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� A continuous flow process for
synthesis of solketal from glycerol
was optimized.
� A maximum yield of 94 ± 2% was

obtained at optimum conditions.
� Presence of impurities (salt and

water) demonstrated an adverse
effect on the yield.
� The catalyst after 24 h on-stream use

proved to be regenerable.
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A continuous-flow process using ethanol solvent and heterogeneous catalyst amberlyst-36 was devel-
oped for conversion of glycerol to solketal, an oxygenated fuel additive, and the process was optimized
in this study using response surface methodology. A model was proposed based on Box-Behnken design.
At optimum conditions (temperature of 25 �C, acetone-to-glycerol molar ratio of 4 and weight hour space
velocity of 2 h�1) the maximum yield was obtained at 94 ± 2%. The presence of impurities such as water
and salt in glycerol significantly reduced the yield at the optimum conditions. The catalyst could be
regenerated and reused for 24 h with an insignificant sign of deactivation. The use of methanol as solvent
at the optimal conditions proved to be potential in making the system more economical. The economic
analysis for the process revealed the potential of converting glycerol into solketal – an alternative to
methyl tert-butyl ether as fuel additive.

� 2014 Elsevier Ltd. All rights reserved.
1. Introduction energy. Glycerol is produced as a byproduct in the process of
The world biodiesel production has been boosted in recent
years owing to an increasing demand of renewable and sustainable
biodiesel production. The amount of glycerol generated is
approximately 10 wt% of the biodiesel produced in a conventional
biodiesel process [1,2]. Hence a huge amount of glycerol is
expected on the market in near future. Due to saturation of the
glycerol market, the extra glycerol is now being considered as a
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waste by many biodiesel producers and going to affect the sustain-
ability of the biodiesel industry [3].

In this context, it is important to find some value added appli-
cations of glycerol. Upgrading glycerol into different valuable
chemicals has been reported [4–7]. Acetalization of glycerol is
one of the methods considered to be promising and economically
viable for the utilization of glycerol [8]. In this process, glycerol re-
acts with an aldehyde or a ketone to form an acetal or a ketal,
respectively, in the presence of an acid catalyst [9].

Solketal (2,2-dimethyl 1,3-dioxalane-4-methanol) is a ketal
formed by the acid catalyzed reaction between glycerol and ace-
tone [10]. Roldan et al. reported the synthesis of solketal from glyc-
erol using a zeolite membrane batch rector, where a high amount
of acetone was used (an equivalent ratio of 20) with 82% yield of
solketal [11]. In another work, Vicente et al. [5] reported 89.5%
yield of solketal in a two step batch process with an acetone equiv-
alent ratio of 6. Important applications of solketal include being
used as an additive to improve transportation fuel properties, as
a plasticizer in polymer industry and a solvent in pharmaceutical
industry [4,12,13].

Response surface methodology (RSM) is a technique generally
used for modeling and optimization of the experimental observa-
tions in physical and chemical processes. The key aim of using
RSM is to optimize the surface response and to determine the rela-
tionship between the input variables and the response data [14].

The operational conditions for an optimum yield of solketal
have been investigated in batch reactors [7,5,13]; however hardly
any attempt has been made for the process optimization in a con-
tinuous-flow reactor.

From our preliminary experiments for the catalytic conversion
of glycerol to oxygenated fuel additive in a continuous flow reactor,
amberlyst-36 was found to be the best catalyst among others
based on the yield and the catalyst’s stability on stream [16]. Pro-
cess parameters including temperature (in the range 25–65 �C),
acetone-to-glycerol equivalent ratio (in the range of 2–6 mol/
mol) and weight hourly space velocity (WHSV) (range of
2–4 h�1) are considered to have significant effect on the product
yield.

