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ABSTRACT

Biochar (BC) is a carbon-rich product obtained when biomass is thermally decomposed at relatively low temperatures
(under 700°C) and limited supply of oxygen in a process called pyrolysis. Because of its porous structure, charged sur-
face and surface functional groups, BC exhibits a great potential as an adsorbent. Its characteristics strongly depend on
the feedstock and the pyrolysis conditions. The aim of this study was to evaluate the adsorption potential for the remov-
al of uranium, U(VI) from aqueous solutions using BC obtained through slow pyrolysis of the macauba coconut endo-
carp. The influence of parameters such as pH, sorbent dose and initial concentration on the adsorption of U(VI) was
investigated. The BC obtained at 350 °C (BC350) presented a removal percentage of approx. 80 %, demonstrating its
applicability for the treatment of uranium contaminated aqueous solutions.
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1. INTRODUCTION

Radioactive uranium aqueous wastes emerge as a result of many distinct nuclear activities such as
mining, research, fuel cycle and nuclear medicine. Environmental issues have become increasingly
important in the last few decades especially due to the large number of uranium production facilities
which have been taken out of operation recently. Decommissioning and rehabilitation have become
a concern, since the remediation of formerly utilized sites involves a broad investigation of the envi-
ronment and the extent to which it has been affected, before applying the necessary administrative
and technical actions to restore it under the auspicious control of regulatory agencies [1].
Monitoring of the water from uranium mills is required to ensure that all constituents are within
regulatory compliance. Equally, the treatment of uranium contaminated wastewater is essential be-
fore its discharge into the environment. Combined techniques and operations such as chemical pre-
cipitation, reverse osmosis, solvent extraction, micellar ultrafiltration and adsorption are normally
required for the treatment of uranium contaminated wastewaters and liquid radioactive wastes [2,
3]. Among the possible techniques, adsorption stands out for its efficiency and specificity, requiring
a simple design and low investment [4].

Several adsorbents for uranium have been reported in literature comprising biological adsorbents
such as the fungus Aspergillus niger [5], the green algae Scenedesmus obliquus [6], the aquatic
plant E. Canadensis [7] and the fungus Rhizopus arrhizus [8], inorganic adsorbents such as the
modified bentonite [9] and organic adsorbents such as carbon microspheres [10] and IPN poly-
mer [11].

Agricultural by-products have been studied as a sustainable solution for wastewater treatment [12],
providing a wide range of renewable sources for the production of biochar, a porous stable material.
Several studies have demonstrated that biochar can be applied for wastewater treatment because it
effectively removes heavy metals from aqueous solutions [13, 14]. Biochars derived from pine nee-
dles, switchgrass, rice husk and eucalyptus [15-18] have been applied for uranium sorptive removal
from aqueous solutions.

Biochar may be produced using slow pyrolysis technique, in which the biomass is heated to rela-
tively low temperatures (< 700 °C) in the absence of oxygen [19]. Heating rate, residence time and
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temperature have a direct impact in the distribution and yield of each of the biochar [20, 21]. Of
these parameters, the maximum temperature to which the biomass is subjected in the pyrolysis reac-
tor, called highest treatment temperature (HTT) has the greatest overall influence on the biochar
properties [22, 23, 24].

Macauba (Acrocomia aculeata) is a palm tree prevalent in the Brazilian savannah, which coconut is
used to produce oil. As a residue of the nut-oil extraction, the endocarp has a potential to be used as
feedstock for biochar production, because of its elevated lignin content [25]. By doing so, value is
imparted to the residue.

In this study, the influence of parameters such as pH, adsorbent dose and initial concentration on the
adsorption of U(VI) was investigated for the macauba biochar obtained at 350 °C (BC350) in order
to optimize the adsorption conditions for the removal of U (V1) from aqueous solutions. The selec-
tion of the optimal parameters is part of the preliminary studies which allow to maximize the BC’s
performance, being very important, not only for the application itself, but for the realization of fur-

ther experiments and characterizations.

2. MATERIALS AND METHODS

2.1. Materials

The macautba coconut endocarp was supplied by Solea (Jodo Pinheiro, MG, Brazil). After skin and
pulp removal from the coconut, the chestnut, constituted by the endocarp and almond, was broken
using a jaw crusher, allowing the separation of the endocarp.

A standard solution of 1000 mg L™ of uranium was prepared by dissolution of a UsOs certified ref-
erence material (CRM 129-A, natural 2**U) supplied by New Brunswick Laboratory (New Bruns-
wick, NJ, USA). This solution was used to prepare diluted solutions used for adsorption and cali-
bration experiments. All solutions were prepared using ultrapure water (18.2 MQ cm resistivity)
and Merck’s analytical grade nitric acid, HNO3 65 % (Darmstadt, Germany).

