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The remarkable effect of organic salts on 1,3,5-trioxane synthesis

Liu-Yi Yin1 • Yu-Feng Hu1 • Hai-Yan Wang1

Received: 2 February 2016 / Published online: 14 October 2016

� The Author(s) 2016. This article is published with open access at Springerlink.com

Abstract The effects of organic salts on 1,3,5-trioxane

synthesis were investigated through batch reaction and

continuous production experiments. The organic salts used

include sodium methanesulfonate (CH3NaO3S), sodium

benzenesulfonate (C6H5NaO3S), sodium 4-methylben-

zenesulfonate (C7H7NaO3S), and sodium 3-nitrobenzene

sulfonate (C6H4NNaO5S). It was shown that the effects of

organic salts on the yield of 1,3,5-trioxane in reaction

solution and distillate follow the order CH3NaO3S\
C6H5NaO3S\C7H7NaO3S\C6H4NNaO5S, which is

inversely related to the charge density of the anions of the

organic salts. In comparison with Cl--based salts such as

magnesium chloride, organic salts have the advantages of

less formic acid generation and low corrosion. Studies on

water activity revealed that the effect of organic salts on

the activity of water was quite small at low concentration

of organic salts. UV–visible spectroscopy and vapor–liquid

equilibrium experiments were performed to uncover the

mechanisms that govern such effects. The results showed

that the effect of organic salts on the yield of 1,3,5-trioxane

relies primarily on their ability to increase the catalytic

activity of sulfuric acid and increase the relative volatilities

of 1,3,5-trioxane and water and of 1,3,5-trioxane and

oligomers.
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1 Introduction

1,3,5-Trioxane is attracting increasing attention as an

alternative starting material to formaldehyde solution for

preparing anhydrous formaldehyde which is used to man-

ufacture disinfectant agents, acetal resins, bonding mate-

rials, pesticides, molding materials, antibacterial agents,

etc. (Augé and Gil 2002). In particular, acetal resins are

being more widely used in areas where metals were tra-

ditional, because of their superior chemical stability,

mechanical strength, and plasticity (Schweitzer et al. 1959;

Koch and Lindvig 1959). Accordingly, development of a

more practical and economic process for production of

1,3,5-trioxane is important due to the rapid expansion of

acetal resin production (Masamoto et al. 2000; Grützner

et al. 2007).

In the commercial process, 1,3,5-trioxane is obtained by

heating aqueous formaldehyde in the presence sulfuric acid

(Masamoto et al. 2000). Although sulfuric acid is the most

generally used catalyst due to its low price and the mature

processing route, it has shortcomings as well. Among the

more troublesome of these are the by-products such as

formic acid and methyl formate. The formation of large

amounts of by-products will result in a decrease in catalytic

activity and of the selectivity of 1,3,5-trioxane formation,

subsequently giving rise to an increase in the energy con-

sumption during 1,3,5-trioxane synthesis. Specifically, the

formic acid by-product can cause serious corrosion to

equipment (Li et al. 2015). Previous works (Cui 1990;

Masamoto et al. 2000) report that acidic ion exchange resin

and heteropolyacids have the potential to be used as the
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catalyst for 1,3,5-trioxane synthesis. Nevertheless, the

reaction conditions (e.g., high formaldehyde concentration

(60 wt%) and large amount of catalyst (50 wt%) make it

difficult to use in pilot plant trials (Masamoto et al. 2000;

Guan et al. 2005; Liu and Li 1982). Although acidic ionic

liquids (ILs) have been successfully used in a pilot plant

scale for the preparation of 1,3,5-trioxane (Song et al.

2012), the high price of ILs catalyst is a problem (Hu et al.

2015; Li et al. 2012). Therefore, development of a new

catalytic system (sulfuric acid ? assistant reagent) is the

key for synthesis of 1,3,5-trioxane.

