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Abstract

With the widespread of boron application, more and more boron residues pollute water sources, leading to a series of envi-
ronmental and health problems. In this context, the objective of this work was to investigate boron adsorption and to set the
optimal conditions to maximize boron uptake from water by bone char (a low cost material produced from bovine bones
waste) and, simultaneously, to minimize the variance of the process, aiming at future industrial applications. Design of experi-
ments was carried out using the central composite design. Optimization was carried out by generalized reduced gradient
and normal border intersection methods. At initial effluent pH of 7.72, solid-liquid ratio of 59.95 g L™! and an initial boron
concentration of 18.63 mg L™, it was possible to reach 43% of boron removal, with a variance of 2%. The equilibrium study
showed that Freundlich model described better the system, compared to Langmuir, Henry, Temkin and Langmuir-Freundlich
isotherms, suggesting a reversible process. Pseudo-second-order adsorption kinetics model best fitted experimental data.
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Introduction

Boron (B) is an element distributed vastly in the hydrosphere
and lithosphere on earth in forms of boric acid, borate salts,
X< P. L. Mesquita and borosilicate minerals (Guan et al. 2016; Dolati et al.
patriciamesquita @ufsj.edu.br 2017). These compounds are commonly used as an antisep-
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the production of glass, porcelain, ceramic, semiconductors
and metal alloys (Alkurdi et al. 2019).

The main sources of boron can be either natural such
as leaching from rocks, soils containing borates and boro-
silicates, and volcanic activities, or industrial (Goren and
Okten 2021). With the increase in the consumption boron
compounds in industry and agriculture over the last two
decades, and subsequent disposal into the environment, the
concentration of this element in some water resources has
also enhanced, becoming a serious threat to ecological sys-
tems, humans, animals and plants (Jalali et al. 2016; Yan
et al. 2022).

Although boron is an essential micronutrient, excessive
exposure can cause detrimental effects to plants, animals,
and humans (Zhang et al. 2022). For some plant species,
boron is the element with the narrowest range between defi-
ciency and toxicity, being considered an essential nutrient
in low concentrations (up to 0.3 mg L"), and toxic in con-
centrations slightly higher than 0.5 to 2.4 mg L~! (Brdar-
Jokanovié¢ 2020). In contact with certain level of boron,
plants may exhibit symptoms such as chlorosis and necrosis
in the leaves, decreased growth, inhibition of photosynthesis
and, eventually, death (Xin and Huang 2017).

Although boron toxicity is more pronounced in plants, in
humans, prolonged use of water containing this agent may
cause gastrointestinal problems, circulatory dysfunction,
blood circulation disorders and problems in the reproduc-
tive system, including infertility, fetal malformation and
dysplasia (Dolati et al. 2017; Wang et al. 2018). Therefore,
the maximum concentration of boron in drinking water has
been regulated in some countries and regions, for example,
the European Union recommends 1.0 mg L~! and the World
Health Organization (WHO) 2.4 mg L~! (EU 1998; WHO
2017).

Consequently, several technologies have been studied for
removing boron from aqueous solutions in the last decade,
including: adsorption (Delazare et al. 2014; Jalali et al. 2016;
Lyu et al. 2017; Demey et al. 2019; Heredia et al. 2019),
reverse osmosis (RO) (Chen et al. 2016; Wang et al. 2018),
ion exchange (Kameda et al. 2017), electrocoagulation and
electrodialysis (Dolati et al. 2017; Chen et al. 2020), coagu-
lation and chemical precipitation (Yoshikawa et al. 2012;
Sasaki et al. 2016; Chorghe et al. 2017), phytoremediation
with native plants known as boron hyperaccumulators and
hypertolerants (Chen et al. 2017; Tiirker et al. 2017; Xin and
Huang 2017) and hybrid processes (Oladipo and Gazi 2016;
Ban et al. 2019).

Among them, adsorption is considered the most prom-
ising method, due to its low cost, operational simplicity,
regeneration capacity depending on the adsorbent adopted
and, in general, it is effective in aqueous media, even for
low concentration of this contaminant (Lyu et al. 2017). In
recent years, several types of adsorbents have been studied
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to remove boron from aqueous solutions, including resins
and chelating fibers, activated carbon, clays and minerals,
metal oxides, industrial waste materials, natural materials
and metal-organic frameworks (Lin et al. 2021).

The use of adsorbents derived from agricultural residues
and low added value solids has shown great potential in the
removal of boron from effluents due to the presence of a
highly porous structure, several functional groups and low
production cost (Yagmur Goren et al. 2022). Kehal et al.
(2010) used vermiculite modified by thermal shock for
boron removal in effluents achieving an adsorption capacity
of 0.16 mg g~!. Jaouadi (2021) prepared an activated carbon
from pine sawdust for the treatment of boron in water and
reported an adsorption capacity of 1.58 mg g~'. Melliti et al.
(2020) reported that activated carbon from palm bark was
used for the removal of boron from the aqueous medium and
found an adsorption capacity of 2.37 mg g~'.