The present study mainly dealt with the optimization of the cat-
alytic conversion of glycerol to solketal as an oxygenated fuel addi-
tive in a continuous flow reaction process. In this study, the
optimization method was used to obtain a maximum yield in the
shortest reaction time and at the lowest cost. RSM technique was
applied in the process optimization study and a quadratic model
was proposed based on Box–Behnken design (BBD) including the
interactions of the process variables.
2. Experimental

2.1. Materials

Glycerol, methanol, and acetone (both >99 wt% purity) were
procured from Sigma–Aldrich and used as received, and commer-
cial grade ethanol was supplied from Commercial Alcohols Inc.,
Solketal [(S�) (+) – 1,2-Isopropylideneglycerol, 99 wt%] was also
obtained from Sigma–Aldrich as a calibration standard for GC anal-
ysis. The solid acid catalyst: Amberlyst – 36 (Wet) was obtained
from Rohm and Hass Co. (USA) and its key characteristics are listed
in Table 1. Hereafter the catalyst will be simply referred to as
amberlyst.
2.2. Experimental procedure

The experiments were carried out in a continuous-flow reactor
system whose details were given in our recently published work
[16]. The ketalization reaction was carried out in a 316-stainless
steel tubular reactor (ID: 7.7 mm, OD = 9.5 mm and length:
60 cm) placed in a tube furnace (model# 21135, Thermolyne).
The reactor was loaded with a given amount of catalyst (typically
2 g) with Pyrex wool as bed supporter. The feed was a mixture of
acetone (A), glycerol (G) and ethanol (E) solvent at a specific molar
ratio of A:G:E = X:1:1 where X is the acetone-to-glycerol equivalent
ratio (varying from 2 to 6 mol/mol in this study). In a typical run,
the feed containing a calculated amount of acetone and glycerol
with ethanol as solvent were well mixed and pumped into the
reactor with a HPLC pump (Lab Alliance series II) at a predeter-
mined flow rate, depending on the target weight hourly space
velocity (WHSV). The WHSV is defined as:

WHSV ðh�1Þ ¼ Flow of glycerol per hour ðg=hÞ
Weight of catalyst ðgÞ ð1Þ

The pressure of the reactor was controlled by a back pressure
regulator and was kept constant throughout the experiment
(500 psi). The product stream from the reactor was collected in
every 20 min and was subject to further analysis for determination
of glycerol conversion and solketal yield.

2.3. Product analysis

The main components in the product mixture were first quali-
tatively analyzed on a gas chromatograph, equipped with a mass
selective detector [Varian 1200 Quadrupole GC/MS (EI), Varian
CP-3800 GC equipped with VF-5 MS column (5% phenyl/95%
dimethyl-polysiloxane, 30 m � 0.25 mm � 0.25 lm)], using
helium as the carrier gas at a flow rate of 5 � 10�7 m3/s. The oven
temperature was maintained at 120 �C for 2 min and then
increased to 200 �C at a ramp rate of 40 �C/min. Injector and detec-
tor block temperature were maintained at 300 �C. The components
were identified using the NIST 98 MS library with the 2002 update.
The concentrations of the components (mainly glycerol and solk-
etal) were then quantified using a GC-FID (Shimadzu-2010) under
the similar conditions as used for the GC–MS measurement.

The solketal yield and glycerol conversion were calculated using
the following equations:

Yield ðmol%Þ ¼ Moles of solketal formed
Initial moles of glycerol fed into the reactor

�100% ð2Þ

Conversion ðmol%Þ¼Reduction in moles of glycerol in the reaction
Initial moles of glycerol fed into the reactor

�100%

ð3Þ
2.4. Experimental design

Box–Behnken design (BBD) was applied in the optimization of
the process. BBD is a class of rotatable second order design based
on three level incomplete factorial designs [17]. The required num-
ber of experimental runs (N) for the development of BBD can be
calculated from the following correlation [18]:

N ¼ 2xðx� 1Þ þ C0 ð4Þ

where x is the number of factors and C0 is the number of central
points in the design. In this study, temperature (25–65 �C), acetone
equivalent ratio (2)–(6) and WHSV (2–4 h�1) were three factors
chosen for optimization and the yield of solketal is the only
response in the ketalization study. Thus, from Eq. (4), a set of 17
runs (including 5 central points) were carried out. The different
coded levels, �1 (low), 0 (central) and +1 (high) of the factors
are given in Table 2. For statistical calculations, the relation
between the coded values and real values were described as
follows [19]:



Table 1
Catalyst characterization.

