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ABSTRACT

The removal of boron from industrial effluents using the composite was studied in batch
equilibration technique. The effects of equilibration time, adsorbent dosage, concentration
and pH on removal of boron were investigated. The experiments demonstrated that boron
removal is optimum at 30 min of agitation, 1 g of dosage and 20 mg L−1 of ion concentra-
tion. Adsorption of boron by the composite was independent of pH. The adsorption data
fitted well into both Langmuir adsorption isotherm and Freundlich adsorption isotherm
hence proving monolayer and multilayer adsorption. The kinetic studies reported that the
data favours pseudo-second-order reaction than first order hence proving chemisorption.
Under optimized conditions, the composite was able to remove boron to below World
Health Organization (WHO) water quality guidelines. Henceforth, it was concluded that
this comparative study will be helpful for further application in the treatment of
boron-contaminated water.
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1. Introduction

World Health Organisation (WHO) recommends
0.5 mg L−1 of boron in drinking water [1,2]. Intake of
excessive levels of boron may lead to the development
of prostaglandins, leukotriene, premature menopause,
birth pathology, testicular atrophy and degeneration,
changes neurological effects, physical disorders and

intellectual development of children, rheumatoid
arthritis, prostate cancer, menopausal osteoporosis and
inflammatory effects [3–8]. Boron has narrow
deficiency and excess range hence making it toxic to
living organisms [9–20].

Pollution of the environment by boron is caused
by man-made activities and weathering of the natural
environment accounts for total boron in water bodies
[4–6,8,21]. Speciation and adsorption of boron in the
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environment is pH dependent. The species of boron
are boric acid [B(OH)3] at low pH and borate
[BðOH�

4 Þ] at alkaline pH conditions [1,22]. Considering
high mobility and toxicity of boron in the environ-
ment, serious mitigation measures need to be devel-
oped and implemented. Boron has to be contained
and removed from wastewater before environmental
contamination. A number of passive and active tech-
nologies have been developed and implemented for
decontamination of boron-rich water and they include:
phytoremediation [23], constructed wetlands [24],
adsorption [25], precipitation [1,26], reverse osmosis
[27] ion exchange [16], coagulation [28] and desalina-
tion [9,29]. Amongst them, adsorption followed by
precipitation has been regarded the best treatment
technology [9,11,13,14,16,22,25,26,30–32]. This study
was therefore designed to remove boron from indus-
trial effluents using cryptocrystalline magnesite and
bentonite clay composite. Yellow Star Quarries in the
Kroonstad district, Cape Town, RSA contains
750,000 m3 deposit of bentonite that can be projected
to 67 years if it is mined at a rate of 4,000 m3 month−1.
Magnesite mine in Folovhodwe, Limpopo province,
RSA showed that the magnesite deposit is close to 18
mega tons of amorphous magnesite, which can be
mined for the coming 50 years [33]. In terms of eco-
nomic viability, the technology will be feasible since it
is relying on natural and locally available materials.

2. Materials and methods

2.1. Adsorbent

Raw magnesite rocks were collected prior any pro-
cessing at the mine from the Folovhodwe Magnesite
Mine in Limpopo Province, South Africa (22˚35´´47.0´´
S and 30˚25´´33´´E). Magnesite samples were milled to
a fine powder using a Retsch RS 200 miller and
passed through a 32 μm particle size sieve. Raw AMD
samples were collected from a disused mine shaft in
Krugersdorp, Gauteng Province, South Africa.
Bentonite clay samples were supplied by Bentonite
PTY, LTD (Cape Town, South Africa). The raw ben-
tonite samples were washed by soaking the samples
in ultrapure water and draining the water after
10 min. The ultrapure water used was such that it cov-
ered the entire sample in the beaker and allowed to
overflow. The procedure was repeated four times. The
washed bentonite was then dried in an oven for 24 h
at 105˚C. The dried samples were crushed into a fine
powder using a Retsch RS 200 miller and passed
through a 32 μm particle size sieve. Thereafter, the
composite (1 kg) of powdered bentonite and magne-
site was fabricated on 1:1 g ratio. Five hundred gram

of bentonite clay was mixed with 500 g of magnesite.
The mixtures were crushed and homogenized by pul-
verizing them together into fine powder using a
Retsch RS 200 miller (USA) and passed through a
32 μm particle size sieve. After sieving, the samples
were tightly kept in zip lock plastic bags until applica-
tion for wastewater amelioration.

