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Abstract

Biosorption has been examined for the treatment of aqueous solutions containing uranium, a radiotoxic pollutant. Never-
theless, the evaluation of the role of process variables by experimental design on the use of hydroxyapatite and bone meal
as biosorbents for uranium has not yet been previously addressed. In this study, the effects of adsorbent dosage (M), initial
uranium concentrations ([U],), and solution pH were investigated, using a two-level factorial design and response surface
analysis. The experiments were performed in batch, with [U],, of 100 and 500 mg L pH 3 and 5, and adsorbent/uranium
solution ratios of 5 and 15 g L™!. Contact time was fixed at 24 h. Removal rates were higher than 88%, with a maximum of
99% in optimized conditions. [U], and M were found to be the most influential variables in U removal in terms of adsorp-
tion capacity (¢). The experiments revealed that bone meal holds higher adsorption capacity (49.87 mg g~!) and achieved
the highest uranium removal (~ 100%) when compared to hydroxyapatite (g =49.20 mg g~!, removal =98.5%). The highest
value of g for both biomaterials was obtained for [U],=500 mg L~!, pH 3, and M=5 g L~!. Concerning the removal per-
centage, bone meal achieved the best performance for [U],=500 mg L', pH 3, and M= 15 g L™". Further experiments were
made with real radioactive waste, resulting in a high uranium adsorption capacity for both materials, with 22.11 mg g~ for
hydroxyapatite and 22.08 mg g~! for bone meal, achieving uranium removal efficiencies higher than 99%.

Keywords Adsorption of radionuclides - Biomaterials - Two-level factorial design - Radioactive waste - Response surface
methodology
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radioecological importance, mainly because of its persis-
tence in the environment over long periods. Sources of pos-
sible uranium contamination are numerous, including min-
eral mining, smelting, nuclear fuel generation, and nuclear
research (Guilhen et al. 2019). Furthermore, given the grow-
ing demands for electric energy generation in the last dec-
ades, uranium-containing nuclear wastes have dramatically
increased with the ascension of the nuclear power industry
(Kahouli 2011).

Several methods have been specifically developed for ura-
nium extraction from aqueous solutions (Wang and Zhuang
2019; Chen et al. 2020) such as covalent binding (Chen et al.
2013), ion-exchange (Rosenberg et al. 2016; Foster et al.
2020), electrostatic attraction (Zhao et al. 2018), surface
complexation (Curtis et al. 2004; Davis et al. 2004; Coutelot
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et al. 2018), and Van der Waal’s forces (Sprynskyy et al.
2011). New and alternative processes are constantly being
developed, aiming at removing radionuclides from aqueous
solutions and also in overcoming known issues of the con-
ventional treatment methods, such as the associated high
costs and the generation of higher volumes of liquid waste
resulting from these treatments (Das 2010, 2012).

Biosorption can be defined as the use of a biosorbent in
the uptake of metal(loid) ions from aqueous environments.
Examples of such biomaterials are algae, bacteria, yeast,
fungi, plant leaves, and root tissues. Biosorption has many
advantages, e.g., low capital and operating costs, selective
removal of metals, the possibility of biosorbent regeneration
and metal recovery, rapid kinetics of adsorption and desorp-
tion, and no sludge generation (Abbas et al. 2014). In this
context, many biomaterials have been extensively studied for
the removal of uranium from aqueous solutions (Wang and
Chen 2009), including biomasses such as rice stem (Zhang
et al. 2019), Solanum incanum leaves (Bakather et al. 2020),
Eichhornia crassipes (Yi et al. 2016), macrophytes (Vieira
et al. 2019), coconut fiber (Ferreira et al. 2018), coffee and
rice husks (Ferreira et al. 2020); microorganisms such as
Saccharomyces cerevisiae (Chen et al. 2020; Zhang et al.
2020; Wang and Chen 20006), Penicillium piscarium (Coelho
et al. 2020), Penicillium citrinum (Pang et al. 2011), Asper-
gillus fumigatus (Wang et al. 2010), and biochars such as the
ones derived from macauba (Guilhen et al. 2021), eucalyptus
wood (Mishra et al. 2017), Opuntia ficus indica (Hadjittofi
and Pashalidis 2014), rice straw (Dong et al. 2017; Yakout
et al. 2018), bone (Ashry et al. 2016), and rice husk (Wang
et al. 2018).

