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Abstract—Various wastes being generated globally and dumped on land by mineral processing activities pose great
ecological and health problems. An example is the boron mineral beneficiation solid wastes. Even greater threat is
anthropogenic carbon dioxide (CO,) emissions among key causes of prevalent climate change. By this work, we pro-
pose a symbiotic solution to alleviate both environmental threats through recovering valuable boron products from
boron wastes (BW), while also utilizing and sequestering CO, stably and permanently. This article presents the results
on the effect of important operation parameters for the performance of such a process within the following ranges
determined by preliminary tests: temperature: 20-60 °C, solid-to-liquid ratio: 0.1-0.5 g/ml, reaction time: 15-120 min,
stirring speed: 300-700 rpm and particle size: 150-600 Lm. CO, gas (99.9%) flow rate was maintained continuously at
1.57 l/min under atmospheric pressure. The important findings are (1) per ton of BW production of commercially
valuable either (a) 310 kg sodium penta-borate or (b) 350 kg sodium penta-borate mixed with Na,CO;, depending on
the process configuration, (c) 725 kg relatively pure CaCOs, a potential source for precipitated calcium carbonate (PCC)
and (d) 72 kg CO, utilization, (2) effective parameters for CO, utilization, in decreasing order are temperature, solid-to-
liquid ratio and time, while stirring speed and particle size are ineffective within the range investigated and (3) the opti-
mum operating conditions as: temperature: 60 °C, solid-to liquid ratio: 0.1 g/ml, time: 90 min, stirring speed: 500 rpm
and particle size: <180 pm.
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INTRODUCTION

The mineral processing industry, while commercially extracting
valuable minerals and metals, generates globally large quantities of
various seriously hazardous wastes. Among examples is concen-
trated (in terms of recoverable valuable content) solid waste pro-
duced by boron minerals beneficiation plants.

Boron minerals (i.e., tyncal, ulexite, colemanite, and kernite) are
natural composites containing various proportions of boron oxide
(B,Os), which determine the economic value and names for the
boron products. According to Eti Mine [1,2], a Turkish mining cor-
porate and the World Leader in boron reserves and production,
boron minerals are found in 230 different forms in the nature. The
total global (proven, probable and possible) reserve of boron min-
erals as of 2020 is around 4.5 billion tons (Bt), of which 3.3 Bt
(approximately 73%) is in Turkey [3]. Major boron minerals together
with their important characteristics are listed in Table 1 [4].

As it can be inferred from their chemical formula shown in
Table 1, boron minerals are basic in character and, depending on
the mineral type, can contain CaO, Na,O and MgO [2]. Boron min-
erals are extracted from a mine mixed with clay and small amounts
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of carbonated minerals. The mine product is generally referred as
“run-of-mine;” which is subjected to beneficiation [5,6] for further
downstream processing ensuring efficacious manufacturing. Avail-
able methods for boron minerals beneficiation have recently been
reviewed by Powoe et al. [5]. Approximately 50-60% of run-of-mine
solids is separated as waste [5,6].

Referred to as boron waste (BW), these run-of-mine solids are
alkaline with high content of B,O; (up to 31%), calcium (Ca), so-
dium (Na) and magnesium (Mg) [7-10]. BW, damped normally
in the mine locations and currently without a commercial value, is
usually small in particle size (<3 mm), which can potentially offer
reduced cost for further crushing process that may be needed for

Table 1. Major boron minerals together with their important char-

acteristics [4]
Boron minerals Chemical formula B,O; Content (%)
Kernite Na,B,,0,-4H,0 51.0
Colemanite” Ca,B40,,-5H,0 50.8
Hydroboracite CaMgBO,,-6H,0 50.5
Pandermite Ca,B,,0,-7H,0O 49.8
Ulexite” NaCaB;0,-8H,0 43.0
Tincal (Borax)” Na,B,0,-10H,0 36.5

“Dominant ones in Turkey in terms of reserve



Symbiosis between boron waste valorisation and CO, utilisation 2601

later possible valorization and utilization. Alone in Bigadic, Turkey,
by the end of 2018, more than 4 million tons (Mt) of BW had already
been stored in the field at the waste pools close to the plant with
an annual generation rate of 250,000 tons (nearly 600,000 tons over-
all in Turkey). In China, another large boron producer, Zhang et
al. [11] report a BW reserve of 35 Mt in 2016 with a growth rate of
1.6 Mt per year. As in Turkey, in China too, BW is generally stacked
open-air near the ore plant. The storage and disposal of this BW
contribute additional considerable costs to the operators due to
needing allocation of large areas and further operations [11].

BW with a solubility of up to around 26 g/L in water at 25°C
[12], if left on the field open to the elements, can cause boron pollu-
tion in the soil and natural water sources, causing potentially serious
environmental problems [7,13]. Due to concerns on human health,
the World Health Organization (WHO) recommends a drinking
water boron concentration lower than 2.4 mg/l [14]. Also, most crops
are sensitive to boron presence and cannot tolerate if the concen-
tration in irrigation water is higher than a certain level, depending
on the boron sensitivity of crops [15]. Zaman et al. [16] report vari-
ous values for boron concentration (ppm) for four classes of crops
with regards to their boron tolerance: <0.5 satisfactory for all crops;
0.5-1.0 satisfactory for most crops; 1.0-2.0 satisfactory for semi-tol-
erant crops and 2.0-4.0 satisfactory for tolerant crops. According to
the authors, fruit crops are especially boron sensitive. For example,
even with concentrations of <0.5 ppm, for some stone fruit and
citrus species, boron can reduce yields significantly. Therefore, BW
accumulated around the mine area should be rendered harmless
to avoid environmental contamination and resulting harm to crops
and habitats of other life including humans.