Bovine bone char has already been applied for water and
wastewater treatment, including color removal (Ip et al.
2010; Reynel-Avila et al. 2016; Cheng et al. 2017; Cruz
et al. 2019); removal of metals, such as chromium (Isaacs-
Paez et al. 2014), arsenic (Alkurdi et al. 2021), copper and
zinc (Hernandez-Hernandez et al. 2017), as well as for
water defluoridation (Rojas-Mayorga et al. 2015; Medellin-
Castillo et al. 2016; Nigri et al. 2016b; Asgari et al. 2019)
and removal of organic compounds (Mesquita et al. 2017a;
Mendes et al. 2019; Nigri et al. 2019). In addition to its
low cost, adsorption studies with bone char have evalu-
ated its ability to regenerate (Medellin-Castillo et al. 2016;
Nigri et al. 2016a, b; Mesquita et al. 2017a, b; Meili et al.
2019). The use in multiple cycles, thus increasing its life and
consequently, reduces the process costs and the unwanted
generation of residues (Nigri et al. 2016a). Besides, bovine
bone char composes a sustainable cycle since, in addition to
being produced from voluminous residues, after its use and
depletion in the adsorption process, it could be reused as a
renewable and efficient phosphate fertilizer for deficient soils
(El-Refaey et al. 2015). Indeed, the addition of this material
to the soil may improve physical and chemical characteris-
tics while also implying in significantly reduced emissions
of carbon dioxide (CO,) and other greenhouse gases into the
atmosphere (Saleh et al. 2020).

Sasaki et al (2016) investigated the co-precipitation of
borate with hydroxyapatite (HAp, (Ca,(PO,)s(OH),)) using
Ca(OH), as a mineralizer in the presence of phosphate. The
authors suggested that the borate removal process consisted
of, at least, two steps: (1) simultaneous immobilization of
borate with precipitation of HAp (co-precipitation), where
borate was immobilized together with phosphate in the crys-
tallization of HAp and (2) immobilization through sorption
in precipitated HAp (Sasaki et al. 2016).

Thus, the present work proposed the use of bovine bone
char, a low cost material, produced from food industry,
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slaughterhouse and tanneries waste, as a potential adsorbent
for boron uptake, since it is mainly composed of calcium
phosphate, as hydroxyapatite, calcium carbonate (calcite)
and only 10% (weight) of carbon (Mesquita et al. 2017a).
Therefore, even though boron removal is still seen as a chal-
lenge, this work is a new contribution to better understand
the adsorption process of this contaminant onto bovine bone
char, mainly regarding kinetics, equilibrium and optimiza-
tion of process conditions to support future decisions on
industrial scaling up.

Material and methods
Materials and samples for adsorption tests
Bone char

Bovine bone char was produced by calcination in an oven
with limited amount of oxygen, at a temperature of 800 °C,
for 8 h, by Bonechar Carvao Ativado Ltda., in Maringa,
Parani, Brazil (Mendes et al. 2019). Quartering was per-
formed according to Brazilian technical standards for reduc-
ing field samples for laboratory tests (ABNT NBR NM 27:
2001; ABNT, 2001). Sieving was carried out by vibrating
sieves of 6, 12, 32, 48, 60 and 100 mesh (Bertel Inddstria
Metaldrgica—Ltda.), for 15 min at 5 rpm, and particles of
12-32 mesh (0.5-1.4 mm) of bovine bone char was selected
for the adsorption tests. To guarantee the removal of fines
that could be adhered to the surface, the material was washed
4 times with distilled water (250 g of bone char/ L of water)
and dried in an oven (Sterilifer SX1.1 DTME) at 120 °C for
2 h (Mesquita et al. 2017a).

Steam pre-treatment of bovine bone char The method-
ology for the steam pre-treatment was based on Mesquita
et al (2018). The assembly set up consisted of a glass tube
in which cotton supported a 60 cm deep bone char bed. A
rubber hose connected the open bottom of the glass tube to
a 500 mL Kitasato flask, containing water, which was kept
on a hot plate, under stirring, at 200.0+ 1.0 °C. The steam
produced was at 96.0+0.5 °C and the contact time with the
char was 15 min.

Synthetic effluent

The synthetic effluent at 18.63 mgB L~! was prepared by
dissolving 0.63 g of ROLLIT EZ505 deoxidizer (50-70%
disodium tetraborate pentahydrate (Na,B,0,.5H,0), Buden-
heim México SA), in 1 L of distilled water, under stirring.
The pH of the solution (9.0) was measured with a pH meter
Digimed—22 and corrected using 0.1 mol L™! of sodium
hydroxide, NaOH (Cromato Produtos Quimicos Ltda.), or

0.1 mol L™! nitric acid, HNO, (Dinamica Ltda.) solutions,
as defined in the design of the experiment (Sect. 2.4.1).

To assess the influence of the initial boron concentration,
effluent solutions were prepared in concentrations of 4.9;
10.8; 20.4; 29.5 and 38.0 mg L, using the same reagents.

Adsorbent characterization

Surface area and pore size distribution were carried out based
on nitrogen adsorption/desorption Brunauer—Emmet—Teller
(BET) multipoint analysis and Barret-Joyner-Halenda (BJH)
model, respectively (Quantachrome equipment, model Nova
1000e). N, as inert gas, 100 °C preparation temperature,
under vacuum, for 6 h.

X-ray diffraction (XRD) to identify crystalline phases in
the adsorbent was also performed according to the powder
or Debye Scherrer method, in a Rigaku diffractometer (Mini-
flex 600) operating with CuKa radiation, goniometer speed
0.5° min~!, angle range from 5° to 80° (26) (Mesquita et al.
2017a).

Fourier transform infrared spectrometry (FTIR) analy-
ses for new and boron saturated bovine bone char were car-
ried out in a Bruker Alpha II equipment (resolution 4 cm™!,
range from 400 to 4000 cm™"). Attenuated Total Reflectance
(ATR) diamond crystal methodology was used, with 128
scans.

Zeta potential and mean hydrodynamic diameter were
determined according to D'Onofre Couto et al. (2021) by
photon correlation spectroscopy at 25.0+0.1 °C (Zetasizer
Nano ZS, Malvern Instruments Inc.).

