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SENNEHAA XUMUA U
NMPOMbBIWWJIEHHAA SKONOIMMA

[lepmuHoBa U.B.



[MTPOMBbILLJTEHHASA 9KOJ10I NS
KAK MOMEHSITb NIOXUE NPUBbLIYKA?

lMpuBbIiyHOe cTapoe: U3 KHUrn «Actopus amepmKaHCKoOun
XUMUYECKOU npombilurieHHocTu» (aBTop - W. Haynes, Van
Nostrand Publishers, 1954):

“Ilo onpepeneHUro, Kaxabin NOOOYHbLIU NPOAYKT
XUMUYECKOro Npou3BoACTBaA, KOTOPbIN HESNb3A NpoAaTh,
aBnaetcsa orxoaom. CaMmbIM fy4ylWwIUM cnocobom ero
yTUNnN3auum ABNAeTCcH BbIOPOC B TPYOY UMK CNyCK B PeKy»

Takoe OTHOLUeHUe K NPOM3BOACTBY CO34ario MHOIro
npo6nem 3arpsa3HeHus Bo Bcex cpepax, a UMEHHO:

e 3arpsi3HeHHas Boaa

e 3arpsisHeHHbIN BO34QyX
 BpeaHble BO3aencTBmMa Ha OuoTy
 OnacHble ycnoBus nponsBoacTBa
 HapyweHHas reocdepa

e 3aXOPOHEHUSA OMNMacCHbIX OTXO40B
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OBPALLUEHMUE C 3AITPA3HEHUEM N OTXOOAMU

3aKkoHo4aTeNbLCTBO U HOpMaTUBHbIE aKTbl Ao 1970 no
3arpsi3HEHUKO U OTXOAaM:

°* B OCHOBHOM, KOMaHAHO-3anpeTuTesNbHble Mepbl
° NPEeUMyLLEeCTBEHHO, YCTPaHEeHMe y)Xe HaHeCEeHHOro
ywepoa

JTO noaxoAabl ObINM AOCTAaTOYHO 3P hEeKTUBHBLI, HO:

* He camble onTUMarbHbIe U goporue

Heobxoaum ropasno 6onee acpchpekTMBHLIU U
camMmoperynmpyrowmmncsa noaxon
 [lpombliwlsieHHaA 3KONorus

e 3eryieHaaA XMMus



3eneHaa XxmMmusa

OMPEAOENEHUE

3eneHas Xumusa — 3To pa3paboTKa, NPOU3BOACTBO U
NPMMEHEeHUEe XMMMUYECKNX NPOAYKTOB, OCHOBAHHbIE Ha
NPMHUMNAX MUHMMMU3ALUMUM UCMONb30BAHUA U FreHepaumu
BpeAHbIX BELLECTB

NPEAMET 3EJIEHOU XMW

e MuHMMM3aLUA OTXOA0B «B 3apoabllue»

* Ucnonb3oBaHue KaTa/aM3aTOPOB BMECTO peareHToB
* Ucnonb3oBaHMe HETOKCUYHbIX peareHToB

* Ucnonb3oBaHne BO306HOBAAEMbIX pecypcoB

e Co3paHue 6e30TX04HbIX NPOL,EeccoB

* Ucnonb3oBaHue cuctem 6e3 pacrtsoputeneit UAU € 3KONOrMYECKU YUCTbIMMU
pacTBopuUTENAaMM



3EJIEHAA XUMUA >

3eneHas xuMus npencTaBnseT cobon noaxoa K peanusaumm XuMMYeCcKon Hayku
N TeXHONOrMu B pamMKax NPoMbILLNEHHOW 3KOJIOrun, KOTOpbIA XapakTtepusyeTtcs
6e30nNacHOCTbLI0 U MUHUMMU3ALMEN 3arpsi3HEHUS, NOTpebnsieT MUHMMarnbHbIEe
KonuyecTBa MaTepuasrioB U 3Hepruu nytemMm mMasno — unu 6e3oTxoaHoro
nponsBoAcTBa, MUHUMU3NPYET UCMONb30BaHUe U NoJly4YeHne onacHbIX
BeleCcTB U He BbiOpacbiBaeT AaHHble BellecTBa B OKPYXXaloLLyo cpeay

conditions,

catalysts

Reaction
Renewable
energy \

Control

Renewable
feedstocks

~
No waste Degradability



[1BeHaaLaTb NPUHLMUMNOB 3e5IeHOU XUMUKn

1. MMUHMMHM3auus oTxonos

2. MakcumanbHasa 6e30nacHOCTb XUMUYECKUX NMPOAYKTOB
3. MMHMMKM3auma Bpeaa XMmMnM4eCcKoro npousBoacTea
4. Acnonb3oBaHue BO30OOHOBIAEMOro Cbipbs

