper in the whole shives’ volume, a density-based
segmentation of the 3D computed nano-tomography images was done. The obtained images are

proposed in Fig. 5. The figures 5 b and d show the typical microstructure of hemp shives where



the vessels (v.) are isolated or grouped by two or three, rarely by more, and then they deform
one another. The vessels have a quite thin cell wall (p.) and a diameter of approximately 50 to
150 um (Fig.5 b). They are surrounded by relatively thick-walled woody fibers (f.) with
diameters of only a few um and an irregularly polygonal section with a rounded cavity. It is
evident that copper is adsorbed on all the free surfaces of the SHI-WCu sample, meaning shives
external surface but also on the internal surface of the cells’ lumen. The situation is something
different in the case of SHI-CCu shives where it is possible to observe that the copper is not
only located on the internal surface of the cell wall bordering the lumen but also in the wall
itself. This is attributed to the partial removal of the hemicelluloses in the cell wall induced by
the treatment with sodium carbonate (Table 1) and by the micro- and nano-porosities created in
the cell wall in which the aqueous solution can diffuse. Furthermore, the copper is massively
adsorbed on the internal surface of the vessels’ wall bordering the lumen of the sample SHI-
BTCACu. The BTCA presence allowed more copper to be absorbed in these areas when
compared to raw shives, which is in accordance with the results presented in Fig. 1. The detailed
analysis of EDX and nano-CT results showed that these two techniques were complementary
in revealing the mechanism of copper adsorption on materials. In the EDX spectra (Fig. 4), we
can observe an important decrease in the sodium peak and its replacement by copper cations,
suggesting the presence of interaction by ion-exchange. In addition, some copper agglomerates
(in red color in Fig. 5) are also observed in the internal part of the wall of some of the vessels,
suggesting microprecipitation during the adsorption onto the SHI-BTCA sample. So, the results
point out that, even if the two treatments (C and BTCA) performed similarly in terms of copper
removal, the spatial localization of copper and the adsorption mechanisms were significantly

different.
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Fig. 4. X-ray nano-tomography images of the transverse cross-sections (left: a, b, and c),
computed nano-tomography images (middle: d, e, and f), and EDX spectra (right: g, h, and i)

of SHI-WCu, SHI-CCu, and SHI-BTCACu samples after copper adsorption.



SHI-W

SHI-BTCA

Fig. 5. Density-based segmentation of the X-ray computed nano-tomography images. The high-
intensity voxels corresponding to Cu elements are in red color. X-ray nano-tomography images
of the different planes are given for SHI-WCu (a-d), SHI-CCu (e-h), and SHI-BTCACu (i-I)

specimens (v.: vessel; f.: fiber, p.: pit).

FTIR and Raman spectroscopy were further used for the characterization of the shives before
and after copper adsorption (Fig. 6). The main IR and Raman absorption bands and their
assignments according to the literature are summarized in Tables 2 and Table 3, respectively.
These bands were generally attributed to the three main shives components: cellulose,
hemicelluloses, and lignin [37-42]. The comparison of SHI-W and SHI-C samples shows an
important difference in their IR spectra. Namely, the bands at 1730 cm™ and 1250 cm™ (Fig. 6)

assigned to the stretching of unconjugated C=0 groups present in hemicelluloses disappeared



after the activation with sodium carbonate. This is in agreement with the data of the chemical
composition (Table 1) and is also observed after the partial hemicellulose removal from jute
fibers using alkaline treatment [43]. When the FTIR spectrum of the SHI-BTCA sample was
observed, the bands in the region 1500-1800 cm™ in particular those of the carboxyl (1730 cm-
1 and carboxylate (1590 cm™) groups (Fig. 6), are more intense than in the case of the two
other samples which is ascribed to the esterification reaction. In addition, the comparison of
SHI-W and SHI-BTCA samples also shows an important increase of the band at 1730 cm™ (due
to the BTCA grafting) and a decrease of the band at 1250 cm™ corresponding to the elimination

of hemicelluloses enhancing the lignin content in the material.