2.2. Sample preparation
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After sampling for removal of dirt and unbroken coconuts, the endocarp were shredded in a cutting

mill passing over a 3/8 Mesh screen and subsequently oven-dried at 100 °C for 3 hours.
2.3. Biochar production

Pyrolysis of the endocarp was conducted using a Thermo Fisher (Asheville, NC, USA), Lindberg
Blue M, horizontal tubular steel reactor heated by an electric furnace at the Laboratory of Recy-
cling, Waste Treatment and Extraction (Polytechnic School, University of Sao Paulo) under inert
argon atmosphere. Six different temperatures were independently adjusted and ranged from 250°C
to 750°C. The carbonized samples were identified as “BCT”, in which “T” corresponds to the HTT;
for instance: BC250 when the HTT is 250°C. The dried endocarp was subjected to six different
HTTs, as shown in Table 1.

For each HTT, approximately 30 g of endocarp was processed applying an argon (Ar) gas flow of
40 mL min™. The sample was kept at each HTT for 1 h (residence time). By the end of the process,

the furnace was switched off and the reactor was allowed to cool.

Table 1: Pyrolysis heating steps at a heating rate of 5 °C min™.

Steps 250 °C 350 °C 450°C 550°C 650°C  750°C
1 50 min
2 70 min
3 90 min
4 1h50
5 2h10
6 2h30

The argon flow proceeded during the cooling process in order to purge the reactor of any remaining
pyrolysis gases and to prevent any oxygen exposure of the biochar while still above ignition tem-

perature.
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After that, the alumina crucible containing the biochar was removed from the furnace and allowed
to cool at room temperature in a desiccator. Finally, the biochar was ground in a cutting mill pass-

ing over a 120 Mesh screen and stored in hermetic polypropylene bottles.
2.4. Sorption experiments

Equilibrium adsorption experiments were conducted in triplicates using batch technique and the
experiments were performed in a rotary shaker using 100 mL glass beakers, 120 rpm stirring rate at
room temperature (25 °C) during 24 hours contact time, to ensure the attainment of the system’s
equilibrium. The adsorbent was separated by filtration using a SCP Science (Baie-D’Urfé, QC,
Canada) 0.45 micron Teflon membrane filter (DigiFILTER).

The U(VI) concentration in the reminiscent filtrate solution was subjected to a determination by
inductively coupled plasma optical emission spectrometry using a Spectro ARCOS ICP OES
(Kleve, NRW, Germany). The adsorption of U(VI) was evaluated as a function of pH, adsorbent
dose, initial concentration and contact time. The initial pH was adjusted using 0.1 mol L™ HNO;
and 0.1 mol L™ NaOH solutions.

The adsorption capacity, gt (mg g™, of the adsorbent was calculated using the Eq. (1):

(CD - Cr} xV (1)
M

qr =
where q; is the adsorbed amount of adsorbate per gram of adsorbent at any time t, Cy and C; the
concentrations of the adsorbate in the initial solution and at any time t, respectively (mg L™); V the
volume of the adsorbate solution added (L) and M the amount of the adsorbent used (g).

The extraction efficiency, R (%), was determined through the following equation:

R (%) = (%)x 100 (2)
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where R is the efficiency of extraction or percentage removal, Co (mg L) is the initial concentra-
tion of each adsorbate and C; (mg L) represents the concentration of the adsorbate at time t.

3. RESULTS AND DISCUSSION

3.1 Effect of pH

The pH of the aqueous solution affects the surface charge of the adsorbents as well as the degree of
ionization and speciation of the solute. The pH values were evaluated in a range between 2.0 and
7.0, while the other parameters (adsorbent dosage of 10 g L™ and U initial concentration of 5 mg L’
1) were held constant.

BC350 was selected for the preliminary experiments based on a previous study [26], in which the
gravimetric yield factor was used to identify the temperature at which to obtain a biochar with the
maximum fixed carbon content and gravimetric yield. In this case, the gravimetric yield obtained
for BC350 was of 46.09 % and the fixed carbon content was of 60.22 %, rendering a gravimetric
yield factor of 0.28 %, which, by comparison, qualified 350 °C as the operational HTT.

The influence of pH on the removal of U(VI) ions onto macauba biochar is presented in Figure 2.