5. A\cnonb3oBaHUe KaTanu3a gna onTuMm3auum Bbixoaa v
MUWHUMMU3ALUUN NOOOYHbIX peaKLnn

6. U3beraTtb nony4vyeHmne xmmMmmyeCcKmnx npon3BoaHbIX (Taknx
Kak 6roKupyowme rpynnbil)

7. MakcuMmanbHaa 3KOHOMMUS aTOMOB
8. Acnonb3oBaHue Ge30nacHbIX peakuMOHHbIX cpen
9. MakcumanbHaga 3HepreTuyeckasa 3 heKTUBHOCTb

10. HanpaBneHHbIN ANn3anH 6MOPa3NOKUMbIX XUMUKATOB U
NPOAYKTOB

11. HenpepbIBHbIK MOHUTOPUHI U KOHTPOJSIb XUMUYECKUX
npoueccoB ANA YMEHbLUeHNA OTXO40B U 3arpA3HeHus

12. MMHUMU3aALMA ONACHOCTU XMMNYECKUX aBapuu 3a cYeT
MCMNOJIb30BaHUSA NPOLLECCOB, KOTOPble OCHOBaHbI Ha
NPUMEHeHNN B3PbIBO- U NOXapo-6e3onacHbIX maTepuarnosn



MuHnmusauma PuckoB: OnacHocTb n Bpems
Bo3agencreus

[Ba pakTopa npu oueHKe PUCKOB:

« OnacHoCTbL MaTtepuana unu npouecca

‘Bpemsa BozgencTeumsi, KOTOPOMY NoaBepriancb AN UK
apyrve dnonornyeckue ob6bLeKTbl

Puck = F{onacHoCTb X Bpemsi BO34eNcTBuUsA}

* YMeHblLUeHne onacHOCTU OTHOCUTCSH K boree
npeanouYTUTENbLHOMY noaxoay

U3berante unm MUHUMU3NPYUTE NPUMEHEHME:

. Taxenbix metannoB ° [lepCUCTEHTHbIX
OpraHn4YecKkux coeguHeHumn
. JleTyunx opraHmM4yeckmx coeguHeHUn

Puck ot He NMPUHATUA PUCKA

eLlenbin paa npoueccoB ONacHbIN, HO BaXXeH Ans
MHAOYCTpPUarbHOro obwecrtea — HU4Yero He
npegnpuHUMaeTcsl
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NMPEOOTBPALLEHUE NMPOU3BOACTBA OTXOO0B
U SEJIEHAA XUMUA

« dyHaamMeHTanbHas 3agava 3eyieHOM XUMUU — 3TO
COKpalleHne oTXo40B

e [Opa3no ny4we cCokpaTUTb OTXOAbl, YeM 3aHUMaTbLCH
OUYMCTKOM nocre 3arpsa3HeHus

* [[pumMeHeHMe NPUHLUNNOB 3efIeHOW XMMMM Ha NMpPaKTUKe
O3HauvaeT



Bbixoa peakumm n 3IKOHOMMUA aTOMOB

Yield (Bbixopn) is the degree to which a chemical reaction or
synthesis goes to completion

. Example: If a chemical reaction indicates 100 g
product, but only 85 g produced, the yield is 85%
. A high-yield reaction may still generate significant

quantities of byproduct
Green chemistry emphasizes atom economy

At Molar mass desired product
om economy = Total molar mass of materials generated

The E-factor (aTomHasa adpcpekTuBHOCTL) regarding amount
of waste produced
Total mass of waste

Total mass of product

E-factor =
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lllustration of Percent Yield and Atom Economy