2.2. Preparation of working solution

1,000 mg L−1 standard solution of boron from Lab
Consumables Supply, South Africa was used to pre-
pare the working solutions. 10 mg L−1 working solu-
tion was prepared by extracting 10 mL of 1,000 mg L−1

standard solution and transferring into a 1,000 mL
volumetric flask. The volumetric flask was topped to
the mark by adding ultrapure water.

2.3. Characterization

Elemental analysis of raw and processed water
samples was done by inductively coupled mass spec-
trometry (ICP-MS) (ELAN 6000). The accuracy of the
analysis was monitored by analysis of National
Institute of Standards and Technology (NIST) water
standards. pH was monitored using CRISON MM40
portable pH/EC/TDS/Temperature multimeter.
Chemical characteristics of magnesite samples were
ascertained using X-ray fluorescence spectroscopy
(XRF). Mineralogical characteristics of magnesite sam-
ples were ascertained using a Philips X-ray diffrac-
tometer with Cu-Kα radiation. Phase identification
was performed by searching and matching obtained
spectra with the powder diffraction file database with
the help of Joint Committee of Powder Diffraction
Standards (JCPDS) files for inorganic compounds
(both XRF and X-ray diffraction (XRD) analysis were
done at the facility of Geology, University of Pretoria).
Surface analyses, chemical analysis and imaging on a
variety of materials were performed using a scanning
electron microscope coupled with energy dispersive
spectrometer. Surface area was measured by Bru-
nauer–Emmett–Teller (BET) equation (BET: A Tristar
II 3020, Micrometrics BET from Norcross, GA, USA).
pHpzc was determined using solid addition method as
described by Kumar et al. [34].

2.4. Experimental protocols

Optimization experiments were done in batch
experimental procedures. Parameters optimized
include time, dosage, boron concentration and pH. To
evaluate effect of equilibration time on reaction
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kinetics, time was varied from 0 to 360 min (10 mg L−1

boron, 1 g composite, 250 rpm, pH 11 and 26˚C). To
evaluate effect of dosage on reaction kinetics, the
dosage was varied from 0.1 to 8 g (10 mg L−1 boron,
250 rpm, pH 11, 30 min of reaction time and 26˚C).
Boron removal with respect to ion concentration was
conducted over a range of 0.1–60 mg L−1. To evaluate
effect of pH on removal of boron, the pH was varied
from 2 to 12. A table shaker was used for all the
experiments (1300E, Labcon, Petaluma, CA, USA).
Optimized condition for testing the feedstock capacity
to remove boron was evaluated using raw mine
effluents.

2.5. Modelling

2.5.1. Percentage removal

The percentage removals of boron by the composite
are computed by the expression:

% Removal ¼ C0 � Ce

C0

� �
� 100 (1)

where C0—initial concentration and Ce—equilibrium
ion concentration, respectively.

2.5.2. Adsorption capacity

The grams of boron adsorbed by the composite are
determined by the expression:

q ¼ Ci � Ceð ÞV
m

(2)

where Ci—initial ion concentration (mg L−1), Ce—ion
concentration at equilibrium (mg L−1), V—volume of
ion solution (L) and m—weight of magnesite (adsor-
bent) (g).

