DESCRI PTI ON

CONTI NUOUS DI RECT SYNTHESI S/ RECOVERY METHOD FOR HYDROCGEN
PEROXI DE USI NG CATALYST- COATED REACTI ON TUBE, AND DEVI CE
THEREFOR

TECHNI CAL FI ELD

[ 0001] The present invention relates to a continuous

di rect synthesis and recovery nethod for hydrogen peroxide
using a catal yst-coated reaction tube, and a device therefor,
and nore particularly to a direct synthesis nmethod for

hydr ogen peroxi de by whi ch hydrogen peroxide is directly and
conti nuously synthesized from hydrogen and oxygen by using a
reacti on tube obtained by coating the inner wall of a holl ow
tube with a noble-nmetal thin filmof a catal yst by el ectrol ess
plating, or the like, and the directly and continuously

synt hesi zed hydrogen peroxide is then continuously recovered
as hydrogen peroxide water, and a device therefor. 1In the
present description, the reaction tube obtained by coating the
inner wall of a hollow tube wwth a noble-nmetal thin filmof a
catal yst can be referred to as "catal yst-coated reaction

t ube".

BACKGROUND ART

[ 0002] Hydr ogen peroxi de has been w dely used, for exanple,
in the fields of water treatnent, sterilization, bleaching,
and washing, in particular, in the field of sem conductor
washi ng, as an oxidizing agent with a | ow environnental | oad

t hat beconmes water after reaction wth an object to be



treated. Hydrogen peroxide presently circulating in the

mar ket is alnmost entirely synthesized by sequential oxidation-
reducti on of anthraqui none which is an aronmatic organic
conpound (ant hraqui none process). The ant hraqui none process
invol ves a nultistage reaction and consunes, for exanple,

| arge anounts of organic reagents and organi c sol vents.

Hence, it has recently been indicated as a source of

envi ronnment al pol | ution.

[ 0003] Meanwhi |l e, a process for directly synthesizing

hydr ogen peroxi de from hydrogen and oxygen is expected to be a
sinpl e synthesis process with a | ow environnental | oad.

Met hods for direct synthesis of hydrogen peroxide from
hydrogen and oxygen by using various noble netal catalysts
have been investigated froma variety of standpoints to

achi eve such direct synthesis.

[ 0004] The nost inportant problem associated with the
technique for directly synthesizing hydrogen peroxide from
hydrogen and oxygen is how to handl e safely the so-called
detonating gas which is a gaseous m xture of hydrogen and
oxygen. Oher subjects to be solved associated with

i ndustrial inplenentation of the technique include ensuring
the industrial production anount of hydrogen peroxide,

i ncreasi ng concentration thereof, and reducing the anmount of
t he expensive noble netal catalyst to be used in the process.
A variety of technol ogical devel opnments and proposal s have so

far been made to resolve those subjects, and a direct



synthesis nethod in which a gaseous m xture of hydrogen,
oxygen, and nitrogen is continuously supplied into a coll oi dal
di spersion of a netal catalyst, and hydrogen peroxide is
accunul ated in the imobilized liquid has recently been
proposed as the prior art technique (Cited Reference 1).

[ 0005] Wth this nethod, safety of direct synthesis of

hydr ogen peroxide is ensured by using nitrogen, and the
concentration thereof is increased by continuously introducing
a gaseous m xture of starting material gases into the

i mmobi lized liquid. However, since this is a batch nethod,
and therefore, the follow ng problens are associ at ed
therewith, which are, for exanple, industrial production
amounts are difficult to ensure with this nethod, the netal
catal yst colloid should be recovered fromthe synthesized
hydr ogen peroxi de water, and the generated hydrogen peroxide
r e- deconposes.

[ 0006] As anot her prior art technique, a nmethod by which a
liquid (water) and hydrogen, oxygen, and nitrogen gases are
supplied at the sanme tine into a solid catal yst packed into a
colum, and hydrogen peroxide is continuously synthesized by
using the solid catal yst packed into the colum has been
proposed (Cited Reference 2).

[ 0007] Wth this nmethod, the liquid flows as a film over
the surface of the solid catalyst particles, the gas can form
a continuous phase, and the industrial production anmount of

hydr ogen peroxi de can be ensured in the continuous process.



However, this nmethod requires an increase in the anmount of

i ntroduced inactive gas in order to ensure safety. And
therefore, the follow ng problens are associated with this
met hod, which are, for exanple, the anount of hydrogen and
oxygen relating to the synthesis is decreased, the synthesized
hydr ogen peroxide is highly probable to cone again into
contact with the catal yst and deconpose, the anmount of
catalyst to be used is increased as a result of packing the
catalyst into the colum, and a | oad resistance to be caused
by mass transfer inside the colum is increased.

[ 0008] And, as anot her exanple of prior art, a continuous
nmode, for exanple, a continuous synthesis nethod in which a
solid catalyst is packed into a m crochannel having a fine

fl ow channel is proposed (Cited Reference 3). Wth this

met hod, a hydrogen quenchi ng di stance is ensured by using the
m crochannel, and the gas and liquid are supplied at the sanme
time thereto, and thereby, water of the reaction field
pronotes the extension of the quenching distance and safety
thereof is ensured. However, the problens associated with
this method are that a | oad resistance in nmass transfer
created by packing netal catalyst particles into the

m crochannel is increased and reactivity in three phases,
nanely, the catal yst surface, |iquid phase, and gas phase, of
the reaction field is difficult to control.

[ 0009] In prior art, as heterogeneous catalysts to be used

for the direct synthesis, there are various catal yst species,



for exanple, single netal particles, alloy particles, and al so
active carbon or netal oxide supported catal yst and netal
conplex nodified catal yst and the |ike. Anmong them various
metal catalysts in which Pd, Pt, Au, PdO or Pd/C, Pd/Al ,0; or
the like is supported have been proposed (see, for exanple,
Cited References 4 to 6). However, a problem associated with
any of those catalysts is that they have to be used in the
formof fine particles or colloid to increase the specific
surface area thereof.
[ 0010] In the above-descri bed nmethods, a packed type of
solid catalyst is used. However, in the direct synthesis of
hydr ogen peroxi de, the use of the packed type of solid
catalyst is generally undesirable fromthe follow ng
standpoi nts that the synthesis catal yst nmay function also a
hydr ogen peroxi de deconposition catalyst, there is a risk of
expl osi on caused by the continuous gaseous phase i ncl udi ng
hydrogen and oxygen, and it is necessary to reduce | oad
resistance in mass transfer.
[ 0011] Pat ent Reference 1: Japanese Patent Application
Publ i cati on No. 2007-84372.

Pat ent Reference 2: Japanese Patent Application
Publ i cati on No. H06-183703.

Pat ent Reference 3: International Patent Application
Publ i cati on No. WD 2010/ 044271

Pat ent Reference 4: Japanese Patent Application

Publ i cati on No. HO05-213607.



Pat ent Reference 5: Japanese Transl ation of PCT
Application No. 2004-516921.

Pat ent Reference 6: Japanese Patent Application
Publ i cati on No. S51-4097.

DI SCLOSURE OF THE | NVENTI ON

[ 0012] Wth the foregoing in view, the inventors have
conducted, with consideration for the above-described rel ated
art, a conprehensive research ained at the resolution of the
probl ens inherent to the related art. As the results, by
using a reaction tube obtained by coating a noble-netal thin
filmof a catalyst on the inner wall of a hollow tube by

el ectroless plating, or the like, the inventors have found
that snooth mass transfer can be ensured to forma preferable
or optimumthree-phase interface constituted by a catal yst
surface, a liquid phase, and a gas phase. Further, the

i nventors have al so found that a m xed gas of hydrogen and
oxygen, which is a detonating gas, can be split by a liquid by
formng a slag fl ow wherein phase states of the gas phase of a
gas and the liquid phase of a liquid are caused to be
alternately continuous, thereby making it possible to ensure
safety of the direct synthesis of hydrogen peroxi de, and have
repeat ed subsequent researches to conplete the present

i nvention.

[ 0013] It is an objective of the present invention to
provi de a manufacturing process which is suitable for clean

and safe industrial manufacture of hydrogen peroxide, as an



alternative to the conventional anthraqui none process which
consunes a | arge anmount of energy and nmay cause environmenta
pollution. Thus, it is an objective of present invention to
establish a nethod for form ng an advant ageous t hree-phase
interface constituted by a catalyst surface, a liquid phase,
and a gas phase, and safely and continuously synthesize
hydr ogen peroxi de from hydrogen and oxygen, thereby providing
an industrially suitable nethod for direct synthesis of
hydr ogen peroxi de which nmakes it possible to reduce the anpunt
of expensive noble netal catalyst used and performthe
operations safely and stably while ensuring the productivity
of the target product, and also to provide a device for
i npl enenti ng such a net hod.
[ 0014] The present invention is constituted by the
foll ow ng technical features in order to resolve the above-
menti oned probl ens.

(1) A direct synthesis nethod of hydrogen peroxide from
oxygen and hydrogen, conpri sing:

1) supplying a gas phase of hydrogen and oxygen or air of
a starting material gas, and an agueous phase of a reaction
catalyst into a flow channel inside the reaction tube by using
a reaction tube having an inner wall of a hollow tube coated
with a noble-netal thin film continuously and directly
synt hesi zi ng hydrogen peroxide fromthe hydrogen and the
oxygen inside the reaction tube under predeterm ned reaction

tenperature and reaction pressure conditions, and continuously



recovering the synthesized hydrogen peroxi de as hydrogen
per oxi de water; and

2) mxing a gas of the starting material gas phase and a
[iquid of the agueous phase wth a m xer when the hydrogen
per oxi de synt hesi zed inside the reaction tube is continuously
recovered, adjusting a volune flowrate ratio thereof to form
a slag flow, in which phase states of the starting nmateri al
gas phase and the aqueous phase are caused to be alternately
conti nuous, and continuously recovering the synthesized
hydr ogen peroxi de, inmediately after synthesized inside the
reaction tube, as hydrogen peroxide water by using the slag
flow.

