2 M processes

Article

Copper Recovery from Aqueous Solutions by Hemp Shives:
Adsorption Studies and Modeling

Chiara Mongiovi and Grégorio Crini *

check for
updates

Citation: Mongiovi, C.; Crini, G.
Copper Recovery from Aqueous
Solutions by Hemp Shives:
Adsorption Studies and Modeling.
Processes 2023, 11, 191. https://
doi.org/10.3390/pr11010191

Academic Editor: Monika

Wawrzkiewicz

Received: 2 December 2022
Revised: 2 January 2023
Accepted: 4 January 2023
Published: 6 January 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://

creativecommons.org/licenses /by /
4.0/).

Chrono-Environnement, Université de Franche-Comté, 16 Route de Gray, 25000 Besangon, France
* Correspondence: gregorio.crini@univ-fcomte.fr

Abstract: This article describes the performance of hemp shives, a co-product of the hemp industry,
when used as an adsorbent to recover copper present in aqueous solutions by a batch method. Two
materials provided by an industrial partner, namely water-washed hemp shives (SHI-W) and Na,CO3-
activated shives (SHI-C), were studied. Two important variables in the water treatment industry,
i.e.,, pH and ionic strength of the solution, were studied to evaluate their impact on the purification
performance of the materials. The results obtained clearly indicated that the performance in terms
of Cu removal obtained from the SHI-C material was significantly higher than that obtained with
SHI-W, mainly due to the structural and chemical modifications after carbonate treatment. For each
dose of this adsorbent, a percentage of recovery between 90 and 100% was achieved, independently
of the pH value in the range 3-5. In the case of SHI-W, the highest values were between 60 and 75%
and were both dependent on the pH and the dose used. SHI-C was also able to selectively remove
70% of copper in the presence of NaCl 1 M. The analysis of the isotherms indicated the presence of a
complex adsorption mechanism that cannot be described by only one isotherm model.

Keywords: hemp shives; copper; adsorption; batch; pH; salts; isotherms

1. Introduction

Copper is a chemical substance and a material widely used in industry due to its
numerous applications such as electrical and electronic equipment, construction, cooking
utensils, energy sector, automobiles, food supplements, animal husbandry, cosmetology,
and jewelry. All these applications lead to a constant increase in the global demand for
copper, which is why the recycling and recovery of this element as a secondary source of
supply is becoming, more than ever, a major issue. In particular, the recovery of copper is
very interesting because the metal can be recycled indefinitely and easily reused without
any loss of quality or performance, its properties being comparable to those of mined
copper [1-5].

One possible source of copper recovery is wastewater from the metallurgical and
surface treatment industries. Techniques for the recovery of metals from aqueous solutions
such as electrolysis, adsorption, ion exchange, reverse osmosis, or selective extraction by
complexation are well known [6-10]. These methods are certainly efficient and rapid but
only profitable for high added value metals such as gold, silver, palladium or platinum, or
for the treatment of particular effluents, e.g., photographic solutions and printed circuits.
Indeed, for more conventional metals such as copper, manganese or nickel, electrolysis,
which is very energy consuming, has problems of profitability. Moreover, adsorption
on activated carbon and ion-exchange using organic resins are very sensitive to several
characteristics of wastewater, e.g., the presence of a very high organic load, highly variable
pH, and a high salinity close to that of marine water. In addition, the metal to be recovered
is often complexed to the organic load or to other mineral elements such as boron and
fluorides and in competition with other metal cations. Membrane techniques are also
energy intensive, non-selective, and require skilled personnel. Therefore, there is a need
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to continue to develop materials capable of complexing and selectively recovering copper
from wastewater while taking into account the characteristics of the wastewater to be
treated [11-13].

