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Abstract To investigate the oxidation of isobutane to t-

butyl hydroperoxide (TBHP) for the first time as a two-

phase process in a microreactor in a broad range of flow

rates (isobutane flow rate: 15–188 lL min-1, oxygen:

0.1–1.5 mL min-1), temperatures (75–150 �C) and pres-

sures (25–100 bar), a study has been performed to select

the most appropriate construction materials for the exper-

imental facility, especially for the microreactor but also for

fittings, sealings, sensors, pumps, tubes, the sampling unit,

etc. TBHP, as most hydroperoxides, is quite reactive and

reacts with most metals, polymers, acids and bases.

Therefore, the materials most appropriate had to be deter-

mined to minimize losses of TBHP in the initiator pump

and in the reaction mixture of the sample at ambient

temperature. As TBHP decomposes very slowly under such

conditions, a microcalorimetric method has been used to

measure the heat production of TBHP in contact with

selected materials at 30 �C. Among those materials, vari-

ous metals, e.g., copper, gold, silver, zinc, aluminum,

titanium, tantalum, normal steel, Hastelloy C276, Hastelloy

C-2000, V4A steel, and semiconductors like silicon and

silicon carbide have been tested. Furthermore, several

polymers like nitrile butyl rubber, PEEK, silicone, Chem-

raz� and PTFE have been studied. Moreover, the role of

metals and metal ions as catalysts for the decomposition of

TBHP and DTBP is discussed. The experiments showed

that silver and copper are the most reactive metals of the

investigated substances and silicon the most suitable coat-

ing material for the reactor. The most stable polymers were

found to be PEEK and PTFE.
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Introduction

Peroxides and hydroperoxides are generally very reactive

due to the peroxy bond which is quite unstable. Some of

the most stable peroxides and hydroperoxides are t-butyl

peroxide and t-butyl hydroperoxide (TBHP), respectively

[1, 2]. TBHP in the pure state or as an aqueous solution at a

concentration of above 90 mass% has to be considered as a

hazardous substance which is sensitive to heat, shock and

friction [3, 4]. Also, the contamination by many metal ions,

e.g., iron, leads to a rapid decomposition of TBHP1 and a

possible explosion [4]. However, an aqueous solution of

70 mass% of pure TBHP is quite stable at room tempera-

ture [4] and commercially available. This formulation is of

increasing importance, in industry as well as in the labo-

ratory. In industry, TBHP is important for the oxidation of

propylene to propylene oxide in the frame of the oxirane

process [5] and can be used as an initiator for radical

polymerization of vinyl chloride, ethylene and acrylate [6].

Furthermore, it becomes more and more important as an

oxidizer for organic synthesis, as shown by the number of

studies using this oxidant (see [7] for an overview and
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recent articles [8–10]). The oxirane process [5]—being a

variant of the well-known Sharpless epoxidation reaction

[11]—is the most important reason to produce sufficient

quantities of TBHP in an economic way. Currently, TBHP

is preferably produced by exothermic partial oxidation of

isobutane (reaction enthalpy[250 kJ/mol) as a two-phase

process in bubble columns or stirred tank reactors at resi-

dence times of 10–12 h [5]. Due to the required reaction

conditions of 25–50 bars and 125–145 �C [5], the process

has to be conducted preferably in a steel reactor—in

industry as well as in the laboratory. There is some

potential of improving the efficiency of this process,

because several oxidation by-products like alcohols,

ketones and acids are formed in varying percentages. In

general, the selectivity does not exceed 60 % at conver-

sions of less than 50 % [5]. As the thermal decomposition

of TBHP is strongly catalyzed by many materials, this

might also be related to the reactor material.

With the specific background of designing a microre-

actor [12] for isobutane oxidation and the more general

objective to study the influence of different construction

materials (reactor material, valves, sensors, etc.) in the

reaction and sampling zone of the reactor on the decom-

position of the target product, we performed the study

being reported here. The influence of the reactor material

on the partial oxidation of isobutane has not been investi-

gated extensively in the past. The related experiments are

conducted at higher temperatures and in steel reactors. In

some cases, the influence of the reactor material (Al,

stainless steel (X10CrNiMoTi18-10), titanium) [13], pos-

sibly modified by passivation (different treatments of steel)

[14], on the isobutane oxidation has been studied. As no

comparable investigations could be found for low tem-

peratures, the results of such investigations have been

discussed and compared with the results of the present

work to determine the most suitable material. However, it

is certain that there are many factors which might influence

the selectivity of TBHP in such a process, so this can only

be an approximate comparison. In the case of a microre-

actor, the surface-to-volume relationship is especially

critical compared to a batch reactor, since the larger surface

increases the decomposition of TBHP. Therefore, one issue

is to find an appropriate coating material for the steel

components of the microreactor in order to obtain a max-

imum yield. Furthermore, TBHP which is present in the

reaction mixture comes into contact with other parts of the

laboratory facility, especially the material of the sampling

unit which needed to be coated accordingly. However,

coating is not always possible for technical or safety rea-

sons, e.g., in sensors, or in valves where a coating may

modify the functionality of the device or makes it unusable.

So, it is important to investigate the influence of different

metals which may be part of a level, temperature or

pressure sensor. In the frame of the reactor construction

and selection of sensors, there were some suggestions to

use gold or tantalum as materials for the level sensor of the

sampling unit. Therefore, it was of particular interest to

bring TBHP into contact with several metals, e.g., tanta-

lum, gold, copper, brass and silver, to know which mate-

rials are most compatible. No hints on the reactivity of gold

and silver with TBHP could be found in the literature. Due

to the microreactor and the heat bath inside the hood

leading to an increased ambient temperature, we needed to

know which materials would result in the least decompo-

sition of TBHP at comparable temperatures. For reasons of

an appropriate disposal of reaction mixtures and by-prod-

ucts and to prevent hazardous reactions, peroxidic com-

pounds need to be destroyed after all measurements or

experiments [4]. Furthermore, especially during the

isobutane oxidation experiments, an accumulation of

TBHP during the reaction time in the waste container

needed to be avoided. In a material safety data sheet

(MSDS), it was indicated that hydroperoxides like TBHP

and peroxides like DTBP can be destroyed by an iron salt

solution [4]. But, whereas TBHP reacts easily with metal

cations, a reasonable reaction rate was less certain for di-t-

butyl peroxide (DTBP) because of its very low solubility

and lower reactivity and we did not find such a reaction of

DTBP in the literature. Therefore, experiments with DTBP

and iron II and iron III sulfate solutions, respectively, were

tested assuring its decomposition.

