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DOE/NREL/ORNL WORKSHOP 

LOW COST MATERIALS OF CONSTRUCTION FOR BIOLOGICAL PROCESSES 

EXECUTIVE SUMMARY 

This represents an informal account of the DO£/NREL/ORNL workshop, "Low Cost 
Materials of Construction for Biological Processes." The workshop was held Thursday, May 
13, 1993, at the Antlers Hotel in Colorado Springs, Colorado, in conjunction with the 15th 
Symposium on Biotechnology for Fuels and Chemicals. There were 22 attendees in all, 
representing a variety of companies and institutions. The purpose of this workshop was to 
present information on the biomass to ethanol process in the context of materials selection 
and through presentation and discussion, identify promising avenues for futlll'e research. 

Six technical presentations were grouped into two sessions: process assessment and 
technology assessment. The technical sessions were followed by a work session in which key 
issues and ideas raised during the workshop were examined. In addition, input was solicited 
from the attendees through a questionnaire distributed at the workshop. This information will 
be used to give direction to future materials research for biomass processing in the areas of 
materials selection, testing procedures and correlation/interpretation of results. Fallowing is a 
brief summary of the key issues and discussions taken from the proceedings and questionnaire 
responses. 

Based on the information presented in the process assessment session, the group felt that the 
pretreatment area would require the most extensive materials research due the complex 
chemical, physical and thermal environment. Considerable discussion centered around the 
possibility of metals being leached into the process stream and their effect on the fermentation 
mechanics. Linings were a strong option for pretreatment assuming the economics were 
favorable. Fermentation was considered an important area for research also, due to the 
unique complex of compounds and dual phases present. Again, linings were recommended, 
as well as stainless steel cladding over less expensive metals. Erosion in feedstock handling 
equipment was identified as a minor concern. 

In the technology assessment session, methodologies in corrosion analysis were prestmted in 
addition to a.1- overview of current coatings/linings technology. Widely practiced testing 
strategies, including ASTM methods, as well as novel procedures for micro-analysis of 
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corrosion were discussed. Various coatings and linings, including polymers and ceramics, 
were introduced. 

The prevailing recommendations for testing included keeping the testing simple until the 
problem warranted a more detailed approach and developing standardized testing procedures 
to ensure the data was reproducible and applicable. The need to evaluate currently available 
materials such as coatings/linings, carbonh:tainless steels, or fiberglass reinforced plastic was 
emphasized. It was agreed that economic evaluation of each material candidate before, during 
and after testing must be an integral part of any research plan. 

On behalf of the U.S. Department of Energy, Oak Ridge National Laboratory and the 
National Renewable Energy Laboratory, I want to thank each of you for your participation in 
the workshop. The infonnation gathered will be useful in detennining the focus of future 
materials research for the biomass to energy process. 

Thank you for your interest. 

Kelly N. Ibsen 
NREL 
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DEPARTMENT OF ENERGY ALTERNATIVE FUELS - COMPATIBLE MATERIALS 
PROGRAM 

DOE/NREL/ORNL WORKSHOP 
LOW COST MATERIALS OF CONSTRUCTION FOR BIOLOGICAL PROCESSES 

15TH SYMPOSIUM ON BIOTECHNOLOGY FOR FUELS AND CHEMICALS 
THURSDAt MAY 13, 1993, 1-5 PM 

INTRODUCTION (15 MIN.) 
•Welcome 

COLORADO SPRINGS, CO 

WORKSHOP AGENDA 

• DOE Alternative Fuels - Compatible Materials 
Perspective 

• Workshop Format/Goals 

PROCESS ASSESSMENT (1 HR.) 
•Overview of Biomass Processes (30 min): 

•Overview of Fuel Ethanol Industry (15 min): 

•Fuel Infrastructure Concerns (15 min): 

TECHNOLOGY ASSESSMENT (1 HR., 15 MIN.) 
•Corrosion Research: - Government 

- Universities 

•Coatings Technology: 

WORK SESSION TOPICS (1 HR." 30 MIN.) 

C. Wyman (NREL) 

J. Pere;z (DOE) 

Wyman (NREL) 

C. Riley (NREL) 

R. Katzen (RKAII) 

J. Perez (DOE) 

J. Keiser (ORNL) 
R. C. Alkire (U. of IL) 

G. Andermann (U. of HI) 

D. Heffner (Electro-Chem) 
N. Huxley (Elf-Atochem) 

• Materials: -Available Technologies and Costs 
Chairman: L. Eitel (Walder) -Coating Alternatives 
Recorder: D. Schell (NREL) 

•*Fuel Infrastructure: 
Chairman: J. Perez (DOE) 
Recorder: K. Kadam (NREL) 

•*Test Methods: 
Chairman: J. Keiser (ORNL) 
Recorder: B. Duff (NREL) 

-Processing 
-Storage 
-Vehicles 

-Bench Tests (Coupons) 
-Pilot Plant 

* Due to the number of participants and their areas of expertise, one combined work session was held instead of the 
three originally planned. 
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DOE/NREL/ORNL WORKSHOP LOW COST MATERIALS OF CONSTRUCTION 
FOR BIOLOGICAL PROCESSES 

MAYlJ,1993 

Perspective on Low-Cost Materials of Construction for Biologlcal Processing Facilities 

Joseph Perez 

ABSTRACT 

Office of Transportation Materials 
Department of Energy EE .. 34 
1000 Independence Ave., SW 

Washington D.C. 20585 

This presentation focused on the Mission and Research and Development areas of the Office 
of Transportation Materials. The technical issues and near term needs of industry in the 
Altcmute Fuels - Compatible Materials Program area were discussed. Low cost materials urc 
a critical need re luted to the biomass technology. With the current budgetary constraints, 
establishing priorities is critical to obtaining cooperative industry and government agency 
support to capitalize on the opportunities and achieve breakthroughs in the transfer of the 
technology. Materials are definitely one of the enabling priorities that will bring the 
economics of large scale production costs more in line with conventional fuels. 



,\ (\ .. 

DOE/OFFICE OF TRANSPORTATION MATERIALS 
ALTERNATIVE FUELS-COMPATIBLE MATERIALS PROGRAM 

____ PE_R_SP_E_CT_1v_E_~1 · 

Joseph M. Perez, Program Manager 
Office of Transportation Materials 

U.S. Department of Energy 

DOE/NRELJORNL Workshop on Low-Cost 
Materials of Construction for Biological Processes 

Colorado Springs, CO 
May 13, 1993 



Alternative Fuels Compatible Materials 

Outline 

• The Office of Transportation Materials 

- Mission 
- R&D Areas 

• Alternative Fuel Biomass Processing 

- Technical Issues 

- Near-term Materials Needs 
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Office of Transportation Materials 
Materials Development Program 

* Origin - DOE/CE .Reorganization April 1990 

Action 

- The Office of Transportation Materials (OTM) 
was created to provide a centralized materials 
development support to the programs of 
the Office of Transportation T~.chnologies 

* Now EE (Energy Efficiency & Renewable Energy) 



Organization of the Office of Transportation Technologies 

Office of 
Transportation Technologies 

T.Gross 

I I 
Office of Office of Office of 

Propulsion Systems Alternative Fuels Transportation Materials 

J.Brogan J.Allsup J. Eberhardt 

Electric Biofuel Systems • Ceramic Technology 

Propulsion Systems • Materials Technology - -
K. Barber A. Moorer • Tribology 

• High Temperature Materi 
Laboratory 

Advanced Fuel Utilization Data 

- Propulsion Systems - and Analysis 

A. Alpaugh J.Russell 
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I 
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Office of Transportation Materials 

Role and Mission 

I j 



Office of Transportation Materials 

The Office of Transportation Materials is developing a 
comprehensive R&D program which seeks to extend 
throughout the transportation sector of the economy the 
benefits of modern materials science ·and engineering. 

• Materials technology enables components and systems 
to achieve their design performance capabilities. 

• Improved materials of all types (metals, metal matrix 
composites, intermetallics, polymers, polymer matrix 
composites and cerami.cs) can be exploited so that their 
inherently superior properties can make the largest 
contribution to: 

- improving energy efficiency; 
- reducing environmental degradation; and 
- utilizing alternative fuels all at the lowest cost possible. 
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Propulsion System 
Materials 

• ORNL {Lead Lab) 
- ANL (Supporting Lab) 

Proposed Program Structure of OTM 

Vehicle System 
Materials 

Office of 
Transportation 

Materials 

Fuel System 
Materials 

• ORNL (Lead Lab) • ORNL (Lead Lab) 

Systems 
Analysis 

• ANL 

I 

- NREL (Supporting Lab) 

0 

Transportation 
Infrastructure 

Materials 

•TBD 

I 

tu 
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Office of Transportation Materials 

Mission 

• Develop an industrial technology base in advanced 
transportation-related materials and associated 
materials processing. 

• Enable development and engineering of energy­
efficient transportation systems that will allow the U.S. 
transportation sector to shift. from near total dependence 
on petroleum to use of alternative fuels and electricity. 

• Pursue excellence in environmental safety and health 
performance by incorporating ES&H issues into all 
aspects of materials development. 

R 



Office of Transportation Materials 

Budget History 

FY1990 FY 1991 FY1992 FY1993 FY 1994 
(Request) 

Ceramics Technology 14.2 16.0 15.8 17.8 19,6 

Materials Technology 0.0 1.0 1.0 2.0 6.0 

Cf 
Tribology 3.0 3.0 3.0 1.6 0.6 t-"' 

0 

AFCM 1.0 2.0 

High Temperature 
Materials Laboratory 2.9 3.5 3.7 3.8 4.6 

20.1 23.5 23.5 26 .. 2 32.8 



Office of Transportation Materials 

FY 1993 Budget $26.2 Million 

Industry 
65% 

$17.0M 

Government 
Labs 
25% 

Universities 
and Others 

100.k 



Advanced Materials and Processing Program (AMPP) 

I< .·... G~oal ___ I 
Improve manufacture and performance of materials 

to enhance U.S. quality of life, national security, 

industrial productivity and economic growth 

n 



Importance of Materials 

Materials is a KEY •enabling technology' 
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Biomass Processes 
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Biocatalysis Hierarchy of Models 

Process Design 
and Analysis 

I --------------------------' 
Bioprocess 
Engineering 

Microbiology 

Molecular Biology/ 
Molecular Modeling 

Quantum Biology 

-. : 

Atomic/ 
Molecular 

Electronic 

0 0 
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Cell 

p. 

Process 

Bioreactor 

Microscopic 
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Strategy 

• Establish a systematic planning framework and process 

• Establish priorities reflecting private ~or input 
(workshops,visits,etc) 

• Solicit agency support for enhancement opportunities while 
taking into consideration budgetary constraints 

• Conduct additional planning with private sector on 
applied programs 

• Effect a multi-year phase-in to capitalize on opportunities 
and achieve breakthroughs 
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Office of Transportation Materials 

• Improve competitiveness 

• Reduce energy dependence 

• Environmentally friendly 

• Produce U.S. jobs 
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DOE/NREL/ORNL WORKSHOP LOW COST MATERIALS OF CONSTRUCTION 
FOR BIOLOGICAL PROCESSES 

ABSTRACT 

MAY 13, 1993 

Materials Selection for the Biomass to Ethanol Process 

Cindy Riley 
NREL 

1617 Cole Blvd. 
Golden, CO 80401 

This presentation provided an overview of the conditions of service and economic aspects of 
materials selection for biomass conversion. The general process for converting biomass to 
ethanol is comprised of the following steps: feedstock handling, pretreatment, biocatalyst 
production, fermentation, and ethanol recovery. The conversion of biomass to biofuels is 
relatively well-resear~hed in some aspects; other aspects are much less understood. One of 
the latter areas is materials selection for the process. Often, construction materials are chosen 
solely on the basis of past experience. Of the process areas, the highest percentage of 
installed equipment costs are in the pretreatment and the fermentation areas (source: the 
NREL design case). These areas represent the greatest potential for savings from reduced 
equipment costs. 
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MATERIALS SELECTION 
·iiG,M,Ct:t";~._a ~. ~~ .... ~ ~~.~~q • •• •: ·-""·~~-.. ,-·~·,w·~~.r: ~~ 
; RM•f=ilR~lif=f::~m:w::s~sr·w~'.~~mJ 

S?i&Jl~Ee&m~ 

BIOMASS TO ETHANOL 
PROCESS 

The Conditions of Service and 
Economic Aspects of 

~;::::~: ~~~:=~~:~n Selection • 

National Renewable Energy Laboratory 

GENERAL COMPOSITION OF 
LIGNOCELLULOSIC MATERIALS 

OTHER 5.0'Yt 

CELLULOSE SO.O'Yt 

Example: Hardwoods 

NREL 
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RELATIVE TOTAL INSTALLED 
COST OF PROCESS AREAS 

!:lfiWWi WI 

FEEDSTOCK HANDLING 

UTILITIES (41.3%) 

I/ .ETREATMENT (1U%J 

----· CATALYST PRODUCTION 

SOURCE: NREL DESIGN CASE, WOOD TO ETHANOL 

NREL 

-·:;;~!i,~";:·::::-.:.~-=::·_~-2.::z:~:~:.,z~1 .. :a;~!;ZZ:IJt.lL~ 

BIOMASS TO ETHANOL 
i GENERAL PROCESS CONDITIONS 1-~~==-=----l!lllllall-------------

•ABRASIVE SOLIDS 
•MODERATE TO HIGH SOLIDS LEVEL 
• pH EXTREMES 
•ACIDIC, AQUEOUS MEDIUM 
•AMBIENT TO MODERATE TEMPERATURES 
•ATMOSPHERIC TO LOW PRESSURES 

I • L _________________ __,I 
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OTHER INDUSTRIES USING 
SIMILAR TECHNOLOGIES 

i .m:.i.r R1 ''"""""" 
• GRAIN TO ETHANOL INDUSTRY 

-FERMENTATION 
-RECOVERY 
-WASTE TREATMENT 

• PULP/PAPER INDUSTRY 
- FEEDSTOCK HANDLING 
-PRETREATMENTS 

• WINE/BREWING INDUSTRY 
-ASEPTIC CONDITIONS 
-FERMENTATION 
•WASTE TREATMENT 

• PHARMACEUTICALS 
-ASEPTIC CONDITIONS 
-PRODUCTION OF BY.PRODUCTS 
-NOT A LOW VALUE PRODUCT 

- ,,,. •• • "'+ •. , ~ .~;-t ~-•,"r~·t_' ."": ·,- .._'"""._..,., .. ~.• ~·· ··· .,_,. ... ..,,.. • ·-"'. 

···~· - _.... ... _._... ..::1:.:...~ ... -··--·~-·· , ---... . 

NREL 

______________________ __] 

PRETREATMENT 

•PURPOSE: TO HYDROLYZE THE XYLAN TO 
XYLOSE AND INCREASE THE 
DIGESTABILITY OF THE LIGNOCELLULOSIC 
STRUCTURE FOR SUBSEQUENT 
ENZYMATIC HYDROLYSIS 
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ACID PREHYDROLYSIS ~--------------------------111a11 • FEED: 
• SOLIDS: 
•AGENT: 
• TEMPE.RATURE: 
• PRODUCT pH: 

MILLED WOOD CHIPS (GRASSES. PAPER. MSW) 
35% 
0. 73 • 0.96 Wt % SULFURIC ACID 
140 .. 180 C 
1.3 • 1.4 

ACID PREHYDROLYSIS 
BY-PRODUCTS OF WOOD SUBSTRATES 

• IDENTIFIED 
-FURFURAL 
-HMF 
-ACETIC ACID 

FOR 80% C~NVERSION OF XYLAN TO XYLOSE: 
13 WT. o/o OF XYLAN 
0.1 WT. 5 OF CELLULOSE 
3 WT. % OF BIOMASS 

• THEORETICAL 
-LIGNIN DERIVATIVES 
-FORMIC ACID 
- HYDROGEN GAS 
-CARBON DIOXIDE 

P#II 
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ACID PREHYDROLYSIS ·,11'»~C1.1Mat&111111••••-=r·,~---------------------
• EQUIPMENT 

·FEEDERS 
-IMPREGNATORS/REACTORS 
-FLASH TANK/AGITATOR 
-PUMPS 

-ACID HANDLING EQUIPMENT • PROCESS CONSIDERATIONS 
-VERY LOW pH 
-HIGH SOLIDS CONCENTRATION 
-MODERATE TEMPERATURE AND PRESSURE 
-EROSION BY SUBSTRATE 
- LEACHING OF METALS 
- CORROSION PRODUCTS 
-SHORT RESIDENCE TIME 

- .. ''"''" ,1-, -·-·...,, . . 
"Iii· «~''•"''"4*-~.... ......~# ~~-. ~·\.-- --.~ ... ~ ................... ~ .... ',... ... , 

OTHER PRETREATMENT 
PROCESSES 

· '.··· • ;c .... .s.i:..:.::::.;,;:.·.,\,:.;.~~ . .::.t.:~m·.na-------------------
• 2-STAGE ACID 
PREHYDROLYSIS 
-HIGH XYLAN CONVERSION 
- 2 WT. % XYLAN TO FURFURAL 

• AMMONIA FIBER EXPLOSION 
(AFEX) 
-AMBIENT TEMPERATURE 
-FEW BY-PRODUCTS FORMED 
-NO NEUTRALIZATION NEEDED 
-LOW XYLAN CONVERSION 

• ACID HYDROLYSIS 
-REPLACES ENZVMATIC 

HYDROLYSIS 
-HIGH TEMPERATURES (265 C) 
-DEGRADATION PRODUCTS • 

TARS, ALPHA-PINENE, OLEIC 
ACID. LEVULINIC ACID 
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OTHER PRETREATMENT 
PROCESSES 
• STEAM EXPLOSION 

-HIGH PRESSURE (650 PSIG) 
-EXPLOSIVE DECOMPRESSION 
-LOW XYLAN CONVERSION 
-DEGRADATION PRODUCTS 

FORMED 

•ACID CATALYZED STEAM 
EXPLOSION 
.. uses SULFUR DIOXIDE 
-PRODUCES SULFURIC ACID 
-REQUl,,ES RECOVERY SYSTEM 

"c,--.,.--,•A" """'-""""""'~;/'-' ........ ~ •· • I'" "il"I' ..,,.111:-tt ~~ 
..• : ._,..·....::.N, 

·-------

NEUTRALIZATION 
,;,: •• ff .. ,,~~-.... ,.,. • .r=-lllaliCI_... ____________________ _ 

• FEED: 
• SOLIDS: 
•AGENT: 
• TEMPERATURE: 
• PRODUCT pH: 

HYOROLYZATE/SOLIDS FROM ACID PRETREATMENT 
12% 
LIME 
100 C 
5.0 

BY-PRODUCTS OF WOOD SUBSTRATES 

• IDENTIFIED 
-GYPSUM 

NREL 
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NEUTRALIZATION 
.a.\UilP,,'411. WIie' ----------mar -------------• EQUIPMENT 

- LIME HANDLING 
... NEUTRALIZATION TANK 
- HEAT EXCHANGERS 
.. SLURRY PUMPS 

• PROCESS CONSIDERATIONS 
• LARGE pH SWING 
•PRECIPITATE FORMATION 
• MAINTENANCE OF ASEPTIC CONDITIONS 
-M ·me RATE TEMPERATURES 
... SHORT RESIDENCE TIME 

NEUTRALIZATION 
OTHER NEUTRALIZATION TECHNIQUES 

• OVERLIMING 
-ADDITIONAL GYPSUM FORMED 
-REQUIRES ADDITIONAL ACID UTILIZATION 
-MAY REMOVE ACID PRETREATMENT 

B 'f-PRODUCTS 
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FERMENTATION 

• PURPOSE: TO CONVERT SUGARS TO 
ETHANOL THROUGH METABOLIC 
PATHWAYS OF SELECTED ORGANISMS 

FERMENTATION 

NREL 

.• ·, .,HM,J ___ ...,. _________________ _ 

• FEED: STREAM FROM PRETREATMENT 
• SOLIDS: 120/o 
• AGENT: YEASTS, ENZYMES (BACTERIA. FUNGI) 
• TEMPERATURE: 37 C 
• PROCESS MOOE: CONTINUOUS FERMENTATION 
• PRODUCT pH: 3.0 .. 5.0 
• pH CONTROL AGENTS: 

-CALCIUM SALTS 
• AMMONIUM HYDROXIDE 
• SODIUM HYDROXIDE 
• POTASSIUM HYDROXIDE 



- ·-··-------
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FERMENTATION 
·~r-~"· -------------------------• BY-PRODUCTS OF WOOD SUBSTRATES 

• IDENTIFIED FOR 3.0 WT. % ETHANOL PRODUCED 
•CARBON DIOXIDE 3.0 WT. % 
-GLYCEROL O • 0.05 WT. % 
•ACETIC ACID O .. 0.4 WT.% 
• LACTIC ACID TRACE AMTS. 

'"""""""'"' !'t·· • _,.., . ,.,,, ....... ,--••·""-'"'~**' ~-~('~"'"*"'""u~w1-q,1;_..., -"'· .,,,~.~~..._, ... ;.., ••. _..,. 

FERMENTATION ,;\-l'i·--"-------------------BY.PRODUCTS OF WOOD SUBSTRATES 

• THEORETICAL 
-ACETALOEHYOE 
•FUSEL OILS (AMYL, ISOAMVL, PROPYL ALCOHOL) 
-SUCCINIC ACID (FROM E. COLI) 
- PROPIONIC ACID 
- FORMIC ACID 
• HYDROGEN GAS 
-AMMONIA (FROM pH CONTROL AGENTS) 
-CHLORIDE IONS (FROM SALTS) 
-XYLITOL, ARABITOL, MANNITOL 
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FERMENTATION 
._.,1,"- .... --------------------------BY.PRODUCTS OF WOOD SUBSTRATES 

• BY-PRODUCTS FROM POSSIBLE CONTAMINANTS 
... LACTIC ACIO (FROM LACTOBACtLLUS) 
• SUCCINIC ACID 

----------------------

FERMENTATION 
•EQUIPMENT 

-FERMENTER TANKS (10,000 TO 1,000,000 GALLONS) 
- HOLL, TANKS 
-AGITATORS 
-HEAT EXCHANGERS 
-PUMPS 

• PROCESS CONSIDERATIONS 
•ACIDIC pH 
-AQUEOUS ENVIRONMENT 
-LONG RESIDENCE TIME 
.. MAINTENANCE OF ASEPTIC CONDITIONS 
-EROSION FROM GYPSUM PRECIPITATE 
-LEACHING OF METALS 
-CORROSION PRODUCTS 
-LOW TEMPERATURE 
-ATMOSPHERIC PRESSURE 

-~~~:S5Id5Bi& rz::-D!IAU· %1iiMtafi& 

-----------· 
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-----------------

FEEDSTOCK HANDLING 
• FEED: WOOD, GRASSES, PAPER, MSW 
• MOISTURE: 10 • 50 WT. % 
• TEMPERATURE: AMBIENT 

FEEDSTOCK HANDLING 
•EQUIPMENT 

- STORAGE AREAS 
- BINS/HOPPERS 
-FEEDERS 
-CONVEYORS, WATER FLUME 
-MILLS, GRINDERS, SHREDDERS 

• PROCESS CONSIDERATIONS 
-ABRASIVE FEED/EROSION OF EQUIPMENT 
-POSSIBLE DROP IN FEEDSTOCK pH DUE TO POOR 

MANAGEMENT TEC~NIQUES 
-LOW MOISTURE 
-AMBIENT TEMPERATURE 

ii·•: 
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ETHANOL RECOVERY 
• FEED: PROOUCT STREAM FROM FERMENTATION 
• SOLIDS: 6 WT.% 
• TEMPERATURE: 37 • 110 C 
• PRODUCT pH: 3.0 • 5.0 

I ---------------------------------i 

ETHANOL RECOVERY ' .. ~~=------IIIS'I-------------------~ •EQUIPMENT 
-DISTILLATION COLUMNS 
-TANKS 
-HEAT EXCHANGERS 
-PUMPS 
-CENTRIFUGES • PROCESS CONSIDERATIONS 

-CONCENTRATION OF BY.PRODUCTS 
-GYPSUM PRECIPITATION 
-SOLIDS FOULING 
-ORGANIC ACIDS 
-AQUEOUS SLURRY 
-ACIDIC pH 
-LOW PRESSURE 
-MODERATE TEMPERATURE 

d!Slli!.B 
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1 WASTETREATMENT l:~:.-:..=::u==m::::a11!i11S!'.mr:t.1-i!li:l'm _____________________ _ 

• FEED: 
•SOLIDS: 
• TEMPERATURE: 
• PRODUCT pH: 

VARIED 
DISSOLVED SOLIDS 
35 - 37 C 
6.8 - 7.4 

WASTE TREATMENT 
, .... ·:.... ~..:...:...3:..;;..~ ..... ...::.~~~:...:r. .. :?a".l+ ... ,.~ ..... :ve~·-----------------------
1 • EQUIPMENT 

-TANKS 
-HEAT EXCHANGERS 
-SLURRY PUMPS 

• PROCESS CONSIDERATIONS 
-ALKALINE MEDIUM 
-GAS PRODUCTION (METHANE, CARBON DIOXIDE) 
-LOW TEMPERATURE 
-ATMOSPHERIC PRESSURE 
-WELL-DEFINED TECHNOLOGY 
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PROCESS VARIABLES THAT 
AFFECT MATERIALS SELECTION 

• PRETREATMENT 
• SUBSTRATE TYPE 
• PRETREATMENT METHOD 

-AGENTS 
-TEMPERATURE 

•FERMENTATION 
• pH 
• pH CONTROL AGENTS 
• SELECTION OF ORGANISM 
• WELD/LOAD STRESS 

.. ·~ ~ ~·.: ;i .~t;';':t '>''" :::··'fC; " •• .:·-.--·•,. " ' !---..·~:• '. ' .... ~ • ot. • ..... - .... ,. ..... • ·: ."' 

•·'·.fol'*'""-_,..,.-~ .... ,...,,,.....,,,,,.,..._ ...... , , ....... ,..,. ......... .,.."":·· "~,s ..... , ....... l,•·• .,, 

• ' .... --·~· ... -... •• ••• Y 9 .- •, .; ~- ..... l• --- j •• ' ... • ............. . 

