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Kinetics and Thermodynamic Studies of
Oxytetracycline Mineralization Using UV/H2O2

Oxytetracycline (OTC), a widely used antibiotic, was taken as themodel contaminant to
study the kinetic and thermodynamic parameters of mineralization using a UV/H2O2

system. Mineralization experiments were carried out at different initial OTC
concentrations of 0.0156–0.0531M, initial H2O2 concentrations of 0.043–0.116M and
at a temperature range of 20� 50°C. The OTCmineralization process wasmonitored by
measuring the total organic carbon as well as H2O2 consumption. The analysis of
mineralization data showed two phases of mineralization: phase I: 0� t� 30min and
phase II: 30� t� 180min. Based on this, the kinetic and thermodynamic parameters
were established. The order of reaction obtained for organic C and H2O2 is 0.624 and
0.599 (phase I) and 0.954 and 0.062 (phase II), respectively. Based on this kinetic model,
the OTC degradation rate constants were 0.0069min�1 (phase I) and 0.0051min�1

(phase II). The activation energy for phase I and phase II oxidation was 10.236 and
9.913 kJmol�1, respectively. The estimated D#G and D#H values are positive, whereas
negative D#S values were obtained.
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1 Introduction

Pharmaceutical and personal care products (PCPs) are extensively
used in our modern living, such as prescribed therapeutic drugs,
veterinary drugs, cosmetics, and fragrances or even nutraceutical
products (i.e. vitamin and hormones, etc.) [1]. In general they are
used for improving the quality of personal health and growth of
human and other organism or for cosmetic reasons [1, 2]. Residues of
PCPs may come from pharmaceutical industries, hospital and
households, veterinary drug (mainly antibiotics and steroids) and
agricultural sectors, etc. [3–6]. Among the PCPs, antibiotics are one of
the important types of compounds that are produced and consumed
in very large quantity to treat bacterial diseases in human and
animal. Excretion of metabolized and non-metabolized form of
antibiotics from human and animal bodies may enter into the water
stream [6]. Many researchers have reported that contamination in
surface and ground water, drinking water, tap water, ocean water,
sediments, and soil might be due to antibiotics [7–9]. These
contaminations will produce antibiotic-resistant bacteria and
damage the internal organ of aquatic animals [10–12]. Water
contaminated with antibiotics, when it is consumed by the animals,
they remain inside the tissues as food pollutant whichmight trigger

the allergic reactions and contribute to the formation and
development of antibiotic-resistant bacteria in human body [13].
Antibiotics are classified under several categories namely: b-

lactams, tetracyclines, aminoglycosides, quinolones, macrolides,
glycopeptides, and sulfonamides. However, the most extensively
used antibiotics in animal feeds are tetracycline class including as
food additive for systemic bacterial infection therapy in farmed fish,
growth simulator in livestock and stress reduction in pig and
poultry [14–17]. Hence, in the present study oxytetracycline (OTC), a
member of the tetracycline class has been chosen as a model
antibiotic compound that contaminates the water matrix.
Many methods have been applied to treat the antibiotic

contaminated water matrix. However, antibiotics are extremely
resistant compounds toward biological degradation process, hence
the research have been directed towards the application of non-
biological processes for their destruction, and one among them is
advanced oxidation processes (AOPs) [9]. Recently, AOPs have
emerged as an effective process, which is capable of transforming
organic pollutant into non-toxic substances. These processes
exclusively rely on the generation of hydroxyl radicals (•OH) in
general or any other highly reactive species, that can attack the
organic pollutant in the water matrix. After the radical attack, the
organic pollutant will be subjected to a series of degradation/
oxidation reaction and lead to the formation of CO2 and H2O as the
final product.
The degradation of OTC have been achieved through many

processes namely, Fenton process, ozone process, UV photolysis, UV/
H2O2 system, simulated sunlight irradiation, photocatalytic process
using TiO2-zeolite, electrochemical oxidation, Mn-peroxidase and g-
pulse irradiation, etc. [14, 18–25]. However, no detailed study has
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been reported on the kinetics and thermodynamic parameters of
OTC mineralization using the combined UV/H2O2 system, especially
based on total organic carbon (TOC) concentration profile. This TOC
concentration profile is important since it refers to the complete
conversion of organic content of compound to inorganic constitu-
ent which generally lead to complete detoxification [26]. Based on
that, in the present study it is proposed to establish the details of
kinetics (order of reaction, rate constant (k), energy of activation (EA))
and thermodynamic parameters (enthalpy of activation (D#H), Gibbs
energy of activation (D#G), and entropy of activation (D#S)) of OTC
mineralization. The evaluation and the establishment of these
parameters will provide a better insight into the OTCmineralization
mechanism and hence lead to their potential application toward
scale up and commercialization of the process.

