Description METHOD OF PRODUCING PROPYLENE GLYCOL
Technical Field [000]] The present invention relates to a method of
producing propylene glycol using glycerol as a raw material. Background
Art [0002] In recent years, fuels for use in a diesel engine called biodiesel,
which are produced from plant aﬁd/or.a{nimal fat and oil as raw materials,
have been developed as part of countarmeasures for suppressing global
warming. In the process of producing the biodiesel, glycerol is produced
as a side pro ' f t k06, Wit he oil as a
raw material,%%%?%f?g:%g} E%Jeégg t%é;‘%%ﬁb Iﬁgz&k?%gi%tensively
studied. [0003] On the other hand, propylene glycol, which is a compound
Techitwhigh @ hydroxy group at the I-position of the glycerol is converted to
0 hgdr‘ogen, has been widely used in the fields of pharmaceuticals, ,
[000LpshERIESTRIDHY SBHAT AR dike '8 apAtestatipedus b A cansdinplsifiee
glycaplanti-feeezingriquid, a solvent or the like, since this compound is less
Backto%iglté)ﬁggfganisms as well as tasteless and odorless. In general, propylene
é?yco IS"produced by oxidizing propylene derived from petroleum called a
100029 s6il ravrimatersidhtosdivenpropyldecoxitén andishembydeatingithesamuced
[ rding, the_effective use of glycerol, a method of convertin
fmmggl)%égfr;o tc()% %ﬁg{y%egﬁgaéjlyggﬁ a(fsﬁ%\s gaégqﬁ%%’r %dgfa y"é*" is’?ﬁ%%ﬁ&égp%aéﬁl ally,
coungr B IS Uisetoseding wivioH yiywergl. is lcohvertet togpopylene: ghydabdieset,
elycaB0 ethylene:alycql Ry allawing e avgeral 10,168 %V%t&}py??sé%?{a 1 Itrl?get N9 asa

presence of a catalyst containing copper oxide and zinc oxide (see, for
raw igispigliang e stipsdeamsneiihe elycrrd hasdvendiserssiely siedisly. discloses
[000TRtaly$ks whasealops Tatie QRRRRREKIR HNGIRRAHZINGLISHTOM @R {%roup
. the61 _andtdoetagst such as éhe conditions for producing the catalyst are not
At theylsRRSSEY! th RGO Cife B YRR Butane-dearey nhaglsised in the fields
of phpropytemieadly colpaicunib v wmerrniiani¢ dimeiatibecatabstdillesh lay@lsifier,
ereinafter sometimes referred to as "space time yield") is insufficient.
Sl i e R R A v T
well #srbs{atase i edbbysallowirg b lglyoerdito gbact withobiycrdherindihiag
ERSeRAS & AunRRRYSRaANINA NG (588 JOLEXAMP!S,;
pmp)gaten_t DocumenI?Z). However, ge%%ﬁg %%f&g?ﬁﬁég?g?g%gﬁﬁéﬁgﬁég& ; and
then RydraldRie e, s#iet hod is disclosed in which glycerol is converted to
[0004rapytentnglyeot by allowingr e aleeralda saactwith Rydroges:i @ﬁropylene

vedpresence of a cat%! st, which catalyst is obtained by allowing copper
EYCOitraTe ARPPMC TR T MRAE withSGHEs rimgthed rediscifitedh s Fdtskor
glyce®ohoursyenddhe propidimingliiesahetiatintegnperatilsl ©f PRAG: fol &R0 WS eact
: ‘ le. Non-Patent Document 1). Patent Document 1: U.S.
it e B e SR B B R AR AT Te.for
examplgidP@periPPebiieatibn No. 4302464 Non-Patent Document 1: Catalysis
Lettgrsiob didfoRuirb 220! 7dQ&%&é@é%ﬁl?gtmﬂ&\éeﬁg%@;Ma%%nc;‘:f E%rgper to zine

Sol\/ing_the Problem [0006] It js an object of the present invention t
(coppsF&iRGe 5 et B oo rsd s oreRs A itks Gyt itroniog lycsholing herastalyst are
not disediesinl, themetbediachiering @ bighyertahiliaactivity anck3-highyiels of per
nit Vp{g%leng I%col ‘Er%% nit vomm%ﬁn{i unit time of the catalyst-flledp_?é}/er.

BN {00 e e SRR D P s RRaTes sideied o o
“spacfocmsipg of)therfadtithaitthe peak of copper and the peak of zinc oxide

h in X- iffraction measurement of a catalyst containing zinc oxide

000
000 e D Al T PRRSERA,
allowimgthsctioerst! 6@0"9%@Mét@Wb&@mlgtycer@im@fmmwkaﬂnaieing copper
and zPERSAted Mﬁ@%%‘om%%{“’ ﬁb%@@%ﬁ%HH%’%?’&BE%&%T’%J@%%Q%

that the above problem can be solved by using a catalyst contairfing zinc

descrifgtie and at least one of copper and copper oxide from which a specific
X-rayrdiffeaciianspectunt issebtainad Hhsreby lrading tadhs somplgtion of
the present invention. [0008] Specifically, an aspect of the present
invention is directed to a method of producing propylene glycol, the
method comprising: obtaining propylene glycol by performing catalytic
hydrogenation of glycerol in the presence of a catalyst, the catalyst

comprising a first component containing at least one of copper and copper
nvide and a cecond comnoneant containina 7ine nvide and thea



2 of from 30/70 to 70/30, and more preferably in a range of from 40/60 to
60/40. It is also preferable that the catalyst further contains a third
component other than copper, copper oxide or zinc oxide, more preferably

by ailoﬁ%’%ﬁ%&h@ﬁqgm&m %py'ﬂ 1o Ath A grgge%ég/ %PX &?&%,%fﬁz?ﬁ catalyst 1s

‘ more preferably coritaining at least one selected from silica, iron
obtainagkier Hod Ineprasiumittside a g therttipicdorisehenth ureadigaigshe reactant at
°c B caialyatbg subiected fo.a caleinalion HIRAMERtAL A (see, 1
Hoee g%é%?%%%?né%%aﬁ%% ﬁ(t?ln% s;14%[(%0 to 50”(?8 %r a caﬁcinat%n gme o} S (see, for
exampfeohiod-5 dicarHte@ouis. [0010] It is also preferable that the catalytic
hydrogenation of gl be carried. a reaction pressure of from 2 to
Sgal\ﬁﬁggé%c 13%%%%@%%%%&2‘%8?5‘?&%2% 150 to 250C, more preferably
abatcettionpeesuieioffiom 2rdBotvPhand ase dciibnaernperatiire’df4
10, 280.5 #290, Eifec g log Jmuenion 9011 The prssent invention
can provide a method of pro ﬂcmg propylene gI)/c%I rom glycerol as a
raw material, the method achieving a high catalytic activity and a high

Disclo %ﬂx A%P[}QE}R)Q Hgnglycol_ per unit volume and unit time of _the catalyst-filled
ayer (hereinatter sometimes referred to as "space time yield"). As a

Means des it/ timecpheséntbiigeention can produce propylene glycol at a high

c [Si i CHiVILY.. i el el
000 T BT ML RS IIEEE prppytene
glycol fdditidmcthd sizeroffasilitied dhn betimidirsiiedinnd thehpuwidicaiarivad and a

high yif%‘ﬁ%ftgfﬁg&? ]Qll—}?(;&r% g%éﬁﬁﬁ?ﬁ]ﬁl&eﬁmgteﬁf&% %ﬂﬁ%}@gm%g&ﬁﬁ)eg Jayer.

Inven 012 e present invention will be descr
detail. The method of producing propylene glycol of the present
- invention includes a step of obtaining propylene glycol by performing

catalytic hydrogenation of glycerol in the presence of a catalyst, the
[0007] catatyseimoludiryafirst compbnexiesointaitidirattsasnems dicisphairis peak
of coppt? %ﬂrtﬁéﬁé%@%? ARESAnd QImRaY %‘:gg AR A G AEn AN e atalyst
catalyst after being reduced at 180C to 230C in the presence of hydrogen
containghp Wit alivddii srfiom f4eBrEnapf &k Maving aisak wegiden he
producﬁgﬁ'g?gr%w Qﬁ%hﬂ?ygéﬁ moé] 2 EQQQZ@' ﬁﬁé&l’,%s%%&%&i%ﬁ&'@@ch other.

pattern obtained by using CtuKcc as a radiation source. [0013] The

As a regalialist Rresenin tenpreskaitifverdi st bistalny eHe dhie sanponasiyed by using a
catalys?@%%ﬂﬂ%%ﬁ%%@@ﬁnﬁfﬁqw LaRd L oxide,And the Res8Rdwhich a

~_component containing zinc oxide, and after bei;g;_ reduced at 180C to
specifip 3p@yritHeaproseics By rbGaRcSHoRS Y HerEwigin Hamgimaphasinrood tee
presentinv@iguReak having a peak top at a position at which a diffraction angle