CLEAN-IN-PLACE AND 
CHEMICAL STERILIZATION 
• CIP PROCESS CONSIDERATIONS 

-TYPE OF CLEANING AGENT 
-CONCENTRATION 
-TEMPERATURE 
-pH 
-IMPINGEMENTNELOCITY 

• EQUIPMENT CONSIDERATIONS 
-SELF-DRAINING 
-SMOOTH, INERT, NON-POROUS INTERIOR SURFACE 
-NO HIDDEN/UNEVEN AREAS 
-EASY TO INSPECT 

.-.: ... · :~· ,.·\<· .·:::<:,.: ;·.,,,~···t·~ .. :\AHfl.<''.:t<·e- · ·;;.~H:i'.t,i·Yf"t.~· :::~·;·,--~:.~;.;;i:ldi!#R!tllemeti; 
i 

NREL 
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PURCHASED COST OF ACID PT 
REACTOR SHELL 

TOTAL PURCHASED COST OF REACTOR-$1,830,000 
PURCHASED COST (USO) 

$600,000 -----------------------------, 

$500.000 

$400,000 

$300,000 

$200,000 

$100,000 

~-20 (NREL DESIGN) 

CAPACITY: 2664 CU FT. 
DP•175 PSIG, or .. oo F 

SOURCE: NREL DESIGN CASE 

316L CS/NEOPRENE 
S$304 HASTELLOY B CS/OTHER LIP NGS 

' ,;.: .. :·.~·-··:.-:··• ~' ... .:'?'t~·.: ~:-r~; )j f"~::·:~:>:'. -~"' ·t·:: ·_·,::·i..._'.:; ~: : •• ·:1, • , - ; \ • 
~ ••.. •-.,1..--111•:...;.4,,,._.,.,a.¥,1.a .. .i-... 11...J. .• w .• ~1..1.~·¥ ... -. ........ , 

NP..EL 

, .. .., 
•, 

...... ··----~--····-···-----·-·- .. ·---- ------··----,~·-'- ----·------··. 

::: ·~·.:.n".:,c·~~1 
·.4'"::~.:~·-·::::ITI:'~!~'i'·:·$:¥:A.:.~~ 

PURCHASED COST OF 
ATMOSPHERIC TANKS 

PURCHASED COST (USO) 

600,000 ...--------------------------..,,,..---, 

500,000 

400.000 

200 400 600 
TANK CAPACITY ( 1.000 GAL) 

CARBON STEEL CS/EPOXY CS/SS304 CLAD SS304 
...... -+- ....;.- -=-

800 1,000 
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LOW-COST MATERIAL SELECTION 
NEXT STEPS 

•DEvELOP TESTING PROGRAM 
•IDENTIFY PARTICIPANTS 
•IDENTIFY ADDITIONAL MATERIALS OPTIONS 

-SCREEN FOR POTENTIAL ECONOMIC IMPACT 

•SUBJECT BEST ALTERNATIVES TO TESTING PROGRAM 
-CORROSION TESTING 
-IN-DEPTH ECONOMIC ANALYSIS 
-INHIBITION TESTING 

•IDENTIFY CANDIDATES FOR LONG TERM VALIDATION 
- USE OF NREL PILOT DEVELOPMENT UNIT (POU) 

- -----------

NREL 
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DOE/NREL/ORNL WORKSHOP LOW COST MATERIALS OF CONSTRUCTION 
FOR BIOLOGICAL PROCESSES 

ABSTRACT 

MAY 13, 1993 

Overview of Fuel Ethanol Industry 

Dr. Raphael Katzen 
Raphael Katzen Assoc. Int'l., Inc. 
7162 Reading Road, Suite 1200 

Cincinnati, OH 4523 7 

Dr. Katzen presented an overview of the processes used in the com-to-ethanol industry 
including wet milling, dry milling and distillation. The typical conditions of service and 
materials used were outlined as well as material failures observed. 

Ethanol is produced from grain, primarily corn, by two standard processes: wet and dry 
milling. Wet milling accountr. for about 60 percent of total ethanol production. Dry milling 
plants cost less to build and have higher ethanol yields, but the value of the coproducts is less. 

In the wet milling process, the corn is soaked in water and sulfur dioxide prior tc milling. 
Following milling o~ the slurry, the starch is separated from the germ, fiber and gluten. 
These byproducts are further processed into gluten meal, gluten feed and corn oil. The gluten 
feed and gluten meal recovery areas are constructed of SS-304. Once the starch liquor has 
been separated from the other products it can be saccharified and fermented into ethanol, or it 
can be processed into high-fructose corn syrup. Ethanol fermentation in wet milling plants is 
usually carried out in SS-316 fermentation tanks. Ethanol is recovered from the fermentation 
broth, or beer, by distillation and then dehydrated. Equipment in the ethanol distillation area 
is usually constructed of SS-304. 

The dry milling process begins with milling the dry com prior to steam cooking. Milling the 
dry corn kernels is a very abrasive operation at a pH of about 6. Originally SS-304 was 
specified for milling equipment, however carbon steel with hardened surfaces is currently 
used. During the cooking process the starch is disaggregated, but not separated, from other 
grain components. The resulting slurry contains starch, fiber and gluten. The freed starch is 
then hydrolyzed by enzymes to produce fermentable sugars. Under anaerobic conditions yeast 
ferments the sugar to ethanol. Historically, there have been corrosion problems with carbon 
steel and SS-304 fermentation tanks, primarily as a result of low pH excursions due to 
bacterial contamination problems. Recently, there has been evidence that carbon steel tanks 
may be suitable in batch fermentations where contamination is controlled and the pH is 
maintained between 4.5 and 5.5. Continuous, or cascade, fermentations are often carried out 
at a lower pH of 3.5 to minimize bacterial infection. Stainless steel tanks may be required for 
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cascade fennentation operations. Ethanol is recovered by distillation and dehydrated. The 
unfermented materials are recovered, dried and sold as Distillers Dried Grains and Solubles 
(DOGS). The DOGS drying system is usually constructed of SS-316 because of the low pH, 
3.0 .. 3.5 and relatively high temperatures in this area. 

Publications 

• "Ethanol from Lignocellulosic Wastes with Utilization of Recombinant Bacteria", 1993. 

• "Ethanol from Com-State-of-the-Art Technology and Economics", 1992. 

• "Fermentation Technology .. Choices and Challenges", 1992. 
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DOE/NREL/ORNL WORKSHOP LOW COST MATERIALS OF CONSTRUCTION 
FOR BIOLOGICAL PROCESSES 

MAY 13. 1993 

Infrastructure Concerns Related to The Production, Storage and Use of Alternative 
Fuels from Biological Processes 

ABSTRACT 

Joseph M. Perez 
Office of Transportation Materials 

Department of Energy EE-34 
1000 Independence Ave., SW 

Washington D.C. 20585 

This presentation was aimed at better defining the material needs related to biomass 
processing, storage and use of alcohol fuels. An overview of the impact of the technology 
and the real needs wert• discussed. To successfully solve many of the materials problems 
identified in previous discussions, a cooperative effort involving the best ideas of industry, 
university and government researchers will be required. In the laboratory phase of 
development. materials are of little concern since the objective is obtaining results regardless 
of cost. As the process advances to the pilot plant or development stage, materials are u 
factor but usually, they are not critical to the successful outcome of the process. I Iowcvcr. if 
the pilot plant study is successful. the economics of up-scaling the process to 
commercialization and large scale production make materials and maintenance significant 
factors. To be competitive in the current business climate does not allow the leisure of long 
term drawn out edisonian type of research and development. The purpose of the workshop is 
to define the best path to rapid development and transfer of the technology to industry. This 
means new ideas regarding material needs for processing plants and storage facilities. There 
are even material needs for vehicles that will utilize the end product. The purpose of the 
workshop is to define the best path available to produce alcohols by the biomass process and 
to define alternative materials approaches to do so in a most economical process. The desired 
end result is in contributing to the DOE goals to reduce our dependence on foreign oil, 
improve engine emissions. conserve energy and ultimately create new jobs. 



DOE/OFFICE OF TRANSPORTATION MATERIALS 
ALTERNATIVE FUELS-COMPATIBLE MATERIALS PROGRAM 

INFRASTRUCTURE CONCERNS 

Joseph M. Perez, Program Manager 
Office of Transportation Materials 

U.S. Department of Energy 

DOE/NREL/ORNL Wakstq> oo Low-Cost 
Materials of Corsruction tor Biological Processes 

Cdorafo Springs. co 
May 13. 1993 
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• tnfrastructure• Concerns 

• Processing Materials 

• Storage Systems 

• Vehicles 



n 
•Big Fuels Picture• 

• Energy Conservation 

• Emissions Reduction 

w 

• Renewable Energy l 
0 

• More Efficient Engines 

• NewJobs 



Puq,ose: 

lngut: 

Result: 

Workshop 

Define Real Needs 

•Industry 
• University 

•Government 

Define Path(s) 
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Alternative Fueled Engines and Vehicles 

Technical Issues 

• Fuels: Alcohols, Natural Gas 

• Engines: Light- & Heavy-duty 

• Components 

• Emissions & Catalysts 

• Infrastructure 
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Alternative Fuels - Compatible Materials (AFCM) Program 

i \ 

I 
I AFCM for kq)roved 

Envirorwnenta1Systems 
(Project Area 2) 

• 2.1 lmprowed 
Catalysts i>r 
Allemalive Fuels 

• 2.2 Aging and Testilg 
Prolocol b Al.. 
Fuel Catalysts 

P1ojecl llanagemenl 
and ES & H Oversight 

(Pn>jecl Area 1) 

Technology Transfer 

(Project Area 6) 

I 
Materials for All 

Fuels Infrastructure 
(Project Area 3) 

• 3.1 Materials tcr 
Processing of 
Biomass Fuels 

I 
AFCMfor 

Vehicle Fuel Systems 
(Project Area 4) 

•4.lAI-ComposileFuel 
Tank Materials for 
NaluralGas 

• 4.2 Impermeable Fuel 
Tank Materials for 
Alcohols 

I 
AFCM for Engine 

Components 
(Project Area 5) 

• 5.1 Friction and Wear 
of Alternative Fuel 
Materials 
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Materials for Alternative Fuels lnfratructure 

• Relevance of Materials of Construction 

o Laboratory/Experimental Phase 

- Minimal Concern 

o Development/Pilot Plant Phase 

- Factor but Not Usually Critical 

o Commercialization/Production 

- Materials & Maintenance are Significant Factors 

( \ 
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Example: Approach -1 

• Data Base Searching 

• Alternative Materials 

• Experimental Evaluations 

• Experimental Data Reduction 

• Recommendations 

• Productivity & Cost Impact 

• Select 

Time: 3-5 Years 
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Example: Approach-2 

• Define Requirements{fheorize Needs 

• Model Process 

• "Tailor" Materialsf1Best11 Match 

• Optimize Experiments 

• Data Reduction/Refinements 

• Recommendations 

• Productivity & Cost Impact 

• Select 

Time: 1-3 Years 
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Renewable Energy/Alcohol 

Workshop Strategy: 

• Identify Material Needs 

• Alternative Paths 

• Draft Operating Plan (MYPP) 

• Review & Revise 

• Obtain Required Funding 

• Execute Plan (AOP,FWP) 

( \ 
' 

w 
I 

if:,. 
(X) 
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DOE/NREL/ORNL WORKSHOP LOW COST MATERIALS OF CONSTRUCTION 
FOR BIOLOGICAL PROCESSES 

ABSTRACT 

MAY 13, 1993 

Corrosion 

Dr. James R. Keiser 
Oak Ridge National Laboratory 

Bldg. 4500 S 
P.O. Box 2008 

Oak Ridge, TN 3 7831-6156 

Dr. Keiser provided an overview of the Corrosion Science and Technology Group at ORNL 
including staffing and program diversity. Research capabilities such as Scanning Electron 
Microscopy and Electrochemical testing were discussed. Examples of corrosion in metals and 
changes in mechanical properties of ceramic composites were also presented. 



CORROSION 

DOE/NREL/ORNL WORKSHOP 

LOW COST MATERIALS OF CONSTRUCl'ION 
FOR BIOLOGICAL PROCESSES 

Dr. James R. Keiser 
Corrosion Science and Technology Group 

Metals and Ceramics Division 
Oak Ridge National Laboratory. 

'f 
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NATIONAL LABS HISTORICALLY HA VE SUPPORTED 

COMPLEX CHEMICAL PROCESSING ACllVl'l'IES 

• Processing Of Nuclear Materials 

• Coal Conversion (Gasification/Liquefaction) 

• Battery And Fuel Cell Development 

• Thermochemical H2 Development 

• Desalination 

• Biomass 

• Waste Treatment 

• Industrial Support (Wood Pulping) 
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METALS AND CERAMICS DIVISION 

• STAFF 

170 PROFESSIONALS 

154 TECHNICAL AND ADMINISTRATIVE SUPPORT 

• PROGRAM MIX 

65% METALS 

35% CERAMICS 

• - FOCUS 

20% BASIC RESEARCH 

60% LONG-RANGE APPLIED RESEARCH 

20% DEVELOPMENT 



CORROSION SCIENCE AND TECHNOLOGY GROUP 

CONDUCTS EXPERIMENTAL AND ANALYTICAL STUDIES TO 

PROVIDE AN UNDERSTANDING OF THE EFFECTS OF ENVIRONMENT 

ON MATERIA1S FOR A BROAD RANGE OF ENERGY APPLICATIONS 

• Mechanistic Studies 

• Evaluation Tests 

• Engineering System Tests 

• Failure Analyses 

• Consulting 



CURRENT ORNL MATERIAI.S SUPPORT 

FOR CHEMICAL PROCESSES INCLUDES 

• Coal Gasification and Liquefaction 

• Molten Carbonates for Waste Incineration 

• Pulp and Paper Processes 

• Filtration of Hot Gases 



THERMOGRAVIMETRIC LA.BORATORY 

Up lo four independent, si111ultancous cxpcri1ncnts "can be conducted ,vith each 
f hcnnogravirnctric syste1n consistiag of a sensitive, continuously recording 1nicrobalancc fir 
:1ccur:1fcly n1c:1suring spccin1en \Vcight~ a controlled le1nperature f urnacc; an cnvironn1ental 

con1rol suh~ystcrn consisting of gas supply .. chcn1istry .. and n1etering equipment; and a 
con1pufcr controlled data a,~quisition 
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MICROSCOPY SYSTEM FOR lN-SITU 
EROSION-CORROSION STUDIES 

- -- .•. Ill 

The system Is a scanning electron microscope (SEM) that 
has been extensively modified to permit in-situ study of a 
material's surface while It Is undergoing attack. Erosion of a 
sample In the microscope is accomplished by bombarding 
the viewing surface with tungsten carbide spheres at a 
controlled velocity and trajectory. Corrosive conditions are 
produced by using a heateci sample holder and a gas 
control system that directs a controlled amount of a 
corrosive gas onto the sample surface. 
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!Equipment for detecting radiation-Induced 
1 sensUlzaUon using the Eleclrochemical 
Potenliokinetic Reactivation Technique. 
l he system consists of potenlial/currenl 
measming syst~m. polarization cell, and 
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specimen holder. Measurement syslem is 6;.:. •. 
computer controlled 9oten~~n~1,,,,..,..,..,..,. .. ,.,. ..... ..,.~ 
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TRANSGRANULAR CHLORIDE STRESS CORROSI.ON CRACKING OCCURRED 
IN TYPE 316 VENT LINE BETWEEN PREHEATER AND DISSOLVER 
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MICROSTRUCTURAL EXAMINATION SHOWED 

CONTINUOUS, ADJ{ERE~ .LAYERS 

. .~ ..• ~.· . 

····· 

.' ,,,~· ·. ' .. 

llntered Alpha SlU.con CU'bide (IA) 

Reaction Bonded Silicon Carbide (R.BSC) -·· Silicon ·cubidt·Aluaina Composite (LAS) 

Micrographs of samples exposed at 1260° C for 500 h with 1.0 atm total pressure 
and 0.30 atm steam partial pressure showing continuous, adherent layers. 
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'(h ' ... 
I .1,..,, , .. ~ 

~1ICR0STRUCTURES OF SAMPLES EXPOSED ~.\T 925°C 

SHOWED EFFECT OF STEAM PARTIAL PRESSURE 

Steam partial pressure 2.0 •t• (30 psla) Ste,. partial pressure 6.8 atm (~00 psiaJ 
77-h ekpoa~r• t1ae 120-h exposure time 

LAS 

use 

CSP 

SA 

\1icrol!raphs of candidate reformer tuhe materials after expt)~ure for about 
1.0() h 3t 9~.5·=-c to simuk1tcd ~team-m::thane reformer ~nmnspheres. 
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ORNL SAMPLES BEING EXPOSED IN 1-JILSONVILLE FRACTIONATION COLUMN INf.LUDE ·1 flESF 
U-BEND AND COUPON RACKS. 

,:•":~·\ 

.. ~ . ' . 
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SUMMARY 

• Research In ORNL's CS&T Group Is Directed To 
Determining The Compatibility Of Materials 

• A Wide Range Of Experimental Facilities Is 
Available In The CS&T Group 

• Members Of The CS&T Group Have Considerable 
Experience In Evaluating The Performance Of 
Materials In Chemical Processing Systems 
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DOE/NREL/ORNL WORKSHOP LOW COST MATERIALS OF CONSTRUCTION 
FOR BIOLOGICAL PROCESSES 

MAY 13, 1993 

Surface Analysis of Corrosion Pits Initiated at MnS Inclusions in 304 Stainless Steel 

Richard C. Alkire 

ABSTRACT 

Department of Chemical Engineering Materials Research Laboratory 
University of Illinois at Urbana-Champaign, Illinois 61801 

Fonnation of pits near MnS inclusions on 304 stainless steel in NaCl (0.1 and 0.3M) and 
N~3:P3 (0 and 2 ~ solutions was investigated by a combination of surface analyses 
(Auger electron spectroscopy, scanning electron microscopy, and energy dispersive x-ray 
analyses) and electrochemical methods. Microlithography techniques were developed to 
monitor a single corrosion pit initiated at a single preselected inclusion. Pits were observed to 
form primarily at MnS inclusions. It was found that chemical dissolution of MnS occurred at 
the rest potential. Sulfur species were found to spread onto the adjacent passive surface over 
an area having a diameter about four times the size of the inclusion. Subsequent dissolution 
of metal was observed to occur only at MnS inclusions larger than about 1 µm. The surface 
of the microcavity adjacent to the inclusion was found to be enriched in S and, in later stages 
of dissolution, by Cr. These observations indicated that S-species play a key role in the 
processes that lead to pit initiation in this system. 

In situ atomic force microscopy was used in conjunction with microlithography and scarutlng 
Auger electron spectroscopy to monitor localized corrosion near iron-rich inclusions in Al-
6061-T6 immersed in 0.6 M NaCl and also sulfur-rich inclusions in 304 stainless steel (SS .. 
304) in 0.5 M NaCl. The local rate of aluminum corrosion was found to depend on the shape 
of the nearby iron-rich inclusion. at the corrosion potential, trenches were observed to form 
in the aluminum host matrix adjacent to the inclusions,a nd the corrosion sites gradually 
evolved into circular shapes owing to dissolution. During the dissolution process, the width 
of the dissolution area was an order of magnitude greater than the depth. Application of a 
400 Mv cathodic overpotential prevented corrosion initiation, while application of a 500 m V 
cathodic overpotential greatly accelerated the dissolution rate in comparison with that at the 
rest potential. On SS-304, exposure to 0.5 M NaCl was accompanied by formation of 
deposits, which decorated the inclusion surface as well as the surrounding area up to four 
times the radius of the original inclusion. 
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Reprtnltd from JoVMAL o, '1'111 tLtmoc:HlMICAL Soc:1m 
Vol. 139. No. e, Jun• IVl)i 
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Copyright 1992 

Surface Analysis of Corrosion Pits Initiated at MnS Inclusions in 
304 Stainless Steel 

Ruoru Ke* ond Richard Alkire.** 
Department o/Chtmiccil EnginetrinQ end Matfrlal.s Research LaboratOf'JI, Universit11 of lUinoi, 

cit Urba.na.-Cha.mpa.ign, ILtinots 6l801 

ABSTRACT 
Formation of pits near MnS inclusions on 304 stainless steel in NaCl (0.1 and 0.3M) and Na1S,03 (0 and 2 mM) solutions 

was investiaated by a combination of surface analyses (Au1er electron spectroscopy, acannin1 electron microscopy, and 
energy dispersive x-ray analyses) and electrochemical methods. Microllthography techniques were developed to monitor 
a single corrosion pit initiated at a single_ preselected inclusion. Pita were observed to form primarily at MnS inclusions. It 
was found that chemical dissolution or MnS occurred at the rest potential. Sulfur species were found to spread onto the 
adjacent passive surface over an area havin1 a diameter about four times the size of the inclusion. Subsequent dissolution 
of metal was observed to occur only at MnS inclusions lar1er than about 1 .,.m. The surface of the microcavity adjacent to 
the inclusion was found to be enriched in S and, in later a tag es of dissolution, by Cr. These observations indicated that S. 
species play a key role in the processes that lead to pit initiation in this system. 

The deleterious effect of sulfide inclusions on the resis­
tance of stainless steel toward pitting and crevice corro­
sion has been recognized for many years (1-4). Certain fun­
damental questions remained unanswered, however, 
conceminl events involved in early stages of such attack. 
In the present investigation, the sequence of event, durinl 

• Electrochemical Society Student Member. 
• Electrochemical Society Active Member. 

initiation of pitting in Cl'" -containing solution at site of 
MnS inclusion on 304 stainless st.eel (sa) was examined by 
a combination of surface analysis and electrochem.ical 
methods. 

Commercial stainless steels contain a variety of sulfide 
inclusions that are generally recoanized to serve as pit nu. 
cleation sites (f>-7). 

Mechanisms by which nucleation occurs on stainless 
steel in chloride solutions have included chloride ad-

\ 
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sor\.'tlon <8), cr1Vice rormaUon at the edge of dissolving Ln• 
d 1Jlion1 ,9), incl the concerted depassivatinl action o( 
ch.lomie and UUO'""'fate (10.12). lnvest11attons oflocaJ sur· 
:ace chem1strY in the viciruty p,u a.r.d inclusions on J 16 SS 
I.I\ acidic ~aCl revuled that dlssoluuon or the inc:lus1on 
. .,..as accompanied by releast of sulfur sp,cuu wh1ch con­
t&nUnated the surtouncilng metal i.ncludlnl the pasu•.ie 
nlm <13>. 

Thus tht view has emerged that dissolution products 
lead to dtpos1uon of su.l!ur a.nd/or su.lfu.r-cont.auung spe­
c1es on re11ons surrounding inclusions play a central role 
in subsaq uent breakdown of the passive oxide tum. To fur. 
tner cla.r1fy the mecharusms by which pilS initially be11.n to 
form, and to or11tti1e thtse concepts eventua.lly into the 
framework o( a mathemaucal model (or the U'\iUat.ion or 
;att1r1.1. add.itiona.1 qua.ntitat1ve wonnauon 11 needed. 

In the present study. formation or p1ts near M.nS lnclu· 
uons on 30.\ SS Ln NaCl (0.1 a.nd 0.3M) and Na,S20, (0 and 2 
m.ld) soluUons was mvest11ated by a combU'llt.lon of sur. 
face analYSll and electrochemical methods. MicroUtho,ra• 
phy tectuuquea were developed to re11ster the specimen, 
so as to observe prtsele<:ted MnS lndu11on1 before and 
after exposure to :orros1ve conditions. lh addition, tech• 
ruques were developed to monitor a stnal• pit inltiat,d at a 
Sln&le preselected inclualon. 

Experimental 
Th.rte types of specimens of comm,rcial 304 SS were ex­

arruneci: (i) unmasked spec:tmens provtded information on 
the composttion of inc:lusiona prior to exposure to cor• 
roaive condiUoru; (ii) specunena that were unmasked or 
pa.rtilJ.ly masked proV'ided informat.ion on a lu11 coUec. 
uon of Inclusions exposed to corrosive conditions: and (Hi) 
spec1.mena that were maaked everywhere except for a ain­
llt i.nclusion proVided deta.Ued loca.l i.nfonnation. 

Specimens were cut trom rod stock in the rorm o( disk! 
04.8 mm diam), a..nd pollahtd down to 0.05 "'"m alumina 
ftrush. In a Class 100 c:lea.n room. cleaned specimens were 
preba.ked nao•c, 20 m..tn), spin-coated at 3000 rpm W'lth a 
pos1Uve photores1st (Micropostt 1450J, Shipley), and soft. 
baked c9o•c. 20 min). To expose a rroup of inclusions, a 
chrome.plated glass photomask wu used to make a ,rid 
on the rea1on of interest. The ,nd was 1100 )( 1100 1,,1,m, d.i· 
Vlded in 121 square re11or11 100 µ.m on a side. By usmr th.is 
and as a reference rerister. an Lnclusion of interest could 
be identilied before a..nd alter exposure to corrosive solu. 
hons. For specimens that were muked except for a sin1le 
inclusion. a second chromt,plated glau photomask was 
utilized, having a sLngle square opening c:SO x ,o µ.m). The 
overlay o( these two photomuks made possible the expo­
sure of a s1n1hMquare rerton containing a stn1Jt ln• 
clusion. 

After exposure (2001 Kaspar Inst. Model 762 tTV Ught, 
Opueal Associates), the exposed rer1on wu developed 
(Micropo11t, Sh.lpleY). spray nnsed with deionized water, 
jet dned with filtered rutro11n. t.hen postba.ked i.n fresh a.i.r 
n2o•c. 25 rn.in) and stored in a desiccator wail use. These 
procedures gave a photoresist that was approxunately 
2 i.m thick. 

Specunens were mounted facing upwards in a.n un­
stirred Plex.i1las cell. A sanu-ated c:a1omel electrode (SCE) 
was UHd as a reference e.lectrode; t.he counterelectrode 
was a Pt foil. Elettrochem.ica.l axper.ments were carried 
out under potenb.a.1 control CPAR, Model 273). Cycllc st.a.tr• 
case voltam.metry CCV) and ch.ronoamperometry (CA) 
were used. h\ situ rrucroscopic observation (Nikon. 200 
~es) was made during pit irUtiat.ion and growth. Solu­
tlons ot various concentrations a.nd m.ixtures of electro­
lytes were prepared With deionized water a.nd analytical 
gnde NaCl a.nd Na,S10~ reasent.s. 

Qua.ntit:ative energy dispersive x.ray <EDX) analyses 
were ca.med out (J'EOL 35C) to provide general informa­
tion on the composition of steel and inclus1on.s. The sur­
face toposraphy a.nd chemistry of inclus1ons, pit.sand SW'· 
rounding areas were observed by ,canning Au1er 
rrucroscope (SAM) (PHI 660), sc&Ming ele<:tron micros­
copy <SEM>. a.nd EDX CKITACHI S-800 fitted with LJ.nk 
.~'I 10.000) before a.nd a.iter exposures of sample$ to corro­
Slon conditions. To obtain. Auger data.. a 10 k.V accelerating 

beam volta11 a.nd 10 nA specimen c:WTent were found to 
11ve 100d 11,nals and spat.ill rHoluuon for most cond1. 
tions. The staae tilt-a.n1le wu uauaJ.ly 30'. ~he spatial reso .. 
lullon was •0.13 ~m. The atomic: conc1ntraUon (ac) ca.lc1.,. 
lation was based on the puk·to,pea.k height tn the 
d.i!ferent.ial spectrum. The element.a C, 0, 5, Cl, Cr, Mn. re, 
Ni. and Cu were monitored at k.i.netJc enera 271. !HO. 151 1 

181. 529,541.703, 848, and 920 tV, respectJvely. EDX mua. 
urement.s CH:tTACHI s.aoo SEM titted wtth Llnk AN 
10,000) were ca.med out under an acc:elentirg beam volt· 
a1e or 20 kV and a workin1 distance of 15 mm. Stereo IJn· 
a1es wart obt.aintd With a.n a.n1lt d.i.lferenc:1 of 8', topogra, 
phy was dttemuned by computer a..nalyus. 