Among options for avoiding environmental contamination, ways
in which BW can be utilized beneficially as input to the manufac-
ture of some value-added products have been emerging. Studies on
the valorization and utilization of BW, however, have so far focused
mainly on its use as additive in industries such as production of
glass, porcelain, ceramic, terracotta, cement, brick, tiles including
those for roofing and road construction, where BW is used either
as substitute for primary raw clay building materials and/or to off-
set the demand for boric acid [11,13,17-28]. These studies to date
have usually aimed to enhance the technological and structural prop-
erties of the final products, such as mechanical behavior, frost resis-
tance, porosity;, water absorption characteristics, durability and bulk
density. These studies report that BW additives yield modified micro-
structure of the target materials, which enhances their technologi-
cal performance positively. The readers who are interested in the
degree of performance enhancement by BW additives and further
details are referred to these studies referenced above.

To our knowledge to date, no studies so far have ever made efforts
to recover commercially viable boron products, such as sodium
penta-borate, while also symbiotically and simultaneously elimi-
nating other environmentally harmful pollutants, such as carbon
dioxide (CO,).

It is now; also, widely perceived that CO, emission from anthro-
pogenic sources is an effective greenhouse gas and the main con-
tributor to the global warming, thus, to climate change [29]. In 2019
a special report on 1.5 °C by Intergovernmental Panel on Climate
Change (IPCC) [30], in fact, had estimated that human activities,

at the date of analysis, had already caused approximately 1.0°C
global warming since pre-industrial times. The report had warned
that, if the emission increase was to continue at the same rate, global
warming would most likely reach 1.5 °C between 2030 and 2052.
The same report stated that there would still be several paths avail-
able for the world to utilize in curtailing that anticipated damage if
acting immediately. The pathways, considering up to 50 scenarios
and across four sectors, namely, energy, buildings, transport, and
industry, included (a) CO, capture, utilization and storage (CDUS)
in industry, (b) CCS in the power sector, (c) increasing the share
of renewables in energy mix and electrification of and hydrogen
use in transportation, (d) improving energy efficiency across all the
sectors especially for buildings and (e) reducing emissions. The first
two paths, if combined, can be referred to as carbon dioxide removal
(CDR).

However, the most recent report by the IPCC [31] is far less
optimistic and points out that the pathway to curtail global warming
to 1.5°C has now narrowed and presents only one plausible sce-
nario to comply with that goal, which would require “unprecedented
transformational change and rapid and immediate reduction of
greenhouse-gas emissions.” This means, in addition to the require-
ments to ensure large amounts of net-negative emissions and CDR,
rapid elimination of fossil fuels from the relevant sectors while wides-
cale adaptation of renewable energy and sharp reduction in the
global energy demand.

Separately, the US Energy Information Administration (EIA) [32]
predicts that, if it continues business as usual, by 2040 CO, releases
can jump worldwide to over 43 billion metric tons. Indeed, the
CO, concentration in the atmosphere has been progressively increas-
ing in parallel to global industrial development. At the time of this
writing, the global CO, trend in the air was reported as 419 ppm
[33,34]. The COP26 in Glasgow recently ended with a draft agree-
ment requesting nations, by the end of 2022, to revise their goals
for cutting CO, emissions to limit global warming ideally to 1.5°C
by 2030 [35].

With this in mind, a wide range of studies have separately focused
on the development of technological solutions for minimizing or
alleviating consequential environmental problems through remov-
ing and safely locking harmful components away in environmen-
tally benign forms. For example, capturing CO, from the point
emission sources or directly from the air (DAC) and safely seques-
tering (storing) it underground and/or seabed to alleviate its global
climate change impact.

There are several well-known sorts of methods, referred to as
carbon capture and sequestration (Storage), shortly CCS, with vary-
ing maturity for this purpose, which may include absorption [36-
40], adsorption [41-44] and membrane separation [45-48] opera-
tions either individually or their mixture in different combinations
[49-60]. Sometimes these separation and purification methods are
used as integrated with oxygen rich combustion (ie., oxy-combus-
tion) and gasification process [61-65]. CCS relevant topics have been
widely researched, investigated, and reviewed. There are large num-
bers of specific and review-based literature in the field [66-73] as
well as field applications varying in size from small pilots to full
scale plants [74]. The separation and purification steps can produce
almost pure CO, from the point source gas or the air. However, they
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require significant amounts of processing plant investment (CAPEX)
and energy cost (OPEX). This, for example, for power sector applica-
tions can consequently reduce the net electricity output of the power
plant by as much as 30%, thus come at considerable financial and
other resources burden [60].

Additionally, CCS chain requires laying out pipelines or use of
shipping by sea or rail or road or mixture of these to transport the
CO, to the places where all that CO, captured in pure form (99+%)
regardless either from point emission sources or DAC should be
stored either underground or seabed [75-80]. The storage places will
require preparation work and post storage monitoring work to
ensure safe storage [81-83]. Moreover, for various reasons, espe-
cially due to public acceptance, transporting large amounts of CO,
and storing it underground or sea are perceived socially posing a
serious risk and might even be a showstopper for CCS [84-86].

The estimated cost for the capture and storage/disposal from the
emission sources such as power plants, even partially for a 85-90%
CO,, is prohibitively excessive and has been estimated to be as
high as $120/ton CO, depending on the source gas origin and CO,
product purity [87,88]. Whereas for DAC, which can play import-
ant role in net zero pathways, the cost estimates are enormous being
upwards of 600 $/ton CO, [89-92].

On the other hand, environmental, legal, financial, and social
considerations favor technological solutions and innovation to uti-
lize CO, as a chemical raw material, for example, through processes
dubbed as carbon dioxide utilization (CDU), in which CO, is used
for beneficial purposes [93,94]. These kinds of processes, in com-
parison to simply capturing and storing CO, through CCS, have
usually some advantages, such as better energy and material pro-
ductivity and lower fossil fuel consumption and pollution genera-
tion or toxic chemical use [94,95]. CDU, in fact, has lately been
considered among 100 radical innovation breakthroughs for the
future in an independent expert report by the European Commis-
sion [96].