(200.2) is 43.1 in an X-ray diffraction pattern obtained by using CuKa as a
[0008] raiegicwadbrteasphis ehtaf/RICEC R faN R 1f51 48 %I‘%Fﬂcﬂéﬁﬁiwﬁﬁpﬂ?émmg

propyldRUQWIRG dgserHpiRR-J9Adkzenerally, when a catalyst including a first
component containing at least one of copper and copper oxide and a

sebbhd e PBHERE @ritaliing FifuBiigs st dedmematpte séprcsrol in the
presencfyglfggﬁgh]ggpper oxide is reduced to copper. Thus, the specific catalyst

may contain either one of copper or copper oxide, or may contain copper

al¥ EasbET SRIBBI I Rth BiBHER RIS P THIEHBE @ thsri/RRssoh gppper and copper

oxide SReFicaliy imitpdasdong Asicomaing&ing,axide and at least one of
copper and copper oxide, and after being reduced under the

absveabstribies bshditieiceshdws® haff Wbtk radgme ershs oo hy dragsh,
showing %%%!‘f%&%ﬂ%@ﬂ’&%?@ o3 8 position atwhich sediffraction 2420Q:2)ch a

is 43.1 in an X-ray diffraction pattern obtained by using CuKcc as a
diffractigdiatiohs St [0045] Theaweighy raticetithe ritteast asiof comgdr dnd as a
radiatiiPR é_)xide to the zinc oxide ((total weight of copper and copper

oxide)/(weight of zinc oxide)) in the specific catalyst is preferably from
[0009] 3BhrO-eaT O30 el prefsiilsly fierat 060 © 107305 evaannierée second
compog{ﬁ{%@%{ 5!}8%%%46&‘;5;3&0‘{&% 1W.Qh ARRIVIRY & DB £ABYR'RI B a range

ycerol. [0016] Further, the specific catalyst may further contaifn at least
one kind of a third component, in addition to copper, copper oxide and
zinc oxide, as long as the effect of the present invention is not impaired.

The third component is not particularly limited as long as it is not copper,
connar ovide or 7ine nvide and it mav be a metal ovide ar a metal itealf



. [0021] (i) Step of reducing a catalyst containing zinc oxide and at least
one of copper and copper oxide at 180C to 230C in the presence of
hydrogen to reduce copper oxide to copper (hereinafter referred to as
"step (i)"). In step (i), a copper/zinc oxide catalyst is obtained by
erformin tic reduction.of g catalyst containing zinc oxide and at
o L o Do AP AR TN QA SR A Al hature
whichisettugitefeeflbehaathdysitisy inifiateet vanasmeepeindiagnpintae other than
cop S 0 e e o O e ot P e e
Phtes Invention, ~reduction of the ca a?s%% Yarfedout'a C’éninéjr%lﬁ)eélrldfb?g
amoimaoraiige of froiphl 80Estn R8QCe mthe prefseritinventioingibthespeeificected
ronf Bt dPge Ol R eI compRngEnl Leduction of (e catalstis

preferably carried out at a temperature in a'ran om 185C to 210C,
andiioaspretdratilly Hiea tfempelature snbéerardye ofchiomaligs Cern200@: a
calc FRER e SRECH AP 199 A0 companant Jedicion oS, ¢
catalyst is preferably carried out at a temperature In a range of from 6
hourgy 230C, and more preferably at a temperature in a range of from 210C to
[001875€is B Feakelion mAayHe A8 et QUL QAR RS [ORZ 3L SIRR-GLuill; 4
be specifically described. In step (i), specifically, 6.75 gtol.0gofa
reacliofA1iRse s afEppletadd dABrged i elaadFeaBROH (b drerpkifieogts 0°C, more
prefdRBASH NG AN NSIHE (8RB rATre (A6 MRarature o theinside: 2libe r from 130
catalyst layer, measured by a thermocouple located in the middle of the
to Zzﬁ}é@ht of the catalyst layer in a glass reaction tube) and an outside
temperature (a temperature of the outside of the reaction tube, measured
B % aétgermoco,uple located on the outer wall of a glass reaction tube in the
CHHQEIASHE FEIght of the catalyst layer). The glass reaction tube is
[001 Epprbpriately seleatra andpisedsushethat STehaighiobis eatalystdaremn

is from 0.4 to 2.0 cm. In this way,.the catalyst is reduced by allowing the
ey e e e RS AR RS b S0 Hibbotd of
Pfopﬂﬁm@_%mfeduaﬁﬁwwbmi@mdisrAntie)@tifehm@mwﬁﬁiﬁndiayhrtﬂeﬂﬁskfe:rand
som@HISIR ASFOR I ALUERAT EVRIAS), TS TR SR EQMNGE 0N Boduce

- the hl%her one of the inside a@nd outside temperatures does not exceed’
propyiguelyrsthe Bytebgen iersatandamisvits meficintvs redlrtiohigaspace time yield,
thereBOHRIEIE Y thIBLHU hotis byrdiiuting the saeWithadRitinoen Aasdhakes size

i it easier tQ control the temperature. The reduced catalyst thus obtained

of fagiiss &t BB ESHAhRGRIAAR S R 8ler i drdePacatisgrduced.
atmosphere. [0023] In the present invention, when the specific catalyst

Best 1PE ?ot(ipclude t{?jetttll]tir con;tlponent, it is preferable to reduce the
ca?afyscfrbyac ftac i‘rjlg he's&meto hydrogen at an inside temperature of

[0012]8beramdadontribkthe terh porative suthdkatdhibadighésigine of the inside
terqperatige o ' ratur not exceed 230C, more
_preferably doe@%ﬁ%%%%}e%s)d} %%ég ??r}l%gfég%ﬁﬁjrﬁ r}é’%ﬁ’ré%‘el?’é V%gjgéué%% a step of

obtaigipeguarboe slycolmenr thendpreil vindlydrinetades ahelthirg! in the presence

of a SRIRRORRNLaiLISPISIRIGRIE B dbre SNecRINSERY FORIRCHNG NG SIS

to hydrogen at an inside temperature of 200C and control the temperature

COPPY EHdh AR e FRGRE FINEBF NG INSHE riseraitifeBr the Gt licr being

reduciRipesatare,doesmat excaest 306 hnRe Aleferably deesRalexerss 0.4 to
210C. [0024] (ii) Step of measuring the half width of a peak having a peak

. . . ] P :
L1 ohgpekahByiatiam i ipRc A RAMF SN drigler @ftnoy e amle (RAHP Ry 43.1° in
an X-Giffragtionpatiam RomeasHine.an: Xy diffactionof ihegatalyst in
which the c%%ger oxide has been reduced to copper Step (ii) includes the
1001301 16R6iFgFdi ipiithy RISEFPL 1TOn ST BrearFrnR WS faining at
least ofd @y cliffpactian ropasUseImeniha GRPREHEIRERXIHRGANIAIYING CaIaNkShind
f ,sam%e; for X-ra(}/o diffraction measurement is prepared by sea@g the
Alter RAPRETAIF Gkibi dortatnithy atfREHSAEHAS HEEREFadtsE hetep §fiin a
rangi@$iont et nesin used bathiswsigp isakalankiagiaidnat WRes Nefrsaniainaagle
pigment, which is a nitrocellulose resjn generally used for finishing of
interior wood portions or wood products so that a woodgrain pattern of the
product can be seen. One example of such a clear lacquer is CLEAR
LACQUER (trade name), manufactured by Washin Paint Co., Ltd. [0026]

\When the rediiced connar/7ine ovide-containina catalvvet iec eaaled in the



Examples of the metal compound containing copper include a nitrate, a
sulfate, a carbonate, an acetate, a chloride, an oxide, a hydroxide, and the
like, of copper. Examples of the metal compound including zinc include a
nitrate, a sulfate, a carbonate, an acetate, a chloride, an oxide, a
hydroxide, and the like, of zinc. In addition, examples of the metal
(2T bmp it int dintgr ) R EOREAREENAPREIEAIRY BERHAE At herastairy
souseMelimesraieriedtoras & hisdypaiald) dncivee & R ae A PRI Riion.

Oofﬁrggnate lan cetatet chJorLg}%,, an gxide, a hydroxide, and the like, of a
00 iirc-eetat e e L8 iebmeoiBiat Sirts Cogmen Sheae ng i rstings. of
copfeda] inrihe pratdusiionseidhé cpesifieccaialysinihe sepretipilationpoaess
msiesnge%rfofged%s ianGhich ;f(%f;i xamp %ba}j%opreci itant con ainin%i?opperi and
PIESZING 1s produced B?pgropplng, iR Water, an dijueots ColitigR o'y catayst may
condispeisiomeontaiping a rirpte ofidoppenza nittate ofipincyand.eptionadky A an
aroifiliplef higkmetahsiiea, coloidal silia o the ke 4 e same fmeih
an“aqueous solution including a base such as sodium carbonate, and

oxidge dkyhagt anel e e ceneTiiand nithidpiracesycedtalgetshe above-
desceRREAIDING SAPREE RXILRAZING QX den BHNS I GORPEY/ %mﬂ@a%Q{ng a peak top

catalysts containing copper oxide/zinc oxide/third component in which the

at a PR oA pEEn diprcsiontaenffedERComdats danbe o diffedtisy, ettern
obtaB¥APP IR Fhanging hesatonf dheamounts of the raw materials such as a

nitrate of copper and a of zinc. The coprecipitant obtained in this
[001chpldeipieiaiinaboebds & basanal supsegarhegrealanisd sefraipeingde
((tothSREI IR HEHRR ERACHAP.THEMNING hearind oulial 303206 10638 is

frs. The calcination temperature is 300C or higher, but preferably

1O h
Profiighly AP L0 1ol e RACHEEERPbY T 041046 0t AR E ot
prefé@bbtiGiom Q0831 Tbwimpregnativndriocrss:isiahrocassial obtajoing a