(2) The direct synthesis nmethod of hydrogen peroxide
according to (1), wherein a reaction tube coated with a thin
filmconstituted by one or nore of palladium an alloy of
pal | adi um and gold, a filmhaving gold nanoparticles
precipitated on a palladiumthin filmsurface, an alloy of
pal | adi um and silver, and a pall adi um porous filmis used as
the reaction tube.

(3) The direct synthesis nmethod of hydrogen peroxide
according to (1), wherein a reaction tube having a nobl e-netal
thin filmcoated thereon by electroless plating is used.

(4) The direct synthesis nmethod of hydrogen peroxide

according to (1) or (3), wherein a filmthickness of the

nobl e-nmetal thin filmis within a range of 0.5 umto 2 pm



(5) The direct synthesis nmethod of hydrogen peroxide
according to any one of (1) to (4), wherein any of a
corrosion-resistant tube selected froma stainless steel tube,
an I nconel tube, a Hastelloy tube, and a titaniumtube, or a
corrosion-resistant doubl e-wall tube selected froma stainless
steel tube, an Inconel tube, and a Hastell oy tube provided
with a titaniumlining on an inner surface is used as the
hol | ow t ube.

(6) The direct synthesis nmethod of hydrogen peroxide
according to any one of (1) to (4), wherein a funed silica
tube is used as the holl ow tube.

(7) The direct synthesis nmethod of hydrogen peroxide
according to (5), wherein when a thin filmconstituted by any
one or nore of palladium an alloy of palladiumand gold, a
filmhaving gold nanoparticles precipitated on a palladi um
thin filmsurface, an alloy of palladiumand silver, and a
pal | adi um porous filmis fabricated by el ectrol ess plating
i nside the reaction tube, an oxide coating filmof a netal,
whi ch serves as a base, is manufactured by high-tenperature
oxi dation at a tenperature equal to or higher than 600°C, or by
supercritical hydroxylation at a tenperature equal to or
hi gher than 374°C.

(8) The direct synthesis nmethod of hydrogen peroxide

according to any one of (1) to (7), wherein an inner dianeter



of the reaction tube is from0.05 nmto 10 nm or fromO.1 mm
to 5 mm
(9) The direct synthesis nmethod of hydrogen peroxide

according to any one of (1) to (8), wherein the reaction
tenperature is within a range of 0°C to 80°C, or within a range

of 5°C to 50°C, and the reaction pressure is within a range of
0.1 MPa to 50 MPa, or within a range of 0.1 MPa to 20 Mra.

(10) The direct synthesis nethod of hydrogen peroxide
according to any one of (1) to (9), wherein the hydrogen
per oxi de synt hesi zed inside the reaction tube is continuously
recovered as hydrogen peroxide water in use of water or an
aci d aqueous sol uti on.

(11) The direct synthesis nethod of hydrogen peroxide
according to (10), wherein the water or acid aqueous sol ution
t hat recovers hydrogen peroxi de synthesi zed inside the
reaction tube includes any one or nore ions froma fluoride
ion, a chloride ion, a bromde ion, and an iodide ion.

(12) The direct synthesis nethod of hydrogen peroxide
according to (11), wherein the acidic aqueous sol ution
i ncl udes any one or nore substances from fluorine, chlorine,
brom ne, and iodine, and a total concentration of the
substance in the acidic aqueous solution is within a range of
0.01 ny/L to 100 ny/L.

(13) The direct synthesis nethod of hydrogen peroxide

according to (1), wherein a volune mxing ratio of the gas and

10



the liquidis 5-50 (gas) : 1 (liquid), and the slag flow in
formed by naking a volunme flow rate ratio of the starting

mat eri al gas phase and aqueous phase to be recovered of 50 or
| ess of the gas phase per 1 of the aqueous phase, or 10 or

| ess of the gas phase per 1 of the aqueous phase.

(14) The direct synthesis nethod of hydrogen peroxide
according to (1), wherein an inner dianeter of an outflow
portion of the m xer that m xes the gas of the starting
mat eri al gas phase and the |iquid of the aqueous phase, an
i nner dianeter of the reaction tube, and an inner dianeter of
a reaction tube joint connecting the reaction tube are the
sane, and a slag flow size is not changed according to a fl ow
channel .

(15) The direct synthesis nethod of hydrogen peroxide
according to (1), wherein the slag flow is generated by m xi ng
the gas of the starting material gas phase and the liquid of
t he agueous phase with a mcronm xer while controlling a fl ow
rate and a discharge pressure of the starting nmaterial gas
phase and t he aqueous phase, respectively, by using a nass
flow controller for the starting materi al gas phase and a
nmet ering punp for the aqueous phase.

(16) The direct synthesis nethod of hydrogen peroxide
according to (1), wherein a stable slag flow is generated by
using a T-shaped m crom xer as the m cron xer.

(17) The direct synthesis nethod of hydrogen peroxide

according to any one of (1) to (12), wherein the volune m xing

11



rati o of hydrogen and oxygen is hydrogen 10%to 33% and oxygen
90% to 67% and the ratio (oxygen/ hydrogen) of oxygen and
hydrogen of the starting material gas phase is equal to or
greater than 1.6, or the ratio of oxygen and hydrogen is equal
to or greater than 2.0.

(18) The direct synthesis nethod of hydrogen peroxide
according to any one of (10) to (17), wherein the aqueous
phase to be recovered fromthe reaction tube is recircul ated
to the reaction tube.

(19) A device for direct synthesis of hydrogen peroxide
for continuous direct synthesis of hydrogen peroxide from
oxygen and hydrogen, conpri sing:

1) a reaction tube having an inner wall of a hollow tube
coated with a noble-nmetal thin film a reaction tube joint for
connecting the reaction tube; nmeans for supplying a gas phase
of hydrogen and oxygen or air of a starting material gas into
a flow channel inside the reaction tube; neans for supplying
an aqueous phase of a reaction catal yst; and neans for
continuously recovering synthesized hydrogen peroxi de,

i mredi ately after synthesized inside the reaction tube, in use
of water or an acid aqueous sol ution; and

2) a mxer that forns a slag flow in which phase states
of the starting material gas phase and the aqueous phase are
caused to be alternately continuous by m xing the gas of the

starting material gas phase and the liquid of the aqueous

12



phase and adjusting a volune flowrate ratio thereof in a flow
channel entering the reaction tube, wherein

3) an inner dianmeter of an outflow portion of the m xer
that m xes the gas of the starting naterial gas phase and the
[iquid of the aqueous phase, an inner dianmeter of the reaction
tube, and an inner dianmeter of the reaction tube joint are the
sanme, and a slag flow size is not changed according to a flow
channel .

(20) The device for direct synthesis of hydrogen
per oxi de according to (19), conprising a reaction tube coated
with a thin filmconstituted by any one or nore of palladium
an alloy of palladiumand gold, an alloy of palladi um and
silver, and a palladium porous filmas the reaction tube
having the inner wall of the tube coated with a nobl e-netal
thin filmby el ectroless plating.

(21) The device for direct synthesis of hydrogen
per oxi de according to (19), wherein a reaction tube coated
with the noble-netal thin filmby electroless plating is used.

(22) The device for direct synthesis of hydrogen
per oxi de according to any one of (19) to (21), wherein any of
a corrosion-resistant tube selected froma stainless steel
tube, an Inconel tube, a Hastelloy tube, and a titaniumtube,
or a corrosion-resistant double-wall tube selected froma
stai nl ess steel tube, an Inconel tube, and a Hastell oy tube
provided with a titaniumlining on an inner surface is used as

t he hol | ow t ube.

13



(23) The device for direct synthesis of hydrogen
per oxi de according to any one of (19) to (21), wherein a funed

silica tube is used as the holl ow tube.

(24) The device for direct synthesis of hydrogen

per oxi de according to (22), wherein the reaction tube is used,
in which when a thin filmconstituted by any one or nore of
pal | adium an alloy of palladiumand gold, a film having gold
nanoparticles precipitated on a palladiumthin film surface,
an alloy of palladiumand silver, and a pall adi um porous film
is fabricated by electroless plating inside the reaction tube,
an oxide coating filmof a netal, which serves as a base, is

manuf act ured by hi gh-tenperature oxidation at a tenperature
equal to or higher than 600°C, or by supercritical

hydroxyl ation at a tenperature equal to or higher than 374°C.
(25) The device for direct synthesis of hydrogen
peroxi de according to any one of (19) to (24), conprising
means for continuously recovering the hydrogen peroxide, which
has been synthesi zed inside the reaction tube, as hydrogen
peroxi de water in use of water or an acid aqueous sol ution.
(26) The device for direct synthesis of hydrogen
per oxi de according to any one of (19) to (25), conprising a
mass flow controller that controls the supply of the starting
materi al gas phase and a netering punp that controls the

supply of the aqueous phase, wherein a m crom xer that m xes

14



the starting material gas phase and the aqueous phase is
provi ded downstream of the nass flow controller and the
nmetering punp, and a slag flow is generated in which phase
states of the starting material gas phase and t he aqueous
phase are caused to be alternately continuous.

