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ABSTRACT

The solubility of 2, Bi-Tert-Butylhydroquinone (DTBHQ) in acetone, ethyl acetate, methanol,

and the mixtures of ethanol and water was measured and correlated in the temperature range

between 278.95 K to 346.15 K. It was found that the solubility in acetone increasespidive r

with increasing temperature than in other solvents. The data was correlated using the modified

Apelblat, Buchowski-Ksiazczakh, and Vart Hoff equations, with the maximum relative average

deviation less than 2.74 %. The obtained thermodynamic models were used in designing a

crystallisation process and synthesizing a flowsheet for effective purification of DLBIEQ

from theby-product of tertiary butylhydroquinone (TBHQ).

KEYWORDS: 2, 5Di-tert-butylhydroquinone; Evaporative crystallisation; Ethanol; Mixtures of

ethanol and water.



1. INTRODUCTION

DTBHQ (CiaH220,, CAS No 88-58-4, IUPAC name: 2[@i-tert-butylbenzene-1,4-diol) is an
important anti-oxidant and anti-aging additive used widely in the polyester irHulsstriga
colourless, of low toxicity, and has shown excellent end-use performance. Its demand has been on
the increase in recent years, in particularthe manufact@ of transparent or white plastic
products. DTBHQ is often made asbgproduct during the manufacture of the food additive
tertiary butylhydroguinone (TBHQ). The raw DTBHQ needs to undergo decolouring érgatm
and further purification. The process is complicated by having to achieve multiple obgectiv
including minimization of cost, wastesduse of solvents as well as maximizing the yield and
meeting the product quality criterion measured by DTBHQ colour. Process synthesis and
optimization could not be achieved purely tomputer simulation due to the gap in detailed
guantitative knowledge about the colourants and first principle models of decolouring] as wel
the lack of thermodynamic models in particular solubility data of DTBHQ in solvents. ihile
decolouring operation can still be optimized through multiple experiments with the suppet of t
available, despite limited, qualitative knowledge, for the crystallisation operation and for the entire
process synthesis, it is almost impossible to achieve the same without thermodynamic data.

The main contributions of the paper are as follows. Firstly, the solubility of DTBHQeitone,
ethyl acetate, methanol, and the mixtures of ethamdlater with different solvent compositions
are measured in the process operational temperature range between 278.95 to 346.15 K using the
gravimetric method. Secondly the data was correlated in modified Apelblat, the
Buchowski-Ksiazczakh, and the Van't Hoff equations. The data and models were then used in the

design and optimization of crystallisation experiments, and in laying out the ergitesgr



integrating decolouring and purification operations. Experimental results will be presented

demonstratingthe effectiveness of the process thus synthesized.

2. SOLUBILITY MEASUREMENT
2.1. Materials

The DTBHQ used in this study was provided by the Guangzhou Taibang Food Additive
Technology Co. Ltd., the mass fraction purity is greater than 0.990 as analyzed by gas
chromatography (Clarus 500 Gas Chromatograph, PerkinElmer). The mass fraction purity of the
solvents used was listed in Table 1. Deionized water was used.
2.2. Experimental

Solubility measurement was conducted using gravimetric method. Its main componé&ft is a
mL jackeed glass reactor equipped with a circulating JULABO thermostatic water bath (FP51,
JULABO). The temperature accuracy of the JULABO thermostat is within 0.01 K. Thegdcket
glass reactor was constantly stirred by a magnetic stirrer to ensure that the s6IDBHQ in
the jackee¢d glass reactor remains uniform.

The raw material, DTBHQ, was analysed using X-ray powder diffraction (XRPD) and
differential scanning calorimetry (DSC). The XRatterns were recorded in the range fréno5
45° using diffractometer from Bruker (40KV, AA, Cu Ka; Karsruhe, Germanyandthe step
size and scan rate were 0.0@Hd 0.1 s per step, respectively. The DSC instrument was from
NETZSCH (NETZSCH DSC 204F1 Phoenix, Germany) with the operation temperatore fr
room temperature to 513.15 K, and the heating rate was seKasib@, and the mass of sample

was 3 mg for each measurement.



The XRMD pattern of the raw material DTBH® shown in Figure 1, and is found to match the
reported XRPD pattern of DTBHQ with a P31C space Ho‘ﬁpe measured DSC curve for raw
DTBHQ is shown in Figure 2, indicating a melting point of 494.05 K andnthalpy of fusion of
199.9 J/gwhich is almost in agreement with reported melting point of 492.15 K to 493315 K
Therefore, the DTBHQ used in this study was identified as P31C space group, as reported in
Cambridge Crystallographic Data Centre.

