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THE GRILLO GROUP

ONE OF THE MOST IMPORTANT MANUFACTURERS OF ZINC PRODUCTS A

PRODUCERS OF SULPHUR CHEMICALS
1,550 EMPLOYEES

€750M TURNOVER

EXPORT RATE 40 %

6 PLANTS IN GERMANY AND WESTERN EUROPE

SUBSIDIARIES AND DISTRIBUTION COMPANIES IN 30 COUNTRIES
ON ALL CONTINENTS

B EDLhny

100 % FAMILY OWNED AND MANAGED THROUGHOUT

o

5 GENERATIONS (SINCE 1842)
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GR’ LLo Progress

METAL DIVISION

OUR PRODUCTS

Strips

Anodes

KKS-Beton
ZAMAK®
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ZINC OXIDE DIVISION

RANGE OF PRODUCTS

Rubber article

Feed additives

and tyres . Chemicals
Raw
materials
Cosmetics and
pharmaceuticals
TEC series

_ Glass and ceramics
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GR’LLO Progress

RHEINZINK DIVISION

AREAS OF APPLICATION

Facade



GRILLO g
CHEMICALS DIVISION

RANGE OF PRODUCTS

..Sodium bisulfite

|Ii . Sodium pyrosulfite

Sulfur dioxide e.aémm

;my

Sodium bisulfate

Dimethyl ether

Qe A & . Dimethyl sulfate
Sulfuric acid Zinc sulfate
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Grillo‘'s R&D Team Chemical Division

* Dr. Ingo Bierttimpel
(Head of R&D and IMS Chemical Division)

* Dr. Timo Ott
(Head of Product- & Process-Development,
Laboratory and Pilot Plant Manager)

* 4 permanent Technicians
(3 x ,Chemielaborant®, 1x ,Chemikant/ Meister")

» 1 Postdoc (PhD-Chemist, 1-2 years)

* 10 industrial worker for pilot-plant (24/7)
(,Laboranten, Chemikanten, Chemiejungwerker,
Industriemechaniker®)

» Students (Master, Bachelor, ,Pflicht-Praktikum®)
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Typical work of the R&D Department:

Support/
Optimisation
Production
Plants

Ideas for
new
Processes
and
Products

Chemical
Consulting
for all
Divisions

R&D
Chemicals

-~ N
Scale Up

and Customer

Piloting Support

IP-
Management

Chemicals
Division
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GRILLO
CHEMICALS DIVISION

“‘LANDSCAPE" OF SULFUR-PRODUCTS: "NOTHING THAT SMELLS”

+NH;
HSO,-NH, = (NH,)* OSO,-NH,

(CH.),SO Ammonium HSO,-NO
[ GR’LLO ] Dimethyl ether / Dimethyl sulfate (NH,),SO, Nitrosylsulfuric acid
GRILLO +NH,SO M,S,04
Ox. = GRILLO Persulfates

+NaOH

Sulfur
trioxide

Sulfuric acid
(incl. high-purity)

Sodium bisulfate

Zinc sulfate
R-CH,-(SO3H)-R
Sulfonated surfactants

Sulfur
dioxide

+CH,

CS, + H,S + OCS
Carbon Hydr. Carbonyl

disu%iulfide sulfide
NaSCN

+KHF, or CaF,

HSO,F
Fluorosulfuric acid

Sodium Thiocyanate S0,Cl, Cl-SO,H — ROH R-O-SO;H
SZCIZ s SC|2 Sulfuryl Chlorosulfonic acid Sulfated surfactants
Chloride

Disulfur Sulfur ! SOCl,

dichloride dichloride Thionyl
NaOH NaOH chioride Z +H,CO,
+ + . +Zn
H,St— > NaSH——> Na,S Na,SOs; 'W’ Na,S,0,—» NaHOCH,SO,
Hydrogen Sod. hydrosulfide  Sod. sulfide Sodium Sulfite Sodium dithionite  Sodium

sulfide +Su

GRILLO m formaldehyde sulfoxylate

Polysulfide elastomers (Rongalite)

+CHZOH Nitric . . .
e — Acid CH.SO.H Sulfurous acid Sodium metabisulfite
Colon B %12/ water o2 Na,S,0, —=*—» RSCN
Methyl mercaptan DMDS MSA

Sodium thiosulfate Org. Thiocyanate
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GRILLO

CHEMICALS DIVISION

METHANESULFONIC ACID (MSA) IS AN INTERESTING PRODUCT

+NH;
HSO,-NH, = (NH,)* OSO,-NH,
Ammonium HSO,-NO
4

sulfate +HN i —l
Nitrosylsulfuric acid

M28208
Persulfates

[ OFELO ] GRILLO

(CH3),SO,

Dimethvl sulfate

+(NH,),SO

Ox.