Byproducts from
sidereaction Byproducts generated

from reaction making
desired product
(a) Typical reaction £ ~
with lessthan 100% & > Side reaction
yield and with 'g > D..red reaction B Desired
byproducts o —> ( Product
| ncomplete
L eftover
reaction reactants
Byproducts generated from
reaction making desired product
(b) Reaction with ] ~—
100% vyield, but with & >
byproducts inherent ‘% > Desired reaction Product
tothe reaction 2 — B
(c) Reaction with & —>
100% atom economy, & . :
no leftover reactants, © > Desired reaction Product
no byproducts g S
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Feedstock (UcxoaHble BellecTBa, Cbhipbe)

Feedstock is material from which a product is made
Ideally feedstock is

e Safe material < From renewable sources

e Safe to acquire < Safe to refine and process
OcHOBHbIe 3Tanbl Nnepeaesna XMMNM4YeCcKoro cbipbs
(Major steps in obtaining and utilizing feedstock)

a4 h a4 Y
Separation of desired Conversion of isolated
components from feedstock material to
) waste or byproduct ) desired product
matter
\L 4 y
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BUOMACCA KAK CbIPbE

Billions of tons of carbon fixed as biomass each year, which
shows the potential of biomass feedstock as an alternative
to petroleum

Biomass is a relatively complex feedstock

* Advantage of providing diverse products

e Disadvantage of requiring separations

In addition to cellulose, plants provide large quantities of
e Hemicellulose ¢ Lignin e Starch ¢ Lipids ¢ Proteins
Plant sources of smaller molecules

* Glucose ¢ Sucrose ¢ Amino acids +Waxes ¢ Fats

e Oils °* Terpene hydrocarbons

Complex biological feedstocks can be separated and
refined in biorefineries operated according to green
chemistry principles

* Ethanol or supercritical CO, as solvents
e Avoidance of severe conditions < Biocatalysts
e High energy efficiency



bMOIEHROE CbIPbE

YTo noHnmaroT noa 6GMoreHHbIM CbipbeM?

PactutenbHas npoaykums n otTxoabl
CeIlbCKOro xo3sinctBa, oTxoabl
nepesoobpadoTkn u LIBK, 6eicTpopacTtyuime
BUObl JEPEBLEB

IMEHHO Ha AaHHbLIN BUA CblipbA OPUEHTUPOBAHA
NPOMbILLNIEHHOCTb byayulero — bmomacco-
nepepabartbiBatoLne 3aBoabl (biorefineries)



HEPTEMNEPEPABOTKA

— <900°C mm) CyTaH W Nnerkue rasol == [[azonepepadboTka

{ 90-220°C ==» HeH3KH, ra3onivH == MOTOpPHLIE TONNNBA

220-315°C == [lyrpouH (HadTa) =) KaTannTuyecKkum
PUOOPMUHT B OEH3MH

315-450°C ==> KepocuH == [optoyee Ans
PeaKTUBHbIX CaMOseToB
==p> ["3301Nb ==) Nn3enbHOe TOMMNMBO

450-650°C == [lerkasa macnsaHasd mm) K1aKoe TONMBO
dpakuus (Masyr) Cma3sou4Hble macna

650-800°C == Tqaxenas macnsiHag wmp LIMNMHOPOBLIN
dpakuma (MNyapoH) OUCTUNNAT - KPEKUHT

800+ =) Ky6OBbLIN OCTATOK =) HuTym, acdansT

+



[MPOAYKTbBI M3 HEDPTUM N TA3A (u.s poE, 2004)