Measurement of DTBHQ solubility in all solvents followed a procedure similar tartlee
described below in ethanol and water mixtuFestly, ethanoland water mixture with a
pre-defined ethanol content (w) was prepared in a 1000 mL flask. Then 30 mL scigeatided
into the 50 mL jacketed glass reactor at a temperati€eldwver than set point followed by
gradually addng in excess DTBHQ under constant stirring and temperature. After 10 hours
stirring at the set point temperature, the magnetic stirrer was stopped. Abouof3tmeLupper
solution was then withdrawn and put into a weighing bottle (weighgdusing a pre-heated
syringe, the temperature of which was measured using a calibrated thermometean with
uncertainty of 0.1 K and recorded simultaneously. The weighing bottle containing the sampled
solution was weighed @nquickly and dried in a vacuum oven at 313.15 K. All weighing bottles
were covereavith a filtered cloth to avoid dust contamination. The weighing bottle was weighed
(mz) when the solvent was completely driddMettler Toledo AL204 electronic balance wiin
uncertainty of 0.1 mg was used to measure all samples.

The mole fraction solubility of DTBHQ (xin pure solventandthe binary solvent mixture was

calculated using eq.1

x1 = [(nz = mo) /Moyl / [l 4 Sumadw . (i) (Aow) (1)

solute Msolvent Myater



where Moiuta Msoivens @nd Mwater are the molecular weight of DTBHQ, solvent, and water

respectively, w denotes the mass fraction of ethanol in an etiwadaiater mixture, and w is 1 for

pure solvent. Every one solubility data point was the average of three parallel measurements under

the same conditiont was established that the relative average deviation in the experimental

solubility value was less than 3 %.

3. RESULTS, DISCUSSION AND CORRELATION

3.1 Effects of Temperature and Solvents

The mole fraction solubility of DTBHQ in mixtures of ethanol and water, and pure acetbyle,

acetate, and methanol in the temperature range from 278.95K to 346.15 K are summarized in

Tables 2 and 3. As anticipated the solubility varies with temperature and diffeteants, as

plotted in Figure 3, whereyy is the mole fraction solubility. It was observed from Figure 3 that

the solubility in acetone increases significantly with increasing temperature over the tereperat

range from 283.35 K to 323.15 K, but for other solvents the increasingitrézmperature is less

obvious. It was also observed in Figure 3 that the solubility of DTBHQ in retoir ethanol and

water drops quickly with increasing water content J1-\it becomes very low when w reaches

0.5.

3.2 Modéd Building

Three thermodynamic models were used to correlate the data, nametpdtied Apelblat



equation, thelh equation, and the VanHoff model. The model parameters were obtained by
calibrating the experimental solubility data using partial least squares (PLS).

Relative average deviation (RAD) was calculated using eq.2 to assess the accuracy ©f model
developed. The relative deviation (RD) between experimental data and predictions was also

calculated using eg. 3. The thermodynamic model with the lowest RD and RAD are preferred.

L fit
X1,i7X7

—1lyn
RAD = ~7] o (2)

RD = (x; — x{it)/xl 3)
where x; is the measured mole fraction solubility dadfiif is fitted mole fraction solubility by
the models, and n is the total number of experimental poicii§erent solvers.
M odified Apelblat equation Eq. 4 is thenodified Apelblat equation. To correlate solubility
(x1) of DTBHQ in acetone, ethyl acetate, methanol, and ethanol-water mixtures, the parameter
values of eq. 4 were given in Table 4. The calculated RD and RAD were summarizete;2la
and3.
Inx; = A+ B/ (T/K) + CIn(T /K) 4
In eq. 4,x; is the mole fraction solubility, T is the absolute temperature, and A, B, and C are
parameters.
Buchowski-K siazczak ih Equation The Buchowski-Ksiazczakh Equation, eq. 5, was
widely used for modeling solid liquid equilibrium (Buchowski Hzal
In [1 +,1%] =h (%—i) (5)
where X is the mole fraction solubilityl is the absolute temperaturey iIE melting point, A and h

are model parameters. The valuesiafnd h for eq 5 were given in Table 5, for different

solvents.