(27) The device for direct synthesis of hydrogen
per oxi de according to any one of (19) to (26), wherein a
stable slag flowis generated by using a T-shaped m crom xer
as the mcrom xer.

(28) The device for direct synthesis of hydrogen
peroxi de according to any one of (19) to (26), conprising
recircul ation nmeans for recircul ati ng the aqueous phase to be
recovered fromthe reaction tube into the reaction tube.

[ 0015] The present invention will be described herei nbel ow
in greater detail.

The present invention provides a direct synthesis nethod
of hydrogen peroxide and a device therefor, which conprises,
by using a reaction tube obtained by coating an inner wall of
a hollow tube with a noble-netal thin film continuously and
directly synthesizing hydrogen peroxide from hydrogen and
oxygen inside the reaction tube, and continuously recovering
t he synt hesi zed hydrogen peroxi de as hydrogen peroxi de water.
[ 0016] It is preferred that the reaction tube used in
accordance with the present invention is to be constituted by
a hollow reaction tube, that is, by a fine hollow tube of a

tubul ar shape, and in the inner space of the fine hollow tube,

15



t he coated surface area of the noble-nmetal thin filmis to be
enlarged. In order to increase the surface area to vol une
ratio, a fine hollow tube with an inner dianmeter of 0.05 mmto
10 mmis used as the reaction tube. Thus, the inner dianeter
of the reaction tube is equal to or less than 10 nm
preferably equal to or less than 5 mm Further, in order to
ensure sufficient material diffusion and heat diffusion inside
the fine hollowtube, it is desirable that the inner dianeter
of the reaction tube is to be fromO0.1 nmto 1 mMm

Furthernore, with consideration for a pressure loss, it is
desirabl e that the inner diameter of the reaction tube is
equal to or greater than 0.25 mm

[ 0017] The length of the fine hollow tube constituting the
reaction tube is an inportant factor defining the contact tine
with the noble-netal thin filmof the catalyst in the
reaction. Therefore, a hydrogen conversion efficiency rises
with the increase in the length of the fine hollow tube, but
where the tube is too |long, the synthesized hydrogen peroxide
may be deconposed again. Further, since the pressure |oss
increases with the length of the fine hollow tube, a
preferable or optimal | ength can be sel ected according to
those factors. More specifically, the length of the fine

hol | ow tube constituting the reaction tube cannot be uni quely
determ ned because the vol une changes dependi ng on the inner

di ameter of the reaction tube to be used, and therefore, the

16



reaction time (average retention time of gas) differs even
when the length is the sane.

[ 0018] Further, since the ratio of the inner surface area
(catal yst-coated surface area) to the volunme (specific surface
area) changes depending on the inner dianeter, the reaction
results differ depending on the inner dianmeter even when the
volune is the sane (the sane reaction tine), and a preferable
or optimumreaction time, that is, the length of the fine

hol | ow t ube, can be selected for each inner diameter. When
the inner dianeter is 1 nm the reaction tine is selected
wWthin 2 mn, preferably within 1 mn.

[ 0019] A techni que of electroless plating that can be
realized in a conparatively sinple manner by introducing a
plating solution into a fine hollow tube can be used for
coating the noble-nmetal thin filmof a catal yst on the inner
surface of a hollow fine tube constituting the reaction tube.
Anot her advantage of the electroless plating technique is that
the thickness of the plated filmcan be controlled by
controlling the concentration and fl owthrough rate of the
plating solution. A nerit of the electroless plating nethod
is that a metal thin filmcan be coated on the surface of not
only a nmetal, but also a nonconductive glass, ceramc, or
plastic as a material of the fine hollow tube constituting the
reaction tube.

[ 0020] For exanple, a netal, alloy, glass, ceramc,

plastic, or the like can be preferably used as a material for

17



the tubular fine hollow tube constituting the reaction tube
used in accordance with the present invention. Corrosion-
resi stance-titani um nickel alloys, chromumalloys, and iron
all oys can be used for the netallic fine hollow tube. 1In
order to inprove chem cal resistance, the inner surface of the
tube may be lined with titaniumor a titaniumalloy. For
exanpl e, a corrosion-resistant tube selected froma stainless
steel tube, an Inconel tube, a Hastelloy tube, and a titanium
tube, or a stainless steel tube, an Inconel tube, a Hastell oy
tube, and a fumed silica tube provided with a titaniumlining
on the inner surface thereof can be preferably used as the
abovenenti oned hol | ow t ube.

[ 0021] When titaniumor a titaniumalloy is used for the
inner lining, silane coupling treatnment is perforned as a
pretreatnment for the electroless plating, and in this case, it
is preferred that the titaniumsurface is to be subjected to
oxidation treatnment. It is preferred that a strong oxide
coating filmis to be forned by perform ng high-tenperature
oxidation treatnment at a tenperature equal or higher than 600°C
or supercritical hydroxylation treatnent at a tenperature
equal or higher than 374°C as the oxidation treatnent of the
titani um surface.

[ 0022] The preferred nmaterials also include silica gl ass
capillaries, which are used in gas chromatography colums, for

gl ass tubes, alumna, titania, and zirconia for ceram c tubes,
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and pol ypropyl ene, pol yethyl ene, and pol yam des for plastic

t ubes.

[ 0023] In accordance with the present invention, a reaction
tube coated with a thin filmconstituted by one or nore of
pal | adium an alloy of palladiumand gold, a filmobtained by
precipitating gold nanoparticles on a palladiumthin film
surface, an alloy of palladiumand silver, and a pall adi um
porous filmis used as the reaction tube. The coating of the
nobl e-nmetal thin filmof a catalyst on the inner wall of the
tubul ar fine hollow tube constituting the reaction tube is
achi eved by el ectrol ess plating by applying palladi um nucl ei
to the inner wall of the tube and then circulating a plating
solution including a conplexing agent, a noble netal salt, and
a reducing agent inside the fine hollow tube. A solution
obt ai ned by dissolving a netal salt such as palladium silver,
pl ati num and rhodium or a netal conplex thereof, a

conpl exi ng agent ensuring stable dissolution thereof, and a
reduci ng agent in an appropriate solvent can be used as the

el ectrol ess plating solution.

[ 0024] The filmthickness of the noble-netal thin fil m of
the catal yst can be controlled by the anpbunt of the

el ectroless plating solution to be flowed through, and a range
of 0.1 umto 5 umis preferably selected for the flowthrough

anount of the electroless plating solution. In order to

reduce the ampunt of the noble netal to be used and ensure a
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uniformplated film a range of 0.5 pmto 2 uymis nore
preferred for the thickness of the noble-netal thin film of

t he catal yst.

[ 0025] I n accordance with the present invention, a gas
phase of hydrogen and oxygen or air of a starting materi al

gas, and an aqueous phase of a reaction nediumare supplied
into a flow channel inside the reaction tube, and hydrogen
peroxide is continuously and directly synthesized from
hydrogen and oxygen inside the reaction tube under
predeterm ned reaction tenperature and reaction pressure
conditions. In this case, the gas of the starting materi al
gas phase and the liquid of the agueous phase are mxed with a
m crom xer, that is, that the m xed gas of hydrogen and oxygen
to be mxed with an acidic aqueous solution, while controlling
the flow rate and di scharge pressure of the starting materi al
gas phase and t he aqueous phase, respectively, thereby form ng
a slag flow in which phase states of the gas phase and liquid
phase fromthe m xer outlet are alternately continuous and
recovering continuously the as-synthesized hydrogen peroxi de,
whi ch has been synthesi zed inside the reaction tube, as

hydr ogen peroxide water by using the slag flow. In other
words, the slag flowis introduced into the reaction tube
coated with a noble-nmetal thin filmof a catal yst, and

hydr ogen peroxide is continuously recovered in a liquid phase
whi | e being synthesized in a gas phase. 1|In order to generate

a stable slag flow, it is preferred that, for exanple, a T-
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shaped m crom xer is to be used as the mcrom xer. The gas
phase and |iquid phase that have exited the reaction tube can
be circul ated appropriately by returning before the respective
m xers. As for the volunme m xing ratio of hydrogen and
oxygen, the stoichionetric ratio for hydrogen peroxide
synthesis is 5 (hydrogen) : 5 (oxygen), but a ratio of
hydrogen 10%to 33% and oxygen 90%to 67%is preferred to
suppress the reduction caused by hydrogen, which is the side
reaction 4 hereinbel ow.

[ 0026] The slag flow is inmportant nmeans for stable and
continuous supply of the starting material gas phase and
liquid phase, and the flowrate ratio thereof determ nes the
vol unes of the gas phase and liquid phase of the slag fl ow
Therefore, it is preferred that the fl ow ranges of the gas
phase and |iquid phase is to be controlled using a nass fl ow
controller and a netering punp, respectively. Further, since
the stability of the slag volune is nmaintained by the
constancy of the inner dianeter of the flow channel, it is
inportant that the inner dianmeter of gas phase inlet, inner
di aneter of |iquid phase inlet, inner dianeter of m xer
outlet, inner dianmeter of reaction tube, and inner dianeter of
reaction tube joint do not change and be constant. \Were
t hose dianeters are fixed, a stable slag volune is naintained.
[ 0027] In the reaction systemof the direct continuous
synt hesi s of hydrogen peroxide in accordance with the present

invention, the reaction of reduction with hydrogen, which is
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the side reaction 4, becones vigorous under a condition that

t he oxygen rati o (oxygen/ hydrogen) in the starting materi al
gas denonstrates an excess of hydrogen (equal to or less than
1). Therefore, it is desirable that the condition of the
oxygen ratio being equal to or greater than 1.6, preferably
equal to or greater than 2.0, be ensured.