In the last decade, many non-conventional materials have been studied for their ability
to complex copper [14-25]. In spite of the numerous bibliographic data on the subject, there
are still no technical options that are cheap, simple to use, and efficient to recover copper
from metallurgical waters. Lignocellulosic materials based on hemp, flax, or wood have
been proposed to clean up water contaminated by metals or dyes [18-20,24]. For about
ten years, our group has been developing hemp fiber-based materials in the form of felt as
adsorbent systems to treat polycontaminated waters [26-29]. Another topic of our work
is focalized on hemp co-products such as shives produced by the hemp industry during
the processing of the plant. These wastes have found applications in soil improvement,
animal bedding, and mulching, and more recently in construction and bioplastics, as well
as in the production of energy, oils, biofuel, and biodiesel [29]. In the current study, we test
the adsorption capacities of shives for metal complexation using characteristics specific to
these natural co-products, such as their particular cellulosic structure and the presence and
reactivity of numerous chemical functions such as carboxylic groups.

Here, the adsorption properties of hemp shives to recover copper from aqueous
solutions was investigated using the batch method. Two materials, namely water-washed
hemp shives (SHI-W) and Na,COgs-activated shives (SHI-C), were studied and the effect
of initial copper concentration, solution pH, and solution ionic strength were evaluated.
The experimental adsorption data were modeled using the following common isotherm
models: Langmuir [30], Freundlich [31], Tempkin [32], Redlich [33] T6th [34], Hill [35], and
Dubinin-Radushkevich [36].

2. Materials and Methods
2.1. Hemp Shives and Reagents

Raw shives as a co-product of the hemp industry were provided by Eurochanvre (Arc-
les-Gray, Haute-Saone, France). Two materials, namely water-washed hemp shives (SHI-W)
and NayCOs-activated shives (SHI-C), were used. These commercial shives are intended
for plant and animal mulching, and insulation. They are constituted of parallelepiped
particles varying in length, from 5 up to 25 mm. Other characteristics are given in Table 1.
The two materials were prepared as follows: raw shives were washed several times with
osmosed water under agitation at room temperature until the wash water became clear; the
shives (noted SHI-W) were then separated by filtration and dried under vacuum at 80 °C
for one day; the dry SHI-W sample was then activated using sodium carbonate 1 M during
4 h at 40 °C; after cooling, the mixture was filtered, and the recovered shives (SHI-C) were
extensively washed with osmosed water (until neutral pH) and dried under vacuum at
80 °C for one day.

Table 1. Characteristics of the hemp shives samples: SHI-R: raw shives; SHI-W: water-washed hemp
shives; SHI-C: Nay;COgs-activated shives [37,38].

Sample SHI-R SHI-W SHI-C
a-cellulose (%) 55.53 56.93 62.93
Hemicelluloses (%) 12.48 15.42 9.58
Klason lignin (%) 26.54 26.70 26.59
Pectins (%) 0.43 0.79 0.42
Fats and waxes (%) 0.72 0.38 0.04
pH value at the point of zero charge 6.4 6.2 6.2
Ion-exchange capacity (meq/g) 0.10 0.13 0.31
Volume of the pores 2 (um3) 729 75.3 68.9

2 from nanotomography measurements (diameter greater than 1 um).
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Copper(Il) sulfate was purchased from Sigma-Aldrich (Saint-Quentin Fallavier, 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 solution 4.5 £ 0.1). Solutions
with lower copper concentrations were obtained by diluting the stock solution. The copper
concentration in all solutions was determined by inductively coupled plasma atomic emis-
sion spectroscopy (ICP-AES) following a standard protocol prior to each experiment [37,38].

2.2. In-Batch Copper Adsorption Experiments

The adsorption experiments were determined by the batch technique, which consists
of contacting the solution to be treated at a known concentration with a given mass of
adsorbent and stirring for a defined time. At the end of the experiment, the material is
easily removed by filtration and the treated solution analyzed to determine the adsorption
capacity of the material. Indeed, the copper concentration in solutions before and after
adsorption was determined by ICP-AES, and these values were used to calculate the
amount of metal adsorbed per gram of hemp shives, i.e., in mg/g. At equilibrium time
(te), ge is calculated from the mass balance equation given by Equation (1), where Cy and
Ce are the initial and final copper concentrations in liquid phase (mg/L), respectively, V is
the volume of metal solution (L), and m the mass of adsorbent used (g) [37,38].