ixture, and drying. and calcining.the same in accordance with the .
00 e SR (750 2HE SHISLCR Mo
comprpsgmatibiitiprovesy pecl udeparmatiroghinziviei chide naixtuine comtasfiag of the

pres&ﬁ@ﬁ?ernﬁ@g ZiING, i?nH%iﬁ%ldfe containing copper and a third metal, or a
mixture containing zinc and a third metal, which can be obtained by the

copfaeipitstisiperacass netsspenddy limiveders denhesiites vot aoprssumpper

oxidSQIIAN A SHRPR RSO COMBIRNIRgiA Befakhat canstitutes e ermaning s
component is added thereto, and then the solvent such as water is

that ey, BG dep s oy, WhHE ABPSTSIk DA Ee MatAthe! CEppR I 2 M aptrae aipeium,
bariumetad isohtajneda [0OS33 cthdkbeading HIEERSSIS R OCRESREBRIMINGUS TVa

mixture, .and drying and calcining t ame in accordance with the
oo Al ) BT O b ot B g He e Growp
Via Mbagi@muewmmwalmmh@i Cfmixiijxespeativegampanenistdahe
like, CRMRIIHLE &?%%@W&% %%%%EESH?@ ﬁ?cgeﬁt%% ﬁieﬁiﬁglldg&ggsqge@geg fgas one
solvent, and a method of mixing a mixture containing copper &n Zinc, a
selectathbinie ewatsining edisperandrentifinrairaablcor Bumthetuteedbirthiningozierd is
prefeddihanthind matabihigh: RRiained By, e CORRRCIRITRHRD PFAGESS OF
. the like and is in a state of a solid or suspended in a solvent, with a metal
ViewRd S MaceBKEET h g e higt that constitutes the remaining component.

Thelsamedannmaieiale abdbahdpsdihed yrothe Sanrespiation I REesRinds
usedfalso in the impregnation process and the kneading process.

therecﬁglthe specific catajvst
fr Bddf i, WHER ?I!?? mixture obtained by the impregnation process or the
[001 Knédadingnprocesidshitdeshmpdreatoimdet, dhe amerprocass«ariigd Dithiny

. recipitati e applied. [0035] The method of .
e O B POl g s ol i
convgsaincalaychrmited; arit Garite controhent byploicwkdnpleatodtongthefic
catal GRIGINGIR SEMPRIALIS:AX theucaldnation tpe.ofithe catalys ahtaingd B

_ the coprecipitation process or the like. When the €alcination temperature
ratio of thiAblefie W SRS TG GeRSe A MIdrgd T sredr igndishaiffder component
whereas when the calcination tempejature is high or the calcination time
is long, a small half width tends to be obtained. The preferable calcination

temperature and calcination time vary depending on the composition of

the catalyst or the method of preparing the catalyst, but for example, in the
race that the catalvvet ic nhtained by 2 conrecinitation nrocece the



glycerol as a raw material, or other processes as appropriate, prior to

carrying out the catalytic hydrogenation of glycerol. EXAMPLES [0043]

Hereinbelow, the present invention will be described in more detail with

reference to the Examples, but the present invention is not limited thereto.
r the measurement of X-ray diffraction of the catalyst containing zinc

F .
(o g e BB S PR S AHA bR PR o AR RN 1808 ird
confpoamifadtyretihyl Rigaks Gooporatien, darkatienagetes foth Kab) was /10,
and for t ,easuremeﬂt of half. WidI_h, "RINT 2000 series

front eq\’newaomt }}eac%evn hioh ¢onversion o cerol . :
apfhcatldn software, An%?ysé of 8rys‘?éﬁﬂte‘ € and Lattice Strain”

[00 (Fahbéacturad By RigakuwGanperationhwas dised. fiaentdnvessionmofi the
specgﬁ/ccgiﬁh}%@ga%hge%{%gsg feﬁrﬁwgﬁe‘?cﬁ%ﬁﬁﬁé’g’_%fsewcaé@%ﬁ go? S%%% ana.g/%i% (for

romatography (gas chromatography device: , manufacture

exaighlimanice CoRpotationmeoimiredroy RINGVIZA X erzotafactu¥ed b g ifentto kV,

95 nl& CRB&R% $3 %{E%QESEJ%J&LQQ%JS<(Fe&%p9;‘50|19(‘% %@%\Iy&keﬁ%%&%a% %&alrr?ental

- Preparation of copper oxide/zinc ox 50 eig catalyst

paragiippiegidafement of half width - (a) Preparation of catalyst A-1 (copper

[ [ i % by Wei ) C itrate trihydr 8o
P AR e Rl RS R
in ﬂ)ém*@ﬁ@@@@ﬁhwé_fmraa@f@w@@@f@ﬁéﬁimﬁnﬁfa@n@m&imm&e@ﬁwdth ranging
from BALROLS @Ag}@g Bi¥eanwhile, anhydros sodivm carkonale g%g;z (@:0.2%)
~was dissolved in distilled water to obtain 450 ml of an aqueous solution
is 4%Héééimﬁema@%mamwa§emmww Utig Cuﬁqheﬁ,mﬁ@mm@e-
GenSQKIQR, B 300 e RQURQYS %9&‘&%9&%%%%{;&?%8&%‘?‘5‘%95‘%8{35%%5%8';9&0

ml of distilled water while vigorously stirfing the same at a rate of 3 ml/min,

Blyclid tHE b EATARE! SPEERIHARE S Kot b i By T S GRRASH AVASRRRF Ve,

the HA0kRERIstikeshwalRhiouaties. IReohiaipad-sRlig Wasgigd athk 6 width

for 3 hogs and calcined at a temperature of 400C for 2.5 hours in air.

5s MERGRPTHE SRS AT AP Bl e GhHe Ipta e o TR AP IBREN ey col
[002tHe 'Shﬂi_ﬁalfgsimpﬁtarlgﬁnldﬁélmiﬂng gg@ﬁ& (g@g@dﬁ%g_h)ﬁﬂ/\é?i@fi}t);h(ﬁlﬂg\ﬁ;mﬁf@rangle
evi as "cgtalyst.A-1"). e ion of catalyst A-l |
o o e e P RGP B A G
sourglassdigbeihavihgaghitnefotianetercph 14 mdniand an outer diameter of 20
mm.. .Under a-nitrogen gas . stream. the temperature was glevated such
el s e A S R AR e v
coppig8&ida ga$inixtare3of itnohe nrgss(d Simtnig}andrbarogerp gas: i@ fo
copp@%llﬂi&‘) was allowed to flow for 0.5 hours. Thereafter, a gas mixture of
nifro_gen gas (15 ml/min) and hydrogen gas (9 ml/min) was further allowed
to fleNafSien & Msarsring thetielémy Hicopprarkiheviiadercakayse(hersiratter
whicRITRSIRITCA IR pfocatalyst Bsl) was obiinedsRurng e redichion, i, .n
inside temperature was from 185 to 195C and the outside temperature
X-raydiffrasHon 8Bibs cusestTpavhinakstBrRoi s de boyarsd 1RIHISHGFORISOX.

[00x6dc)RsGRaRREMMAf Sapaple denXrray SiffrRAUANMEASHIAREMnd shdis a
a_nltr%?;n box, 0.35 g of the catalyst B-| above was weighed and placed

half ydih of fheeO RigHer RS AR1BE AtatdRecne e abAdod Wit i catalyst, and
then &) smbo{iCAIAR) LACRUER {tatie aame, manufactured by Washin
aint Co., Ltd.) were added thereto. After stirring the mixture for 30
002 e B e D S T R Watgover and
coppapplidd o1 #tlass26efGan Xregy diffraciity dnegsiweradntc anshetriedde to copper
overnight in the nitrogen.bax. [0047] (d) X-ray diffraction measurement
(here % egt?ﬁ%ﬁleegls?a%%p é% orzrl?ﬁfay diffraction measurement of the catalyst B-1
wakntstke i batcirpparthimitkodgers o sphiveecdniy Xeryraiffeastigimtic reduction
f a CRERSHEGMGRLWIR CQREHCIRE In ik, Therealistetna hall,padsh; ‘
of a cp Ea?f'y \i4 | st in@ﬁa@ing&%p}ée@%%% %@ﬁmydrogen

eak was measured. The half width of a pea apeak top at a

The tempeietol anglechoedsdonpadhe oBaljobiaNREp AGdissiBRRSNEMBR Witith -

coppeth@Prasedueh desadhesras (itoLhrbeve weks grriedQuifanfiy
samples obtained by using the catalyst A-1. Thereafter, the X-ray -
diffraction of the four samples was measured, and the half width of a peak
having a peak top at a diffraction angle 20=43.1 was measured. The half
widths of the samples were 1.03, 1.05, 1.08, and 1.06, respectively.