Finally, several polymers like polyether ether ketone

(PEEK), polytetrafluoroethylene (PTFE), fluorinated rub-

ber (FKM, Viton�), perfluorinated rubber (FFKM, Chem-

raz�) are possible compounds which may be used as seals

in valves, pumps, mass flow controllers, etc. [15]. The

presence of all those compounds does not only potentially

reduce the yield of TBHP, but may also increase the

reaction rates of the isobutane oxidation as well as of

exothermic side reactions and therefore the risk of runaway

reactions and thus of accidents. Furthermore—also for

safety considerations—it is useful to know whether one of

the aforementioned materials will be damaged due to the

long-term contact with TBHP. Moreover, it is an economic

issue because, if much less costly materials can be

used, there is no need to use components made of expen-

sive FFKM.

Whereas the isobutane oxidation in the microreactor is

conducted at higher temperatures of up to 140 �C [5], the

initiator need to be stored in a steel pump at a lower

temperature, e.g., room temperature or cooled—depending

on the type—to prevent any thermal decomposition in case

of very thermolabile initiators [6]. Also, some of the

peripheral plant components are brought into contact with

TBHP as part of the reaction mixture or as initiator at

ambient temperature (max. 30 �C) and might need to be
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coated. Any reaction of the reaction products, e.g., the

TBHP with the metal of the sampling unit, modifies the

reaction mixture and modifies its composition. In this case,

the correct selectivities of the reaction products cannot be

obtained anymore by GC analysis [16].

To minimize losses of TBHP, we wanted to investigate

and compare the reaction of TBHP by different metals,

semiconductors and polymers at ambient temperature. The

investigation could be performed by an electrochemical

method in case of metals but not in case of polymers. In

principle, also the formation of oxygen could be deter-

mined as a measure for the decomposition (e.g., by GC),

but it is not sure that in all cases oxygen is not bound by the

material of the sample which would falsify the results.

Furthermore, an evaluation would be quite complicated;

therefore, we opted for a calorimetric method to measure

the overall effect of the sample on the TBHP decomposi-

tion. However, although TBHP decomposes easily at

higher temperatures, the reaction with materials at ambient

conditions is very slow and thus not detectable by differ-

ential scanning calorimetry (DSC). Therefore, the

microcalorimetric method TAM (thermal activity moni-

toring) [17] was selected. The microcalorimeter TAM is an

isothermal calorimeter which permits measurements of

very low heat releases due to a special isolation by two heat

bathes, one being inside the other, which effectively isolate

the samples from the environment. The high sensitivity and

thermal stability of the used TAM III calorimeter allow

monitoring of small temperature changes due to heat

releases within 0.0001 �C. By this way, even the least

reactive interaction can be detected by signals in the range

of some lW and allows an easy judgment of the influence

of a material on TBHP. Therefore, isothermal TAM

experiments were performed using a TAM III. A temper-

ature of 30 �C was most suitable because it was in the order

of the experimental conditions and TAM experiments with

TBHP gave detectible heat releases without an important

vapor pressure or formation of gas (especially oxygen).

Higher temperatures and pressure might be possible using

high-pressure steel vials, but the influence of the steel

would dominate the calorimetric measurements. Therefore,

glass vials have been used. The danger of a hazardous

decomposition reaction of the TBHP sample becomes

imminent at the self-adiabatic decomposition temperature

(SADT) of DTBP and TBHP, which is 80 �C [4, 6].

However, we found by DSC that thermal decomposition

was already perceptible at 50 �C, so a temperature of 30 �C
was selected to have a safety span of 20 �C and to prevent

any damage of the TAM. Also, the absence of mixing in a

TAM does not allow preventing a local overheating in case

of rapid and highly exothermic reactions.

If these measurements were representative for the gen-

eral selectivity loss of TBHP caused by the reactor

material, performing a kinetic investigation or building a

reactor of all materials to test the influence of the reactor

material would be much more time-consuming than per-

forming some TAM experiments. As the reaction with the

material is, apart from the thermal decomposition, probably

the main reason for the yield reduction of TBHP, a large

number of materials have been studied by TAM. It is

known that the roughness of the material surface may play

an important role in radical reactions. By collision of the

radicals with the metal surface radicals, they may lose their

electron and therefore be deactivated. As a consequence of

this, the roughness of a material sample may have an effect

on the reaction. In the present work, it was considered that

the chemical effect of reactive metals should preponderate

largely relative to the roughness characteristics. However,

for some materials, samples of different roughness have

been created by sandblasting.

Experimental

Materials

Aqueous TBHP (70 mass%) solution (Luperox� TBH70X)

and di-t-butyl peroxide (DTBP, 98.5 mass%) (Luperox�)

have been purchased from Sigma-Aldrich and stored in a

refrigerator at 4 �C. Various metal samples have been

acquired from several fabricants (Tables 1, 2). They have

been cleaned with ethanol and acetone and cut to a size of

200 mm2 if not otherwise mentioned. If it was not possible

to get 200 mm2, the TBHP quantity has been adapted to the

size of the metal surface. Sandblasting has been performed

using 100- to 200-lm glass pearls (soda lime glass, GP007,

WIWOX GmbH Surface Systems).

Viton�, PTFE, PEEK, silicone and NBR are obtained

from REIFF GmbH, and FFKM from Hugo Sachs GmbH.