GRILLO

+NaOH

Sulfur
trioxide

Sulfuric acid
(incl. high-purity)

Sodium bisulfate

Zinc sulfate
R-CH,-(SO3H)-R
Sulfonated surfactants

Sulfur
dioxide

+CH,

CS, + H,S + OCS
Carbon Hydr. Carbonyl

disu%iulfide sulfide
NaSCN

+KHF, or CaF,

HSO,F
Fluorosulfuric acid

Sodium Thiocyanate S0,Cl, Cl-SO,H —ROH_, p O- -SO,H
SZCIZ s SC|2 Sulfuryl Chlorosulfonic acid Sulfated surfactants
Chloride

Disulfur Sulfur ! SOCl,
dichloride dichloride Thionyl

NaoH NaOH chloride H.CO

N
H,S§— > NaSH—— Na,S Na,SOs; =M> Na,S,0,—» NaHOCH,SO,

Hydrogen Sod. hydrosulfide  Sod. sulfide Sodium Sulfite Sodium dithionite  Sodium

sulfide +Su

. GRILLO formaldehyde sulfoxylate

Polysulfide elastomers (Rongalite)

+CH;OH Nitric
CH,SH— CH3SSCH3<-:‘;52f7Ld-°I> CH,SO;H

Sulfurous acid Sodium metabisulfite
Na,S,0, —=*—» RSCN

Methyl mercaptan . ’ .
Sodium thiosulfate Org. Thiocyanate
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GRILLO
Methanesulfonic Acid (MSA)

FAST GROWING MARKETS FOR GREEN ACIDS
Properties!? '{ ~ |
« Biodegradable

« Non-oxidant
 Low vapour pressure

1Janney, Green Chem. 1999, 1, 13111,
20ECD Guideline 301 A and Janney, Green Chem. 1999, 1, 13111

« Current multi-step industrial production

cat

2CH;OH + Hy + 2S H3CS-SCH; + 2H,0

cat

HsCS-SCH5 + 5/20, + H,0 2CH,SO;H

McCoy, C&EN 2016, 26, 10
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GRILLO Pt ion
Methanesulfonic Acid (MSA)

FAST GROWING MARKEXS FOR GREEN ACIDS

Properties:
* Biodegrads
* NoRgaXxidan
 Low

LJanney, Green CF
20ECD Guidgh

 Current

2C 3H + H2 S 2H20
HiCS-SCH5 + 5/20, + H,0 2CH,SO4H

McCoy, C&EN 2016, 26, 10
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GRILLO

CHEMICALS DIVISION

BEST AND EASIEST PROCESS WOULD BE CH4-SULFONATION

+NH;
HSO,-NH, = (NH,)* OSO,-NH,

(CH.),SO Ammonium HSO,-NO
[ GR’LLO ] Dimethyl ether / Dimethyl sulfate (NH,),SO, Nitrosylsulfuric acid
GRILLO +NH,SO M,S,04
Ox. = GRILLO Persulfates

+NaOH

Sulfuric acid
(incl. high-purity)

Sodium bisulfate

Zinc sulfate
R-CH,-(SO3H)-R
Sulfonated surfactants

Sulfur
dioxide

trioxide

+CH,

CS, + H,S + OCS
Carbon Hydr. Carbonyl

disu%iulfide sulfide
NaSCN

+KHF, or CaF,

+5Cl,

Methanesuffonic HSO4F

Fluorosulfuric acid

Sodium Thiocyanate CI-SO;H —=A R-O-SO;H
SZCIZ —_ SC|2 Chlorosulfonic acid Sulfated surfactants
Disulfur Sulfur SOCl,

dichloride dichloride Thionyl

Moo NaOH chloride

+Nal +Na

H,S NaSH — Na,S

Hydrogen Sod. hydrosulfide  Sod. sulfide
sulfide '\ *Su

>[I Na,S,0,—“> NaHOCH,SO,

Sodium dithionite  Sodium

GRILLO m formaldehyde sulfoxylate

(Rongalite)