However, the use of bone meal for the removal of ura-
nium from radioactive aqueous solutions has been scarcely
investigated as a biosorbent. In this study, the bone meal
was used for the first time, in a comprehensive experimen-
tal investigation, as a biosorbent for U. Hydroxyapatite is
derived from bone and was used in this study as a tradi-
tional biosorbent, allowing a comparative evaluation of both
materials. There are yet no reports of these materials in the
literature regarding the treatment of real radioactive waste.
Moreover, the empirical models generated from the experi-
mental design reported in this study are original, especially
those obtained for the bone meal.

In the context of radioactive waste treatment, good
mechanical properties are a very important characteristic of
the biosorbent, especially if the final goal is the solidification
of the biomass waste (Bayoumi and Saleh 2018; Saleh et al.
2020). This will further impact the conditioning of the waste
into a stable solid form which will allow immobilization
and containment of the radioactive content for the necessary
time (Bayoumi et al. 2013). The application of bone meal
is attractive and advantageous because it is economically
feasible in comparison with commercial adsorbents (Satir

et al. 2021). It consists of a natural, abundant, substance that
contains a large amount of calcium phosphate in the form
of hydroxyapatite (Ca,y(PO,)s(OH),) (Paterlini et al. 2020).

Phosphate-derived materials, such as hydroxyapatite,
have been extensively studied for their efficiency to extract
uranium from the aqueous phase owing to their adsorption
capability, which has been ascribed to the surface com-
plexation and mineralization of phosphate with uranium
(Kong et al. 2020). It can also be used to remove radio-
nuclides from liquid radioactive waste generated in many
industrial and research activities (Kim et al. 2017; Ahmed
et al. 2021; Ouassel et al. 2021). Given the high potential
of hydroxyapatite, this biomaterial may be able to signifi-
cantly remove hazardous radionuclides, heavy metals, and
organic substances from radioactive liquid waste. Previous
research has indicated that hydroxyapatite alone is capable
to efficiently remove thorium from aqueous solutions (Fer-
reira et al. 2015). Furthermore, studies indicate that radio-
nuclides such as ?°Sr** (Kim et al. 2019), 28T1*, 22°Ra>*,
21283+ and 22!Ac®* (Akkaya 2012) were also adsorbed by
hydroxyapatite.

In this study, a full two-level factorial design is applied
to evaluate the effect of three experimental variables—solu-
tion’s initial concentration, pH, and adsorbent dosage—and
their interactions on the removal percentage and adsorp-
tion capacity of bone meal and hydroxyapatite aiming to
extract uranium from contaminated solutions. To the best
of our knowledge, the influence of these variables on ura-
nium removal through these biosorbents, especially bone
meal, has not been previously investigated in such a detailed
approach based on experimental design and response surface
methodologies. Furthermore, both materials were tested, for
the first time, as uranium biosorbents in a complex liquid
radioactive organic waste from a nuclear reactor.

Materials and methods
Biosorbents

Bone meal (Fénix Industria e Comércio de Fertilizantes,
Brazil) was purchased in the local market, and hydroxyapa-
tite was produced at the Materials Science and Technology
Center of the Nuclear and Energy Research Institute (IPEN-
CNENY/SP, Brazil). There was no pre-conditioning of the
materials, besides grounding and sieving to obtain particle
sizes between 0.297 mm and 0.125 mm. Subsequently, they
were stored in glass vials in the laboratory for later use.

Synthetic and radioactive waste solutions

Synthetic solutions of uranium were prepared by diluting the
uranyl nitrate (UO,(NO;),.6H,0) stock solution in distilled
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water. The initial pH of the prepared solution was 2.90, fur-
ther adjusted to the desired pH values, 3 or 5, by adding
either 1 mol L™! nitric acid solution (Merck, Brazil) or 1 mol
L' sodium hydroxide solution (Merck, Brazil). These val-
ues were selected because of the uranium speciation (Fig. S1
in Supplementary Information). The chemical equilibrium
calculation was made in the HYDRA-MEDUSA software
(Puigdomenech 2006). At this pH range, most of the ura-
nium ions in the solution are in the form of non-complexed
free uranyl ions (UO,** UO,NO;*) (Younes et al. 2018).
After exploratory results, synthetic solutions with initial
uranium concentrations ([U],) of 100 and 500 mg L, pH3
and 5, and adsorbent dosages of 5 and 15 g L™! were selected
for evaluation.

Experiments were also conducted with real liquid organic
radioactive waste (LORW) of research and development
activities from IPEN’s IEA-R1 research reactor. More infor-
mation on the characteristics of this waste is provided else-
where (Ferreira et al. 2013).