The interpretation of Raman data indicated that the SHI-W and SHI-C spectra were similar
with little differences in the intensity of the bands. On contrary, the Raman spectrum of the
SHI-BTCA sample showed an important change in the intensity of the ester band at 1743 cm™.
The comparison between the FTIR and Raman spectra before and after copper adsorption for
the studied samples is shown in Fig. 6. After copper adsorption, no changes were observed in
the IR spectra of SHI-WCu and SHI-CCu, while the spectrum of SHI-BTCACu showed an
important change at 1590 cm™. Indeed, this band underwent a profound change in both intensity
and width, and shifted to 1610 cm™ (Fig. 6). This data reflected the implication of the

carboxylate groups on the copper removal through complexation and/or ion-exchange.

By comparing the samples’ Raman spectra, we observed that the alkaline activation resulted
in the disappearance of the ester band at 1743 cm™. The addition of copper contributed to obtain
samples with a very high sensitivity to burning, resulting in spectra with enhanced background
noise. This is the reason why we had to work at 1% laser to avoid such noisy phenomena.
However, it was difficult to explain the difference in the ratio between polysaccharides and
lignin. In this case, we observed more lignin signals in samples containing copper. SHI-BTCA

gave very fluorescent samples, around 60,000 counts in comparison to 10,000 counts or less



for SHI-C. For this sample, we also worked with a 1% laser both to avoid the detector’s

saturation and to burn the copper containing sample. The Raman spectrum for SHI-BTCACu

also confirmed the involvement of the ester group in the removal of copper ions, confirming

the presence of various interactions between them (chemisorption, ion-exchange). Finally, the

Raman spectra of samples after copper adsorption also revealed two bands at 1420 cm™

corresponding to carboxylate group (Fig. 6) and at 885 cm™ (not attributed at the moment), in

agreement with IR data.
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Fig. 6. FTIR (left) and Raman (right) spectra of the SHI-W, SHI-C, and SHI-BTCA samples

before and after copper adsorption.



Table 2
The main absorption bands in FTIR spectra of samples and their assignment before copper

adsorption (6: bending vibration; v: stretching vibration; oop: out of plane).

Wavenumbers (cm?) Chemical group Component

hemicelluloses, pectins, fatty

1730 C=0 ester, COOH
acids, BTCA
water, proteins, cellulose,
1640/1650 & (OH) adsorbed water, v (C=0, N-H)
lignin

1600 v (C=C aromatic) lignin, phenolics
1590 Ccoo BTCA
1550 v (C-N), & (N-H) proteins
1515 v (C=C aromatic) lignin, phenolics
1460 v (C=C aromatic) lignin
1430 8 (CH2), vas (CHs) cellulose
1420 v (C=C aromatic) lignin, phenolics
1375 6 (CHy) cellulose, hemicelluloses
1250 3 (CH), & (OH) O-acetyl hemicelluloses
1215 3 (CH), 3(OH) cellulose, hemicelluloses
1165 v (C-0-C) cellulose, hemicelluloses
1110 v (CC, CO) cellulose, hemicelluloses
1060 v (CC, CO) cellulose
1040 v (CC, CO), 3(COH) hemicelluloses
1030 v (CC, CO) cellulose
895 B (1-4) glycoside cellulose

815 3 (CH) oop lignin, phenolics




Table 3

The main absorption bands in Raman spectra of samples and their assignment before copper

adsorption.

Wavenumbers (cm™) Chemical group Component
1743 C=0 ester lignin
1660 v (C=0) proteins
1605 CoO acid
1600 v (C=C aromatic) lignin
1460 3 (0O-CHs), 6 (C-Hy) cellulose, hemicelluloses, lignin
1420 d (HC-C, HC- 0), COOr, 5 (C-H)3 hemicelluloses, lignin
1380 d (HC-C), 6 (HC-0), 6 C-OH) cellulose, hemicelluloses
1337 6 (CH), 6 (COH) cellulose, lignin
1284 d (=C-H ip) phenolic acid
1120 v (C-C, HC-0O, vg (C-O-C) cellulose, hemicelluloses
1095 v (C-C, HC-0O, vs (C-0-C) cellulose, hemicelluloses
1040 v (CC, CO), 6 (COH) hemicelluloses
895 B (1-4) glycoside cellulose
885 - -
380 d skeletal mode IB cellulose