Polysulfide elastomers
+CH,OH Nitric

CH;SH—> CH3SSCH3C-A”d-°‘>|2/ wats
Methyl mercaptan

Sulfurous acid Sodium metabisulfite
Na,S,0, —=*—» RSCN

Sodium thiosulfate Org. Thiocyanate
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GRILLO

"__
PFOg,rgsS “,{%
as a Tradition :

METHANESULFONATION

100% ATOM ECONOMIC/ NO BY-PRODUCTS

Methane, CH,
(natural gas,
Bio-gas or CO,/H.-

based)
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GRILLO

INDUSTRIAL METHANE CHEMISTRY

Making methane into more than fuel
Different commercialization pathways for methane, including the new process by Diaz-Urrutia and Ott.
Commercial demand for products that would use the amount of methane that is flared exists only for

compounds usable as fuels (methanol or higher hydrocarbons).

REACTION

Classical, H,0, (0,), heat
large-scale
commercial

INITIAL PRODUCT

Synthesis gas

END PRODUCT COMPANIES

Methanol Several
Higher hydrocarbons worldwide

Commercialization 0,, catalyst Ethylene Higher Siluria
phase hydrocarbons
Previous Pt catalyst, SO, inoleum  Methylbisulfate Methanol Catalytica
commercialization  \\5) bromide, Methylbromide Higher hydrocarbons ~ GRT
attempts regenerated by bromine
H,S,05 (initiator), SO4 Methanesulfonic acid Methanol or Methion
hydrocarbons

Schith, Science 2019, 343, 6433.
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GRILLO
M ET HA N E VA L O R I SAT I O N Methane (natural gas)

CH,

« Natural gas contains >87% of CH,

» Emissions of CH, are a large contributor to climate change

« Much bigger resources of natural gas than crude-oll

 Liquefaction of CH, requires harsh conditions

« Until now no single process using methane as a direct feedstock
to a high-value product known

Partial oxidation to Synthesisgas

catalyst
CH, + H,O » CO + 3H
47 72% 51,000 °C 5

Source: Satellite-Detected Natural Gas Flaring for Jan 1, 2018 from skytruth.org

19



GRILLO

METHANESULFONATION

HANDLING PURE SULFUR TRIOXIDE IS DIFFICULT

Intermediate sulfuric acid prod.
Handling is difficult

Special Equipment necessary
Extremely Corrosive

High vapour pressure

Builds fumes of conc. sulfuric acid
Boiling point: 44° C

High melting point: Polymerization starts below 32,5° C

20



GRILLO -

ot e,

OVERVIEW SULFONATION REACTIONS

25 YEARS OF RESEARCH — BUT NO INDUSTRIAL PROCESS, WHY?

radical init.

CH4 + 803 CH3SO3H

« Peroxodisulfates or Marshall’s Acid (H,S,Og) as Initiator
* Poor yields (1-20%)
* Poor selectivity
« Limitations in reproducibility
« By-products (radical recombination)
« Addition of precious metals (e.g. Rh)
« Purification of MSA not investigated:
-possible to separate MSA?
-What happens to alkali- and precious metals?

Bell et al., ACIE 2003, 42, 2990
Sen et al., JACS 1996, 118, 13111
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GR’ L Lo Progress

INDUSTRIAL PROCESSES

BEYOND CHEMISTRY

Authori-
sation
Ecology/

. Safety
Energie

Intellectual

Property Market

Materials/ Economy/
Corrosion o
Competition

Equipment/ (Modern)
Engineering/ Production-

Scalability Process
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INDUSTRIAL PROCESSES

BEYOND CHEMISTRY

Authori-
sation
Ecology/

. Safety
Energie

Intellectual

Property Market

Materials/

_ Economy/
Corrosion

Competition

Equipment/ (Modern)
Engineering/ Production-

Scalability Process
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GRILLO
INDUSTRIAL PROCESSES

BEYOND CHEMISTRY
Waste-

Low Authori-

Yields \EQET[E sation
Ecology/ ment -

- i Initiator W Safety
ituati Energie :
Situation Toxic By- ”gl

not clear stable!
Intellectual products

Property

i

as a Tradition e

Growing
Market

Market

Materials/ —
Corrosion . 5
No stable ompetition

materials Plant set-
found up not

Equipment/ (Modern) economic
Engineering/ Production-

Scalability o Process
evolution

Initiator



GRILLO

THE RADICAL DMSP PROCESS

INITIATOR (DMSP) BASED ON MSA

radical init.