The radioactive waste is composed of water; ethyl acetate
(196 mg L™1); tributyl phosphate (227 mg L™"); [U(total)]
((2.226 +0.014) x 10> mg L™'); and many other radionu-
clides (Ferreira et al. 2013). The pH value is about 3 since
there is a significant amount of nitric acid in the liquid waste.

Biosorption experiments

Twenty-milliliter borosilicate glass vials with screw caps
containing the solution and the biosorbent were stirred
(130 rpm) at a controlled temperature (25+2 °C) in an
orbital shaker incubator (model BT 400, Biotech, Brazil).
The evaluation of the role of process variables was made
with 0.05 and 0.15 g of the adsorbents, which were sus-
pended in 5 mL of uranium aqueous solutions (100 and
500 mg L™!) and were kept in contact for 24 h. The super-
natant was separated from each biosorbent by a vacuum fil-
tration system (Model WP6211560, Millipore, USA) with
paper filters (slow filtration with an ash content <0.009%,
GE Healthcare, USA). Total uranium concentration was
determined in the adsorbate solutions, for synthetic and
LORW, by an iCAP 7400 Thermo ICP OES (Thermo Fisher
Scientific™, Waltham, EUA) using a linear calibration curve
at 409.014 nm between 0.05 and 5.00 mg L~! (R*=0.9999).
The uptake amount of uranium onto the biomaterial was
calculated using equation Eq. (1).

g= (CO C(f))V (1)
m
where g is the uptake of uranium (mg g™'), C,is the [U],
in solution (mg L"), C is the equilibrium concentration in
solution (mg L Yina given time ¢, V is the volume of solu-
tion (L), and m is the mass of the biosorbent (g).
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The removal percentage, R (%), was determined through
the following equation:

(Co—Co)

R(%) = 100
(%) e

@)

where R is the efficiency of extraction or retention per-
centage, C, (mg L‘l) is the initial concentration of U, and
C, (mg L") represents the uranium concentration at time ¢.

SEM/EDS analysis

Scanning electron microscopy (SEM) images of the biosor-
bents were obtained with a Hitachi TM-3000 (Tokyo, Japan)
tabletop microscope. Energy-dispersive X-ray spectroscopy
(EDS) data was also collected with this equipment, with a
tungsten source and acceleration voltages of 5 and 15 kV
and electron beam resolution of 30 nm. The samples were
dried in an oven (model 78,532, WTC Binder, Germany), at
a controlled temperature (105 + 2 °C) for 24 h. Double-sided
carbon adhesives were used to attach the material onto the
SEM stub. Images were obtained with magnification from
500 to 1500 times. SEM allowed morphological compari-
son between both raw biosorbents and their loaded versions,
in the following conditions: [U],=500 mg L [pH],=5;
M=15¢g L~'; contact time =30 min.

Two-level factorial design

The adsorption experiments were performed based on the
n=2*% equation, where n is the total of experiments, and k
is the number of variables. To determine the importance
of each process variable in terms of maximizing uranium
removal, a full factorial design was set up considering the
solution’s initial concentration (C;), pH, and the biosorbents
dosage (M), as shown in Table 1 (see also Supplementary
Information for the illustration, Fig. S2).

In summary, the effect of the variables was evaluated
using the 23 factorial design, performed in duplicate (total
of 16 experimental runs), and assessed according to each
parameter’s low and high levels, represented by (-1) and
(+ 1), respectively.

The experimental design, as well as the statistical analy-
sis, was processed using the RStudio Software (R Core Team
2021) with the package PID (Dunn 2021). Table 2 shows

Table 1 Real and coded variables for Ci, pH, and M

Variables Factor code Low level (-1) High level (+1)
C(mgL™) A 100 500

pH B 3 5

M@EL™ C 5 15




Environmental Science and Pollution Research (2022) 29:79816-79829

79819

Table 2 Matrix of the full two-level factorial design

Test [U], (mg L™ pH M(gL™
1 100 (-1) 3(-D 5(-1)

2 500 (+1) 3 (-1 5(-1)

3 100 (-1) 5(+1) 5(-1)

4 500 (+1) 5(+1) 5(-1)

5 100 (-1) 3 (-1 15(+1)
6 500 (+ 1) 3 (-1 15(+1)
7 100 (-1) 5(+1) 15(+1)
8 500 (+1) 5(+1) 15(+1)

the matrix of the full factorial design of each test with their
respective real and coded values. The analysis of variance
(ANOVA) of data was carried out at a 95% confidence level
to evaluate the interactions of the independent variables and
the main effects on the removal percentage of uranium and
adsorption capability.