CO,, being an acid gas, reacts with alkali and alkali-earth oxides
and hydroxides [97]. This feature of CO, and this alkali material

can be employed as an opportunity for CDU, for example, pro-
ducing precipitated calcium carbonate (PCC) with large demand
(an expected compound annual growth rate (CAGR) of 10.49%
from 2020 to reach 6,443.60 Million $ by 2026) from end-user indus-
tries such as paper, plastic, paint, adhesive & sealant, cosmetic, and
electronics [98]. However, as PCC is mostly obtained by using lime,
which is normally produced by calcinating limestone, thus, emitting
CO, through the carbonation of a slurry of slaked lime (Ca(OH),),
this process does not actually offer any net CO, utilization and thus
advantage with respect to a net CO, sequestration. An alternative
to this limestone method is a process proposed by a Japanese research
group (Kakizawa method) [99], in which calcium is extracted from
wollastonite mineral (CaSiO;) using acetic acid. Others [100,101]
expanded the Kakizawa method and showed that PCC produc-
tion via this route could potentially yield a net CO, utilization of
0.34 kg/kg PCC, which translates to about 77% of maximum pos-
sible capacity of the material used.

Alternatively, reacting CO, with group I or II alkali metal min-
erals and/or wastes resulting from the production of carbonate prod-
ucts can also contribute to CO, sequestration and utilization. Re-
cently; igneous rocks (e.g., serpentines and wollastonite) and indus-
trial wastes (e.g., cement and lime kiln dusts, power plant fly ash
and stainless steel slags) with large amounts of alkaline compo-
nents, for example, magnesium oxide (MgO) and calcium oxide
(Ca0), have been used to bind CO, and safely store it in the form
of carbonates through a process referred to as CO, mineralization
[102-107]:

xMO-ySiO,-zH,0(s)+CO,—>xXMCO;(s)+ySiO,(s) +zH,0+Heat (1)

where M stands for Ca and/or Mg.

In comparison to other CDU methods, CO, mineralization offers
significant advantages in terms of sequestration capacity, perma-
nency, safety and stability of the products [93]. In direct carboniza-
tion techniques, CO, in gaseous state is treated directly or in water
with Ca or Mg-rich minerals or wastes [108]. Usually; the by-prod-
ucts are mainly CaCO; and Mg salts, which determines whether
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Fig. 1. Block diagram of the proposed process for boron waste (BW) valorisation through CO, utilisation.
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the process can be economical.

Among the candidates of industrial wastes suitable for CO,
mineralization, considering especially; as reported above, availabil-
ity, is the BW with good level of alkalinity. Some of the authors of
the current study; using concentrated ores, have already investigated
the dissolution kinetics of boron minerals (i.e., ulexite, colemanite
and tincal) in CO, or other acidic gas (e.g. SO,) saturated waters
with the sole purpose of maximizing the dissolution rate and recover-
ing boron (ie., B,O;) [109-111]. Building on this earlier experience,
for the current study we aimed experimentally to investigate an
industrial symbiotic solution, as depicted in Fig. 1, with the advan-
tage of not only recovering valuable boron components from BW,
but also creating additional value by utilizing CO, and locking it
away stably and permanently. If BW is used for CO, mineraliza-
tion in the way proposed by the present study; the benefits, in addi-
tion to eliminating mining related wastes causing environmental
pollution, are given in Table 2.

The advantages of this proposed alternative symbiotic simulta-
neous BW valorization and CO, utilization route are obvious, con-
sidering relatively high monetary values of the products and waste
elimination listed in Table 2. For example, sodium penta-borate with
a value of about 1,500 $/ton (lower end price obtained from bulk
suppliers as the reference [112]) can help significantly in enhanc-
ing not only the economics of the CO, utilization operation, but
also elimination of environmental problems due to mining indus-
trial waste. Additionally, the carbonated solid residue with some
content of boron can be used as a cement replacement material with
the advantage of increasing the long-term strength of the concrete
[113-115]. With the EU carbon (CO,) price in May 2021 hitting a
record high 50 € per ton, the proposed CO, utilization process will
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also provide additional income through CO, emissions allowance
scheme [116].

The estimated potential capacity of this route for CO, utilization,
considering the global boron mineral reserves (4.5 Bt), can be up
to about 0.62% of total CO, emissions in 2021 [117]. The authors,
therefore, believe that the importance and novelty of the current
study are its expected potential in (1) through symbiosis, creating
products of value (up to 600 $/ton BW) from an industrial waste
of great global warming threat, namely CO,, and another waste in
the form of BW with significant threat for water contamination,
(2) reducing environmental problems (avoidance of CO, and boron
pollution per ton of BW) and (3) yielding sustainable development
through a circular economic activity.

EXPERIMENTAL DETAILS

The BW used in this investigation was obtained from the Biga-
di¢ (Turkey) Boron Processing Works of Eti Mine company, which
produces colemanite and ulexite minerals. The BW batch as received,
which originated from ulexite enrichment operations, was first
powdered and fractioned into particle-size ranges, as given in Table
3 together with their chemical analysis.

B,0; content was determined by a common volumetric method
[118], sodium (Na) and calcium (Ca) by a flame photometer (Sher-
wood 410), carbon (C) by a carbon analyzer (Eltra CS 500) and
the others by XRF (Bruker S8 Tiger). The heating loss was deter-
mined by heating the samples to 900°C in an oven (Carbolite-
Gero RWF 11/23) and maintaining for 2h at this temperature.
The XRD (Rigaku Ultimate-IV) and Sem (ZEISS) of a selected BW
sample (D)o, 600 pm) are given in Figs. 2 and 3, respectively. The

Table 2. Estimated benefits from the use of boron waste (BW) for CO, mineralisation by the method proposed by the present study

Product Mass Commercial
kg/ton BW value ($/ton)
Solids- 1 Relf1t1ve1y pure C;.1CO3 (including that originally available in BW), 75 150
which can potentially be transformed to PCC (per Egs. (9)-(11))
. Commercially valuable boron compounds (e.g., sodium penta-borate
lids-2 L
Solids mixed with Na,CO, per Eqs. (13) and (14)) 350 350
Solids-3 Commercially valuable boron compounds (e.g., sodium penta-borate, 310 1,500
(per Eq. (11))
CO, Sequestrated/utilised CO, (per Egs. (9)-(11)) 72 56
Water Treatable water source (per Egs. (9)-(11)) 75 0.5
Table 3. Chemical compositions of boron waste (BW)