Raw Commodity Secondary commodity .
materials chemicals chemic Intermediates Finished Products and Consumer Goods
5T @ A L =~ foam cushi
. > * carpets . cushions
6eH30n Bel‘lletle m Tolpsiyene : E;]:T-l; : Erapgholslery
Cytlnhexane | Adipic Acid ® * Nylon 6,6 . > * fabric coatings, * Lycra, spandex
_\ * Polyurethanes ie, Gortex
\g prolactam e * Nylon 6 _—
@ SAFEFOOD SUPPLY
€ * Phenol-formaldehyde * food packaging * beverage bottles
Cumene Phenol - Bisphenol A * preservatives = appliances
L aEmlamm - Kmﬁ_hzas pesticides - bevetagecancoatmgs
& . i i
* Methyl methacrylate > oy
@ x ha
* Solvents
Kcurnon ~— —>| p-Aylene -_= Tere, « Bisphenal A TRANSPORTATION
* Pharmaceuticals * tires * carseats
[ —— * anti-freeze « belts and hoses
= 5 * molded plastics * wiper fluid
Tonyon ) * Polyester fibers, films —— * gasoline additives * bumpers
cat) * Toluene diisocyanate i
@ Iso-butylene e * Foam polyurethanes \
OytaHbl @ | + MTBE e, HOUSING o
s > | Butadiene € - Palybutadien: * resins * coatings, vamishes
B s -
| + fiberglass insulation + adhesives
Et! y ene —i— Ethylene - Polxester films, fibers ——
Movpon- G s e * Resins
. — copylene & RECREATION
Hbl Ta3 Propylene ———— xide - Polypropyle + athletic footgear * wet suits
. Polgmpy'lene gilycu] - gzuhathl;ve uipment : hp};s and CDs
* Propylene glycol a Y€ Pamhhl_;les . 8o equipment
Acrylonitrile ® camera and camping gear
* Acrylic fibers
. AB‘gand SA plastics
Ethylene & Vinyl * Adiponitrile ™
Dichlornde ™| Chloride @ * Acrylamide
\ « Polyvinyl chlorid COMMUNICATIONS
Foly L ENImes - molded pashcs . * pens, pencils
@ Formaldehyde = * Urea-formahedyde resins : ophcalﬁbercoatu# : dyes
- ‘ N Pheno]—forma]tfehyde resins liquid crystal displays paper products
— \

Acetic Acid d

®

Ammonia i... Nitric Acid

* Oxygenated gasoline additive

* Polyvinyl acetate
* Polywinyl alcohol >

Vinyl acetate __|

* Polyvinyl butyral

* Ammonium nitrate
* Adipic acid
= Fertilizers, explosives

* Phosphate fertilizer
= Ammonium sulfate fertilizer
* Refining, leaching

HEALTH AND HYGIENE

* plastic . lotion

= cosmetics * medical, dental produds
* detergents * disinfectant

i

Petroleum product line ——
K Natural gas product line
E SO, productline

Catalytic Process &




KOHLIENUMA BUOMACCO-
NEPEPABATLIBAIOLLENO 3ABOJA

"

, Biorefinery
e Biofuels

i ) e !
# 2 -y @
e ; r\ HEﬂt i
= > -

Electricity

Biomass ...
I lIlI

Ash Biomaterials

Recycled

End-of-life biomaterials



[MPOAYKTbl HA OCHOBE BMOMACCHI —
JMTHOUENNHONTO3RHOIO CbhIPbA

Biomass
Feedstocks
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Figure 3 — Analogous Model of a Biobased Product Flow-chart for Biomass Feedslocks



[MTPEONATAEMBIE CTPATEI NN

eKoMMNMeKCckbl MeTasnfoB C OpraHUYeCKUMMU nuraHgamm
eKoMMNneKkckbl MeTanfoB ¢ HeEOpPraHU4YeCKUMmM niuraHgamm
ebyokaTanusartopsl

eKaTannaaTtopbl B CBEPXKPUTUYECKUX cpeaax




NETMAPATALMA U NEKAPBOKCUNUPOBAHUE
FEKCO3

Llenntonosa
OH
b -":.:_"--.____ﬁ//jl__.--- -
C\IDL{\O/ ’
M“‘nH

Callulasa
. ol
Y
. KaTanms A A
e, T CalH20)g Potential catalytic : | I':.'\ "'I
. HO - ~ i : . - - " - -
“OH ~H lcss of GO, and Hz0 J'I aKTOHbI U
Loss of H,0 3amMeLleHHble oypaHbl
aervapartaums
G H0
e \EI'/D\H__----'L'I - A B S + other organic acids
'-::'. ,.j."l T
l J'IeByJ'II/IHOBaFI KUCJ10Ta