[ 0028] The follow ng reactions 1 to 4 proceed in the direct

conti nuous synthesis of hydrogen peroxide.
1: H + O - HO (target reaction: synthesis of HQO);
2: H + 1/20, - HO (side reaction: conbustion caused by
oxi dati on);

3: HO, - HO + 1/ 20, (side reaction: deconposition of

H0,) ;
4. HO, + b - HO (side reaction: reduction with
hydr ogen) .
[ 0029] The aci di ¢ aqueous sol ution preferably includes one

or nore of inorganic acids selected from hydrochloric acid,
sul furic acid, and phosphoric acid. For exanple, a saturated
aqueous sol ution of carbon dioxide including one or nore of
the inorganic acids can be used. Wen an inorganic acid is
used, the pH of the aqueous solutionis 1 to 4, preferably 2
to 3. Further, by adding any one or nore substances sel ected
fromfluorine, chlorine, bromne, and iodine to the acidic
aqueous solution, it is possible to increase the synthesis

efficiency of hydrogen peroxide. The total concentration of
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t hose substances in the acidic aqueous solution is preferably
within a range of 0.01 ng/L to 100 ny/L.
[ 0030] The m xer is typically a mcrom xer, a T-shaped
m xer, a static mxer, a swirl mxer, or a nultiple |anell ar-
flow contact-type mxer, and is not particularly limted, but
where the objective is to generate stably a slag flow in which
t he phase states of the gas of the starting material gas phase
and the liquid of the aqueous phase are alternately
continuous, it is preferred that, for exanple, a m crom xer of
a T-shaped m xer or an Y-shaped mxer is to be used. The
volunme mxing ratio of the gas and the liquid is 100 (gas) : 1
(liquid), preferably 5-50 (gas) : 1 (liquid), and nore
preferably 5-10 (gas) : 1 (liquid).

[ 0031] The reaction tenperature is preferably within a

range of 0°C to 80°C, nore preferably within a range of 5°C to

50°C. Since hydrogen peroxide is synthesized fromthe gases of
hydr ogen and oxygen, the gas density needs to be increased to

i ncrease the concentration of the synthesized hydrogen
peroxide. This is one nore reason why the reaction under

hi gh-tenperature conditions is undesirable.

[ 0032] The reaction pressure is a particularly inportant
factor in terms of increasing the gas density, and in order to
i ncrease the concentration of the synthesized hydrogen
peroxide, it is preferred that the reaction is to be conducted

under hi gh-pressure conditions. However, fromthe standpoint
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of safe industrial application, an ultrahigh pressure needs to
be avoided, and it is preferred that the reaction pressure is
to be within a range of 0.1 MPa to 50 MPa, in particular,
within a range of 0.1 MPa to 20 Mra.

[ 0033] The reaction tinme is controlled by the dianeter and
| ength of the reaction tube and the sum of the supply flow
rates of the gas phase and aqueous solution phase. 1In this
case, a process in which the agueous sol ution phase is
circulated can be used to reach the target concentration of
hydr ogen per oxi de.

[ 0034] The reaction tube coated with a noble-netal thin
filmof a catalyst can be preferably fabricated by a nethod in
whi ch the noble-nmetal thin filmof a catalyst is coated by

el ectroless plating on the inner wall of the reaction tube. A
met hod disclosed in a reference (Japanese Patent No. 4986174)
can be used as a nethod for manufacturing a reaction tube
coated by electroless plating with a noble-netal thin film

Pal | adi um based nobl e netal alloys such as palladium an alloy
of palladiumand gold, a filmobtained by precipitating gold
nanoparticles on a palladiumthin filmsurface, an all oy of

pal | adi um and silver, and a palladi um porous filmare
effective exanples of the noble netal for plating. In
particul ar, the conversion ratio of hydrogen can be increased
in the presence of gold.

[ 0035] For exanple, when the entire surface of a fine

holl ow tube with an inner dianeter of 0.5 mm x 1000 mm which
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constitutes the reaction tube, is coated with a palladiumfilm
with a thickness of 2 umin the electroless plating nethod , a
total of 37 ng of palladiumis used. However, this is a
rat her small anount when conpared with 1 g of active carbon
supporting 5% Pd (Pd: 50 ng). Further, reaction tubes
obt ai ned by coating, by electroless plating, a noble-netal
thin filmof a catalyst on hollow fibers arranged side by side
in arow can be also used as the reaction tube. 1In such a
case, the reaction tube can be scal ed up
[ 0036] The device for continuous and direct synthesis of
hydr ogen peroxi de form hydrogen and oxygen is described bel ow.
The device for direct synthesis of hydrogen peroxide in
accordance with the present invention is characterized by
i ncluding a reaction tube obtained by coating an inner wall of
a hollow tube with a noble-netal thin film and nmeans for
suppl ying a gas phase of hydrogen and oxygen or air of a
starting material gas into the reaction tube, and neans for
suppl yi ng an aqueous phase, and al so neans for continuously
recovering as-synthesized hydrogen peroxide, which has been
synt hesi zed inside the reaction tube, with water or an acid
aqueous sol ution.

In the present invention, a reaction tube in which the
nobl e-nmetal thin filmof the reaction tube is coated by
el ectrol ess plating can be used as the reaction tube.

Further, for exanple, a device equipped with a reaction

tube coated with a thin filmconstituted by any one or nore of
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pal | adium an alloy of palladiumand gold, an alloy of

pal | adi um and silver, and a palladi um porous filmas the
reacti on tube obtained by coating the inner wall of the tube
with a noble-nmetal thin filmcan be preferably used as the
abovenenti oned devi ce.

[ 0037] In the abovenentioned device, it is preferred that,
for exanple, any one of a corrosion-resistant tube selected
froma stainless steel tube, an Inconel tube, a Hastell oy
tube, and a titaniumtube, or a corrosion-resistant double-
wal | tube selected froma stainless steel tube, an Inconel
tube, and a Hastell oy tube provided with a titaniumlining on
the inner surface is to be used as the holl ow tube. Further,
in the preferred enbodi nents of the device, a mxer that forns
a slag flow in which phase states of the starting material gas
phase and t he aqueous phase are caused to be alternately
continuous is provided in a flow channel entering the reaction
tube, and, with regard to the inner dianeter, the inner

di aneter of the outflow portion of the m xer that m xes the
gas of the starting material gas phase and the liquid of the
aqueous phase, the inner dianmeter of the reaction tube, and
the inner dianmeter of the reaction tube joint are the sane,
and in another preferred enbodi nent, neans continuously
recovering the hydrogen peroxide synthesized inside the
reacti on tube as hydrogen peroxide water with water or an acid

aqueous solution is provided.
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[ 0038] Further, in the preferred nodes for carrying out the
i nvention, the above-nentioned device is provided with a nmass
flow controller that controls the supply of the starting
mat eri al gas phase and a netering punp that controls the
supply of the agueous phase, a m crom xer that m xes the
starting material gas phase and the aqueous phase is provided
downstream of the mass flow controller and the netering punp,
and a slag flowis generated in which phase states of the
starting material gas phase and the aqueous phase are caused
to be alternately continuous, and al so other preferable nodes
are a stable slag flowis generated by using a T-shaped
m crom xer as the mcrom xer, and recirculation neans is
provided for recirculating the recover aqueous phase that has
exited the reaction tube to the reaction tube.

[ 0039] A preferred enbodi nent of the present invention wll
be expl ained hereinbelowin greater detail with reference to
t he appended draw ngs.

FIG 1 illustrates the basic concept of hydrogen peroxide
synthesis inside a fine hollow tube obtained by coating a
nobl e-nmetal thin filmof a catalyst on the inner wall of the
tube and of hydrogen peroxi de recovery. The figure shows that
the starting material gases (hydrogen and oxygen or air, or
hydr ogen, oxygen, and an inactive gas) and recover water form
a slag flowin which the phase states of the gas and liquid
are caused, for exanple, by a mxer, to be alternately

conti nuous, a hydrogen peroxi de synthesis reaction is advanced

27



by the catalyst of the noble-netal thin film which is coated
on the inner wall of the tube, in the starting naterial gas
portion, and the hydrogen peroxide synthesized herein is

i medi ately thereafter recovered before being deconposed with
the recover water portion.

[ 0040] FIG 1 is a flowhart of the device for direct

synt hesi s of hydrogen peroxide in which hydrogen peroxide is
continuously and directly synthesized from hydrogen and
oxygen, this device being an exanple of the device for

i npl enenting the direct synthesis nmethod of hydrogen peroxide
in accordance with the present invention.

[ 0041] The reference nunerals in the figure denote the
foll owi ng neans. Thus, the reference nunerals have the
foll owi ng neaning. B-1: hydrogen gas cylinder; B-2: air gas
cylinder; B-3: oxygen gas cylinder; R 1 to R 3: pressure
reduci ng valves; MFC-1 to MFC-3: mass flow controllers; V-11to
V-3: stop valves; CV-1 to CV-5: check valves; SV-1 and SV-2:
safety valves; P-1 to P-3: manoneters; AT-1. recovery liquid
(acid aqueous solution) tank; BV-1: ball valve; LP-1: netering
liquid supply punp; M1:. mxer; T-1 and T-2: thernoneters; CR-
1: catalytic reaction tube; S-1: gas-liquid separator; Nv-1:
needl e valve; BPR-1 and BPR-2: back-pressure val ves; MM 1:
mass flowneter; and G 1: gas collection bag. The neans
enclosed in the dot linein FIG 1 are imersed in water in a
wat er tank, and the tenperature of water in the water tank is

controlled wwth a thernostatic circulator, thereby controlling
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the reaction tenperature.