The effect of each factor and its interactions were evalu-
ated in this work. The result of the full factorial design is
an adjusted linear equation that describes the value of the
outcome as a function of the factors and their interactions,
as follows:

Y=py+pA+ B+ ;C+ p,AB+ psAC + cBC + ,ABC
(3)
where Y is the outcome, S, represents the intercept, f; is
the regression coefficient related to the interactions, and the
main variables “A” is the solution’s initial concentration (mg
L1, “B” is the pH value, and “C” is the adsorbent dosage (g
L_l). Variables A, B, and C, each represent the main effect,
referring to the primary variables of interest. Variables AB,
AC, BC, and ABC represent the interaction effects.

Four dependent variables were evaluated: Y, stands for
uranium removal (%) by hydroxyapatite, Y, is the adsorp-
tion capacity for hydroxyapatite (mg g™'), ¥; is the uranium
removal (%) for bone meal, and finally, Y, represents the
adsorption capacity for the bone meal (mg g7!).

Results and discussion
Morphological analysis

Although the apparent density of hydroxyapa-
tite (1.0298 +0.0001 g mL~!) and bone meal
(0.9089 +0.0001 g mL~!) are somewhat similar, SEM
analysis indicated a rather different morphology of these
materials. Visual surface transformations during uranium
adsorption are shown in the micrographs in Figs. 1 and 2 for
the bone meal and hydroxyapatite, respectively. The micro-
graphs compare the material before and after the adsorption

process, applying the conditions described in the “SEM/EDS
analysis” section.

Micrograph images of hydroxyapatite and bone meal were
captured using particle sizes between 0.125 and 0.297 mm.
Figure 1a and Fig. 2a correspond to the micrographs of both
materials before the batch experiments were undertaken, evi-
dencing their irregular surface. Nevertheless, hydroxyapa-
tite presents a more uniform structure compared to the bone
meal. The micrographs (Fig. 1c and Fig. 2c) show that after
30 min of contact with the U solution, both biomaterials’
surfaces were modified as seen by the decreased presence
of interstices.

EDS analysis of the raw materials revealed that they pos-
sess a similar chemical composition (Fig. 1b and Fig. 2b).
Both raw materials contain calcium, phosphorus, and sul-
fur. The analysis demonstrated that bone meal has a more
significant amount of calcium (41.1%) than hydroxyapatite
(28.5%). According to Liu et al. (2016), uranyl ions can
react with the calcium surface sites present in hydroxyapa-
tite through ion exchange. In this case, better performance
for the bone meal is expected since there may be a higher
availability of calcium sites for this material, as indicated by
EDS analysis. Oxygen content was similar for both materi-
als (27%). Phosphorus content was also alike, with 2.5%
for hydroxyapatite and 4.2% for bone powder. Bone meal
(2.1%) showed a fairly superior amount of aluminum than
hydroxyapatite (0.1%). After the adsorption experiments, a
certain amount of uranium was found attached to the biosor-
bents surface (Fig. 1d and Fig. 2d).

Experimental data

In the following paragraphs, the results of biosorption of
uranium in synthetic solutions are discussed by the factorial
experimental design. Afterward, the results on the biosorp-
tion of U(total) in a LORW are presented. Table 3 shows
the conditions of the biosorption experiments, which were
performed at different [U],, pH, and adsorbents dosages. The
measured responses are also given.

Removal rates for hydroxyapatite comprised a range
between 88.9 and 98.5% depending on the experimental
condition, whereas bone meal indicated increased rates with
more than 99% of uranium removal for all experimental con-
ditions. On the other hand, adsorption capacities were very
similar (approx. 50 mg g~!), with the highest values obtained
inRun 2 ([U],=500 mg L™!; pH=3; M=5 g L™') and Run 4
([U)y=500 mg L™!; pH=5; M=5 g L") for both materials.
A comparison between these results and those obtained with
the LORW will be given further.