Results and Discussion 
Results u, presented below in a sequence which in• 

eludes fi), ob«:trvat.ions on U'ld.ivtdua.l inclus1ons pnor to 
exposure to corrosive c:ond.ltions, CH), specunens wtuch 
had a lar11 number ot inclusions, some of whJch led to pit· 
tinl corrosion, a.nd (iii), specimens that wtrt masked so as 
to only expose a sLn1l1 MnS l.nclusion to c:orro11v1 c:oncU­
Uons. 

Obam,a.Ucm prior to crpo,ur, co corT'osivt condWon.s.-· 
Qua.nUtutve EDX analyses on i.ndJviduaJ inc:luuons i.ndl· 
c:ated that three 11neral c:1te1or1es were found: rn OXJdH 
of vanous tltmenta. pn.ma.rily C:,O, and l\1n0 With some 
AlaO,; (h) man11nese su.l.fide, MnS; and WO mixed Ox.id•· 
suU\de inclusions. The stie ot MnS inclusions was ob· 
served to be less than 2 µ.m, By c:ountinC the bnght spota 
on EOX sul.tur maps ot • numbe..r ot areas chosen at ran· 
dom, the number density oi MnS inc::lu11on1 on the surface 
wu estimated to be (3 : l) x 10'/cm'. 

Con-anon .rpee,mf'n.l hau,ng a. ta.rg, rtumbtr of inch1.· 
sion,.-In the experunent.s described i.n th.is secuon1 a 
number oC inclusions were exposed to solution on a SU'\1le 
specimen, but the spec::unen waa masked with a photort· 
slat llid so that any particular lnclusion could bt aelec::t,i 
tor surface analysis and, (01loWU11 eXJ:)osure to corrosive 
soludon. be idtnti.tied a1lin for postexposur, surface ana.l· 
ysts. Results are reported below (or exposure to two O.lM 
NaCl solutions, one of wh.ich c:ont&Uled 2 mM sodium t.hJ.o· 
sulfate. 

O.lM No.Ct aoluc,on.-The purpose of electrochemical pre· 
treatment was to create corrosion p1t.s under controUed 
condition• for subsequent surface analysis. Specunens 
were exposed to cathodlc red.uc:tlon ( l m.A/cm2) for 10 nun 
a.nd then heJd at the rest potential for 15 rrun. The current 
wu then recorded while the potential wu scanned 
(1 m Vis) from the rest potential to a deured anodic poten­
tial a.nd held at this value for 75 min. The spec:unen was re· 
moved from the cell, rinsed in the laboratory environment 
a..nd tn.n.sferred to the A.ES chamber. 

In an expenment labeled lP, t.he potential was scanned 
to E • 430 m V <SCE). While sc:a.n.n.in1 to this potential 
many pits were found to uutiate. Du.ring the constant po­
tential holcli.n1 period, pits kept rrowirlg, the anodic C:W'· 
rent continued to increase t:om 0.8 to 4 m.A when t.he ex­
pe.nme.nt was temunated at 75 min. Aueer electron 
spectroscopy (AES) analysis wu earned out to obt.a.,.n the 
local elemental composition on the pit interior and sur­
round.in& surface. A typical result, shown in Fig. 1, Wus. 
trates the Auger spectrUm recorded trom one particular pit 
interior. S11t1al.s from the ele.ment.a o! S, Cl, C, 0, Cr. Mn, 
Fe, Ni, a.nd Cu appear in this spectrWU. Similar data !rom 
some halt dozen pits showed that sulfur waa present 1n all 
such pit.s. 

Local surface compositions measured at a ptt (rad.iw of 
about 0.75 µ.m) and various poLnts on the surrounding area 
were mea.sured by A.ES and results ue (iven in Table !. . .\ 
dimension.leas cUsta.nce R wu de.fl.ned as the distance from 
analysis point to the center of pit divided by the radius or 
the pit. ln a similar manner a dimensionless conC'entratJon 
was defined for elementa S and Fe aa the concen tn.Uon 1t 
the analysis point divided by the concentration 1n the pit 
interior. These results will be discussed below alona with 
th'lse presented in the next pananpb. 

For experiment 2P, dwi.n1 the potantia1 scan to 400 mV 
(SCE) the a.no~c cw-re"t started. nsLng, a.nd p1~ appear~d. 
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Pig. I. AIS tptctniffl rtclfdtd f,om one portlculor pit Interior. 
1.0 1Vl1t1p; 1 S mlltt,p; ocq11i1ltlon time • 4.2 min. 

Th• sample w11 held at this potential tor 75 nun dur1n1 
which the current remained at & ~ and the ln.ltlated pit.I 
did not ,row. Compoaltlon on the lntertor or• Pit with a r•· 
diua or about 0.7& t,t,.m 11 atv1n ln Table I. Th• cilatribuUon 
of S and Ft tor th.11 plt la ahown in Table lI. 

Pita 1P and 2P were Lnitiated under dltrerent electro• 
chemical cond1Uon1 but had 11m.Uar dlmtnaton. In both. it 
11 clearly tvidtnt that the 1u.ltur concentra\lon was hi1h1r 
at the alto ottht pita, and decre111d with dl1tance trom the 
11te1. 1n tht rtlatlvely more 11nt11 corro1ivt conditlon1 of 
expenment 2P, 1111 1wtur was pr111nt, and lt waa located 
Within one r1diu1 of the corroalon 1it. For the more sever• 
condition UP) more aulfur wu pre11nt.. For both pltl the 
r, concentratlon 1ncreu1d wuh dl1tanc1 ttom the pit. It 
wu alto noted that the level or both C'!l and Cr WiUUn the 
pit on 1ample 1P w11 hi1her than on 1ampl12P, 

O.JM No.Cl and 2 mM No.,S,01 ,oluU01\.-B11ed on the re-
1wt1 obt.alned 1n the previous aectlon, add.lt.loral experl• 
menu were carried out on t.he 1lt11 ot aeltcttd lnclu.aton 
aroup1 before and after 1ltctroch1rn!cal expoaW"e 1n 0.' M 
NaCl + 2 mM NaaS10a 1olut.ion. 

After pre .. xpo1un AES and EDX mea1W"emtn\l, 
Sample No. 4 wu placed 1n aoluUon held at the r11t pottn• 
tia1 for 30 min, at which polnt the potential was cna.natd to 
400 m V (SCE) and the anodic current wu recorded 11 1 
function ot Ume (CA), The experiment wa1 terminated at 
17 • by wh.lch time the current had lncreaaed to 0.2 rn.A. 
Followtn• AES analy111 or the selected lnr.lu1ion1 th• 
umple w .al re-exposed to t.he solution for another 600 a at 
the same potential (400 m V). The aamt 1nclu,iona were 
then re-examined by AES and EDX. Reaultl are ahown ln 
Fla. 2. It i1 clurly seen that 11 expoaur1 occurred the auJ .. 

Tobit I. Elemental di,tribution on Sample 1 Pond 2P, 
O. IM NaCl, r. - 0.7! .-,m. 

C O S Fe Cr Ni Mn Cl Cu 

Samplt lP 
Avera11, ao time• 3Ul U.&1 0.14 12.00 uo 4.33 o.ao U3 ue 1t•o-1 34.eo 2u1 u, ua ua ua uo ua us 

U3 st.oe aut uo 10.11 U4 ua uo u1 3.ou 
1.82 4G.87 28.08 Ut 10.21 8.41 U7 o.38 4.13 5.01 
ua 41.1& aut 1.43 1u3 e.H ue us ue uo 

Sample 2P 
It • O - 1 3U3 3U2 Ut UU3 0.17 2.48 O. lt 1.41 4.03 

Tobit II. htio bttwttn conctntrotion In pit lnttrlu and other 
location, 111rroundin9 pit O. lM NaCl,,, - 0.75 i,a.m. 

, 
R•- 1.00 1.17 1.33 U3 U7 1.82 2.00 2.33 ua uo ,. 

[1P 1.00 0..2 0.30 0.26 -
8
' 2P 

1.00 0.82 0..9 0.16 0.06 0.08 0.03 0.03 o.oa 0.02 

[lP 1.00 1.2'1 ua Ul 
..,, aP 1.00 1.24 1.49 1.71 l.'18 ua ue u 1 1.89 l,S!J 

,1,. 2. Sulfur •11oer mops on th1 lnclu1loft1 In Grid XAY1, of Somrl• 
Ho. 4: (i) before 11po1ur1; (Ii) ofttr the flnt 11po1ure, In O. IM HoC + 
2 mM Ho,St0.. .00 mV (SCI) for t 7 1; (Ill) ofter the 1tcond 11po1ure 
for 6001. 

fur wu observed on the area 1unouncUn1 the inclu1ion1 a1 
well a1 on the lnclu1ion1. Moreover, 1ultut intenatty con• 
trut betwttn lnclu1ion1 and atffl matrix decreaaed 
markedly over time. It la thus tvldent that aullur, relea1td 
by corrosive attack ot auJJlde, spread to the 1urroundln1 
1\U'f'ace near the incluaion ,roup. The topo,raphy or thla 
lnclu1ion ,roup 1u11t•1ted that the aite ot corro1lon attack 
wu already establiah9d after the flrat expo1ure to aolution: 
a microcrtvice betwNn the periphery of the MnS remnant 
and the ateel matrix. Th, topo,raphy of individual inclu­
sions will be di1cu11ed further in what follow,. EDX maps 
ot element.I S, Mn, Fe, and Cr were recorded after the HC· 
ond exposure for th.la incluaion aroup. It wu round that 
the aianal ot theH elements ch1Ln11d markedly bttwNn 
incluaion and atHl matrix, 1ndlcatina that the MnS inclu• 
alon was only partly dllaolved. Followtn1 the second expo­
sure, the AES spei:tra and S map CFi1, 2 W) showed a 
1tron1 S 1i,nal not only at the 1ite of incluaiona but wo on 
the 1unounc.Un1 area. Sy compariaon, EDX data lndlcated 
hl1h S lnttnaity at the 1lte of 1nclua1on but not on the 1u.r­
rounclin1 recion. Becauae t.he AES technique probes re. 
ctona that are cloaer to the aurf'act than thoae probed by 
the EDX. it wu concluded that the auJ.tur waa spread u a 
th.in layer on the top 1urface. 

In a aimilar manner, another inclualon rroup (Orid 
X8Y3) WII examined by EDX. Tht S,Te and S/Mn X•flY 
peak hei1ht ratios were uaed to indicate the chana• du.rin1 
the exposures. The ratio• ot S/Fe decreued after the expo. 
1ures; from 24.2 to 12.8 on one of the 1ncluatona and from 
7 .2 to 4.1 on another, such chan111 would be exp.cted 
from th• d111olution or MnS. Moreover, at the AJnt two 
aitea. the ratio S/Mn alao decre11ed from 1.1~ to 0.09 and 
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Flt, I. S111tu, lntlfttity t1No, 11 th• hanctttft of tlpotVtt tiMt oftd di• 
ftltntionlnt ilstonct R, 0.1 M HoCI + 2 mM H..S,O, aoluHOft. 

trom 1.01 to 0.43. re1pectiv1ly. Such chan.1•• 1u1111t that 
the su.llut compound tonntd by 1ulftde diaaohaUon dif. 
futtd away trom the 1nclua1ona to th• IWTOW\dinlt but 
the man1an11e rema1ntd at the orltinal 11\1. However, th, 
co1To1lve attack lnlt.iattd on tht 1nclualona dwinl Ult ftnt 
expoaure dld not develop tu.rther du.nn1 re1mmtrtloni 
that 11, durtn1 the expo1ure1. pit.a ln.ltiattd and artw el••· 
where on the aarnpl• 1w1lc1. 

To explore f\uthtr the reaulta 1u1111t.cl by Samplt No. 
4, and to ftnd out how the element dl.tribut.ion chan1td 11 
the function of expoaW't Umt, a 1trit1 of .xpertmenta w11 
arran1td tor the Sample No. 41 aa tollow1: A.IS 1 analy1l1 
before lmm,ralon: lmmtnt at reat potential tor 40 min. 
AES a. imm1n1 at 400 mV tor 111, A.ES 3; lmm•n• at 
400 mV tor 18 a, AD 4; lmmtrH at 400 mV for 2001, AES &. 
Two incluaiona and IIVera1 plta w1re 1alec:tld tor monltorinl 
throulh tht tJCPOI\IN 11(1\.ltnce. Tht S 1.ntenaity raUo 8 (•ltl 
1, .. > wu obtalned u the function or exposure um, and di· 
manalonle11 dtswice R (•rlr.). Tht reau.lta trom one auch 
inclualon are ahown ln rt1. 3. It may bt '"n that, before 
the specimen was expoatd to the c:orroaive ,olutJon, the S 
11anal appeared at the site or the inclualon II well as at 
nearby reaiona. Tht S 1l,n&1 on the host matrix may bt <O 
rtal owtn1 to the aample pretreatment (since 1pecim1n1 
had bHn baked 1everal timea and expoaed to Ct· -con• 
t&ininl 11naltJ.1er in the poaiUvt photor11i1t), or (U) appar• 
ent because ot lirnit.ation on the rtaoluUon or th• electron 
beam (e.r,., at the acceleratln1 volt.alt or 10 kV and beam 
current or 10 nA, th• electron beam al&e wu about 
0.131,1,m. and moat lnclu,iona were 1·2 µ.m in 1111). When 
this specimen was lmmeratd ln aoluUon at the reat poten· 
uaJ. MnS diaaolutlon took place to more or 1111 extent on 
various 1.nclu1lon1. It may be recorni,ltd that dwinl th• 
sequence of exposures at the applied potential of 400 mV. 
M.nS diuolution continued and th• sulfur dia1olutlon 
product 1pr11d to the 1urroundin1 surface 10 that 1ultu.r 
on the aample Ru.rface became lncreuinaly more Uni· 
rormly d11pened. Althouah the absolute valuea otthe ratio 
e varied from site to site, the tendency wu the aame for all 
observed t.ncluaiona and pita. It can bt reco1niltd in rt1. 3 
that when R > 4, Uae sulfur intensity ratio achieved con• 
at.ant level and did not dtcrea11 further with increaaed dl•· 
ta.nee from the indMdual inclusion or pit. 

The mechaniam by which the sulfur 1peci11 la trans­
ported from the inclusion to the surroundin1 area ii not 
cleat. A.mon1 poaaible candidates would bo transport by 
dilfusion throu1h the solution, by surf'act dU'tu1ion or ad­
sorbed 1pecie1, and by movement within the aolld surface 
oxide t\lm. 

Althouah the prorreaa ot MnS inclusion di11olution 
couJd be tHn in Sample No. 48 with each 1ucce11ive expo,. 
sure, • corroaion pit did not initiate at th!a preaelecttd 1.n .. 
elution. Pita dJd not ntceadrlly initiate at all ault\de inclu­
sions on a sample surface. Cert&i.n inclualona were 
evidently more effective in nucleaUn1 pita than others. In 
th• presence of th111 au.l.ftdic inclu1iona, pita that have IJ. 
ready formed may prevent further outbreak ot new p1t1 in 
1uM'oundin1 areu havin1 lesa etrecttvt tnclu1ion1 11 hu 

been noted previou1ly Ut1. In addltton muJUpl, cluaten ot 
lntluatons may af'tect each other owin1 to their 1ia. and 
relatlvt poaiUon. Compared wtth other lnclualona, it may 
bt that tho11 lnclu1lon1 selected for analy1l1 were lllumi· 
nated by the electron beam which mav rnodtry tht surlac, 
prop,rtles in• way that lnftuenced th 1ir 1ub11qutnl cono· 
1lon behavior. 

Com>tivn ,ptcim.-n hautng a 1tnglc tndu,ton.-tn ordtr 
to underat.and the bthavtor ot lndMdual MnS inclu1lon1 
durinl tht pltUn1 procesa. ob11rv1Uon1 were made on •ln· 
11• inchalona at which a 1m1l1 pit lnlUated. 

l&,ccrocAtmil&'11 of ling&. pU1.-lndMdual pita wtrt lnttJ. 
attd at pr111l1cted aulftde tnclu1lon1 h1Vin1 a 1111 of 1-U 
µm. and wtre ob1erved ln tht" 1olutlon1 and at various 
applied potenUala. Th• compoaition ot the 1oluUon1 w11: 
Q.1M NaCl, O.lM NaCl+ 2 mM Na.S,01, and o.3M NaCl + 2 
mM N1.Sa01, The 1peclmen was ftnt htld at the rtlt poten• 
tJal for about 20 nun after which the dellrtd potential wu 
applied and \he cWTtnt wu recordtd u a fl.lncUon ot Umt. 
lxptrtmtnta were terminated ln 1ome c•••• when the 
'" ,uu mlcro1copic obaarvatJon showed that 1 1in11, pit 
had initiated, and ln other cue• when the current in· 
creased to I prt11lected value. 

In tach cut tht tltctrochtrnlcal re11.llta showed the pit• 
Uni rate 1ncre11td when the applied potenUal incrtued. 
An lncreu, or conc,ntn :Jon or ct· trom 0.1 to UM, and 
the add.it.ion of a mM Na.S,O, to NaCl 1oluUon1 uoth 
aervtd to lnc:reue the pittJ.n1 rate at all potentiala. 

Surfoet chmiat"II oJ n,ao&e piu.-To obt&ln 1urf1c1 com• 
poaitJon ot the aamplea covertd with photore1l1~ •. awn• 
1111 steel, or aold lhNt wu placed over the 1ampl1 to 
1h.l1ld the awfaco axcep\ for a ,mall op1n.ln1 at the center 
\hrou1h which the electron beam reached tht 1W'1'1c1. 

1//fc& o/ uctn& of dil.tO&ution.-A 11r111 ot chronoam• 
p1rom1try experiment, wu carried out 1n O.lM NaCl aolu• 
Uon at 370 or 400 mV (SCI:), and at various total charl• 
valuea (1, 2, and • ta,C) to obtain a 1tqu1nct or at.1111 or plt· 
tln1. Sp•c:lmena Wirt then analyzed by AES. SEM, and 
EDX techn.1qu11. 

rllW't ·\ 1how1 SEM 1ma111 of three corroaion pit.a 
which ln.lt!ated adjacent to a MnS inclu1ion. In n1. 4a 
<Sample No. 87), f1t ,rowth (at 3'10 mV) wa. 1topptd a~. a 
very early 1ta11 < .,.c). The majority of the lnclu1Ion <m•· 
dlum rrtY rtlion above and left or center> had not yet dil· 
solved. Alona the upper 1id1 ot the 1ncluaion, the pa11lve 
ftlm had not yet broken Ollht freY relion above and left ot 
inclualon). The m.lcrocavity adjacent to the incluaion ap­
peared II black re11on on tht lma1e (below and li1ht or the 
lncluaion). The maximum depth ot the microcavity w11 
tound by SEM stereo obaervatJon alon1 two trace lin11 u. 
lu.atrattd in Ft1. •• to bt 1,&t,l,ffl. 

ln Fil, •b <Sample No. 8&), the ,rowth (at 400 m V) waa 
ttmunated at 2 ..,c. The d111olution ot MnS waa more com· 
plttt compared with that in Fil, 41; the MnS remnant ap­
pear, 11 the medium ,rey port.ion. Al 1Nn in the 1ter10 
1can1 t.n Fie. 4b. the ma,cJ.mum depth of the pit wu ap­
proxlmately • i,a.m and th<. diameter wu about U ..,m. 

Flsur• 4c show, a pit which wa1 ,rown at 400 m V a.nd 
terminated at 4 i,a.C (Sample No. 88). The majority or MnS 
Lncluslon had d11aolvtdi only a small remnant n11y bt sffn 
at the top ot the cavity. The diameter of this pit wu 
rou1hlY 7...,m, and the maximwn depth wu 5.0 µ.m. Sued 
on th111 dimen1ion1, the volumt of the pit ln r11. ·le, wu 
11Um1ttd by conaidtrinl the pU shape to be a spherical 
aection, and w11 found to be 180 µ.1• Tht volume which cor• 
rt1pond1 to • .,i.C or anodic d111olut1on ot re to the f1nou1 
at.ate was calculated by Faraday'a law to be 150 v,.', 1n rou1h 
al1'"ment with the experimentally observed value. 

Local AES analy111 wire 1110 carried out at about a 
do&en locaUona to det,mune the element dlatlibutJon 
within the pit and the 1wtounclin1 re1ion. The locll au.llur 
concentration obt.ained 1n th.la manner ia shown u a !unc­
tion or diatance from the center ot the plta in Fi1. ~. In 1•n· 
eral, the 1ullut concentration increaaed ai,n.ith:antly aa pit• 
tinl developed, both within the pit and on the 1urroundln1 
p111ive ftlm. 

! 
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tion; 400 mV; 2 ...,c; Sample No. 65, (c) O. lM NaCl solution; 400 mV; 4 t,1,C Somplt Mo. 61, 
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Fig. 5. Sulfur surface concentration as a functoin of distance from the 
center of pits. 

It was found from these point analyses that the Cr con­
centration in the Pit No. 67 (1 µ.C) was lower than that of 
the surrounding surface. However, the Cr concentration 
level inside Pit No. 65 (2 µC) was higher than the average 
level of the surrounding area; furthermore, in Pit No. 88 
(4 1.1.C) Cr enrichment was observed not only at the pit site 
b\. ~ also on the surrounding surface. These data supported 
the view that chromium dissolved from the bare steel ex­
posed by partial dissolution of the inclusion, and that the 
Cr dissolution product hydrolyzed and remained as solid 
deposit at the region closest to the inclusion. As the corro­
sion proceeded, Cr enirchmer,.t presumably occurred both 
by hydrolysis deposition and also by selective dissolution 
of iron from the passive film, Th.is interpretation is consist­
ent with observations reported above on multiple pits in 
O.lM NaCl and O.lM NaCl + 2 mM Na2S20 3 solutions. For 
example, for Pit No. 67, where the corrosion process was 
stopped at very early stage, enrichment of Cr was not ob­
served on the inclusion or near-pit region, in accord with 
the situation of Pit No. 4 after the first e,q. 'lsure. In Pit 
No. 4, Cr enrichment was observed only after the second 
exposure, when the MnS inclusion dissolution took place, 
followed by the dissolution of metal and hydrolysis of Cr. 
The Auger results also showed that Mn appeared on the pit 
wall during pit initiation. 

Effect of thiosuZfate a.ddition.-The measurement of ele­
ment distributions of a pit initiated in O.lM NaCl + 2 mM 
Na~203 solution at 400 mV was carried out (No. 64) to de­
termine the effect of addition of thiosulfate ions on surf ace 
composition and film depassivation during pitting. Re­
sults were compared with No. 65 which was obtained in 
O.lM NaCl solution at same potential and discussed previ­
ously in conjunction with Fig. 5. Sample No. 64, which was 
terminated at 2 11C, is shown in Fig. 6, together with stereo 
profiles and AES scans. From the observed mean diameter 
(7 .5 µ.m) and maximum depth (3.3 µ.m), a volume of 92 µ.m3 

was estimated; some of this volume was occupied by what 
remained of the inclusion. The dissolution of 2 i,i.C of Fe to 
Fe "2 would correspond to a volume change of 75 µ.m3 

which was consistent with the observed value. Also seen 
in the SEM image of Fig. 6 is the presence of a thin rup­
tured passive film at the edge of pit; the film is slightly 
brighter than the pit cavity or surrounding steel It may be 
recognized from the stereo profile that the height of the 
film was nearly the same as the surrounding area. Beneath 
the ruptured film, the metal adjacent to the MnS inclusion 
dissolved and left a part of the film suspended in midair. 

Auger line scans of elements S, 0, Fe, and Cl were re­
corded along lines 1 and 2 shown on Fig. 6. Line 1 did not 
pass through the remains of the MnS inclusion. Line 2 
passed through a portion of the ruptured passive film as 
well as the remains of the inclusion. Auger data were rep­
resented in (P-B)/B Conn in order to eliminate topographic 

1 
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Fig. 6. SEM image (top) and stereo profile (middle) and AES line 
scans (bottom) of the pit on Sample No. 64. 0.1M NaCl + 2 mM 
N01S10, solution; 400 mV; 2 µ.C. 

differences. The element distribution shown in these two 
line scans was quite similar: sulfur intensities were highest 
inside the pit and on the ruptured film; some sulfur spread 
to the surface surrounding the pit. The oxygen surface 
concentration in the pit was slightly higher th~ the aver­
age level outside the pit. Iron intensities appeared to be 
slightly higher on the surrounding steel surface. Both 0 
and Fe Auger signals formed two peak regions where the 
line scans passed through the remnant of the ruptured 
film. It may also be seen in Fig. 6 that there was a slight 
chloride uptake within the pit site. 

It is particularly interesting to notice that Line 2 (upper 
line) passed across the curled up under side of the film (on 
the left); in this region the S signal intensity exhibited a 
small valley on the plateau. This may indicate that sulfur 
concentration was higher on the outer surface of the pas­
sive film. Such observation would suggest that S transport 
away from the inclusion occWTed by diffusion along the 
outer surface, not by movement within the film. More data 
are needed before firm conclusions could be drawn on the 
mode of S transport. 

A series of AES point analysis was carried out along 
Line 1 to quantitatively confirm the infonnation obtained 
from line scan. Results agreed closely with the line scan of 
Fig. 6. The distribution of sulfur concentration for this 
sample (No. 64) is also shown in Fig. 5, together with data 
obtained from Na,520 3-free solution. It is evident from 

r 
~ I 
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comparison with No. 65 that the surface sulfur concentra­
tion was affected bv the addition of 2 rruW thiosulfate ions. 
The presence of thi~sulfate m the solution significantly en­
hanced the sulfur concentration on the surface in the re­
gion of the pit, as well as on the surface at a distance from 
pit. and thereby sped up the process of pit initiation. 

Figure 7 shows EDX maps for Fe, :Mn. and S (Sample 
No. 69) which clearly indicate the presence of an inclusion 
region with which is about 2 µmin diameter. However. the 
AES sulfur map (Fig. 7, lower right corner) shows only a 
small portion of this inclusion was V1sible at the surface. 
This sample had been immersed into 0.lM NaCl solution at 
rest pot~ntial for 30 mm. then held at 400 m V for 40 min. 
much longer than the induction times recorded from 
No. 65 and No. 68. No pit formation was evident from sub­
sequent in situ microscopy. The sample was re-immersed 
and held at 400 and 450 mV. Eventually the photores1st 
broke and a pit initiated elsewhere on the specimen but no 
pit formed at the inclusion of interest. Again, local AES 
analysis was carried out to determine the elemental distri­
bution m the v1cmity. It was found at the site of the inclu­
s10n ot' interest, that the Cr peak was not detected. The 
MnS inclusion was partly dissolved during the repeated 
exposures and sulfur had spread to the adjacent surface. 
However, the surface of the exposed portion that remained 
after the first immersion \Vas evidently too small to give a 
cntical intensity to the corrosion process and. as a conse­
quence, this particular inclusion did not initiate a pit. 