[ 0042] The device for direct synthesis of hydrogen peroxide
and the operation thereof will be described hereinbel ow in
greater detail.

Hydr ogen and oxygen which are starting material gases are
supplied fromthe respective high-pressure gas cylinders (B-1
and B-2), and the flowrate thereof is adjusted to the
predeterm ned level with the mass flow controllers (MFCL to
MFC3) after reducing the pressure to a predeterm ned | evel
with the pressure reducing valves (R-1 to R 3).

[ 0043] In this case, the flowrate ratio of hydrogen and
oxygen theoretically may be 5 (hydrogen) : 5 (oxygen), and
oxygen can be al so added in excess. Further, in order to
further inprove safety, the gas cylinder B-2 can be changed,
as necessary, to an inactive gas such as nitrogen and carbon
di oxide. The starting material gas m xed at the predeterm ned
flowrate ratio is heated to a predeterm ned tenperature
inside the water tank and then introduced into the m xer (M
1).

[ 0044] Meanwhi | e, the recover aqueous phase for rapidly
recovering the hydrogen peroxide, which has been synthesized
inside the reaction tube, into the aqueous phase is supplied
fromthe recovery liquid tank (AT-1) to the suction section of
the netering liquid supply punmp (LP-1). The recover liquidis
heated to a predeterm ned tenperature inside the water tank

and then introduced into the mxer (M1) simlarly to the
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starting material gas. The recover water used herein may be
sinple pure water, but the addition of an acid such as

sul furic acid, phosphoric acid, and hydrochloric acid, or the
addition of a fluoride ion, chloride ion, bromde ion, and

i odide ion can be also perforned with the object of increasing
t he deconposition of the synthesized hydrogen peroxide or the
yield and selectivity of the reaction thereof.

[ 0045] For formng a slag flow in which the phase states of
the starting materi al gas phase and the aqueous phase of the
recover water are caused to be alternately continuous, for
exanple, a T-shaped m xer or an Y-shaped m xture is used as
the mxer (M1). In order to forma stable slag flow, the
flowrate of the starting material gas is controlled with the
mass flow controller to be 10 or fewer tinmes, preferably, 5 or
fewer tinmes the recover water anount, and the flow rate of the
recover liquid is controlled using the netering punp. The
starting material gas and recover liquid are supplied into the
catalytic reaction tube (CR-1) in the slag flow state in which
t he phase states of the gas phase and aqueous phase form
alternately continuous flows. The starting material gas is
then converted into hydrogen peroxide by the action of the
nobl e nmetal catal yst coated on the inner wall of the reaction
tube, and rapidly recovered with an aqueous phase i mredi ately
foll ow ng the gas phase, thereby form ng hydrogen peroxide

wat er which is recovered and stored in the gas-liquid

separator (S-1).
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[ 0046] As for the conditions of the synthesis reaction in

the device for direct synthesis of hydrogen peroxide, the
reaction tenperature is preferably set to 0°C to 80°C, nore

preferably set to 5°C to 50°C. The reaction pressure is
preferably set within a range of 0.1 MPa to 50 MPa, nore
preferably set wwthin a range of 0.1 MPa to 20 MPa. The
reaction time depends on the inner dianeter of the reaction

t ube, but where the inner dianmeter is 1 nm the reaction tine
is set wwthin 2 mn, preferably within 1 mn.

[ 0047] The i nner dianeter of the reaction tube used herein
is preferably set to 10 mmor less in order to forma stable
slag flow. Fromthe standpoint of safety, it is preferred
that the inner diameter of the reaction tube is to be set to 1
mmor |ess which is a hydrogen quenching dianeter. For
exanpl e, palladium an alloy of palladiumand gold, a film
obt ai ned by precipitating gold nanoparticles on a pall adi um
thin filmsurface, an alloy of palladiumand silver, and a
pal | adi um porous filmcan be advantageously used as the noble
nmet al catal yst.

[ 0048] Wth the object of increasing the concentration of
hydr ogen peroxide in the recovered liquid, a circulation |ine
(CL-1)can be provided in which a needle valve (NV-1) in the
outlet of the gas-liquid separator (S-1) is closed and the
recover liquidis returned fromthe circulation line to the

recover liquid tank (AT-1). However, since the noble netal
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whi ch is a hydrogen peroxide synthesis catalyst also acts as a
deconposition catalyst for the synthesized hydrogen peroxide,
this circulation requires attention. Further, a line for
recirculating the gas after the reaction can be al so provided,
and such Iine can be inplenented, as appropriate, with
consi deration of the reaction gas conversion ratio.
[ 0049] The follow ng effects can be denonstrated with the
present invention.

(1) Wth the direct synthesis technique of hydrogen
peroxi de in accordance with the present invention, it is
possi ble to reduce the amount of catalyst to be used which was
difficult with the conventional techniques.

(2) Since the reaction tube is used which is coated with
a noble-netal thin filmof a catalyst by el ectroless plating,
the noble nmetal surface which is effective as a catal yst can
be formed froma mcron-order thin filmand the anount of the
expensi ve noble netal used can be reduced while fully ensuring
the catal yst surface necessary for the reaction.
[ 0050] (3) By using the device for direct synthesis of
hydr ogen peroxi de which is provided with a reaction field of a
tubul ar shape, it is possible to reduce the |oad resistance
created by nmass transfer, elimnate a runaway reaction in the
reaction field, and enable a honbgeneous synthesis reaction of
hydr ogen per oxi de.
[ 0051] (4) Safety of direct synthesis of hydrogen peroxide

can be ensured with any nethod selected froma nethod in which
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a m xed gas of hydrogen and oxygen is split by an aqueous
solution into a slag flow in which the phase states thereof
are alternately continuous, a nethod in which hydrogen or
oxygen is mxed in advance with an aqueous sol ution, and the
m xture is supplied to the reaction field, and a nethod in
whi ch nitrogen or carbon dioxide is supplied at the sane tine
as an inactive gas.

(5) By using a fine hollow tube with an inner dianeter of
1 nmmor less as the reaction tube, it is possible to realize
t he concept of the so-called quenching dianmeter. As a result,
t he expl osion of the gas m xture of hydrogen and oxygen can be
suppr essed.
[ 0052] (6) By using the reaction field of a tubular shape
in which the | oad resistance caused by mass transfer is small,
it is possible to prevent the synthesized hydrogen peroxide
fromcomng again into contact wth the catal yst and
deconposing. Further, the reaction in a continuous flow
t hrough node can greatly increase the productivity of the
target product.
[ 0053] (7) Hydrogen peroxide presently avail able on the
mar ket unavoi dably includes organic matter derived fromthe
production nmethod. By contrast, the present invention nakes
it possible to manufacture and provide ul trahigh-purity
hydr ogen peroxi de for sem conductor applications which require
high purity and organic matter-free hydrogen peroxide suitable

as a mcroanal ytical reagent.
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BRI EF DESCRI PTI ON OF THE DRAW NGS

[ 0054] FIG 1 is a flowhart of the device for direct
synt hesi s of hydrogen peroxide in which hydrogen peroxide is
continuously and directly synthesized from hydrogen and
oxygen.

FIG 2 is a visualization flow diagramfor verifying the
stabilization of the fluidized state of a slag fl ow

FIG 3 depicts the results relating to the density of
hydr ogen peroxi de synthesized in Exanple 1

FIG 4 depicts the results relating to hydrogen
conversion ratio, selection ratio of hydrogen peroxide, and
yi el d of hydrogen peroxide during synthesis of hydrogen
per oxi de in Exanple 1.

FIG 5 depicts the results relating to the density of
hydr ogen peroxi de synthesized in Exanple 2.

FIG 6 depicts the results relating to hydrogen
conversion ratio, selection ratio of hydrogen peroxide, and
yi el d of hydrogen peroxide during synthesis of hydrogen
per oxi de in Exanple 1.