2 Materials and methods

2.1 Materials

OTC hydrochloride, C22H24N2O9 �HCl (Merck, Germany) and hydro-
gen peroxide, 30% (Merck, Germany) were used as the source of
organic contaminant and the source of hydroxyl radical, respective-
ly. H2SO4, 98% (Merck, Germany) and NaOH (Merck, Germany) were
used for pH adjustment. All chemicals were used without further
purification. The chemical structure of OTC is given in Fig. 1.

2.2 Methods

All experiments were carried out in a glass reactor (400mL working
volume) with a provision for irradiation using a low pressure Hg
lamp (8Wpower GPH295T5L; serial no. EC90277, USA) to produce UV
light at 254nm. A schematic diagram of the reactor is shown in
Fig. 2. During irradiation, the solution was stirred using magnetic
stirrer. The temperature was maintained using water circulation
through the reactor jacket. After adjusting the OTC solution to the
optimum pH, desired amount of H2O2 were then added into the
reactor. Initial concentrations of OTC and H2O2 as well as
temperature were varied. Tomonitor the progress ofmineralization,
about 3mL of liquid samples were drawn from the reactor at
scheduled time intervals. Since the total amount of samples
withdrawn were <5% of the total volume, for calculation purposes
the total sample volumewas neglected. About 180min of irradiation
time were applied for all of the experiments. TOC measurements
were carried out using a TOC analyzer (Shimadzu, Japan) while the
amount of H2O2 in the solution was analyzed by colorimetric
method using KMnO4.

2.2.1 Theory and background

Based on the preliminary and optimization studies on OTC
mineralization process using Box-Behnken experimental design
combined with the response surface methodology, the optimum pH
was found to be 6.36 and hence for the present experiments for the
estimation of kinetic and thermodynamic parameters were
conducted at pH 6.36 [27]. The measured TOC (ppm) were later
converted into organic carbon concentration (org. C, M) for further
analysis. Concentration of org. C and H2O2 in the reaction media
could be directly estimated. Therefore, it is more convenient and
practical to express the kinetic equation in terms of org. C and H2O2

concentration rather than free radical concentration. In the present
study, OTC was assumed to be completely mineralized by H2O2 and
formed inorganic products, such as H2O, CO2, N2, and Cl2 (Eq. (1)).
This stoichiometric assumption was used previously to optimize the
H2O2 mole ratio needed to completely mineralize OTC [27].

2C22H24N2O9 � HClþ 95H2O2 ! 120H2Oþ 44CO2 þ 2N2 þ Cl2 ð1Þ

For determining the orderof reaction, initial concentrations ofOTC
as well as H2O2 were varied in the range of 125–500ppm (0.0156–
0.053Mof org. C) and0.043–0.116MofH2O2, respectively. To study the
individual effect of UV and H2O2, OTC mineralization experiments
wereconductedataH2O2concentrationof0.116Monly.To investigate
the effect of temperature on the rate constant (k), the experiments
were conducted at four different temperatures (20, 30, 40, and 50°C).
The experimental data were then plotted against pseudo order, zero-
th, first, and second order of kinetics. Differential method was also
applied to determine the order of reaction. The activation energy (EA)
was calculated from the linearized formof Arrhenius equation, while
the values of enthalpy of activation (D#H), Gibbs energy of activation
(D#G), and entropy of activation (D#S) were calculated by using the
Eyring–Polanyi equation.

3 Results and discussion

3.1 Kinetic study

The analysis for the kinetics of mineralization was made on the
assumption that the rate of reaction depend on organic CFigure 1. Chemical structure of OTC.

Figure 2. Schematic diagram of the UV/H2O2 system.
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concentration only and hence the rate of OTCmineralization can be
expressed as:

r ¼ �d½org: C�
dt

¼ kobs½org: C�n ð2Þ

Based on these assumptions, the equations for the pseudo zero-th
(Eq. (3)), pseudo-first (Eq. (4)), and pseudo-second order (Eq. (5)) can be
derived and expressed as follows.