Polymers



12 BASVNCHBIX XUMUNKATOB N3 CAXAPOB

1. 1,4-onKkapOoHOBbLIE€ KUCIOThI

(AHTapHas, pymapoBas,

MarneuHoBas)
2,5-hypaH-oukapOboHOBbLIE KUCIOThI
3-rmapoOKCUNpPONMoOHOBas KUCIoTa
acnaparvHoBasli KUcrioTa
rrnroKapoBasa KNCNoOTa
rnoTamMmoBas KUcriota
NTaKOHOBAaA KUCMoTa
reByNIMHOBaA KUCroTa
3-rMapPoOKCUOYTUPOSIaKTOH
rmuuepvH
copout

412, KCunut
fnd by

© 0N O WNDN

=
= O
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CTEXUOMETPUHECKUE U KATAITUTUYHECKUE

PEAKLUU

O600WweHHOEe cTeEXUOMeTpU4YecKoe ypaHBeHUue

. A+B+C > npoaykt+D + E

. 100% aTomHasa achheKTMBHOCTbL, €CNnn BCe NPOAYKThI
pearupyroT U BKIKOYarOTCA B COCTaB NpoAayKTa

. [lpakTnyecku He AOCTUXKMMA

1. Jln6o A, nn6o B aBnsaTCA NUMUTUPYOLLUMU, U
00A3aTeNnbHO OCTAHETCA He NpopearvpoBaBLUee BeLlecTBO
2. TonNbKO YacTb peareHTa nonagaeT B NPOAYKT

3. Heob6xoanmo nobaBneHne apyrux peareHToB AnA

NPOoTeKaHnsa peakunun

AnbTepHaTUBHbIE KaTanuTuyeckue peakLum, B KOTOPbIX
KaTanusaTop He pacxoayeTcs

. ObICTpble peakuumn
o BbICOKO cneuudgunyeckume
* 100% aTomHan aphpeKTUBHOCTb
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CTeXMOMeTqueCKMe U KaTaJIMTU4YeCKne peakumm

CUHTEe3ad OKCuaa 3TurieHa
Two Step Stoichiometric Route to Ethylene Oxide Synthesis

H H q (11
C=C » H-C-C—H + HCI
H/ \H Hzo I I
H OH (Note byproducts from
Ethene (ethylene)  Chlorohydrin stoichiometric route)
Cl H O
| Ca(OH / \
2H—C C H (OH), > 2H—(|3—(IZ—H + CaCl, + 2H,0
H OH H H
Ethylene oxide
One Step Catalytic Route to Ethylene Oxide Synthesis
H H O
\ , Ag catalyst / \
C=C, + 150, 13 30 Y H-C—C-H
-30 atm | |
H H H H

Ethene (ethylene) Ethylene oxide
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PeakuuMoHHasn cpefa U pacTBOpUTENM

PeakunoHHas cpepna onpeaenser:

. TUN peakunun
. cTerneHb NpPoTeKaHusA

. CKOPOCTb peakuum

OObI4YHO B KayecTBe cpeAbl UCNOJIb3yeTCA pacTBOpPUTESb
. pacTBopuUTenb — 3TO cpena, B KOTOPOU PacTBOPSIIOT
peareHTbl

Solvent uses other than reaction media

e Separation ¢ Purification ¢ Cleaning

Organic solvent as vehicle to enable

e Application - Spreading °Impregnation

of dissolved or suspended dyes and other agents in
 Paints ¢ Coatings °¢Inks ¢ Other materials
Environmental, waste, and toxicity problems with solvents
. Alternative safer solvents (see Table 16.1)

. Solvent-free reactions
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Boaa, caMbiv 3eNneHbIn pacTBoOpUTENb

Water holds some reactants in suspension where they react

Water a good solvent for some biological materials that are
favored feedstocks

Hydrophobic effect in which products come out of water
solution can be an advantage for water media
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CBEPXKPUTUHECKUWE PACTBOPUTEIIN

A dense phase fluid is a highly compressed relatively dense
material that can be used as media

e Supercritical fluid < Compressed gas < Gas/liquid mixture
Dense phase fluids offer advantages including

* Low viscosity facilitating reactant contact

e Variable range of properties with

e Temperature -« Pressure < Composition of fluid mixtures
Supercritical carbon dioxide can offer advantages

. Good solvent for organic substances

. Cleaning metal parts and dry cleaning

. Potential vehicle for paints and coatings
. Readily removed by pressure release

. Readily recompressed for recycle



