CHEMICAL ENGINEERING AND SCF

Supercritical fluids have wide fields of applications

Extraction of chemicals, dyeing of fibers, destruction of hazard chemicals, decontamination of soils, production of (sub)micron powders…. Corrosion and plugging management using an internal stirred Sheath in a continuous supercritical water oxidation autoclave Joussot-Dubien C., Turc H.A., Didier, G., Brevet FR 2814967, 2000. 

And also in energy production

WASTES

  Fossil energies: CO 2 capture Electricity production: Supercritical CO 2 Brayton cycle (solar thermal, geothermal & nuclear powers, shipboard propulsion, …) Nuclear energy: generation IV reactors microscopic behavior of pure fluid in the P-T phase diagram Schematic representation of microscopic behavior of pure fluid in the P-T phase diagram Possible SC Fluids CHOICE OF MATERIAL

  Peng & Al., Corrosion, 63 (11), 2007, 1033- 1041 Corrosion issues in "pure" water Main issues in reactor conditions Stress corrosion cracking (subcritical water) Generalized corrosion (supercritical water) corrosion rate including electrochemical oxidation (EO) and chemical oxidation (CO) from Guzanos & Cook, Corrosion Science, 65, 2012, 48-66 Corrosion current understanding is linked to the water density Low water densities: "chemical oxidation" like in gas (CO) Higher water densities : "electrochemical oxidation" like in liquid (EO) Evolution of water density with pressure and temperature, from: M. Payet, Thesis, Arts & métiers, Paris, 2011 Phase diagram for water showing the region of supercritical fluid from: Guzonas & Cook, Corrosion science, 65 (2012) 48exposed 335h at 600°C, 25 MPa in ultra pure water with H 2 Importance of the surface treatments on 316L stainless steel High corrosion rates with duplex oxide layer on polished surfaces Formation of a protective chromium oxide layer on hardened or cold rolled surfaces linked to the preferential diffusion of chromium via internal defects due to the hardening. Good behavior of 690 nickel base alloy (higher chromium content) , Thesis, Arts & métiers, Paris, 2011 after exposure to ammoniacal sulfate solutions at 380-390 °C, 20-25 MPa fom E. Asselin et al. / Corrosion Science 52 (2010) 118-124. In SCWO, corrosion is linked to impurities Supercritical Water Oxidation (SCWO), or Hydrothermal Oxidation (HTO), is thermal oxidation process of hazardous and non-hazardous wastes Oxidation of halogenated or sulfur-bearing compounds results in the formation of hydrochloric acid and sulfuric acid High corrosion rates and failures are reported function of temperature, density and pollutants (uniform/pitting/SCC) No industrial process  DELOS Process : • Treatment of spent fuel contaminated organic liquids • C.H.O.N., TBP/alcane, amines, aromatics…

  Corrosion issues in Supercritical CO 2 Extraction and CO 2 capture and storage Low temperature (<150°C) Corrosion is linked to the impurities (water condensation and other pollutants) Energy conversion (CO 2 Brayton cycles / solar, nuclear, fossil…) High temperatures (450°C -650°C) / 20 MPa Oxidation by CO 2 Carburization by CO 2 | PAGE 20 CEA | October 2015 "The interest in supercritical CO 2 Brayton cycles stems from its improved economics, system simplification, and high power conversion efficiencies." from Sandia lab. MATERIALS FOR CO 2 BRAYTON CYCLES Oxidation of ferritic-martensitic steels 9% Cr and 12% Cr steels are good candidates (low thermal expansion and high thermal conductivity) 27 JANVIER 2017 | PAGE 21 CEA | October 2015 Formation of a complex oxide layer (spinel/ magnetite/hematite) Experiments with C 16 O 2 and C 18 O 2 showed gas/oxide and oxide/metal interfaces enriched in 18 O Oxidation due to CO 2 and not to impurities (oxygen or water) Better behavior of 12% Cr, but nevertheless corrosion rates too high for industrial use No major influence of the CO 2 pressure Evolutions: -Impurities play a major role regarding the formation of the initial oxide which may be protective under very pure conditions (few vppm of O 2 ) -Evolution of the alloy with addition of minor elements (Carburization of ferritic-martensitic steels In parallel to the formation of the oxidation, alloys may suffer also carburization (increase of carbon content in the alloy which may become brittle) With 9%Cr, carburation increases with time. In supercritical CO 2 , carbon deposition is also observed in the inner oxide layer  carburization is linked to oxidation function of the pressure and of the temperature Corrosion issues in supercritical CO 2 -water environments Authors observed that no corrosion occurs at low temperature in pure SC CO 2 Solubility of water in SC CO 2 decreases with temperature and condensation may occur in SC CO 2 systems The corrosion rates of carbon steel in SC saturated water are very high (several mm/y) Presence of pollutants like SO 2 or Cl -increases corrosion rates of carbon steels Y.-S. Choi & S. Nesic, Corrosion 2009, paper 09256 Comparison of corrosion rates of carbon steels in various SCCO 2 conditions S. Sim & al., Int. J. Greenhouse Gas Control, 29, 2014, 185-199 PROCESS CO 2 Capture and storage Beneficial effect of chromium in steels is observed with chloride and sulfate water pollutants S. Assani & al., Int. J. Greenhouse Gas Control, 23, 2014, 30-43 Processes with SCCO 2 and cosolvents Stainless steels and nickel base alloys are compatible, while carbon steel, aluminum and copper alloys suffer corrosion in water-saturated conditions PROCESS Low Cr % High Cr %

  

SUB-& SUPERCRITICAL WATER

  

	Alloy	Fe	Cr	Ni	C	Others
	Carbon steel	Bal.			<1	Some additives (Cr, Ni, Mo… <1%)
	Stainless steels					
		304L Bal.	18	10	<0.03	
		316L Bal.	18	10	<0.03 2% Mo
		904L Bal.	20	25	<0.02 5% Mo
	Nickel alloys					
	Alloy 625 5	22	Bal. <0.03 10% Mo, 5% Nb
	Alloy 690 10	32	Bal. <0.03 0.5% Si, 0.3% Al, 0.3% Ti….
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Corrosion issues

Oxidation & dissolution: uniform and localized corrosion Pitting and crevice corrosion Intergranular corrosion and Stress corrosion cracking Hydrogen embrittlement, carburization, nitridation …

Main metallic materials used in SCF systems … and also titanium, niobium or aluminum alloys

SUPERCRITICAL WATER

Evolution of the solubility of corrosion products,

  

	Corrosion issues in "pure" water	
	Continuity	
		PWR
	Metallic materials and alloys are not	
	thermodynamically stable under sub-and	BWR
	super-critical water conditions (Pourbaix	
	diagrams)	
	Large evolution of water properties around	
	the critical point (density, solubility…)	Pressure-temperature diagram of water showing the BWR, PWR and SCWR conditions
		 Boiling Water Reactor (BWR)
		290°C, 8 MPa, pure water with hydrogen
		 Pressurized Water Reactor (PWR)
		330°C, 15 MPa, chemical conditioning with
		boron, lithium and hydrogen
		 Supercritical Water Reactor (SCWR)
		550°C-650°C, 25 MPa
	from Guzanos & Cook,	
	Corrosion Science, 65,	
	2012, 48-66	

SCWR SCW thermal plants ENERGY SUB-& SUPERCRITICAL WATER
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SUMMARY OF MATERIALS BEHAVIOR IN SUPERCRITICAL CO 2

High temperatures (450°C-650°C)