The salt effect is always a research area of interest in

chemical synthesis and separation. More recently, the

remarkable role of halide salt additives in the Negishi

reaction involving aryl zinc reagents has been reported

(McCann and Organ 2014). It is ranked as one of the

world’s top ten science and technology improvements in

2014 by Chemical & Engineering News. In our previous

work, a positive effect of inorganic salts has been found for

the synthesis of 1,3,5-trioxane (Yin et al. 2015), and

intensive studies have been carried out to explore the salt

effect of various types of inorganic salt on the formation of

1,3,5-trioxane (Yin et al. 2015). The results shows that

higher yields of 1,3,5-trioxane can be obtained in reaction

solution by using the Cl--based salts with smaller cation

radius. It can be concluded that the enhancement in the

yield of 1,3,5-trioxane is attributed to hydration which can

decrease the water activity. Though these investigations

covered important aspects of 1,3,5-trioxane synthesis, there

is still something to be further explored, since the increase

in the acid value by the addition of Cl--based salts is still

very remarkable compared to that observed for sulfuric

acid alone. In addition, the presence of Cl--based salts and

the HCl formed may cause corrosion (Bao 2007). There-

fore, in the present work we investigated the influence of

organic salts on 1,3,5-trioxane synthesis by batch reaction

and continuous production experiments. In addition, UV–

visible spectroscopy and vapor–liquid equilibrium experi-

ments were also performed for the first time to investigate

the mechanisms that control the effects of organic salts on

the yield of 1,3,5-trioxane in the reaction solution and in

the distillate from the reaction.

2 Experimental

2.1 1,3,5-trioxane synthesis

The 50 wt% aqueous formaldehyde solution used in exper-

iments was prepared by concentrating *37 wt% aqueous

formaldehyde solution. The organic salts, analytical grade

sodium methanesulfonate (CH3NaO3S), sodium benzene-

sulfonate (C6H5NaO3S), sodium 4-methylbenzenesulfonate

(C7H7NaO3S), and sodium 3-nitrobenzenesulfonate (C6H4-

NNaO5S), supplied by Aladdin Industrial Corporation

(Shanghai, China), were used without further purification.

The synthesis procedures for batch reaction experiments and

continuous production were similar to those we used previ-

ously (Yin et al. 2015). The 1,3,5-trioxane concentrations in

the reaction mixture and distillate were analyzed by gas

chromatography, applying the internal standard procedure,

and the acid value was determined by acid–base titration

using a potentiometric titrimeter (Leici ZDJ-5, Shanghai

INESA Scientific Instrument Co. Ltd., China).

2.2 UV–visible spectroscopy

The acidic scales of the sulfuric acid solution containing

organic salt were measured by UV–visible spectra with

basic indicators according to the procedure reported by

Thomazeau et al. (2003), Xing et al. (2007). UV–visible

spectroscopy analysis was conducted on a Shimadzu 2550

UV–visible spectrophotometer (Shimadzu Corporation,

Japan).

2.3 Vapor–liquid equilibrium (VLE) experiments

In the present VLE experiments, a modified Othmer still

was used as described by Morrison et al. (1990). The

Othmer still was operated at atmospheric pressure

(101.3 kPa). In each experimental run, 50 wt% formalde-

hyde solution containing 3 wt% 1,3,5-trioxane and

0.2 mol L-1 organic salts was added to the still which was

heated in an oil bath. A steady state was usually reached

after 1 h of operation. Then samples of the coexisting

phases of the quaternary system (formaldehyde ? 1,3,5-

trioxane ? organic salt ? water) were taken from vapor

and liquid sampling ports and analyzed. Thus, the relative

volatility can by defined by

a2 ¼ y2=x2

y1=x1

ð1Þ

where xi and yi are, respectively, the liquid- and vapor-

phase compositions of species at equilibrium.

3 Results and discussion

The reproducibility of the batch reaction experiments has

been studied, and the result was highly satisfactory (Yin

et al. 2015).

Therefore, the effects of organic salts on the yield of

1,3,5-trioxane and the formation of by-product(s) in the

reaction solution were investigated by batch experiments.