pH increased in most of the experiments after 24 h of
the mixtures (Fig. S3), with the maximum mean pH value
of 7.18 obtained in Run 8H (“H” for hydroxyapatite).
Runs 3H and 4B (“B” for bone meal) indicated almost no
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Fig.1 SEM images and EDS spectra of bone meal. a Micrograph of the raw material; b EDS of the raw material; ¢ Micrograph after 30 min in
contact with the uranium-contaminated solution; d EDS after 30 min in contact with the uranium-contaminated solution

difference in terms of pH after 24 h. Both Runs are the ones
conducted with the initial pH 5 and M=5 g L', indicat-
ing possible stability of the process. Run 3B, also with ini-
tial pH 5 and M=5 g L™, presented a slightly lower pH
after 24 h when compared to its initial pH, also observed in
Run 4B. According to Xiong et al. 2021, three mechanisms
may be involved in the removal of U(IV) by hydroxyapatite
adsorption, dissolution—precipitation, and ion-exchange.
The extent of each mechanism in the mixture of calcium
phosphate compounds such as bone meal or hydroxyapa-
tite and uranium in aqueous solutions is complex, but pH
changes over time may bean indicative of which mecha-
nisms are influencing the most in the adsorbent-adsorbate
interaction. Given that pH increased in most runs, for both
materials, the dissolution—precipitation was possibly the
primary process during the experimental trials. In this case,
a portion of these materials would have dissolved due to
the acidic conditions of the solutions, releasing Ca**" and

@ Springer

PO, (Ca,y(PO,)¢(OH), = 10Ca** +6P0O,*~ +20H")
that may have reacted with U(VI). This reaction could have
formed a new phase of Ca(UO,),(PO,), 3H,0.

Full factorial experimental design for the uranium
removal by hydroxyapatite and bone meal

The responses selected to evaluate uranium biosorption were
U removal (Y, for hydroxyapatite, Y5 for bone meal, %) and
adsorption capacity (Y, for hydroxyapatite, Y, for bone meal,
mg g~ '). The statistical summary (Tables S1 and S2) and
the Pareto charts (Fig. 3) show the significant effects on the
responses at the 95% confidence level (p values <0.05) for
the experiments with hydroxyapatite.

The length of each bar indicates the absolute value of the
estimated effects, which is important to determine the main
variables on uranium removal. Depending on the response
variable, Y, or Y,, the effects of the independent variables
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(a)

Fig.2 SEM images and EDS spectra of hydroxyapatite. a Micrograph of the raw material; b EDS of the raw bone meal; ¢ micrograph after
30 min in contact with the uranium-contaminated solution; d EDS after 30 min in contact with the uranium-contaminated solution

Table 3 Conditions and results

. . . Run no [Uly pH M Hydroxyapatite Bone meal
of the biosorption experiments
(mg L™") L™ Y (%)  Yy(mgg™) V(%) Y,(mgg™)
1 100 (-1) 3D 51 944 94 99.6 10.0
2 500 (+1) 3(-1) 5(1) 98.5 492 99.9 49.9
3 100 (-1) 510 51 95.0 9.5 99.8 10.0
4 500 (+1) 51 5(¢-1) 97.9 48.9 99.5 49.6
5 100 (-1) 3D 151 88.9 3.0 99.8 33
6 500 (+1) 31 15(+1) 95.4 15.9 99.9 16.7
7 100 (-1) 5HD 15(+1) 924 3.1 99.7 33
8 500 (+1) S5HD 15+ 91.4 15.2 99.9 16.6

Y, U removal (%) by hydroxyapatite; ¥, adsorption capacity for hydroxyapatite (mg g™'); Y; U removal (%)
for the bone meal; ¥, represents the adsorption capacity for the bone meal (mg g™%)

@ Springer
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Fig.3 Pareto plots for the experiments with hydroxyapatite: (gray fill) negative effect, (black fill) positive effect. a Removal percentage; b

adsorption capacity. A=[U],, B=pH, C=M (g L)

(A, B, or C) and their interactions provided contrasting
outcomes.

When it comes to removal percentage, we found that
adsorbent dosage (C), the interaction between [U],:pH
(B:C) and the three-variable interaction (A:B:C), contrib-
ute to a higher or lower degree to decrease uranium removal
(Y,) (Table S1). On the other hand, increased [U], provided
higher uranium removals, highlighting that higher uranium
amounts did not impair the adsorption of this element by the
hydroxyapatite (See Table S2). This is an indication that a
higher availability of uranium ions may facilitate the adsorp-
tion process with the hydroxyapatite. Only when pH and
adsorbent dosage were kept at 5 and 15 g L™!, respectively,
the uranium removal rate was diminished (Run 7 vs. Run 8).