Erom the raciiltiec ac AdAeceribed abhnve it wace foirind that the cirihetantiallyvy



(a) Preparation of catalysts A-2 to A-22, A-24 and A-25 Catalysts A-2

to A-22, A-24, and A-25 were obtained in the same manner as the catalyst

A-1, except that the ratio of copper oxide and zinc oxide, the calcination”

temperature, and the calcination time were changed to the values as

shown in Table 1 below. égOSr%Further, catalysts B-2 tq 25 were (grepar%d\
redugljQniyiife Babie SAHIE NS AR T BRI E APridd Gt R HAB p A ariatiot! o -
In tHeAlRIYSHAnleHith raspecpieithe-calaly siseAndimdbdand Kiray aiffiaction

measurement was conducted. The results (the half width of a peak havin
redughonf tBpoata oSN HICH S UM AORTBRGR S0 s A8 B I IR -Hy © 1
210diffragtiondaiternnbained:hy usingiCHika aswa radiatiencseureeets, simphter, if

denoted as "half width" in Table 1, and the same also applies to Tables 2
the spreflifectipbiednatedy st dekowm Ry b e ducfirs2] %m@%’%&tmﬁ&fﬁ%@md
out &+ QRREFXIde/zINC-Mde(Waighttatia) CalenatiaMncR@IanRsbly at a temperature

(temperature/time) Half width Note A-1 50/50 400C/2.5 hr 1.06 The

in 2 {AREh bR 2 8BSt 286¢43 hr 0.76 The invention A-3 50/50 400C/3 hr

The reduction may be carried out over 2 hours.
[0022] Step (i) will be specifically described.

J In step (i), specifically, 0.75 g to 1.0 g of a catalyst as a sample are charged in a glass
reaction tube capable of measuring an inside temperature (a temperature of the inside of the
catalyst layer, measured by a thermocouple located in the middle of the height of the catalyst
layer in a glass reaction tube) and an outside temperature (a temperature of the outside of the
reaction tube, measured by a thermocouple located on the outer wall of a glass reaction tube
in the middle of the height of the catalyst layer). The glass reaction tube is appropriately
selected and used such that the height of the catalyst layer is from 0.4 to 2.0 cm.  In this way,
the catalyst is reduced by allowing the same o contact hydrogen at an inside temperature of
from 180°C 10 200°C. Since the reduction reaction is an exothermic reaction, both the inside
and outside telnpefatures are elevated. The temperature is controlied so that the higher one
of the inside and outside temperatures does not exceed 230°C.  Using hydrogen in an amount
with which the reduction can complete within two hours by diluting the same with a nitrogen
gas makes it easier to control the temperature.  The reduced catalyst thus obtained
{copper/zine oxide-containing catalyst) is recovered under a nitrogen atmosphere.

[0023] In the present invention, when the specific catalyst does not include the third
component, it is preferable to reduce the catalyst by contacting the same to hydrogen at an
inside temperature of 180°C and conirol the temperature such that the higher one of the inside
temperature or the outside temperature does not exceed 230°C, more preferably does not
exceed 210°C, and even more preferably does not exceed 200°C.

When the specific catalyst includes the third component, it is preferable to reduce the
catalyst by contacting the same to hydrogen at an inside temperature of 200°C and control the
termnperature such that the higher one of the inside temperature or the outside temperature does
not exceed 230°C, more preferably does not exceed 210°C.

[0024] (i1) Step of measuring the half width of a peak having a peak top at a position at

which a diffraction angle (2640.2°) is 43.1° 1n an X-ray diffraction pattern by measuring an
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0.72 The invention A-4 50/50 400C/3 hr 0.62 The invention A-5 50/50
400C/4 hr 0.56 The invention A-6 50/50 500C/3 hr 0.45 The invention A-7
60/40 400C/3 hr 1.05 IThe invention A-8 60/40 400C/3.5 hr 0.72 The

invention
X-ray diffraction of the catalyst in which the copper oxide has been reduced to copper

Step (ii) includes the following substeps (ii-1) and (ji-2).

[0025} (ii-1) preparing a sample for X-ray diffraction measurement of a copper/zinc oxide-
containing catalyst

A sample for X-ray diffraction measurement is prepared by sealing the copper/zinc
oxide-containing catalyst that has been reduced in step (i) in a resin.  The resin used in this
step is a clear lacquer that does not contain a pigment, which is a nitrocellulose resin
generally used for finishing of interior wood portions or wood products so that a woodgrain
pattern of the product can be seen.  One example of such a clear lacquer is CLEAR
LACQUER (trade name), manufactured by Washin Paint Co., Ltd.

[0026] When the reduced copper/zine oxide-containing catalyst is sealed in the resin, the
catalyst is used in an amount of 0.35 gto 0.4 g.  Specifically, 0.35 g 10 0.4 g of the catalyst
are weighed and transferred to an agate mortar in a nitrogen box, and 0.2 ml to 0.4 ml of
acetone are added to wet the catalyst. Then, 3.5 ml to 4 ml of the lacquer thinner is added
and the mixture is stirred in order to evaporate the solvent. Although it depends on the
atmospheric temperature, a viscous liquid suspension is obtained after 20 1ﬁinutes to 40
minutes. This suspension is applied on a glaés cell for X-ray diffraction, and dried at room
temperature overnight to form a thin film. These operations are carried out under a nitrogen
atmosphere.

[0027) (ii-2) measuring the X-Ray diffraction and the half width of the copper/zinc oxide-
containing catalyst

Next, the X-ray diffraction of the copper/zine oxide-containing catalyst obtained is
measured. The X-ray diffraction of the sample for X-ray measurement prepared in a
nitrogen atmosphere is measured under an air atmosphere using Cu and Kol as radiation
sources, and the measurement is carried out within 8 hours after placing the sample for X-ray
measurement in air.

As a result of performing the X-ray diffraction measurement of the copper/zinc
oxide-containing catalyst, peaks having a peak top at a position at which a diffraction angle
(2640.2°) is 31.5°, 34.0°, 36.0°, 43.1°, 56.4°, 62.7° or 67.7° are obtained. In the present
invention, a peak having a peak top at 43.1° is used.

[0028] The half width as mentioned herein refers to a width of a peak at a position
corresponding to 1/2 of the height of the peak obtained by X-ray diffraction measurement,
It the present invention, the half width of a peak having a peak top at 43.1° (hereinafter
sometimes simply referred to as “half width”) is measured. The half width can be typically

calculated by using a commercially available software after measuring the X-ray diffraction.
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A-9 60/40 500C/3 hr 0.47 The invention A-10 40/60 400C/3 hr 1.08 The
invention A-11 40/6Q 400C/3.5 hr 0.78 The invention A-12 40/60 500C/3
hr 0.44 The invention A-13 70/30 400C/3 hr 0.55 The invention A-14 30/70

Exemplary softwares include “RINT 2000 series application software, Analysis of Crystallite
Size and Lattice Strain”, manufactured by Rigaku Corporation.

[0029] Among various kinds of catalysts containing zinc oxide and at least one of copper and
copper oxide, copper/zinc oxide-containing catalysts obtained by the above-described method,
which show a half width of from 0.4 to 1.1 of a peak having a peak top at a position at which

a diffraction angle (26:+0.2°) is 43.1°, exhibit a high degree of activity as a catalyst in
producing propylene glycol by performing catalytic hydrogenation of glycerol.  The reason
for this is presumed to be, for example, that if the half width is less than 0.4, the contact
efficiency of the glycerol with the catalyst is poor, whereas if the half width is greater than 1.1,
reduction in the activity is caused due to destabilization of the catalyst.

[003G] When a catalyst having a half width of less than 0.4 or a catalyst having a half width
of greater than 1.1 is used, the conversion of glycerol is lowered.  Accordingly, a high
conversion of glycerol can be achieved when a coppet/zinc oxide-containing catalyst having a
half width of from 0.4 to 1.1 is used for producing propylene glycol by performing catalytic
hydrogenation of glycerol.  As a result, propylene glycol can be cbtained at high yield. The
half width is preferably from 0.5 to 1.1. '

[6031] Next, the method of producing the specific catalyst will be described.

The specific catalyst can be produced by a known process called a coprecipitation
process, an impregnation process, or a kneading process, in which at least one metal
compound including copper and at least one fnetal compound including zinc, and optionally at
least one metal compound including a metal in the third component, are used as the raw
materials. Among these, a coprecipitation process is preferable in view of favorable
dispersibility of copper.

Examples of the metal compound containing copper include a nitrate, a sulfate, a
carbonate, an acetate, a chloride, an oxide, a hydroxide, and the like, of copper.  Examples of
the metal compound inciuding zinc include a niirate, a sulfate, a carbonate, an acetate, a
chloride, an oxide, a hydroxide, and the like, of zinc. Inaddition, examples of the metal
compound including a metal contained in the third component (hereinafter sometimes referred
to as a “third metal™) include a nitrate, a sulfate, a carbonate, an acetate, a chloride, an oxide,
a hydroxide, and the like, of a third metal, as well as silica, colloidal silica, sodium silicate,
and the like.

[0032] In the production of the specific catalyst, the coprecipitation process is a process in
which, for example, a coprecipitant containing copper and zinc is produced by dropping, in
water, an aqueous solution or a dispersion containing a nitrate of copper, a nitrate of zinc, and

optionally a nitrate of third metal, silica, colloidal silica or the like, at the same time with an
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400C/3 hr 0.92 The invention A-15 30/70 500C/3 hr 0.66 The invention A
6 30/70 550C/3 hr 0.51 The invention A-17 50/50 300C/3 hr 1.51
Comparative A-18 50/50 600C/3 hr 0.32 Comparative A-l1 9 60/40 300C/3

hr 1.65

aqueous solution including a base such as sodium carbonate, and then drying and calcining
the coprecipitant. In this process, catalysts containing copper oxide/zinc oxide in various
copper/zine ratios or catalysts containing copper oxide/zinc oxide/third component in which
the third component is present at different contents can be produced by, for example,
changing the ratio of the amounts of the raw materials such as a nitrate of copper and a nitrate
of zinc.