Points of zero charge (PZC) pH of bone chars were car-
ried out according to the “experiment of 11 points” meth-
odology, described by Regalbuto and Robles (2004). 50 mg
of the adsorbent and 50 mL of aqueous solution were mixed
under 11 different initial pH conditions (2, 3, 4, 5, 6, 7,
8,9, 10, 11, 12), corrected with HCI or NaOH solutions,
0.1 mol L', and the pH, after 24 h of equilibrium, was
measured again. The pHp,~ was obtained from the arithme-
tic mean of the points that tend to the same value.

Adsorption experiments

All batch adsorption tests were carried out in an orbital
shaker (New Technique-712), at 180+ 1 rpm and con-
trolled temperature as designed for each study. According
to the solid—liquid ratio desired, the bone char masses were
weighed on an analytical scale (Mars-AY220) and added
to 100 ml of effluent in a 250 ml erlenmeyer flask. After
equilibrium time was achieved, the treated effluent and the
bovine bone char were filtered through 8 pm quantitative
filter paper. The bone char was dried in a laboratory oven at
50 °C for 24 h.
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Table 1 Non-randomized CCD generated tests for boron adsorption
onto bovine bone char

Experiment Initial Solid-liquid ratio Boron initial
effluent concentration
pH* (Co)

L™ (mg L™

“In natura” bone char

1 5.0 20.0 10.8

2 11.0 20.0 10.8

3 5.0 80.0 10.8

4 11.0 80.0 10.8

5 5.0 20.0 29.5

6 11.0 20.0 29.5

7 5.0 80.0 29.5

8 11.0 80.0 29.5

9 8.0 50.0 20.4

10 8.0 50.0 20.4

11 8.0 50.0 20.4

12 8.0 50.0 20.4

Steam pre-treated bone char

13 3.1 50.0 20.4

14 12.9 50.0 20.4

15 8.0 1.0 20.4

16 8.0 99.0 20.4

17 8.0 50.0 4.9

18 8.0 50.0 38.0

19 8.0 50.0 204

20 8.0 50.0 204

“Initial pH of the effluent was corrected to the desired pH. Without
the correction, it was 9.0

Design of experiments and optimization

Experiments were carried out according to a central compos-
ite design (CCD), using three factors (pH, solid-liquid ratio
and initial boron concentration) and two blocks (steam pre-
treated and “in natura” bone chars), taking boron removal
and variance as responses, according to Table 1. Samples
were kept in a shaker, at 25.0+0.1 °C, 180+ 1 rpm, for 24 h.
Boron percentage removal was calculated according to
Eq. 1. Initial (Cy) and final (C) concentrations were obtained
from the Carmine method (4500B) in “Standard Methods
for Examination of Water and Wastewater” (APHA 2017).

Cy-C

0

%Boron removal =

ey

Optimization for boron percentage removal was per-
formed according to Generalized Reduced Gradient (GRG)
method, using Excel® Solver tool. However, aiming at
minimizing the variance and, at the same time, maximizing
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boron uptake, a Pareto Frontier was constructed from Nor-
mal Boundary Intersection (NBI) algorithm (Paixao et al.
2019).

Kinetics studies

Three kinetics studies were performed at different tempera-
tures (15.0+0.1) °C, (25.0+0.1) °C and (35.0+0.1) °C.
Boron adsorption onto bovine bone char was monitored
over 48 h of experiments. From the design of experiments
and optimization results (Sect. 3.2.1), the solid-liquid ratio
selected for the kinetics studies was 59.95 g L™!, with an
initial effluent pH corrected to 7.72 and initial boron con-
centration of 18.63 mg L™!. To determine the equilibrium
time for each kinetics study, 13 experiments were carried
out (05 min, 10 min, 15 min, 20 min, 25 min, 30 min, 1 h,
1h 30 min, 3 h,6h, 12 h, 24 h and 48 h). Nonlinear pseudo-
first-order, pseudo-second-order and Elovich models fit were
evaluated.

Equilibrium study

Batch adsorption tests for equilibrium studies were per-
formed by evaluating different solid-liquid ratios (2.5; 5.0;
10.0; 25.0; 50.0; 100.0; 200.0; and 400.0 g L_l) at room
temperature (25.0+0.1 °C) for 6 h. Nonlinear Freundlich,
Henry, Langmuir, Langmuir—Freundlich and Temkin iso-
therms models were fit to experimental data to obtain the
parameters and describe the system.

Results and discussion
Adsorbent characterization

Particle size distribution for granular bovine bone char is
shown in Fig. 1. It is observed that the parameters D50, D10
and D90 are equal to 0.70, 0.35 and 1.25 mm, respectively.

As the fraction retained between the 12.0-32.0 mesh
(0.5-1.4 mm) sieves corresponded to 72.9% of the bone
char sample, it was isolated and used in all experiments
performed in order to standardize the adsorbent size for the
adsorption process. In addition to greater availability, bovine
bone char in the selected size can be used in both modes,
batch and continuous systems.

Table 2 shows the surface area, the average diameter
and the total pore volume for new non-treated and boron
adsorbed bone chars.

New and boron adsorbed bone char presented surface area
of 104 and 107 m? g_l, respectively, thus, in accordance with
previous studies. Nigri et al. (2016a, b) reported 139 m* g™/,
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and Ribeiro (2011), 119 m2_ g_l, using bone char from the
same supplier, to remove fluoride from aqueous solutions.
Also, Tovar-Gomez et al. (2013) reported surface area from
104 to 129 m? g, for bone chars from different suppliers,
Meili et al (2018) and Mesquita et al (2017a, b), who used
bovine bone char from the same supplier, for the adsorption
of organic contaminants, reported surface areas of 94 m* g~!
and 90 m? g~!, respectively.