V(Cy—-C
g = V-G (1)

A recent study showed that the optimal batch processing conditions for complexing
copper present in 100 mL of aqueous solution at a concentration of 25 mg/L and a pH 5.5
(similar to the concentration and pH of the industrial wastewaters) were as follows [37]:
adsorbent dose = 2 g, contact time = 2 h, rotating shaker speed = 250 rpm, tempera-
ture =2 £ 1 °C. These same conditions were used in this study to evaluate the effect of the
initial pH of the solution (range 2-5) as well as the presence of two salts, CaCl, and NaCl
(concentration range 0.1-1 mol/L). These salts are widely used in the formulations used
by the surface treatment industry, and concentrations of the cations in the order of several
dozen grams are found in the wastewater [37,38]. All experiments were replicated (n = 3)
under identical conditions.

2.3. Adsorption Models

To describe the experimental adsorption data obtained by varying copper concentra-
tions between 1 and 150 mg/L [37], seven commonly used adsorption isotherm models
were tested. The equations in non-linear form and the associated parameters are described
in Table 2. To evaluate the validity of each model, the results obtained by the fitting of
experimental data with each equation were analyzed using the non-linear correlation coef-
ficients of determination (R?) and the Chi-square test (x?). The lowest x? value indicates
that the applied model is more appropriate than others [39,40].

Table 2. List of seven adsorption isotherm models used in this study [30-36,41-50]. The non-linear
equation of each model expresses the amount of pollutant adsorbed at equilibrium (g, in mg/g) in
function of liquid phase pollutant concentration at equilibrium (C, in mg/L).

Isotherm Non-Linear Form Parameters
- Ky, (L/g): Langmuir isotherm equilibrium constant
Langmuir de = Tra ¢ @ ap (L/mg): Langmuir isotherm constant

Ry : separation factor

1
Ry = 7% 3 o .
Cp (mg/L): initial concentration
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Table 2. Cont.

Isotherm Non-Linear Form Parameters
: Kr ((mg/g)(L/mg)!/™): Freundlich constant
Freundlich Qe = KpCXF (4) ng: Freundlich isgtherm exponent
1/ng: heterogeneity factor
A (L/g): Tempkin isotherm equilibrium constant
Tempkin q = % (INACe) (5) b (J/mol): Tempkin isotherm constant

T (K): temperature
R (8.31]/mol K): gaz constant

Redlich-Peterson

KR (L/g): Redlich-Peterson isotherm equilibrium constant
KrCe (6) ag (L/ mg)B: Redlich-Peterson isotherm parameter
e B: Redlich-Peterson exponent

dmt (Mg/g): Téth maximum adsorption capacity

Téth Q= qLCe] 7) Krt: Téth isotherm constant
{Q—T+C‘e] N t: Téth exponent
N qu (mg/g): Hill theoretical isotherm saturation capacity
Hill quCe” ) Kp (mg/L): saturation constant

nyy: Hill cooperative binding constant

Dubinin-Radushkevich

Kpr (mol?/J?): Dubinin-Radushkevich isotherm constant
. gmax (mg/g): Dubinin-Radushkevich maximum
Qo = qmaxe*KDR(RTln(lJrcT)) (9)  adsorption capacity

E=—-L_(10) T (K): temperature
V2Kpr R (8.31J/mol K): gaz constant

E: apparent free energy

3. Results and Discussion
3.1. Effect of Solution pH on Hemp Shives Performances

One of the most important parameters in treating industrial wastewater is the initial
pH of the water, especially in the case of metal pollution. In fact, at low pH, metallic species
are found in cationic form and are more soluble and mobile in aqueous environments.
Moreover, these species form more or less stable complexes with the organic substances
(e.g., complexing agents and surfactants) present in industrial formulations. As the pH in-
creases, other types of complexes begin to form and the metals take the form of hydroxides,
sulfides, or anions depending on the type of alkalizing agent used. Finally, at a specific
pH value, they also start to precipitate. In addition, pH can also play an important role
on the surface charge present on the adsorbent material by changing the protonation state
of functional groups such as those found in lignin, polyphenols, pectins, and proteins
constituents [51,52].