The coprecipitant obtained in this coprecipitation process is dried and subsequently
calcined before being used in the main reaction. The drying is carried out at 100 to 120°C

for 3 to 10 hours. The calcination temperature is 300°C or higher, but preferably from 400

to 300°C for the calcination of the catalyst used in the present reaction.

[0033] The impregnation process is a process of obtaining a mixture, and drying and
calcining the same in accordance with the following steps. Examples of the method of
obtaining the mixture in the impregnation process include a method in which a mixture
containing copper and zinc, a mixture containing copper and a third metal, or a mixture
containing zine and a third metal, which can be obtained by the coprecipitation process, is
suspended in water or the like, an aqueous solution or a suspension containing a metal that
constitutes the remaining component is added therctdg and then the solvent such as water is
removed therefrom, whereby a mixture containing copper, zinc and a third metal is obtained.
[0034] The kneading process is a process of obtainiﬁ.g a mixture, and drying and calcining
the same in accordance with the following steps. Examples of the method of obtaining the
mixture in the kneading process include a method of mixing respective components that
constitute the specific catalyst being in a state of a solid or suspended in a solvent, and a
method of mixing a mixture containing copper and zinc, a mixture containing copper and a
third metal, or a mixture containing zinc and a third metal, which can be obtained by the
coprecipitation process or the like and is in a state of a solid or suspended in a solvent, with a
metal compound containing a metal that constitutes the remaining component.

The same raw materials as that described in the coprecipitation process can be used
also in the impregnation process and the kneading process.  In addition, when the mixture
obtained by the impregnation process or the kneading process is dried and calcined, the same
process carried out in the coprecipitation process can be applied.

[0035] The method of preparing the specific catalyst having a half width of from 0.4 to 1.1 is
not particularly limited, and it can be controlled by, for example, controlling the calcination
temperature or the caleination time of the catalyst obtained by the coprecipitation process or
the like.  When the calcination temperature is low or the calcination time is short, a large half
width is obtained, whereas when the calcination temperature is high or the calcination time is

5



Comparative A-20 60/40 550C/3 hr 0.37 Comparativei A-21 40/60 300C/3
hr 1.34 Comparative A-22 40/60 550C/3 hr 0.36 Comparative A-23 70/30
300C/3 hr 1.12 Comparative A-24 70/30 500C/3 hr 0.34 Comparative

A-25
long, a small half width tends to be obtained. The preferable calcination temperature and
calcination time vary depending on the composition of the catalyst or the method of preparing
the catalyst, but for example, in the case that the catalyst is obtained by a coprecipitation
process, the calcination temperature is preferably from 400°C to 500°C and the calcination
time is preferably from 2.5 hours to 6 hours, and the calcination temperature is more
preferably from 400°C to 500°C and the calcination time is more preferably from 2.5 hours to
4 hours.

Among the obtained catalysts containing zine oxide and at least one of copper and
copper oxide, the catalyst having a half width of from 0.4 to 1.1 as measured by the above-
described process is used as the specific catalyst for reaction for producing propylene glycol
by performing catalytic hydrogenation of glycerol.

[0036] Next, the step of obtaining propylene glycol by performing catalytic hydrogenation of
glycerol in the presence of the speciﬁc catalyst will be described.

The specific catalyst may be used as it is for the reaction for producing propylene
glycol by performing catalytic hydrogenation of glycerol, or may be activated by reducing the
same with hydrogen before being used for the reaction.  This reduction is typically carried
out by bringing the catéiyst into contact with a hydrogen gas at 180 t0 230°C.  The catalyst
used in the present invention may be in the form of a powder, or may be a product shaped by
a known method such as compression, tableting, extrusion, granulation, atomization, grinding,
or a method of forming into spheres in oil (see, for example, Catalyst Lecture 5, Catalyst
Design, Chapter 4, page 116, edited by the Catalysis Society of Japan, Kodansha, 1985).

The amount of the catalyst to be used is not particularly limited by the type of the
reaction, but is preferably from 0.1 to 20% by weight, and more preferably from 1 to 10% by
weight, with respect to 100% weight of glycerol.

[0037] In the method of producing propylene glycol of the present invention, propylene
glycol 1s obtained by performing catalytic hydrogenation of glycerol, and the glycerol may be
used either as it is or as a solution of water or an organic solvent.  The amount of water or
the organic solvent to be used is not particularly limited, but it is typically from 10 to 90% by
weight with respect to 100% weight of glycerol.  From the viewpoint of volume efficiency
or reaction rate, the above amount is preferably from 20 to 70% by weight.

[0038] The reactor used for the production method of the present invention is not particularly
timited, and examples thereof include a batch reactor such as an autoclave, and a continuous
reactor such as a fixed-bed catalytic reactor, a fluidized-bed catalytic reactor or a moving-bed
catalytic reactor. In view of industrial advantages, a continuous reactor is preferably used.

[ the present invention, the method of charging the catalyst into the reactor is not

10



30/70 300C/3 hr 1.95 Comparative [0053] - Reduction conditions for
catalyst A-1 and half width - A reduced catalyst was prepared by
reducing the catalyst A in the same manner as the catalyst B-1, except
that the reduction conditions for the catalyst A-1 were changed to the

te Qerﬁtu.re conditions_as shown in Table 2 below. The half width of the
pamcug%l mited as long as the reacls 1ot o

reducedta alystwas meastred” the ré8iits Are shown in Table 2. [0054]
[003Pably 2 Eiltalystaative RediciiohyCorngditions:Half hddthritnisideat a reaction
e IREISAYS, () Quisids erpneraiyie (C) A4 160 10 170000,10375 1,40,
preferably from 180°C to 210°C, either under continuous conditions or in a batch system.
By setting the reaction temperature to be 250°C or lower, increase in the amount of the side-
product can be suppressed, and the selectivity of propylene glycol can be improved.  Further,
reduction in the activity of a solid catalyst can be suppressed and the life time of the catalyst
can be extended. In addition, by setting the reaction temperature to be 150°C or higher, the
reaction rate can be increased and the production efficiency of propylene glycol can be
increased.
[0040] Further, under continuous conditions or in a batch system, the reaction (catalytic
hydrogenation) is generally carried out at a reaction pressure of from 2 MPa to 30 MPa,
preferably from 2 MPa to 15 MPa, and more preferably from 3 MPato 15 MPa. When the
pressure is within this range, the reaction rate is sufficiently high and propylene glycol can be
efficiently obtained.

During the reaction, for the purpose of controlling the reaction pressure or the like,
the reaction can be carried out in the presence of an inert gas such as nitrogen or the like in
the reaction system.

[0041] The reaction time in the batch system or the contact time of glycerol with the catalyst
in the continuous reaction is not particularly limited, but the reaction time in the batch
reaction is usually from I to 12 hours, and preferably from 2 to 10 hours. Further, the
contact time of glycerol with the catalyst in the continuous reaction is usually from 0.01 to 10
hours, preferably from 0.05 to 5 hours, and more preferably from 0.05 to 2 hours. By setting
the contact time not to be less than the lower Hmit as described above, the reaction rate of
glycerol can be increased and the process of separation/recovery of the reaction product can
be more efficient. In addition, by setting the contact time not to be more than the upper limit
as described above, the production efficiency of propylene glycol can be increased.

[0042] Since the specific catalyst is used in the method of producing propylene glycol of the
present invention, a high yield can be achieved, and propylene glycol can be produced
efficiently in industrial production. Further, the facilities can be minimized and the
purification load after the reaction can be reduced. Moreover, if the reaction (catalytic
hydrogenation) is carried out in a liquid phase, propylene glycol can be produced from
glycerol at high yield without vaporizing the glycerol. However, the catalytic hydrogenation
of glycerol can be carried out by catalytic hydrogenation in which glycerol is vaporized. In

addifion, it is also possible to carry out a process of removing poison in catalysis from
11



[0055] Example 24 g of glycerol, 6 g of distilled water, and 1.2 g of
catalyst A-1 were weighed and charged in a 100-ml autoclave made of
SUS316 equipped with an electromagnetic rotation-induced stirring
device. The inside of the autoclave was substituted with nitrogen (10

times), and then, substitued with hydrogen (10 MPa x5 times), and . .
LR e s A
hydteapeanpéchne the autoclave was sealed. While the reaction solution

containing the catalyst in the autoclave was stirred at a stirring rate of 450
rpm, the autoclave was heated to 200C to cause catalytic hydrogenation
reaction. 12 hours later, the heatirighivE8-Efopped and the autoclave was

[oosgturally:qegled Vhen henside e peratiire;of fae RUOglaye WS e ference to

decreased to 30C or lower, the inside was substituted with nitrogen and
the FRamRt YRR e HEE IR R ARV S RAS SRRV O B TISaSEERIERE Py -T2y

difffitanationhasddie ebiainatraactianisolionwasanalyzeddyiaesns:hxide,
hromat?graphy. The conyersion of glycerol was 86.4% and the yield

RIN%? E @%V%’a ARACGARE S S 05 T ExENAIEE 590 66" &t b mparatige: and
for thxareplesida 8 half Rrepyleusiglyond was oiginedobys PRHETWI!ysis of

lytic reduction of glycerol (catalytic hydrogenation reaction) by th
Cry R NN YD G Bt SRS RS BNGRAS e e
convastead Df lgataly stdicipiBdample tictbeloariversionl ofiglyd rotand the
iel ropyl lycol ar own | 3..[0057] Tahle 3, Catalyst
b N B e b o10)