Van't Hoff Equation. The Varit Hoff model, eq. 6is also widely usetb model the relationships

between mole fraction solubilitand temperature, enthalpy of dissolution, and entropy of

dissolutio}#]19

AH = AS
lnx1 = - ﬁ + E (6)

where x; is mole fraction solubility, T is absolute temperature, R is gas conaEingnd AS

stand for enthalpy of dissolution and entropy of dissolution, respectively.

The model parameters of eq. 6, the enthalpy of dissolution and entropy of dissolution of
DTBHQ, were calibrated and shown in Table 6, and the RD and RAD between experimental
sdubility data and fitted solubility were also calculated and given in Table 3 and ®able

respectively.

It was seen in Table 6 that the enthalpy of dissolution for DTBHQ in all solven{zoaitive,

indicating that dissolution of DTBHQ in these solvents is endothgrmic, therefore, gobwth

crystals from the solutions should be exothermic. This is consistent with the phenomenon

observed in evaporation crystallisation of DTBHQ that the temperature of soliliaiise after

nucleation has occurred.

4. DTBHQ CRYSTALLISATION DESIGN AND PROCESS SYNTHESIS

Purification of crude DTBHQ from by-product of tertiary butylhydroquinone (TBI4&) be

carried out using cooling, anti-solvent or evaporative crystallisation. As indicatee bpltibility

data as displayed in Figure 2, only acetone can be used as the solvent if cooling crystallisation is

to be considered, since in other solvents the solubility does now show major changes with

temperature. But acetone is more expensive than ethanol with a difference in price of about

$ 250.00 per ton. Anti-solvent crystallisation, using ethanol as the solvent and water as the


http://en.wikipedia.org/wiki/Endothermic

anti-solvent, is also an option since as revealed by the data that DI 8#idbility in the mixture
of 50 % ethanoland50 % water closes to zero. However, the cost of recovering ethanol, e.g.
via distillation, is a factor that must be taken imcount especially considering the fact that
ethanol and water can form azeotrope. After having considered all the factors, evaporative
crystallisation using ethanol as the solvent was selected as the route for purification of DTBHQ.
After evaporative crystallisation method was selected, the flowsheet forcatiofi of
DTBHQ was then synthesized, as depicted in Figure 4. This process contains three main parts,
which are pretreatment, decolouring and evaporative crystallisation. The reported decolouring
techniques include using activated carbon, reductive decolourization Hlﬁede reductive
decolourization method is preferred due to lower filtering resistance and excellent decolouring
performance found in our experiments. First principle and quantitative knowledge of decolouring
using reductive decolourization is not yet fully established, so experiments have to be enaployed t
obtain process operational condition. The experimental purification process was as folistlys: Fi
the crude DTBHQ with a mass purity of 80 % as measured by gas chromatographgtreaseut
in the pretreatment tank in which the suspension in hot acidic water was stirrednfior 80the
temperature of 348.15 K. After pretreatment, the slurry was filtered and washed. That@adetr
DTBHQ, ethanol and Zn powder were added into the decolouring tank to obtain DTBHiQnsolut
with an initial concentration of 0.4g DTBHQ /g ethanol. Hydrochloric acid solution (3Y ®&ass
fraction) was added into the tank gradually in 30 minutes, then the temperature of reactor was
raised to 358.15 Kandthe solution was kept under reflux for 60 min. The solution was filtered to
remove the excess Zn powder prior being introduced to the evaporative crystallisation tank under

constant temperature of 363.15 K during 3 hours. The obtained ethanol vapor vessacool



recycledto recovery tank. Finally, the temperature of slurry was cooled down to 298.15 K, and the

DTBHQ was obtained by filtering the residual slurry and washing using solvent migfus8s%o

ethanol and 50 % water.

The quality of the final DTBHQ product was found to be affected the evaporative rate in

crystallisation as well as the total amount of ethanol evaporated. The experiment also khowed t

the colour of final DTBHQ would become red if the total evaporated amount of ethanol ttomes

a certain value. The maximum allowable percentage for evaporative ethanol was established as 75 %

in mass, below it, the colour for DTBHQ product can meet the requirement of the customer.

The yield can be estimated based on mass balance calculations. If the initial solution has a

concentration of 0.4 g DTBHQ per g ethanol, theik still be 27 % DTBHQ dissolved in the

mother liquor of crystallisation if 75 % ethanol was evaporated. The calculation ltheqide

with parameters given in Table 4. As shown in Table 7 that the yield of DTIBHQ single stage

evaporative crystallisation is 73 %.