Conclusions and Summary 
Initiation of pitting corrosion at the site of MnS inclu­

sions ~n 304 SS in neutral c1- -containing solutions was 
studied tv a combination of AES, SEl\I, EDX, and electro­
chemical ·tt:chniques. Methods were invented for initiating 
pits on preselected MnS inclusions. Corrosion behavior 

Fig. 7. A MnS inclusion which 
did not initiate a pit after the re­
peated immersions on Saniple No. 
69. EDX Fe, Mn, S maps and AES S 
map, before exposure. 

and surface composition was observed before and after 
electrochemical exposure to the solution. These quantita­
tive measurements of local surface chemistry helped 
clarify the role of inclusions in stin1uL.ing pitting cor­
rosion. 

Observations were earned out both for multiple pits and 
for single pits. By usmg photomasks, !v1nS inclusions were 
chosen and located with an optical microscope and ana­
lyzed by SM!, then pits were initiated at the sites of such 
inclusions by an electrochemical method. The progress of 
dissolution of !vlnS inclusion and the early stages of pitting 
were thus quantitatively investigated. 

AES and EDX measurements were used to obtain the 
surface,bulk composition on inclusions/pits and surround­
ing areas for specunens exposed to O.LW NaCl solution as 
well as 0.1.\! NaCl+ 2 m.M Na2S:01 solution. The results in­
dicated that the dissolution of I\,1nS inclusions and the 
spread of product to surrounding area begins to take place 
:'.it the rest potential. At more anodic potentials. the process 
proceeds more rapidly. The redeposition of dissolution 
product gave an increase of sulfur concentrntion on the 
surface of both inclusion and vicinity. It was found from 
measurements on a number of inclusions and pits that the 
nonunifo: m distribution of sulfur and iron tFig. 3) was 
confined to a region that was approximately four times the 
nom1nal radius of the inclusion. Beyond this region, there 
was a background level of sulfur that depended on the ex­
tent of exposure. 

To summarize the initiation of pitting corrosion of 304 
SS at MnS inclusic:-is in c1- -containing solution was pos­
tulated to occur as follows. Corrosive attack begins with 
dissolution of lv1nS inclusions (8, 13) as also supported in 
the present work from AES, EDX, and SEM images. Dis­
solution of rvrns inclusions produces ( 11) thiosulfate ions 
by reaction 
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2MnS + 3H20 • S20; + 2Mn·· off•+ ae-

2H· + MnS = Mn •2 + S + H2 

Upon dissolution of the inclusion. a rocavity fonns be­
tween the inclusion and the adjoirui1& metal and, further, 
the transport of dissolved sulfur species causes contami­
nation of the surface surrounding the inclusion. Several 
subsequent events then become possible. 

Dissolution of Cr from the bare 1iwtal would be ac­
companied by hydrolysis, causing the local pH to decrease 
to a critical level at which point the metal in the micro­
cavity might become unstable and dissolve spontaneously 
(9, 13) whether or not the inclusion continued to dissolve. 

The acidic environment would also speed attack of the 
inclusion as well as the surrounding host. metal. By this 
view, acidification of the rnicrocavity solution occurs only 
after formation of the microcavity by inclusion dissolu­
tion. Chromium enrichment of the surface would take 
place only after pitting is already developed to a certain ex­
tent, as seen in the sample lP (Table n, the second expo­
sW'e of Sample No. 4, and on pit on the Sample No. 68. 

U, on the surrounding passive film, the concentration of 
thiosulf ate and chloride ions builds up sufficiently to ex­
ceed a critical concentration (11, 12), then breakdown of 
passivity may also occur on the oxide surface adjoining 
the inclusions. · 

Pits do not initiate at every inclusion, particularly at 
smaller inclusions. U the initiation of pitting is caused by 
establishment of a critic~l concentration of thiosulfate 
ions, then it is reasonable to imagine that pits would de­
velop only at MnS inclusions with a size above a critical di­
mension. For inclusions below this critical size, the rate of 
production of thiosulf'ate ions would be less than the rate 
of transport by diffusion, and the local thiosulfate concen­
tration would not build up above the critical value re­
quired for passivity breakdown. 

It is generally recognized that· hydrodynamic flow sup­
presses pit initiation. By the view presented here, flow 
would affect pit initiation by rinsing away dissolution 
products and thus disrupting the sequence of local chemi­
cal events that lead to pit initiation. Convective transport 
processes near a solid surface are significantly influenced 
by the presence of surface roughness a,nd microcavities. 
One may anticipate that clarification of the role of these 
geometric parameters could thus be gained from hydrody. 
namic studies. 
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LIST OF SYMBOLS 
sulfur (or iron) intensity at distance r 
average sulfur (or iron) intensity on inclusion 
average sulfur or iron intensity inside pit 
distance from center or inclusion or pit to the analysis 
point , 
half-width of inclusion or pit 
r/r0 , distance ratio, dimensionless 
I,JilAc (or I,Jlp1J, intensity ratio, dimensionless e. for 
sulfur, e,. for ir~n 
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ABSTRACT 

In situ atomic force microscopy was used in conjunction with microlithography and 

scanning Auger electron spectroscopy to monitor localized corrosion near iron-rich 

inclusions in Al-6061-T6 immersed in 0.6 M NaCl and also sulfur-rich inclusions in 304 

stainless steel (SS-304) in 0.5 M NaCl. The local rate of aluminum corrosion was found to 

depend on the shape of the nearby iron-rich inclusion. At the coITosion potential, trenches 

were observed to form in the aluminum host matrix adjacent to the inclusions, and the 

corrosion sites gradually evolv1ed into circular shapes owing to dissolution. During the 

dissolution process, the width of the dissolution area was an order of magnitude greater 

1 

than the depth. Application of a 400 m V cathodic overpotential prevented corrosion 

initiation, while application of a 500 m V cathodic overpotential greatly accelerated the 

dissolution rate in comparison with that at the rest potential. On SS-304, exposure to 0.5 M 

NaCl was accompanied by formation of deposits, which decorated the inclusion surface as 

well as the surrounding area up to four times the radius of the original inclusion. 
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INTRODUCTION 

Pitting of metal alloys is known to initiate at a variety of sites, which under certain 

conditions includes inclusions. 1 Aluminum alloys are susceptible to pitting at iron-rich, 

intermetallic inclusions, 2 while stainless steel is susceptible to pitting at sulfur-rich 

inclusions.M,5,6•7 It is thus likely that inclusions of these particular compositions support 

specific chemical events that accelerate local dissolution of the host matrix. Understanding 

of such phenomena requires techniques that permit direct measurement of local events near 

inclusions. The purpose of this work is to report on use of in situ atomic force microscopy 

(AFM) to monitor shape evolution at the nanoscale near individual, well-characterized 

inclusions during initial stages of dissolution. 

Observations of corrosion near inclusions have been made on specific sites randomly 

selected ir0m among a large number on the specimen surface. 8·9·10 Techniques have 

included in situ opitcal microscopy at low magnification as well as ex situ scanning and 

transmission electron microscopies. Zahavi et. al8 studied pit initiation at A13Fe inclusions 

using scanning and transmission electron microscopy to determine whether the inclusions 

dissolved, anodized, .or remained unchanged during pitting corrosion. These authors 

questioned whether the inclusion became dislodged during ex situ examination and noted 

that the resolution of the technique did not give a clear image of pit initiation at the 

inclusion. 

Previous investigations of the surface chemistry at inclusion sites have employed 

surface analysis techniques, which were applied to the same inclusion before and after 

exposure to the corrosive environment. With such techniques, it has been demonstrated that 
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pitting corrosion of stainless steel near MnS indusions immt-rsed in NaCl solutions initiates 

by the concerted depassivating effect of chloride and thiosulfate ions, the latter being 

produced by dissolution of the sulfide inclusion. 6•
7
•

11
•
12 Fundamental understanding of how 

chloride and sulfur species interact with the passive film near the inclusion, however, 

remains unresolved. 

Scanning tunneling microscopy (STM) has been used to image certain types of metal 

dissolution events at the near-atomic scale. 13
•
14

•
15

•
16

•
17 While the STM technique is convenient 

for imaging conductive surfaces, most localized corrosion processes involve the presence of 

nonconductive oxide films and are thus not amenable to imaging by STM. AFM does not 

have such limitations and appears to hold promise for corrosion stuciles18 although there are 

no known studies on the use of AFM for monitoring localized corrosion. In this work, in 

situ AFM was used in conjunction with microlithography and scanning Auger electron 

spectroscopy to monitor shape evolution during the initial stages of corrosion in the vicinity 

of preselected, iron-rich inclusions in Al-6061-T6 immersed in 0.6 M NaCl and sulfur-rich 

inclusions in SS-304 immerseJ in 0.5 M NaCl. 
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EXPERIMENTAL PROCEDURE 

Aluminum (Al-6061-T6) and stainless steel (SS-304) alloy specimens were cut from 

rods (1.5 cm dia) and polished to 0.05 µm alumina finish (Buehler, ECOMETGD IV). Using 

a photolithography method described by Ke and Alkire, 1 a photoresist pattern consisting of 

an 11 x 11 array of 100 µm square openings was created on the specimen surface. Figure 

1 shows a second electron image of the photoresist grid on an alwninum specimen and 

identifies one particular inclusion that was preselected for detailed study. The patterned 

sample was examined by Auger electron spectroscopy (Physical Electronics, Model 660) to 

identify the elemental composition of individual inclusions. It was found necessary to 

sputter the surfaces of the aluminum alloy with argon ions for 30 minutes at a rate of 6 

A/min to remove the top contamination and the oxide overlayer. For surface composition 

analysis by Auger electron spectroscopy, a 20 kV accelerating beam voltage was used to 

examine the aluminum alloy, while a 10 kV accelerating beam voltage was used to examine 

the stainless steel; in both cases the specimen current was 10 nA. The surf ace composition 

of individual iron-rich particles in alwninum and sulfide-rich particles in stainless steel was 

thus identified, and their positions with respect to the photoresist array pattern were 

recorded. 

A second photoresist mask was then patterned onto the stainless steel specimens, so 

that only the pre-selected inclusion was left exposed. Figure 2 shows an AFM image of 

such an opening (2-µm-thick, 50 µm square) in the photoresist mask that covered the 

photoresist grid on one of the stainless steel samples. 

Samples were mounted in the fluid cell on the AFM (Nanoscope II, Digital 
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Instruments), equipped with a 12S µm scanner, top-view head, a Si3N4 tip, and XY 

translation stage. While viewing the sample surface with a 40X monocular, the photoresist 

opening that framed the preselected inclusion was aligned under the AFM cantilever via the 

XY translation stage. Then while imaging the surface in air, the inclusion was located 

within the AFM scanning region via the XY translation stage and the X and Y offset 

voltages. Electrolytic solution was then introducted into the fluid cell. 

For experiments under potentiostatic control (PAR Model 273), two coiled Pt wires 

were placed in the inlet and outlet ports to serve as reference and counter electrodes, 

respectively. The specimen was mounted onto the AFM Invar disk with either silver tape 

(Structure Probe) and a 3:1 Oa:In eutectic (Johnson Matthey Electronics) or silver epoxy 

(Transene Silver Bond type SO). Electrical connection to the working electrode was made 

through the stage head. 

NaCl solutions were prepared from deionized water (Barnstead, E·pure) and 

analytical grade NaCl. Experiments typically lasted between 2 and 24 hours, during which 

time the solution was replaced every 2 hours to minimize evaporation through the inlet and 

outlet ports. Images. were collected at a scan rate of 5-19 Hz. By using various rotation 

angles and scan magnifications, it was possible to confirm that the surface morphology 

observed was not distorted by the tip geometry and that the AFM tip force did not disrupt 

the dissolution process. Additional experimental details are available elsewhere. 19•20 

------- -- --
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RESULTS AND DISCUSSION 

Aluminum Alley Plttina at Iron-Rieb Inclusions 

The shape evolution of aluminum alloy (Al-6061 • T6) around iron-rich inclusions 

was investigated for three conditions in 0.6 M NaCl. The tlrst system illustrated dissolution 
\ 

around a single inclusion at the corrosion potential. The second system illustrated shape 

evolutiun around two closely spaced inclusions at the conosion potential. The third system 

demonstrated the effect of cathodic overpotential. 

Pit Initiation Around a Single Iron-Rich Inclusion 

Figure 3 illustrates a series of in situ AFM images recorded over a period of 24 

hours during dissolution around the selected inclusion exposed to 0.6 N NaCl. Figure 3(a) 

shows an image of the initial surface obtained in air prior to exposure to solution. It may 

be seen that the surface texture of the inclusion was smoother than the sunounding 

aluminum matrix. A 125 nm deep groove between the inclusion and the matrix may be 

seen along the left side of the inclusion, while the opposite side of the inclusion was 

partially buried in the bulk matrix. Because the image did not depend on the AFM 

scanning direction, it was concluded that the groove was not an artifact of the imaging 

mechanism. Such grooves were observed at all inclusions and were attributed to the 

mechanical polishing step. 

Figure 3(b) shows the surface after exposure to 0.6 N NaCl for one hottt at the 

corrosion potential. The texture of the inclusion remained smooth, but the surrounding 
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matrix became rougher. It is also seen that the pre-existing polishing groove did not 

significantly change shape or size during this period, and that a trench began to form by 

dissolution of the host metal adjacent to the right side of the inclusion. 

Figure 3 (c) shows that after the second hour of exposure to solution, dissolution 

proceeded in a nonuniform manner around the inclusion. The rectangular features which 

appeared on the image of the host surface were probably a tip effect. Because the features 

of interest in this investigation were the inclusion and adjacent dissolution trench, not the 

surface of the host matrix, the origin of the rectangular features seen in Fig. 3(c) was not 

pursued further. 

Figure 4 illustrates shape evolution profiles that were obtained fro1n section contours 

along the two lines superimposed on Fig. 3 (a). The letters mark the side that corresponds 

to the origin in Fig. 4. The curve labels in Fig. 4 correspond to the image labels in Fig. 3, 

and the vertical dashed lines mark the edges of the original, exposed inclusion. By 

comparison of curves a and c in Fig. 4 with the corresponding sequence of images in Fig. 

3, it may be recognized that, after 2 hoW's of exposure, the greatest dissolution occun-ed on 

the right-hand side of the inclusion where the region of the bulk matrix extends into and is 

partially surrounded by the inclusion. Less dissolution was observed in regions where the 

inclusion protruded into the bulk matrix, such as in the lower right part of the image. 

Discussion of the nonuniform dissolution around the periphery of the inclusion is presented 

below. By comparison of the z-scale with the x-y scale, it may be recognized that the 

width of the trench was nearly an order of magnitude greater than its depth. 

Figure 3 ( d) shows that a circular pit formed around the inclusion after 24 hoW's 
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exposure to the solution. Figure 4, curve d shows that dissolution proceeded radially from 

the inclusion edge and formed a wtifonn depth around the inclusion. 

In the aluminum system, pitting initiates when the passi \'e film breaks down. At the 

corrosion potential. anodic dissolution of the host metal is accompanied by a co1Tesponding 

cathodic reaction. Possible cathodic reactions that occur in neutral solutions are the 

reduction of dissolved oxygen 

(1) 

and the reductiou of water 

(2) 

The iron-rich inclusion, Aile, in aluminum alloy is known to be a far better cathodic site 

for oxygen reduction than the surrounding ox.ide surface.' The localization of cathodic 

reaction at the inclusions would thus cause the local pH to increase as a consequence of 

Reactions (1) and/or (2). In tum, because the oxide film cannot be sustained in an 

environment of high pH,9
•
10 the passive film on the matrix surrounding the inclusions would 

break down and dissolution would proceed. 

According to this view, the concentration distribution of hydroxide in the vicinity of 

the inclusion would depend, in part, on the size and shape of the inclusion. For example, in 

Fig. 3 (c), accumulation of OH· would be least at the inclusion tip, which extends towards 

the lower right, where diffusion of OH· is rapid in all directions. By contrast, accumulation 

of oH· would be greatest at the two side pockets on either side of the inclusion peninsula 

where diffusion is the most restricted. 
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Pit Initiation Around a Pair of Iron-Rich Inclusions 

Figure S shows a series of In situ AFM images that document pit initiation at a pair 

of inclusions exposed to 0.6 N NaCl for 12 hours. Fiaure S (a) shows that the surface 

textw'e of the inclusions wu much smoother than the surroundina matrix and that a 70 nm 

deep polishing aroovo existed between each inclusion and the bulk aluminum. 

Fli\U'e 5 (b) shows that after two hours exposure to solution, a trench developed 

between the two inclusions. In addition. the inclusions appear to be laraer than in Fig. S 

(a), probably oWina to dissolution of a smeared surface layer of metal that revealed their 

true extent. R.ectanaular features noted in Fia, 3(c) were also seen in this series. After tho 

second how- of exposure. the trench arew and pitting commenced at the exterior edaes of 

the inclusions. Fi,ure S ( c) shows the pit after three hours exposure. The first trench 

originated between the inclusions, and not on either side, which is an observation consistent 

with the suaaestion that the initial dissolution rates are dependent on the local accumulation 

of OH· generated by cathodic reaction on the inclusion. 

After three hoW's, an air bubble entered the cell from the inlet port and the AFM 

signal was lost. \Vhen the AFM signal was regained, a loosely attached film was observed 

to cover the surface. The film was swept away by the tip and removed by flushina solutior 

tbrouah the cell. Figures S (d)-(f) show that after four subsequent hours exposure, the 

inclusions began to dissolve. Fiaure 6 provides a shape evolution plot obtained by 

measuring the· cross-section contoW's at various times along the line shown in Fig. S(a). 

Both the AFM images and the shape evolution plot show that dissolution began at the top 

edges of the inclusions and advanced downward. In particular, by compari.na tho cross• 

----------- ---
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section contow- at 11.0 and 12.3 hours in Fig. 6. it may be recoanized that the relative 

depth of the pit dc~reucri, whlch indicated that the pit dir.d but that dissolution of the 

inclusions continued. 

Pit Initiation at an Iron-Rich Jncluslon und,r Cathodic Ov1rpot1ntlal 

Polarimtion curves for Al-6061 • T6 in 0.6 N NaCl showed that oxygen reduction 

beaan just cathodic of the rest potential and became rnass transport limited at 2S mV 

overpotential, and that the onset of hydroaen evolution occurred at SOO m V overpotential. 

The AFM technique to observe local events around such inclusions while such cathodic 

potentials were applied. 

10 

The aluminum sample was monitored for one hour while placed under 0.6 M NaCl 

solution and a 400 m V cathodic overpotentf al. The matrix SUttoundina the selected iron• 

rich inclusion showed no sians of dissolution durin1 this time, althouah rectanau}ar features 

decorated the surface as indicated previously with the other experiments. After one hour, 

the scannina reaion was shifted to examine another inclusion known to be rich in iron. 

Consistent with mot:torina of the first inclusion, the shape did not evolve for the next hour. 

Figure 7 (a) shows the second inclusion site after three hours exposure to the solution and 

400 m V cathodic overpotcntial. At this tin:~, the cathodic overpotential was increased to 

500 m V for 3 minutes then returned to 400 m V. During the 3 minute application at SOO 

m V, bubbles formed in the cell due to bydrosen evolution and momentarily disrupted the 

imaiin& process. Fiaurc 7 (b) was captured durlns the application of the SOO mv 

overpote,ntial, and Fig. 7 (c) was captured shortly after the potential wu returned to 400 
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m V. Fiaure 8 shows the corresponding shape evolution alona the centerline length and 

width of the incl~ion (as indicated in Fia. 7 (a)) resulting from application of the 500 mV 

overpotential. It may be seen that dissolution proceeded around the inclusion to form a 

~ircular pit. In Fig. S(b ), curve c, the flat-bottomed feature was an artifact of the AFM tip; 

the recessed region became too nar:ow and deep to be measured with the pyramidal tip. 

We are currently attempting to resolve this limitation with use of more slender tips. After 

the applied overpotential was returned to 400 m V, the inclusion was monitored for an 

additional 3 hours, and no further shape change was observed. 

We propose the following explanation for the behavior reported in Figs. S and 6. At 

the corrosion potential, i. e., in the absence of an applied overpotential, the oxygen 

reduction reaction would be localized at the inclusion site. Because the local supply of 

oxygen to the inclusion site is higher under such conditions, the local pH would be higher, 

such that the high pH required for film breakdown could be obtained. With an applied 

cathodic overpotential, oxygen was reduced over the entire surface at the limiting current 

condition, such that oxygen would become depleted at the surface And the pH required for 

breakdown would not be achieved. The observation that the cathodic overpotential 

prevented dissolution around the inclusion, was therefore, actually consistent with the 

proposed mechanism. At a 500 m V overpotential water reduction would first occur at the 

inclusion site because it is a better cathodic site. Such a localized increase in pH at the 

inclusions could then be sufficient to cause the pit initiation as observed in Fig. 7. In 

addition, the width of the trenches observed was nearly an order of magnitude greater than 

its depth, which suggests that the transport of OH· is much greater than the dissolution rate 
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of the aluminum matrix. 

Observations of SS-304 at MnS Inclusions 

Figure 9 shows the shape evolution of a MnS inclusion exposed to 0.5 M NaCl 

solution, which was adjusted to a pH of 4.2 with HCl. Figure 9 (a) shows the surface in air 

prior to exposure to solution. The inclusion surface was recessed 10 nm below the bulk 

matrix, probably because the basic developers used in the microlithography processing steps 

dissolved the inclusion. 

Figure 9 (b) and (c) show the surface after exposure to 0.5 M NaCl for 8 and 60 

minutes, respectively. The sali~nt feature in these images is the buildup of reaction 

products on and arowid the inclusion site. To accelerate this process after one hour 

immersion, a small anodic potential (50 mV) was applied. Figure 9 (d) shows that after 6 

hours of applied potential, the amount of deposited material had increased but had not been 

distributed over a region farther than four times the radius of the inclusion. 

The buildup of reaction products around the inclusion supports previously reported 

results. In their work, Ke et. al. 7•
6 demonstrated the spread of sulfur species onto the 

passive surface adjacent to a MnS inclusion, while the inclusion site became rich in Mn, Cl, 

and 0. Based on these previous results, it is possible that the morphological changes 

observed by in situ AFM were the precipitation of sulfide species around the inclusion and 

oxidation of tlie manganese species within the inclusion. 

In the stainless steel system, pit initiation was never observed at an inclusion while 

it was being imaged although pits would initiate elsewhere on the same surface. It is 
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possible that the AFM technique disrupted pit initiation for tlu~ system. Investigation of 

this effect is continuing since such infonnation may provide additional insight into the 

pitting mechanism of stainless steel as well as methods for prevention of pit fonnation. 

13 
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CONCLUSIONS 

This work demonstrated that atomic force microscopy is a suitable technique for in 

situ monitoring of shape evolution aroW1d a preselected intennetallic inclusion during 

exposure to corrosive conditions Wlder electrochemical control. In contrast to other 

techniques, the AFM method provided three-dimensional, real-time information that may be 

used to follow shape evolution. The use of a photoresist grid pennitted single inclusions to 

be selected a priori and characterized by surface analysis techniques and then examined in 

situ during corrosion with use of the AFM. Results presented here have illustrated early 

stages of pit initiation at an iron-rich inclusion in Al-6061 .. T6 and corrosive attack at a 

sulfur-rich inclusion in SS-304. 

Pitting in Al-6061-T6: The initial polishing groove observed at all inclusions (Fig. 

3, Fig. 5, and Fig. 7) did not provide an initiation site for pitting; in fact, the polishing 

groove was the last region to corrode. Trenching was initially observed in regions where 

the ratio of inclusion:host matrix surface area was high, such as concave regions in the 

oddly shaped inclusion (see Fig. 3) or between two closely spaced inclusions (see Fig. 5). 

After a trench was formed around the inclusion, dissolution of the aluminum host matrix 

was uniform and proceeded radially outward from the inclusion edge to form a circular pit. 

The radial size of the trench was an order of magnitude greater than the trench depth. Two 

of the three systems presented showed no signs of inclusion dissolution; however, the 

inclusion pair ·did dissolve during the pit propagation stage and after pit death. The 

application of a cathodic overpotential in the oxygen reduction region ( 400 m V cathodic 

overpotentLJ) prevented pitting around an iron-rich inclusion; whereas, application of a 
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cathodic overpotential that marks the onset of water reduction (500 m V cathodic 

overpotential) accelerated the dissolution process (see Fig. 7). Each of these results 

supports the view that iron-rich inclusions act as cathodic sites for oxygen reduction to 

generate a high local pH that initiates pitting C'1rrosion. 

15 

Corrosion at a Sulur-Rich Inclusion: The shape evolution of a sulfur-rich inclusion 

exposed to 0.5 M NaCl adjusted to a pH of 4.2 with HCl was monitored under a 50 mV 

anodic potential for 6 hours {see Fig. 9). Under these conditions, the inclusion grew and 

surface roughening was observed around the inclusion site up to a distance of four times 

the inclusion radius. In conjuction with previous work and it was suggested that the 

morphological changes observed by in situ AFM were attributed to dissolution of the MnS 

inclusion, resulting in a dissolution/precipitation of sulfide species around the inclusion site 

and oxidation of the manganese species. 
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LIST OF FIGURES 

Scanning electron micrograph of the first photoresist layer on Al-
6061-T6. The arrow indicates the iron-rich inclusion selected for 
study and is shown in detail in Fig. 3. 

AFM image of the second photoresist layer showing a 50 µm square 
opening. This specimen was on SS 304. 

AFM image (z=250 nm/div) of Al-6061-T6 and an iron-rich inclusion 
(a) in air and (b) in situ after exposure to 0.6 N NaCl at the corrosion 
potential for 1 h, ( c) 2 h, and ( d) 24 h. 

Shape evolution along section lines shown in Fig. 3(a). Curve labels 
correspond to image labels in Fig. 3. 

AFM image (z=250 run/div) of A1-6061-T6 and an iron-rich inclusion 
pair (a) in air, and (b) pit initiation after exposure to 0.6 N NaCl at the 
corrosion potential for 2 h, (c) 3 h, (d) 6 h, (e) 7 h, and (f) 10 h. 

Shape evolution along section lines shown in Fig. 5 (a). The long and 
short dashed lines mark the edges of the large and small inclusion, 
respectively. 

AFM images of (a) Al-6061-T6 and an iron-rich inclusion exposed to 
0.6 N NaCl at 400 mV overpotential for 2 h, then (b) 500 mV 
overpotential for 3 min and ( c) after overpotential was returned to 400 
mV. 

Shape evolution along section lines in Figure 7 (a).· Labels correspond 
to images in Figure 7 and show evolution from a 3 min 500 m V 
cathodic overpotential. 