Fig. 7 compares the XPS wide-spectra of the SHI-W, SHI-C, and SHI-BTCA samples before
and after copper adsorption. The spectra obtained before copper adsorption are very similar
showing the presence of oxygen (530 eV) and carbon Cls (280 eV) at their surfaces.
Nevertheless, the sample SHI-BTCA has an additional peak corresponding to the presence of
sodium (Na 1s) localized near the surface at 1072 eV. The presence of this element is due to
the conversion of the carboxylic groups into a carboxylate by immersing the BTCA treated

shives in a sodium hydrogen carbonate solution. The 1s level of carbon allows access to the



different oxygen functions (data not shown). For each sample, C1s can be fitted with four
contributions: C—C and C—H bonds at ~284.8 eV (this peak is used for energy calibration and
the value of 284.8 eV is fixed), C-OH, and C-O-C bonds at 286.4 eV, O—C-O bonds at around
287.7 eV, and O-C=0 for carboxyl groups at about 288.8 eV. The results obtained for SHI-W
and SHI-C samples are very similar with a large amount of C-O and C-OH bonds characteristic
for cellulose or lignin structure [44,45]. The decomposition of level 1s of carbon is significantly
different for sample SHI-BTCA with a strong decrease in C-O / C-OH bonds in favour of
carboxylic functions. These results are in agreement with the data of the chemical composition
(Table 1). After copper adsorption, Fig. 7 clearly indicates the disappearance of the sodium

signal in the SHI-BTCA spectrum, due to the ion-exchange with copper cations.
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Fig. 7. XPS wide scan spectra of shives before (left) and after (right) copper adsorption.

Fig. 8 shows the main and satellite peaks of Cu 2ps;. and Cu 2py. after copper adsorption
onto three studied samples, while Table 4 reports atomic concentrations (in %) of detected
elements before and after adsorption. All three samples showed XPS peaks around 933 eV and
953 eV characteristic for Cu2ps;z and Cu2pyy2, respectively. The XPS analysis of the Cuzp peaks

showed that this element was not in the same oxidation state in all studied samples (Fig. 8).



Indeed, the detection of satellites on the 2p level of copper for the SHI-BTCACu sample makes
it possible to deduce also the presence of copper at the oxidation number + 11 for 60%. These
satellites are associated with the peak at 934.66 eV of the 2ps; level which corresponds to
copper in the form of Cu(OH)2 [33]. In the case of SHI-CCu and SHI-WCu, the detected copper
was only in the | oxidation state. Indeed, there are no satellites, the 2pz/ level showed only one
component at about 933 eV. The measurement of the kinetic energy of the Auger transition of
copper LsMassMas at approximately 913.7 eV allowed us to calculate a modified Auger
parameter value at 1846.7 eV close to the species Cu2O [46]. This shows that the reactions
involved in the removal of copper were different for each hemp sample. In order to know the
rate of adsorbed copper on the surface, the atomic percentage of copper was calculated from
the area of the Cuyp peaks (Table 4). SHI-BTCACu sample had the highest ratio Cu/C = 8.3,
followed by SHI-CCu which ratio is 1.5. SHI-WCu sample had a very low Cu/C ratio of 0.4.
These results agree with those obtained with other characterization techniques, notably on the
fact that copper is well absorbed at the surface for SHI-BTCACu, which gives it this green
colour (Fig. 2b). The less important Cu/C ratio for SHI-CCu confirms that, in this case, the
mechanism of copper adsorption is different from those of SHI-BTCACu. Namely, the main
interaction between copper and sodium carbonate activated shives is diffusion inside the

particles.



Table 4
Atomic concentrations (%) of detected elements before and after copper adsorption determined

from XPS spectra (n.d.: not detected).

Carbon Copper % (Cu/C) Sodium Oxygen
SHI-W 73.3 n.d. n.d. 0.1 26.6
SHI-WCu 69.4 0.3 0.4 n.d. 30.2
SHI-C 69.7 n.d. n.d. 0.2 30.1
SHI-CCu 72.0 11 1.5 0.4 26.5
SHI-BTCA 68.8 n.d. n.d. 1.5 29.7
SHI-BTCACu 59.0 4.9 8.3 0.7 35.5
2py 2py,

SHI-BTCACu Name Pos. %Area
Cu(+)/Cu(0) 932.87 26.93
934.66 37.77

cu(sat) 939.95 19.99
cu(sat) 944.19 15.32

Name Pos. %Area
Cu(+1)/Cu(0) 933.05 100.00

SHI-CCu
1 il .|I‘. w,.vhﬂ
0.8
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wn Cu(+1)/Cu(0) 933.19 100.00
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Fig. 8. Main and satellite peaks of Cu 2p32 and Cu 2p1. of the XPS spectra for SHI-WCu, SHI-

CCu, and SHI-BTCACu samples after copper adsorption.