Fractions Components (%)

Dy (pm) B,O, Na,O Ca0 MgO Fe,0, ALO,  As’ SO; SiO, SrO C HL’
<600 23.06 1.84 2591 6.78 0.09 0.20 75 0.11 9.37 1.15 7.51 31.21
<355 21.17 1.80 26.59 7.00 0.08 0.20 73 0.11 9.81 1.21 7.75 31.16
<250 20.31 1.81 26.97 6.92 0.09 0.22 70 0.12 9.93 1.19 7.90 31.30
<180 22.97 2.16 25.51 6.39 0.10 0.22 71 0.13 9.15 1.24 7.35 3141
<150 23.20 2.12 24.59 6.80 0.09 0.21 70 0.14 9.73 1.07 7.35 31.38

“as ppm

’HL: Heating loss at 900 °C for 2 h
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Fig. 2. XRD pattern of boron mineral waste (BW).

Fig. 3. SEM of <600 pum boron mineral waste (BW).

FTIR spectrum of some selected products was generated by a
Thermo Fisher Nicolet IS50 spectrometer. Readers interested in
the operation of, and material characterization by, these instru-
ments are referred to [119-123]. From the XRD (Fig. 2) and chemi-
cal analysis (Table 3) of the samples, it is concluded that the BW
contains ulexite, colemanite, calcite and some amount of clay min-
erals. As the chemical composition data given in Table 3, how-
ever, shows the presence of very little Na in comparison to that of
Ca, it is inferred that ulexite content of BW is not that significant.
The CO, gas for the mineralization was of commercial quality
with high purity (99.9%) and obtained from the Habas, Turkiye.
The parameters chosen for the mineralization tests were, as shown
in Table 4 together with their level values, reaction temperature
(A), particle size (B), stirring speed (C), solid-to-liquid ratio (D)

October, 2022
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Table 4. Parameters studied in the experiments and their levels and
values

Levels and Values
1 2 3 4 5

Reaction temperature (°C) 20 30 40 50 60
Particle size (D, tm) 600 355 250 180 150
Stirring speed (rpm) 300 400 500 600 700
Solid-to-liquid ratio (g/ml) 0.1 02 03 04 05
Time (min) 15 30 60 90 120

Parameters

Mg 0w >

and reaction time (E). The investigated ranges of the parameters
depicted in Table 4 were determined through preliminary tests.
The mineralization reaction was implemented in a jacketed spher-
ical glass reactor of 500 mL total volume equipped with a stirrer,
dip tube sparger system and refluxed graham condenser opened
to the atmosphere. The wheel of the stirrer (impeller) was of PTFE
with a semicircle shape of 18 mm radius and 3 mm thickness. The
impeller was positioned into the reactor at 1 cm distance from the
bottom surface by a shaft of 8 mm diameter connected to an elec-
trical motor. The reaction temperature was controlled by a con-
stant temperature circulator. The ambient pressure and temperature
in the lab during the test period were around 610 mmHg and 21 °C,
respectively.

For each experiment, a volume of 300 mL of distilled water was
taken into the reactor (resulting in a 40% free space ratio) and sat-
urated with a continuous flow of CO, gas stream. Following the
saturation, determined by pH monitoring, CO, was fed continu-
ously through the reactor at a constant flow of 1.7 [/min while the
reactor was being heated. This rate of CO, stream was decided as
the double the amount of that quantity of CO, required stoichio-
metrically to maintain the reactor content at saturation when oper-
ated with the highest solid-to-liquid ratio (0.5 g/ml) and shortest
reaction time (15 min). This ensured that the reactor content was
always CO, saturated regardless of the operating conditions. After
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Fig. 4. The stoichiometric ratios of different borate species accord-
ing to pH values [138].

the reactor content reached the target temperature, a predetermined
BW sample, in accordance with the solid-to-liquid ratio shown in
Table 4, was taken into the reactor and mixed with a predetermined
mixing speed until the reaction time was completed. The pH ob-
served throughout the current study for each test from shortly after
the addition of the solids to the reactor until the end was between
6.5 and 7. Within this pH range, as shown in Fig. 4, the borate
species in aqueous solution should be a mixture of B;Os(OH);,
B,Os(OH);, B;O5(OH), and H;BO; [124-126]. Subsequently, the
mixture in the reactor was filtered to separate remaining solids
(residue: Solids-1 in Fig. 1) from the aqueous solution.

The chemical analyses of the residues for all the tests were imple-
mented in the same manner as those for the feed BW samples.
The XRD and SEM of a selected residue are given in Figs. 5 and 6,
respectively.

The aliquot aqueous phase was heated in an evaporator-crystal-

HETU

Fig. 6. SEM of solid residue (Solid -1) obtained with <600 .um boron
mineral waste (BW).

lizer (Option 2 in Fig. 1) followed by the precipitation and separa-
tion of solids (Solids-3 in Fig. 1). The XRD, FTIR and chemical
analyses of this solid product obtained under optimum condi-
tions are given in Fig. 7, Fig. 8 and Table 7, respectively.

An error analysis was implemented to estimate the accuracy of
the results and error contributions from the uncertainties in the
equipment and instrumentation used for the measurement of the
independent variables affecting the CO, utilization performance
results. It was found that the results could be in error up to 10%
(equivalent to about 5% uncertainty). The repeatability with paral-
lel tests and reproducibility with the tests carried out on different
days were also investigated and found to be within 5% and 7%,
respectively, of the mean values.
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Fig. 5. XRD pattern of solid residue (Solid -1) obtained under optimum conditions.
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Fig. 8. FTIR spectrum of the solid product (Solid-3) obtained under optimum conditions.