In terms of adsorption capacity (g, ¥>), the only sig-
nificant effects were the positive effect of [U],, the negative
effect of M, and their interaction (See also Supplementary
Information, Table S2). The uppermost level of factor A
([U], (500 mg L~1) resulted in an increased adsorption
capacity of the hydroxyapatite (See Table 2), reaching val-
ues 3 to 5 times superior when compared to the lower level
of [U], (100 mg L™1).

The effect of the [U], on the responses is so critical that
it may hide the effect of the other independent variables
or their interactions. Response surface models were then

@ Springer

Table 4 The empirical models generated from the data of the full fac-
torial experimental design. Only the significant independent variables
were considered in these equations. For more details, refer to Table 3

Biosorbent Equation

Hydroxyapatite ~ Y;=94.23+1.55A - 2.22C - 1.07AB - 0.80ABC
Y,=19.26+13.02A - 9.98C- 6.76 AC

Bone meal Y;=99.78 +0.05A 4+ 0.08C - 0.09AB +0.08ABC

Y,=1991+13.27A-9.93C - 6.61AC

considered to search for the best domain in which uranium
biosorption would be paramount. Table 4 lists the values of
the fitted coefficients of the response surface model for the
biosorption process with hydroxyapatite, and Fig. 4c and
4d show two and three-dimensional contour plots for the
response variables Y; and Y,.

Figure 4a illustrates that to obtain the highest removal
percentage for hydroxyapatite, [U], and pH should be stud-
ied in their positive and negative (+ 1:-1) levels, respectively.
In that case, increasing factor A ([U];) and decreasing C
(pH) will lead to higher values of Y

The contour plot for removal percentage of hydroxyapa-
tite considering [U], and adsorbent dosage, shown in
Fig. 4(b), displays that the level is much higher at the
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Fig.4 Contour plot for the experiments with hydroxyapatite. a Removal percentage considering variables A:B; b removal percentage consider-
ing variables A:C; ¢ adsorption capacity; d response surface graph of A:C: ¥, (adsorption capacity, mg g™!)

right-hand inferior diagonal. In real-world values, [U],
should be set up at 500 mg L™' and M=5 g L.

Figure 4c and 4d shows a fast increase in the
hydroxyapatite adsorption capacity (¥,) with increasing
[Ul, (A) and decreasing M (C), meaning that one should
increase uranium concentration and diminish adsorbent
mass to further explore the experimental domain and
search for higher values of Y,. These results indicate the
potential of this material, being necessary fewer dosages
than those used (<5 g L™!) to reach its maximum capac-
ity. Because the interaction between A:C was statistically
significant to the response, only the solution’s initial
concentration (mg LY and M (g L") were considered
in the contour plot (Fig. 4). These plots indicate that the
experiments should be taken in [U],=500 mg L' and
M=5 g L™! to obtain the maximum ¢ value. In the case
of uranium removal, the most important interaction effect
is observed for A:B ([U],:pH) (Fig. 4a), whereas for the
adsorption capacity, A:C ([U],:adsorbent dosage) was the
most important one (Fig. 4c).

The statistical summary (see Supplementary Information,
Tables S3 and S4) and the Pareto charts (Fig. 5) show the
significant effects on the responses at the 95% confidence
level (p values <0.05) for the experiments with bone meal.

The significant terms regarding uranium removal (%) by
bone meal were different than those with hydroxyapatite.
The interaction effects were the most important factors in
this scenario, indicating the negative effect of the interac-
tion A:B ([U],:pH) and the positive effect of the three-way
interaction A:B:C ([U]:pH:dosage). Although the statistical
data had presented these effects in quantitative terms, care
must be taken since the values of uranium removal (R, %)
were very close, with all the values being higher than 99%.

As regards the adsorption capacity of uranium by
bone meal, the results were similar to those observed for
hydroxyapatite, i.e., positive effect of [U], and negative
effect of adsorbent dosage and their interaction (Table S4).
As also seen for hydroxyapatite, this material was able to
uptake more uranium with the increase in [U],,.

Figure 6a illustrates the two-dimensional contour plot for
the response variable Y,, while Fig. 6b displays the surface
response for bone meal considering the combined effects
A:C.