Corxatrpledun: HBE8QAV804 mmmpteredAsp Az iten0Te6i®6]6gics, detector: FID).
[0044} <Preparation example of catalyst 1>

- Preparation of copper oxide/zinc oxide (50/50 (% by weight)) catalyst and
measurement of half width -

(a) Preparation of catalyst A-1 (copper oxide/zine oxide (50/50 (% by weight)))

Copper nitrate trihydrate (22.8 g) and zinc nitrate hexahydrate (27.5 g) were
dissolved in distilled water to obtain 300 ml of an aqueous solution (hereinafter abbreviated as
“aqueous solution B”). Meanwhile, anhydrous sodium carbonate (25.7 g) was dissolved in
distilled water to obtain 450 ml of an aqueous solution (hereinafter abbreviated as “aqueous
solution C”).  Then, the agueous solution B and the aqueous solution C were respectively
dropped into 150 m] of distilled water while vigorously stirring the same at a rate of 3 mU/min,
and the obtained precipitates were collected by filtration and washed with 400 m] of distilled
water four times. The obtained solid was dried at 110°C for 3 hours and calcined at a
temperature of 400°C for 2.5 hours in air.  From the elemental analysis values of the
obtained solid, it was found that the solid was copper oxide/zinc oxide (50/56 (% by weight))
(hereinafter abbreviated as “catalyst A-17),
[0045] (b) Reduction of catalyst A-1

The catafyst A-1 above (0.75 g) was weighed and charged into a quartz glass tube
having an inner diameter of 14 mm and an outer diameter of 20 mm. Under a nitrogen gas
stream, the temperature was elevated such that the inside temperature was 185°C and the
outside temperature was 188°C. A gas mixture of nitrogen gas (15 ml/min) and hydrogen
gas (4.5 mi/min) was allowed to flow for (.5 hours. Thereafter, a gas mixture of nitrogen

gas (15 ml/min) and hydrogen gas (9 mi/min) was further allowed to flow for 1.5 hours,
12



Example 3 A-3 0.72 91.4 85.8 Example 4 A-4 0.62 91.2 86.1 Example 5
A-50.56 90.3 84.9 Example 6 A-6 0.45 84.1 80.1 Example 7 A-7 1.05
81.3 75.7 Example 8 A-8

whereby a copper/zine oxide catalyst (hereinafter simply referred to as catalyst B-1) was
obtained, During the reduction, the inside temperature was from 185 to 195°C and the
outside temperature was from 188 to 195°C.  The catalyst B-1 was recovered in a nitrogen
box.

[0046] (c) Preparation of sample for X-ray diffraction measurement

In a nitrogen box, 0.35 g of the catalyst B-1 above was weighed and placed in an
agate mortar. 0.5 ml of acetone were added to wet the catalyst, and then 3.0 ml of CLEAR
LACQUER (trade name, manufactured by Washin Paint Co., L.td.) were added thereto.

After stirring the mixture for 30 minutes, a viscous suspension was obtained.  This
suspension was applied on a glass cell for X-ray diffraction measurement, and dried overnight
in the nitrogen box.

[0047] (d) X-ray diffraction measurement

The obtained sample for X-ray diffraction measurement of the catalyst B-1 was taken
out from the nitrogen atmosphere, and X-ray diffraction measurement was conducted in air.
Thereafter, the half width of each peak was measured. The half width of a peak having a
peak top at a diffraction angle 26=43.1° was 1.06.

[0048] - Reproducibility of half width -

The procedures described as (b) to (d) above were carried out for four samples
obtained by using the catalyst A-1.  Thereafter, the X-ray diffraction of the four samples Iwas
measured, and the half width of a peak having a peak top at a diffraction angle 20=43.1° was
measured. The half widths of the samples were 1.03, 1.05, 1.08, and 1.06, respectively,

From the results as described above, it was found that the substantially same half
width of a peak having a peak top at a position at which a diffraction angle 28=43.1 was
observed when X-ray diffraction measurement was carried out for a copper/zinc oxide
catalyst obtained by reducing a copper oxide/zine oxide-containing catalyst,

[0049] <Preparation example of catalyst 2 >

(a) Preparation of catalyst A-23 (copper oxide/zinc oxide (70/30 (% by weight))

Copper nitrate trihydrate (31.9 g) and zine nitrate hexahydrate (16.5 g} were
dissolved in distilled water to obtain 300 ml of an aqueous solution (hereinafter abbreviated as
“aqueous solution B*). Meanwhile, anhydrous sodium carbonate (25.8 g) was dissoived in
distilied water to obtain 300 ml of an aqueous sofution (hereinafier abbreviated as “aqueous
solutton C’”).  Then, the agueous solution B’ and the aqueous solution C” were respectively
dropped into 150 ml of distilled water while vigorously stirring the same at a rate of 3 ml/min,
and the obtained precipitates were collected by filtration and washed with 300 ml of distilled

water four times. The obtained solid was dried at 110°C for 3 hours and calcined at a
13
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temperature of 300°C for 3 hours in air, whereby a catalyst A-23 of copper oxide/zinc oxide
(70/30 (% by weight)) was obtained.
[0050] <Preparation example of catalyst 3>

(a) Preparation of catalysts A-2 10 A-22, A-24 and A-25

Catalysts A-2 to A-22, A-24, and A-25 were obtained in the same manner as the
catalyst A-1, except that the ratio of copper oxide and zinc oxide, the calcination temperature,
and the calcination time were changed to the values as shown in Tabie | below.
[0051] Further, catalysts B-2 to 25 were prepared by carrying out the same operation as that
carried out in the preparation of catalyst A-1 with respect to the catalysts A-2 to 25, and X-ray
diffraction measurement was conducted. The results (the half width of a peak having a peak
top at a position at which a diffraction angle 28 is 43.1° in the X-ray diffraction pattern
obtained by using Cull.o. as a radiation source is simply denoted as “half width™ in Table 1,

and the same also applies to Tables 2 to 5 described later) are shown in Table 1.
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80.7 Example 14 A-14 0.92 76.3 72.7 Example 15 A-15 0.66 74.2 71.6
Example 16 A-16 0.51 65.3 60.7 Comparative Example 1 A-17 1.51 64.1
59 Comparative Example 2 A- 1 8 0.32 64.8

[0052] Table I

Catalyst Copper oxide/zinc Caicin?tion
e oxide (weight ratio) conditions Half width Note
(temperature/time)

A-l 50/50 400°C/2.5 hr 1.06 The invention
A2 50/50 400°C/3 hr 0.76 The invention
A-3 50/50 400°C/3 hr 0.72 The invention
A-4 50/50 400°C/3 hr 0.62 The invention
A-5 50/50 400°C/4 hr 0.56 The invention
A-~6 50/50 500°C/3 hr 0.45 The invention
A7 60/40 400°C/3 hr 1.05 The invention
A-8 60/40 400°C/3.5 hr 0.72 The invention
A-9 60/40 500°C/3 hr 0.47 The invention
A-~10 40/60 400°C/3 hr 1.08 The invention
A-11 40/60 400°C/3.5 hr 0.78 The invention
A-12 40/60 500°C/3 hr 0.44 The invention
A-13 70/30 400°C/3 hr 0.55 The invention
A-14 30/70 400°C/3 hr 0.92 The invention
A-15 30/70 500°C/3 hr 0.66 The invention
A-l6 30/70 550°C/3 hr 0.51 The invention
A-17 50/50 300°C/3 hr 1.51 Comparative
A-18 50/50 600°C/3 hr 0.32 Comparative
A-19 60/40 300°C/3 hr 1.65 Comparative
A-20 60/40 550°C/3 hr 0.37 Comparative
A-21 40/60 300°C/3 hr 1.34 Comparative
A-22 40/60 550°C/3 hr 0.36 Comparative
A-23 70/30 300°C/3 hr 1.12 Comparative
A-24 70/30 500°C/3 hr 0.34 Comparative
A-25 30/70 300°C/3 hr 1.95 Comparative

[0053] - Reduction conditions for catalyst A-1 and half width -

A reduced catalyst was prepared by reducing the catalyst A in the same manner as the

catalyst B-1, except that the reduction conditions for the catalyst A-1 were changed to the
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A-20 0.37 72.3 67.2 Comparative Example 5 A-21 1.34 70.6 66.4
Comparative Example 6 A-22 0.36 71.8 66.1 Comparative Example 7

temperature conditions as shown in Table 2 below.  The half width of the reduced catalyst
was measured. The resulis are shown in Table 2.

[0054] Table 2

Reduction conditions
Catalyst name Inside temperature Outside temperature Half width
Q) s
160 to 170 160t0 175 1.40
At 215 t0 225 220 10 230 0.83

{0055} Example 1

24 g of glycerol, 6 g of distilled water, and 1.2 g of catalyst A-1 were weighed and
charged in a 100-ml autoclave made of SUS316 equipped with an electromagnetic rotation-
induced stirring device.