FIG 7 illustrates the connection of a PFA visualization
tube for verifying the stabilization of the fluidized state of
a slag flow

BEST MODE FOR CARRYI NG OUT THE | NVENTI ON

[ 0055] The present invention will be explained herei nbel ow

in greater detail on the basis of production exanples and
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exanpl es thereof, but the present invention is not limted in
any way by the bel ow descri bed production exanples and
exanpl es.
[ 0056] Producti on Exanple 1

(Formation of palladiumnuclei on inner wall of titanium
I ined nickel alloy tubular reaction tube)

(1) Manufacture of titaniumlined nickel alloy tubular
reaction tube

A titaniumlined nickel alloy tubular reaction tube
constituted by a double-wall tube of a fine hollow tube having
a hollow portion was manuf actured by using a nickel alloy
| nconel 625 (trade nanme) as a material for the outer tube of
t he doubl e-wall tube constituted by the outer tube and inner
tube, using pure titaniumas the material for the inner tube,
inserting the inner tube nmade frompure titaniuminto the
outer tube nmade fromthe nickel alloy, rolling, and fitting.
The sane nethod was applied to a stainless steel tube and a
Hastel |l oy tube provided with a titaniumlining on the inner
sur f ace.
[ 0057] (2) Oxidation treatnment of titanium surface

Hydr ogen peroxi de water with a concentration of 0.3 w%
was supplied in the presence of supercritical water under
hi gh-t enperature and hi gh-pressure conditions (500°C, 30 MPa)
froman inlet of the titaniumlined nickel alloy tubular
reaction tube constituted by the abovenenti oned doubl e-wal |

tube. Oxygen separated fromthe hydrogen peroxide forned a
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honmogeneous phase with the supercritical water, thereby
generating good oxidizing atnosphere. As a result, the
surface of pure titaniumof the inner tube was oxidized, a
filmof titanium oxide was uniformy formed, and a titani um
oxi de layer with a thickness of about 100 pum was obt ai ned.
[ 0058] The titaniumlined nickel alloy tubular reaction
tube constituted by thus obtai ned doubl e-wall tube configured
of the nickel alloy, pure titanium and titani um oxide had an
inner dianeter of 1 nm an outer dianeter of 1.5 nm a length
of 100 cm and an inner surface area of 31.4 cnf.
[ 0059] (3) Introduction of silane coupling agent

A 1% sol ution of 3-
trimet hoxysilyl propyl di ethyl enetriam ne in tol uene was
i ntroduced as a silane coupling agent for fixing palladium and
titaniumoxide into the titaniumlined nickel alloy tubular
reaction tube constituted by double-wall tube configured of
the nickel alloy, pure titanium and titanium oxide, and the
silane coupling agent was retained in a sealed state for 16 h
at 70°C
[ 0060] (4) Formation of palladi um nucl ei

Nucl ei of palladiumparticles were attached to the
titanium oxi de surface as a pretreatnment for el ectrol ess
plating in the titaniumlined nickel alloy tubular reaction
tube constituted by thus obtai ned doubl e-wall tube configured

of the nickel alloy, pure titanium and titani um oxide. More
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specifically, 5 m of 0.1 Maqueous solution of palladium
acetate was allowed to flow along the inner wall of the
reaction tube, thereby causing adsorption, and then 5 m of 1
M hydr azi ne aqueous solution was allowed to flow to
precipitate palladiumparticles as nuclei on the inner wall
sur f ace.

[ 0061] Production Exanple 2

(Electroless plating of palladiumon inner wall of
titaniumlined nickel alloy tubular reaction tube)

The titaniumlined nickel alloy tubular reaction tube in
the formof a fine hollow tube which was fabricated in the
process of Production Exanple 1 and to which pall adi um
particle nuclei were attached was imersed into a water bath
at 60°C, and an aqueous plating solution at 50°C that included
4 "M [Pd(NHs) 4] O, 0.15 M EDTA, 1 M ammonia, and 10 nM
hydrazi ne was allowed to flow through as a plating solution at
a flowvelocity of 0.5 mM per mnute fromthe tip of the fine
hol | ow tube. The supply was stopped once 200 ml of the
pl ati ng sol uti on was suppli ed.

[ 0062] The plating solution flowi ng out fromthe end of the
tube in this process was sanpled, and the anmount of palladi um
contained in the outflowi ng plating solution was anal yzed by

| CP em ssion spectroscopy. As a result, the consuned anount
of palladiumwas 57 ng, and this anount was plated on the
surface of the inner wall of the tube. In the outflow ng

solution, the initial concentration of palladiumof 380 ppm
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reduced to 10 ppmor less. The SEM observations of the cross
section of the tube denonstrated that the thickness of the
pal | adium | ayer was 3.5 um
[ 0063] Producti on Exanple 3

(El ectrol ess plating of palladiumand silver on inner
wal | of titaniumlined nickel alloy tubular reaction tube)

The titaniumlined nickel alloy tubular reaction tube in
the formof a fine hollow tube which was fabricated in the
process of Production Exanple 1 and to which pall adi um
particle nuclei were attached was imersed into a water bath
at 60°C, and an aqueous plating solution at 60°C that included
9 MM pal | adi um acetate, 1 mMsilver nitrate, 0.15 M EDTA, 4 M
ammoni a, and 10 nM hydrazine was allowed to flow through as a
plating solution at a flow velocity of 0.5 m per mnute from
the tip of the fine hollow tube.
[ 0064] The conposition of the plating solution in this case
was such that the mass ratio of palladiumand silver was 90
10. After 110 ml of the plating solution was allowed to fl ow
fromthe tip of the fine hollow tube, the tube was washed with
water. The plating solution flowng out fromthe end of the
tube in this process was sanpled, and the anmount of palladi um
and silver contained in the outflow ng plating solution was
anal yzed by I CP em ssion spectroscopy. As a result, the
consuned anount of palladiumand silver was 67.7 ng and 10.1

ng, respectively, and those anobunts were plated on the surface

38



of the inner wall of the tube. As a mass ratio, those anounts
corresponded to 87% and 13% respectively.
[ 0065] Production Exanple 4

(Formation of porous palladiumfilmby selective elution
and renmoval of silver)

A total of 700 M of 4 Mnitric acid was allowed to flow
at a tenperature of 25°C and a flow velocity of 0.5 m per
mnute in the titaniumlined nickel alloy tubular reaction
tube in the formof a fine hollow tube which was fabricated in
the process of Production Exanple 3 and was coated with
pal | adium and silver at a ratio of 67.7 ng (87 mass% : 10.1
nmg (13 nass%, silver was selectively eluted and renoved, and
a porous palladiumfilmwas formed. The anmounts of el uted
pal | adi um and silver were analyzed by I CP em ssion
spectroscopy. The results denonstrated that the remaining
anount of palladiumwas 48.1 ng (94 nass% and the remnai ni ng
anmount of silver was 2.9 ng (5.7 mass%.

[ 0066] Production Exanple 5

The titaniumlined nickel alloy tubular reaction tube in
the formof a fine hollow tube which was fabricated in the
process of Production Exanple 3 and was coated with pall adi um
and silver at aratio of 67.7 ng (87 mass% : 10.1 ng (13
mass?% was inserted into a quartz tube with an inner dianeter
of 4 cmand the entire configuration was placed into a tubular
furnace. A coating filmconstituted by a palladiumsilver

alloy filmproduced by alloying was fornmed by heating for 3 h
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at 600°C while allow ng hydrogen to fl ow fromone end of the
fine hollow tube. Prior to heating, X-ray diffraction peaks

of palladium (206 = 40.0°) and silver (206 = 38°) were observed,

but after the heating, a new peak (20 = 39.5°) of the
pal | adiumsilver alloy filmwas observed.
[ 0067] Exanple 1

(Expl anation of direct synthesis device)

Direct synthesis of hydrogen peroxi de was performed using
the direct synthesis device depicted in FIG 1. The direct
synt hesis device depicted in FIG 1 is explai ned hereinbel ow.
The device depicted inside the dot line in FIG 1 is inmersed
in a water tank to ensure safety and control the reaction
tenperature. The synthesis tenperature of hydrogen peroxide
was set to 40°C, and the reaction pressure was controlled using
back- pressure valves (BPR-1, BPR-2) at 0.8 MPa with nanoneters
(PT; P-1, P-2, P-3). Aliquid circulation line (CL-1) was
arranged in the direct synthesis device to enable the
circulation of the synthesized hydrogen peroxi de.

[ 0068] A hydrogen cylinder (B-1), an air cylinder (B-2),
and optionally an oxygen cylinder (B-3) were used to supply
starting material gases to be used for hydrogen peroxide
synthesis, and the supply anmount of the starting nateri al
gases was controlled with a mass flow controllers (MC, MFC-1
MFC-2, MFC-3) arranged in respective cylinders. As a result,

quantitative supply could be perforned by setting any desired
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conposition of the starting material gas. The acid aqueous
solution used to recover hydrogen peroxi de was an agueous
solution including sulfuric acid at 0.02 nol/L and sodi um
brom de at 26 ppm This acid aqueous solution was | oaded in
advance into an acid aqueous solution tank (Acid tank; AT-1)
and quantitatively supplied with a punp (LP-1).

[ 0069] (Direct synthesis of hydrogen peroxide from

hydr ogen, oxygen, and air: 1)

The direct synthesis device depicted in FIG 1 was used
and the concentration of hydrogen in the starting materials
gas to be used for synthesis of hydrogen peroxide was set to
21.4 vol% The concentration of oxygen was changed to 1, 1.6,
and 2.0 as an oxygen rati o (oxygen/hydrogen) by using air and
oxygen. The starting material gas included 30 vol % or nore of
nitrogen, which is an inactive gas, under any of the
abovenentioned conditions.

[ 0070] In the synthesis and recovery of hydrogen peroxide,
the total supply rate of the starting material gas was 7
m/mn (0.8 MPa, 40°C) and the supply rate of acid aqueous
solution (sulfuric acid at 0.02 nol/L with the addition of 20
ppm of bromne) was 1 m/mn. The starting material gas and
aci d aqueous solution were mxed wwth a 1/8-inch T-shaped

m xer before being introduced into the reaction tube of the
direct synthesis device. The starting material gas and acid
aqueous solution were supplied into the reaction tube in the

formof a slag flow, in which the phase states of the gas
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phase of the gas and the aqueous phase of the liquid were
caused to be alternately continuous, and flowed out fromthe
reaction tube after continuous synthesis and recovery. The
gas and acid aqueous solution remaining after the reaction
were separated with a gas-liquid separator (S-1). The

synt hesi zed hydrogen peroxi de was col |l ected together with the
aci d aqueous solution inside the gas-liquid separator
(Separator; S-1), and the remaining gas was collected in a gas
bag (G 1) through the back-pressure valve (BPR-1) and nmass

fl ometer (MFM MM 1).