AFM images (z=SO run/div) of sulfur-rich inclusion in ss·-304 (a) in 
air and (b)after exposure to 0.5 M NaCl (pH=4.2) for 8 min, (c) 60 
min, and ( d) after exposure to 50 m V anodic overpotential for 6 hours. 
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Figure 2 
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Figure 3 
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Figure 7 
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High Resolution Molecular Emission Spectroscopy For Material Characterization and 
Corrosion Studies 

ABSTRACT 

Dr. George Andermann 
University of Hawaii at Manca 

Dept. of Chemistry 
2545 The Mall 

Honolulu, HI 96822 

This report offers an evaluation of the use of molecular X-ray emission spectroscopy (XES) 
for material characterization in general and for corrosion studies in particular. It is shown 
that some of the difficulties in corrosion studies dealing with non-destructive sample depth 
profiling, in order to obtain meaningful evaluation of the nature and extent of corrosion 
( chemical modification ) of metal surfaces, can be handled by the use of molecular XES in 
combination with various techniques which are inherently available in tl:e XES technology. 
Since high resolution molecular XES represents a pioneering area of science and technology, 
and since it is not widely understood, an effort has been made to explain some of the most 
important features of this area. This is then followed by a report on the application of these 
techniques for studying air oxidation of various metal surfaces as well as of methanol induced 
corrosion studies of a more limited number of metal surfaces. Finally a brief report is offered 
on the U of Hawaii XES instrumentation as well as on the additional analytical capabilities at 
U of H. 
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HIGH RESOLUTION MOLECULAR X-RAY EMISSION SPECTROSCOPYY FOR 
MATERIAL. CHARACTERIZATION STUDIES JN GENERAL AND FOR 
CORROSION STUDIES IN PARTICULAR 

by G. Andermann and F. Fujiwara 
DEPARTMENT OF CHEMISTRY, UNIVERSITY OF HAWAII AT MANCA 

INTRODUCTION 

fn this presentatJon we wish to cover several topics, namely, (1) the 
general analytical dlfficultles In carrying out meanjngful corrosion studies,and th& 
suggestion of using high resolution molecular X-ray emission spectroscopy (XES) 
for these studles,(2) a brief e~planation _of the nature of high resolution molecular 
XES, (3) the application of this technique for thin film analysis, (4) a brief report on 
our methanol Induced· corrosion studies ustng this spectroscopic technique, and 
(5) a brief description of our XES instrumentation capabilltles as well as the 
description of additional analytical capabllltles at the _U of Hawaii. 

(1) GENERAL COMMENTS ON OIFICUL TIES OF CORROSION ANALYSIS 

Corrosion of a metal surface represents a highly oompllcated mechanism. 
ln general the process is quite heterogeneous In the sense of the chemistry 
involved as well as in terms of the lateral and In depth spatial distribution. 
Techniques are available to study the morphology of the corrosion problems as 
well as the changes ln the elemental composition of the process both on 
micrrosoplc as well as macroscopic basis.Three anaJytical problems, hoWQVer, 
have not been handled well In the past. These are (a) nondestructive sample 
depth profiling of the corroded surface, (b) testing of corrosion Jn situ , and (c) the 
evaluation of the chemical nature of the corrosion, i.e. the appropriate 
identification of the chemical species, involved in the corrosion proces.lt is our 
intention to show that the appropriate Utilization of high resolutlon molecuar XES 
can solve problems (a) through (c). This technique of XES is a highly pioneering 
one and our group has made major contibutions in this area using unique 
instrumentation developed at U of H. While the use of low. resolution XES is well 
understood for elemental analyis, there is essentially very ifttle textbook 
informatlon on mo1cular high resolution XES, and, therefore tha next section 
deals with this topic. 

(2) HIGH RESldLUTION MOLECULAR X-RAY EMISSION SPECTROSCOPY 

The fietd of XES is a historically old one, dating back to 1912. In its original 
useage the tecnique was used to probe the electronic structures of atoms. After a 
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few years of research it WfAS realized that each atom had Its own characteristic X­
ray emission fines .. Und~r relatively low optical resokrtion the oharacteristlc 
radiation of an element corresponding to core elootron transitions, for example, the 
Kol- line did not show any effect when the element In question was involved in a 
different chemiclal combination. say Ct in chloride vs. chlorine in chlorate. 
However, by 1919, using high optical resoiutlon, It was found that tho 
characteristic Cl ~ radiation showed a shift In going from chloride to chlorate, 
thus, establishing XES as the first spectroscopic technique to show a chemical 
shift, preceding the use of x .. ray photoelectron $pectroscopy for chemical shift 
studies by some 40 years. Yet, today it is XPS (x-ray photcelectron speotroscpy) 
which Is being used In a practical way for chemical shlft studies rather than xes . 
In other words, there Is commercial Instrumentation available for XPS studies but 
not for XES studies. The answer to this riddle is many .. folded. First of all, when 
U$ing core electron transitions, say Kand or L shell excitation,. then with XPS thG 
fundamental information is more reliable than with XES. (2) The observed shifts 
with XPS are larger than with XES. (3) To-date the time to take an XPS spectrum 
Is at least ten times faster than ts the case with XES .. However, when It oomes to 
obtain molec;ular valence electron (chemical bonding) Information, which is far 
more reliable than chemical shift studies using core electrons, then XES has 
numerous fundamental advantages ovor XPS, or for that matter over any other 
electron spectroscopic techniques.(For additional details on this topic see 
Appendix A and B. A deals with some of the fundamentals and B shows some 
typical applications) Moreover, since with XES the photon escape depth usually 
exceeds several thousand angstroms , and with the electron technique$ such as 
XPS and/or Auger tho electron escape depth is usually 1 o angstroms or less, 
there are several practical advantages with XES. These are as follows:(a) With 
electron ejection based technf ques it Is necessary to have the sample under 
utrahigh vacuum conditions, whereas with the XES method samples can be 
studied even in a solution (an extremely important feature In corrosion sudies). (2) 
Sample preparation with XES is extremely fast Qust as fast a$ in ordinary x-ray 
fluorescence elemental analysis ) as compared with XPS and/ or with Auger. (3) 
Spectroscopic resolving power of 4.000 to 10,000 Is readily attainable with XES, 
thus, yielding a resolution of 0.1 ev or less, whereas o.e ev resolution with XPS is 
very difficult to achieve. Thus, the only residual practical advantage of say XPS 
over XES is detector speed. But, this last problem has been adressed 
successfully by a number of laboratories,and it is in the process of being solved 
by our own laboratory as well. Thus, It Is relatively safe to assert that high 
resolution molecular XES Is on the verge of a historical major bre£Jldhrough, 
which, when it l,c; accomplished, will have the same sort of Impact as the well­
known NMR( nuclear magnetic resonance) for solving difficult analyticaJ 
probiems, But whereas the utility of NMR has been prJmarify fn the field of organic 
chemistry, the utility of XES wilt be In the areas of Inorganic app[licatlons. 
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(3 )THIN FILM ANALYSIS 

As already stated above, the photon escape depth In X-ray emission 
spectroscopy Is usually SQveraJ thousand angstroms ( In fact, for large atomic 
number elements the characteristic K radiation can approach tens of thousands 
of angstoms). This means that with ordinary methods of electron or photon 
excitation and using ordinary sample optics (large angles of incidence and exit) 
XES is primarily an analytical tool for bulk analysis, th.it is, where the thickness 
of the sample exceeds thousands of angstroms. In recent years Jt has been 
shown by a number of XES workers, Including our U of Hawaii group !11 that it is 
possible to obtain thin film analysis ( sample thickness In the range of 1000 
angstroms to 10 angstroms) by using a number of di(· arent techniquesm suoh as, 
grazing angle of extt, grazing angle of incider1ce, as welt as variable low kinetic 
energy electron excitation. Her• at U of H we have emphasized grazing angle of 
exit as well as low klntelc energy electron excitation. By varying the exit angle 
using photon excitation, or by varying the kinetic energy of the incoming electrons 
,we have demonstrated that XES is a highly useful technique for non-consumptive 
sample depth profiling in tha thickness region of 10 to several thousands of 
angstroms. thus making XES a powerful tool for corrosion studies. We started to 
develop the basic technology of this technique in 1982 and by 1985 we began to 
apply our new methodology of thin film analysis to oxidation problems of transition 
metal films Jn magnetic storage matGrials.of Interest to IBM. In addition to demon 
strating the power of XES for thin film studies, we also discovered that XES had 
the power to study not only the chemical modiflcation (oxidation) of single and 
multiple layers of thin films, but also the chemical modification at the interfaces of 
top layers due to the optical (refractive index) effects at these interfaces(2). To the 
best of our knowledge there are no other non-destructive techniques·capable of 
accomplJshing thl, feat. The significance of this capability for studying corrosion 
ls that if there ts a very thin layer(say less than 1 micron of stainless steel coating 
on a mild steel). then, in principle variable angle XES is capable of studying non 
destructively any corrosion at this Interface. If the stainless steel coating is greater 
than 1 micron, then the study would have to proceed destructively, but at much 
larger steps than the 20 angstrom steps normally used with XPS or with Auger. In 
other words, the corrosion evaluation through a thicker coating fs far more 
practical with XPS than with other techniques . 

.... ----·~ .......... _. '·--···-· . ...... ------ ' 

Historicaly our group has been in the forefront of developing molecular 
XES for thin filDl analysis, A brief account of the teohnology and the·· 
application of this technoloif prior to our studies on metpanol induoed 
oorosion is given in Appendix C, Finally it should be not'ed also that, in 
principle, it is possible to obtain in•situ corrosion studies involving t say a 
metal sut-faoe i.rn.mersed in aloohol with XES . Just how th.is can be done is 
outlined in Section (5). Note that none of the cul'rently available electron 
spectroscopic methods can accomplish this feat! 

.. 
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(4) METHANOL INDUCED CORROSION STUDIES 

Univ. of Hawaii 

Our studies on methanol induced corrosion were supported by the seotion of 

DOE dealing with the alcohol transportation fuel demonstration program super 

vised by Mr. Russel. The pro'1'8,m was started out in January 1991 amd 

completed in December 1992. 'l'he studies were carried out using' our high re 

solution 5 M g-rating: speotrome·ter (see the next section fot' details on the inst 

rument) In what follows below we offer cel'tain pe:t."tinent sections of a short 

communication. whioh is being submitted to Journal of Science and Enain,terini 

Corrosion. Additional details are to be found ill Appendix D. 

'I'echni.qu• to oetermine Extent ,~nd Kind of corrosion t7sing X-Re.y 
Emiesion Sp•ctroscopy: Appilcat~on to Methanol Induc•d Corrosion 

F. Fujiwara and G. Andermann 
Dept. of Chemistry, Oniversity of Hawaii, Honolulu, HI 96822 

'' ..... ' ' ... ..._.. .............. ' . 

ABSTRACT 

Th• usefulness of x-ray emission spectroscopy to determine the 
depth profile, eKtent and kind of corrosion of metals is presented 
and is demonstrated for the methanol induced corrosion ot mild 
steel and brass. 

Introdµcti2~ .. The current interest in the use of alternate fuels, 
such as methanol or ethanol, for motor vehicles, presents important 
proDlerns dealing with the corrosion or oxidation properties of •~ch 
fuels. In particular, problems such &a the following need to be 
addressed: (l) the corrosiveness of th.ese fuels to c1ifferent 
metallic engine and storage components, (2) techniques to compare 
and minimize such eftects, (3) the rate or extent of this oMidation 
and its chemistry or endproducts and {4} the effects of additives 
or combustion byproducts on the o~idation propertias of these 
fuels. In this short communication, we only wish to praae~t a few 
re3ults to demonstrate the usefulneas of x-:re.y emission 
spectroscopy (XES) technig1.1e.s to investigate this corrosion process 
and approach these types of problems. A tulle;, more technical 
expoaition of the results £rom our study will be'given in a future 
paper. 

Experiment and Results. We have looked at several metals, viz., 

... _ ............. 

.... 

... 
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iron, mild steel (1018), stainlesa 8teel 304 and brass, corroded 
under various conditions. these conditions have included, 
submersion in methanol, methanoi-water and methanol-water-formic 
acid solutions for several months at room temperature, submersion 
in water, heating in air and ambient oxidation. ror this ehort 
communication, only some of the d.ata is presented to illu.stra.te t.h.e 
application of the technique ( Figures land 2), The plots shown 
are those of the intenaity ratio, L~/La, against the depth into the 
sample. Aa indicate~ above, each oxidation state of the metal is 
associated with a particular La/La intensity ratio and, in general, 
the ratio inoreases as the oxidation state increases. Thus, for 
instanoe, a rise in the cu=v• aa the depth decreases, retlects the 
increased oxidation of the particular metallic element nearer the 
surface. The particular values of the intenaity ratio reflect the 
percentage mixture of the difte~ent oxidation states involved. 

I Figure 1 showa the data for mild steel (l0l8) samples that 
were: (a) &mbiently oxidized, (i.e., polished in air just prior to 
placement in the .spectrometer) ("Amb.O~."), (b) su.bmerg•d in a SI 
aqueous methanol solution for about 5 to 6 months at room 
t.emperature ("51 Aq. ") and (o) corroded in 51 aqueous methanol 
solution eleotroohemically for a few days at very low potentials to 
aooelerate tbe corrosion ("EIS"). It can readily be seen :erom the 
plots that cases "a" (ambient. oxidation) and "b" (5% aqueous 
rr.ethanol submersion) show almost identical 1mall extents of 
corro1ion. In contrast, case "c" (electrochemically corroded) 
shows noticeably more corrosion, ~oth at the very near surface and 
at deeper depths. 

I 
Figure 2 plots the LB/La intensity ratio versus depth fo. two 

brass samples whieh were: (a) polished in air just prior to 
placement in the sample chamber ot the spectrometer and (~) brass 
which had been lett in the alr tor a considerable length of time. 
For both oases, the La/La intensity ratio tor the copper and the 
zino are shown. It can be seen that while the copper curves of 
both samples are almost identical in extent of corrosion, 
esifiihltially very small and about the same at the very near surface 
and deeper, the zinc curves show dramatic differences. Case •1b 11 

shows mueh larger oxidation of the zinc, as is expected, since the 
more reactive zinc is placed in brass for this very purpose, i.e., 
to cor~ode in place of the more abundant copper. Note that the 
zinc for case ''a", where exposure to the air was at a minimum, the 
extent of corrosion is about the same at both near surfaoe and at 
deeper depths. 

gooclu;ion. We have tried to demonstrate very briefly, the 
usetulnass and potential of XES in the study and evaluation of th~ 

. corrosion of metals. It was .sh.own how, a depth profile of the 
o>r.idation species present can be ol:itained in a ·non-destr,,:&otive 
manner, which can lead to an ev&luation of the ext•nt of oo~rosion 
and the type or chemistry of the corrosion. It ,hould be added in 
passing that chemical rnoditioations other than oxidation can be 
studied with XES, and its application can be extended to non­
metals, as well. Further, it should be possible to do the in situ 

> .... 

~·· 
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monitorinq of the corrosion process over a span of time. 
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FIGUU 1. 
(Angstroms) 
conditions. 

re LA/La inte·ns.i.ty ratioa mea.sured at various depths 
for mild steel ~amples eorroded und~r different 

FIGOU 2 ~ cu Lla/LCL and zn LA/Lo. .i.nten.si ty ratios to:r two different 
braaa samples with ditferent extent$ of o~idation. sample [lJ has 
larger extent of corrosion, 
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FIGLJt.t i' 
MILD STEEL· Lb/La vs. DEPTH 
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(5) OUR XES INSTRUMENTATION AND OTHIR UH CAPAlULITllS 

Our entl'y Into hich reaolution XIS oaourl'ed 1n 1188 'f'lu the develomellt 

ot a double crystal apaotrom1tar aoo,110:ry to a atandud Norelao Vacuum 1ad ... 

aaion 1paotrom1t1r. Thia project wu 1\\pport1d by NSF and the applioaUona 

coveHd the evaluation ot ahemloal bondin1 in. doaena of 1u1tu,. chloriA, 1 ~~~ 

amd sWcon be&l'iDI oompound1. Tha 1t\\dy involved materiala bath in the 

liquid and aolid ,tat,. Thia waa poaalble b1aau11 t.b• K radiatiotaa 1iucU1d 

were below 10 an11trom1 in wavelencth and th• Ui• \lit ot a htWuui at 

maphtra permita the UH of liquid at Ui••• wav1l1nsth.1. Note tbat to study 

valence electron trant1Uona for the tftl\lition metall ot iAt1rt1t in •tb&nol 

induced ool't'oaion Will parm.lt the uaa of air, furtber tac111tatin1 the uaa of 
Sl~ 

double aryatal ap•atrometry tor ln•1tudy of oorroaSon, It ahoulcl 1110 b• a.o\td 

" that moat ot the ra1ult1 d11ou11ed 1n App1ndbc11 A and I w1r1 ba••d on tll, 

use ot th••• double aryatal apeatrom1ter atucli11, 

With NSF aupport, in 1973 we bepn the d•v•lopm1nt of a wuqu1 

hilh reeolution 5 meter apeotrometer to co,11• the relion of 10 to 180 

an,gstroma. Note th.at whereas below 10 a.nptroma ii ta po111blt co audy oorroaJon 

of a 111etal aubatrate diraotly u 1t ia covertd by the oorroctJns Uqutd mtdlua, 

here above 10 an11troma tt ia 111ae11aey to have the aample m an t'f'&guated 

1arnple chamber. Note, however, that the :pr111ur• 1n tha aamp11 ohambll' ou. 
-.! -~ 

be as h.11h aa 10 to 10 torr, which 11 relatively uay to aoh11ve •• oompartd 
h, ..... ~ 

to ultrahich vaou.um/1q1-1itfid by XPS and Au.111' t .. ohniqu11 • 

.. 
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c, 
GHS SC 

OS 

• Wtttf .,.._, MFP 
-¥et•• v,, .. 
I •··· Yllft 

"' t t.flltlMjlll bloall cllapun of &ho S m ar11ln1 X•ray 1pec:tromecer: RC .. Rowland clrcl~. 0 
• lftUII, n • ,rimuy 1111. DI• d1&cotlon ayatom, IV - laolcHion valve b,tween ?<•ray tube (T) 
Nd _,.. (I). C, • told fblpr. DO - cl1putn1 aunpl1 chamber, !LOS - external line of ai,sht 
...,..,. C'W - oooUna Wlllf, R. • re1ul1t. P - CUttr, MS - molecular sieve, CT .. cold trap, 

IPP .. ample ohambtt forepump, MPP - maln ohaunber f orepump. 

Pia, 10. Rocatabl• Lwu-r,osuion &ample holder. 
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.... -.-.-.-~-·- . ·-___........,_.·-·· 