Chemraz� is similar to the more popular Kalrez� produced

by DUPONT and was produced by the company Greene,

Tweed & Co. GmbH. Some samples of Tedlar� have been

obtained by cutting pieces out of Tedlar� bags which are

used for gas analytics and are produced by SUPELCO Inc.

Calorimetric equipment and measurements

An isothermal calorimetric instrument (thermal activity

monitor, TAM III, TA Instruments [17]) equipped with 12

single microcalorimeter channels was used to measure the

heat flow continuously. Each calorimetric channel was

constructed in twin configuration with one side for the

sample and the other side for a static reference. The twin

configuration of sample and reference within a channel

allows the heat-output power from the sample to be com-

pared directly with the heat-output power from the inert
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reference. TAM III employs a thermostat technology that

controls the temperature within 0.1 mK over 24 h. The

temperature was set to 30 �C. Typically, the background

noise is in the range of\0.10 lW. Twelve glass vials (TA

sample vials, borosilicate glass of 4 mL volume) were

prepared by placing first all material samples in the sample

vials, then filling—depending on the experiment—2 mL

TBHP or 2 mL DTBP in each of them and closing the

sample vials. As there is no possibility to use a sample as

reference, one vial was filled with the corresponding per-

oxide but left without any additional substance as blank.

For each TBHP solution with a metal sample, two vials of

identical content were prepared to check the reproducibil-

ity. The filling time was kept as short as possible. All

samples were placed in the TAM microcalorimeter. After

15 min in a waiting position for general equilibration of the

system, the samples were equilibrated for further 45 min in

the TAM instrument. Then, the heat flow was recorded for

about 20 to 24 h.

Analysis of calorimetric data

Thermal changes in each ampoule were recorded as a

continuous electronic signal (in watts), which is

Table 1 Materials, their purities and suppliers

Material Metal content/mass% Supplier

Aluminum 99.9995 ABCR

Brass Cu *80; Zn *20 Max Cochius GmbH

Copper Cu-DHP* [99.9 MARKS GmbH

Gold 99.99 Chempur

Silver 99.9 Sigma-Aldrich

Tantalum 99.9 Sigma-Aldrich

Tin 99.9 Alfa Aesar

Titanium 99.6 Goodfellow

Silicon (wafer) [99.99999 Siltronic AG

Silicon carbide 98.7** ESK Ceramics GmbH & Co. KG

Zinc 99.9 ABCR

* DHP copper deoxidized phosphorous copper

** The silicon carbide used contained also free carbon (about 0.7 mass% and sintering additives (about 0.45 mass%)

Table 2 Steel types and special metal alloys, their material numbers and compositions

Hastelloy C276 Hastelloy C-2000 Normal steel V4A

Material no. 2.4819 2.4675 1.0037 1.4401

Origin SPS Schiekel Präzisions-systeme GmbH Zapp Materials Engineering GmbH Thyssen Krupp Thyssen Krupp

C max./mass% 0.01 0.010 0.08 0.07

Si max./mass% 0.08 0.08 0.15 –

Mn max./mass% 1.00 0.50 0.35 –

P max./mass% 0.025 0.025 0.025 –

S max./mass% 0.010 0.010 – –

Co max./mass% 2.50 2.00 – –

Cr/mass% 14.5–16.5 22.0–24.0 – 16.5–18.5

Fe/mass% 4.0–7.0 0–3.0 Residue Residue

Mo/mass% 15.0–17.0 15.0–17.0 – 2.0–2.5

V min./mass% 0.35 – – –

W/mass% 3.0–4.5 – – –

N/mass% – – – –

Cu/mass% – 1.3–1.9 – –

Al/mass% – 0–0.50 – –

Ni/mass% Residue Residue – 10.0–13.0
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proportional to the heat production rate. Data analysis was

accomplished using the manufacturer’s software (TAM

Assistant, TA Instruments). Due to different starting

behaviors and experiment lengths, the heats given are

referring consistently to the heat release measured from 1-h

to 15-h reaction time. They are summarized at the end of

each chapter.

Results and discussion

TAM experiments with DTBP and comparison

of TBHP with DTBP

Whereas there are many studies on the effect of heavy

metal ions on TBHP, we could not find any calorimetric

investigation on the interaction of TBHP or other peroxides

with metals at their metallic state. Therefore, we can only

refer to articles, which treat the interaction of metals or

metal ions with TBHP in the frame of other subjects.

Figure 1 shows that TBHP is generally self-decompos-

ing. Even without any metal, TBHP shows a measureable

and steadily increasing heat flow when exposed in a glass

vial to a temperature of 30 �C, possibly due to the very

slow reaction with the glass walls at this temperature or

traces of metals in the glass. Because it is not possible to

prevent this reaction in the temperature range under study,

all other heat flow curves were normalized by subtracting

the heat flow of pure TBHP in a glass vial from the heat

flow measured in the presence of an additional sample. For

comparison, the curve of DTBP is added. The heat flow is

also between 0 and 1 lW, but remained constant, even

during 48 h. The TAM curves given show the mean value

calculated from two reproducibility experiments. Whereas

the total heat release of TBHP during 14 h amounted to

13.2 mJ, that of DTBP was 0 mJ.

Adding various metals to DTBP (Fig. 2), the heat flow

measured over 24 h is considerably higher than without

any metal (Fig. 1). The biggest heat flow has been obtained

with normal steel, the lowest with copper, silver, gold and

Hastelloy C-2000. Interestingly, Hastelloy C-2000 which

contains copper gave a heat flow curve that is partly similar

to that of pure copper.

The heat flows indicate that DTBP reacts only margin-

ally with the considered metals at their metallic state at

30 �C. DTBP is very stable and can be easily distilled at

atmospheric pressure without decomposition [2]. Due to

the necessity to decompose all peroxides in the waste

container, the question arose, if DTBP can be reduced by

addition of iron cations—as this is the case for hydroper-

oxides and as it is mentioned in some safety data sheets [4].