2.5.3. Adsorption isotherms

The relationship between the amount of ions
adsorbed and the ion concentration remaining in solu-
tion is described by an isotherm. The two most com-
mon isotherm types for describing this type of system
are Langmuir and Freundlich adsorption isotherms.
These models describe adsorption processes on a
homogeneous (monolayer) or heterogeneous (multi-
layer) surface, respectively. The most important model
of monolayer adsorption came from Langmuir. This
isotherm is given as follows:

Ce

qe
¼ 1

Qmb
þ Ce

Qm
(3)

The essential characteristics of the Langmuir isotherms
can be expressed in terms of a dimensionless constant
separation factor or equilibrium parameter, RL, which
is defined as:

RL ¼ 1

1þ bC0
(4)

RL > 1 unfavourable
RL = 1 linear
0 < RL < 1 favourable
RL = 0 irreversible
where Ce—equilibrium concentration (mg L−1), Qe—
amount adsorbed at equilibrium (mg g−1), Qm—Lang-
muir constant related to adsorption capacity (mg g−1)
and b—Langmuir constant related to energy of
adsorption (L mg−1). A plot of Ce vs. Ce/Qe should be
linear if the data are described by the Langmuir iso-
therm. The value of Qm is determined from the slope
and the intercept of the plot. It is used to derive the
maximum adsorption capacity and b is determined
from the original equation and it represents the inten-
sity of adsorption.

The Freundlich adsorption isotherm describes the
heterogeneous surface energy by multilayer adsorp-
tion. The Freundlich isotherm can be formulated as
follows:

log qe ¼ 1

n
logCþ logK (5)

where Ce—equilibrium concentration (mg L−1), qe—
amount adsorbed at equilibrium (mg g−1), K—parti-
tion coefficient (mg g−1) and n—intensity of adsorp-
tion. The linear plot of log Ce vs. log qe indicates that
the data are described by Freundlich isotherm. The
value of K implies that the energy of adsorption on a
homogeneous surface is independent of surface cover-
age and n is an adsorption constant which reveals the
rate at which adsorption is taking place. These two
constants are determined from the slope and intercept
of the plot of each isotherm. An error analysis is
required in order to evaluate the fit of the adsorption
isotherms to experimental data. In the present study,
the linear coefficient of determination of (R2) was
employed for the error analysis. The linear coefficient
of determination is calculated using the equation:

r ¼ n
P

xy� ðP xÞðP yÞffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
nðP x2Þ � ðP xÞ2

q
�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðP y2Þ � ðP yÞ2

q (6)
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Theoretically, the R2 value varies from 0 to 1. The R2

value shows that the variation of experimental data is
explained by regression equation. The coefficient of
determination R2 was applied to determine the rela-
tionship between the experimental data and the
isotherms in most studies.

3. Results and discussion

3.1. X-ray fluorescence analysis

The elemental composition of bentonite clay,
magnesite and composite is shown in Table 1.

Bentonite clay is dominated by Si and Al hence the
name aluminosilicate [35]. There are traces of Fe, Mg,
Ca, Na, K and Mn, respectively. The presence of Mg,
Ca, Na and K indicate that these are exchangeable
cations on the clay fractions. Magnesite showed the
presence Mg as the major element. Traces of Ca, Si,
Fe, Al and K were also observed on magnesite matri-
ces. These results are consistent to results obtained by
Zachamann and Johannes [36]. The composite was
observed to contain Si, Mg and Al in significant
amounts hence showing that this is a composite of
aluminosilicate and magnesium bearing mineral
phase. Traces of Fe, Ca, Na, K and Mn were also pres-
ence. These elements were present on the parent mate-
rial before synthesis of the composite. Moreover, the
composite is rich in base cations. Masindi et al. [33]
reported that availability of base cations in solution
aids in the removal of anions.

3.2. XRD analysis

The mineralogical composition for bentonite clay,
magnesite and composite are presented in Figs. 1–3,
respectively.