To increase the yield, cascade multiple evaporative crystallisation can be considered, as

depicted by Figure 5. In such a cascade arrangement, the amount oéatotguurities will no

doubt accumulate. Therefore it needs to establish through experiments the optimum number of

stages at which the yield is increased to the satisfaction while the requirement on colour of product

is still met. The experiments were conducted for an initial feed amount of crude DTBHI§) bei

0.8kg, as shown in Figure 5. After pretreatment with aqueous hydrochloric acid selntdon

decolouring using HCI and Zn powder in ethanol solution, the DTBHQ ethanol solution was

filtered and introduced to 5L crystallizer-1. After 75 % ethanol in mass was evapdnatstirty

was filtered and 0.467 kg DTBHQ product was obtained, then the filtered mother liquor was

10



introduced to another 5L crystallizer-2. Our result from cascade crystallisation expsriment

revealed that the colour of DTBHQ prodwen still meet customer's demand after three stage

evaporative crystallizers. The colour of DTBHQ product will grow dark when ithastage

evaporative crystallisation is used. The yield for DTBHQ using three cascatilizsis can be

effectively increaseffom 73 % to 89 %. Therefore three stage crystallisation was used.

5. CONCLUSIONS

Solubility of DTBHQ in acetone, ethyl acetate, methanol, mixtures of etlzantblater was

measured using the gravimetric method and correlated over a temperature range from 278.95 K to

346.15 K. For the ethanol and water mixture, the mass fractions of ethanol are 1, 0.8998, 0.7992,

0.6501 and 0.4999 respectively. The solubility data was modeled using the modified Apelblat,

Buchowski-Ksiazczakh, and Vart Hoff equations, with model parameters obtained by PLS. The

maximum RAD was lower than 2.74 %. The enthapg entropy of dissolution for DTBHQ in

the solvents were calculated using Watoff model. It was observed that solubility of DTBHQ in

acetone increaseignificantly with increasing temperature, while for other solvents the solubility

change with temperature is much smaller, eliminating the option of using other solventsather

acetone for cooling crystallisation. It was also noticed that the solubility of TIBHNixtures of

ethanol and water drops rapidly to nearly zero when increasing the water conterib (Abolt

50 %. The solubility data provides us three process options for purification of DTBHQ via

crystallisation cooling crystallisation using acetone as the solvent, anti-solvent crystallisation by

adding water to DTBHQ - ethanol solution, as well as evaporative crystallisationetisampl as

the solvent. Considering the high cost of acetone and the cost of recovering ethanol from the

mixture of ethanol and water, evaporative crystallisation using ethanol as the solvertagted

11



as the preferred choice.

Centered around the evaporative crystallisation process, the process flowsheet was synthesized
that includes three major componentgpretreatment, de-colouring, as well as evaporative
crystallisation. The synthesis has to meet both requirements on high yield and DTBHQ colour
Combining experiments and theoretical analysis, a three-stage evaporative crystallisation

configuration was designed that can meet both the yield requirement and colour.
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Figure 1. XRPD pattern of DTBHQ and simulated from reported crystal strﬁture
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TABLES

Table 1. Solvents Used in This Study

sdvent

manufacturer mass fraction purity

acetone

ethanol

ethyl acetate

methanol

Guangzhou Chemical Reagent Factory analytical purity, >0 %.995

Nanjing Chemistry Reagent Co. Ltd analytical purity, >0.997 %

Sinopharm Chemistry Reagent Co. Ltd analytical purity, >0.995 %

Guangzhou Chemical Reagent Factory analytical purity, >0.995 %

18



Table 2. Solubility of DTBHQ in Acetone, Ethyl Acetate, and M ethanol?