Whereas diethyl peroxide is known to react in the presence

of Fe II ions to ethanol and acetaldehyde [18], this reaction

cannot take place in case of tertiary peroxides like DTBP

due to the missing H atoms at the a position next to the

oxygen atoms of the molecule. Therefore, it was investi-

gated whether DTBP is actually decomposed by iron salts

in aqueous solution. DTBP was brought into contact with

solutions of Fe(II) sulfate and Fe(III) sulfate (0.72 mol/L)

in diluted sulfuric acid (20 mass%) and for comparison

with diluted sulfuric acid of the same concentration

(Fig. 3). The results of the TAM measurements showed an

important heat production of DTBP with Fe II sulfate and a

substantially lower heat production with Fe III sulfate.

Also, the maximal heat flow by the contact with a solution
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Fig. 1 TAM curves of an empty vial, DTBP and TBHP without any

additive measured during 24 h in a sealed glass vial at 30 �C. The

noise of the signal was considerably high due to the very small heat

flow. The TBHP curve increases steadily, whereas the other signals

are constant

Fig. 2 TAM curves of samples of DTBP with 200 mm2 pieces of

gold, silver, copper, normal steel and Hastelloy C-2000 measured

during 18 h at 30 �C. Normal steel gave the highest initial heat flow
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of Fe II sulfate was considerably higher than with the

sample of normal steel (Fig. 2).

The results show that, despite the bulky t-butyl groups

of the molecule and the low solubility of DTBP, a slow

reaction between DTBP and iron ions takes place in

aqueous solution. Furthermore, Fe II salts are more effec-

tive to destroy DTBP than iron III salts. The heat releases

of DTBP in contact with iron II, iron II and sulfuric acid

were 316.3, 69.7 and 3 mJ, respectively. So, DTBP is

effectively destroyed in the long term by iron II salt

solutions.

TAM experiments of TBHP with metals

and semiconductors

Whereas there is little reaction of DTBP with metals and

with salts, the reaction of TBHP with heavy metal cations

is relevant for the safe handling of TBHP [4] and well

investigated [19]. Because of the highly exothermic reac-

tions of TBHP with most heavy metal cations, bases and

acids and the high sensitivity of the TAM device, these

reactions have not been investigated by TAM. In contrast

to reactions with ions, the reaction with metals has not been

investigated calorimetrically yet. Therefore, the heat flow

time courses of samples of TBHP in contact with copper,

brass, silver, gold and zinc have been measured during

20 h at 30 �C. The heat flow curves of the samples (Fig. 4)

differ largely in form and magnitude depending on the

metal which has been brought into contact with TBHP. The

highest heat flows were obtained with silver, copper, zinc

and brass. For comparison reasons, also the heat flow curve

of gold is given.

In case of silver, an apparently exponential decrease of

the heat flow has been observed. As the heat flow could not

be recorded from the very beginning, due to the equili-

bration of the calorimeter, it may be the cooling curve of

the heat produced in the moment of the contact between

TBHP and the metal. Silver in contact with TBHP gave the

highest initial heat flow of all investigated metals. There-

fore, it needs to be considered as a very strong catalyst for

the decomposition of TBHP. This was rather surprising,

because the high catalytic activity of heavy metal ions on

the decomposition of TBHP is usually explained by the

faculty of the metal to change between different oxidation

states, e.g., copper(I) to copper (II), cobalt(II) to cobalt

(III), iron(II) to iron (III) (and vice versa) [19]. However,

this is different for silver as a metal. It might in general

only change between the states Ag(0) and Ag(I). Therefore,

other properties, perhaps the electroaffinity, seem to be at

least as important as the possibility to change the oxidation

state. Metallic silver is rarely used as a catalyst, but some

articles report applications of silver as a promotor for other

catalysts for the use of TBHP as an oxidant (e.g., [20, 21]),

but it is well known that it catalyzes very good the

decomposition of hydrogen peroxide [22] and hydroper-

oxides such as ethyl hydroperoxide [23]. It is also known

that the oxidation rate of isobutane in the gas phase at

300 �C is strongly enhanced in the presence of silver [24]

which indicates that—in view of this result—hydroperox-

ides play an important role despite the high temperature.

Gold produces a much smaller heat flow than copper and

silver, but a much higher one than normal steel (see Fig. 5).

It seems to be a mild catalyst for TBHP decomposition

although for hydrogen peroxide no decomposition by gold

has been reported. There are some applications of gold as a

catalyst in the literature (e.g., [25, 26]). The catalytic effect

of copper on the decomposition of TBHP is well known
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Fig. 3 TAM curves of samples of 2 mL DTBP in contact with 1 mL

of Fe II sulfate solution (in 20 mass% sulfuric acid), Fe III sulfate

solution (in 20 mass% sulfuric acid) and a blank experiment with

pure 20 mass% sulfuric acid. The samples have been measured during

18 h at 30 �C
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Fig. 4 TAM curves of samples of TBHP with 200 mm2 pieces of

zinc, gold, silver, copper and brass at 30 �C measured during 20 h
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[27, 28], but it is less strong than that of silver. Both,

copper and brass give relatively high heat production

curves which can be divided into two parts. After 5 min,

the slope decreases. It is possible that this is due to a

changing reaction rate because of a modification of the

surface. The heat flow resulting from brass is lower than

that of copper and that of zinc. Whereas copper is known to

be a good decomposition catalyst for TBHP, a low heat

production was expected for zinc because it has no oxi-

dation properties. As brass contains only 80 mass% copper

and 20 mass% zinc, a lower heat production was expected

compared to pure copper. However, the heat flow with zinc

is much higher and the forms of the curves are also dif-

ferent. Whereas the heat production for zinc decreases

slightly, it increases slowly for copper and decreases

rapidly for silver, pointing to different reaction rates and a

mechanism, which depends on the metal. The strong cat-

alytic activity of copper cations is much better known than

that of the metal.2 As Rothenberg et al. [27] shows, copper

(0) as a suspension can easily replace copper (I) or copper

(II) compounds. In this case, copper compounds (chlorides)

are transformed in situ into Cu(OH)Cl. Salvador [28] found

the best yield for the oxidation of steroids by using copper

metal (84 %). In this relation, the formation of higher

oxidation states by a non-radical decomposition has also

been discussed for copper (Cu(III) [29], Cu(IV) [27]) and

iron (Fe(IV) [30]), but no clear evidence has been found. In

some experiments of the present work, no copper was

visible anymore in the sample vial after 2 month under

exclusion of air. It seems to be completely oxidized—

probably to copper hydroxide—by TBHP. So copper was

no longer a catalyst, but the reducing agent.