Figure 1 shows the Cu removal percentages obtained by varying the pH solution in the
range 2-5 and using three different doses of adsorbent material. The adsorbent doses of 0.5,
1, and 1.5 g in 100 mL were chosen to highlight any differences in decontamination for the
two materials. pH values above 5 were not studied due to the onset of copper precipitation
at this pH. These results showed that the SHI-C material was much more efficient than
the SHI-W material. Indeed, for each dose of SHI-C, a removal percentage between 90
and 100% is achieved, independently of the pH value in the range 3-5. This pH range is
generally that of industrial waste baths in which the copper to be recovered is found [2,12].
Furthermore, 0.5 g of material is sufficient to achieve high purification efficiency, so there
is no need to increase the dose in this pH range, which can be an interesting economic
argument. In the case of SHI-W, the highest values were between 60 and 75% and mostly
dependent on the dose used (Figure 1). These results can be explained by the differences
in chemical composition and structure of the two materials, in accordance with the data
reported in Table 1. Indeed, the ion-exchange capacity of the SHI-C sample is three times
greater than that of SHI-W, suggesting the possible presence of a chemisorption mechanism.
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The SHI-C material can be considered as a weakly acidic cation exchanger due to the
presence of carboxylate groups in the Na* form. In addition, it should be noted that at the
end of each experiment, only for an initial pH of 5, the final pH of the solutions increased by
0.5 unit, suggesting acid-base interactions. Another observation concerned a little increase
in sodium concentrations after copper adsorption. These two observations also suggested

the presence of chemical interactions between the material and the metal ions.

100 -

(a)

—l—SHI-W 0.5 ¢ 1007 —li—SHI-C0.5¢g -
SHI-W 1¢g SHLC1
0 - SHI-W 1.5 g T SHI-C l:z. g
T 80
I 1
-~ T 1 1
o - o~
é 60 "y § 60 4
= z 3
> g ¥
1 + 2
g - 2 401 T
K
=4 & -
&
20 4 N 20
I
0 T T T T T 1 0
T T T T T |
0 1 2 3 4 s 6 0 1 2 3 4 5 6
pH pH

(b)

Figure 1. Influence of the initial pH of the solution on copper removal for three different doses of
(a) washed hemp shives (SHI-W) and (b) Nap,COj3 activated hemp shives (SHI-C). Other experi-
mental conditions: solution volume = 100 mL, [Cu?*] = 25 mg/L, contact time = 120 min, stirring
speed = 250 rpm, temperature =22 +£1°C,n = 3.

However, this cannot be the only explanation, as the values of ion-exchange capacities
are relatively low (Table 1). In addition, the values of point of zero charge are identical
for the two materials. At the pH values of the study, the materials should have a positive
charge, therefore they should not attract metal cations. This implies the presence of other
interactions and, therefore, a different kind of mechanism. Recently, using both microscopic
and spectroscopic data, we have demonstrated significant changes in the morphology and
structure of the material upon activation by carbonate [37]. These data were in agreement
with the hypothesis of a physisorption mechanism through a diffusion process into the
polysaccharide network. The mechanism is thus much more complex than a simple
physisorption or chemisorption. Another observation indicated the presence of several
physical and chemical interactions, which could take place simultaneously. Even at a pH of
3 (in which case the carboxylate functions are protonated), the SHI-C sample was able to
adsorb some amount of copper, regardless of the dose used, confirming a possible diffusion
mechanism [38]. In addition, when the pH was below 3, the removal significantly decreased
due to the high concentration of H* ions, which decreased the probability of encounter
between metal cations and the adsorbent material. Nevertheless, even at a pH of 2 and a
dose of 1.5 g, SHI-C is able to retain 45% copper (Figure 1). This phenomenon has been
observed in many similar studies conducted using agricultural low-cost materials such as
lignocellulosics as adsorbents for metal removal [28,29,37,51-54].