Mesoporous structure for both, new and boron adsorbed
bone char, was also confirmed (average pore diameter of
7.25 and 7.55 nm and total pore volume of 0.1880 and
0.2010 cm® g~!, respectively) by BJH pore distribution
model. Thus, “adsorption proceeds via the consecutive for-
mation of adsorbate layers which is completed by the phe-
nomenon of capillary condensation” (White et al. 2009).

Figure 2 presents N, adsorption/desorption isotherms
for both, new and boron adsorbed bone chars.

A hysteresis loop with non-parallel branches is
observed, typical of pores whose size distribution is wide
and shape is not well defined. Adsorption/desorption curve
(Fig. 2) would be classified into Type V, according to
Thommes et al. (2015), in their [UPAC Technical Report.
According to the authors, for Type V isotherms shape, for
low range of p/p,, relatively weak micro or mesoporous
adsorbent-adsorbate interactions are present, what makes
it, in this region, very similar to Type III isotherms; as p/
po increases, “molecular clustering is followed by pore fill-
ing”. The shape of hysteresis loop is very close to type Hj,
suggesting that the bone char could be constituted by non-
rigid aggregates of plate-like particles or macropores of
the pore network that are not completely filled (Thommes
etal. 2015).

Indeed, X-ray diffraction (XRD) analysis showed a
relatively amorphous material and few peaks could be
distinguished in the analysis (Fig. 3), suggesting a proper
crystalline structure of HAP could not be achieved either

Fig. 1 Particle size distribution 100
for bovine bone char
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Table 2 New and boron adsorbed bone chars surface areas and poros-
ity

Bone char Surface Mean Total pores
area diameter volume
m’g™h (A (em’g™h

New (non-treated) 104 72.5 0.19

Boron adsorbed (saturated) 107 75.5 0,20

during bone char production. Medellin-Castillo et al.
(2016), while studying the influence of calcination tem-
perature on crystalline phases, crystallite size, obtained
similar results and contents of hydroxyapatite, monetite,
and other calcium phosphates, present in their synthesized
bone char.

As expected, XRD confirmed the presence of hydroxyapa-
tite (Ca,((PO,)s(OH),) from the peaks corresponding to
angles 25.9°,31.7°, 40.0°, 46.7° and 49.5° (JCPDS 09-0432)
and calcite (CaCO,) in the peaks at angles of 23.0°, 29.4°,
36.0°, 48.5° and 64.7° (JCPDS 47-1743) (Flores-Cano et al.
2016; Nigri et al. 2016a). No changes among the samples
of new and steam pre-treated bone char before and after
adsorption with boron were noticed. As no new peaks were
noticed before and after boron adsorption, it can be noticed
that no formation of new minerals took place and the pre-
cipitation mechanism was not important for boron removal
by the biochar.

FTIR analysis was used to detect changes in bone char
structure after boron adsorption. Figure 4 shows the FTIR
spectral bands of bovine bone char (black line) and after the
boron adsorption process (red line). No significant changes
were observed, except for the region of oxygen functional
group bands (OH group at the range of 3303-3690 cm™})
(Azevedo et al. 2017; Alkurdi et al. 2021). The bands at 470,
560, 600, 961 and 1023 cm™! came from PO, ions, the last
two being attributed to the stretching vibrations P-O and
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Fig. 3 Diffractograms for a steam pre-treated bone char and b non-
pre-treated bone char, after the adsorption process to remove boron; ¢
steam pre-treated new bone char and d non pre-treated new bone char.
H=hydroxyapatite (Ca,,(PO,),(OH),) and C=calcite (CaCO5)

the others corresponding to PO4_3 bending vibrations (Patel
et al. 2015; Jia et al. 2017). The C-O stretching vibrations at
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1450, 1410 and 871 cm™" has been assigned to CO; > group
(Patel et al. 2015).

Scanning electronic microscopy (SEM) for the same
material, presented by Mesquita et al (2017a, b) in Fig. 5,
shows high porosity and irregularities on the bone char
surface. Rocha et al. (2011) identified chemical species on
the particle surface of bone char by SEM and the authors
observed high contents of calcium and phosphorous, as
expected, being these the major elements, in accordance
with the origin of the solid (cow bones, constituted of
hydroxyapatite, which is the bearing phase of phosphorus).

The point of zero charge pH (pH pc,) of new bone char
was 7.2+0.1, as shown in Fig. 6. Table 3 shows zeta poten-
tial and mean hydrodynamic diameter for new and boron
adsorbed bone chars.

Mean hydrodynamic diameter is statistically the same
before and after boron adsorption, but zeta potential shows
that boron adsorption leads to a decrease (in module) of the
negative potential. In other words, the results suggest the
uptake of some positively charged compound in the condi-
tions analyzed.