Costas and Llobet [31] investigate the oxidation of

hydrocarbons using TBHP and activation of oxygen by

metal complexes. They gave electrochemical data which

provide compelling evidence that the following reaction

was not significant under their system conditions,

CH3ð Þ3COOH þ LMnþ ! CH3ð Þ3CO� þ LM n�1ð Þþ

þ OH�

L ¼ ligand, Mnþ ¼ metal cationð Þ
ð1Þ

If this is typical, this should mean that the direct formation

of t-butoxy radicals by higher oxidation states of metal

cations is not favored. Instead, another reaction occurs pri-

marily as explained in the following. TBHP is weakly acidic,

and a solution of 2 mass% TBHP gives a pH of 4.55. It is well

known to react with alkaline and alkaline earth bases to form

quite stable salts [2] at low temperatures (\10 �C) and low

concentrations. This reaction also happens primarily with

heavy metal ions, only leading to a less stable salt at normal

temperatures. This has been shown for cobalt [32]. So,

especially oxidizing metal ions like Cu2? [27], Co3? [13],

Fe3? [30] or Ce4? [33] decompose TBHP instantaneously at

ambient temperatures. The bond between the metal ion and

the peroxy group becomes unstable, the ion is reduced, and

the t-butoxy peroxide anion gives a t-butyl peroxy radical in a

radical reaction [19] according to Eq. 2.

CH3ð Þ3CO�OH þ Cu2þ ! CH3ð Þ3C�OO�Cuþ þ Hþ� �

! CH3ð Þ3C�OO� þ Cuþ þ Hþ:

ð2Þ

Therefore, the action of metal ions at their higher oxi-

dation states, e.g., Cu2? on TBHP, can easily be explained

by the formation of an intermediate, instable salt, and the

primary product of its decomposition is a peroxy radical.

TBHP is well known to react not only with oxidizing

metals, but also with reducing metal ions. Whereas Cu?

might perhaps be reduced to copper as an intermediate

state, this is not possible for metal ions like Fe2? where the

metal can only change from the reduced oxidation state to a

higher oxidation state.

CH3ð Þ3COOH þ Fe2þ þ H2O

! CH3ð Þ3COO � Feþ þ H3Oþ� �

! CH3ð Þ3CO: þ Fe OHð Þþ2 þHþ ð3Þ

In this case, also a salt is built, but the only way for a

further reaction is the breaking of the peroxy bond and the

formation of a t-butoxy radical. In acid solutions, the iron II

cation will give a Fe III cation [19].

In both cases (Eqs. 2, 3), the further radical reactions

comprise recombination and the decomposition reactions

which are independent of metals.

Iron and hence normal steel are known to react with

TBHP principally in the same way as cobalt and copper,2 Private Message from Linde Engineering GmbH (Pullach 2013).

15

10

5

0
0 5 10 15 20

Reaction time/h

H
ea

t f
lo

w
/µ

W
Exo

Gold
Hastelloy C276

Hastelloy C2000

Normal steel
V4A steel
Tin

Fig. 5 TAM curves of samples of TBHP with 200 mm2 pieces of

gold, tin, hastelloy C276, hastelloy C-2000, normal steel and V4A

steel measured during 24 h at 30 �C
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especially at the cationic state. For normal steel, V4A and

Hastelloy C276, nearly constant signals between 2 and

5 lW, have been obtained. Normal steel gave a consider-

ably higher heat flow than untreated Hastelloy C276. The

heat flow of V4A steel was situated between those curves.

Tin samples in contact with TBHP gave a much higher

initial heat flow than steel and Hastelloy C276. The heat

flow measured in the presence of gold is shown for com-

parison (Fig. 5). The results show that TBHP is more

reactive toward tin and gold than toward steel, which

shows that gold is not as inert as one might suppose. Steel

is protected from further corrosion by a passivation layer

which is formed by dissolution of iron at the surface, sur-

face enrichment of chrome and oxidation of chrome to the

very stable chrome trioxide [34]. Therefore, the heat flow is

much smaller.

Enlarging the surface of the metal obviously increases

the heat flow, as we verified for copper (Fig. 6), normal

steel (Fig. 7) and silver (Fig. 8).

The dependence of the heat flow on the surface area is

stronger for more reactive materials like copper (Fig. 6)

and silver (Fig. 8) than for normal steel (Fig. 7). The

measured heats are given in Table 4. Due to chemical

changes of the metal surface, e.g., oxidation, only the ini-

tial heat flow can be considered to be proportional to the

surface. But the initial heat flow is difficult to determine

because the initial heat flow changes very rapidly at the

beginning of the experiment and it is strongly influenced by

the starting conditions. Considering this, the initial heat

flow of TBHP in contact with copper depends approxi-

mately linearly on the surface. In the beginning, between 3

and 5 h, the slope changed significantly and afterward all

heat flow curves were increasing but not exactly with the

same slope. Most interesting is the shape of the heat flow

curves of TBHP in contact with normal steel. The heat flow

curve resulting from the contact of a 600 mm2 piece of

normal steel with 2 mL TBHP—while being most of the

time nearly linear—shows strong peaks which appear

suddenly and which are much higher than the average heat

flow (Fig. 9). They should correspond to heat producing

processes which appear suddenly and only for a short time.