The mside of the autoclave was substituted with nitrogen (10 MPa X 5 times), and
ithen substitued with hydrogen (10 MPa X5 times), and finally filled with hydrogen until the
inside pressure was 10 MPa at room temperature, and the autoclave was sealed.  While the
reaction solution containing the catalyst in the autoclave was stirred at a stirring rate of 450
rpm, the autoclave was heated to 200°C to cause catalytic hydrogenation reaction. 12 hours
iéter, the heating was stopped and the autoclave was naturally cooled.  When the inside
temperature of the autoclave was decreased to 30°C or lower, the inside was substituted with
nitrogen and the autoclave was opened. The catalyst was removed from the content by
filteration, and the obtained reaction solution was analyzed by means of gas chromatography.
The conversion of glycerol was 86.4% and the yield of propylene glycol was 80.4%.

[0056] Examples 2 to 16 and Comparative Examples 1 to 9

Propylene glycol was obtained by performing catalytic reduction of glycerol
(catalytic hydrogenation reaction) by the same method as in Example 1, except that catalysts
A-2 to 25 were used instead of catalyst A-1 in Example 1. The conversion of glycerol and

the yield of propylene glycol are shown in Table 3.
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A-23 1.12 53.6 49.1 Comparative Example 8 A-24 0.34 72.8 66.6
Comparative Example 9 A-25 1.95 49.8 46.6 [0058] From Tables 1 and 3,
it was found that the copper oxide/zinc oxide-containing catalyst having a
half width of from 0.4 to 1.1 exhibited a high conversion of glycerol. It
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[0058} From Tables 1 and 3, it was found that the copper oxide/zinc oxide-containing

cataiyst having a half width of from 0.4 to 1.1 exhibited a high conversion of glycerol.
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(a) Preparation of catalyst A-26 (copper oxide/zinc oxide/silica (50/40/10
(% by weight))) Copper nitrate trihydrate (38.0 g), zinc nitrate
hexahydrate (36.6 g), and 12.5 g of colloidal silica (manufactured by
Nissan Chemical Industries, Ltd., SNOWTEX 0, silica concentration: 20%
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temperature/time) Half width Note A-26 CuO/Zn0O/Si02 (50/40/10) 400C/3
hr 210 to 220C/2 hr 0.95 The . . invention A-27 CuO/Zn0O/Si02 (50/40/10)
500C/3 hr 210 to 220C/2 hr 0.73 The . . invention A-28 CuO/ZnO/Si02
(50/35/15) 400C/3 hr 210 to 220C/2 hr 0.88 The . . invention A-29

500 &PQ/ZHEQQS&% &?e%%?a@tgr) abbreviated as “dispersion D”).  Meanwhile, an aqueous
solution of anhydrous sodium carbonate (32.7 g) was dissolved in distilied water, thereby
preparing 500 ml of an aqueous solution (hereinafter abbreviated as “aqueous solution E™),
Then, the dispersion D and the aqueous solution E were dropped at the same time into 300 ml
of distilled water at a rate of 3 ml/min while vigorously stirring, thereby causing a reaction.
The obtained precipitate was collected by filtration and washed with distilied water. The
obtained solid was dried at 110°C for 3 hours and calcined at a temperature of 400°C for 3
hours in air. From the elemental analysis values of the obtained solid, it was found that the
solid was copper oxide/zinc oxide/silica=50/40/10 (% by weight) (hereinafter abbreviated as
“catalyst A-26"),
[0064] (b) Reduction of catalyst A-26

The catalyst A-26 above (0.75 g) was weighed and charged in a quartz glass tube
having an inner diameter of 14 mm and an outer diameter of 20 mm. While allowing a
nitrogen gas to flow, the temperature was elevated so that the inside temperature was 216°C
and the outside temperature was 215°C. A gas mixture of nitrogen gas (15 ml/min) and
hydrogen gas (4.5 ml/min) was allowed to flow for 0.5 hours. Thereafter, a gas mixture of
nitrogen gas (15 ml/min) and hydrogen gas (9 mi/min) was further allowed to flow for 1.5
hours, thereby obtaining a copper/zinc oxide/silica catalyst (hercinafter simply referred to as
catalyst B-26). During performing the reduction, the inside température was from 210 to
220°C and the outside temperature was from 215 to 225°C.  The catalyst B-26 was
recovered in a nitrogen box.
[0065] (c) Preparation of sample for X-ray diffraction measurement

In a nitrogen box, 0.35 g of the catalyst B-26 above was weighed and placed in an
agate mortar. 0.5 ml of acetone were added to wet the catalyst, and then 3.0 ml of CLEAR
LACQUER (trade name, manufactured by Washin Paint Co., Ltd.) was further added thereto.
After stirring the mixture for 30 minutes, a viscous suspension was obtained. The
suspenston was applied on a glass cell for X-ray diffraction measurement, and dried overnight
in the nitrogen box,
[0066] (d) X-Ray diffraction measurement

The obtained sample for X-ray diffraction measurement of the catalyst B-26 was
taken out from the nitrogen atmosphere, and X-ray diffraction measurement was conducted in
air.  Thereafter, the half width of each peak was measured.  The half width of a peak having
a peak top at a diffraction angle 26=43.1 was 0.95.
[0067] <Preparation example of catalyst 5>

{a) Preparation of catalysts A-27 to A-30
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400C/3 hr 210 to 220C/2 hr 0.86 The invention A-30 Cu0O/Zn0O/Si02

(40/50/10) 400C/3 hr 210 to 220C/2 hr 1.04 The invention A-31

CuO/ZnO/Fe203 (45/45/10) 400C/3 hr 210 to 220C/2 hr 0.76 The ..

invention A-32 CuO/ZnO/Mg0 (45/45/10) 400C/3 hr 210 to 220C/2 hr 1.06

Th%ata]ys‘ts A-27 to A-30 shown in Table 4 were obtained in the same manner as the

preparation of the catalyst A-26, except that the ratio of copper oxide, zinc oxide, and

colloidal silica, the calcination temperature, and the calcination time were changed to the

values as shown in Table 4 below.

For the obtained catalysts A-27 to A-30, a reduction treatment was catried out in the

same manner as the catalyst A-26, and the half width of each catalyst was measured. The

results are shown in Table 4.

[0068] Table 4

Catalyst Calcination Reduction
Catalyst _ ) Hall
compaosition condition condition (inside Note
name width
(weight ratio) | (temperature/time) | temperature/time)
CuQ/Zn0/S510, The
A-26 400°C/3 nr 21010 220°C/2hr | 0.95 ‘
(50/40/10) invention
Cu/Zn(y/Si0; The
A-27 500°C/3 hr 210t0 220°C/2 hr | 0.73
(50/40/10) invention
CuO/Zn0/Si0, The
A-28 400°C/3 hr 21010 220°C/2hr | 0.88 )
(50/35/15) invention
CuG/Zn0/Si0, The
A-29 400°C/3 hr 21010 220°C/2hr | 0.86 |
(60/306/10) invention
Cu0/7n0O/8510, The
A-30 4060°C/3 hr 21010 220°C/2 hr | 1.04
(40/50/10) invention
CuO/Zn0O/Fer, 05 The
A-31 400°C/3 hr 210to 220°C/2 hr | 0.76
(45/45/1h invention
CuO/ZnO/MgO The
A-32 400°C/3 hr 21010 226°C/2hr | 106 |
(45/45/10) invention
CuO/Zn0/Si0, The
A-33 400°C/3 hr 21010 220°C/2hr | 0.83
(45/45/10) invention

[0069] <Preparative Example 6 of Catalyst>

(a) Preparation of catalyst A-31 (copper oxide/zine oxide/iron oxide (45/45/10 (% by

weight)))

Copper nitrate trihydrate (13.7 g), zinc nitrate hexahydrate (16.5 g), and ferric nitrate

nonahydrate (5.1 g) were dissolved in distilled water to obtain 300 ml of an aqueous solution

(heremnafter abbreviated as “aqueous solution ¥7).

Meanwhile, anhydrous sodium carbonate

(25.8 g) was dissolved in distilled water to obtain 300 ml of an aqueous solution (hereinafter
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invention A-33 CuO/Zn0O/Si02 (45/45/10) 400C/3 hr 210 to 220C/2 hr 0.83

The . invention [0069] <Preparative Example 6 of Catalyst> (@)

Preparation of catalyst A-31 (copper oxide/zinc oxide/iron oxide (45/45/10

(% by weight))) Copper nitrate trinydrate (13.7 g), zinc nitrate
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-catalyst ﬁ ). C
Asa 3bef/’up\zé)r%r%‘l d)‘%lﬁlglé‘%arﬁg ocedure as that carried out for the catalyst
[00704- 26 repdaX veayxdiffebctibontmigastirement was carried out. As a result, the

half widlth was 0.76. [0070,) sPreparative example of catalyst 7> . (a)