Figure 6a shows similar behavior to that of Fig. 4c, in
which bone meal adsorption capacity for uranium (Y,) is
rapidly boosted with increasing [U], (A) and decreasing M
(C). Greater values of adsorption capacity are expected with
increasing element concentrations, especially when removal
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Fig.6 Contour plot for the experiments with bone meal. a Adsorption capacity considering variables A:C. b Response surface graph of A:C:Y,

(adsorption capacity, mg g™")

is high in any studied experimental condition. The rationale
is that when the ratio of adsorbent mass and volume of solu-
tion is fixed, the g values are very dependent on the relation
between initial and final element concentrations. For this
reason, when the biosorbent is still able to uptake the target
element, ¢ tends to increase. For both materials, for assess-
ing their maximum capacities, one should increase uranium

@ Springer

concentration and reduce the amounts of the adsorbents per
volume of solution. The contour plot of removal percent-
age for the experiments with the bone meal was omitted
considering that all the performed experiments reveal more
than 99.5% of the uranium removal percentage. The com-
parison between the experimental data and predicted values
for adsorption capacity are given in Table S5. The results
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demonstrate that the experimental and the predicted data
were in good agreement, with an R?>=0.99934.

Application in a liquid radioactive organic waste

Both hydroxyapatite and bone meal were evaluated as
biosorbents of a LORW. The experiments were conducted
in the collected LORW, as received (AR). The [U], in the
LORW-AR is within the range of uranium concentration
studied in the experimental design with the synthetic solu-
tions ([U], approx. 220 mg LY. Again, M=5gL'and 15 ¢
L~! were evaluated. The results show that these adsorbents
performed very similarly (adsorption capacity of approxi-
mately 22 mg g~! for both materials) and experiments with
less adsorbent dosage provided the best results. Although
bone meal achieved a greater U removal percentage with
the prepared solutions, hydroxyapatite (¢ =22.11 mg g/,
removal =99.34%) presented the best results for LORW in
terms of adsorption capacity. The final pH for the materials
slightly increased from about 3 to the range of 3.07-3.69.

The equations generated from the full factorial experi-
mental design (Table 4) were applied to predict the removal
behavior of U in LORW. The experimental and the pre-
dicted data (Table S6) revealed that the estimated values
of U removal through these equations provided similar
results to those obtained in the experiments, indicating that
these equations can satisfactorily predict this system even
if applied to a complex radioactive organic waste. This is
a clear indication of the adsorption selectivity achieved for
these biosorbents in the experimental conditions, given that
the presence of other radionuclides and organic compounds
did not hamper their performance.

Comparison with the literature

The comparison of the experimental adsorption capacity
(Gerpr Mg g~ 1) of hydroxyapatite and bone meal with adsorp-
tion capacities of several adsorbents for uranium in previous
studies are displayed in Table 5 (See also Supplementary
Information, Fig. S2).

As shown in Table 5 and Fig. S4a, hydroxyapatite and
bone meal presented better results than many materials,
such as Yarrowia lipolytica marine yeast, Solanum inca-
num leaves, Pistia stratiotes, sugar beet pulp, Citrus lemon
peels, Chlamydomonas sp., and live Pseudomonas strain, but
clearly, there are other biosorbents with higher adsorption
capacities for the treatment of synthetic solutions contami-
nated with uranium, such as pomegranate peel, Aspergillus
nidulans, Ankistrodesmus sp., cyanobacterium Anabaena
flos-aquae, Sargassum boveanum, Lemna sp., Russula san-
guinea, Cladophora hutchinsiae, Vigna radiata, Ceratophyl-
lum demersum, Cystoseira sp., and Eichhornia crassipes.
A cluster of these biosorbents is shown in Fig. S3b and

indicates that hydroxyapatite and bone meal are in the same
aggregate of the Solanum incanum leaves, H,0,/MgCl,-
treated Azolla filiculoides, pomegranate peel, and the brown
algae Laminaria japonica (if 4 groups are considered for the
entire clustering set).

Conversely, when real radioactive waste solutions are
considered, the studied materials presented better results
than most materials. Lemna sp., for instance, presented a
exp OF 162 mg g~! when applied to synthetic solutions. This
value is much higher than those obtained for the bone meal
(49.87 mg g~') and hydroxyapatite (49.20 mg g™'). On the
other hand, when employed in the treatment of LORW, both
bone meal and hydroxyapatite presented about 10 times the
adsorption capacities of Lemna sp. However, when com-
pared to Quercetin-sodium hydroxide modified Spirulina
Platensis, these values were 3.3 times lower. Given that the
materials used in the present work have not yet been modi-
fied to increase their potentials, the so-far obtained results
are promising.

As mentioned by Satir et al. (2021) and Hariani et al.
(2019), bone meal and hydroxyapatite have many benefits.
They are natural or synthesized from natural sources, are
environmentally sound and inexpensive. Given that these
materials were similar in terms of adsorption capacities and
uranium removal, bone meal is more cost-attractive since it
is easily obtained. Moreover, bone meal does not require to
be synthesized, and is more affordable.