The surface of the normal steel after the reaction actually

shows dark spots. This means apparently that first there

was corrosion by TBHP, then the oxide layer broke, and

finally new non-corroded surface came in contact with

TBHP again. So this gave rise to another peak, etc. This is

known as pitting corrosion [34] and a well-known mech-

anism, which also enables air and water to corrode com-

pletely any sample of iron or normal steel in the long term.

Looking more closely at the curves with 400 and 200 mm2

samples, it seems that there are also small peaks, but they
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are—especially in the case of 200 mm2—so small that they

cannot be distinguished from the signal noise.

In contrast to steel, many other materials, e.g., alu-

minum and silicon, protect themselves by an oxide layer.

With silicon (pieces of wafers) and silicon carbide, the

lowest heat flows were obtained (Fig. 10). It is known that

the fresh silicon surface of a wafer in the presence of

oxygen forms a layer of silicon dioxide [35].

Aluminum gave a slightly higher heat flow curve than

titanium and tantalum, which was fluctuating much stron-

ger. Titanium gave a heat flow comparable to that of tan-

talum. This might be explained by the higher reactivity of

titanium [34]. But, because of the very low heat flows, this

is probably not a significant difference and might be due to

a difference of roughness. Both titanium [34] and tantalum

also form a passivation layer, which reduces the reactivity.

These findings seem to confirm the tendency observed

by Mistrik and Kostal [13] who performed isobutane oxi-

dation experiments at 403 K in several different reactors.

At an isobutane conversion of 24.7 and 26 %, respec-

tively,3 they found a better selectivity of TBHP using a

titanium reactor (56 %) than using a stainless steel reactor

(43 %). The value of the selectivity of TBHP found by

Mistrik and Kostal [13] for the aluminum reactor at an

isobutane conversion of 18.5 % was 46 %, which was

considered to be slightly higher compared to that of

stainless steel [13]. However, this comparison is not

allowed without further information since the selectivity

generally changes with increasing conversion [36].

Shah [36], who performed also isobutane oxidation

experiments at 403 K, found at an isobutane conversion of

about 19 % a much higher TBHP selectivity of 55 % using

an aluminum reactor. Thus, Shah [36] obtained with alu-

minum a result as good as Mistrik and Kostal [13] with a

titanium reactor, but Mistrik and Kostal [13] found a much

lower TBHP selectivity for aluminum. However, Shah [36]

obtained only a selectivity of about 20 % TBHP using

stainless steel (mat. No.: 1.4571). This is less than half of

the selectivity of what Mistrik and Kostal [13] have

obtained in their experiments with a stainless steel reactor.

This shows that results given in the literature differ

largely, which will be clarified by another comparison.

The selectivity course of TBHP for a reactor made of

passivated stainless steel4 has not been measured at 25 %

conversion by Shah [36]; thus, an experimental value is not

available. However, assuming that the course of the

selectivity curve of TBHP for the reactor made of passi-

vated steel is similar to that of the reactor made of stainless

steel, a TBHP selectivity of about 46 % can be estimated

for the passivated stainless steel reactor5 at a conversion of

25 %. Thus, that selectivity value corresponds to the value,

which has been found by Mistrik and Kostal [13] for a

reactor of untreated stainless steel. So, both, Mistrik and

Kostal [13] and Shah [36] used stainless steel,6 but the

results (43 and 20 %, respectively) at the same conversion

are diverging very much. Those comparisons show that the

material alone is not sufficient to explain the experimental

results. Thus, other factors (isobutane impurities, reactor

characteristics, surface size and state, etc.) also must have

interfered to obtain such different selectivities, and the

advantage of the present work is that the parameters of the

experiments can be controlled better and less parameters

influence the results.

Interpreting the results represented in Fig. 10, it has to

be taken into account that the pieces of silicon wafers used

had the lowest roughness of all materials. Since this might

have had an influence in the case of a radical reaction, the

effect of different degrees of roughness on the heat pro-

duction has been studied for some samples (see Fig. 11).

Figure 11 shows the influence of sandblasting on a sil-

icon weaver. The sandblasted silicon surface gave a sig-

nificantly higher heat production. It is not clear whether

Fig. 9 Original TAM curves (without smoothing) of TBHP with 600

mm2 of steel. The peaks indicate that the protecting oxide layer broke

down several times and gave rise to a higher heat flow by bringing

TBHP in contact with the non-oxidized metal

3 The selectivity of TBHP during the isobutane oxidation depends on

the conversion. Therefore, only selectivities at the same conversion

can be compared. In this case, due to the very high difference in the

selectivity, the small difference in the conversion should be

negligible.

4 Passivation with sodium pyrosulphate solution.
5 Winkler and Hearne [14] also investigated the influence of stainless

steel compared to passivated stainless steel and otherwise treated

reactor materials on the oxidation of isobutane, but they used

temperatures below 130 �C. Thus, data are not comparable with those

of Mistrik and Kostal [13] and Shah [36].
6 Although Shah has not given any code to identify the stainless steel

used.
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this is only due to the higher roughness or due to the

reaction of TBHP with the fresh silicon surface. If it is due

to the higher roughness, the stability of TBHP in the

presence of silicon is comparable to that of titanium.

The treatment of Hastelloy samples by sandblasting

(Fig. 12) resulted also in a much higher heat flow than

observed for the untreated pieces in contact with TBHP and

a different form of the heat flow curve. Although the

magnitude of the signal depends on the Hastelloy type, this

behavior could be reproduced in principle for different

Hastelloy types in contact with TBHP as Fig. 12 shows.

The copper content of Hastelloy C-2000 leads to a

significant increase in the heat flow compared to Hastel-

loy C276. The rather constant heat flow of untreated

Hastelloy samples should be due to a passivation layer of

such materials, which has been formed over a long time.