P SR e e Riga B0
(%o by 45745110 (% by weight))) A catalyst of copper oxide/zinc

oxige/ (=] ' ' - i reviate
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di the sgﬁmet ri zd re as that carried out for the catalyst A-31. Catalyst

sodivg Q0K %F % GHY e SEtRim PRI p s By Soaite fscpariat carried
out fcsameeprbcedutd as that carried out for the catalyst A-26, and X-ray

di i surement was carried out. As a result, half width was

e e B T e i B some
procegatafrsthat 8@ icd e Fuotiterzinly BXiddsilich{45S A (Gorbm susightiht was
Carrie@ggperﬂtgq@gfgmgrﬂg (137 Q)apdzinc nitrate hexahydrate (18.3 g)

were dissolved in distilled water to obtain 300 ml of an aqueous solution
10071 I slamrsmriidubravmitedf s82h§u8bus solution H"). Meanwhile, anhydrous
sodivntparbenate (Aiadorwas cissalvastingistiladwates to:obiaip 398y
wei hn?i)of an aqueous solution (hereinafter abbreviated as "agueous solution
&Nl Then, the aqueous solution H and the aqueous solution J were
dréjppecr intioal50i hydaftelistilzd waterinhilervig asauisiyhatiing Bt porate of 3
. lirain;. ively. The .obtained precipitates were collected by filtration
s e S A S o Lo F P ORI LB ed e
“aqueqigsselitedrall 10 CNer B Hdlgrsnhy drii thissolidyreoltoidd!7slligav2s8igsolved in
distilSRAge | igma-Aldrich. Corporation
,xaqghﬁﬁtmﬁaﬂa@%%ﬁﬁﬁéﬁ%é&“%%“év%%‘eﬁf%ﬁo%g e e e
solutigfidrdugAREmitER IR FiRitE WA S ke dgHcrb R Rt b 2afes Waingddnto 150

ml of digmeter ek 3w vikkiee AhIdPEntosS hauss and/calicnedat AG0C far.3
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To this solid, colloidal silica (2.8 g, trade name, LUDOX AS-40 (manufactured by

Sigma-Aldrich Corporation), xanthan gum (1.0 g), and distilled water (10.5 g) were added,
and thoroughly mixed. The mixture was extruded through a nozzle having a diameter of 3
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The catalyst A-33 was pulverized, subjected to measurement of a half
width, and used for catalytic hydrogenation. Catalyst 8-33 was
prepared from the catalyst A-33 by performing the same procedure as that
carried out for the catalyst A-26, and subjected to X-ray diffraction
easurement. As a result, the half wid 0.83. [0072] Ex le 19
o o e AT b P eaabr SR oo Y R bihg amens!
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93.2%, and the vield of propylene glycol per volume of atalyst-filled.

o B R e oL B S 0 s
tube widls Bubjestdaue: cadytivthydro fEpdtiorhwithchmpliraged dr t9ezgament)) shown
: i catal A-27 to A-33 shown in .

i o B S R R R N e
of frogpe shdwia #E TAblers: j0024] Eharsrsler2the cataly fixglededroontimsdusted to

ofeacH Ice, 1 tell 6 having a reaction tube with an
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_Catalyst name Half width Reaction température (C) Conversio ycero
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was collected over 1 hour, and the collected solution was analyzed. The conversion of
glycerol was 99.8%, the yield of propylene glycol was 90.6%, and the yield of propylene
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0.95 195 97.4 93.2 Example 20 A-27 0.73 195 92.1 88.1 Example 21 A-28
0.88 195 83.9 82.1 Example 22 A-29 0.86 195 85.9 79.1 Example 23 A-30
1.04 195 99.3

glycol per volume of the catalyst-filled portion per hour was 0.45 kg/L/hr.

Example 28
[0075] A fixed-bed continuous reaction device made of Hastelloy C276 having a reaction
tube with an inner diameter of 9 mm was filled with the catalyst A-26 (5.0 g (5.9 ml)) shown
in Table 4, and hydrogen was allowed to flow at-a rate of 20 ml/min at a temperature of from
210°C to 225°C for 2 hours.  Thereafter, the catalyst-filled portion was heated to 180°C.
To this catalyst-filled portion, an 80% by weight aqueous glycerol solution and hydrogen
were supplied at 3 g/hr and 50 ml/hr (hydrogen/glycerol supply molar ratio=5.2/1),
respectively, and this was allowed to initiate reaction. During the reaction, the inside
pressure of the reaction tube was kept at 5 MPa.  Five hours later, a solution flowing out of
the reaction tube was collected over I hour, and the collected solution was analyzed. The
conversion of glycerol was 83.6%, the yield of propylene glycol was 81.5%, and the yield of
propylene glycol per volume of the catalyst-filled portion per hour was 0.41 kg/L/hr.
[0076] Table 5

Reaction Conversion of Yield of
Catalyst
Half width temperature glycerol propylene
name

*C) (%) glycol (%)
Exampie 19 A-26 0.95 195 97.4 93.2
Example 20 A-27 0.73 195 92.1 88.1
Example 21 A-28 0.88 195 83.9 82.1
Example 22 A-29 0.86 195 85.9 79.1
Example 23 A-30 1.04 195 99.3 95.0
Example 24 A-31 0.76 195 91.9 88.6
Example 25 A-32 Lo6 195 86.0 82.5
Example 26 A-33 0.83 195 99.5 95.2
Example 27 A-26 0.95 220 99.8 90.6
Example 28 A-26 0.95 180 83.6 81.5

[0077] From the results above, it was found that the conversion of glycerol and the yield of
propylene glycol of a copper oxide/zinc oxide catalyst-containing showing a half width of

from 0.4 to 1.1 of a peak having a peak top at a diffraction angle 26=43.1° are high, and as a
result, the yield of propylene glycol per unit volume and unit time of the catalyst-filled layer

(space time yield) is high.




95.0 Example 24 A-31 0.76 195 91.9 88.6 Example 25 A-32 1.06 195 86.0
82.5 Example 26 A-33 0.83 195 99.5 95.2 Example 27 A-26 0.95 220 99.8

90.6 Example 28 A-26

CLAIMS

1. A method of producing propylene glycol, the method comprising:

obtaining propylene glycol by performing catalytic hydrogenation of glycerol in the
presence of a catalyst,

the catalyst comprising a first component containing at least one of copper and copper
oxide and a second component containing zinc oxide, and

the catalyst, after being reduced at 180°C to 230°C in the presence of hydrogen,
showing a half width of from 0.4 to 1.1 of a peak having a peak top at a position at which a
diffraction angle (2620.2°) is 43.1° in an X-ray diffraction pattern obtained using CuKo as a

radiation source.

2. The method of producing propylene glycol according to claim 1, wherein a
weight ratio of the first component to the second component ((total weight of copper and

copper oxide)/(weight of zine oxide)) in the catalyst is in a range of from 30/70 to 70/30.

3. The method of producing propylene glycol according to claim 1 or 2, wherein a
weight ratio of the first component to the second component ({total weight of copper and

copper oxide)/(weight of zinc oxide)) in the catalyst is in a range of from 40/60 to 60/40,

4. The method of producing propylene glycol according to any one of claims 1 to 3,
the catalyst further comprising a third component other than copper, copper oxide and zinc

oxide,

5. The method of producing propylene glycol according to claim 4, wherein a

content of the third component in the catalyst is 25% by weight or less,

6. The method of producing propyiene glycol according to claim 4 or 3, wherein the

third component is at Jeast one selected from silica, iron oxide or magnesium oxide.

7. The method of producing propylene glycol according to any one of claims 1 to 6,
wherein the catalyst has been subjected to a calcination freatment at a calcination temperature

of from 400°C to 500°C for a calcination time of from 2.5 hours to 6 hours.

8. The method of producing propylene glycol according to any one of claims 1 to 7,
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0.95 180 83.6 81.5 [0077] From the results above, it was found that the
conversion of glycerol and the yield of propylene glycol of a copper
oxide/zinc oxide catalyst-containing showing a half width of from 0.4 to 1.1
of a peak having a peak top at a diffraction angle 20=43.1 are high, and as
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catalyst-filled layer (space time yield) is high. CLAIMS 1. A method of

to 3OMBY & prapifareyp et el Frrethbt) domiftising: obtaining
propylene glycol by performing catalytic hydrogenation of glycerol in the
presence of a catal _the catalyst comprising a first component

st, _ .
containitty SISO REIPEBS FEPRITE ShIY Bssae madoridohdvherein the

catz GEPANRSALCOBAINING ZNG RYGRANE: at a tagcGalalySkAler BEING o 30 MPa
reduced at 180C to 230C in the presence of hydrogen, showing a half

and & RSP ATRRGUES L 1767al pedk4iving a peak top at a position at which
a diffraction angle (200.2) is 43.10 in an X-ray diffraction pattern obtained
using CuKa as a radiation source. 2. The method of producing
propylene glycol according to claim 1, wherein a weight ratio of the first
component to the second component ((total weight of copper and copper
oxide)/(weight of zinc oxide)) in the catalyst is in a range of from 30/70 to
70/30. 3. The method of producing propylene glycol according to
claim 1 or 2, wherein a weight ratio of the first component to the second
component ((total weight of copper and copper oxide)/(weight of zinc
oxide)) in the catalyst is in a range of from 40/60 to 60/40. 4. The
method of producing propylene glycol according to any one of claims 1 to
3, the catalyst further comprising a third component other than copper,
copper oxide and zinc oxide. 5. The method of producing propylene
glycol according to claim 4, wherein a content of the third component in
the catalyst is 25% by weight or less. 6. The method of producing
propylene glycol according to claim 4 or 5, wherein the third component is
at least one selected from silica, iron oxide or magnesium oxide. 7.
The method of producing propylene glycol according to any one of claims
1 to 6, wherein the catalyst has been subjected to a calcination treatment
at a calcination temperature of from 400C to 500C for a calcination time of
from 2.5 hours to 6 hours. wherein the catalytic hydrogenation of glycerol
is carried out at a reaction pressure of from 2 to 30 MPa and a reaction
temperature of from 150 to 250C. 9. The method of producing
propylene glycol according to claim 8, wherein the catalytic hydrogenation
of glycerol is carried out at a reaction pressure of from 2 to 30 MPa and a
reaction temperature of from 180 to 220C.
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