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Energy, Economic Growth and Quality of Life 
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Source: http://www.netl.doe.gov/coal/refshelf/ncp.pdf 
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Interstate Transport of Municipal Solid Wastes 
(Congressional Research Service) 

OLD WAYS 
Recycling of e-waste in Africa often 
involves open burning to recover 
metals. Credit: Greenpeace 



Towards Sustainable Energy and Environment 
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Energy from Waste 

EPA 2007 

Fossil fuels are fungible… 



Post-Combustion CO2 Capture 



Carbon Capture, Utilization and Storage Technologies (CCUS) 

Carbon Capture Technologies	


Capture Utilization Storage 
q  Required characteristics for CCS 

§  Capacity and economic feasibility 

§  Environmental benign fate 

§  Long term stability 

q  MEA Challenges 
§  Corrosion and solvent degradation 

§  High capital and operating costs 

§  High parasitic energy penalty 

(NETL, 2011) 

(NETL, 2010) 



Nanoparticle Organic Hybrid Materials (NOHMs) 

q  Solvent-free liquid-like hybrid 
systems 
§  Solvent tethered to nanoparticle 

cores 

§  Zero-vapor pressure and improved 
thermal stability 

q  Tunable chemical and physical 
properties 
§  Liquid, solid, gel 

§  Solvation in NOHMs driven by both 
entropic and enthalpic interactions 

q  Straightforward synthesis 
§  Easy to scale up 



Solid Sorbents & Chemical Looping Technologies 

Water-Gas Shift:  
CO + H2O !" H2 + CO2 

Carbonation / Calcination cycle Oxidation / Reduction cycle 

MO + CO2 à MCO3   

MCO3 à MO + CO2 

MO + CO à M + CO2 

M + H2O à MO + H2 

e.g., ZECA process  
(Los Alamos National Lab) 

e.g., Chemical Looping process for H2 production  
(Ohio State Univ.: U.S. Patent No. 11/010,648 (2004)) 

KIER’s 100kW CLC 
system (2006-2011) 

Micro- vs. Mesopores 



Can we combine CO2 capture and storage? 



Carbon Storage in  
Geologic Formations 



Availability of Industrial Wastes 



Availability of Minerals 

Basalt 
Labradorite 
Magnesium-based Ultramafic Rocks  
(Serpentine, Olivine) 

Mineral Carbonation of Peridotite 

Photo by Dr. Jürg Matter at LDEO (2008) 

Belvidere Mountain, Vermont 
Serpentine Tailings 



Chemical and Biological Catalytic Enhancement of Weathering of  
Silicate Minerals as Novel Carbon Capture and Storage Technology 

Serpentine Dissolution reactor 
Mg3Si2O5(OH)4 + 6H+ à 
3Mg2+ + 2Si(OH)4 + H2O 

MgCO3 

 Mg2+(aq) 

Flue gas 

   un-dissolved 
minerals 

Carbonation reactor 
 

Mg2+ + CO3
2- à MgCO3  

CO3
2-(aq) 

Bubble column 
reactor with CA 

 

CO2(g) + H2O ßà H2CO3 
H2CO3  ßà H+ + HCO3

-  
HCO3

- ßà H+ + CO3
2-  

L/S separator 

L/S separator 

Recycled 
process 
water 

silica 

Industrial  
CO2 sources 

Mine 

Value-added products  
(e.g., paper fillers, construction materials) 

Disposal (mine reclamation) 

Bio-catalyst 
Make-up  
Carbonic  

anhydrase (CA) 

Chemical catalyst 
Mg and Si-targeting 
Chelating agents 

Controlled Formation of  
Precipitated Magnesium Carbonates 

q  No need for the solvent regeneration and 
CO2 compression, straightforward MVA 

q  Alternative CO2 utilization option with 
improved economic feasibility 



Synthetic Liquid Fuels from Solid Wastes 
with integrated CCS 



Energy Conversion with CCS  

Shifts equilibrium to products 

Provides Water 

Economic prospects 

Sustainable Waste-to-Liquid Fuel Scheme 

X-to-Liquids processes have 
high carbon footprint 
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Water Gas Shift with in-situ Carbon Capture: 
Theoretical Enhancement 
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Mg(OH)2       MgO + H2O   ~  80 kJ/mol 
MgO + CO2       MgCO3        ~ -100 kJ/mol 
H2O + CO      CO2 + H2         ~ -40 kJ/mol 



Reaction Pathways in Mg(OH)2 Carbonation  

Geochemists Work Bench software (Release 
7.0.2) at T = 300 °C and Ptotal = 1 atm  
(basis, Magnesite activity = 1). 