Lin et al (2021) reports “the major species of boron in
aqueous solution is boric acid (B(OH);), a weak acid with
pKa value of 9.2, and its conjugate base (B(OH), 7) that
predominates in alkaline condition”. The optimized pH of
boron adsorbed bone char was 7.8 and analyses were, then,
carried out within these conditions. Zeta potential and pHpcy
confirmed negatively charged adsorbent; thus electrostatic
interaction would not be a potential mechanism for boron
adsorption. Indeed, optimization analyses (addressed appro-
priately in the next sections) showed that the more alkaline
the medium became, the more boron removal diminished,
due to repulsion between (B(OH), 7) and the negatively
charged solid.
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Fig.4 FTIR analyses for a new
and b boron saturated bovine —— (a) New adsorbent
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Fig.5 Scanning electronic microscopy (SEM) images for bone char (Mesquita et al. 2017a, b)

Besides HAP, calcite (CaCO;) is also present in bone
char, as previously observed. Thus, Ca>* is available in the
solution and at pH > pHp, a positively charged boron com-
pound will emerge, as expressed by Egs. 2 and 3:

B(OH); + H,0 = B(OH); + H* )

Ca®* + B(OH); = [CaB(OH),]" 3)

According to Demetriou et al. (2013), the hydroxyl
groups on the hydrous surface of metal oxides and hydrox-
ides are capable of forming borate esters like chelating
functional groups, as boric acid is known to have a great

affinity with polyols through chelating mechanism. Also,
as stated by Lin et al (2021), the neutral surface group,
=MeOH, will be protonated as =MeOH,* at low pH and
deprotonated as =MeO™ at high pH, and boron removal
by the metal-based adsorbents is rather pH-sensitive.
Indeed, Medellin-Castillo et al. (2016) also observed that
the oxygenated groups attached to the carbon may also be
deprotonated and protonated to form acidic and basic sites,
and this seems to be the case, as HAP seems quite stable
and no changes were observed in the corresponding HAP
bands, even when boron is present, similar to what was
reported by Yang-Zhou et al. (2021), indicating that “the
borate ions were not removed by replacing the phosphate
radical of precipitates in HAP” (Yang-Zhou et al, 2021).
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Thus, similar to what has happened to Liu et al. (2021), B
was removed as negatively adsorbed [CaB(OH),] *, sug-
gesting occlusion co-precipitation mechanism (Fig. 7).

Another important discussion and confirmation is about
the limitation of boron uptake under the conditions ana-
lysed, taking into account the mechanism: B(OH),™ starts
to appear at pH=6.0 and at pH="7.8 (condition inves-
tigated), very low concentration of B(OH),™ is present,
leading to a low [CaB(OH)4]Jr availability. Furthermore,
as bovine bone char has about 9 to 11% calcite and car-
bon and 75% hydroxyapatite, which is relatively stable
and does not easily release large amounts of Ca ions, the
formation of [CaB(OH),]" and its consequent adsorp-
tion onto the bone char surface is low (Nigri et al. 2016b;
Yang-Zhou et al. 2021), what explains the low adsorption
capacity for boron uptake.

Table3 New and boron adsorbed zeta potential and mean hydrody-
namic diameter

New bone char Boron
adsorbed
bone char

Zeta potential (mV) —-229+33 —-17.8+04
Mean hydrodynamic diam-  184.7+6.5 182.4+3.7

eter (nm)

Adsorption studies
Design of experiments and optimization

From the complete factorial design using 3 factors and 4
central points, it was possible to confirm the presence of
curvature (p value =0.027), which showed that the chosen
levels were adequate for building a response surface and
obtaining a quadratic model for the quantification of boron
removal. For the construction of the CCD, experiments
related to axial points, two central points and the block cor-
responding to steam-treated bone char were added, results
presented in Table 4.

Analysis of variance (ANOVA) was performed and the
results are shown in Table 5.

The predicted model presented satisfactory fit (from p
value analysis and R? Ajust=95.3%) to represent boron per-
centage removal by bone char under the adopted conditions
(T=25.0+0.1 °C; rotation= 180 + 1 rpm; time =24 h).

The main factors evaluated were significant for boron
removal, except for the interactions between two factors
and the square interaction of initial boron concentration
in the effluent. The difference between the blocks con-
cerning pre-treatment taking boron percentage removal as
response was not significant (p value =0.726). Thus, the

Fig.7 Schematic diagram for Borate ion
boron removal mechanism onto H
bovine bone char
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Table4 CCD results for boron removal by bovine bone char
(T'=25.0%0.1 °C; rotation= 180+ 1 rpm; time =24 h)

Blocks* pH Solid/liquid ratio Initial con- Boron removal
centration of
boron
L™ (mg L™ (%)

1 5.00 20.00 15.00 22.22
1 11.00 20.00 15.00 11.11
1 5.00 80.00 15.00 55.98
1 11.00 80.00 15.00 46.30
1 5.00 20.00 40.00 10.17
1 11.00 20.00 40.00 7.45

1 5.00 80.00 40.00 37.29
1 11.00 80.00 40.00 32.20
1 8.00 50.00 27.50 33.33
1 8.00 50.00 27.50 39.22
1 8.00 50.00 27.50 33.33
1 8.00 50.00 27.50 39.22
2 3.10 50.00 27.50 31.37
2 12.90 50.00 27.50 9.80
2 8.00 1.01 27.50 1.96
2 8.00 98.99 27.50 56.86
2 8.00 50.00 7.09 48.98
2 8.00 50.00 4791 26.32
2 8.00 50.00 27.50 33.33
2 8.00 50.00 27.50 41.18

“Block 1 represents experiments using new bone char and block 2,

experiments using steam pre-treated bone char

steam pre-treatment did not contribute to an improvement
in adsorption, which corroborates the characterization
study described previously.

Figure 8 shows Pareto plot for standardized effects and
the residue analysis for boron percentage removal by bone
char. Figure 8a indicates the importance of the solid-liq-
uid ratio in the process of boron uptake by bovine bone
char, as this factor and its quadratic interaction exceeded
the critical F value in the standardized effect. Besides,
Fig. 8b shows that the residues are distributed in a normal
way, which confirms an accurate execution of experiments
(Naves et al. 2016; Paixdo et al. 2019).