TEST DESIGN METHODOLOGY

The optimization evaluations followed the Taguchi method with
an experimental design method of L,; (5°) orthogonal array (OA)
as it was the most appropriate for the tests under investigation; five
parameters each with five level values [127]. Main advantages of
the Taguchi method are that it minimizes not only the experimen-
tal cost but also the variability around the target when bringing
the performance value to that of target; also, the optimum work-
ing conditions determined from the laboratory work can also be
reproduced in a real production environment. As the point by this

October, 2022

study is not the Taguchi method but to determine optimum work-
ing conditions for the utilization of CO, while eliminating the
environmental pollution and health risks due to BW, we will be
content with giving only brief information that will enable a good
understanding of the results. Those readers who are interested in
the method itself and its application in similar investigations are
referred to relevant studies in the literature [128-135].

The resultant test plan is shown in Table 5. Each test was repeated
twice at different times. The larger-the-better principle was pre-
ferred as the optimization criterion for both CO, sequestered and
B,O; solubilised by using following equation [129,132]:
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Table 5. Ly; (5°) Orthogonal experimental plan table

Run No A B C D E
1 4 1 1 1 1
2 4 2 2 2 2
3 4 3 3 3 3
4 4 4 4 4 4
5 4 5 5 5 5
6 5 1 2 3 4
7 5 2 3 4 5
8 5 3 4 5 1
9 5 4 5 1 2

10 5 5 1 2 3
11 1 1 3 5 2
12 1 2 4 1 3
13 1 3 5 2 4
14 1 4 1 3 5
15 1 5 2 4 1
16 2 1 4 2 5
17 2 2 5 3 1
18 2 3 1 4 2
19 2 4 2 5 3
20 3 5 3 1 4
21 3 1 5 4 3
2 3 2 1 5 4
23 3 3 2 1 5
24 3 4 3 2 1
25 3 5 4 3 2
SNz—lOlog(rllZi":I%) ®)

where SN is the performance characteristic, n number of repeti-
tions performed for an experimental combination (=2) and Y; perfor-
mance (separately for CO, sequestered or B,O; solubilized) value
of the ith experiment. The performance value that corresponds to
the optimal working conditions was predicted by using the balanced
characteristic of the OA, using the addition model [132,134]:

Y;=pu+X;+e; @)

where 4 is the overall mean of the performance value, X; fixed
effect of the parameter level combination used in ith experiment,
and e; the random error in ith experiment. As the value from this
equation is a point estimate (prediction), calculated by using exper-
imental data to determine whether the additive model is appropri-
ate or not, the confidence interval of the prediction error should
be evaluated. The validity of this hypothesis was verified by confir-
mation experiments conducted under optimal conditions and a
procedure which is explained in one of our earlier study employ-
ing the same methodology [133].

The test data were analyzed by using an analysis of variance
(ANOVA) computer software package for evaluating the effect of
each parameter on the optimization criteria [131]. The larger-the
better performance characteristics in Eq. (2) were used for the miner-
alization of CO,. The F-test was used to determine the significance

Table 6. Results of the analysis of variance (ANOVA) for CO, seques-

tration
Parameters SS df MS F
A Reaction temperature (°C) 32463 4 81.16 41.62
B Particle size (mm) 1806 4 452 232
C  Stirring speed (rpm) 1097 4 274 141
D  Solid-to-liquid ratio (g.cm's) 130.17 4 3254 16.69
E Time (min) 59.10 4 1477 7.8
Error 780 4 1.95

SS: sum squares; df: degrees of freedom; MS: mean squares; F: F-
test values

of the process operation parameters. The results are given in Table 6.
RESULTS AND DISCUSSION

A block diagram of the proposed route of CO, utilization route
is shown in Fig. 1. The reactions taking place in the Reactor-1 are
as follows:

The dissolution reactions of CO, in water [136,137]:

CO,(g)+H,0()= CO,(aq)+H,0() (4)
C0,(aq)+H,0()=H,CO4(aq) )
H,CO5(aq)+H,0()=H;0"(aq)+HCO; (aq) ©6)
HCO; (aq)+H,0()=H,0"(aq)+CO;5 (aq) @)
Q0,(aq)+CO7 (aq)+H,0())=2HCO; (aq) ®)

However, considering that the pH values observed throughout the
study were between 6.5 and 7, at any given time including the end
of the reaction time, CO, speciation in the liquid phase will be
H,CO,/HCO; in portions of around 35/65 [136].

The reactions of CO, with BW: The ratios of ionic borate spe-
cies expected to be present in the solution as function of pH are
shown in Fig. 4 [138]. Within the pH range observed throughout
the current study (between 6.5 and 7), the borate species in aque-
ous solution has been reported to be as B;O,(OH),, B,O;(OH);,
B,0;(OH), and B(OH); (=H;BO;) [124-126]. Therefore, we anti-
cipate that the reactions of CO, with BW (ie., ulexite and colemanite
in BW) in an aqueous media should proceed as follows with the
borate products being mainly sodium penta- and three-borate:

2Na,0-2Ca0-5B,0;-16H,0(s)+6H,CO;(aq)
=4CaCO;(s)+2NaHCO;(aq)+NaB,O4(OH),(aq)
+NaB,0;(OH),(aq)+12H;BO;(aq)+15H,0() )

2Ca0-3B,0;-5H,0(s)+2H,CO;(aq)+2H,0(l)
=CaCO;y(s)+6H; BOs(aq) (10)

If the remaining solids within the BW and the solid products from
the reaction 10 above (Solids-1: mainly CaCO;) are separated from
the reactor eftluent in a solid/liquid separator and then the aliquot
aqueous phase is heated in an evaporator-crystallizer (Option 2),
NaHCO; will break down and release some of already utilized CO,
with Na being converted to sodium penta-borate:

Korean J. Chem. Eng.(Vol. 39, No. 10)
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Table 7. Chemical composition the solid product (Solid-3) obtained
under optimum conditions