Figure 1 shows the results obtained by adding various

organic salts.
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The changes in 1,3,5-trioxane concentration shown in

Fig. 1 indicated that the addition of CH3NaO3S, C6H5-

NaO3S, C7H7NaO3S, or C6H4NNaO5S remarkably

increased the 1,3,5-trioxane concentration in the reaction

solution (formaldehyde–H2SO4–organic salt) in compar-

ison with the results obtained in the salt-free system

(formaldehyde–H2SO4).

To quantitatively represent the salt effect on the yield of

1,3,5-trioxane in the reaction solution, the rate constant (k)

was determined by fitting 1,3,5-trioxane concentration in

the reaction solution (cp) as a function of reaction time

according to the reaction dynamics model Eq. (2) (Cui

1990):

dcp
�

dt ¼ k1c
3
A � k2cp ð2Þ

where k1 and k2 are, respectively, the rate constants for the

forward reaction and the reverse reaction and cA is the

formaldehyde concentration in reaction solution.

Consequently, the effect of the organic salts mentioned

in Table 1 on 1,3,5-trioxane formation can be quantita-

tively represented by the ratio ksalt=k, where ksalt and k are

the rate constants for the salt-containing solution and for

the salt-free solution, respectively, and the results are

shown in Table 1, which include the ratio ksalt=k for inor-

ganic salt MgCl2 for the sake of comparison.

The values of ratio ksalt=k shown in Table 1 indicate that

the influence of organic salts on the formation of 1,3,5-

trioxane follows the order of CH3NaO3S\C6H5NaO3S

\C7H7NaO3S\C6H4NNaO5S\MgCl2, which is inver-

sely related to the charge density of the anions of the

salts (the value of the acid dissociation constant pKa

decreases in the order of CH4O3S[C6H6O3S[C7H8O3S

[C6H5NO5S[HCl) (Guthrie 1978).

Although the influence of MgCl2 on 1,3,5-trioxane for-

mation was greater than that exerted by C6H4NNaO5S, the

acid value in solution of 50 wt% formaldehyde–

0.4 mol L-1 H2SO4–0.2 mol L-1 C6H4NNaO5S was con-

siderably smaller than that in the solution of 50 wt%

formaldehyde–0.4 mol L-1 H2SO4–0.2 mol L-1 MgCl2),

as is demonstrated in Fig. 2. These comparisons revealed

that C6H4NNaO5S had superior advantages over inorganic

salts like MgCl2 in 1,3,5-trioxane synthesis.

The control mechanisms for the effect of the organic

salts on 1,3,5-trioxane formation in the reaction solutions

are very complex. According to the mechanism proposed in
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Fig. 1 Effects of organic salts on the yield of 1,3,5-trioxane in the

reaction solution (50 wt% formaldehyde–0.4 mol L-1 H2SO4–

0.2 mol L-1 organic salt). Filled circle CH3NaO3S; filled triangle

C6H5NaO3S; filled square C7H7NaO3S; filled star C6H4NNaO5S;

open square salt-free

Table 1 Effect of the organic salts on the formation of 1,3,5-trioxane

catalyzed by sulfuric acid at 98 �C

Salt k1,salt/k1 k2,salt/k2

CH3NaO3S 1.09 1.07

C6H5NaO3S 1.18 1.12

C7H7NaO3S 1.32 1.21

C6H4NNaO5S 1.59 1.39

MgCl2 1.64 1.41
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Fig. 2 Effect of salts on the change in the acid value of the reaction

solution (50 wt% formaldehyde–0.4 mol L-1 H2SO4–0.2 mol L-1

salt). Filled triangle MgCl2; filled circle C6H4NNaO5S; open square

salt-free
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our previous paper (Yin et al. 2015), the addition of a salt

to the reaction solution would decrease the activity of water

in the solution and therefore favor the forward reaction of

Eq. (3).

HO CH2Oð Þ3H �

Hþ

CH2Oð Þ3 + H2O ð3Þ

The influence of organic salt on the water activity of the

reaction solution can be reflected by the calculated value of

activity of water for binary system (organic salt ? water)

at 25 �C, which is shown in Table 2 (Walter and Wu 1972;

Bonner 1981).