½org: C�0 � ½org: C�t ¼ k0t ð3Þ

ln
½org: C�t
½org: C�0

¼ �kobst ð4Þ

1
½org: C�t

� 1
½org: C�0

¼ kobst ð5Þ

where n is the order of reaction, [org. C]0 the initial concentration of
org. C, [org. C]t the concentration of org. C at time t, kobs the kinetic
rate constant, and t is the time (min).
The experimental data were analyzed accordingly to the pseudo-

zero-th, first, and second order of reaction, respectively. Table 1
shows the calculated kinetic rate constant along with the estimated
correlation coefficients (R2). From this table, it can be seen that the
present OTC mineralization data fits well with pseudo first order
kinetics with higher R2 values (0.947–0.995) when compared to the
pseudo zero-th and second order. A detailed review on the
degradation and mineralization kinetics of tetracycline groups of
antibiotics are summarized in Tab. 2. Based on the available
literature on the degradation of tetracycline groups, namely
photolysis of tetracycline hydrochloride, photolysis, and hydrolysis
of OTC follow the pseudo-first order kinetics [20–25], while the
ozonation and Fenton process of OTC extracted from manure
sample as well as the UV/H2O2 process for 5mM OTC followed the
pseudo-second order kinetics [14, 25]. Even though it fits well with
the first order kinetics with better R2 value, but at the same time it
yields inconsistent values for k.
The OTC mineralization was due to the •OH radical attack, which

is generated from H2O2 dissociation by UV light rather than UV
photolysis and H2O2 oxidation alone, as shown in Fig. 3. The
measured values of the molar concentration of organic carbon with
time are shown in Fig. 4. Beside the pseudo-order kinetics, the
experimental data were further analyzed using differential method
which includes both of org. C and H2O2 concentration. The
differential method was applied by incorporating org. C and H2O2

concentrations into the kinetic equation.

r ¼ �d½org: C�t
dt

¼ kobs½org: C�m½H2O2�n ð6Þ

The logarithmic form of Eq. (6) was used for determining the order
of reaction. By plotting the value of ln(d[org. C]t/dt) vs. ln([org. C]) and
ln(d[org. C]t/dt) vs. ln([H2O2]), the value of the order of reaction with
respect to OTC andH2O2 were determined, respectively. This order of
reaction can be derived fromnegative slope of the curve. The value of
the kobs can be derived by introducing the estimated order of
reaction into the overall kinetic equation at any OTC and H2O2

concentration.
A careful analysis of the plot of org. C vs. t (Fig. 4) showed two

linear regions, during the time interval from 0–30min (phase I) and
30–180min (phase II). Plots for phase I and phase II of org. C
mineralization are presented in Figs. 5 and 6, respectively,
indicating a satisfactory fit of the present experimental data. The
estimated overall kinetic rates for both regions are presented below.
Phase I:

r ¼ 0:0069 org: C½ �0:624 H2O2½ �0:599 ð7Þ

Phase II:

r ¼ 0:0051 org: C½ �0:954 H2O2½ �0:062 ð8Þ

By comparing all the results from R2 and k of pseudo order (Tab. 1)
and differential method plot (Tab. 3), it can be concluded that the
differential method shows better representation of the data. It also
provides better insight in understanding the mineralization
mechanism of OTC. The total order of reaction for phases I and II
are 1.223 and 1.016, respectively. Therefore, the unit of k is
approximated as that for the first order of reaction, min�1.
Generally,AOPs consist of two interrelatedphases, i.e. generationof

reactive species and oxidation of organic content which are further
subdivided into series of simple oxidation and substrate mineraliza-
tion [28–30]. At the earlier stage (phase I) of AOPs, the photon energy
from UV lamp initiates the dissociation of H2O2 molecule, forming
two •OH radicals. These radicals may attack the parent compound
forming intermediate which are prone and unstable toward
mineralization. While the latter stage (phase II) deals mostly on
series of complex oxidation reactions with the reactive functional
group of organic compound, C�C bond fragmentation until all C-
atoms inside the organic molecule are oxidized into their highest
state, i.e. CO2, and yet having more stable structure [28].
Based on Eq. (7), both OTC andH2O2molecules have a similar order