CH4 + 803 CH3SO3H

Development of a
scalable synthesis of stable and metal-free initiator:

0 0 . 0
g OH + HO g Electrolysis (I? /O_S\CH
- + - > I
7 N —H /S— 3
H3C (I)I 5 CH3 2 H3C 6
(DMSP)_
_ _ \;; /‘?\/
(Dimethylsulfonylperoxide, DMSP) i A AV

25



GRILLO

Progress e A
as a Tradition — taa

PRODUCTION PLANT SET-UP

THE DMSP PROCESS
Reactor-Cascade

CH,

l

Y

SO,

Absorber

DMSP

J-

Electro-
lysis

> MSA

H, <

> MSA

Ott, Richards et al., WO2015071365
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GRILLO &S

ot e,

EVALUATION OF THE DMSP PROCESS

METHANESULFONIC ACID (MSA)

« Scalable

* High investment (Electrolysis)

* High production costs

* Good yields (> 80% vs. SO,)

« Long reaction times (> 15h)

« Safety issues with concentrated DMSP solutions (Cryst.)

27
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DMSP PROCESS IS NOT ECONOMIC

BEYOND CHEMISTRY
Waste-
Market

Energy- Authori-
Market

: Manage- sation
INLEASIVE ™ = 5 gy/ ment

: Safety
Energie

Initiator

Huge :
1o explosiv!

Recycle-
Intellectual Stream

Property
Corrosion o
Competition
Plant set-
up not

Equipment/ (Modern) economic

Engineering/ [ GRS

Scalability Process
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GRYLO e S

« UV irradiation does not trigger the sulfonation of
methane in our system (new Initiator!)

« CO, O,, and ethane show different degrees of
deactivation

-
« Radical recombination products . "t
are not observed b ' ’ V]
+ &b ‘

‘ .
PR

Dr. Christian Diaz-Urrutia and Nicola Bloch
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GRILLO
THE NEW INITIATOR (MMSP)

< 1 mol% pre-cat
CH, + SO, ° P > CH,SO;H
50 °C

Invention of a scalable synthesis for new and stable initiator:

0 0
HBC/&SS—OH " M0, s H3C/('85—O\OH
('s?—o +803; — ('s?—o O
HsCl oH HyC™ 8 0-S-OH
O

C. Diaz-Unutia, T. Ott, Science 2019, 363, 1326-1329. ~ 'atersoluble white crystals
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SO Pogrs
,NEW INITIATOR* IS THE KEY!

< 1 mol% pre-cat

CH, + SOg » CH3SO3H
| 50 °C

« 99% conversion ca. 100 bar

« >99% vyield solv: H,SO,

 100% atom economy

Ott et al., W0O2018096138; Ott et al., WO2015071455:
Bild der Wissenschaft 11/2017

« Life Cycle Analysis: The Grillo
Process is More Sustainable
* Bio-methane: even better process

Seeger et al., J. Cleaner Prod. 2018, 202, 1179-1191

3!
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Progress e A
as a Tradition — taa

PRODUCTION PLANT SET-UP

THE DMSP PROCESS
Reactor-Cascade

X

CH,

l

DMSP

H(—

SQB—> Ab er

> MSA

— MSA

32



CRRLO P os Tadition
PRODUCTION PLANT SET-UP

“‘NEW INITIATOR”

H,O
Reactor-Cascade ; MSA
CH,
SO,
| Static | — - > H,SO,/
H,0, >  Mixer MSA

Ott et al, W0O2018096138; Ott et al, WO2015071455; Ott,
Bild der Wissenschaft 11/2017, C. Diaz-Urrutia, T. Ott, Science 2019, 363, 1326-1329.
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MMSP-PROCESS IS VERY ECONOMIC

BEYOND CHEMISTRY
Waste-

Authori-
Manage- sation
Ecology/ ment Safet
Energie 4
Intellectual
Property Sl
Corrosion .
Competition
Equipment/ (Modern)
Engineering/ Production- ... etc
Scalability Process
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GRILLO
Pilot Plant: 80 Tons MSA per Year

« Continuous reactors allow for high conversion and selectivity
 Distillation affords high purity MSA

35
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