To assess how boron removal was influenced by the lev-
els of each factor, the main effects analysis was performed,
as shown in Fig. 9, and is explained as follows.

Effect of initial pH of the effluent

Initial pH of the effluent effect was studied for the pH
range from 3 to 13 (Fig. 9a). It is known that pH of the
solution affects the distribution of boron species, such
as B(OH); and B(OH), . Boron adsorption depends on
which boron species are dominant in the solution (Bursali
et al. 2011). In this work, the dependence of initial pH
of the effluent for boron uptake by bone char showed
that, with the increase in pH, boron removal tended to
increase to a maximum (almost 40%) at pH between 7 and
8. In fact, in acidic solutions, where boric acid (B(OH);)
predominates, the removal of boron is inferior compared

Table 5 Analysis of variance

Source DF*  SS* MS* Value F*  Value P*
(ANOVA) of CRCD for the
removal of boron by bovine Model 10 4812.86 481.29 39.88 0.000
bone char (T=25.0+0.1 °C;
rotation= 180 + 1 rpm; Block 1 1.58 1.58 0.13 0.726
time =24 h) Linear 3 4176.16  1392.05 115.34 0.000
pH 1 305.48 30548  25.31 0.001
Solid/liquid ratio (g.L™") 1 332231 332231  275.27 0.000
Initial concentration (mg L™ 1 548.38 548.38 45.44 0.000
Square 3 57748 192.49 15.95 0.001
pH * pH 1 492.92 49292  40.84 0.000
Solid/liquid ratio * solid/liquid ratio 1 103.58 103.58 8.58 0.017
Initial concentration * Initial Concentration 1 1.09 1.09 0.09 0.77
Interaction with 2 factors 3 57.63 19.21  1.59 0.259
pH* solid/liquid ratio 1 0.11 0.11  0.01 0.926
Ph* initial concentration 1 21.09 21.09 1.75 0.219
Solid/liquid ratio * initial concentration 1 36.43 3643 3.02 0.116
Error 9 108.62  12.07
Lack of adjustment 5 43.26 8.65 0.53 0.749
Pure error 4 65.36 16.34
Total 19 4921.48
Model R%: 97.79% R® pgiusc  95.34%

“DF degree of freedom, SS sum of squares, MS mean square and F statistics F value
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to neutral solutions due to the lack of electrostatic attrac-
tion (Oladipo and Gazi 2016). According to Kabay et al.
(2015), the removal of boron at acid pH is low, due to the
lack of charge of unionized boric acid (B(OH),), while
in the ionic form of borate (B(OH),), in addition to being
more hydrated.

Moreover, the surface charge of the adsorbent is also
important to explain the adsorption of ions onto bone
char and occurs due to the interactions between the ions
present in the solution and the functional groups on bone
char surface (Sasaki et al. 2016). According to Medellin-
Castillo et al. (2016), phosphate groups and hydroxyls on
the surface of bovine bone char are protonated, providing
a positive charge to the adsorbent surface (Equations 4
and 5). On the other hand, the negative charge on the
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surface of the bone char is provided by the deprotonation
of the phosphate and hydroxyl groups (Equations 6 and
7):

=P - OH+H" 2= POH] )
=Ca—OH+H" 2= Ca- OHj 5)
=P-OH 2=PO™ +H* 6)
=Ca—-OH=2=Ca-0 +H" @)

where = represents the bone char surface. Protonation reac-
tions occur at pH < pHpy,, and deprotonation at pH > pHp,(,
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Fig. 8 Pareto chart for standardized effects (a) and residue analysis (b) for boron removal by adsorption on bovine bone char (7=25.0+0.1 °C;
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where pHp, - (point of zero charge) is the pH at which the
surface charge is zero (Nigri et al. 2016b). Therefore, the
pH directly affected the adsorption of boron. In pH of the
solution around pHp,- (7.2+0.1), as previously seen and
now emphasized, the boron removal mechanism onto bovine
bone char involved occlusion co-precipitation of CaB(OH)I,
followed by electrostatic interactions between this com-
pound and the negative charged surface of the adsorbent.
However, as previously discussed, due to the low availability
of Ca®* for the formation of [CaB(OH),]™ and also due to
the rise of borate ion concentration at pH above 8 and its pre-
dominance at those superior to 9.2 (pKa), the electrostatic
repulsion between this ion and the negative surface of bone
char disfavored boron uptake.

Effect of solid-liquid ratio

Solid-liquid ratios used in this study were between 1.01
and 98.99 g L™! (Fig. 9b). Boron removal increased sig-
nificantly (55%) with the increase in the solid-liquid
ratio, achieving 57% removal for the highest solid-liquid
ratio tested and 2% for the lowest solid—liquid ratio. This
fact is direct related to the increased availability of active
sites to remove the contaminant.

Effect of the initial boron concentration
in the effluent

The increase of the initial boron concentration in the efflu-
ent, from 5 to 38 mg L~!, led to a reduction in the percent-
age of its removal from 49 to 26% (Fig. 9¢). In contrast, as
shown in Fig. 10, the boron adsorption capacity increased
with increasing initial concentration.

Demey et al. (2014) in the study of adsorption of boron
by chitosan/Ni(OH),-based adsorbent stated that increasing
the boron concentration increased the concentration gradi-
ent between the solution and the surface of the adsorbent.
As a consequence, the driving force increased as well as the
adsorption rate. Therefore, to analyze the effect of the initial
concentration, it is necessary to evaluate together with the
amount of adsorbent used in the experiments, as the removal
percentage does not show the amount of adsorption sites
occupied by the adsorbate (Alkurdi et al. 2019).