Fig. 1 shows that bentonite clay is characterized of
Quartz, montmorillonite, calcite magnesian, magnetite,
albite intermediate and muscovite. Fig. 2 shows
that magnesite is dominated by periclase, brucite,

monticellite and forsterite ferroan. This result corrobo-
rates results obtained by Nasedkin et al. [37] which
state that crystalline/amorphous magnesite is consti-
tuted of greater than 90% of MgO. Fig. 3 shows that the
composite is characterized of quartz, periclase, gibbsite,
montmorillonite and muscovite. The results show that
the composite is a combination of magnesite and ben-
tonite clay. However, it is notable that there is an
improvement in the chemical composition of the syn-
thesized material. The obtained results corroborated
results obtained by XRF analytical technique. Magne-
sium from magnesite and base cations from the clay
matrices will aid in raising the pH of the solution and
to scavenge boron from aqueous solution [21,35,38].

3.3. Brunet–Emmet–Teller analysis

The results for surface area and PZC for magnesite,
bentonite clay and the composite are shown in Table 2.

Surface area is one of the most important aspects
of adsorption. If the surface area is high, the adsorp-
tion capacity will also be high [5,7,8,21,35,38,39]. The
BET surface area is the total of external surface area
and micropore area. Bentonite clay has a surface area
of 16.01 m2 g−1, magnesite has a surface area of
14.6 m2 g−1 and the composite has a surface area of
20.2 m2 g−1. Combination of magnesite and bentonite
clay led to an increase in surface area of the compos-
ite. pHpzc is one of the important parameter in adsorp-
tion. It dictates the type of species that will be
adsorbed by the material at given pH. When pHpzc is
greater than the supernatant pH, the adsorbent will
adsorb cations and when the pH of the supernatant is
above the pHpzc, the adsorbent will adsorb anions
from the solution [3,5,35,38–41]. The pHpzc value of a
material is a reflection of the individual pHpzc values
of the components present. This shows that the com-
posite will adsorb borate species from aqueous solu-
tion since it can raise the pH to greater than 11 [33].

Table 1
Elemental composition of bentonite clay, magnesite and the composite

% Composition Bentonite clay Magnesite Composite before

SiO2 66.51 4.76 51.72
Al2O3 16.81 0.14 10.37
Fe2O3 3.26 0.25 4.44
MnO 0.13 0 0.1
MgO 3.12 91.80 29.43
CaO 1.43 5.59 2.29
Na2O 1.17 − 0.79
K2O 0.54 0.003 0.32
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3.4. Optimization experiments

Several operational parameters were evaluated to
configure optimum conditions for removal of boron
from the aqueous solution. Effects of agitation time,
dosage, concentration and pH were investigated.

Fig. 4(a) shows the effect of contact time on the
equilibrium of boron adsorption onto the composite.
The percentage removal of boron was observed to

increase with an increase in contact time in the first
20 min. At 30 min, the system seems to have
approached a steady state since no further change in
adsorption was observed. Thereafter, the adsorption
equilibrium curve levelled off throughout the
investigation period. At 30 min, the system managed
to remove 100% of boron from the solution. This study
provided comparative results as compared to fly ash

Fig. 1. Mineralogical composition of bentonite clay.

Fig. 2. Mineralogical composition of cryptocrystalline magnesite.
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that requires 24 h to remove boron from water [42].
The adsorption affinity of the composite to boron
proved to be very high. This also provides evidence
that the composite provided enough surfaces for sorp-
tion of those chemical species. At equilibrium, the syn-
thesized material depleted all the boron species which
were in solution. High percentage removal of boron
may also be attributed to the presence of base cations
of Mg2+, Ca2+, Na+ and K+ on the composite matrices.
Those elements play an exceptional role in the adsorp-
tion of anions. Henceforth, it was concluded that
30 min of equilibration will be the optimum time for
the removal of boron from aqueous solution.

In Fig. 4(b), the effect of composite dosage on
boron removal is presented as percentage removal.
The percentage removal of boron was observed to
increase with an increase in the composite dosage.
From 0.1 to 1 g, the removal of boron was drastic,

thereafter, no significant change was observed. An
increase in adsorption capacity of boron with an
increase in dosage was attributed to more adsorption
sites becoming available. One gram of composite
dosage has provided enough surfaces for adsorption
of boron from aqueous solution. This was shown by
stabilization in percentage removal hence showing
that the composite scavenged all the chemical species
that were in aqueous solution. As such, the composite
showed optimum removal efficiency at 30 min of
equilibration and 1 g of composite dosage hence
denoting that those conditions should be used in the
subsequent experiments.