Table 2 indicates that these organic salts do not decrease

the water activity of the reaction solution (formaldehyde–

H2SO4–organic salt) at such low concentration of organic

salts. However, the addition of these salts can significantly

increase 1,3,5-trioxane concentration in the reaction solu-

tion. For example, for the same water activity of 0.993, the

concentration of 1,3,5-trioxane at tr = 30 min is 1.65 wt%

by C6H5NaO3S, while 1.93 wt% by C6H4NNaO5S. These

results mean that the salt effect on the yield of 1,3,5-tri-

oxane in the reaction solution cannot be solely understood

by their ability to decrease the activity of water in the

reaction solution.

UV–visible experiments were performed to further

uncover the mechanism that controls the effect of salts on

the formation of 1,3,5-trioxane. The typical spectra are

shown in Fig. 3, which discloses that the absorbance of the

unprotonated form of the indicator 2-nitroaniline is weak in

salt-containing solution compared to the sample of the

indicator in salt-free solution.

By taking the total unprotonated form of the indicator as

the initial reference, the Hammett function (H0) for sulfuric

acid solution containing various salts was calculated via the

[I]/[IH?] ratio determined from the measured absorbances

(Amax) (see Table 3). According to Fig. 3 and Table 3, the

addition of organic salts to the sulfuric acid solution

decreased the Hammett function of the solution (i.e.,

increased catalytic activity of sulfuric acid). The Hammett

function for sulfuric acid solution containing various salts

increased in the order of CH3NaO3S\C6H5NaO3S

\C7H7NaO3S\C6H4NNaO5S\MgCl2, which is con-

sistent with the order for the effect of organic salts on

1,3,5-trioxane concentration in the reaction solution (see

Table 2 Activity of water in

the binary solution (organic

salt–H2O) at 25 �C

Organic salts, 0.2 mol kg-1 Osmotic coefficients Activity of water

CH3SO3Na 0.925 0.993

C6H5SO3Na 0.932 0.993

C7H7SO3Na 0.908 0.993

C6H4NNaO5S 0.938 0.993
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Fig. 3 Absorption spectra of 2-nitroaniline for various solutions.

Black curve the total unprotonated form of the indicator; red curve

sulfuric acid solution; blue curve sulfuric acid solution containing

CH3NaO3S

Table 3 Calculation of the Hammett function in sulfuric acid solu-

tion containing various salts

Sulfuric acid and organic salt Amax [I]b, % [IH?]c, % H0
d

a 0.809 100 0

H2SO4 0.643 0.795 0.205 0.299

H2SO4 ? CH3NaO3S 0.636 0.786 0.214 0.275

H2SO4 ? C6H5NaO3S 0.632 0.781 0.219 0.262

H2SO4 ? C7H7NaO3S 0.630 0.779 0.221 0.257

H2SO4 ? C6H4NNaO5S 0.628 0.776 0.224 0.250

H2SO4 ? MgCl2 0.627 0.775 0.225 0.247

a The total unprotonated form of the indicator (when no acid and salts

are added to the solution of indicator)
b, c [I] and [IH?] are the molar concentrations of, respectively, the

unprotonated and protonated form of 2-nitroaniline indicator in

aqueous solution
d H0 ¼ pKðIÞaq þ logð½I�=½IHþ�Þ, where pKðIÞaq is the pKa value of

the indicator referred to an aqueous solution
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Fig. 1) and the order for the value of

k1;salt=k1

� ��
k2;salt=k2

� �
(= 1.02, 1.05, 1.09, 1.14, 1.16,

respectively, see Table 1). In other words, the effect of

these salts on the yield of 1,3,5-trioxane relies primarily on

their ability to increase the catalytic activity of sulfuric acid

solution, as demonstrated in Table 3.

For the continuous production of 1,3,5-trioxane, the

results are summarized in Table 4, which also include the

results for MgCl2 for the sake of comparison.