Optimization

From the GRG algorithm, the conditions to maximize the
boron percentage removal by adsorption onto bovine bone
char were: initial effluent pH of 7.31, solid-liquid ratio of
80.22 g L™ ! and initial boron concentration of 12.91 mg L™".

However, as the response surfaces are concave, the need
to maximize boron removal was found in a region very close

to the boundary conditions (X™X < ), which represents the
hyperplane established by the response surface. Thus, opti-
mization, in terms of the convexity of the objective function
of the response surface, can lead to high values of boron
removal, however with large variances, since points more
distant from the central points correspond to greater associ-
ated variances (Naves et al. 2016). In this context, using the
NBI method and iteratively varying the weights from O to 1,
the equispaced Pareto frontier (Fig. 11) was obtained, relat-
ing the process variance to boron removal.

The selected conditions to carry out the following experi-
ments, highlighted in Fig. 11 (pH 7.72, solid-liquid ratio of
59.95 g.L.~! and initial boron concentration of 18.63 mg L™")
was chosen due to three main practical reasons, from the
process point of view. The pH was closer to the value that
does not demand correction (9.0), representing savings in
chemicals. The solid-liquid ratio was about 25% lower than
necessary for the condition of the highest boron removal
(57.7%), representing savings in the amount of adsorbent
to be purchased. Finally, this condition showed one of the
smallest variances, being possible to reach 43.3% of boron
removal with a variance of 2.2%?, while for the highest
boron removal the variance was around three times higher
(6.7%>). Reducing the variance associated to boron removal
process is extremely important because, in addition to mak-
ing the process more stable, it may bring about a reduction
in variability in subsequent scale up, which would facilitate
application without using pilot scales.

In fact, when analyzing the control chart of individual
values to monitor the stability of the process, there was an
oscillation in the data related to the boron removal experi-
ments for the response surface (Fig. 12a). In this case, the
variability was high and the control limits are unreliable,
within a range of 82.8%. However, when using the points
determined from the NBI (Fig. 12b), it is noticed that the
control limits calculated with the variation within the group
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0 10 20 30 40

Initial Boron Concentration (mg.L?)

Fig. 10 Boron adsorption capacity for different initial concentration
of adsorbate (77=25.0+0.1 °C; rotation =180 + 1 rpm; time =24 h)
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reduced to an amplitude of 5.6%. It is also possible to verify
that the central region of the Pareto frontier (dots) is within
the control limits. Thus, the Pareto frontier adjusts the vari-
ance values associated to boron removal.

Figure 13 shows the removal of boron as a function of
each of the factors studied under conditions optimized by
the NBI and confirms the previous discussion on the main
effects.

Finally, to verify the consistency and efficiency of condi-
tions optimized by the NBI, it was applied the One-Sample-
T test. After carrying out 5 validation experiments, an aver-
age of 43% for boron removal and 3% for standard deviation
were obtained, which demonstrated the effectiveness of
the model. This was also proven by the p value of 0.656,
obtained from the hypothesis test.

Adsorption isotherms

Figure 14 shows boron percentage removal and the adsorp-
tive capacity as a function of the solid—liquid ratio, using
bovine bone char as an adsorbent. It was possible to observe
that boron removal was favored with the increase of the
solid-liquid ratio, reaching 81 +2% for the highest solid-lig-
uid ratio tested (400 g L_l), which confirms the results dis-
cussed previously.

Freundlich, Langmuir, Tenkim, Henry and Lang-
muir-Freundlich isotherms were fit to experimental data and
the parameters are presented in Table 6 and the nonlinear fits
to the experimental data are shown in Fig. 15.

Although the tested models presented high determination
coefficients (R2> 0.94), indicating good fit, the Freundlich
model best described the system, under the evaluated condi-
tions, considering the values of the parameters (R*=0.9970).
Sasaki et al (2016) also had borate sorption data in pre-
cipitated hydroxyapatite adjusted to the Freundlich model.
The Freundlich equation suggests a heterogeneous system
and a reversible adsorption process, which is not necessar-
ily restricted to the formation of monolayers (Delazare et al.
2014).

It was also noticed that the value of n, which indicates
the intensity of adsorption, was close to unit (0.9345). The
n value is a measure of linearity, so, when n is equal to
the unit, the process involves linear adsorption, in which
the sites exhibit equivalent sorption energies and there is
no interaction between the adsorbed species. For values of
inferior to the unit, the interaction between the adsorbate and
the adsorbent is weak (Delazare et al. 2014).

Although the maximum boron adsorption capacity in
bovine bone char found experimentally in this study was
low, 0.24 mg g™, it is still superior to other adsorbents found
in the literature, such as vermiculite (0.16 mg g_l) (Kehal
et al. 2010), sepiolite (0.16 mg g~"), ilite (0.11 mg g~
(Karahan et al. 2006).