In Fig. 4(c), the effect of ion concentration on per-
centage removal of boron is presented as percentage
removal and mg of boron adsorbed per gram of the
composite. As depicted by Fig. 4(c), when the concen-
tration of boron increases, the sorption capacity of the

Fig. 3. Mineralogical composition of the composite.

Table 2
BET surface, micropore area, external surface area, micropore volume, total pore diameter and PZC of bentonite clay,
magnesite and the composite

Parameter Bentonite Magnesite Composite

BET surface area 16.01 14.6129 20.2
Micropore area 4.92 2.271 6
External surface area 11.08 12.3419 14.2
Micropore volume 0.0021 0.0009 0.003
Adsorption average pore diameter (4 V/A by BET) 74.07 222.9594 264
Point of zero charge (pHPZC) 8.1 8.5 10
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composite gradually decreases. A decrease in adsorp-
tion percentage may be attributed to adsorption
surfaces becoming finite as adsorbate concentration
increases. More boron species are introduced to aque-
ous solution and the adsorption surfaces are becoming
depleted. This also shows that the composite is
becoming saturated with boron on its surfaces. At low
concentration, more surfaces are available for adsorp-
tion of boron and at elevated concentration more sur-
faces are occupied with boron. Post 20 mg L−1, the
percentage removal of the composite was gradually
going down. As such, it was concluded that 20 mg L−1

will be the optimum concentration of boron that can
be removed by 1 g of the composite.

Fig. 4(d): the amount of boron adsorbed depends
on the distribution of B(OH)3 and BðOH�

4 Þ which are
controlled by the pH of the solution. The two species
mainly compete for adsorption sites on the composite
matrices. Due to leaching of the composite, the mate-
rial releases base cations such as Mg2+, Ca2+, Na+ and
K+. Those species play an exceptional role in elevating
the pH of the counter solution and in adsorption of
anions [35]. The elevated pH promotes the existence
of BðOH�

4 Þspecies [43]. Nevertheless, the point of zero
charge (pHpzc) of the composite plays a notable part
in adsorption of boron species from aqueous solution.
The pHpzc of the composite has been established to be
11. If the value is above pHpzc, the adsorber surfaces
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Fig. 4. Removal of boron from aqueous solution by varying time (0–360 min), dosage (0–5 g), ion concentration
(0–40 mg L−1) and pH (2–12) (250 rpm, pH 11, 1:100 S/L ratios and at ambient temperature).
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are negatively charged and they are conducive for
cation adsorption. If the value is below pHpzc, the
adsorber surfaces are positively charged and they are
conducive for anion adsorption. Boron exists as
BðOH�

4 Þ and becomes a dominant species at pH 9–10
[43]. The pH of the solution is an important parameter
in the adsorption process because it affects the solubil-
ity of the metal ion concentration of the counter ions
on the functional groups of the adsorbent. From
Fig. 4(d), it is shown that there is a sharp increase of
adsorption from pH 2 to 6, after that the adsorption
becomes steady. As pH increases, the composite
adsorbs more boron onto its matrices since its rich in
basic cations of earth alkali metals (Mg2+, Ca2+, Na+

and K+). When the composite is introduced to aque-
ous solution, it rapidly increases the pH of the solu-
tion hence creating conditions which favour the
adsorption of boron. Moreover, it was concluded that
from circumneutral to basic pH condition, the com-
posite will be capable of scavenging boron from aque-
ous solution.

3.5. Adsorption isotherm

Adsorption parameters of boron adsorption onto
the composite are shown in Fig. 5.

Adsorption parameters of boron adsorption onto
the composite are shown in Table 3.