3.2. Effect of lonic Strength of Solution on Hemp Shives Performances

The ionic strength of the aqueous solution can impact the performance of an adsorbent
to remove metals. It is known that metallurgical effluents and surface treatment effluents
have very high ionic conductivities due to the wide use of salts and leaching formulations
in industrial processes [2,12,29,37,52]. To evaluate the influence of the ionic strength,
experimental tests were carried out by adding different concentrations of NaCl or CaCl,
to the copper solution. The results showed a decrease in adsorption capacity as the salt
concentration increased both for washed and activated hemp shives (Figure 2). This can be
explained by a decrease in electrostatic interactions as the ionic strength increases. However,
the high removal showed the selectivity of the materials to remove copper even in the
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presence of high salinity, especially in the case of NaCl. For example, SHI-C was able to
remove 70% of copper even in the presence of NaCl 1 M. The difference in the impact of
the two salts could be explained by considering the characteristics in size and charge of
the cations: Ca®* is a bivalent ion (as well as copper), and its ionic radius is closer to Cu?*
than Na*. Therefore, there is a greater competition towards the active sites of shives [27].
Moreover, the presence of a larger amount of counter ions in the case of CaCl, salt should
be considered. Indeed, chloride can lead to the formation of neutral or negatively-charged
complexes with metals that are soluble and difficult to remove [27,52,55].
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Figure 2. Effect of the ionic strength of solution on copper adsorption onto (a) washed hemp
shives (SHI-W) and (b) Na;COj3 activated hemp shives (SHI-C). Experimental conditions: adsorbent
dose =2 g; solution volume = 100 mL, [Cu*] =25 mg/L, [NaCl] = [CaCl;] = 0.1-1.0 M, contact time
=120 min, stirring speed = 250 rpm, pH = 5.2 £ 0.1, temperature =22 £ 1 °C, n = 3.

3.3. Adsorption Isotherm of Copper Removal Using Hemp Shives

The modelling of results using equilibrium adsorption isotherms is an essential step
to designing and optimizing each adsorption process. Different equations can be used to
determine the adsorption capacity of a material and to better understand the interactions
between the adsorbate and the adsorbent [42,46,56-58]. Our experimental data were fitted
using various common models having two or three parameters (Table 2). Figure 3 shows
the adsorption isotherms plots obtained for copper onto the two materials, and Table 3
summarizes all the constants calculated from the different non-linear equations.
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Figure 3. Adsorption isotherm plots of seven common isotherm models for copper adsorption onto
(a) washed hemp shives (SHI-W) and (b) Na,COj3 activated hemp shives (SHI-C).



Processes 2023, 11, 191

7 of 12

Table 3. Isotherm parameter constants for copper adsorption onto washed (SHI-W) and Na;COj3
activated (SHI-C) hemp shives obtained using seven common isotherm models.

Model Parameters SHI-W SHI-C
Jmax (mg/g) 6.1 10.2
Langmuir Ky (L/g) 0.13 8.74
ar, (L/mg) 0.02 0.98
. Kg (mg/g)(L/rng)l/n 0.31 3.33
Freundlich - 178 335
. b (kJ/mol) 0.80 1.74
Tempkin A (L/g) 0.71 18.33
Kg (L/g) 0.38 17.90
Redlich-Peterson ag (L/mg) P 0.62 3.60
b 0.57 0.82
qmT (Mg/g) 11.63 15.02
To6th Kt (L/mg) 0.24 1.59
t 0.41 0.35
Jmax (mg/g) 7.50 12.7
Hill n 0.73 0.55
K (mg/L) 29.14 2.50
qmax (Mg/g) 3.07 9.90

Dubinin-Radushkevich Kpg (mol2/kJ2) 789 6.36

The Langmuir isotherm is an empirical model (Equation (2) in Table 2) assuming
that adsorption is homogenous with all site having equal energy and affinity towards
the adsorbate. This model also implies that the adsorbate molecules are distributed in a
monolayer onto the surface of the adsorbent material, and there is no interaction between
them [41-46]. Two interesting parameters can be obtained from the Langmuir equation: the
maximum adsorption capacity (qmax in mg/g) and the separation factor Ry, (Equation (3) in
Table 2). The first one represents the highest metal ion uptake per unit mass of adsorbent:
for hemp shives, gmax increased from 6.1 mg/g for washed shives (SHI-W) to 10.2 mg/g for
activated shives (SHI-C). This increase is due to the structural and chemical modifications
of the adsorbent caused by the alkaline agent Na,COj3, which promotes both ion exchange
properties and diffusion in the material, as recently reported [59]. The Ry, constant gives
information about the linear (R}, = 1), irreversible (R, = 0), unfavourable (R; > 1), or
favourable (0 < R, < 1) adsorption nature of the process [44,56]. For SHI-W, Ry, values
were found in the range 0.0488-0.6060, meanwhile for SHI-C, the range was 0.0008-0.0223.
These results suggested that copper adsorption onto hemp shives was a favourable process,
especially after carbonate treatment [38,44,56,59].

