Thorium adsorption by oxidized biochar pine needles - The effect of particle size
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Abstract

Removal and recovery of economically important (radio)toxic metals from industrial process and
waste waters is of particular interest in the frame of environmental protection and the need to cover
the growing demand on sustainable energy production. Thorium (Th-232) is a potential primary fuel
in nuclear industry it can be used in different reactor types and has compared to uranium important
waste disposal and proliferation advantages. The present study deals with adsorption/removal of
Th(1V) from aqueous solutions and particularly the effect of particle size on the metal ion adsorption
by oxidized biochar fibres derived from pine needles. The adsorption experiments were performed by
batch-type experiments and include the effect of particle size on the adsorption capacity (gmax) and
adsorption kinetics (ki), as well as FTIR studies and XRD measurements for the characterization of
adsorbed species and solid phases, respectively. The experimental data indicate that there is an
optimum range of particle size in which the maximum values for the adsorption capacity (Qmax= 0.76

mol kg™ or 181 g kg™) and the kinetic constant (k;= 0.3 s) are observed.

Introduction

Removal and recovery of economically important metals from industrial process and waste waters is
of particular interest in the frame of environmental protection and the need to cover the growing
demand for metals that play a key role in green and sustainable energy production and manufacturing
[1, 2]. Various techniques have been developed to remove (radio)toxic metals from contaminated
waters, including chemical oxidation, electrocoagulation, solvent extraction and adsorption [1, 2].
Amongst the various techniques that have been developed for the recovery of metal ions from aqueous
systems, adsorption and specifically biosorption is the method of choice for wastewater remediation
and metal-ion recovery due to its simplicity, low cost and efficiency [1-3]. The last decade, there is
increased interest in the use of biochar fibers, which present remarkable adsorbent properties, such as
easy material transport and high external surface available for adsorption. In addition, their affinity can
be enhanced towards hard metal ions after oxidation and the formation of surface carboxylic moieties
[4-7].



The present study is focused on thorium (Th) because this actinide is a potential primary fuel in
nuclear industry and can be used as alternative to uranium (U-235), because of it important waste
disposal and proliferation advantages [8]. Hence, anthropogenic activities related to thorium fuel
cycle, which are associated with large volumes of process and waste waters containing thorium, could
result in environmental pollution in the near field of such activities [9]. The experiments have been
carried out with Th(IV) because tetravalent thorium (Th(IV)) is the predominant oxidation state in
aqueous systems [7, 10]. There are few studies related to Th(IV) adsorption by biochar fibers, which
have been focused on the effect of various physicochemical parameters (e.g. pH, metal ion
concentration, temperature, contact time, ionic strength) affecting the adsorption efficiency [7, 12, 13].
However, to the best of our knowledge, there are no investigations dealing with the effect of biochar
particle size on the adsorption efficiency. Hence the present study deals with the adsorption of Th(IV)
from aqueous solutions and in particular with the effect of particle size on the adsorption efficiency of

thorium by oxidized biochar fibres derived from pine needles (pnco).

Experimental

The adsorption experiments and the determination of thorium concentration in the test solutions were
carried out as described elsewhere [7, 12, 14]. The adsorbent used was oxidized biochar prepared from
pine needles. The pine needles were collected from locally grown pine tree (Pinus brutia Pegeia). The
washed and air-dried needles were thermally treated under anoxic conditions (N2) to obtain the
carbonized product. The biochar was then oxidized with concentrated nitric acid (8 M HNOs, 3h) and
prepared for the characterization studies (FTIR, XRD, acid-base titration) as described elsewhere [7,
12, 14]. The different biochar particle fractions were obtained by using sieves of different mesh sizes
(> 500 pm, 500 pm - 200 pm, 200 um - 100 pm, 100 um — 50 pum and < 50 um).

Thorium adsorption on the oxidized biochar was investigated by batch equilibrium experiments as
described elsewhere [7, 12] at pH 3, constant mass of the biochar (m= 0.01 g) and variable initial
metal ion concentration (5 x 10°® mol L* < [Th(IV)] < 5 x 10® mol L, at pH 3). For the kinetic
experiments pH, initial metal ion concentration and mass of the biochar were kept constant and the
contact time was between 0 and 1440 minutes). The data analysis, as well as the uncertainty
evaluation, were carried out as described elsewhere [7, 14]. The relative amount of metal ion adsorbed

was determined using the following equations:

([Th(1IV)], -[Th(IV)],.)

(%) re. adsorption=100¢
[Th(IV)],

M)



where [Th(IV)], = the total metal ion concentration (mol-1") in the system or in the reference solution,
[Th(IV)]aq = metal ion concentration (mol-1"") in the test solution. In addition, [Th(IV)].q is equal to C.