Catalyst BET surfacea (m2/g) Pore volumea (cc/g) Pore sizea (nm) Acidityb (eq/g)

Amberlyst (Fresh) 35 (32) 0.28 (0.32) 16.8 (18.2) 5.5 (4.6)
Regenerated catalystc 33 (37) 0.29 (0.33) 17.3 (18.5) 5.4 (4.4)

a Determined by N2 isothermal adsorption.
b Determined by NH3-TPD.
c Regenerated by 0.5 M dilute H2SO4 acid washing; Values in parenthesis are measured from the catalyst after 24 h on-stream of reaction.

Table 3
Experimental design matrix and measured response values.

Run order X1 X2 X3 Response (yield %)

1 �1 0 1 78
2 0 0 0 83
3 �1 �1 0 75
4 0 0 0 85
5 �1 1 0 95
6 �1 0 �1 94
7 1 �1 0 65
8 0 0 0 82
9 0 1 �1 89

10 1 0 �1 83
11 0 �1 �1 74
12 1 0 1 67
13 0 0 0 83
14 1 1 0 82
15 0 1 1 80
16 0 0 0 84
17 0 �1 1 62
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Xi ¼
xi � ðxhþxlÞ

2
xh�xl

2

ð5Þ

where Xi is the dimensionless coded value (�1, 0, +1) of the ith inde-
pendent variable, xi is the un-coded (real) value of variable, xh and xl

are the real value of xi at its high and low level, respectively. The
independent variables studied are temperature, acetone equivalent
ratio and WHSV for X1, X2, and X3 respectively. The relationship and
interrelationships of the variables were determined by fitting the
second order polynomial equation to data obtained and is given as:

Y ¼ b0 þ b1X1 þ b2X2 þ b3X3 þ b11X2
1 þ b22X2

2 þ b33X2
3

þ b12X1X2 þ b13X1X3 þ b23X2X3 þ e ð6Þ

where Y is the predicted value, b0 is the constant term, b1, b2 and b3

are linear coefficients, b11,b22 and b33 are the quadratic coefficients,
b12, b13 and b23 are the cross product coefficients and e is the exper-
imental error term. The BBD matrix is given in Table 3. Minitab soft-
ware package was used for determining the regression coefficients
of the model. Analysis of the variance (ANOVA) with Fisher’s F-test
was used to determine the statistical significance of the model coef-
ficients. The fitted polynomial was expressed in three dimensional
surface plot and contour plots to explain the relationship between
the response and the levels of each parameter used in this study.
3. Results and discussion

3.1. Model fitting and statistical analysis

The measured response data for different coded combinations
are given in above Table 3. The obtained results are the average
values of three separate measurements which are rounded up to
the nearest whole number with a relative standard deviation of
3.6% at 95% confidence level. A modified second order polynomial
model, by eliminating the insignificant model terms, was used to
fit the experimental data to obtain a regression equation using
the coded factors as shown below:

Y ¼ 83:42� 5:63X1 þ 8:75X2 � 6:63X3 � 4:20X2
2 � 2:95X2

3 ð7Þ

The adequacy of the proposed model was verified by using
the ANOVA technique. The ANOVA results are presented in Table 4.
The p-value was used to check the significance of each coefficient.
The smaller is the p-value, the more is the significance of the
corresponding coefficient [20,21]. In this work, the p-value of the
Table 2
Actual and corresponding coded values of each parameter.

Variables Symbol Levels

�1 0 1

Temperature (�C) x1 25 45 65
Acetone equivalent ratio x2 2 4 6
WHSV (h�1) x3 2 3 4
regression model is smaller than 0.000000, which suggested that
the corresponding coefficient is significant and the model is
suitable to be used in this experiment.

The lack-of fit measured the failure of the model to represent
the data points which are not included in the regression. The
F-value of 2.391 and p-value of 0.208731 represent that the
lack-of-fit is insignificant relative to the pure error [22].