Components B,0; Ca Na
% 57.43 0.046 6.38
2NaHCO;(aq)+NaB;O4(OH),(aq)+NaB,0,(OH),(aq)
+12H;BOs(aq)+15H,0(1)=4NaB;O4(OH),3H,0(aq)
+2C0,(g)+33H,0() (11)

The XRD and SEM of a selected residue (Solids-1) are shown in
Figs. 5 and 6, respectively. It is apparent from these figures that the
residue is mainly calcite (CaCO;) and the ulexite in the BW is com-
pletely dissolved. The B,O; analyses of the aliquot solution sample
before being heated not only confirmed this, but also showed that
45% of colemanite was also dissolved. Also, evidenced by these fig-
ures, is that the dissolution of ulexite and colemanite has led to for-
mation of rhombohedral calcite in agreement with the literature
reporting that the similar conditions in a parent solution favor cal-
cite formation and inhibits aragonite formation [139,140]. A large
calcite crystal in Fig. 6 implies that new calcite formed deposit on
the calcite crystals already existed in BW.

Further heating and evaporation of the aliquot aqueous phase
will lead to a sodium penta-borate saturated solution, followed by
precipitation and separation of sodium penta-borate crystals (Sol-
ids-3). The results of XRD, FTIR and chemical analysis of this solid
product obtained under optimum conditions are given in Fig. 7,
Fig. 8 and Table 7, respectively. These results, consistent with the liter-
ature [141-143], confirm the validity of reaction 11 and the prod-
uct being sodium penta-borate (NaB;O4(OH),-3H,0), which may
also be referred as Sborgite.

Whereas, if NaOH is added in a reactor (Reactor-2) to the lig-
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uid phase from the solid/liquid separator followed by a heating step
in an evaporator-crystalliser (Option 1), NaHCO; will be converted
to Na,CO; as follows:

2NaHCO;(aq)+NaB;O4(OH),(aq)+NaB;O0;(OH),(aq)
+12H,B0;(aq)+2NaOH(aq)=4NaB;0,(OH),3H,0(aq)

+2Na,CO;(aq)+18H,0(1) (12)

NaOH-+5H,B0O,—>NaB,04(OH),3H,0(aq) +3H,0() (13)

Further heating and evaporation in this case will lead to a sodium
penta-borate and sodium carbonate saturated solution, followed by
precipitation and separation of a mixture of sodium penta-borate
and sodium carbonate crystals (Solids-2). The Option 1 route offers
the benefit of preventing the release of some portion of already
captured CO, from the process back to the gas phase against the
disadvantage of generated sodium penta-borate being mixed with
sodium carbonate by a fraction of 0.11. Despite not being as pure
as Solids-3, Solids-2 is still a good raw material with high demand
potential for a number of manufacturing industries, such as pro-
duction of special glass [144].

The vapor from the evaporator-crystallizer with small content
of CO,, for both Option-1 and Option-2 paths, can be condensed
in a condenser. The non-condensables (mainly water saturated CO,
of different quantity depending on whether Option-1 or Option-2
route is followed) can be fed back to the Reactor-1 as further
passes. If reactions 9 to 13 above are studied carefully; it will become
clear that the proposed process is a net water generator of approxi-
mately 75kg water per ton of BW utilized. The excess water beyond
that required by the process, being of relatively good quality, can
be used for other on-site purposes.

As shown by the reactions in equations above, CO, in the solu-
tion is in the form of sodium bicarbonate (NaHCO;). Accordingly,

42|

a1t

40

39t

10*0g10(1/N*Sum(1/y?))

38 |

Levels and Values

% Parameters 1 2 3 n 5
37t A Reaction temperature (°C) 20 30 40 50 60
B Particle size (D100: pm) 600 355 250 180 150
x6l° C Stirring speed (rpm) 300 400 500 600 700
D Solid-to-liquid ratio (g.cm®) 0.1 02 03 04 05
E Time (min) 15 30 60 90 120
%5 | | |
172 3 451 2 3 4512 3 4512 3 4512 3 45
A B C D E

Fig. 9. The effect of each parameter on the optimization criteria for the solubilisation of B,O;.
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Fig. 10. The effect of each parameter on the optimization criteria for CO, utilisation.

the amount of CO, in the soluble form is proportional to the amount
of sodium ion in the solution. The total captured CO, is, thus, the
sum of CO, in the solid residue in the form of CaCO; (Mqy—Merp)
and as NaHCOQ; in the solution, which was calculated from the

) from

reactions 9 to 13). The total captured CO, mass (g) was then cal-
culated as follows:

+. . . 1 1
moles of Na" in solution using stoichiometry (as (EMW @

1
Geo= [EMW(M)+(MC($)—MC(O,g))J44

(14)
where My, is the mole number of Na* ion in solution, M
mole number of C in the solid residue and M, mole number of
C in the BW sample fed into the mineralization reaction.

The results from Eq. (14) were analyzed according to the opti-
mization criteria (Eq. (2)) and are shown in Figs. 9 and 10 in the
form of performance characteristics (SN). The optimal level for a
given process parameter, in accordance with the methodology
employed [133], is normally its value yielding highest SN value. In
the working range, the parameter levels maximizing the perfor-
mance value, according to Figs. 9 and 10, are a temperature of
60 °C (As), a particle size of <180 um (B,), a stirring speed of 700
rpm (G;), a solid-to-liquid ratio of 0.1 g/ml (D,) and a reaction time
of 90 min (E,). However, with regards to the stirring speed, con-
sidering the insignificant change in the SN value from 500 rpm to
700 rpm, but higher associated energy demand for the 700 rpm
case, the optimum condition can be taken as 500 rpm.

Analysis of variance (ANOVA) was performed to determine the
degree of effectiveness of CO, utilization parameters and their confi-
dence levels, of which results are presented in Table 6. The confi-
dence intervals are shown by the discontinuous lines in Figs. 9 and
10. As it can be seen from the statistical values in Table 6 (the

higher the values higher the degree of the effectiveness of the
parameter) and Figs. 9 and 10 (the steeper the curves and the degree
by which they extend beyond the confidence interval lines higher
the degree of the effectiveness of the parameter), in decreasing
order, the reaction temperature, solid - liquid ratio and time, have
significant impact on the CO, utilization, while particle size and
the stirring speed, within the range investigated here, have insig-
nificant effect.