(mol-1™) and q corresponds to the amount of M(z) adsorbed per unit mass of adsorbent.

The effect of temperature and contact time in order to evaluate the thermodynamic and Kinetic
parameters AH® and AS° and ki, respectively, was carried out using 30 mL aqueous solutions
containing 0.01 g of the adsorbent and 5 x 10* M Th(IV) at pH 3. Evaluation of the thermodynamic

parameters was performed using equations (3) and (4):
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where Kg is the distribution coefficient, AH® and AS° the standard enthalpy and entropy, respectively,
T the temperature in K, R is the universal gas constant, V the solution volume and m the mass of the

adsorbent.

The adsorption experimental data have been fitted using the Langmuir isotherm. The Langmuir
isotherm model is based on the assumption that all surface sites are similar and independent of their
neighbouring sites occupancy. Since, Th(IV) adsorption is expected to take place on specific surface
active groups (e.g. carboxylic groups) forming inner-sphere complexes [7, 12], the Langmuir isotherm
model is expected to fit well the experimental data. Moreover, the maximum adsorption capacity Qmax
is expected to coincide with the maximum number of surface sites available for adsorption. The

Langmuir isotherm model can be described by equation 5:
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where gmax is the maximum monolayer adsorption capacity (mg g*) and K, is the Langmuir isotherm

constant (L mg™) related to adsorption energy [15, 16].



Results and Discussion
Th(1V) adsorption by oxidized pine needle biochar (pnco)

The adsorption of Th(IV) by oxidized biochar fibers have been previously investigated using oxidixed
biochar fibers obtained from opuntia ficus indica and luffa cylindrical plant fibers [7, 12]. The
adsorption experiments, which have been performed at pH 3 to avoid hydrolysis reactions and the
formation of Th(IV) colloidal species and Th(OH), surface precipitation, and the resulting data have
shown increased adsorption of thorium, which was ascribed to the formation of inner-sphere
complexes between Th(IV) and the carboxylic groups present on the biochar surface [7, 12]. Similarly,
interaction of Th(IV) with oxidized pine needle biochar (pnco) results in the formation of inner-sphere
complexes as indicated by the corresponding IR spectra in figure 1. The peak at 3443 cm™and 1705
cm? are attributed the stretching vibrations of O-H associated with the carboxylic moieties or the
adsorbed water and the carboxylic moiety (C=0), respectively. The peak at 1630 cm™ corresponds to
the bending vibrations of adsorbed water molecules, whereas the peak at 1611 cm™ to the stretching
vibrations the carboxylic C-O moiety v(C-O). Moreover, the peaks observed at 1369 cm™, 1241 cm™,
1098 cm™ and 614 cm™ are observed due to the bending vibrations of C-O and C-H groups,
respectively [7, 12].
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Fig. 1 FTIR spectra of the oxidized biochar after Th(IV) adsorption at pH 3.0 and at different thorium

concentrations

The significant changes in the peak ratio at 1705 and 1611 cm™ with increasing initial metal
concentration indicates the formation of inner-sphere surface complexes between Th(IV) and the

surface carboxylic moieties as schematically described by Eq. (1):
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The Th(IV) adsorption is expected to occur via cation exchange reactions, as described by Eqg. (1),
because at pH 3 the carboxylic moieties are protonated and Th(IV) is expected to be present as di-

hydroxy complex [10].

Effect of particle size on the adsorption capacity

The adsorption capacity of the oxidized biochar regarding Th(IV) adsorption has been investigated as
a function of the pnco particle size by batch-type equilibrium experiments. The related experimental
data are shown in Fig. 2 and indicate that the pnco fraction with particle size between 100 pm and 200
um presents significantly higher adsorption capacity than the other fractions. This could be attributed
to the fact at this particle fraction the oxidized biochar offers the highest surface available for
adsorption since the particles are small enough but do not stick with one another, resulting in lower

specific surface area.
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Fig. 2 Adsorption isotherms of Th(IV) adsorption on oxidized pine needle biochar (pnco) as a function
of the biochar particle size at pH 3 (0.01 g of biochar, V = 30 mL, [Th(IV)]o =5 x 10° — 5 x 10 mol
L?, T =23 +2°C, 3 days reaction time)

The evaluation of the maximum adsorption capacities (qmax) has been carried out by applying the
Langmuir adsorption isotherm model to the experimental data and the gmax Vvalues obtained are

summarized in Table 1.