Figure 1: Effect of initial pH on the adsorption capacity of U(VI) onto BC350; Co(U) =5 mg L™,
adsorbent dosage = 10 mg L, contact time =24 h; T= 25+ 2 °C.
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As can be seen in Figure 2, the adsorption ability for uranium onto BC350 strongly depends of the
pH value. The uptake amount of U(VI) reached the maximum adsorption capacity at pH 3.0. At
lower pH values (pH < 3.5), over 95 % of the uranium is present as free uranyl ions (UO,*"). How-
ever, when the solution pH is too low, the amount of protons (H™) can compete with the uranyl cati-
ons for adsorption sites in the biochar. Thus, the adsorption decreases when pH < 3. However, as
the solution pH is gradually increased, the presence of different mononuclear and polynuclear ura-
nium (V1) hydrolysis products in the form of [(UO,)p(OH)q]®®* responds for the decrease of the
adsorption, since these species have lower affinity with the adsorbent [7].

3.2 Effect of adsorbent dosage
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The adsorbent dosage is an important parameter because it is associated to the determination of the
adsorption capacity of an adsorbent for a given concentration of adsorbate. The adsorption studies
of U(V1) onto biochar materials were conducted by varying the adsorbent dosage from 1 to 20 g L™.
The influence of adsorbent dosage on adsorption of U(V1) ion is shown in Fig. 3.

Figure 2: Effect of the adsorbent dose on the adsorption of U(VI) onto BC350; Co(U) =5 mg L™,
pH = 3, contact time =24 h; T=25+ 2 °C.
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As seen in Figure 3, increasing the adsorbent dose up to 20 g L™ substantially decreases the adsorp-
tion capacity (the amount adsorbed per unit mass of adsorbent) for U(VI), which is mainly due to
the sites remaining unsaturated during the adsorption process and can be mathematically explained
[27]. Another reason may be attributed to the particle interactions, such as aggregation, caused by

high adsorbent concentration [28]. Such aggregation would lead to a decrease in the total surface
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area of the adsorbent [29]. Thus, further increase of adsorbent dosage does not afford exhaustive
adsorption of U(VI). However, in terms of removal, the maximum effect is observed when a dose of

10 g L™" is used. Therefore, this dose was adopted for adsorption experiments.
3.3. Effect of initial concentration

The initial concentration (Co) of the U(VI) aqueous solution was evaluated for a range of concentra-
tions from 1 to 50 mg L ™. The experiments were performed using a dose of sorbent of 10 g L™ and
adjusting the solutions to pH 3.

The influence of initial concentration (Co) on adsorption of U(VI) ion is shown in Figure 4. An in-
crease of the adsorption capacity (qt) is observed when Co was increased from 1 to 5 mg L™, reach-
ing a gt maximum at 5 mg L™. As the concentration was increased to higher concentrations, a
steady decrease of gt was observed until 25 mg L™ after which it appears to assume a constant be-

havior.

Figure 3: Effect of the initial concentration on the adsorption of U(VI) onto BC350; pH = 3; ad-
sorbent dose = 10 g L™"; contact time =24 h; T=25+ 2 °C.
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This is in accordance to the selected dose, which was optimized for the given initial concentration

(Co=5mg L™). In the event of working with more concentrated solutions, new correlations to other
doses should be evaluated.

3.4. Adsorption on BC350

The adsorption of U (V1) onto BC350 was investigated using an initial U concentration of 5 mg L™,
pH 3 and 10 g L™ biochar dose. The adsorption capacity obtained for BC350 was of 408 mg g™* and
the removal efficiency was of 80.1 %. These results point to the promising potential of the macauba
biochar as an adsorbent for the treatment of uranium containing aqueous solutions and were enabled

through the optimization of the adsorption conditions, at which the BC350 can be applied to its
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maximum efficiency. Additionally, it must be emphasized that the obtained biochar didn’t undergo
activation steps.

4. CONCLUSION

Batch experiments were employed to evaluate the adsorption capacity of the biochar derived from
macauba coconut residue for removing uranium ions from aqueous solutions aiming its application
for the treatment of liquid wastes and contaminated wastewaters. The biochar was obtained using
slow pyrolysis under inert argon atmosphere. The results revealed that the optimal conditions were
achieved at pH 3, adsorbent amount of 10 g L™ and U (V1) initial concentration of 5 mg L™. A re-
moval efficiency of 80 % was achieved for BC350 using a heating rate of 5 °C min™ and a resi-
dence time of 1 h. The results demonstrated the potential of the macauba biochar as a value-added

material for uranium removal from aqueous radioactive wastes.
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