10°RD 10°RD
TIK 103 T/IK 10%x

eq4 eq>5 eqo6 eq4 eq5 eqgb6

Ethyl Acetate Methanol
278.95 14441 032 4.13 4.00 280.95 64.71 0.70 430 4.25
28155 14464 0.14 277 2.68 28355 64.98 040 294 291
284.45 146.03 0.05 2.04 199 285.95 65.13 0.11 155 1.54
287.35 14788 047 164 1.62 288.15 65.29 063 0.32 0.32
290.45 14819 029 0.11 0.13 290.65 65.76 085 062 0.61
293.15 149.77 0.14 031 0.27 293.15 66.7 045 0.84 0.82
296.25 151.37 0.19 091 0.85 29555 67.75 0.06 081 0.78
298.85 15288 0.18 129 1.22 297.95 68.8 047 0.78 0.76
301.85 15495 0.04 149 140 300.65 69.68 039 119 1.15
304.75 156.76 0.10 179 1.70 302.65 70.65 0.72 1.02 0.98
307.45 158.34 0.27 212 2.03 305.15 71.2 011 174 171
310.45 16055 0.25 218 2.09 307.25 72.04 0.07 182 1.78
312.35 162.72 020 173 1.64 309.85 72.69 059 243 241
316.15 16555 0.08 1.77 1.69 312.05 73.39 1.01 274 271
319.15 168.79 050 1.18 1.11 316.15 76.56 054 0.76 0.74
322.15 17033 0.15 160 155 319.15 78.01 035 051 051
325.15 17350 0.08 1.05 1.01 322.15 80.02 0.74 042 042
328.15 17654 0.17 058 0.57 325.15 81.09 0.15 0.18 0.17
331.15 180.34 0.60 030 0.29 328.15 83.31 025 134 131
335.15 18279 0.36 0.03 0.02 331.15 84.89 024 171 1.66
337.15 18574 0.06 083 0.76 333.15 86.29 021 234 2.28

340.15 188.24 041 1.00 0.90 Acetone
343.15 19356 054 2.61 247 300.35 69.05 059 061 0.17
346.15 19542 0.38 245 227 303.15 77.55 0.13 0.23 0.46
Acetone 305.45 83.60 156 172 0.89
283.35 33.24 0.66 1.11 2.11 308.05 92.85 092 113 0.24
285.65  36.50 0.77 033 290 310.25 100.27 141 163 0.75
288.25  41.25 044 0.05 1.89 313.05 119.92 6.15 596 6.64
290.55 45.56 0.79 046 1.73 316.15 123.39 1.74 189 145
293.15 51.94 096 1.19 0.50 319.15 135.7 254 256 2.56
295.35 57.03 091 1.07 0.79 321.15 148.47 0.22 0.11 0.50
298.05 63.58 052 058 0.72 323.15 160.64 1.08 133 051

aStandard uncertainties U are U(T) = 0.08Kp)=0.07 kPa; U®=0.0006
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Table 3. Solubility of DTBHQ in Ethanol (w) + Water (1-w)

100*RD 100*RD
T/IK 10% T/IK 10%
eq4 eqb5 eqb eq4 eqg5 eqb
w=1.0000 w=0.7992
298.05 83.89 0.92 2.23 2.16 298.05 22.65 0.26 7.33 7.15
302.85 85.42 0.02 0.44 0.42 303.15 24.06 0.08 3.28 3.24
307.65 87.10 094 1.11 1.09 308.15 25.43 1.18 0.87 0.87
312.55 89.03 1.77 2.38 2.35 313.05 27.79 0.50 1.22 1.15
319.15 95.99 155 0.71 0.76 318.05 29.93 0.03 294 284
322.15 96.94 0.59 0.26 0.22 323.05 32.74 0.46 2.78 2.66
328.15 100.8 0.49 0.16 0.12 328.15 36.01 0.83 1.89 181
335.15 104.71 0.53 0.59 0.59 333.25 39.10 0.59 2.05 2.02
337.15 106.57 0.16 0.00 0.02 338.35 43.15 0.81 0.28 0.30
343.15 11151 0.11 1.09 1.02 343.35 48.47 0.50 3.61 3.49
w=0.8998 w=0.6501
298.05 34.38 0.03 3.03 2.88 298.25 7.17 0.84 279 2.89
303.15 36.27 0.47 0.80 0.74 303.15 8.07 0.50 235 235
308.15 38.93 0.64 0.57 0.57 308.25 9.29 0.75 0.43 0.38
313.15 41.25 0.24 0.73 0.68 313.05 10.39 0.19 0.77 0.76
318.15 43.79 0.14 1.60 1.51 318.05 11.56 0.09 1.12 1.18
323.15 46.74 0.13 1.67 1.58 323.05 12.79 0.78 1.33 1.33
328.15 50.21 0.36 0.88 0.82 328.15 14.18 0.13 1.76 1.82
333.15 53.33 0.41 1.03 0.99 333.25 15.40 0.65 0.32 0.36
338.25 57.49 0.03 0.42 0.38 338.35 16.87 0.22 0.24 0.23
343.15 61.67 0.15 1.77 1.65 343.35 18.16 0.84 1.38 1.40
w=0.4999 w=0.4999
298.05 1.04 481 5.77 5.58 323.05 2.80 0.71 179 1.68
303.15 1.26 0.79 6.35 6.43 328.05 3.37 1.19 356 3.44
308.05 1.60 1.25 0.63 0.87 333.15 3.94 1.02 254 2.59
313.05 1.89 265 2.65 2.65 338.15 4.52 0.44 0.66 0.62
318.05 2.30 2.61 0.87 0.74 343.15 5.10 0.78 255 259