Table 1: Maximum adsorption capacities (Qmax) for the Th(IV) adsorption by pnco as function of the

particle size fraction

Particle fraction (max R




> 500 0.09 0.94

500 - 200 0.10 0.79
200 - 100 0.76 0.97
100 -50 0.17 0.98

<50 0.22 0.98

The gmax value of the biochar fraction between 100 um and 200 um is generally higher than gmax values
found in literature for Th(IV) adsorption by biomasses and carbonaceous materials [7, 12, 13, 17-22],

especially under such an acidic environment (Table 2).

Table 2 Comparison of adsorption capacities values (qmax) Of various adsorbent materials for Th(IV).

Adsorbent pH Omax (Mg g1) References
Activated carbon from olive stone 4 20.19 [17]
Nano-iron oxide (Fe,Os)-impregnated 6 21.3 [18]
cellulose acetate composite
Cystoseira indica alga 35 195.7 [19]
CaCl,-modified Giant Kelp biomass 35 135 [20]
Graphene oxide 2.9 134.58 [21]
Activated biochar fibres derived from 3 81 [12]
Opuntia Ficus Indica
Reduced graphene oxide 3 48.73 [22]
Oxidized biochar fibres derived from 3 70 [7]
Luffa cylindrical
NaOH-modified biomass derived from 3 96.3 [13]
duckweed
Oxidized biochar fibres derived from 3 181 Present study
pine needles

In order to prove that no surface precipitation has occurred, XRD measurements have been performed
and the corresponding diffractograms are presented in Fig. 3. According to Fig. 3 only the graphite
peaks are observed and there is no indication of Th(IV) solid phase precipitation up to thorium

concentration of 5x10° mol L™, at pH 3.
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Fig. 3 XRD spectra of the oxidized biochar after Th(IV) adsorption at pH 3 and at different thorium

concentrations

Effect of pnco particle size on the adsorption Kinetics

The adsorption of Th(IV) by oxidized biochar fibers is a relatively fast two step process (Fig. 4),
whereby the first step corresponds to the interaction of the Th(IV) cations with the surface carboxylic

moieties and the second step the metal ion diffusion within the biochar channels [7, 12].
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Fig. 4 Relative adsorption of Th(IV) by oxidized pine needle biochar as a function of time and for
different biochar fractions at pH 3 (0.03 g of biochar, V = 100 mL, [Th(IV)[o=5x 10*mol L, T =
23 +£2 °C, 24 h reaction time)

In order to evaluate the adsorption kinetics of the present system the Lagergren pseudo-first order
model has been applied to the experimental data corresponding to the first fast adsorption step and
obtained using biochar samples of different particle fraction [7, 12]. The respective graphs are shown
in Fig. 5, and the evaluated data are summarized in Table 3. The kinetic constant (ki) was calculated

using the Lagergren equation (Eq. (6)):



In(Qe-ay) = Inqe — kit (6)

where (e is the adsorbed amount of the metal ion in equilibrium (mol kg™), q; is the adsorbed amount
of the metal ion at time t (mol kg™), ki is the kinetic constant of the pseudo-first order kinetic model
(min™) and t is the time (min).
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Fig. 5 Lagergren plots corresponding to Th(IV) adsorption on oxidized pine needle biochar (pmco) as
a function of the biochar particle size at pH 3 (0.03 g of biochar, V = 100 mL, [Th(IV)], =5 x 10 mol
L%, T =23 +2°C, 24 h reaction time)

Table 3: Kinetic constants (ki) for the Th(IV) adsorption by pnco as function of the particle size

fraction
Particle fraction ki (s?) R
> 500 0.12 0.99
500 — 200 0.11 0.99
200 - 100 0.30 0.97
100 —-50 0.01 0.79
<50 0.05 0.80

Based on the experimental results summarized in Table 3, it is obvious that the particle size affects
significantly the adsorption rate. Nevertheless, the values of the k; are in the range of corresponding

values obtained from other thorium adsorption systems found in literature [12, 22].

Conclusion



The adsorption capacity of pnco for Th(IV) and the corresponding adsorption rates depend strongly on
the biochar particle size. The optimum range of particle size in which the maximum values for the
adsorption capacity (gmax= 0.76 mol kg™ or 181 g kg™) and the kinetic constant (k;= 0.3 s™) are
observed is between 200 — 100 um. According to FTIR studies the adsorption occurs through the
formation of inner-sphere complexes between Th(IV) and the carboxylic groups present on the biochar
surface. Moreover, XRD measurements indicate that there is no surface precipitation of Th(OH), and
the increased adsorption capacity is attributed to microchannels present in the pine needle biochar,

which provide them large external surface available for adsorption.
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