Sandblasting gave a much higher heat flows for both
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Table 3 Reaction heats measured in TAM experiments during 14 h

(t0 = 1 h) with different metals

Type Material Heat/mJ

Noble metals Gold 403

Silver 9185

Pure metals Aluminum 151

Brass 2989

Copper 4340

Tantalum 92

Tin 206

Titan 104

Zinc 10,143

Steel and Alloys Hastelloy C-2000 242

Hastelloy C276 110

Normal Steel 173

V4A 127

Semiconductors Silicon 22

Silicon carbide 44

Table 4 Reaction heats measured in TAM experiments during 14 h

(t0 = 1 h) with TBHP in contact with silver, copper and normal steel

at different surface areas

Material Heat/mJ

200 mm2 400 mm2 600 mm2

Silver 9185 10,275 11,383

Copper 4340 6275 7628

Normal steel 173 205 292

328 T. Willms et al.

123



Hastelloy types C-2000 and C276 with similar heat flow

courses. Due to sandblasting, the roughness of the surface

has increased, but this should not result in such a big heat

flow difference. The roughness of the samples had not

been investigated further, because it is difficult to char-

acterize, e.g., a mean roughness value can express very

different surface properties, depending on the error rela-

tive to the mean value. It seems to be more probable that

due to the sandblasting treatment, the passivation layer

has disappeared and TBHP was able to react with the

non-oxidized metal surface which results in a very high

heat flow like that which has been observed for silver

(Fig. 4, Table 3) and nitrile butadiene rubber (NBR)

(Fig. 13).

The released heats measured during 15 h in experi-

ments with TBHP in contact with sandblasted samples and

higher surfaces are given in Tables 4 and 5.

TAM experiments of TBHP with polymers

Furthermore, TBHP was brought into contact with various

polymer materials including NBR (Fig. 13), Viton� A,

PTFE, Tedlar� and silicone (Fig. 14) as well as Chemraz�

and PEEK (Fig. 15).

NBR gave the highest signal of all polymer samples and

shows a nearly exponential decrease in the heat flow signal,

which is in shape and magnitude similar to that of silver

(Fig. 4).

Thus, both have in common a very high reactivity

toward TBHP. For NBR, this can be explained by its

structure [37]. NBR is obtained by co-polymerization of

20–40 mole % of acryl nitrile with 60–80 mole % buta-

diene. The high heat flow can be explained by the double

bound in the NBR molecule [37] which results from the

monomer butadiene after polymerization and reacts easily

with TBHP [38].7 Therefore, the shape of the heat flow

curve of NBR might be due to a cooling curve as described

for silver.

Viton� (Dupont) [15], which belongs to the fluoroelas-

tomers (FKM) and is generally known to have a high

chemical stability [39], reacts easily with TBHP and gave,

apart from NBR, the highest heat production in the group

of the selected polymers (Fig. 14). FKM or FPM (fluori-

nated propylene monomer) belongs to a class of fluoroe-

lastomers comprising several types, which are made from

tetrafluoroethylene (TFE), 1,1-difluorethylene (VF2) and

hexafluoropropylene (HFP). Among the most important

Viton� types (type 1: Viton� A; mixture of VF2 and HFP

(66 mass% fluorine) with bisphenol A as cure site mono-

mer [15], type 2: Viton� B: VF2, HFP and TFE (68 mass%

fluorine), Viton� F: VF2, HFP, TFE and a special cure site

monomer to allow the vulcanization with peroxides

(70 mass% fluorine)); the composition of the used Viton�
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Fig. 13 TAM curves of samples of TBHP in contact with 200 mm2

pieces of NBR measured during 20 h at 30 �C. Since this polymer

gave a much higher heat flow than all other studied polymers, no

further heat flow curve is given in this diagram

Table 5 Reaction heats measured in TAM experiments during 14 h

(t0 = 1 h) with TBHP in contact with untreated and sandblasted

samples of Hastelloy C276, Hastelloy C-2000 and a silicon wafer

Material Heat/mJ

Untreated Sandblasted

Hastelloy C276 111 279

Hastelloy C-2000 243 427

Silicon 22 78
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Fig. 14 TAM curves of samples of TBHP in contact with 200 mm2

pieces of Viton�, silicone, Tedlar� and PTFE measured during 20 h

at 30 �C

7 Alkenes are known to give di-alkyl peroxides with hydroperoxides

as a primary product which may react to other products.
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A of the shore hardness 80 may be best characterized by

the name poly-(hexafluoropropylene/vinylidene fluoride).

The signal height produced by siloxane—usually refer-

red to as silicone—was much lower than the signal pro-

duced by Viton�. Except for a certain activation of the

methyl groups of silicone by the silicon atoms, there are no

reactive groups. This might explain the low reactivity of

silicone. The higher reactivity of Viton� compared to

PTFE and silicone may thus be related to the hydrogen

atoms of the polymer backbone. To compare Viton� with a

polymer that contains more hydrogen, Tedlar� (polyvinyl

fluoride) was also investigated. It was expected that due to

a possible reactivity of hydrogens, the heat flow of Tedlar�

might be slightly higher than that of PTFE. However, the

heat flow was approximately as high as that of PTFE and

also much smaller than that of Viton� (Fig. 14).

Samples of PTFE, PEEK and Chemraz� (Fig. 15) as

well as TEDLAR (Fig. 14) in contact with TBHP gave the

smallest heat flows of all polymers. The heat flows of

PEEK and Chemraz� (Fig. 15) were nearly constant.