The mechanism controlling the rate, in case of heterogeneous
reactions, can be determined by considering the parameters that
influence the reaction rate. For a process in which the stirring speed
is more influential, the process rate is diffusion (mass transfer, that
is, physically) controlled, whereas for the processes in which the
temperature is more influential, the process rate is chemical reac-
tion controlled. Therefore, it can be said that CO, utilization for
the process under investigation is chemical reaction controlled.
Physically controlled processes are more sensitive to particle size
than chemically controlled processes, again due to being diffusion
sensitive. Thus, the ineffectiveness of the particle size observed also
supports that the CO, utilization process under investigation is
reaction controlled.

The implication of these findings is that the process perfor-
mance can be further improved if the reactor is operated at tem-
peratures higher than 60 °C and solid-to-liquid ratios smaller than
0.1. The results discussed above imply that, for better CO, utiliza-
tion rates, efforts can also be made to enhance the reactions, such
as by means of catalysis. However, as the fact that the reaction
between carbonate ions and calcium ions is very fast [145] and
that the stirring speed affect is insignificant (Figs. 9 and 10), the
carbonation (mineralization) reaction should thus dominantly be
controlled by CO, solution equilibrium. The precipitation of calcite
(CaCO;) should, therefore, not favor higher temperatures since the
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increased reaction temperature will reduce the solubility of CO,
gas. In contrast, the solubility of ulexite and colemanite in BW in
water should increase with temperature [146] and, thus, the avail-
ability of calcium ions in the solution for mineralization reaction.
As result of these opposing effects of the temperature on the min-
eralization performance, it may be expected that the effect of tem-
perature should be levelled or even declined at a certain temperature
level. It appears that this temperature has not been reached within
the range investigated here. A more favorable higher temperature
should be sought to yield a better solubility of ulexite and cole-
manite in the BW, and thus a better reaction rate. This together
with a cost analysis will be the subject of our further future stud-
ies of this promising CO, mineralization route.

The CO, captured under the optimal experimental condition
was estimated to be approximately 72 kg CO, per ton BW, which,
considering the global boron mineral reserves of 4.5 Bt, offers an
estimated potential capacity for CO, utilization of up to about
0.5% of total yearly CO, emissions in 2021 [147]. According to the
chemical analysis results given in Table 3, the average CaO con-
tent in the residue is 26%. If all this CaO in the residue were to
react with CO, to produce CaCQ;, the amount of CO, reacted
with BW would be 196 kg per 1 ton of BW. Based on this analy-
sis, it might be erroneously thought that the overall CO, capture
capacity was utilized only to a 37%. However, it must be noted that
large portion of CaO reported in Table 3 (about 50%) in BW is
actually in the form of free CaCO; without any capacity for CO,
utilization. According to our analysis based on the stoichiometry
of the reactions shown above and measurements of the soluble
and non-soluble portions of the BW under reaction conditions, we
estimated that the maximum CO, capture capacity of BW would
be 91kg CO, per ton BW. Thus, under the present test condi-
tions, the utilized CO, capture capacity of BW is about 80%. Based
on this, the CO, capture capacity can be enhanced to a maximum
0.62% of total yearly CO, emissions in 2021 by changing process
operation conditions from the optimum as discussed above, for
example, increasing the reactor temperature and/or decreasing solid-
to-liquid ratio.

Studies following the expanded Kakizawa method [99] have
reported a net CO, utilization of up to 340 kg/ton PCC [100,101].
However, based on the performance of the proposed method in
the present study, it is possible to obtain a net CO, utilization of up
to 710 kg/ton PCC. Note that CO, content in PCC can be maxi-
mum 440 kg/ton PCC. The balance for the present utilization of
710 kg/ton PCC is due to additional CO, being permanently uti-
lized in the form of Na,CO, while producing sodium penta-borate.
Therefore, the CO, utilization capacity per kg of PCC proposed by
the present study can potentially be about 110% higher in com-
parison to those reported in the literature [100,101].

To check the accuracy and reliability of the estimated results, in
accordance with the recommendation in [148], two additional con-
firmatory CO, mineralization tests were carried out at different
dates under the optimal operation conditions reported above. The
average experimental CO, utilization value was found to be about
71 kg CO,/ton BW. As the CO, sequestration values from the con-
firmatory tests are within the estimated confidence intervals (ie,
95%), it can be inferred that the experimental error is within +5%
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and that the results are reproducible. This confirms good consis-
tency between estimated and experimental values and that para-
metric interactive effects were truly insignificant. It can, therefore,
be stated that the addition model is sufficient to describe the de-
pendence of this CO, sequestration process on the different oper-
ating parameters [127].

In this process, in addition to capturing CO, with the quanti-
ties mentioned above (72kg CO, per ton BW), other useful and
profitable products are generated. As shown in Table 2, these are,
per ton BW, 310 kg sodium penta-borate and 725 kg relatively pure
CaCO; (including that originally available in BW), which can poten-
tially be transformed to PCC. The former is potentially a good
alternative feed to produce useful other products. For instance, glass,
fire-resistant plastics and rubbers, char promoters, anti-arcing agents,
wood composites preservatives, etc. The latter can be used as an
environmentally friendly alternative to the raw materials obtained
from quarrying with significant environmental problems into the
giant cement sector with huge global demand. The advantages of
this proposed alternative symbiotic simultaneous BW valorization
and CO, utilization route are obvious considering that the boron
products (penta- and tri-borate) to be obtained in this mineraliza-
tion process (see the reactions 9 to 13). Considerably high mone-
tary values of the products (e.g., sodium penta-borate in pure form
is sold for 1,500 $/ton [112]) can help significantly in enhancing
not only the economics of the CO, utilization operation, but also
elimination of environmental problems due to mining industries
waste. Additionally, CaCO; produced in the operation is also mar-
ketable with market prices of 150 $ per ton [149,150]. Addition-
ally, a CO, credit of about 4 $/ton BW can be obtained, which can
further enhance the process economics.