of reaction. This might be due to the fact that during phase I, after
dissociation of H2O2 molecules, the •OH radicals formed would
subsequently attack the unstable parent compound of OTC which
leads to the generation of intermediate compound. However, for
phase II (Eq. (8)), the mineralization process predominantly
depends on the org. C concentration rather than on H2O2 which
was shown by the higher order of reaction of org. C (0.9541)
compared to H2O2 (0.062). This could be attributed to the reason that
after the disappearance of parent organic compounds, the
intermediate species started to form which was further followed
by the significant reduction of •OH radicals as well as H2O2

concentration (Fig. 7). Since OTC molecules contain N-atoms, after
irradiation, beside organic acids, organic compounds containing N-
atoms and intermediate compound were also detected. The parent
organic compound and the intermediate compounds may compete
as the contaminant target during the existing •OH radical attack.
Due to these competitions, the org. C concentration predominantly
affected the mineralization rates rather than H2O2.

Table 1. Results of pseudo-order plots of OTC mineralization kinetics

Org. C (M)

Pseudo zero-th
order

Pseudo first
order

Pseudo second
order

k R2 k R2 k R2

0.0156 8E–05 0.835 0.0132 0.969 3.114 0.980
0.0284 1E–04 0.932 0.0154 0.978 3.000 0.759
0.0440 8E–05 0.835 0.0112 0.995 0.759 0.892
0.0531 2E–04 0.987 0.0080 0.947 0.770 0.901
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Different values of k were also observed to be higher, values of
phase I, compared to phase II, which indicates a higher mineraliza-
tion rate. This could be attributed that at phase I higher
concentrations of OTC parent compounds were present in the
solution compared to more stable organic products, and hence,
increased the mineralization rate. At the end of the irradiation
period, the mineralization rate started to reduce due to the
accumulation of more stable oxidation products and •OH radical
recombination. A similar two-step phenol degradation inside a UV/
H2O2 system using a 24W UV lamp power was also reported [30]. For
the first 15min, the phenol degradation rate mainly depends on the

concentration of H2O2 with its k, the order of reaction of phenol and
H2O2 were 0.035min�1, 0.205 and 0.490, respectively. While for
phase II it was reported as 0.110min�1, 0.487, 0.169, respectively [30].
Mineralization of Profenofos using UV, Fenton, UV/H2O2, UV/H2O2/
Fe3þ, and UV/H2O2/Fe

2þ was found to follow pseudo-first order with
respect to TOC concentration while the reported values for k ranges
from 0.0052 to 0.0973min�1 [31].

3.2 Estimation of activation energy

The effect of reaction temperature, on the rate of OTC mineraliza-
tion is shown in Fig. 8, for the temperature range of 20�50°C.
Similar trends were also reported for the degradation of phenol,

Table 2. Comparison of literature on tetracycline groups degradation and mineralization kinetics

Compound System Kinetics Remarks Reference

OTC Extracted OTC from
manure sample

Pseudo-second order 434mM H2O2 and
43.4mM Fe2þ

Ozone dose: 2.5mgmin�1

[14]

Fenton and ozonation kobs: Fenton process (119M�1 s�1), kobs: ozonation
(548M�1 s�1)

Kinetics based on OTC
concentration

TC Photolysis:150W
Xenon lamp

Pseudo first order 10mM TC [20]
kobs: 0.010–0.030min�1 Kinetics based on OTC

concentration
OTC Photolysis:500W Hg

lamp
Pseudo first order 10–40 ppm OTC [21]
kobs: 0.0075–0.0141min�1 Kinetics based on OTC

concentration
OTC Hydrolysis Pseudo-first order for hydrolysis 10–230mM of OTC [22]

Photolysis (sunlight
irradiation)

kobs: 0.094� 0.001 until 0.106� 0.003day�1 Kinetics based on OTC
concentrationPseudo-first order for photolysis

kobs: 3.61� 0.06 day�1

OTC UV only (11W Hg
lamp power)

Pseudo-first order for direct photolysis
kobs: (0.46� 0.02)�103 cm2mJ�1 (SW),

5mM OTC, 1mM H2O2

Different water matrix
[25]