[ 0071] The direct synthesis device depicted in FIG 1 used
a reaction tube coated by electroless plating wwth a single

| ayer of palladiumas a synthesis catalyst. The reaction tine
was 64 sec. The reaction tube had a length of 2 mx 5 = 10 m
and the outer dianmeter of the reaction tube was 1/8 inch,
simlarly to the T-shaped m xer for gas-liquid mxing. The

i nner dianmeter of the union of the reaction tube joint for
connecting the reaction tube was the sane as the inner

di aneter of the reaction tube to prevent the phase state of
the slag flow fromdistortion caused by changes in the inner
di aneter.

[ 0072] After the acid aqueous solution collected in the
gas-liquid separator (S-1) was recovered, the concentration of
t he synt hesi zed hydrogen peroxi de was quantitatively

determ ned by a iodine coulonetric titration nmethod (Hydrogen

Per oxi de Count er HP-300, manufactured by H ranuma Sangyo Co.,
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Ltd.). The remaining gas collected in the gas back (G 1) was
anal yzed by TCD gas chromat ography (GC-8A, nmanufactured by
Shi mazu Corp.), and a hydrogen conversion ratio was
det er m ned.

[ 0073] As a result, the concentration of the synthesized
hydr ogen peroxi de was 10940 ppm under the condition of
hydrogen concentration of 21.4 vol % and oxygen concentration
of 42.9 vol % The hydrogen conversion rati o under such
conditions was 95. 7% the hydrogen peroxide selection ratio
was 63.6% and the hydrogen peroxide yield, which was

determ ned by the fornmula: Yield = (Hydrogen conversion ratio)
x (Hydrogen peroxide selection ratio)/ 100, was 60. 9%

[ 0074] Exanpl e 2

(Direct synthesis of hydrogen peroxide from hydrogen,
oxygen, and air: 2)

The synthesis of hydrogen peroxi de was conducted by using
the direct synthesis device depicted in FIG 1 under the sane
conditions as in Exanple 1, except that the concentration of
hydrogen was 13.6 vol % and the oxygen ratio was changed from
0.5to0 4.0 in the starting naterial gas conposition.

[ 0075] The concentration of the synthesized hydrogen
peroxi de increased wth the increase in oxygen concentration
in the starting material gas, and when the oxygen ratio
(oxygen/ hydrogen) in the starting material was |ess than 2,
the selection ratio of hydrogen peroxi de dropped rapidly with

t he decrease in oxygen ratio. Wen the oxygen ratio was equal
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to or greater than 2, the selection ratio of hydrogen peroxide
slightly increased with the increase in oxygen ratio.
[ 0076] Exanpl e 3

(I'ncrease in concentration of hydrogen peroxide due to
circulation of synthesized hydrogen peroxi de water)

The synthesis (one cycle) of hydrogen peroxide was
conducted by using the direct synthesis device depicted in
FIG 1 under the same conditions as in Exanple 1, except that
t he concentration of hydrogen was 13.6 vol % and t he
concentration of air was 86.4% (oxygen/ hydrogen = 1.3) in the
starting material gas conposition. Then, the synthesized
hydr ogen peroxi de thus obtai ned was recovered and charged into
the aci d aqueous solution tank (AT-1), and the synthesis (two
cycl es) of hydrogen peroxi de was perfornmed, under the sane
conditions as in the first cycle, by the nethod of circul ating
t he synt hesi zed hydrogen peroxide in which only the acidic
aqueous sol ution was changed to the synthesized hydrogen
peroxi de water obtained in the first cycle.

[ 0077] The concentration of hydrogen peroxi de was 4903 ppm
in the one cycle and 7710 ppmin the two cycles. This result
has confirmed that the concentration of the synthesized

hydr ogen peroxi de can be increased by circulating only the
synt hesi zed hydrogen peroxi de water.

[ 0078] Exanpl e 4

(Stabilization of fluidized state of slag flow)
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An experinment with a visualization flow depicted in FIG
2 was conducted by using a PFA visualization tube (PFA tube)
to verify the stabilization of the fluidized state of the slag
flowin which the phase states of the gas phase and aqueous
phase were caused to be alternately continuous.

A 1/8-inch T-shaped m xer (M2) was used as the gas-
liquid mxer (Mxer) for mxing the starting material gas and
wat er, and the 1/8-inch PFA visualization tube (PFA Tube,
inner dianeter 1.6 mM) was connected to the m xer outlet. The
tubes of two types were prepared, nanely, a tube with a total
length of 10 min which the 1/8-inch PFA visualization tube
was joined with a straight union (Union; U1, inner dianeter
2.3 M) of the reaction tube joint at a 2-minterval, and a
10-m tube that did not use the straight union
[ 0079] A gas-liquid separator (Separator; S-2) was
connected to the outlet of the PFA visualization tube, only
the gas was discharged to the outside of the systemthrough
t he back-pressure valve (BPR, BPR-3), and the |liquid was
accunul ated in the gas-liquid separator. Initially, the
pressure inside the entire device was raised with air (Ar),
and the pressure inside the entire device was nai ntai ned at
0.8 MPa with the back-pressure valve (BPR-3) while allow ng
the air flow therethrough. Water colored by the addition of
red food colorant to facilitate visualization was supplied at
1 mM/mn, the air supply rate was changed as 1.2 mM/mn, 2

m/mn, 6 M/mn, and 12 M/ mn, and the fluidized state of
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the slag fl ow was observed and confirmed in the tube joined by
the strai ght union and the seanl ess tube having no union.

[ 0080] In either of the abovenentioned tube joined by the
strai ght union and the seamnl ess tube having no union, a stable
slag flow was di scharged into the PFA visualization tube, but
after the fl ow passed through the union where the inner

di aneter of the piping changed, the air and liquid coal esced
and honogeneous segnents col | apsed. Meanwhile, in the tube
havi ng no unions, the size of the segnent in the inlet was

mai ntained till the outlet at a distance of 10 mfromthe
inlet. This result indicates that the inner dianmeter of the
pi ping needs to be the sane in order to maintain the

continuity of the fluidized state of the slag flow

| NDUSTRI AL APPLI CABI LI TY

[ 0081] As described in detail hereinabove, the present
invention relates to a continuous direct synthesis and
recovery nethod for hydrogen peroxide using a catal yst-coated
reaction tube, and a device therefor. As a result of using
the reaction tube coated with a noble-netal thin filmof a
catalyst, it is possible to forma noble netal surface
effective as a catalyst froma mcron-order thin film and
reduce the anmount used of the expensive noble netal while
fully ensuring the catalyst surface necessary for the
reaction. Wth the device for continuous direct synthesis of

hydr ogen peroxi de in accordance with the present invention, as
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a result of using the reaction field of a tubular shape, it is
possi ble to reduce the | oad resistance created by mass
transfer, elimnate a runaway reaction in the reaction field,
and enabl e a honpbgeneous synthesis reaction. |n accordance
with the present invention, safety of direct synthesis of

hydr ogen peroxi de can be ensured with any nethod sel ected from
a method in which a m xed gas of hydrogen and oxygen is split
by an aqueous solution into a slag flowin which the m xed gas
and the aqueous solution are alternately continuous, a nethod
i n which hydrogen or oxygen is m xed in advance with an
aqueous solution, and the mxture is supplied to the reaction
field, and a nmethod in which nitrogen or carbon dioxide is
supplied at the sane tine as an inactive gas. The present
invention is useful in providing a new nmethod for directly and
conti nuously synthesi zi ng hydrogen peroxide from hydrogen and
oxygen by using a catal yst-coated reaction tube obtained by
coating the inner wall of a hollow tube with a noble-netal
thin filmof a catalyst, and then continuously recovering the
synt hesi zed hydrogen peroxi de with an aqueous phase as

hydr ogen peroxi de water, and al so providing a device for

i npl enenti ng the net hod.

EXPLANATI ON OF REFERENCE NUMERALS

[ 0082] B: gas cylinder (B-1. hydrogen; B-2: air: B-3:
oxygen; B-4: nitrogen);
R cylinder regulator;

MFC. mass flow controller (MG 1, MFC-2, MFC-3, MFCG-4);
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7);

t ube;

V: valve (V-1, V-2, V-3, V-4);

CV. check valve (Cv-1, CVv-2, CVv-3, CV-4, CV-5, CV-6, CV-

PT: manoneter (P-1, P-2, P-3, P-4);

SV: safety valve (SV-1, SV-2);

AT-1: Acid tank; acid aqueous solution tank;
BV-1: ball val ve;

LP: liquid punmp (LP-1, LP-2);

Tl: thernoneter (T-1, T-2);

CR-1:. Catalytic reactor; palladiumcatal yst reaction

S: gas-liquid separator (Separator; S1, S-2);
NV: needl e val ve (NV-1);

BPR: back-pressure valve (BPR- 1, BPR-2, BPR-3);
MM mass fl owreter (MFM1);

G 1. gas bag;

M T-shaped m xer (Mxer; M1, M);

W-1:. water tank (Water tank);

Uni on: straight unit (U 1);

CL-1: circulation line.
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CLAIMS

1. A direct synthesis method of hydrogen peroxide

from oxygen and hydrogen, comprising:

1) supplying a gas phase of hydrogen and oxygen or air

of a starting material gas, and an aqueous phase of a

reaction catalyst into a flow channel inside the reaction

tube by using a reaction tube having an inner wall of a

hollow tube coated with a noble-metal thin film,

continuously and directly synthesizing hydrogen peroxide

from the hydrogen and the oxygen inside the reaction tube

under predetermined reaction temperature and reaction

pressure conditions, and continuously recovering the

synthesized hydrogen peroxide as hydrogen peroxide water;

and

2) mixing a gas of the starting material gas phase and

a liquid of the agqueous phase with a mixer when the hydrogen

peroxide synthesized inside the reaction tube is

continuously recovered, adjusting a volume flow rate ratio
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thereof to form a slag flow, in which phase states of the

starting material gas phase and the agqueous phase are caused

to be alternately continuous, and continuously recovering

the synthesized hydrogen peroxide, immediately after

synthesized inside the reaction tube, as hydrogen peroxide

water by using the slag flow.