The values of conversion and time/space yield shown in

Table 4 indicate that the addition of the organic salts

increased the yield of 1,3,5-trioxane in the reaction distil-

late. Furthermore, such positive effects increased in

the order of CH3NaO3S\C6H5NaO3S\C7H7NaO3S\
C6H4NNaO5S\MgCl2. In the continuous production

process, the formed 1,3,5-trioxane was removed from the

system by means of azeotropic distillation with water to

enhance the separation. Thus, the influences of the organic

salts on the conversion and time/space yield can be

attributed to many more influencing factors. In addition to

their effect on the yield of 1,3,5-trioxane in the reaction

solution as discussed above, the vapor–liquid phase equi-

librium experiments revealed that the organic salts can also

increase the relative volatility of 1,3,5-trioxane and water

and of 1,3,5-trioxane and formaldehyde, which is shown in

Table 5. Relative volatility is related to the interactions

between 1,3,5-trioxane and the coexisting species. Due to

the lack of the -OH group(s) in the molecular structure of

1,3,5-trioxane, the interactions between 1,3,5-trioxane and

the coexisting ions of the salt are considerably smaller than

those between water (or formaldehyde) and these ions.

Therefore, 1,3,5-trioxane shows a very high volatility

compared to formaldehyde and water.

4 Conclusions

The effects of organic salts on the yield of 1,3,5-trioxane in

the reaction solution were investigated by batch reaction

experiments. The results showed that the addition of

CH3NaO3S, C6H5NaO3S, C7H7NaO3S, and C6H4NNaO5S

to the reaction solution could considerably increase the

yield of 1,3,5-trioxane in the reaction solution. The effect

of these salts increased in the order of CH3NaO3S\
C6H5NaO3S\C7H7NaO3S\C6H4NNaO5S, which is

inversely related to the charge density of the anions of the

corresponding salts. The mechanisms that control such

effects were systematically studied through calculation of

the activity of water and experiments of acidity measure-

ment. The calculated water activity indicated that these

organic salts had almost no effect on the activity of water

of the reaction solution. The results of acidity measurement

experiments showed that the Hammett function for sulfuric

acid solution containing various salts increased in the order

of CH3NaO3S\C6H5NaO3S\C7H7NaO3S\C6H4NNa

O5S\MgCl2, which agreed well with the order for the

effect of organic salts on 1,3,5-trioxane concentration in

the reaction solution.

The influence of organic salts mentioned above on the

yield of 1,3,5-trioxane in the reaction distillate was also

investigated by continuous production experiments. These

salts showed a positive effect on the yield of 1,3,5-trioxane

in the distillate, and their effect increased in the order of

CH3NaO3S\C6H5NaO3S\C7H7NaO3S\C6H4NNaO5S.

Such an effect is related to the increase in relative

volatility, which is verified by vapor–liquid phase

Table 4 Effect of the added

salt on the conversion and time/

space yield for 1,3,5-trioxane

production

Acid and salt Conversiona, % Time/space yieldb, g h-1 L-1

H2SO4 19.00 46.28

H2SO4 ? CH3NaO3S 20.54 48.36

H2SO4 ? C6H5NaO3S 22.50 51.04

H2SO4 ? C7H7NaO3S 24.11 54.43

H2SO4 ? C6H4NNaO5S 27.71 58.72

H2SO4 ? MgCl2 28.69 60.38

a The percent of 1,3,5-trioxane converted
b The amount of 1,3,5-trioxane formed per hour in 1 l of solution

Table 5 Effect of the organic salts on the relative volatility (a) of

1,3,5-trioxane (2) and water (4) and of 1,3,5-trioxane (2) and

formaldehyde (1) in the system [formaldehyde (1)–1,3,5-trioxane (2)–

organic salt (3)–water (4)]

Organic salt, 0.2 mol kg-1 a24 a21

a 4.0506 6.1711

CH3NaO3S 4.4763 7.3562

C6H5NaO3S 4.5411 7.4864

C7H7NaO3S 4.6782 7.6566

C6H4NNaO5S 4.7836 7.8072

Formaldehyde concentration is 50 wt%, 1,3,5-trioxane concentration

3 wt%, temperature 98 �C
a (formaldehyde–1,3,5-trioxane–water) system

774 Pet. Sci. (2016) 13:770–775
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experiments for the system (formaldehyde–1,3,5-trioxane–

organic salt–water).
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