A schematic version of our 5 M grating spectrom~ter is shown in Figure 1 , 

Additional details can be found elsewhere ( 3 ) . The most unique feature of of 

our instrument is the extremely high optical resolution not found with any other 

5 meter spectrometer. It should be noted that we have photographic, soaning 

photoelectrlc detection capabilities, and as mentioned before, we are in the midst of 

~~~ot~ 
completing position sensing detection system, All of these systems have their special ,. 
applications, but for the corrosion studies the scaning photoelectric and position 

sensing detection systems are the pref arable ones. These oan be intechanged 

rapidly in a modular manner. The exoite.iton of the sample is either by elect:t-on 

or by photon impact. Again these sources are readily interchangeable. 

Sample depth profiling is obtained either by variable sample exit angle 

-... .. . . ... -·-~.!C:_~nology or by variable kinetic electron energy excitation. A review article 
. . .... .. ...... . 

by Andermann J t l should be consulted for futhe;··details on ·~:~ample 

depth profiling is achievable via. sample exit angle variation. 

The above instrumentation combination and applications are totally unique 

and unaivalable elsewhere. However, conventional instrumentation of potential 

utilization for corosion studies are also available at the u of Hawaii, namely, 

(i) Ordinary X-ray fluorescense spectrometry 

(ii) Scaning ~ electron microscopy with energy dispersive x-ray spectrometry 

(iii)Electron impedance spectrometry 

(iv) Scaning tunneling micrscopes 

(v)Atomic foroe microscopes 

( vi) Ellipsometers 

{vi)Near, mid and. far infrared spectometers including refleotometet' accessories 

" 
(vil)Raman spectrometers with laser microprobe and surface enhancement 

(vlli)X-ray difractometers 

(ix) The usual array of morpholigic~ and metallut'igical instrumentation 

.. 
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. -· .. ---·· .-·-
Note that our group is either familiar with the use of most of the above 

instrumentation or it has excellent relationships with personnel wbo are more 

familiar than we are. 

,, . ·-···-· ... 
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··-·- --··-- - -- - -
APPENDIX A - FUNDAMENTALS OF MOLECULAR XES 

Here we offer a short discussion taken ver.,,•atim out of a review article 
written byAndermann, Applied surface Science 31 (1988~ 1-41. Note that the P, S 
data were obtained on our double crystal spectrometer, whereas the O and the C 
data were obtained on our grating spectrometer. 

..... ;.____ ...... •". -- . ·~-·--·-·--·· .... · ... -·-....... __ _ 
While X-rny ~pcctroscopy (emi~!;ion and absorption) hns been used ~ince 

1930 to rationalize the vnlcnce electron structure of metals and insulntors in 
1crms or ~oli<l ~tnte hnnd m,'><lcl$, the use of mc,lccular models to rationalize 
the X-ray cxperimcrHnl oh~crvntions of non-meusllics started in tht late sixties. 
A particularly usc(ul review of the u~e of molecular orbitals in X-ray spec­
troscopy is due to Urch (42]. A terse account of Urch's explanations, with n 
~omcwhal diUcrcnt emrhn!,i~ anti rc~tricting the discu~~ion to X FS, is prc­
~cntcd hclow. 

Fig. 27 depicts the energy level dingram of a hypothetical diatomic molecule 
AB. Shown in this figure are core atomic orbitals cf>A, o.nd </>n nnd the manifold 
or bonding valence molccui'nr orbit~ls, i.p, ·s as welJ ns the munif old of 
nntibonding orbitnls t/Jt 's. Also shown in thi~ figure are the typical XP. UP, 
nnd ultraviolet absorption (AU) and XF transitions. Even the utilization of the 

li//j//lll11f~~~~ll//llll//il 

,, 
' -

XFS(V) XFS(V) 
.• Tl. Ii.IV) -

.XPS(V) 
UPS(V) 

- XFSfcl 

.. XFS(C) 

.. 

' ,, . 
XAS tC) XPS(C) . "' XPS (C) XAS(C) K 

Alom A Atom 8 
f . 

} ,~ .. 

} '1·• 

K 

r-ig. 27, Highly 5impli0ed energy bcl dingrum for ii hYJ><>thcticnl diatomic molecule An 5hc,wing 
the vurious core (C) and vnlcn,;c (V) electron traniition~ tor XFS, XAS, XPS, and UAS. 
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-·---- --··---
simplest frozen orbital one electron transition model, namely, that the initial 
excited state js adequately dcscrihcd by </>1~/, and the final state by t1,; 1, where 
4> i~ !lorne core orhitnl of element J (indexed), and I is usually either s or p, 
nnd where YI,• Ec

1
,x

1 
with x1 rcpre:;cnling valence atomic orbitals, already 

offer$ the following unique fundnmcntal ndvuntagcs over the other electronic 
::;pcctr<)~copic technique:;: the number or opportunities q l<> sample the filled 
valence electron structure of a molecular equal~ !:2.x + I:y, where x a. number 
of different hctcroatoms cnch with K and L core vacanc.:y initial stale.~, and 
y:: number of different hcteroatoms with K core vacancy initial states only. 
Thus, for c,tamplc q • 4 for PCJ, (P-K, L and CJ .. K,L emission spectra). This 
multi-atom probe cnpahility lo snmplc the valence electronic structure or a 
molccuJc is completely unique since nll other electronic spectroscopic tech­
niques, e.g" XPS. UPS. and UAS provide a single ~pcctrum of the filled 
valence molecular orbitals. This advantage by XFS becom~~ lncrca5ingly more 
u~eful as lhe siz.c of the molecule and the deg,rce or hcteronucJearity increases. 
Using this inherent power. our group has already dcmonslrnted the following 
unique nnalylicnl probe capabilities with if;;,; as the initial state: 

p. K~ P. 0.. 
!? N 3p· :c (.J 

a. 0.. 0. Q.. 

N N N f') 

02sC2s S35 0 0 0 C/) 

I 11 I l l l l ' I ' I 

2120 24 28 32 36 40 eV 

S-K A s ,., 3p ... 

Ou 

I 
62 66 eV 

(}' TT 

Cz, Czp Ip 

I I l 
i ' 

518 522 526 eV 

eV 
Fig. 2ft. Tlc-<iingrnm for' charac1cristic m,'>lccul:lr c,rbltal &ran:iitiona lnvolving P·KJ~\ S·KP, O·K Q 

and C·K a $pectra .~ignifying tl1c ahili1y to use XFS .is a ligand identifying II finger-print" 
analytic:tl tool. 
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---------' 
fa) If the charge density is highly loc.~ulizcd about element J, then XFS may be 
u!-i~u to identify ligands attached to J [28,4J-45,49J. 
( h) On the other hand. if J is n Hgnnd ntom, nnd if J i5 attached to an atom 
which is involved in n dclocaliz.cd charge dcn!;ily arrangement (such as a '1T' 

regime), then XFS cnn uctcrminc how :atom J feels uny perturbation (46-48,SOJ 
or the dclocalizcd charge density rcgirnc. 

The idea of highly Jocali1.cd charge density is particularJy uscfuJ analytic,dly 
with XFS. This is illustrated in fig. 2R which shows a partial listing of some or 
the charnctcristic transitions <>ur group ha~ observed lo date. 

----,·-·--
APPENDIX B - SOME TYPICAL APLICATIONS 
Here we offer a couple ot typioal speotra obtained on ou.r gTating 

speotrometer. Figure B·l shows for acetate anion the carbon and oxygen K 
emission spectra. On the oxygen spectrum we see the 2p lone pair electron band A 
and the oxygen 2p- carbon 2p bondini oribital band B. For the carbon K spectrum 
we see stronK bands B, C • and D. These oorrG1pond to the Carbon 2p· Oxygen 
2p, to the Carbon 2p- Carbon 2p 1 and the Carbon 2p • Cal'bon 2s molecular 
orbitals l:'espeotively. It should be noted that for ethanol we would see similar tn>es 
or Ot"bitals but the peaks would have different positions and different intensities. 

In Figure B-2 we illustrate how the oxygen K ernission spectra vary for 
Cu (OH) , CuO and Cu O. AcoordinilY, thel'e are ver-y large differences in the 
spectra. Knowing the oxygen K emission spectra for these spea1es I then it is 
possible to see how the oxidation of a copper surface proceeds, Le. we can see 
that copper is barely oxidized under ambient oonaitions( bottom curve), mimics 
cuprous oxide under first oxidation (first few minutes at hlgh temperature 
oxidation), but then resembles ouprio oxide after third, heavy oxidation. This 
FiiUre is also from the same reference as the one given in Appendix A • 

• 
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G. Andermann / Variable grazing exit angle XFS for thin-film analysis 
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Pia, a6. 0-Kcx spectra are shown for pure Cu 20, CuO. and Cu(OH) 2• ns well as for some of the 
surfaces, al various stages of oxidation illustrated in fig .. 2.5. 
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-------------·------
APPENDIX C .. THIN FILM TECHNOLOGY WITH XES FOR 

CORROSION STUDIES 

The basic idea behind using XES for corrosion studies is relati-vely strai1ht 
forward. Aa shown in Table C· l, it has ben known for some time ·that the L 
beta/L alpha inensity ratio for transition metals increaaH in goin1 froa1 metal to 
metal oxide. In u11n1 variable sample axit technology , that is, in ,;oinv from about 
O, S degrees to about 20 degreos I as shown in Figure C-1, the spectrometer sees a 
sample thiokneaa, 1ay about 20 ang-stroma to about 1000 an.gatroms. respectively. 
Tbus, by plottin1 the L intensity ratio apinat exit angle we oan obtain an 
evaluation of oxidation of a aurtao• ap.inst sample thiok11111. A typical set of 

------·· ., •••• ~, •·· • ·--... ••. ..~ '"" •• ··- ................... t 

rasults is shown in Figure C •2 for nickel aul'!ace oxidation using photon 
excitation. Accordinily., at low exit anrlH the L 1Atenaity ratio ahow1 oxidation 
even if the oxidation of the surface 1a minimal. It should be noted that the above 
plots Q8.ll be used to a•t ciuantitative reaulta (i'· ) 

Since 1982 our group has been atudy.lni tbe air oxidation of the follow.tni 
metals: Al, Fe, Nl, Co,and Cr both for b"'lk metal aul'!acea as well as for various 
combination of thin layers of theaa metals deposited on val'ioua aubatrates. Most of 
thla work wu aupportad by IBM throu,h a Shared tJwver1ity Reaearch Grant 
propam. The work formed the buia ot three Mas tar dep111 and one PHD tht1i1. 
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X-R8Y Technique May Provide . ·)t 
. . . . ' . .:'',.// 

New Way To Study Surfac¢s, Films.·.·\ 
. : . . . . . . '... . ... ·~ 

• • I ' • • • • • ,, ... ~ .. ~I 
. . . . . . . '• ('·.;,. 

. Reeearchen at University of by the gnting. How.vu, many ol m1nt1, it's poulbl• . to monitor ,;. ~···\ · 
t.he method, develo}?td lor hard. (>. ch1n1t1 in tnte.naity at I given wav... . .. .. :. 

· Ha~ have developed < 2 A) and. soft (2 'A < X < 10 A) length (for elemental analyal1) or· · ·. 
nondestruc. tive 'approach tO ,• . X•ray analysis may be tmployed. In cha,i1a ln 1pecual (O.fttoun or thilt.. :· 

addition, the Hawaiian chem.iacs ue (for chemical •ptciatlon), and thus ·. · · 
obtalnlna depth. proftlea of developing a aubatrate e1nisalon bwld..up a depth protUe of the mm:· ·· 

te~hntque that promiHI to bt use• bein1 1tudi1d., · . · ·. · •.. , . 
films Cf<!m so· to s~ ~ thick Cul !or lh&dyins tht tllecu of phy•· AJ\dermann nottl th4lt character .. 

ical and· c.htm.ica! mod.lllcatJon1 ol iatton of true 1urt1c11-d•lintd to · :°' · 
aurf ac·tt. Lncludt "1trath1n films with thJc.k·< . , ~· 

tlltruol~ °x•ray: nu~r~enc• •P•~ 
copy (USXfS) soon may Jotn·tht U,t 
o~ techniquea available /or analy111 
of aurfacn and thin IUN, Accord• 

·-inl to Ceo.rs.• Andtn:nann, h,ad ot 
th• lJ.ni-venity ol Kawau poup ·that 
i• d•veloping, the method, tJSXPS 
wUl provide a ni"w, nondntnactive 
approach to obtai.nJng depth ,pro­
m" of filmt · lrora so · to 5000 A 
thJdc. Jt · promt•• ,o bt nptcially 
u1elul lor dealing .with the .thin• 
li1Q\ probl•m• olten e.ncoun.teted in 
the "real. world," he addt. ··:· 

·Principal co·worktn on the'USXFS 
project l1'clud, rnearch anoeiate 
Pranda Fujlwan ud graduate lt\l•, 
dentt Mark' L4wtqn, Tom· Sdmect, 
and Kevin Kuht1. 
· lieut ot tht USXIS ay,tem ia a 

5-mtt¥' va.n,blt-,ruiJ,f•indcltJ\Ct· 
anal• plint apectl:Oa\et~ originally 

. built (with Nationat Sdenct Poun •. 
· dation 1uppon) lor ,tucllt• 91 cno• 
· leculu. electronic 1tructure. The 
high~pijca1•rttoJuUon (0:1 eV or. 
btttter) metrument hu bNn modi· 
fled to adapt it for 1ur!ac1 and thin· 
mm atucU,-.lor. example, • N.Dlplt 
hplder W.ll addtd that ii carablt of 
exit ans}• ruolution ol 0.05 o, i,.t. 
ter' at low exu a.n1Jea. · ·, 

Obtaining the needed resolution· 
calls.tor tht.UMol high•foa.l•lm1th 
grating optia (rather than cry1tal 
Qptica), .Andetmann. notH. That . 
makea it 1111ntjal to u11 ult~!c 
x•raya (A > 10 A), since more tner-
1•tJc: ~-ray• wo~dn't be refra~ted 

' .•. A,lrtl.1t110UN 

· It,cplainlng thtiheory behind ,ur• .na,•a laa than 25 A-and ol sut•· · ··\~ · 
fact USXPS, Andttmann ••Y• the face' thin fll with 't.tucu .... ftom.· ·•. . II • I 

key idea it tht \ale ol Yiriablt•angle 25 to 5000 ~ .. btcomt an lmpor• .. : · .' 
sample opUa, in particular the UN tanc uea of ,ped.all.zation. Th• prob,., . ; 
of well-detlntd exit anglff lrom 20• leant, have been attack•d with a .. ·. I 
dc;,wn to u low 11 o.s•. Th• critical nw:nber of pafticlt·butd ttdwqua, · · ,:·. I 
depth, det,rmi.ned t,y cneuurements inc::ludin1 X•ta)' photoeltctron ,pee- ·. 1 
of fiuore,c,net .inttnaity, ia a lune• ' troecopy (XPS), l.14traviolet photo ... ·.-..· . 
Hon oi th• e.icit angle. That ii, u tht 11td'ron apectroscopy (UPS), Auger . · ·. 
e,cit anglt b1com11 aD\alltt, th ... ig• · electron. 1pectroscopy (AIS), ,econ• ·· · 
nal rtprtMnt1 • ,maJl•r portion ol dary. lon m.., aptcc.rometry (SIMS), . .' 
th• flll:n'• total thicknen. By chan1· and iOJ'.' 1c::1ttering 1peccrometry · 
ing the e.dt an1le tn •m•U inert• (ISS). · 

·Chemlcal modHlcatlon, of thin fllm, 
ohlln9• aub1trate x•ray line rat101 
1n1•n1ny '-#/ ln1,naar, L. · : 
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APPENDIX D - ADDITIONAL INFO ON METHANOL INDUCED 
CORROS10N 

----.... -. ...... 

U1ln1 DOE f'wldJn; Dr. Fujiwara carried out a whole aeriea of e,cp1rim1nta to 
c•t uaetu1 information on methanol induced oot-roaion of a Wida varley ot metals, 
r,.amely, mild steel. pure iron, 1tainl.,1 1teel and brt.11. Theae ~teriala were 
exposed to a. wide variety ot aolu tiona for a wide variety of timaa • Beaida1 the 
information already diaouasacl in Section (4), we are torwardintt a·ome limited 
additional information in terms ot a 11ries cf illustration, (P'i,Ul'ea 0 .. 1 throu1h &) • 
There is, a. wealth of quantitative data incorporated in theae tfi'UrH and the 
firuraa ara \U1der101nc ext1n11v• quantitative eval\lation. All ot theaa reaulta wW be 
submitted for publication in the near future. 
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STAINLESS STEEL :: .. 

-· ··· Lb/La···vs DEPTH·-(e·~E:XtT·A1'10N) ··· 
V Cr 
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DOE/NREUORNL WORKSHOP LOW COST MATERIALS OF CONSTRUCTION 
FOR BIOLOGICAL PROCESSES 

MAY 13, 1993 

Electro Chemical Engineerin1 & Manufacturing Co., Background and Capabilities 

Dale Heffner 

AISTRACI 

Electro Chemical Engineering & Mfg. Co. 
750 Broad St. 

Emmaus, PA 18049-0509 

lnfonnatlon of the background and capabilities of Electro Chemical Engineering & 
Manufacturina Co. was provided. Acid brick and several type:, of linings and coatings for 
steel and concrete were described. A brief discussion of corrosion testing methods was 
followed by several case studies in which linings technology was applied to solve corrosion 
problems. 
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ELECTRO CHEMICAL ENGINEERING & MFG. CO. 
BACKGROUND AND CAP ABILITIES 

The original ELEC1RO CHEMICAL SUPPLY & ENGINEERING CO. was the first 
company of its kind in the United States created for the sole purpose of acid and alkali-proof 
construction and material manufacture. Incorporated in 1912 we have been providing service to 
the chemical industry for over eighty consecutive years. ELECTRO CHEMICAL personnel 
were credited with formulating ihe first silicate and sulphur mortars along with fonnulati.on and 
development of the original DURO fireclay· acid-proof brick. 

A brief run down of our current capabilities are as fonows: 

•A complete line of natural and synthetic rubber, PVC, polypropylene, HALARe, KYNARe, 
TEFZEIA, and TEFLON«> lh,ing systems for process vessels. 

•Custom PVC and polypropylene pl.we fabrication of tanks, liners, duct systems, hoods and 
specialty items. 

•Shop applied high temperature, TEFLON11, KYNAR~ TEF~ HALARt,., Bisonite, Pwite, 
and Heresite coa-. 

• Acid-proof brick flooring systems for protection of plant floors which are subjected to corrosive 
solutions, hard wear, or chemical spills. We also stock standard floor tile, red shale and carbon 
brick. 

•Impervious monolithic corrosion resistant floor ~ exluoi6ng excellent chemical and 
physical properties and used when brick and tile installations are not practical. Epoxy, polyester, 
furan, vinylester and polyurethane toppings are available. 

•Corrosion resistant epoxy, neoprene, hypalon, and vinyl industrial paint coa~ for protection of 
structural stee~ exteriors of pickling and plating tanks, fume ducts and stacks against corrosive 
splash, spray or a1mosphere. 

•Design, build, and certification of c~plete secondary containment systems. 

•Both shop and field experienced tcclmicians to maintain your lined equipment along with 
shutdown inspection and repair services. Our field technicians normally respond within 24 hours 
to a repair or service call 

Electro Chemical Engineering & Mfg. Co. 
Post Office Box 509, 750 Broad Street 

Enunaus, Pennsylvania 18049-0509 
Telephone: (215) 965-9061 Fax: (215) 965-2595 



Sketch shows a typical steel nozzle 
lined with membrane and protected 
from thermal and mechanical damage 
by installing a stoneware or carbon 
sleeve. Note that the membrane 
protects the full face of the flange and 
Indicates recommended recess for 
sleeve. Detail would apply for any type 
membrane or brick being used. 
Service conditions would dictate type 
of membrane, brick and mortar to be 
used. Where high temperatures are 
encountered, additional layers of brick 
are used and nozzle necks are 
protected with either a double sleeve 
or can be brick lined. Also note on 
picture to the right that a bullseye or 
compression ring may be Installed 
around pipe sleeves depending on 
vessel design and construction. 

Picture and sketch show a typical 
acid-proof construction for protecting 
a concrete lined tank. Sketch Is 
recommended regardless of type of 
membrane, brick and mortar being 
used. Service conditions would 
determine choice and thickness of 
lining system. Depending on size of 
concrete tank, It Is suggested that the 
walls be battered and bowed when 
poun~. As a last resort, brick pilasters 
can be installed to reinforce or 
strengthen long and deep walls that 
have been constructed without the 
batter and bow mentioned earlier. It Is 
good practice to cap the top of any 
concrete tank wall. 

Design and fabrication is very critical to 
the performance of brick lined steel 
tanks. Suitable bottom dunnage such as 
steel I-Beams are suggested to prevent 
the bottom from oil canning when 
emptied and filled. To reinforce the side 
walls, vertical steel stiffeners should be 
installed on the same centerline as the 
I-Beams. Steel angles or channels are 
required to adequately reinforce the tank 
tops. Type and thickness of membrane, 
brick and mortar would depend on 
service conditions. Where mechanical 
damage could occur. wood bumper 
boards are recommended to protect the 
top of the tank. 
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This 1QO'x5Q', 9 cell Phosphoric Acid 
Attack Tank is constructed of concrete 
and lined with our 3/16" thick EL­
CHEM DUAO-BOND natural rubber 
latex and 4-1/2" of carbon brick laid 
with EL-CHEM #11 carbon filled furan 
resin mortar. Ceilings are protected 
with EL-CHEM #103 coal tar epoxy 
coating. Note that walls of this 27' 
high attack tank are battered and 
bowed. Additional carbon brick 
thickness was Installed ""''1neath all 
agitators to protect the main floor from 
abrasion. 
Flash cooler vessels above attack tank 
were rubber lined and protected with 
4-1/2" carbon brick lining laid using 
EL-CHEM #11 carbon filled furan resin 
mortar. 

These pictures taken during the 
construction of a sulfuric acid plant 
project show the actual installation of 
the brick support walls in an absorbing 
a.nd drying tower. These tanks were 
lined with a chemical resistant mastic 
and a TEFLON* sheet overlay prior to 
installing the red shale acid-proof brick 
lining. 

*TM of DuPont Co. 

Tank pictured at right was lined with 
3/16" thick EL-CHEM DURO-BOND 
S-103 soft natural rubber sheet and 
3-3/4" red shale acid-proof brick. Solid 
acid-proof brick compressions rings or 
bullseyes were installed around all 
outlets located in the vertical shell. 
Stoneware sleeves were installed in 
each of the eleven outlets located in 
the cone bottom of the tank. Note 
special brick shapes that were installed 
to support internal piping. 
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Floors. trenches. pump and equipment 
pads in this chemical and dyeing 
operation were protected with 
KEMSEAL glass cloth reinforced 
asphalt membrane and red shale acid· 
proof brick lining. EL-CHEM #555 
expansion joints were installed in this 
construction. EL-CHEM #501 
machinery grout was used to set some 
of the equipment. EL-CHEM epoxy 
toppings were also used to protect the 
vertical face of some equipment pads. 

Sketch and picture show an octagon 
concrete pad that is located In a 
pretreatment operation that handled 
acid, alkalies. oxidizers and numerous 
solvents. Concrete pads and floors 
were acid washed and overlayed with 
our EL-CHEM #11 specially 
formulated furan membrane which is 
reinforced with EL-CHEM #225 glass 
cloth. Membrane was then covered 
with a Hypalon * coating to provide a 
separatory layer between the furan 
membrane and acid-proof brick 
sheathing. Brick lining was installed 
using vinylester mortar. 

*TM of DuPont Co. 

These pictures show the construction 
phase and completion of a large 
metering pit. A 3/811 thick KEMSEAL 
membrane with two layers of EL­
CHEM #223 glass cloth is being 
applied to the walls and floor of the 
right side pit compartment. The walls 
of this pit were both battered and 
bowed. As indicated on the picture. 
individual compartment walls were 
also poured with both battered 
construction, and thrust block 
notches. Note when brick were 
installed on compartment partitions 
how alternating courses are 
interlocked. EL-CHEM #555 expansion 
joints were incorporateq into this design. 
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Sketch and picture show a typical 
acid-proof lining of a concrete 
drainage trench. Trench is lined with a 
1/4" thick KEMSEAL glass cloth 
reinforced asphalt membrane and a 
2-1/4" layer of red shale acid-proof 
brick. Concrete trench floors should 
be sloped for drainage purposes at a 
minimum of 1/4" per foot. 
Actual design and thickness of brick 
lining for trenches Is determined by 
service conditions and size of trench. 
Picture of trench at far right shows a 
small portion of a trench from a 
phosphoric acid plant project which 
involved nearly a mile of different 
types and designs of drainage trenches. 

Sketch and picture to the right show a 
typical floor for a dairy, brewery, 
pharmaceutical, packing house or 
other food type floor. Different type 
bed joint materials are available. The 
end use is the determining factor for 
the type tile or floor brick to be used. 
Tile or floor brick are waxed 
beforehand to prevent unwanted 
mortar stains and excess mortar from 
detracting from the cosmetic 
appearance of the finished floor. 

Sketch and picture show similar floors 
with different type curbs. Both floors 
were protected with 1/4" thick 
KEMSEAL glass cloth reinforced 
asphalt membrane and different 
thicknesses of red shale floor brick. 
EL-CHEM #555 expansion joints are 
visible on the floor, far right, which 
was part of an uranium recovery project. 
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Acid-Proof 
Brick Types & Sizes 

Standard Red Shale Acid Proof Brick 

Double 

Oouble 
Chlmftrtd Stretchtr 

4W' 

Double 
Chamftrld HeaCMr 

Hf' 

2'A'' 

114" 

Vtttical Fibre 
Floor Brick 

Single 

Shale Spilt 

Standard Acid-Proof Fire Clay and Carbon Brick 

Carbon Only 
1'A. 

2" Split No. 1 Kty 

9" 

No.1-l<ty 

No. 2-Kty 

No.3-Kty 

No. 4-Key 

4Yl' 

No. 2K,V 

1" 
Nu. 1•X Wedge No. t Wldljle 

Fire Clay Only 

3" Thick Series Is Also Available 

Electro Chemical 

... 

No.1-Wtd;t 

... 
:Sh" 

No.a-w1<191 

0 
r 

No.3-Wldge 

Circle Bnck 2'.\" 

Fire Clay Only 

2'1\" 

Sotp 

Flre Clay Only 
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Acid-Proof Heavy Duty Floor Brtck 
Matching 1\im Units 1·3/16" or 1·3/8'' Thick 

::;;up~~ ~·t~•=n••!!! .... 1 

Square Top 
Cove 
Base 

Round Top 
Cove 
Base 

Bull No11 
Stretcher 
and Header 

r ..... .. ,~ 
High 

IR1 Covt Base 

,. t 

11T Turn Up IUse 

12 A. or I... Covt Stop 

•R2 Ft or L. Cove Slop 

,~ r 3-111'' 

.,.,,.. •. 
I" t .,,.. 

1$ Cow 1ntttn1I Comtt ltBullNOM 17 8uflNoa, 1n1,,.,,11 

Floor 
Brtck 
1", 1·3/16" or 
1-3/8" Thick 

Conversion Chart 

To Convert From 
Meter 
Feet 
Centimeters 
Inches 
Liter 
Gallons 
Pounds 
Grams 
Ounces 
Metric Ton 
Kiloaram 
Cu.Cm. 
Cu. Ft. 
Cu. Inch 
Cu. Meters 
Ko/Sa. M. 
Pounds/Sa. Ft. 
Ka/Cu. M. 
Pounds/Cu Ft. 

RO!.,M<I Col'Tltr 

$moolll 

To Multlolv By 
Feet 3.281 
Meter 0.3048 
Inches 0.3937 
Centimeters 2.540 
Gallons 0.2642 
Liters 3.785 
Grams 453.6 
Ounces 0.03527 
Grams 28.35 
Pounds 2205 
Pounds 2.2046 
Cu. Inch 6.102 X 1Q·2 

Cu. Meters 0.02832 
Cu.Cm 16.39 
Cu.Ft. 35.31 
Pounds/So. Ft. 0.2048 
Ko/Sa. M. 4.8824 
Pounds/Cu. Ft. 0.06243 
Ko/Cu. M. 1802 

r, 

.,.,,..,, ... ,., 
I* 

II 8ullNOM Sllttehtt 

Electro Chanical 

Tum•UP ltM Corn1t1 

' 

»;,,,,., 
~ I" 

1" r 

11'1 A. or L. luHNOM 
Our Angie 

t:ST bltfflll Comer 

, .. , Hil·· ._,,.-
110 lullNoM 11\lt"nll 

1•$111•0,1,,.,.n. 
\ltt1ic.ll F1bft 

Brick Estimating Factors 
Quantity of brick required for 100 sq. ft. 
Size Thickness W' Joints 11•" Joints 
8" X 3W' X 2W' 2W' 458 437 
8" X 33/,." X 2W' 3:Y,." 747 699 
8'' X 33/•" X 4'h'' 41/a'' 458 437 
8" X 3W' X 4'h'' 3W' 384 368 
8" x3W' x8'' 8" 768 736 
911 x 4W' x 21h" 2W' 342 328 
911 X 4'h'' X 21h11 41/z'' 602 ~67 
9" X 41/2'' X 21/a'' 7" 944 895 
9" x 4W' x 21h11 9" 1204 1134 
9" X 4'h" X 3" 3" 342 328 
9" X 41fl' X 3" 4'h'' 505 479 
9" x 4W' x 3" 7W' 847 807 
9" X 4'h'' X 3" 9" 1010 958 
9" X 4'h'' X 1 W' rn 342 328 
9" x 4'h" x 1W' 1 'h" 342 328 
8" X 3",1111 X Hi" 1W' 444 424 
8" x .d" x Hf' 1W' 430 411 
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Thermal Insulation Data 

Acid•Proot Brick 
Two Courtta 

,..,... _ _..,... ____ Acid•Proof 

Mortar 

Electro Chenical 

Example of membrane and brick lined lank ahowtng approximate temperature reduction provldf Jd by 1, 2 or 3 courMa, 11ch 
3,,.,, thick, red 1h1le acid-proof brick lining. Since carbon and fire clay brick have different therr111t conductlvltlt1, the graphs 
ahoutd not be ultd to calculate temperatur1 changes for thtH types of br1ck. 

fO 

240 

0 

100..._ _________ _, 100 ...... ______ _ 

L a1 M 

100 _____ ,.._ ___ .._____ , \ 

L 91 ea ei M ~ 

One Course Brick 

B1•first layer brick 

L ea M 

Two Coursea Brick 

e2=second layer brick 82•thlrd layer brick 

ThrN Coura,1 Brick 

L•liqulrJ M•membrane 
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oper selection of materiais to line concrete drains, trenches, sumps and basins 
critical to the succ:eu of an~·c:hemical plants corrosion control and environmental 
ogrims. Tightening regulations on both occupational hazards and on waste 
1d environmental control ut creat1n9 a need for reliable engineered systems 
1d operienced, well,qua:iried fabricators to Install a complete project with 
1divlded responsibilities. 

it k,ey to finding an econcmical, long lastina concrete protective liner, suitable 
r 1mmcm1on service and at:it to endure the most corrosive environments ts found 
Acroline t protectt\'e hr.er systems oi polyethylene, polypropylene, PVOF 
,d E·CTFE. 

Unique anchoring 1y11tr-. 
i CrosMICUOnal VltW of liner 
't joined with monolithic toppin1. 

4 Polypropylene concrete 
l prottett1t1 ,ump liner 

be1n1 embedded Into 

,e .A.crolrne1 m,,tertal c:an tif custom fabricated 
almoit any conceivable ,~ape and size, for 

.vide ranje of chemical a;pllcations. The 
1ique feature of the Acro::ne» material is 
at the anchoring point\, L.1ed to embed the 
,tr directly into the concrt·,e and compensate 
r thermal cyclins, are forr::ed in their final 
ape during the extrusion rrocen and are not 
:,lded or ijlued in place. T~e large number 
anchors, 420 pi.•r square -:,eter, guarantees 
e best po~s,ble ,.rnchoras, between the 
,ncrete and the prot~ct1, i !iner. 

c:oncreti. ........ 

ELECTRO CHEMICAL ENGINEERING & MFG. 
CO. INC., is ottering a full capability of custom 
plastic fabrication in all Acroltnet materials. 
ELECTRO CHEMICAL't \trength includes the 
ability to handle turnkey projects (design. 
fabricate, and install) from the smallest sump 
to large field installations. 

4 C,Htom r.1br1c.11od sump and drain 
l p\!rtorm du1I function u the form for 

concrete and u a chern,cal ,,,,uant 
lin1r. ~ 

FOR ADDITIONAL INFORMATION CALL: 
ELECTRO CHE,\11(:AL ENGINEERING AND MFG. CO. 
iSO Broad St.. P.O. Box SO? Emmaus. PA 18049·0399 

(21 Sl 96:--9061 Fax: (21 Sl 965,2595 

EL·CHEM CONSTRUCTION CO. LTD 
937 Cumberland Ave,, BoK 354. Burlington. Ontario. Canada L7R 3Y3 

(4 t 6) 634,5586 FaK: (416) 639,8088 

~. i')· I. • C! 
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After 24 years o( continuou, service the concrete 
tloor,ng in a ma1or chemical munu(acturer's 
production area, underneath storase and 
ruction vessels, had b.ecome severely troded 
In many artu. The uu in addition to :ting 
1.;cject to wuh water from the equipmtnt also 
t,perienced occ:uior,al spills of materiais with 
a wide varhtty of pH ransu. 

ENGINEERING & MFG. CO. 

Various coatlnss were applied to the floor to 