Adequate precision compares the predicted values at the design
points to the average prediction error. In this study, the adequate
precision was calculated and found to be greater than 4. This high
adequate precision value indicates that the model is competent to
navigate through the design space and is able to predict the
response accurately.

The regression coefficients and the corresponding p-values for
all the model terms are given in Table 4. From p-values of each
model term, it may be concluded that all the independent variables
(X1, X2, and X3) and the quadratic terms (X2

2 and X3
2) significantly

affect the yield of solketal.
The coefficient of determination, R2, indicates the overall pre-

dictability of the model. It often shows how the model approxi-
mates the experimental data and can be defined as [23]:

R2 ¼ SSModel

SSTotal
¼ 1� SSError

SSTotal
ð8Þ

where SSModel, SSError, and SSTotal are sum square model, sum square
error, and sum square total, respectively. The R2 value for the model
was found to be 0.9802. It may be assumed that 98.02% of the total
variations in the response could be explained by the model [24,25].
However, this large value of R2 does not necessarily indicate that
the model is a suitable one. The adjusted R2 is defined to correct
the R2 value. In this experiment, the obtained adjusted R2 value
was found to be 0.9712. The very close value of adjusted R2 to R2

suggests a high significance of the model. The variation of the model
can also be explained by calculating the coefficient of variation (CV).
In this model, the calculated low value of coefficient of variation



Table 4
ANOVA analysis for the reduced quadratic model of yield.

Source Sum of squares Degree of freedom Mean squares F value p-value

Model 1333.98 5 266.796 108.854 0.000000
X1 253.13 1 253.125 103.276 0.000001
X2 612.50 1 612.500 249.902 0.000000
X3 351.12 1 351.125 143.260 0.000000

X2
2

74.39 1 74.387 30.350 0.000184

X2
3

36.68 1 36.678 14.965 0.002615

Residual 26.96 11 2.451
Lack of fit 21.76 7 3.109 2.391 0.208731
Pure error 5.20 4 1.300
Total 1360.94 16
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Fig. 2. The normal probability plot of the residuals.

116 M.R. Nanda et al. / Fuel 128 (2014) 113–119
was 1.43%, suggesting a very high degree of accuracy and confi-
dence of tests [15].

The relationship between the experimental and model pre-
dicted values of solketal yield is given in Fig. 1. The points around
the diagonal line imply that the deviation between the experimen-
tal and the predicted values is less. Hence, it can be concluded that
the values calculated from the model equation are very close to
those obtained from the experiments, again suggesting the high
accuracy of the proposed model. Moreover, the deviations can be
explained by calculating the average absolute deviation (AAD)
given by the following equation [18]:

Average Absolute Deviation ðAADÞ ¼
Pn

i¼1
jyi;exp�yi;pre j

yi exp

� �

n
� 100

2
4

3
5

ð9Þ

where yi,pre and yi,exp are the predicted and the experimental results,
respectively with n as the experimental runs. The value of AAD was
found to be 1.16%. The values of both R2 and AAD confirmed that the
given model defines the true behavior of the system.

The distribution of the data was determined by the probability
plot displayed in Fig. 2, which indicates a well normal distribution
and the independence of the residuals [20].

3.2. Response surface analysis

The single effect of each parameter on the yield of solketal is
shown in Fig. 3, which is generally termed as the matrix plot. It
was plotted by considering the mean value of the yield at each
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Fig. 1. The experimental results versus the model predicted results.
coded point. From the plot, it is clear that the solketal yield was
increased by the decrease in temperature (X1) and weight hour
space velocity (X3) and increase in the acetone equivalent ratio
(X2). This was expected as the reaction is exothermic, and a higher
WHSV means a shorter contact time of glycerol with the catalyst,
which reduced the glycerol conversion. The increase in the solketal
yield with acetone equivalent is attributed to the presence of large
amount of acetone. This excess reactant shifts the reaction equilib-
rium towards the products. Furthermore, the excess acetone acts
as an entrainer and removes water from the reaction media which
helps to drive the equilibrium towards the production of solketal
[5]. These results are supported by the data presented in previous
Table 4, which indicates that the acetone equivalent ratio and the
WHSV are the most effective individual factors on the yield of
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Fig. 3. Matrix plot of X1 (temperature), X2 (acetone equivalent ratio) and X3

(WHSV).
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solketal (acetone equivalent ratio: F-value � 249.902 and p-value –
0.000000, WHSV: F-value – 143.260 and p-value – 0.000000).