Conclusions

The adsorption capacity to remove uranium from aqueous
solution by bone meal and hydroxyapatite was evaluated
in this work. A two-level full factorial design was used for
modeling and optimization of uranium removal conditions.
The optimization experiments had to be carried out with a
[U] of 500 mg L~" and 0.05 g of the biosorbent, so to obtain
the highest adsorption performance towards U present in an
aqueous solution. Under these conditions, hydroxyapatite
was able to remove 98.5% of U, with a g of 49.2 mg g™,
In the case of bone meal, a removal of 99.9% and a ¢ of
49.9 mg g~! were achieved. The findings indicated that
bone meal and hydroxyapatite offer a potentially efficient
and cost-effective alternative in the treatment of aqueous
solutions containing U, but also demonstrated real applica-
tion in the treatment of complex solutions such as liquid
organic radioactive waste (LORW), having achieved over
99% of U removal. In this scenario, hydroxyapatite achieved
the highest uranium uptake (22.11 mg g~!). The obtained
results on the removal of U in LORW by these materials
revealed that the presence of other radionuclides and organic
compounds did not alter their efficiency. Moreover, the
empirical model developed in the present work was able
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Table 5 Comparison of uranium uptake by several biomasses with those used in the present work

Biomass Type of solution g (mgg™) Reference
Bone meal Synthetic 49.87 This work

Radioactive liquid organic waste 22.08
Hydroxyapatite Synthetic 49.20

Radioactive liquid organic waste 22.11
H,0,/MgCl,-treated Azolla filiculoides Synthetic 422 Namdarian et al. (2021)
Ca-pretreated Cystoseira indica algae Synthetic 454.50 Hassan Khani et al. (2006)
Brown algae Laminaria japonica Synthetic 96.4 Lee et al. (2014)
Sargassum biomass Synthetic 560 Yang and Volesky (1999)
Pomegranate peel Synthetic 93.4 Nuhanovi¢ et al. (2021)
Aspergillus nidulans Synthetic 263.16 Abozaid et al. (2021)
Ankistrodesmus sp. Synthetic 601.2 Cheng et al. (2021)
Quercetin-sodium hydroxide modified Spirulina Real radioactive waste 73 Mohammed (2020)

Platensis

Cyanobacterium Anabaena flos-aquae Synthetic 196.4 Yuan et al. (2020)
Sargassum boveanum Synthetic 255 Hashemi et al. (2020)
Yarrowia lipolytica marine yeast Synthetic 15.11 Kolhe et al. (2020)
Solanum incanum leaves Synthetic 39.98 Bakather et al. (2020)
Rice and coffee husks Radioactive liquid organic waste 1.96 Ferreira et al. (2020)
Pistia stratiotes Synthetic 6.81 Vieira et al. (2019)
Lemna sp. Synthetic 162.08

Radioactive liquid organic waste 2.20
Sugar beet pulp Synthetic 20.45 Nuhanovi¢ et al. (2019)
Citrus lemon peels Synthetic 24.39 Sabanovié et al. (2019)
Chlamydomonas sp. Synthetic 6.34 Baselga-Cervera et al. (2018)
Russula sanguinea Synthetic 174.3 Bagda et al. (2018)
Raw coconut fiber Real radioactive waste 0.66 Ferreira et al. (2018)
Activated coconut fiber Real radioactive waste 1.82 Ferreira et al. (2018)
Cladophora hutchinsiae Synthetic 152 Bagda et al. (2017)
Vigna radiata Synthetic 230 Naeem et al. (2017)
Ceratophyllum demersum Synthetic 140.45 Yietal. (2017)
Cystoseira sp. Synthetic 468.01 Gok et al. (2017)
Eichhornia crassipes Synthetic 142.8 Yi et al. (2016)
Potamogeton pectinatus L Synthetic 1.56 Pratas et al. (2014)
Lyophilized Pseudomonas strain Synthetic 0.54 Sar and D'Souza (2001)
Live Pseudomonas strain Synthetic 0.41 Sar and D'Souza (2001)

to satisfactorily predict the values of g and R, suggesting a
high affinity of these materials for uranium. In addition, the
adsorption capacity found for these adsorbents was relatively
higher in comparison with other reported materials for the
removal of U.
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tary material available at https://doi.org/10.1007/s11356-021-17551-x.
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