aStandard uncertainties U are U(T) = 0.08Kp)=0.07 kPa; U®=0.0006; U(w)=0.00004
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Table 4. Correlated Parametersin eq. 4 for DTBHQ in Ethanol (w) + Water (1-w), Acetone,
Ethyl Acetate, M ethanol

Solvent w A B C 100*RAD

Ethanol -51.9464 1775.9668 7.6353 0.71
Ethanol (w) + Water (1-w)  0.8998 -98.7654 3388.9811 14.7481 0.26
Ethanol (w) + Water (1-w)  0.7992  -215.3010  8545.0475 32.0989 0.53
Ethanol (w) + Water (1-w)  0.6501 107.8496  -7121.3351 -15.6049 0.46
Ethanol (w) + Water (1-w)  0.4999 21.0726 -13902.2213 -31.8303 1.62

Acetone 77.5189 -6685.2997 -10.1539 1.26
Ethyl Acetate -58.4059 2225.8388 8.6109 0.25
Methanol -91.3302 3578.3562 13.4527 0.43

Table 5. Correlated Parametersin eq. 5 for DTBHQ in Ethanol (w) + Water (1-w), Acetone,
Ethyl Acetate, M ethanol

Solvent w A*104 h 100*RAD
Ethanol 829.3585 8955.4819 0.90
Ethanol (w) + Water (1-w) 0.8998 745.8337 19073.4817 1.25
Ethanol (w) + Water (1-w) 0.7992 808.8434 23096.4099 2.62
Ethanol (w) + Water (1-w) 0.6501 377.8601 55897.2435 1.24
Ethanol (w) + Water (1-w) 0.4999 337.9336 105123.7507 2.74
Acetone 33629.5873 1171.3574 1.29
Ethyl Acetate 1330.1610 4130.8561 1.50
Methanol 576.0714 10337.8067 1.45

Table 6. Correlated Parametersin eq. 6 for DTBHQ in Ethanol (w) + Water (1-w), Acetone,
Ethyl Acetate, M ethanol

Solvent w AH AS 100*RAD
Ethanol 5584.9942 -2.0488 0.87
Ethanol (w) + Water (1-w) 0.8998 11279.4692 9.5676 1.18
Ethanol (w) + Water (1-w) 0.7992 15021.1457 18.2877 2.55
Ethanol (w) + Water (1-w) 0.6501 17335.5488 17.3056 1.26
Ethanol (w) + Water (1-w) 0.4999 29443.0929 42.1270 2.72
Acetone 29638.7260 76.4716 1.46
Ethyl Acetate 3826.4611 -2.7111 1.43

Methanol 4594.3061 -6.7720 1.42
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Table 7. Mass Balance of DTBHQ during Cascade Evapor ative Crystallisation

Input raw material Product Dissolved Total yield
DTBHQ
in mother
liquor
. 0.8 kg raw DTBHG 0.467kg
Crystallizer-1 0.467 kg 0.173k =73 %
y 1.6 kg ethanol d Y 0.8kg*0.8
Crystallizer-2 0.584 kg raw DTBHQ  0.467 kg 0.173 kg %=84 %
Crystallizer-3 0.584 kg raw DTBHQ ~ 0.467 kg 0.173kg —onled07ke040%ke _gg g

(0.8kg+0.584kg+0.584kg)*0.8

1, Total yield is calculated using the total DTBHQ product obtained by all DTBH&@xmaterial;
2, The mass fraction of DTBHQ in raw material is 0.8 measured by Gas@tugraphy;
3, The calculated solubility value of DTBHQ in pure ethanol at 298.1Sing eq.4 was used.
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