XANES spectroscopy provides quantitative insight into the oxidation states of copper
present in materials [47]. The XANES spectra of SHI-CCu and SHI-BTACCu display the same
shape with a pre-edge at 8977.5 eV, the edge at 8991 eV, the maximum of the white line at
8996.5 eV, and a broad oscillation centered on 9052 eV (Fig. 9). The absence of peak around
8983 eV, as found in Cu20 [48,49], shows that Cu(l) was not detected and that Cu oxidation
did not change during the Cu adsorption, it was kept as Cu(ll). CuSOs,5H20 spectrum (Fig. 9)
shows specific features such as a shoulder at 8990.0 eV and an oscillation at 9008.0 eV that are
not present in hemp samples’ spectra. Moreover, the white line of CuSO4,5H,0 spectra is
slightly shifted toward lower energies and is more symmetric compared to that in hemp
samples’ spectra. These differences indicate that after adsorption onto hemp, Cu did not
correspond to the crystalline form of CuSO4,5H20. Furthermore, the hemp samples’ spectra are
quite different from those of CuO and Cu(OH)2 [48,50], corresponding to other Cu(ll)-bearing
precipitates. The spectra of hemp samples are similar to the ones of Cu?* measured in liquid
phase; CuSO4 [48,51,52] but also Cu(ClO4), [53-55], another Cu complex, both when recorded

in a liquid phase.

The results obtained by XANES (only Cu(ll)) and those obtained by XPS (only Cu(l) or
both Cu(l) and Cu(ll)) seems to differ. However, they are compatible and complementary as
XANES at Cu K-edge sounded the bulk sample whereas XPS sounded the first atomic layers
on the surface of the sample. XANES spectroscopy evidenced that most of the Cu atoms are
present in Cu(ll) form in both SHI-CCu and SHI-BTCACu samples and XPS spectroscopy

indicated that the external surfaces of SHI-WCu and SHI-CCu are coated by Cu.O and that the



external surface of SHI-BTCACu is coated by a mixture of Cu20 and Cu(OH)2, explaining this

characteristic blue color (Fig. 2b).
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Fig. 9. Cu K-edge XANES spectra of SHI-CCu, SHI-BTCACu, and CuSQO4,5H20.

4, Conclusions

In this work, we have studied the interactions between the copper present in an aqueous
solution and hemp-based materials by different microscopic and spectroscopic techniques. The
use of EDX, nano-CT, XPS, FTIR, Raman, and XANES spectroscopy permitted to characterize
the materials prepared from hemp shives as co-products of the hemp industry (sodium
carbonate-activated (SHI-C) and polycarboxylic agent-grafted (SHI-BTCA) hemp shives),
before and after copper adsorption, in terms of structure, chemical composition, and chemical
state of Cu. The analysis of the data clearly indicated that the adsorption mechanism for copper
onto the two materials was different. For SHI-C, surface adsorption and diffusion in the hemp
shives structure were suggested, copper diffused into the cell wall. For SHI-BTCA, the
adsorption was governed by chemisorption (complexation, microprecipitation) and ion-

exchange involving the carboxylate groups in sodium form: copper was preferentially adsorbed



on the surface of the inner vessel wall. To continue this work and advance the field, we could
be considered to combine X-ray fluorescence mapping with Cu K-edge micro-XANES to focus
the analysis on micro-precipitates and the coloration observed for SHI-BTCA after copper
adsorption. As suggested by the reviewers, a study will be carried out to determine the
thermodynamic properties of the materials to provide information about the inherent energetic
changes associated with the adsorption process, e.g., irreversibility and spontaneity of the

process, and to confirm the mechanisms using the Gibbs and van’t Hoff equations [56-60].
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