UV/H2O2 (0.50� 0.03)� 103 cm2mJ�1 (DW),
(0.61� 0.04)� 103 cm2mJ�1 (WW),
(1.06� 0.01)� 103 cm2mJ�1 (WW)
Second order for UV/H2O2 degradation Kinetics based on OTC

concentrationkobs: 6.96� 109M�1 s�1

OTC UV/H2O2 (8W medium
pressure-Hg lamp)

Two phase oxidation:
Phase I: r¼ 0.0069 [org. C]0.624 [H2O2]

0.599

Phase II: r¼ 0.0051 [org. C]0.954 [H2O2]
0.062

125–500 ppm OTC,
0.24–0.94mM
Optimum pH at 6.3

Present
study

Kinetics based on TOC
value

TC, tetracycline hydrochloride, DW, treatment plant water, SW, surface water, UW, buffered water, WW, wastetwater.

Figure 3. Concentration profile of org. C at 0.116M of H2O2 and at T¼ 30°
C using different mineralization method.

Figure 4. Concentration profile of org.C at 0.116M of H2O2 and at
T¼ 30°C for different concentration of Org. C.
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4-chlorophenol, 4-nitrophenol, p-nitroaniline; OTC hydrolysis and
photolysis; oxidation of C. I. food yellow 3 and 4 [22, 32–35]. EA was
calculated using Arrhenius equation:

ln kobs ¼ ln A� EA
RT

ð9Þ

where A is the pre-exponential factor and R the gas constant
(8.314 J K�1mol�1). Both EA and A are the Arrhenius parameters. The
differential form of Eq. (9) can be written as:

dðln kobsÞ
dT

¼ EA
RT2

ð10Þ

Using the plot of ln(–kobs) vs. 1/T, the estimated value of the pre-
exponential factor (A) for phase I and phase II of the OTC
mineralization are 143.34 and 245.427 s�1, respectively (Fig. 8).
The activation energy (EA) was then derived from the slope of
ln(–kobs) vs. 1/T plots, which are 10.236 and 9.913 kJmol–l for phase I
and phase II of the OTC mineralization, respectively. The exponen-
tial term of the Arrhenius equation indicates the dependency of
kinetic rate constant on temperature [36]. The values of reported
activation energies for the degradation of several organic com-
pounds are compared in Tab. 4. Smaller value of EA was obtained
for this present system which indicates lower energy is needed to

initiate the reaction. Similar values of activation energy were also
reported for the degradation of phenol, 4-nitrophenol, and 4-
chlorophenol using UVA/TiO2 system [32]. It is also possible to
estimate rate constant by incorporating hydroxyl radical into the
kinetic equation, such as for kinetics of phenol and p-nitroaniline
degradation. Phenol degradation using a non-catalytic wet air
oxidation process and Fenton oxidation of p-nitroaniline was found
to have higher activation energy values of 77� 8 and 53.96kJmol�1,
respectively [33, 34].

3.3 Thermodynamic studies of OTCmineralization

Thermodynamic properties of OTC mineralization can be explained
from the values of Gibbs energy of activation (D#G), enthalpy of

Figure 5. Plot of ln(d[org. C]t/dt) vs. ln([org. C]) for phase I (a) org. C and
(b) H2O2.

Figure 6. Plot of ln(d[org. C]t/dt) vs. ln([org. H2O2]) for phase II (a) org. C
and (b) H2O2.

Table 3. Results of differential method plots of OTC mineralization

kinetics

Phase I Phase II

Org. C (M) H2O2 (M) k Org. C (M) H2O2 (M) k

0.0156 0.116 0.0064 0.0081 0.081 0.0068
0.0284 0.116 0.0069 0.0237 0.094 0.0076
0.0440 0.116 0.0060 0.0381 0.103 0.0076
0.0531 0.116 0.0064 0.0498 0.100 0.0060
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activation (D#H), and entropy of activation (D#S) as described below:

D#G ¼ D #H �TD#S ð11Þ

These parameters are widely used to report experimental reaction
rates, especially for organic reactions in solution. For this purpose

the following form of Eyring–Polanyi equation was employed [36].

kobs ¼ kBT
h

e�D#G=RT ð12Þ

where kB is the Boltzman constant (1.380� 10�23 J K�1), T the
reaction temperature (K), h the Planck constant (6.626� 10�34 J s�1),
and R is the gas constant (8.314 J K�1mol�1). The following
logarithmic form of the above equation can be used for the
estimation of D#G value.