protect It from the harsh and corrosive pro• 
ducu, but with linle succeu. Oama9t to the 
coatin9 resultlns from spills and wuhlns 
procedures had created a series of problem 
areas, which had to be continuously patched. 
To add to this, when equipment and tanks 
were washed out. the material being drained 
created a somewhat hazardous, slippery 
condition for walkins in tho &rH, Mair\Cenance 
involved In repairlns the floor had become 
increasingly expensive and tlmt•consurning. 

Acid.proof chemically resluant brick was uted 
to refurbish the floor area. The first step in the 
,,placement process Involved clearing the aru 
..1nd removlns the old noor. New concret.e 
was poured and allowed to cure. A coat of 
EL-CHEM asphalt primer was then applied to 
the toncrete surlaces followed by an EL,CHEM 
Kemseal Asphalt Membrine. In this system, 
aiphalt lmpresnared glass cloth Is placed over 
a 1 /8 • asphalt bue and then followed by 
another layer or 118 • thick hot asphalt. 

r..i.t,Jc tro Ll1t1111cu.l 

Acid·proof brick was Installed by e:<perienced 
EL,CHEM field crews usins El,CHEM #1 l 
c:irbon,filled furirn mortar. Thi, mortar Is inen 
to all oxidizng aclds1 except nitric and chromic:, 
~,II alkalis regardless of concentration, all fats, 
oils, grease and mou organic solvenu. 

Installation wu completed and production 
was resumed almost Immediately after the 
work had been completed. While safety ha.wds 
have been eliminated, the customer has also 
significantly reduced maintenance headaches. 
The new flooring is succeurully withstanding 
the corrosive environment. A similarly lined 
sump, th.it contains runoff and spilh until 
b~ing pumped out and transferred into the 
waste treatment 1ystem has also proven to be 
virtually mi1inten.rnce,free. 

FOR ADDITIONAL INFORMATION CALL: 
ELECTRO CHEMICAi. ENGINEERING AND MFG. CO. 
i30 Broad St.. P.O. Box 509. Err.:nau1. PA 18049,0399 

(21 S) 96S·906 l Fa:c: (; t Sl 96S·2S95 

EL·CHEM CONSTRUCTION CO. LTD 
937 Cumberland Ave., Box 354, Burlington, Ontario. Canada L7R 3Y 3 

(416) 634,5586 Fu: 1416) 639,8088 
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,\.,any different protective linin1s have been used to try and 
-:ombat the hot, corrosive, abrasive and erosivt conditions 
:ound In Flue Gu Desulfurization (FCC) systems used at coal 
nred power generatlns plants . 

.. ,cosed to service conditions of 502 with H20 vapors and 
iliurlc acid mist at a normal operatln1 ternpttature of 

I 6S Deg. F., the 64. x 97• off gas blower housin& had been 
pmdously lined with various rubber lining systems lncludlna 
, r.r'"robutyl linina. The fan housing whic:h Is tied into the 

1 recovery system is located outdoors and operates 
nuously. Service life of the rubber and other elastomerlc 

.... terials wu approximately one ( t J year. 

!tctro Chemical stripped the old rubbcn lining 
,:om the internal ue.u of the ian housing, 
performed uni repairs and applied a 40 mil . 
fl .. C:~EM 711 WL Kyna~ laminate lining. The 
protective liner is formed from multiple spray 
,aplied layers of Kynar" dispersion and ont;.J or 
more layers or woven cloth reinforcing. 

Tne, re$ultant 711 WL Kynar'> laminate lining is 
mec:h.rn,cally strong. is serviceable over a broad 
temperature range ( ... 60 Deg. through 27S Deg. 
~.), and shows 1uoerior re~1stanc:e to the 
corros1·f'I~ chemical environment encountered 
in tht FGD units. 

The customer reports that "They have 
at least doubled and possibly tripled the 
service life of the blower unlts't, 

FOR ADDITIONAL INFORMATION CALL: 

Electro Chem.cal 

ELECTRO CHEMICAL ENGINEERING AND 1-V\FG. CO. 
iSO Bro11ci Sr.. P 0, 8,o.: 509. Emm,,us. PA 18049·0399 

IJIS) 963,9061 F-1x: (2151965,2595 

EL-CHE,\\ CONSTRUCTION CO. LTD 
937 CumberlJnd Ave., Box JS-4, Burlington, OntMio. Cant.1dil L7R 3Yl 

(416) 6H·5S86 Fax: (416) 639,8088 
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A major c:hemic:al manufacturer produces chlorine and caustic by the electrolysis o( brine 
solution in an electrolytic cell. The electrolysis is conducted at a temperature or 
180-200 Des. F., and produces chlorine, caustic, and hydroaen. The processes used 
are diaphragm, mercury, or membrane cell technology. 

The cell conditions of high temperature and hish humidity along with the brine, caustic: 
and chlorine represents a hiahly corrosive environment. Metals in the cell are rapidly 
attacked by the corrosive media. The corrosion of th, metal components such as stainless 
steel thermowells results in contamination of th~ orine and caustic. ,he cr.,rroslon 
also results In ler1ks and resultina unplanned down time for emersency repairs. Environ· 
mental and worKtr safety requirements necessitate that these leaks be eliminated 
by cost effective, reliable.means. 

Electro Chemical applies a 
high performance Halar' 
dispersion coating system 
to the complex geometric: 
shaped thermowells. The 
system Is comprised of a 
specially formulated primer, 
Intermediate and top c:pats 
for severe corrosion pro• 
tection. These dispersions 
are organosols of Halar! 
E·CTFE powder dispersed 
in latent solvents. When :he 
dispersions are spray-applied 

to a properly prepared metal ,ubstrate and oven baked at 
temperatures in the range of 4SO Deg. F., to 500 Deg. F., 
the solvented particles coalesce to form a tough corrosion 
resistant Halarl film. 

FOR ADDITIONAL INFORMATION CALL: 

The resultant Halarl> coated 
thermowtl!~ are significantly 
outlastir.1 and out periorm, 
Ing the 316 stainless steel 
thermowells used previous· 
ly in the manufacture oi 
chlorine and caustic. 

ELECTRO CHE,\IICAL E~GINEERl~G A.,o ,...,,FG. CO. 
i.iO Bro,1<1 St .. P.O. Bo:\ Sil'). Emm,,us. PA 18049,0399 

12151 %3,~0u I F,1:\: (~ 151 %5·~.,'lS 

El,CHE1\I CONSTRUCTION CO. LTD 
937 Ct1mbt:rl.1nrl ·"' t4 .. Sox 3S4. 8urli11uton. O"t~irio. C.w,1d,, LiR JY1 

14161 634,558(, F.1,: 1416) 619,8LltJ8 -



A manufacturer of hi1h•pur1ty sulfuric acid used as 
a c:!unir'lg soiut1on bv stvtral lar11 produc:ers of 
11m1conauctot devices rtQuirtd a lintd tank 
conta,ntr for ,n11rn1t1onal sh,oments and Ions 
sn1om1nts w1th1n lht U.S. iht hnint mattttal would 
havt to bt rtsistant 10 98,, sulfuric acid and mosc 
imoart1ntly maintain tht stringent purity rtqulrt• 
mines nttdld by the ttmiconductor indultry. 

ihe vttd 68· LO. )I( 19a· uraiaht side "tank 
con11,ner" had bttn previously coated Internally 
with anoum manviacturers spray applied 1y1t1m 
•.vn,c:h had faiitd to r:>revtnt contamination oi the 
!o•o. in rhe cut ot ttmiconductor 1radt 98'1. sulfuric 
1c:1d you cannot havt even the minutest iron plckuo. 
int tr.ostn llnlna systtm would not only have to bt 
•c::d ttsi11ant but also not impose capacity ttstrlctiOl"II 
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btcaust of it's wtitht. 1nd bt 
otrtmtly rtt,stant to both tht 
thtrm,t and mtchan1c1l 1hock 
u1oc1artd w,th tht cont11ntr 
1r1nsportat1on. 

ELECTRO CHEt :At. forcH 
Stripped cht ir-. .. :ial artu ol 
tht contau,,,, ntuttalized tht 
catbon ltttl subltritf and arlt 
bluttd tht svriact to whitt 
mttal. All il'\ctrnal ut11 of tht 
container wire thtn Hntd wtth 
160 mil thick EL-CHEM CURO• 
BONO !,CTFE knit aim bac~ed 

. 1't 
.' ...... \,. 

HALAR•shttt llnln1, Tht lin1n1 wu carried th,ou1h 
111 noults and out ovtr all tl1n11 factt. All 1t1mi 

Electro 01an1cal 

wttt wtlctd utint I hoc 111 c:,,ac,u which 1n, 
(QfCCHlltS a i/8 • diamtctf r1ALAR•wtla ,od .,,,.. 
HAlAA'cap ttr1p. A!l ln1trn1l u111 Wftt lntlfC1H 
and cttttd u11n1 a dltltcltic 1park tttttt &dfulttct to 
,o.oco 'iOitl AC ,o IUltlf''ltH thtl tht lir\lfll WH 
pinholt lrtt. !Attrl'l&l ar111 ol tht con111nt, and 
fr•mtworll wtrt tlndblHttd, r:wmtci 1nd oalnctd 
w,,h I paint 1v1ttm fo,mulaetd to prov1d1 wt1tht' 
rtNlanct and t•&erto, d1.1r1b11iry. 

Tht r11ult1nt OURO,IONO !,CTF! HALAR•lln1n1 
h.i1 bttn succ,utully crtttrvint tht putity ol tht 
product • with nc 1111,,, o, pl11t1c111,, to l11ch O\lt 
and cont1min1111ht ttf"ltiCt • h hu provtd 10 bt u1 
•~c,lltnt clia1ct to, handlina of h11n putltf cotrot1v1 
cnemlcah. 

FOR ADDITIONAL INFORMATION CALL: 
ELECTRO CHE"HCAL ENGINEERING AND MFC. CO. 
750 Sroad St., P.O. Box 509. Emmaus, PA 18049·0399 

(21 S) 96S,9061 Fax: (21 Sl 96S·2S9S 
~\ ....... ~. 

...... >:., 1 !~' 

EL·CHEM CONSTRUCTION CO. L TO 
93i Cumberland Ave., ao·x 3S4, Burlington, Onr1rio, Canada LiR JV) 

(416) 63+5586 F11c (-416) 639·6088 
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DOE/NREL/ORNL WORKSHOP LOW COST MATERIALS OF CONSTRUCTION 
FOR BIOLOGICAL PROCESSES 

ABSTRACT 

MAY 13, 1993 

Chemical-Resistant Non-Metallic Materials of Construction for 
Biomass-to-Ethanol Process 

N onnan Huxley 
Elf Atochem North America, Inc. 

3 Park Way, Room 807 
Philadelphia, PA 19102 

A brief overview of Elf Atochem was given followed by a discussion of non-metallic 
chemical-resistant materials. Different types of linings, membranes and mortars were 
described along with the design considerations and construction methodology involved in 
using lining materials. The methodology for determining the thennal gradient across a lined 
vessel was also presented. 

Additional information on the Elf Atochem Company can be found in the Appendix. 
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DOE/NREL/ORNL WORKSHOP 

LOW COST MATERIALS OF CONSTRUCTION FOR BIOLOGICAL PROCESSES 

elFatochem 
&fil@ 

15th SYMPOSIUM ON BIOTECHNOLOGY 
FOR FUELS AND CHEMICALS 

Thursday, May 13, 1993 
Colorado Springs, CO 

"Chemical-Resistant Non-Metallic Materials of 
Construction for Biomass-to-Ethanol Processes" 

Norman Huxley, P.Eng. 
Technical Manager - Sales 
Corrosion Engineering Dept. 
Elf Atochem No1th Ameri~ Inc. 
Philadelphia, PA 19102 
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"Non-Metallic Chemical-Resistant Materials 

Of Construction Are Unique Products 

Used For Solving Unique Problems" 
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Chemical-Resistant Membrane And Masonry 
L'' C ' mmaonstruct10n 

• Support Structure 

Concrete, Steel 

• Membrane 

Primary Protection To The Support Structure From 
Chemical Attack Which May Permeate Through The 
Porosity Or Cracks In The Masonry Construction. 

• Masonry 

Chemical-Resistant Construction Units (Brick or Tile) 
Installed With Chemical-Resistant Mortar To Provide 

+ Thermal Insulation 

• Physical/Mechanical Protection 

• Limits Chemical Environment Reaching The 
Membrane 
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Membranes 

• Metals 

• Lead, Stainless Steel, 
Nickel Based Alloy Cladding 

• Thermoset Resinous Systems 

• Elastomers 

• Plastics 

.. Baked Phenolics 
- Fiberglass Mat Reinforced Resin Linings 
• Glass Flake Filled Resin Lln4lgs 

- Natural Rubber 
.. Butyl Rubber 
- Chlorobutyl Rubber 
- Hypalon 
- Neoprene 
- Urethane Asphalt 
- Asphalt 

- Plasticized PVC 
-HDPE 
-HDPP 
- PVDF (KYNAR 9) J 
- E-CTFE (HALAR 9) 
- TFE (TEFLON") 

Fluoropolymers 



Brick/Tile 

Mortars 
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Masoruy 

• Chemical-Resistant Masonry Units 
ASTMC279 

• Chemical-Resistant Carbon Brick 
ASTM C1160 

• Chemical-Resistant Resin Mortars ASTM C395. 
(Furan, Epoxy, Phenolic, Vinyl Ester, Polyester). 

• Chemical-Setting Silicate and Silica Chemit:al­
Resistant Mortars ASTM C466. (Sodium Silicate, 
Potassium Silicate, Silica). 

• Chemical-Resistant Sulfur Mortar ASTM C281. 

Elf t.tochen 
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Desiifl Considerations 

• The Support Structure Must Be Dimensionally Stable and 
Sufficiently Rigid to Support All Loads; Liquid Tight; and 
Hydro Tested Before Lining. Pressure Vessel Design Shall Be 
In Accordance With The Latest ASME Boiler And Pressure 
Vessel Code. 

• Lining Materials Must Possess Suitable Physical, Thermal, and 
Chemical-Resistance Properties For The Design And Operating 
Exposures Called .For In The Specifications. 

• ·A Heat Transfer Profile Shall Be Calculated For Any Proposed 
Lining System To Ensure A Satisfactory Design. 

• A Stress Analysis Of Any Proposed Lining System Shall Be 
Performed To Ensure A Satisfactory Design. 
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CHEMICAL-RESISTANT MEMBRANE AND MASONRY 

LINING CONSTRUCTION 

Vertical section 

Membrane 

Steel Support Structure 

Second Course of Brick --

Horizontal section 
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CHEMICAL • RESISTANT MEMBRANE AND MASONRY 
LINING CONSTRUCTION 

Support Rina-------

2 Crs. Brickwork--------
• 

Membrane Llnlng--,--

Steel Shell 

Mortar---------------------­

Support Abutment (Welded) 

Mortar 

2 Crs. Brickwork --------

Elf Atochsn 
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THERMAL GRADIENT ACBQSS t:. CHEMICAkRESISTANI 
MEMBRANE AND MASONRY LINED VESSEL 

2 CRS. BRICK----....-...... 

MORTAR 

INSIDE HEATED 
VESSEL 

t 
t 

' 

t1 • Hot Face Surface Temperature of 'Brick 
ti • Hot Face Surface Temperature of Membrane 
t., • Cold Face Surface Temperature of Membrane 
t, • Cold Face Surface Temperature of the Steel 
t1 = Ambient Air Temperature 

MEMBRANE 

SUPPORT STEEL 

,. 
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Other Non-Metallic ChcmicaJ·Besistaot 

Matodala of Constnu;tion 

• Polymer Concretes 

• Polymer Structural Orouts 

, Thermoplastic Sheet Uners Anchored Into 
Concrete 

• Resinous F1ake Filled Co1t.in11/Lininas 
12 Mils • 80 Mils 

. 
• Resinous Laminates Usina Reinforcina Mats and 

Veils 125 Mils • 375 Mils 

• Resinous Monolithic Floor Llninp 
250 MJls • 375 Mils 

• Foamed BoroslUcate Olus Acid Resistant 
Insulation 

• Acid Resistant Potusium Silicate Formulations 
Applied By Dry Shotcreto Methods 

• 
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Other Areu Bequtdoa Protec;tf on from 

ChemJcaJ Exposures 

• Wute Sewers And Trencbea 

• Sumps 

• Secondary Containment 

• Suppon Bases For Chemical Pumps 

• Stacks 

• Ducts Conveying Chemical Fumes Or 
Combuation Gases 

• Concrete Floor Protection 

• Structural Steel 

Elf Atochan 
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DOE/NREL/ORNL WORKSHOP LOW CO~T MATERIALS OF CONSTRUCTION 
FOR BIOLOGICAL PROCESSES 

MAY 13, 1993 

Standards for Biomass from ASTM Committee E-48 on Blotecbnolol)' 

Larry Eitel 

ABSTRACI 

Wolder Engineers/Constructors 
· Denver West, Bldg. 4 

1 S36 Cole Blvd. 
Golden, CO 80401 

The following information on the ASTM Committee E-48 on Biotechnology wu presented to 
the National Renewable Enersy Laboratory Workshop panicipants on May 13 to increase 
their understanding of standard test methods, practices and guidelines a\'ailable for 
consideration in the biomass related fields being applied by NREL. E-48 hu subcommittees 
for Biomass Conversion, environmental issues, biological fermentation and process control, 
materials of constrUction, biological species identiflcation/characterization, bioloaical materials 
preservation, process validation, and terminolosy. Cooperation between the NR.EL and 
ASTM standards development is encouraged since E-48 is chartered by ASTM to develop 
standards for this industry in coordination with academia. industry, consumers, general 
interests and producers. 
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CONFERENCE REPORT 
WORKSHOP ON MA TERlALS OF CONSTRUCTION FOR BIOMASS: STANDARDS 
FOR BIOMASS FROM ASTM COMMITTEE E-is ON BIOTECHNOLOGY 
Colorado Springs, CO May 13, 1993 

Report Prepared by: 
G. Larry Eitel 
Chairman, ASTM E-48 

The following Information on the ASTM Committee E-48 on Biotechnology was presented to the 
National Renewable Energy Laboratory Workshop participants on May 13 to increase their 
understanding of standard test methods, practices and guidelines available for consideration In 
the biomass related fields being applied by NREL. E-48 has subcommltttees for Biomass 
Conversion, environmental Issues, biological fermentation and process control, materials of 
construction, biological species ldentlficatlon/charactertzatlon, biological materials preservation, 
process validation, and terminology. Cooperation between the NRE.L and ASTM standards 
development Is encouraged since E-48 is chartered by ASTM to develop standards for this 
industry In coordination with academia, Industry, consumers, general interests and producers. 

1. Overview of ASTM E-48 

The American Society for Testing and Materials (ASTM) has produced standards fo, the past 90 years 
for testing a variety of materials including metals, plasticst water and .many other industrial products. In 
1985 ASThl responded to private and government interests to estnblish a committee to develop standards 
for the biotechnology industry. The number ofU. S. biotechnology companies grew rapidly from about 
100 in 1970 to over 1300 in 1992. The availability of standard methods for the industry to use fell behind 
this development curve and most major biotechnology firms prepared their own procedures for testing in a 
fragmented approach to using standard procedures. 

In 1985 the organizntional meeting of ASTM Committee E48 on Biotechnology was held to prepare for 
de,.·eloping voluntary, consensus approved standards. These standards include test methcds, guides, 
practices, specifications, tenninology and classifications. In 1990, the Biomass Conversion Subcommittee 
was trnnsferred from the E-44 Solar Energy Committee, where it had originated in about 1981, to E-48 
where it was more appropriate since it produced standards on converting grains and cellulostics to 
alcohols and fuel gas by biological ond other processes. 

Six technical subcommittees are in place to develop standards in the following categories of interest: 
Materials for biotechnology Characterization of biolological spe:ies 
Processes and their controls Environmental issues 
Biomass conversion Validation and qualification of processes/facilities 

Other subcommittees scopes include terminology, e~ecutive leadership and symposuim activities. 

E-48 standards development include resources from international organizations such as from Japan and 
Europe. Over 100 scientists. engineers and biotechnology e:\-perienced personnel contribute their time to 
prepare and review new standards as well as review existing standards on a four year ~tie. 

The process ASTM uses to develop these standards is very thorough and is accomplished using voluntary 
consensus methods. The subcommittee drafts and ballots the draft version of a new standard. Not only 
must 60% of the subcommittee respond, but every negative vote or substantive comment :nust be resolved 
before the proposed standard can progress to the next leYel of review. Next, the Main Ccmrnittee then the 
full ASTM Society ballots the new standard which reaches over 30,000 members from all industries and 
interests. After a final review by internal ASTM committees the new standard is published. 

2. Where ls E48 Heading Today? 
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Today, the E48 Committee has developed over 30- standards in the above categories. About 26 new 
standards are being developed now. In the area of validation alone, there are over 100 potential standard 
practices and protocols that need to be developed for biotechnology activities to assist the industry to meet 
FDA and other agencies regulations. E-48 Committee is looking for volunteers to assist in this important 
process. 

As sta ..... d in the attached purpose ofE-48, the committee is promoting the knowledge .and development of 
voluntary standards for biotechnology. Close coordination is maintained with other ASTM committees 
with related but not overlapping scopes of interest in biotechnology. Contact with other professional and 
technical organizations such as AS1v1E, PMA, ABC, etc., provide coordination opportunities to avoid 
duplication of effort and focus on developing standards that are really needed by this industry. Members 
of E-48 also come from the Federal Agencies such as NIST, EPA, USDA, FD~ DOE and others. 

The primary goal for 1993 is to increase participation by ASTM members and non-members to develop 
the high priority standards needed by this industry. It is intresting to note that although individuals 
assisting to prepare standards in E-48 nre encouraged to join ASTM, they are not required to do so. 
However, voting rights, infonnation mailing and officer assignments require membership. 

The most effective standards can only be prepared by the best qualified persons on the topic from industry, 
academia and government. E--48 is seeking these volunteers to assist preparation of new standards in 
biotechnology to assist in this most important activity. By close linkage between E-48 and the industry 
members, we can pro\ide the needed standards for the rapid ex-plosion of activity in the biotechnology 
field. 
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ON BIOTECHNOLOGY 
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. . . . .. .. 

, E-48 COMMITTEE ON 
BIOTE.CHNOLOGY 

PURPOSE· 

• Promotion of knowledge and the development of 
voluntary standards for biotechnology 

.. 

• . Coordinate work with other ASTM committees and 
organizations having mutual interests 

t 
CJ1 
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NATU.RE.OF VOLUNTARY 
STANDARDS 

• Standards are developed by committees with 
bat a need membership using consensus process 

.• Standards are documents of convenience 

• Approved by majority of subcommitt8e, main 
committee and society ballot with 60% of ballots 
returned, 2/3 to 9/1 o affirmative vote and all negative 
votes considered with no persuasive negatives 

• Reviewed by Society Committee On Standards to 
assure correct procedures were followed 

• Voluntary use in industry as documents of · · 
convenience unless mandated In regul~tions or 
contract 

t 
0) 



E-48 COMMITTEE MEMBERSHIP 
BALANCE 

1/3 
GENERAL 
INTEREST 



MAIN COMMITTEE E-48 ON 
BIOTECHNOLOGY 

CHAIRMAN I SECRETARY I I A9tM 9f Al'f I 

.04 
ENVIRON. 

.91 
TERMINOL. 

1st 
VICE-CHAIRMAN 

2nd 
VICE-CHAIRMAN 

TECHNICAL 
SERVICES 
SUBCOMMITTl:E 

~ 
I 

(X) 



Test 
Methods 

Faclllty 

Standards for Biotechnology 

Practices 

Unit 
Processes 

'I 

Guides ClaasUlcatlons Specifications · Technology 

Design 

Installation 
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DISCUSSION SUMMARY - MATERIALS WORK SESSION 

Due to the number of participants and their areas of expertise, one combined work session 
was held instead of the three originally planned. 

Larry Eitel introduced the session with a brief overview of the E-48 Committee on 
biotechnology and the goals of the work session. Discussions then followed on each of the 
different unit operations; individual contributor notes are presented in chronological order. 

Pretreatment 
Discussion centered around the consensus that stainless steel would not be adequate for the 
temperature and pH conditions. Both more exotic metals and coatings/linings were suggested 
as possible materials. The toxicity of leached metals was of concern to most participants, 
particularly in regard to stainless steel alloys and chromium. 

J. Keiser (ORNL) - There will be problems with stainless steels at a pH less than 3. 
Carpenter 20 is probably not good enough at pretreatment conditions. 

C. Riley (NREL) - Thinks this operation will require some kind of lining. 

J. Keiser (ORNL) - Still believes that metals should be looked at. 

N. Huxley (Alf-Atochem) - Chemical resistance greater than stainless steels will be necessary 
to avoid chemical leaching. (Addresses ~ea of toxicity of leached metals on microbial 
activity, which was of concern to most of the participants.) 

D. Schell (NREL) .. TVA uses zirconium for maximum chemical and corrosion resistance. 

J. Keiser (ORNL) - To avoid problem of chemical leaching we need to look at top of the line 
coatings, any suggestions from manufacturers representatives? (No suggestions were offered.) 
J. Keiser suggested Siloxirane (J. Keiser has information and contact if further information is 
required· Tan.kinetics (Chuck Hoffman), (501) 741-3626.) 

N. Huxley (Alf .. Atochem) - Believes Siloxirane temperature performance may be overated by 
the manufacturer. 

Neutralization 
The discussion group felt that this arcu was of concern for materials selection due to the pH, 
temperature and components present in the liquid stream. SS alloys were considered 
questionable for this service also due to the leaching question. 

J. Keiser (ORNL) • Flashing will concentrate some of the undesirable products in the liquid 
stream. Believes that 304 is not adequate and that 316 will need testing for this service. 

G. Andermann (U. of HI) • Will still get chromium in the liquid even at a pH of S. 
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DISCUSSION SUMMARY ... (CONT'D) 

FermentatiQo 
The discussion gtoup questioned the adequacy of carbon steel for the fermentation tanks and 
raised the issue that the composition of the fennentation broth needs to be known before a 
material can be adequately tested. Both concrete lined tanks and plastic or fiberglass tanks 
were suggested in addition to coatings for carbon steel tanks. It was felt that coatings may be 
useful on concrete or carbon steel vessels, but may have problems with pH and temperature 
swings. Fiberglass tanks may not have adequate resistance to alkaline chemicals used in 
Clean-In-Place sterilization; alternate sterilization processes were discussed. The suggestion 
was made to study the alcohol industry to find out what is currently being used. 

L. Eitel (Wolder) - Reiterated that current NREL design calls for carbon steel, which is 
probably not adequate for long term service. We need to know the composition of the 
fermented material. 

N. Huxley (Alf-Atochem) .. Suggested that concrete tanks with a suitable liner could be used 
in place of metal tanks. 

G. Tyson .. Suggested that plastic tanks may be an option. They are used by the pickle 
industry, but not at the size required for fermenters. They are cheap, but there would be 
many issues involved in constructing large tanks suitable for fennenters. 

G. Andermann (U. of HI) - Suggested that the Anny may have information on constructing 
large plastic tanks. 

Nomi Klapper (Electro-Chem) - Suggest~d that field-erected fiberglass tanks may be an 
option, however, they would need to be formulated for resistance to CIP chemicals. 

G. Tyson • Suggested that we look at "successful" alcohol plants to see what materials they 
used for their fennenters. 

Nonn Klapper (Electro-Chem) - Suggested us!.ng an ozone treatment for sterilization, this may 
be more compatible with alternative tank materials. · 
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QUESTIONNAIRE SUMMARY - MATERIALS WORKSHOP 

Following is the summary of responses to a questionnaire handed out to all workshop 
participants. 47% of the attendees returned the questionnaire. Respondents' background 
represented experience in corrosion testing, materials development and ethanol production, 
while their training varied between engineering, chemistry, materials science and metallurgy. 
Many had expertise with pilot plant and/or corrunercial facilities in the fossil energy, 
pulp/paper, chemical process, and biotechnology industries. 

In general, most respondents recommended identifying currently available materials of 
construction and conducting an analysis to screen the most likely candidates. These materials 
should be tested in a standardized manner with the cooperation of researchers and experts in 
the materials industry to ensure the results can be directly applied. Specific comments to the 
questions are outlined below. 

The majority of the respondents felt that the pretreatment area would benefit the most from 
materials research due to the extreme physical, ch~mical and thermal enviroMlent created, 
particularly with any acid pretreatment. Fermentation was also identified as an area in which 
materials research would benefit the economics of the process. Due to the unique 
environment in the fennentation tanks, applied testing (using ·a similar solution for testing) 
was stressed as imponant. To a lesser degreet abrasion studies would help to identify 
potential problems in the feedstock handling area. The suggestion was made to look at 
existing plants, both in the biomass to ethanol industry and in industries with similar 
processes to avoid doing research in already mature technologies. 

Sample monitoring for material specimens in the pilot plant included both recommendations 
on chemical species to test for and testing methods to use. Chemical species included 
chlorine ions, sulfur, carbon and other metal deposits. Testing methods mentioned were 
ASTM procedures, evaluation of swface as well as interstitial changes in the material, weight 
change and compressive strength change of samples. A testing method used in detennining 
engine wear by inspecting the oil drained from the engine was also suggested. Several 
respondents recommended accelerated testing of samples (coupons) in a laboratory setting 
followed by verification in the pilot plant. Sample placement in the pilot plant equipment, 
particularly in pretreatment, was a concern. It was also recommended to inspect the process 
solution for chemical species from the material specimens. 

In addition to the ASTM and other test methods mentioned in the above responses, 
electrochemical studies were recommended for the accelerated testing, although the difficulty 
in simulating the entire pretreatment enviroM1ent was noted. Instrumentation included 
electron microprobe, scanning electron microscopy (SEM), X-ray emission spectroscopy 
(XES), surface IR reflectance, a.ni AC impedance. Keeping it simple and standardized was a 
theme suggested by many panicipants so thnt the results could be applied to a variety of 
situations through correlations. 