CONCLUSIONS

This paper proposes a symbiotic route for the valorization of
boron mineral processing solid wastes (BW) by CO, in aqueous
solutions and then production of high market value of boron com-
pounds, namely, sodium penta-borate, creating additional value by
utilizing CO, and locking it away stably and permanently. This
article reports the results from our initial study on the effect of the
key operational parameters (temperature, solid-to-liquid ratio, reac-
tion time, stirring speed and particle size) on the process perfor-
mance. The main conclusion from this study is that this novel
concept process for symbiotic valorisation of BW and CO, utiliza-
tion is possible with products of high market value of boron com-
pounds, namely, sodium penta-borate and precipitated calcium
carbonate (PCC). Further conclusions from the study are:

1. The carbonated solids within the BW and solid products
from the BW reactions with the CO, in aqueous solutions
will lead to the generation of about 725kg relatively pure
CaCO; (Solids-1) per ton of BW, which can be separated
from the reactor effluent and offer a very good raw material
to produce PCC with a market value of 150 $/ton.

2.The BW reactions with the CO, in aqueous solutions will
lead to valuable borate products of mainly sodium penta-
and three-borate. If NaOH is added to this solution followed
by a heating step (Option 1), NaHCO; will be converted to
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Na,CO; and further heating and evaporation will lead to
the formation and separation of a mixture of about 350 kg
sodium penta-borate and sodium carbonate crystals (Solids-
2) per ton of BW with a market value of 1,350 $/ton.

3. Whereas, if the aqueous solution is heated without addition
of NaOH (Option 2), NaHCO; will break down and release
some of already utilized CO, and sodium three-borate con-
verted to sodium penta-borate. Further heating and evapo-
ration of the mixture will lead to a sodium penta-borate
saturated solution followed by precipitation and separation
of about 310 kg sodium penta-borate crystals (Solids-3) per
ton of BW with a market value of 1,500 $/ton.

4. Solids-2, despite not being as pure as Solids 3, is still a good
raw material with high demand potential for various manu-
facturing industries, such as production of special glass.

5.The proposed process is a net water generator of approxi-
mately 75 kg water per ton of BW utilized. The excess water
beyond that required by the process, being relatively of good
quality; can be utilized for other on-site purposes.

6.In decreasing order, the reaction temperature, solid - liquid
ratio and time, have a significant impact on the CO, utiliza-
tion, while particle size and the stirring speed, within the
range investigated here, have insignificant effect. Therefore,
the CO, utilization process under investigation is chemical
reaction controlled.

7.In the working range, the parameter levels maximizing the
performance value are a temperature of 60 °C (A;), particle
size of <180 pm (B,), stirring speed of 700 rpm (C;), solid-
to-liquid ratio of 0.1 g/ml (D,) and reaction time of 90 min
(E,). However, with regards to the stirring speed consider-
ing the insignificant change in the performance value from
500 rpm to 700 rpm, but higher associated energy demand
for the 700 rpm case, the optimum condition can be taken as
500 rpm.

8. The process performance can be further improved if the reac-
tor is to be operated at temperatures higher than 60 °C and
solid-to-liquid ratios smaller than 0.1. However, the effect of
the temperature on the mineralization performance is expected
to be levelled or even declined at a certain temperature level.
This temperature has not been reached within the range
investigated here. We recommend a further investigation of
the process with a cost analysis to find a more favorable higher
temperature for better solubility of ulexite and colemanite in
the BW, and thus a better reaction rate.

9.The CO, captured under the optimal experimental condi-
tion is approximately 72 kg CO, per ton BW, which, consid-
ering the global boron mineral reserves of 4.5 Bt, offers an
estimated potential capacity for CO, utilization of up to about
0.5% of total yearly CO, emissions in 2021. With potential
CO, credit, a value of about 4 $/ton BW can be obtained,
which can enhance the process economics further.

10. The maximum CO, capture capacity of BW is around 91 kg
CO, per ton BW. Thus, under the present test conditions, the
utilized CO, capture capacity of BW is about 80%. Based on
this, the CO, capture capacity can be enhanced to a maxi-
mum 0.62% of total yearly CO, emissions in 2021.
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NOMENCLATURE

A :operation test parameter label denoting temperature [°C]

ANOVA : analysis of variance [-]

B :Operation test parameter label denoting particle size [pm]

BW :run-of-mine solid wastes from boron enrichment process-
ing [-]

C  :operation test parameter label denoting stirring speed [rpm]

CAGR : compound annual growth rate [-]

CCS : carbon capture and sequestration [-]

CDR : carbon dioxide removal [-]

CDU : carbon dioxide utilization [-]

CDUS : carbon dioxide capture, utilization and storage [-]

COP26: 26th The UN Climate Change Conference of the Parties
in Glasgow; the UK [-]

D  :operation test parameter label denoting solid-to liquid ratio
[g/ml]

DAC : direct (CO,) air capture [-]

df  :degrees of freedom [-]

E  :operation test parameter label denoting time [min]

e : Random Korean in an experimental test [-]

EIA :energy information administration [-]

EU :European Union [-]

F : F-test values [-]

G :total captured (utilised) CO, mass [g]

HABAS : Habas Industrial and Medical Gases Production Indus-
tries Inc., Turkiye

HL  :heating loss [-]

IPCC : Intergovernmental Panel on Climate Change [-]

M :number of moles of an element under question

MS  :mean squares [-]

n  :number of test repetitions performed for an experimental
combination [-]

OA :orthogonal array [-]

PCC : precipitated calcium carbonate [-]

SN :performance characteristic [-]

SS  :sum squares [-]

WHO : World Health Organization [-]

X :fixed effect of the test parameters level combination used
in an experimental test [-]

Y  :performance value of an experimental test under a set of val-
ues of the test parameters [-]

P :overall mean of the performance value [-]
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