The response surface and contour plots of the model are given
in Figs. 4(a–c) and 5(a–c). Three dimensional response surface
plots and two-dimensional contour plots are very useful to analyze
the interaction effects of different factors on the response. The re-
sponse surface plot mainly explains the sensitiveness of the re-
sponse towards the change of variables where as the contour
plot describes the significant coefficient between the variables
[26,27]. These plots explain the effect of two factors on the
response at a time, keeping the third factor constant at level zero.
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Fig. 4. Surface plots for effects of temperature and acetone equivalent ratio on
solketal yield (a), effect of temperature and WHSV on solketal yield (b) and effect of
acetone equivalent ratio and WHSV on solketal yield (c).
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acetone equivalent ratio and WHSV on solketal yield (c).
The dependence of the solketal yield on the mutual interaction
between temperature and acetone equivalent ratio can be best
interpreted from the response surface and the contour plot given
in Figs. 4a and 5a, which indicated that the solketal yield is inver-
sely related to the temperature and directly related to the acetone
equivalent ratio. As explained earlier, a high acetone equivalent
ratio drives the reaction towards the product side to result in a
higher yield. In the contour plot, no interaction effect between
the temperature and acetone equivalent was observed. The maxi-
mum yield was obtained at a temperature around�1 (coded value)
and the acetone equivalent ratio of around 1 (coded value).

Figs. 4b and 5b represented the effects of temperature and
WHSV on the yield of solketal. It can be seen that both temperature
and WHSV have similar effects on the yield, i.e., inversely propor-
tional to the yield. The reaction temperature has a little effect on
the yield of solketal when the WHSV is kept in between 0 and 1
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(coded values). However a remarkable enhancement in the solketal
yield (from 85% to 95%) was observed at a lower temp (coded va-
lue: 0 to �1) and at a lower WHSV (coded value 0 to �1). This indi-
cates that a lower temperature and lower WHSV are the favorable
conditions to achieve a higher yield (close to 100%) of solketal.

The effects of acetone equivalent ratio and WHSV on the solk-
etal yield could be seen in Figs. 4c and 5c. A maximum yield
(�95%) was observed at a lower WHSV (coded value �1) and a
higher acetone equivalent ratio (coded value between 0 and 1).

3.3. Optimization of reaction parameters

In this study, the main objective was to find the conditions
where maximum solketal yield can be obtained. The optimal val-
ues of the selected parameters obtained from the regression model
and by analyzing the response surface and contour plots are given
as: temperature of 25 �C, acetone equivalent ratio of 4, and WHSV
of 2 h�1. Both the predicted and observed yields at the optimum
conditions are verified as shown in Table 5. Although from the
regression model and by analyzing the response surface and con-
tour plots, a temperature lower than 25 �C, a WHSV lower than
2 h�1 and an acetone equivalent ratio larger than 4 would lead to
even better solketal yield. However, from practical point of view,
a too low temperature reduces the reaction rate, and a too small
WHSV and a higher acetone equivalent ratio 4 would cause the
process less economically viable (e.g., it would decrease the pro-
ductivity and increase the load of distillation for solvent recovery).
Moreover, the product yield at the optimum conditions was
already as high as 93–94%.

3.4. Effects of impurities on the solketal yield

Assuming the presence of salt and water as impurities in the
glycerol obtained from biodiesel industry, an attempt was made
to check their effects on the solketal yield at the optimum condi-
tions. Fig. 6 shows the effects of impurities on the product yield.
It can be seen that the presence of water and or salt (sodium chlo-
ride) has adverse effects on the solketal yield. These effects can be
explainable as the presence of water in the medium imposes a
thermodynamic barrier, which limits the reaction in forward direc-
tion, and the presence of cations (Na+) could deactivate the catalyst
by cationic exchange of the protons of the acid resin catalyst, caus-
ing a decrease in the acidity of the catalyst. Similar observations
have been reported for batch reactors [5,28].