There was a large variation among the respondents in extrapolatina tho pilot plant data to 
years of service, although most agreed that the extrapolation would be a ftu1ction of the 
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QUESTIONNAIRE SUMMARY ... (CONT'D) 

quality of testing done. Several issues such as the length of testing (relative to corrosion 
rates), ability of pilot plant process to simulate the commercial process, and the philosophy of 
materials use were factors to consider in test planning. 

Other issues in the biomass to ethanol process that would benefit from research more than the 
materials issue were noted as optimwn microorganism application and research, alternate 
pretreatment and feedstock handling methods, solids separation, and waste disposal problems. 

The most recommended materials for evaluation in the pretreatment area were polymeric and 
other coatings/linings. Specific materials were outlined by the material vendors. Acid brick 
and ceramic coatings were also listed for the pretreatment area. One possible drawback noted 
for coatings is the chance for erosion or chipping. In the fennentation area, lined carbon steel 
or concrete tanks were recommended. One respondent noted that metallic coatings could be 
an option if the economics were promising. Research needs to assess what is currently 
available in the materials arena by conducting a risk analysis and selecting the candidates with 
the highest probability of success. Carbon steel, the assumed material for the current base 
case, should be tested to prove/disprove its suitability. 

Other areas recommended for additional research included catalyst materials, corrosion 
inhibitors added to the process stream, and the effect of metal ions on fermentation. 

In the area of storage, other problems needing materials research included alcohol induced 
corrosion, adhesive systems, cleaning, contamination, impact of excess moisture formation 
(for gasohol) and fiberglass for gas tanks. 

78% of th,. rc::spondents felt the workshop was of value to them, although a longer program 
was suggested to cover all the issues. 78% also felt that they contributed to the workshop. 
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OVERVIEW OF BIOMASS TO ETHANOL PROCESS 

The conversion of biomass to biofuels is relatively well-researched in some aspects; other 
aspects are much less understood. One of the latter ireas is materials selection for the 
process. Often, construction materials are chosen on the basis of past experience without 
taldng the time to identify new and potentially cost-saving materials. This workshop will be 
the first in a series of steps to develop a research plan for a new program to identify and test 
possible low-cost materials of construction suited to the biomass to ethanol process. From the 
infonnation presented on the conversion technology and information from workshop attendees 
in their fields of expertise, a preliminary research plan will be developed and potential 
participants identified for materials testing, economic analysis and other testing. 

Biomass is a general term for lignocellulosic material; that is, it contains Hgnin and cellulose. 
Cellulose is a complex carbohydrate that when broken down into its monomeric form, 
glucose, can be used by various types of organisms to produce ethanol. Another component 
of lignocellulosic material is hemicellulose, which can also. be utilized by organisms provided 
it is converted into monomeric sugars. Lignin cannot be ferrncnted to ethanol. 

The National Renewable Energy Laboratory (NREL) has developed a conceptual design for 
the biomass to ethanol process for the purpose of directing future research. A detailed 
process description and economic analysis are presented for a wood substrate. Capital costs 
are based primarily on carbon steel and stainless steel. Capital costs in this report refer to 
this NREL design case. 

The general process for converting biomass to ethanol is comprised of the following steps: 
feedstock handling, pretreatment, biocatalyst production, fermentation, and ethanol recovery. 
Utilities, Wastewater treatment and off-sites support the process (see attachment 1). Of these 
areas, the utilities area makes up almost 42% of the total installed cost (TIC) for a plant (see 
below). Of the process areas, the highest percentage of installed equipment costs are in the 
pretreatment and the fermentation areas (source: the NREL design case). The capital estimate 
for the fermentation area assumes carbon steel tanks; if 316L is required, the relative percent 
of TIC becomes 36.5%. Is it these two areas which represent the greatest potential for 
savings from reduced equipment costs. 
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PROCESS AREA % OF TIC 

Feedstock Handling 5.6 

Pretreatment 18.4 

Biocatal>~L P1oduction 2.1 

Fermentation 21.1 

Ethanol Recovery 3.1 

Utilities 41.3 

WasteTreatment/Off-sites/Misc. 8.3 

A p1~Hminary economic analysis was performed to identify potential materials for inclusion 
into the n~search plan. The analysis included the major cost components in pretreatment and 
fermentation, namely the reactors and the fermentation tanks. The materials were selected on 
the basis of their compatibility with the particular process conditions in each area. These two 
areas will be further detailed along with Feedstock Handling. Ethanol Recovery and Waste 
Treatment. 

It is important to keep in mind the general aspects of the entire process and their relevance to 
equipment construction and materials selection. Feedstock can range from wood chips to 
grasses to municipal solid waste (MSW), each with its own unique set of problems. For the 
purpose of this discussion, we will describe the process based on a wood feedstock with 
comments regarding other feedstock types. All of the feedstocks have abrasive characteristics 
and retain some solid content throughout the process. pH extremes are common due to the 
pretreatment strategies, fermentation conditions, and organic acids produced in an aqueous 
medium. Less difficult conditions exist with respect to temperature and pressure although 
even mild conditions can cause materials problems when coupled with low pH. Therefore, 
general process conditions can be described as: 

•abrasive solids 

•moderate to high solids levels (6 .. 35%) 

•low pH (1.3) 

•acidic, aqueous medium 

•ambient to moderate temperatures (20 - 200°C) 

•atmospheric to low pressures (0 - 200 psig) 
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Pretreatment 

Several basic pretreatment processes have been developed along with a myriad of variations 
for each. Any treatment prior to fermentation is typically used to hydrolyze the xylan to 
xylose and remove the Ugnin to increase the enzymatic digestibility of the cellulose 
(prehydrolysis) and, in some cases, to also hydrolyze the cellulose (hydrolysis). Pretreatment 
processes typically use acid combined with heat to break down the lignocellulosic structure 
and hydrolyze the carbohydrate chains, although other methods such as explosive 
decompression or the use of an alkali agent have been developed. For the purpose of this 
discussion, dilute sulfuric acid prehydrolysis will be detailed and other processes will be 
outlined. 

Milled biomass (wood chips, grasses, MSW, etc.) is fed to a prehydrolysis reactor after being 
slurried to 35 wt. % solids, impregnated with dilute sulfuric acid (0.73-0.95 wt. %) and 
preheated to 100°C. The impregnated material is then heated to between 140 and l 80°C with 
steam injection and held for 10 • 30 minutes, depending on the reactor temperature chosen. 
pH within the reactor is 1.3 • 1.4. Known reactions occWTing within the reactor include the 
conversion of xylan to xylose (monomeric sugar), a small perceii.tage of cellulose to glucose, 
xylose to furfural, and glucose to 5-hydroxymcthyl fwfural (HMF). The sugar degradation 
products, furfural and HMF are aldehydcs which can react further to form carboxylic acids. 
Acetic acid is also fanned from the acetyl groups present in the carbohydrate chains. Other 
by-products, such as lignin derivatives (from decomposition of llgnin) and fonnic acid, which 
degrades easily to hydrogen gas (HJ and carbon dioxide (COJ have been 
reported in literarure. Other acids (nitric, phosphoric, hydrochloric) have also been 
investigated for use in dilute acid prehydrolysis. 

Equipment used in dilute acid prehydrolysis includes feeders, imprcgnators and pressurized 
reactors, flash tanks with agitation, pumps and acid handling equipment. The impregnntors 
and reactors comprise 88% of the purchased cost for this area. Equipment immediately 
downstream of the reactors must be specified for low pH service. 

In determining suitable materials of construction for this process, the following negative and 
positive considerations must be taken into account: 

-very low pH 
-hlgh solids concentration 
• moderate temperatures 
-erosion by the solid substrate 
-leaching of construction material into process stream 
+shon residence time 

Dilute acid pretreatment necessitates a subsequent neutralization step to bring the pH up to 
about 5.0. a range hospitable to yeast. This is done by adding solid lime to the process slWTy 
after is has been flash cooled to 100°C and diluted to about 12 % solids. Gypsum is formed 
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in a reaction between the lime and sulfur groups in the process liquor. This by·product 
partially precipitates and is not removed to minimize cost. It may pose a problem 
downstream by adding to the abrasive nature of the process 
stream. Additionally, gypsum exhibits decreasing solubility at increasing temperatures and 
may foul the distillation columns. 

Since the pretreatment step also serves to sterilize the process stream. all equipment 
downstream must be capable of being cleaned and sterilized prior to use as well as be 
designed to maintain aseptic conditions. 

Equipment used in the neutralization step includes solids handling equipment for the lime as 
well as a neutralization tank with agitation, heat e;'<changcrs to cool the process stream, and 
slurry pumps. 

Process considerations include: 

-pH extremes, particularly in the neutralization tank 
-precipitate formation 
-maintenance of aseptic conditions 
-leaching of metals into process stream 
+moderate to low temperatures 
+shon residence time 

In the NREL design case for the biomass to ethanol process, it is assumed that the 
pretreatment reactors are made of Carpenter-20, a low-carbon stain.less steel alloy with 
molybdenum added for extra corrosion resistance. In the economic analysis it was not 
possible to cost the entire reactor (shell and internals) so the shell alone was quoted. It 
appears the best economic alternative to investigate is carbon steel lined with neoprene, acid 
brick, teflon, etc. It should be emphasized that these results are preliminary and do not take 
into account possible higher costs due to difficult manufacturing or lack of skilled 
manufacturing. For this reason, a more detailed analysis must be perfonned in conjunction 
with the materials research. 

Although dilute acid prchydrolysis (DAP) combined with neutralization is the technology in 
which NREL has the most experience, oth~r processes are being used or are under 
development. Toe figure below outlines various pretreatment schemes and a brief description 
of each is given below. 
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NEllTRALIZATION ENZVMATIC 
HYDROLYSIS 

AFEX ENZVMATIC 
HYDROLYSIS 

STEAM ......----...-4 ENZVMATIC 
EXPLOSION HYDROLYSIS 

ACID 
HYDROLYSIS 

.Pretreatment Schemes 

2-stage acid prehydrolysis 

FERMENTATION 

This treatment is essentially the same as dilute acid prehydrolysis except that 2 different 
temperature levels arc used. The reasoning behind th.is is that a large percentage of the xylan 
is hydrolyzed to xylose fairly rapidly; the remainder takes longer to hydrolyze. It is believed 
that the two temperature steps (140 and l 70°C) with a washing step in-between facilitates the 
two hydrolysis :rates with much less degradation of the xylosc. Initial research indicates that 
up to 98% of the available xylan is hydrolyzed to xylose or xylose oligomers. Drawbacks to 
this process are, for the most part, the same as in dilute acid prehydrolysis • the low pH of 
the resulting stream requires acid-resistant materials selection and a neutralization step. 

Ammonia fiber explosion (AFEX) 

The AFEX method treats lignocellulosic material with liquid ammonia under pressure, 
followed by pressure release to evaporate the ammonia and explode the material. The major 
advantages of this process are that it negates the need for any pH neutralization, facilitates 
catalyst recover) (NH3), and the low reaction temperatures (generally ambient) discourag~ by­
product formation. From a materials standpoint, the reactor would be required to withstand 
liquid ammonia at pressures up to 200 psia at ambient temperature. 
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Steam explosion 

~y itself, steam explosion is a prehydrolysis method utilizing explosive decompression to 
exert a mechanical shear on the lignocellulosic fibers. The process uses high pressure steam 
(650 psia) to pressw-ize the reactor containing the feedstock. Due to the resulting high 
temperarures (250° C) a significant amount of degradation products are formed which are 
inhibitory to microbial growth and the solid must be washed to remove them. 

By adding either sulfuric acid or sulfur dioxide as a catalyst in steam explosion, the yield of 
xylose from xylan can be increased; howev~r, the same low pH problems arise as in dilute 
acid prehydrolysis. In addition. use of sulfur dioxide requires an extensive recovery system. 

Acid Hydrolysis 

This method actually replaces the enzymatic hydrolysis step. This process utilizes a higher 
temperature (265°C) than dilute acid prehydrolysis to facilitate autohydrolysis of the 
hemicellulose and cellulose. Due to this higher temperature, increased production and further 
degradation of the by-products seen at lower temperatures occurs, resulting in tars, levulinic 
and oleic acid by-products, believed to be inhibitory to the microbes, not to mention difficult 
to carry through a process. Low yields, typical of acid hydrolysis, result in poor process 
economics. 

In grouping these various pretreatment methods with regard to materials of constn1ction 
concerns, it becomes obvious that those employing acid require the most consideration, owing 
to the combination of low pH and temperature. 

Fermentation 

The second area which deserves close attention to equipment specification is the fermentation 
area. Fermentation is the heart of the biomass to ethanol process in which sugars are 
converted to ethanol through metabolic pathways of selected organisms. The process stream 
from pretreatment, mixed with enzyme, nutrients and a seed culrure of microbes (yeast, 
bacteria or fungi) is held in large atmospheric tanks arranged in series for 5 • 7 days at a 
temperature between 35 - 40 °C. During fennentation, the pH of the broth typically drops 
from 5.0 to 3.5 or 3.0, depending on the organ.ism being used. Production of organic acids, 
CO2 and to a lesser extent. ethanol are responsible for the drop in pH. In some instances, pH 
is controlled by addition of calcium salts, ammonium sulfate, or hydroxides (ammonium, 
sodium, potassium), although this adds cost and is generally avoided. 

By-products from the selected organism can include glycerol, r.~etic acid and lactic acid. 
Others, such as acctaldehyde, fusel oils (amyl, isoamyl, propyl alcohol), succinic acid, 
propionic acid, and formic acid, which degrades to CO2 and H2 have been reported in 
literature. Other potential sources of by-products are contaminant organisms, producing larger 
amounts of lactic (lactobacillus) or succinic acid (E. coli). pH control agents such as 
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ammonium-containing compounds can release ammonia, and salts can release chlotide ions 
into the broth. Almost all of the by·products listed can have a negative effect on carbon steel 
fermentation tanks, either by corrosion or embrittlement. 

Equipment in the fermentation area is comprised primaiily of atmospheric fennentation tanks 
currently sized at 780,000 gallons each. Carbon steel fermentation tanks alone represent 56% 
of the purchased equipment cost for this area; 316L tanks would represent 78% of the cost. 
Heat exchangers, pumps and agitators are also required. 

The primary process considerations stem from the low pH of the fennentation broth. 
Additionally, the negative and positive aspects must be ta.ken into account when determining 
suitable materials: 

-aqueous environment 
-long residence time 
-maintenance of aseptic conditions 
-erosion from gypsum precipitate 
-leaching of met.als into broth 
+low temperatures 
+atmospheric pressure 

Once again, we see the need for a low cost material, primarily for tank construction, that will 
handle an acidic pH and the presence of corrosive or embrittling chemicals. 

For the fermentation vessels, 100,000 to 850,000 gallon atmospheric tanks were costed using 
various materials of construction. Carbon steel, used in the NREL design case analysis gives 
the lowest ::inrchased cost, but there is some concern as to its suitability for the acidic 
conditions and abrasive solids encountered in fermentation. The next cheapest alternative is, 
again, carbon steel with some lining material resistant to organic acids. A subcontractor 
performed a similar study for NREL and found the same results - lining carbon steel tanks 
with a suitable low-cost lining such as epoxy or resin is more economically attractive than 
stainless alloys. 

Three other process areas, feedstock handling, ethanol recovery and wastewater treatment 
deserve mention with respect to materials selection, not because a large savings in cost is 
possible, but because of the unique problems that the biomass presents. 

Feedstock Handling 

The two major concerns in the area of feedstock handling are erosion of equipment due to the 
abrasive nature of the feedstock and feedstock acidity. Biomass substrates such as wood and 
grasses can erode feeders, mills and other size reduction equipment. Contaminants in the 
feedstock (stones, grit, bark) can also cause erosion. 

I 

II 
II 
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Stored feedstock can· experience a drop in pH if kept for long periods of time or managed 
poorly, i.e. allowed to remain wet or compacted such that air cannot circulate within the pile. 
Normal wood pH ( 4.3 .. 5.0) can drop to 3.0 in poor conditions. Although handling takes 
place at ambient temperatures and most feedstocks have a low moisture content, the drop in 
pH could cause slow corrosion of storage, conveying and size reduction equipment. 

Ethanol Recovery 

From fermentation, the process stream is sent to a series of distillation columns and solids 
separation equipment to recover the ethanol and concentrate the solids. TI1e low 
concentration ethanol stream (3 • 4 wt%) contains about 6 wt. % solids and most of the by­
products from previous process steps. Process stream pH is still 3 - 5. The temperature in the 
atmospheric columns can reach 110°C in the bottoms of the columns and even higher 
temperatures at heat exchanger surfaces, which can cause the gypsum in the stream to become 
insoluble. Concentration of by-products in the column, such a~ acetic acid, can cause 
localized corrosion. Solids can cause fouling of the column and promote uneven flow 
through the trays. Solids separation equipment, primarily centrifuges, are exposed to the 
acids and other by-products present in the distillation bottoms. 

Waste Treatment 

Waste treatment must be capable of withstanding a mix of streams from solids separation, 
distillation and the Clean-In-Place/Chemical Sterilization system. In addition to the feed 
conditions, design of this area must take into account the long residence times required for 
digestion of the feed stream components by a mixed culture of organisms. Near ambient 
temperatures reduce the chance of corrosion from the acids in the feed. Large tanks and 
reactors dominate the equipment list, along with heat exchangers and pumps. 

Summary 

Throughout the biomass to ethanol process,solids content, pH, temperature and production of 
corrosive by-products dominate materials selection decisions. In particular, selection of the 
pretreatment method detennines the level of corrosion resistance required. 

In fermentation, the pH and the decision of whether or not to use pH control agents are the 
primary factors in determining candidates for materials. Careful selection of the control agent 
can avoid additional problP,ms such as anunonia production or chloride ion release. Selection 
of the organism to minimize acid production can also play a role; however, organisms are 
generally selected first for their ability to produce ethanol with a high yield. Work is 
underway to alter organisms so that by-products are minimized. 

Not to be overlooked is the economic factor that must come into play when evaluating 
processes or the equipment to carry them out A material that can withstand low pH and 
elevated temperatures with acceptable corrosion rates may be so expensive that a profit cannot 
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be realized, no matter how long the useful equipment life. On the other hand, a change in 
conditions to reduce the corrosive nature of the process, while more \ ~tly than the unaltered 
process, may extend the life of a cheaper material and keep the proces~ economics in a 
competitive range. 

It is these two areas that must be explored simultaneously to determine the best selection of 
process and materials for the biomass to ethanol process. Research on the process side is 
underway; the materials research must start with a i::ompilation of information from those 
most familiar with the area. 

In summary, the outlined process conditions combined with the results of the preliminary 
economic study point to the need for additional options to be identified and screened for 
suitability and potential economic impact. Subjecting the best alternatives to a rigorous 
testing program including inhibition research and an in-depth economic analysis will provide 
candidates for long term testing and validation. These steps could reduce the cost of 
materials for alternative fuels processes. 
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OVERVIEW OF BIOMASS PROCESSES 
DISCUSSION OUTLINE 

•General Lignocellulosic Composition of Biomass 
· Lignin, Cellulose, Hemicellulose, Glucose, Xylan and Xylose 

•Description of the Biomass to Ethanol Process 
· Feedstock Handling 
· Pretreatment 
· Biocatalyst Production 
· Fennentation 
· Ethanol Recovery 
· Utilities 
· Waste Treatment/Off-sites/ivtisc. 

•General Process Conditions 
·acidic, aqueous medium 
·aorasive solids 
·pH extremes 
· moderate temperatures and pressures 

•Pretreatment and Fermentation most capital intensive process areas 

• Pretreatment 
· Acid Prehydrolysis 

-pressurized reactors with screw agitation 
-very low pH process 
-moderate temperature 
-degradation products formed which can cause corrosion or embrittlement 
-erosion by solids 

· Neutralization 
-large pH swings 
-precipitate fonnation 
-maintenance of asep·tic conditions 

·Other Pretreatment Processes 
-2-Stage Acid Prehyd.rolysis 
-Ammonia Fiber Explosion 
-Steam Explosion 
-Acid Hydrolysis 
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• Fermentation 
-10,000 to 1,000,000 gallon tanks 
-low pH process 
-low temperature 
-atmospheric pressure 
-organic acids and C01, H2 fanned 

· -potential for contamination by-products 
-erosion from precipitate, soli, is 
- long residence time 
-maintenance of aseptic conditions 
-leaching of metals, corrosion products 

• Feedstock Handling 
-storage and conveying equipment 
-sizl! reduction equipment 
-erosion of equipment from abrasive solids 
-pH drop due to poor management techniques 
-ambient conditions 

• Ethanol Recovery 
distillation columns 
-centrifuges 
-gypsum precipitation and column fouling 
-acidic, aqueous, slurry 
-concentration of by-products in columns 
-moderate temperature, low pressure 

• Waste treatment 
-tanks and reactors 
-alkaline medium 
-long residence time 
-methane, CO2 produced 
-low temperature, atmospheric pressure 

• Process variables that most affect materials of construction selection 
· Pretreatment 

-method 
-agents 
-temperature 

-substrate 

... 

I 

i i 
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· Fermentation 
-pH and pH control 

-selection of control agent 
-organism selection/modification 

• Preliminary Economic Analysis 
· Pretreatment reactors 

-NREL design case economics based on Carpenter-20 
-carbon steel with lining lowest purchased cost of identified alternatives 
-other alternatives need to be identified 

· Fermentation tan.ks 

•Summary 

-NREL design case economics based on carbon steel (CS), concern about 
suitability 
-identified alternatives all more expensive than CS 
-CS with linings next best economic alternative 
-other alternatives need to be identified 

·chemical, biological corrosion possibile, along with fouling 
·identification of additional materials needed with corresponding economic analysis 
· best alternatives chosen for testing program 
·simultaneous in-depth economic analysis required 
·additional testing to include effects of material on process - inhibitory to fermentation 
· long-term testing and validation 
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Biomass to Ethanol 
Materials of Construction Worksheet 

1 2 3 

Biomass Pretreated Flash 
Feed Stream 

0 65 0 

Water, 
Acids 
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Lignin, Xylan 
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Biomass to Ethanol 
Materials of Construction Worksheet 

5A 6 7 

Lime/ Neut'"al Ethanol 
Slurry Xylosc From Xylose 

Sol'n 
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Water Water, Water, 
Glycerol Ethanol 
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Bases NH3, 
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Biomass to Ethanol 
Materials of Construction Worksheet 

SA 9 10 
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Biomass to Ethanol 
Materials of Construction Wcrksheet 

12 13 14 15 -
Distillation Ethanol Waste Organics to 
Waste Product Treatment Boiler 
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Fusel Oils, (99.5%), Glycerol CO2 (53%), 
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NAM e;.: 

YOUR PARTICIPATION IN THE WORKSHOP IS APPRECIATED AND WILL BE USEFUL IN DEFINING 
FUTURE PROGRAM IN THE ALTERNATIVE FUELS-COMPATIBLE MATERIALS AREA. 

WORKSHOP on BIOMASS MATERIALS. 
DOE/ORNL/NREL 
May 13, 1993 

Colorado Springs, CO 

The following questions are aimed at identifying inforr,:iation on materials and corrosion that may 
help in the definition of program areas reldted to the Alternative Fuels-Compatible Materials 
Program. 

EXPERIENCE: 

Professionally trained as: [] Chemist [] Chem Eng {] Civil Eng (] Mech Eng (] Metallurgist [1 
Other: _________ _ 

1. Are you or have you been involved in biomass, alternative fuel, materials or corrosion research? 
[] Yes [) No 

If yes, briefly describe your experience. 

2. Have you had experience related to construction materials for either pilot plants or commercial 
facilities? {] Yes [] No 

If yes, briefly describe your experience. 

Alternatives/Path : 

3. Based on the presentations, which areas related to the biomass processes described do you feel 
could significantly benefit from materials research. 

[J Pretreatment: 

[] Fermentation: 

[] Feed-stock Handling: 

[] Ethanol Recovery: 

[] Waste Treatment: 

Why: 
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4. If material specimens were to be evaluated as part of the pilot plant program next year, what 
sample monitoring would you recommend? 

5. What Instrumentation or tests would you recommend for evaluation of the samples? Why? 

6. Do you feel it would be feasible to extrapolate the pilot plant laboratory tests to I] 5 years, [] 10 
years, [] less years __ , [] more years __ . 

7. Do you feel that there are other areas that would benefit the Biomass Processing more than the 
construction materials issue? (] Yes [] No 

If yes, which area. 

8. Other than the materials described in the overview, what materials would you consider for the 
pilot plant evaluations and for which process areas? 

Are any of the following paths would you recommend? 
[] 1. Evaluate metallic coatings on lower cost metals. 
[] 2. Evaluate polymeric coatings. 
[] 3. Evaluate ceramic coatings. 
[] 4. Evaluate other coatings. 
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9. Are there other areas that you would recommend additional research? 

[] Catalyst materials 

[] Coatings 

[] Instrumental monitoring 

[] Other Chemical SyNthesis 

[] Other: ---------

Comments: 

Infrastructure: 

10. One of the more important initial areas for research is storage, whether it be on vehicles, 
transportation or production storage. In addition to permeability a·nd corrosion, are there other 
problems you see as needing materials research, 

1 1. Do you feel that the workshop was of value to you? 

12. Do you feel that you made a contribution to the workshop in defining needs or giving direction 
to future materials research areas? 

13. Any other comments (Use additional Sheets if Necessary): 

Cindy Riley 
NREL 
1617 Cole Blvd 
Golden, CO 80401-3393 

Dr. J.M. Perez, EE-34 
USDOE 
1000 Independence Ave, SW 
Washington, DC 20585 
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