2. The direct synthesis method of hydrogen peroxide

according to claim 1, wherein a reaction tube coated with a

thin film constituted by one or more of palladium, an alloy

of palladium and gold, a film having gold nanoparticles

precipitated on a palladium thin film surface, an alloy of

palladium and silver, and a palladium porous film is used as

the reaction tube.

3. The direct synthesis method of hydrogen peroxide

according to claim 1, wherein a reaction tube having a
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noble-metal thin film coated thereon by electroless plating

is used.

4. The direct synthesis method of hydrogen peroxide

according to claim 1 or 3, wherein a film thickness of the

noble-metal thin film is within a range of 0.5 um to 2 um.

5. The direct synthesis method of hydrogen peroxide

according to any one of claims 1 to 4, wherein any of a

corrosion-resistant tube selected from a stainless steel

tube, an Inconel tube, a Hastelloy tube, and a titanium

tube, or a corrosion-resistant double-wall tube selected

from a stainless steel tube, an Inconel tube, and a

Hastelloy tube provided with a titanium lining on an inner

surface is used as the hollow tube.
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6. The direct synthesis method of hydrogen peroxide

according to any one of claims 1 to 4, wherein a fumed

silica tube 1s used as the hollow tube.

7. The direct synthesis method of hydrogen peroxide

according to claim 5, wherein when a thin film constituted

by any one or more of palladium, an alloy of palladium and

gold, a film having gold nanoparticles precipitated on a

palladium thin film surface, an alloy of palladium and

silver, and a palladium porous film is fabricated by

electroless plating inside the reaction tube, an oxide

coating film of a metal, which serves as a base, is

manufactured by high-temperature oxidation at a temperature

equal to or higher than 600°C, or by supercritical

hydroxylation at a temperature equal to or higher than

374°C.
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8. The direct synthesis method of hydrogen peroxide

according to any one of claims 1 to 7, wherein an inner

diameter of the reaction tube 1s from 0.05 mm to 10 mm, or

from 0.1 mm to 5 mm.

9. The direct synthesis method of hydrogen peroxide

according to any one of claims 1 to 8, wherein the reaction

temperature is within a range of 0°C to 80°C, or within a

range of 5°C to 50°C, and the reaction pressure is within a

range of 0.1 MPa to 50 MPa, or within a range of 0.1 MPa to

20 MPa.

10. The direct synthesis method of hydrogen peroxide

according to any one of claims 1 to 9, wherein the hydrogen

peroxide synthesized inside the reaction tube is

continuously recovered as hydrogen peroxide water in use of

water or an acid aqueous solution.
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11. The direct synthesis method of hydrogen peroxide

according to claim 10, wherein the water or acid agueous

solution that recovers hydrogen peroxide synthesized inside

the reaction tube includes any one or more ions from a

fluoride ion, a chloride ion, a bromide ion, and an iodide

ion.

12. The direct synthesis method of hydrogen peroxide

according to claim 11, wherein the acidic aqueous solution

includes any one or more substances from fluorine, chlorine,

bromine, and iodine, and a total concentration of the

substance in the acidic agqueous solution is within a range

of 0.01 mg/L to 100 mg/L.

13. The direct synthesis method of hydrogen peroxide

according to claim 1, wherein a volume mixing ratio of the

gas and the liquid is 5-50 (gas) : 1 (ligquid), and the slag

flow in formed by making a volume flow rate ratio of the
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starting material gas phase and aqueous phase to be

recovered of 50 or less of the gas phase per 1 of the

aqueous phase, or 10 or less of the gas phase per 1 of the

agueous phase.

14. The direct synthesis method of hydrogen peroxide

according to claim 1, wherein an inner diameter of an

outflow portion of the mixer that mixes the gas of the

starting material gas phase and the liquid of the aqueous

phase, an inner diameter of the reaction tube, and an inner

diameter of a reaction tube joint connecting the reaction

tube are the same, and a slag flow size is not changed

according to a flow channel.

15. The direct synthesis method of hydrogen peroxide

according to claim 1, wherein the slag flow is generated by

mixing the gas of the starting material gas phase and the

liquid of the aqueous phase with a micromixer while
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controlling a flow rate and a discharge pressure of the

starting material gas phase and the aqueous phase,

respectively, by using a mass flow controller for the

starting material gas phase and a metering pump for the

agueous phase.

16. The direct synthesis method of hydrogen peroxide

according to claim 1, wherein a stable slag flow is

generated by using a T-shaped micromixer as the micromixer.

17. The direct synthesis method of hydrogen peroxide

according to any one of claims 1 to 12, wherein the volume

mixing ratio of hydrogen and oxygen is hydrogen 10% to 33%

and oxygen 90% to 67%, and the ratio (oxygen/hydrogen) of

oxygen and hydrogen of the starting material gas phase is

equal to or greater than 1.6, or the ratio of oxygen and

hydrogen is equal to or greater than 2.0.
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18. The direct synthesis method of hydrogen peroxide

according to any one of claims 10 to 17, wherein the aqueous

phase to be recovered from the reaction tube is recirculated

to the reaction tube.

19. A device for direct synthesis of hydrogen peroxide

for continuous direct synthesis of hydrogen peroxide from

oxygen and hydrogen, comprising:

1) a reaction tube having an inner wall of a hollow

tube coated with a noble-metal thin film; a reaction tube

joint for connecting the reaction tube; means for supplying

a gas phase of hydrogen and oxygen or air of a starting

material gas into a flow channel inside the reaction tube;

means for supplying an aqueous phase of a reaction catalyst;

and means for continuously recovering synthesized hydrogen

peroxide, immediately after synthesized inside the reaction

tube, in use of water or an acid aqueous solution; and
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2) a mixer that forms a slag flow in which phase states

of the starting material gas phase and the agueous phase are

caused to be alternately continuous by mixing the gas of the

starting material gas phase and the liquid of the agueous

phase and adjusting a volume flow rate ratio thereof in a

flow channel entering the reaction tube, wherein

3) an inner diameter of an outflow portion of the mixer

that mixes the gas of the starting material gas phase and

the liquid of the aqueous phase, an inner diameter of the

reaction tube, and an inner diameter of the reaction tube

joint are the same, and a slag flow size is not changed

according to a flow channel.

20. The device for direct synthesis of hydrogen

peroxide according to claim 19, comprising a reaction tube

coated with a thin film constituted by any one or more of

palladium, an alloy of palladium and gold, an alloy of

palladium and silver, and a palladium porous film as the
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reaction tube having the inner wall of the tube coated with

a noble-metal thin film by electroless plating.

21. The device for direct synthesis of hydrogen

peroxide according to claim 19, wherein a reaction tube

coated with the noble-metal thin film by electroless plating

is used.

22. The device for direct synthesis of hydrogen

peroxide according to any one of claims 19 to 21, wherein

any of a corrosion-resistant tube selected from a stainless

steel tube, an Inconel tube, a Hastelloy tube, and a

titanium tube, or a corrosion-resistant double-wall tube

selected from a stainless steel tube, an Inconel tube, and a

Hastelloy tube provided with a titanium lining on an inner

surface is used as the hollow tube.
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23. The device for direct synthesis of hydrogen

peroxide according to any one of claims 19 to 21, wherein a

fumed silica tube i1s used as the hollow tube.

24. The device for direct synthesis of hydrogen

peroxide according to claim 22, wherein the reaction tube is

used, in which when a thin film constituted by any one or

more of palladium, an alloy of palladium and gold, a film

having gold nanoparticles precipitated on a palladium thin

film surface, an alloy of palladium and silver, and a

palladium porous film is fabricated by electroless plating

inside the reaction tube, an oxide coating film of a metal,

which serves as a base, is manufactured by high-temperature

oxidation at a temperature equal to or higher than 600°C, or

by supercritical hydroxylation at a temperature equal to or

higher than 374°C.
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25. The device for direct synthesis of hydrogen

peroxide according to any one of claims 19 to 24, comprising

means for continuously recovering the hydrogen peroxide,

which has been synthesized inside the reaction tube, as

hydrogen peroxide water in use of water or an acid agqueous

solution.

26. The device for direct synthesis of hydrogen

peroxide according to any one of claims 19 to 25, comprising

a mass flow controller that controls the supply of the

starting material gas phase and a metering pump that

controls the supply of the agueous phase, wherein a

micromixer that mixes the starting material gas phase and

the agueous phase is provided downstream of the mass flow

controller and the metering pump, and a slag flow is

generated in which phase states of the starting material gas

phase and the agqueous phase are caused to be alternately

continuous.
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27. The device for direct synthesis of hydrogen

peroxide according to any one of claims 19 to 26, wherein a

stable slag flow is generated by using a T-shaped micromixer

as the micromixer.

28. The device for direct synthesis of hydrogen

peroxide according to any one of claims 19 to 26, comprising

recirculation means for recirculating the agqueous phase to

be recovered from the reaction tube into the reaction tube.
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