Another widely used model is the Freundlich equation (Equation (4)), and its ap-
plicability suggests the presence of a heterogeneous system with a different energy dis-
tribution for active sites and a multilayer adsorption. Kg ((mg/g)(L/ mg)l/ M) and ng are
the Freundlich constants, indicating the adsorption capacity and the adsorption intensity
of the system, respectively [41-46]. When 1/np ranges between 0 and 1, the adsorption
is favourable; when 1/np is greater than 1, the adsorption process is unfavourable; and
when 1/np is equal 1, the adsorption is irreversible [44,53,57]. The Freundlich parameters
shown in Table 3 indicated that SHI-C had higher adsorption capacity than SHI-W. For
both samples, the adsorption process was favourable, with 1/np values of 0.56 and 0.30 for
washed and activated hemp shives, respectively.

The Tempkin isotherm model is suitable for a multilayer process, and it takes into
account the interaction between the adsorbent and the adsorbate [32,43—-46]. The model
described by Equation (5) assumes that adsorption heat decreases linearly as the coverage
surface increases, and it permits to calculate the Tempkin constant b (J/mol) related to
the heat of adsorption. According to Atkins [60], when the heat of adsorption values
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are less than 20 kJ/mol, the nature of the adsorption process is physical. The b values
found for SHI-C and SHI-W (Table 3) indicate a physisorption mechanism for copper
removal onto the two materials, confirming our experimental data. This is in agreement
with previous studies on the adsorption kinetics of copper on the same materials and their
characterisation by spectroscopic and microscopic methods after adsorption [38,59]. Other
researchers working on the adsorption of Zn and Cd by lignocellulosic materials have
reported similar conclusions [61,62].

The Redlich-Peterson isotherm is a three versatile parameters equation (Equation (6))
combining Langmuir and Freundlich features and applicable for demonstrating adsorption
equilibrium over a wide range of adsorbate concentrations. This isotherm model is also
applicable to homogenous and heterogeneous systems but does not follow ideal monolayer
adsorption. In this model, particularly interesting is the value of exponent {3: for =1 the
Redlich-Peterson equation reduces to the Langmuir one, for 3 = 0 it reduces to the one
parameter Henry’s model [42,46,47,58]. In our case, 3 values comprised between 0 and 1
were found for both SHI-C and SHI-W, which means that data are adequately explained by
the Redlich—Peterson isotherm [58].

The T6th isotherm is another empirical modification of the Langmuir equation per-
mitting to reduce the error between experimental data and predicted value of equilibrium
data [44]. This equation (Equation (7)) permits to describe heterogeneous adsorption sys-
tems, and it is valid for both low and high adsorbate concentration. The values of Téth
maximum adsorption capacity (gmT in mg/g) for SHI-W and SHI-C given in Table 3 were
greater if compared to the Langmuir qmax. Moreover, the qn,1 values for SHI-C were higher
than those for SHI-W, similar to those found for the Langmuir model. In addition, the val-
ues of T6th exponent were not equal to unity for both samples, indicating the heterogeneity
of the adsorption system [44,46,47].

The Hill model (Equation (8)) assumes that adsorption is a cooperative phenomenon
characterized by a cooperative binding constant (ny;) and describes the binding of species
onto homogeneous systems. Three cases are possible: a positive cooperativity in binding
when nyg > 1, a non-cooperative or hyperbolic binding when ng; = 1, and negative coopera-
tivity in binding when nyy < 1 [45,46,58]. In our case (Table 3), the values of ny; indicates
that adsorption is not a cooperative phenomenon.