Kinetics study
As changes in temperature influence the adsorbent capacity

at equilibrium for a given adsorbate, boron adsorption onto
bovine bone char was monitored over 48 h of experiments at
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Fig.12 Control chart for
individual values in relation to
boron removal results obtained
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Table 6 Isotherms parameters for boron removal by bone char
(temperature=25.0+0.1 °C, pH=7.7+0.1, C;=18.63 mg L
180+ 1 rpm)

1
Freundlich: g, = Kf.Cgﬁ

K n Statistical parameter

((mg g™H(L mg™H'"™ R

0.0096 +0.0004 0.9345+0.0186 0.9970

Langmuir: g, = —qTiCKI,(LCC;L

Fmax K, Statistical parameter
(mg g™ (L mg™) ®)

1.071 £0.0000 0.0111+0.0003 0.9762

Temkin:q, = qtln(l + KTCe)

q, Ky Statistical parameter
(mg.g™") L mg™ ®)
0.3244+0.0115 0.0401+0.0017 0.9771

Henry: q, = Kyg.C,

Kye Statistical parameter
@Leg™h (R)
0.0110+0.0002 0.9928

q, = Dmax ‘K[/“Ce”’/
Langmuir-Freundlich: ¢ 1+Ky-C."
Gmax K]f n]f Statistical

parameter
-1 -1 2
(mgg™) (mg g I)),U; (R9)
(L mg=" ")

1.071+0.0000 0.0083+0.0006 1.1508+0.0339 0.9935

"
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three different temperatures (15.0+0.1 °C, 25.0+0.1 °C and
35.0+0.1 °C) and the results are shown in Fig. 16.

Kinetics data shows marked removal of boron, in the first
hour of experiment, when average 25% of boron removal was
achieved. At temperatures of 15.0+0.1 °C and 25.0+0.1 °C,
approximately 70% of the adsorption capacity at equilibrium
was reached in the first 30 min. However, for all three tem-
peratures, the adsorption speed decreased after the first hour,
due to the initial availability of a large number of active sites
on the surface, which are gradually filled until equilibrium is
reached (Alkurdi et al. 2019). At temperatures of 15.0+0.1 °C
and 25.0+0.1 °C, it took 6 h to reach equilibrium, while for
the temperature of 35.0+0.1 °C, the equilibrium was reached
only after 12 h.

At 15.0+0.1 °C, the adsorptive capacity, q,., was
0.106 +0.005 mg g~', and boron removal, 33+ 1%. At
25.0+0.1 °C, g, was 0.121 +0.003 mg g~' and boron removal,
38 +1%. For a temperature of 35.0+0.1 °C, an increase in
adsorptive capacity and percentage removal was observed
(0.134+0.009 mg g~! and 44.5+0.5%, respectively). Increas-
ing temperature leads to enhancing diffusion rate of adsorbed
molecules through external and internal pore layers, due to
decrease in viscosity of the solution (Mesquita et al. 2017a).

Pseudo-first, pseudo-second and Elovich models were
evaluated and parameters and determination coefficients
are shown in Table 7.

The adsorption kinetics for boron uptake by bone char
was well described by the pseudo-second order model, as
well as for almost all sorbents of natural materials (Guan
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Fig. 15 Adsorption isotherms for boron removal from bone char
(temperature=25.0+0.1 °C, rotation=180+1 rpm, pH=7.8;
C,=18.63mg L™}

et al. 2016). The pseudo-second-order model assumes that
the difference between the concentration in the solid phase
at any time t and in equilibrium is the driving force of the
adsorption and that the overall rate of adsorption is the
square of the driving force (Haghi et al. 2017). According
to Simonin (2016), a diffusion-controlled process is better

Fig. 16 a Adsorptive capaci- (a)
ties and b boron removal as 0.14
a function of time, at tem- 0.12 N S—
peratures of 15.0+0.1 °C, — 3
25.0+0.1 °C and 35.0+0.1 °C -
for 48 h (ratio=59.95 g L.™!, o 0.08
pH=7.72+0.1, 180+ 1 rpm) \E_/
o 0.06

described by the pseudo-second-order model, compared to
the pseudo-first-order model.

Conclusion

Bovine bone char, particle size of 12.0-32.0 mesh
(0.5-1.4 mm), was able to remove, partially, by adsorp-
tion, boron present in a synthetic effluent. This adsorbent
presented surface area of 104 m* g=!, with mesoporous
structure (diameter of 72.5 A and total pore volume of
0.19 cm® g7!), being formed predominantly by hydroxyapa-
tite (Ca,o(PO,4)¢(OH),), and calcite (CaCO;).

Initial effluent pH, initial boron concentration and
solid-liquid ratio were significant variables in the process.
It was possible to remove 81% of boron, for the highest
tested solid—liquid ratio (400 g L™!). However, aiming at
maximizing boron removal and, at the same time, minimiz-
ing process variance, the conditions of initial effluent pH
of 7.72, solid-liquid ratio of 59.95 g L™! and initial boron
concentration of 18.63 mg L' were selected as the optimal
conditions, leading to 43% of boron removal, with a vari-
ance of only 2%.

Equilibrium was well represented by Freundlich isotherm,
showing proximity to a linear isotherm, indicating that the
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Table 7 Kinetics parameters for boron adsorption onto bovine bone
char (solid-liquid ratio=59.95 g L™!, pH=7.7+0.1, C,=18.63 mg.
L', 180+ 1 rpm)

T (°C) Pseudo-second-order parameters
k2 qe R2
(gmg™' min™") (mgg™h
15.0+0.1 36.8037 0.1110 0.9737
25.0+0.1 28.6159 0.1238 0.9656
35.0+0.1 6.2529 0.1279 0.8294
T (°C) Pseudo-second-order parameters
k g R?
(min™") (mgg™)
15.0+0.1 2.7365 0.1051 0.9651
25.0+0.1 2.4990 0.1163 0.9224
35.0+0.1 0.4989 0.1207 0.7534
T (°C) Elovich parameters
a p R?
(mg g~' min™") (gmg™")
15.0+0.1 6.3536 80.7824 0.7746
25.0+0.1 4.2493 67.7517 0.8299
35.0+0.1 0.5002 53.9227 0.8757

adsorption process can be reversible. The pseudo-second-
order kinetics model showed the best fit.
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