PEEK has only aromatic rings, ether and carbonyl groups

[40]. Aromatic rings without reactive groups (hydroxy,

amino, etc.) react little with hydroperoxides. In contrast to

other ketones (e.g., propanone), Ueberreiter et al. [41]

found no enhanced decomposition of TBHP in the presence

of 1-phenylethanone and diphenyl ketone. Due to the

substitution of hydrogen by fluorine and its saturated

character, PTFE has no sensitive chemical groups, which

can be chemically attacked. However, it contains plasti-

cizers and it seems that it is less stable because the liquid

TBHP sample in contact with PTFE became slightly turbid,

indicating a possible dissolving effect. A certain reactivity

of PTFE toward peroxides has also been found by

Heiss et al. [42] and Taylor [43]. It has been remarked,

however, that this might be caused by metal traces due to

grinding of the material [44]. Chemraz� like Kalrez�

belongs to the perfluoroelastomers (FFKM). These elas-

tomers have—in contrast to NBR—a saturated backbone

structure and—in contrast to Viton�—contain mainly flu-

orine [39]. They are produced by polymerization of

tetrafluoroethylene (TFE) in the presence of further cross-

linking polymers like, e.g., perfluoromethyl vinyl ether

(PMVE) [39]. Chemical details could only be found for

FFKM in general. Details of the structure of most FFKM

polymers and their compositions are not exactly known,

whereas the fluorine content of FKM polymers like Viton�

is only up to 70 mass%, and FFKM polymers contain

C72 mass% of fluorine. The higher heat production of

Viton� (Fig. 14) might be due to the cure system which

should be bisphenol A [15]. It is well known that phenols

react with TPHP in the presence of metals [45]. Without

metal, the reaction is just much slower because the forma-

tion of the reacting t-butoxy radicals is limited at 30 �C. The

influence is such that Chemraz� is in the group of the least

reactive polymers, whereas Viton� is significantly more

reactive. The reactivity of Chemraz� is chemically quite

similar to that of PTFE as this might be expected from the

main starting reactant TFE which is also used for the pro-

duction of PTFE. Chemraz� might be considered as slightly

less reactive than PTFE, but only a sample of 105 mm2 was

available and has been brought into contact with 1.05 mL

TBHP to keep the same surface-to-volume relationship. Due

to the different surface sizes, the results are not directly

comparable. Also, a small effect of roughness cannot be

excluded and the low level of the signal the heat flows may

be considered as practically identical. The very low heat

flows produced by PTFE, PEEK and Chemraz�—even if the

value of the heat flow has to be doubled to take account of

the higher surface—indicate that in principle all the mate-

rials should be quite inert. The measured heats (Table 6)

show the low reactivity. They correspond to the very low

level of the heat flows.

Summary and outlook

The decomposition of TBHP and DTBP in the presence of

several materials has been investigated by TAM to assure

the compatibility of reactor components with the initiator

and reaction mixture.

In contrast to TBHP, DTBP is not self-decomposing and

only a constant heat flow has been measured. In contact with

metals like steel and copper, DTBP gave small but detectible

heat flows. Higher heat flows are measured in contact with

iron salt solutions, especially in case of Fe II sulfate.

Therefore, such solutions can also be used to destroy DTBP.

The decomposition of TBHP has been investigated in

the presence of a variety of metals, e.g., silver, gold, brass,

copper, steel, Hastelloy C276 and Hastelloy C-2000, as

well as semiconductors, like silicon and silicon carbide,

and polymers (PTFE, PEEK, silicone, Viton�, NBR, etc.).

The results of the experiments show that TBHP even at

30 �C decomposes slowly but steadily, whereby the heat

flow depends to a very large extent on the used material at

a given surface area. Furthermore, the experiments show

that heat flows do not increase exactly linearly with the

surface area. Therefore, due to different reactor surface

areas, studies in the literature concerning the influence on

the TBHP selectivity of the isobutane oxidation generally

cannot be directly compared. However, it has to be pointed

out, that the TBHP selectivities observed in several

investigations [8, 27] for various reactor materials differ

largely. Obviously, the obtained TBHP selectivities cannot

be explained solely by the reactor material.

Among all metals, silver and copper gave the highest

heat flow signal and must not be present in any wetted part
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of respective plant components. It seems that in case of

silver catalysis like with hydrogen peroxide [22] takes

place. They would lead either to important losses of TBHP

or to hazardous decomposition reactions. The heat flow of

normal steel was considerably higher than that of V4A

steel. Whereas Hastelloy C-2000 gave a significant heat

flow, obviously due to the copper content, Hastelloy C276

was much less reactive. The smallest heat flows were

obtained in case of the metals Hastelloy C276 and V4A and

of the semiconductors silicon and silicon carbide, whereas

the reactivity of the latter is considerably lower.

Among the polymers, NBR is the most reactive

compound. Although PTFE gives only very small heat

flows, the turbidity of the solution shows that TBHP

attacks the polymer in some way. Considering the low

temperature of 30 �C of the experiments, the decompo-

sition of TBHP will further increase, if the same material

is present at higher temperatures. Therefore, only mate-

rials with very small heat releases could be considered

for the reactor construction. A maximum heat release of

50 mJ was selected. The results measured by TAM

experiments and corresponding to this criterion are

summarized in Table 7.

Since the heat flows of TBHP in contact with silicon and

silicon carbide have been the lowest of all experiments,

silicon was selected as coating material. Silicon carbide

was not available as coating material and neither was a

reactor of silicon carbide which was too expensive.

Therefore, working with hydroperoxides, all wetted parts

of the reactor test facilities, including the 100 m steel

capillary, as well as of the analysis equipment should be

coated with silicon. In our case, all wetted parts of the

equipment have been coated with silicon by chemical

vapor deposition (CVD) by SilcoTek (Silcolloy�. Since the

reaction rate increases with the surface size and tempera-

ture, choosing a more reactive material would have led to

higher losses of TBHP.

Among all polymers, PTFE, PEEK and Chemraz� gave

the lowest heat flows. Among those, Chemraz� is the only

elastomer. Therefore, only seals made of Chemraz� or a

similar FFKM material (e.g., Kalrez�) should be used.

Although PTFE gave a quite low heat release (61 mJ), it

cannot be recommended as part of any equipment due to

the risk of a physical attack.

In further studies, it is intended to investigate the reac-

tivity of TBHP toward different types of glass.
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