ln kobs ¼ ln
kBT
h

� D#G
R T

ð13Þ

Substitution of Eqs. (10), (11), and (12) into the differential form of
Eq. (13) results in the following equation:

d lnkobsð Þ
dT

¼ EA
RT2

¼ d
dT

ln
kBT
h

� �
� d
dT

D#H
RT

� D# S
R

! 
ð14Þ

With the prior knowledge of EA, the enthalpy of activation (D#H),
could be estimated as follows:

D#H ¼ EA � RT ð15Þ

Using the above equation, the values of D#G, D#H, and D#S of the
OTC mineralization were estimated and are presented in Tab. 5. The
Gibbs free energy of activation quantifies the difference between the
transition state of reaction and the ground state of the reactants [37].
In transition state, the bonds of the reacting compounds are
partially formed and broken. The energy required for bond
reorganization is reflected by the higher energy content of the
activated complex and corresponds to D#H [38]. The entropy of
activation quantifies the degree of structural organization of the
activated complex formation. A reduction of translational, vibra-
tional, and rotational degrees of freedom of the transition state
results in negativeD#S [38]. In the present study, the estimated Gibbs
free energies and enthalpies of activation are positive whereas the
entropies of activation are negative for both phases I and II of
the OTC mineralization process. A positive value of D#G refers to the
tendency of transition state of reaction toward the product side is
non-spontaneous. These results are in accordance with the fact that
no OTCmineralization took place whenUV or H2O2 alonewere being
introduced into the system (Fig. 3). A positive value of D#G was also
reported for phenol, 4-chlorophenol, and 4-nitrophenol and C.I. food
yellow 3 mineralization, which indicates non-spontaneity of the
reaction [32]. For phases I and II, D#G has the same order with C.I.
food yellow 4 [38]. However, the value of D#G is higher compared to
the values obtained in the present study. A positive value for D#H
indicates the energy needed to be supplied to the system in order to
achieve the transition energy level which leads to the formation of
products. The incorporation of UV/H2O2 into the systemhas supplied
energy that overcomes the energy barrier led to OTC mineralization
(Fig. 3). A negative value for D#S can be attributed to the formation of
a complex intermediate by OTC and hydroxyl radical, then
frequently followed by an entropy reduction through the loss of
rotational degrees of freedomof reactant andOTC parent compound
during the process [36, 38, 39]. A similar negative value of D#S was
also reported for the thermal isomerization of allyl vinyl ether
which in this case lost its rotational degree of freedom by forming

Figure 7. H2O2 consumption profile of OTC at 0.116M H2O2 and
T¼ 30°C.

Figure 8. Effect of temperature on the kinetic rate constant (kobs) for (a)
phase I and (b) phase II of OTC mineralization.
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highly ordered transition state of 4-pentenal [38]. Photodegradation
of phenol, 4-chlorophenol and 4-nitrophenol also have negative D#S
values [32]. Table 6 shows the comparison of the reported values of
D#G, D#H, and D#S for the mineralization of different compounds
using different processes.

4 Conclusions

Based on the org. C of OTC and H2O2 concentration profile, kinetic
and thermodynamic parameters of OTC mineralization using a UV/
H2O2 system at its optimum pH were evaluated. The experimental
data were analyzed for pseudo zero-th, first, and second order to find
the order of reaction of OTC mineralization. Differential method
was also used for obtaining the order of reaction. Based on the
analysis and also the mechanistic aspects provided by each of the
kinetic models, the kinetic equation of OTC mineralization was
obtained based on the differential method rather than pseudo order
plot. Based on the present kinetic analysis, it can be concluded that
the reaction follows the pseudo first order kinetics, for both the
regimes with different k values, which include the concentration of
both OTC as well as H2O2. The temperature dependency of OTC

mineralization was studied by using the Arrhenius equation and
low value of EA was obtained. The values of the Arrhenius constant
(A) show the positive effect of temperature on the reaction. The value
of the thermodynamic parameters of the OTC mineralization, such
as D#G, D#H, and D#S were also determined. In this study, positive
values of D#G and D#H and negative values of D#S were obtained for
phases I and II of OTC mineralization, indicating the non-
spontaneity of the reaction. The present results will certainly be
useful for the design and scale up of the OTCmineralization process
toward commercial/large scale process.

The authors have declared no conflict of interest.
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