The last equation used (Equation (9)) is that proposed in the Dubinin—-Radushkevich
model. This isotherm, originally designed for adsorption of vapours onto solid surface
and assuming a physisorption mechanism, is often used for the estimation of apparent free
energy. The Dubinin-Radushkevich model is based on the adsorption potential theory and
assumes a Gaussian energy distribution onto a heterogeneous surface and the presence of
a multilayer process involving van der Waal’s forces [49]. This model is also applied for
the adsorption of pollutants in a solid/liquid system. In this case, the determination of the
Dubinin—-Radushkevich parameters permits to highlight the nature, physical or chemical, of
the adsorption process, thanks to the determination of the apparent free energy (E in k] /mol
obtained using Equation (10)). If the value of E is below 8 k] /mol, the adsorption is physical,
whereas if it ranges between 8 and 16 kJ/mol, the adsorption is chemical [44,50,51,53]. In
our case, the E values calculated for SHI-C and SHI-W were 0.25 k] /mol and 0.28 kJ /mol
(Table 3), respectively, suggesting a physical adsorption mechanism.

In order to verify the validity of all the adsorption models and their applicability to
experimental data, the values of correlation coefficient (R?) and the chi-square test (x?)
were analysed (Table 4) [39,40,63-65]. The order of fitting found was:

- Redlich-Peterson > T6th > Hill > Freundlich > Langmuir > Tempkin > Dubinin-

Radushkevich for SHI W sample;

- Tempkin > Freundlich > Langmuir > Redlich-Peterson > Toth > Hill > Dubinin-

Radushkevich for SHI-C sample.
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Table 4. Non-linear correlation coefficient R?> and Chi-square x? of isotherms models for copper
adsorption onto washed (SHI-W) and NayCOj activated (SHI-C) hemp shives.

Isotherm SHI-W SHI-C
RZ XZ RZ XZ

Langmuir 0.9589 0.0839 0.8004 2.8537
Freundlich 0.9604 0.0815 0.8041 2.8005
Tempkin 0.9392 0.1241 0.8400 2.2874
Redlich—Peterson 0.9641 0.0734 0.7994 2.8677
Toth 0.9628 0.0759 0.79621 2.9139
Hill 0.9610 0.0797 0.7928 2.9631
Dubinin-Radushkevich 0.8759 0.2534 0.5588 6.3084

However, the close similarity in R? and x? values found for each model suggested
the presence of a complex adsorption mechanism that cannot be described by only one
isotherm. Indeed, even if the applicability of some models suggests the predominance
of a physical mechanism, the results of the study on pH and ionic strength also suggest
the presence of chemical interactions. In this work, we concluded that the mechanism on
this type of adsorbent is complex, involving several physical and chemical interactions
simultaneously, although it seems that the physical nature is predominant due to the
diffusion of cations in the polymeric network of the material.

4. Conclusions

The results described in this study confirmed that hemp shives, considered as low-cost
by-products of the hemp industry, can be used as adsorbents for the recovery of copper
ions from solutions. For the hemp sample activated by sodium carbonate, the performance
is independent of the pH of the solution between 3 and 5, a pH range characteristic of
industrial waste baths in which the copper to be recovered is found. The adsorption
results also indicated that 0.5 g of material were sufficient to achieve high purification
efficiency, so there is no need to increase the dose in this pH range, which can be an
interesting economic argument. Furthermore, even under high salinity conditions, the
material shows excellent capacity and selectivity for copper recovery. The material was
able to remove 70% of copper even in the presence of NaCl 1 M. The batch technique is
also simple and the process proposed in this work could find applications in the treatment
of real effluents containing high copper concentrations. The adsorption mechanism is
nevertheless complicated, involving several specific interactions such as surface adsorption,
interactions with the carboxylate groups, and diffusion into the macromolecular network.
These interactions can occur simultaneously and are intimately linked to the conditions
of the solution to be treated. The analysis of the isotherms confirmed the presence of a
complex adsorption mechanism that cannot be described by only one isotherm model, due
to the simultaneous presence of several interactions. The next step will be to carry out a
test on a semi-industrial scale on effluents from the surface treatment sector to study the
feasibility of its implementation.
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