The results from isotherm modelling suggest that
both Langmuir and Freundlich models fit the data bet-
ter as shown by the correlation coefficient of 0.9543 for
Langmuir and correlation coefficient is 0.9437 for

Freundlich. This result demonstrates adsorption on
both homogeneous and heterogeneous surface. The RL

value is between 0 and 1 hence showing that adsorp-
tion is favourable. The n value for Freundlich is within
1 and 10, thus proving that adsorption is favourable.

3.6. Adsorption kinetics

The high correlation obtained by plotting the lin-
earized form of pseudo-second-order model (R2 = 1)
compared to that for the pseudo-first-order model
(R2 = 0.7013) demonstrated that the former gives a bet-
ter fit, implying that the adsorption occurs via a
chemisorption process. A plot of the linearized form
of pseudo-second-order model (t/qt vs. t) is given in
Fig. 6.
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Fig. 5. The adsorption isotherm models: (a) the Langmuir isotherm model and (b) the Freundlich isotherm model.
Reaction conditions: 30 min of equilibration, 1 g of the composite, 250 rpm, pH 11 and at ambient temperature. Boron
concentrations were varied from 0.3 to 40 mg L−1.

Table 3
Adsorption parameters for boron adsorption onto the com-
posite

Adsorption isotherm Value

Langmuir adsorption isotherm
R2 0.95
b 19
RL 0.001
Qm 4
Freundlich adsorption isotherm
R2 0.94
k 4.4
n 2.2
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3.7. Treatment of boron-rich effluent under optimized
conditions

Removal of boron from wastewater using the
composite was observed to be high and effective.
The composite removed boron to below Department
of Water Affairs and Forestry (DWAF) recom-
mended water quality guidelines. Initially, the con-
centration of boron was 5 mg L−1 in mine leachates.
After the treatment process, the level of boron
was <0.01 mg L−1.

3.8. Comparison of the present study with other adsorbents

A comparative study of different adsorbents for
boron in contaminated water is shown in Table 4.

As shown by the table above, the composite offers
best adsorption capacity for boron as compared to
other adsorbents. The composite also showed
improved adsorption for boron as compared to parent
materials (magnesite and bentonite clay). This proves
that the composite can be used as an alternative tech-
nology in position of conventional methods for treat-
ment of boron.

4. Conclusion

The main conclusions of the present study are as
follows:

(1) The composite can be successfully used for
boron removal from industrial effluents.
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Fig. 6. The adsorption kinetic models: (a) the pseudo-first-order kinetic model and (b) the pseudo-second-order model.
Reaction conditions: 1 g of the composite, 10 mg L−1 of boron, 250 rpm, pH 11 and at ambient temperature. Time was
varied from 1 to 360 min.

Table 4
Comparison of adsorption capacities of materials used for removal of boron

Adsorbents Adsorption capacity (mg g−1) References

Fly ash agglomerates 0.014 [32]
The composite 4 Present study
Cryptocrystalline magnesite 1.34 Later study
SA bentonite clay 0.9 Later study
Activated carbon 0.09 [1]
Siral 5 1.12 [11]
Siral 40 0.97 [11]
Siral 80 0.94 [11]
Camlica Bentonite 1(CB2) 2.53 [44]
Camlica Bentonite 2(CB2) 0.12 [44]
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(2) Optimum adsorption conditions are coordi-
nated between 30 min of equilibration, 1 g of
dosage, 20 mg L−1 of boron and all pH ranges.

(3) The data generated from various studies can
be used to design various treatment plants for
removal of boron in boron-rich effluents.

(4) The process adopted is simple, economic,
viable and convenient since it relies on locally
available natural material.

(5) Adsorption isotherm fitted to both Freundlich
isotherm and Langmuir adsorption isotherm
hence confirming that adsorption is heteroge-
neous in nature (inner and outer sphere
complexes).

Acknowledgments

The authors wish to convey their sincere gratitude
to Research and Innovation Directorate, Department of
Ecology and Resource management, School of Envi-
ronmental Sciences, University of Venda, Council of
Scientific and Industrial Research (CSIR), SASOL-
INZALO, National Research Foundation (NRF) and
Department of Science and Technology (DST) (DST/
NRF) for funding this project.

References
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