From the results presented in Fig. 6, insignificant reduction in
the yield was observed when replacing the ethanol solvent by
methanol in the reaction, which would make the system more
economical.

3.5. Catalyst life time tests

The stability of the catalyst was investigated by studying the life
time of the catalyst for a longer time on stream in continuous oper-
ation. The solketal yield and glycerol conversion vs. time on stream
up to 24 h from the operation under the optimum conditions (i.e.,
25 �C, acetone equivalent ratio of 4, and WHSV of 2 h�1) with fresh
and regenerated Amberlyst 36 catalyst is shown in Fig. 7. From the
figure, a decrease in the solketal yield from 94% to 89% was
Table 5
Predicted and experimental values of the response at the optimal conditions.

Optimum conditions

Temperature (�C) Acetone equivalent Weight hou

25 4 2
observed with the fresh catalyst after 24 h on stream. To recover
the activity of the catalyst, it was regenerated by passing 0.5 M
H2SO4 through the catalytic column followed by washing with
methanol–water solution and drying it at 85 �C for 4 h [29]. The
regenerated catalyst demonstrated almost equal initial activity as
the fresh catalyst. However, the regenerated catalyst has a compar-
atively rapid deactivation process over the fresh catalyst: the solk-
etal yield dropped from 95% to 85% after 24 h on stream. The
catalyst deactivation was likely due to the reduction in the cata-
lyst’s acid sites (as evidenced by the results shown previously in
Table 1), which might be caused by the presence of some impuri-
ties (such as water and salts) in the glycerol feed [5,28].

3.6. Economical (marginal benefit) analysis

Economical analysis is considered to be one of the key factors
for the industrial production of solketal. Table 6 shows the market
price for different chemicals required for the production of 1 kg of
solketal. The operational cost was not considered during the cost
estimation, but it is expected to be low as the mild operating con-
ditions of our continuous flow reaction process (25 �C). Methanol
and amberlyst catalyst can be recycled and reused after regenera-
tion; hence a loss of 5 wt% and 10 wt%, respectively, is considered
per operation cycle. From the table, it is clear that the production
cost of solketal is approx. $1.05 /kg. The cost of solketal could be
an oxygenated fuel additive or diesel combustion promoter, poten-
tial alternative to methyl tert-butyl ether (MTBE) currently used on
the fuel additive market at a market price of �$1.15 /kg. The mar-
ginal benefit is about $0.1 /kg or $100 /tonne of the solketal prod-
uct. The renewable source and less environmental impact of
solketal over MTBE are added advantages for solketal to replace
the later as a fuel additive. Moreover, the flow reactor can be scaled
up to a large scale commercial production easily, making the pro-
duction of solketal more economical.
Yield (%)

r space velocity (h�1) Experimental Predicted

94.0 92.7
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Table 6
Economical analysis (marginal benefit) for production of 1 kg solketal.

Chemicals Assay (%) Unit price
($/kg)a

Amount
required
(kg)

Cost for
required
amount ($)

Marginal
benefit
($/kg)

Acetone 98 1 0.439 0.439
Glycerol 98 0.697 0.348
Amberlyst 36 wet 99 118 0.020 0.236
Methanol 98 0.5 0.050 0.025
Sulfuric acid 98 0.4 0.050 0.0002
Total – – – 1.05 0.10

a www.alibaba.com.
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4. Conclusions

The process for the continuous catalytic conversion of glycerol
to oxygenated fuel additive, solketal was optimized. The solid acid
catalyst amberlyst – 36 Wet demonstrated an excellent catalytic
performance (active, stable, and regenerable) in the flow process.
A maximum solketal yield of 94 ± 2% was observed at the optimum
condition (temperature: 25 �C, acetone equivalent: 4, WHSV:
2 h�1). The presence of impurities like salt and water in glycerol
(such as crude glycerol) reduced the yield significantly. The
economical analysis demonstrated the possibility of solketal to
substitute for MTBE as an oxygenated fuel additive or diesel
combustion promoter.
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