Schaef, H. T.; Windisch, C. F.; McGrail, B. P.; Martin, P. F.; Rosso, K. M., Brucite [Mg(OH2)] Carbonation in Wet Supercritical CO2: An in situ High Pressure X-Ray Diffraction Study. Geochimica et 
Cosmochimica Acta 2011. 
Fricker, K.; Park, A. H., Effect of H2O on the Carbonation of Mg(OH)2 for Combined CO2 Capture and Storage. Chemical Engineering Science 2013, 100, 332-341, 
http://dx.doi.org/10.1016/j.ces.2012.12.027 
Fricker, K.; Park, A.-H. A., Investigation of the Temperature Effect on Carbonate Phase Formation in Mg(OH)2 Slurry Carbonation. 2014, In Preparation. 

Adapted from Schaef et al. 2011  

Proposed gas-solid reaction pathway: 

Slurry-phase reaction phenomena: 



Effect of Seeds on Slurry Carbonation Experiments at 150 ⁰C 

Starting materials 

Mg(OH)2 

Al2O3 

MgCO3 

Carbonation at 
150 ⁰C for 120 min 

Swanson, E.J.; Fricker, K.J.; Sun, M.; Park, A.-H. A., Directed Precipitation of Hydrated and Anhydrous Magnesium Carbonates. 2014, In Preparation. 



Effect of in-situ Mg(OH)2 Slurry Carbonation on WGS 
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Investigating the Molar Imbalance 

Elliott, D. C.; Sealock, L. J., Aqueous Catalyst Systems for the Water-Gas Shift Reaction. 1. Comparative Catalyst Studies. Ind. Eng. Chem. Prod. Res. Dev. 1983, 22, 426-431. 

Eliott et al. (1983) found OH- producers 
(specifically alkali and alkaline 
carbonates) to catalyze a high pressure 
aqueous WGS System 

CO + OH- à HCO2
- (formate) 

2HCO2
- à CO3

2- + H2CO (formaldehyde) [slow] 
H2CO à H2(g) + CO [fast]	
  

Mg(COOH)2 (aq) formation  
Is holding up CO conversion to H2 

Generally, slurry samples 
contained ~22x the 
concentration of COOH- as 
those with a water bulk phase  
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Biogentic Wastes-to-Hydrogen 
with integrated CCS 



Biomass as an Energy Feedstock 

To sustainably utilize biomass as an energy source, energy densification 
or on-site generation schemes are necessary. 

Low Energy 
Density Feedstock 

Adapted from Demirel (2012) 



Alkaline Thermal Treatment (ATT) Fuel Pathway 

Ø  Conditions 
•  Low temperature (523 – 573 K) 
•  Atmospheric pressure 
•  Low to zero COx emission 

Scalable  
reactor 
 
Unskilled  
operators 

Ø  ATT Reaction for Cellulose 
C6H10O5 + 12NaOH + H2O        6Na2CO3 + 12H2   

Ø  Feedstocks 
•  Sugars, lignocellulosic biomass 
•  Wet and dry feedstocks 

Ø  Potential Applications 
 

•  Energy generation 
•  Fuel and chemical production 
•  Well-suited for distributed applications 

 



ATT of Cellulose with and without Steam Flow!

Ø  Steam flow caused a melt to be formed around temperature of peak H2 
formation rate (518 K) 

Ø  Improved transfer with melt may be additional reason more H2 formed under 
steam flow 

Ferguson, T.E., Park, A.-H.A. Production of high-purity hydrogen from cellulose through a carboxylate intermediate pathway via alkaline thermal treatment, In Review.  



Effect of Steam on Cellulose ATT!

Ø  As	
  H2	
  increases,	
  CH4	
  and	
  C2	
  
hydrocarbons	
  decrease	
  	
  

Ø  CO	
   level	
   right	
   on	
   the	
   border	
   of	
  
the	
   instruments’	
  detecBon	
   limit,	
  
so	
   quite	
   low	
   overall	
   at	
   4.3	
   kPa,	
  
but	
   perhaps	
   indicates	
   a	
   minor	
  
ro le	
   that	
   s team	
   plays	
   in	
  
decarbonylaBng	
  cellulose.	
  

Ø  CH4	
  fell	
  order	
  of	
  magnitude	
  with	
  
addiBon	
  of	
  steam	
  

Ø  C2H4	
  and	
  C2H6	
  fell	
  ~17	
  Bmes	
  and	
  
~600	
   Bmes,	
   respecBvely,	
   with	
  
addiBon	
  of	
  steam,	
  and	
  were	
  not	
  
detected	
   beyond	
   4.3	
   kPa	
   H2O	
  
parBal	
  pressure.	
  	
  

Stoichiometric,	
  12:1	
  NaOH:Cellulose	
  

Ferguson,	
  T.E.,	
  Park,	
  A.-­‐H.A.	
  Non-­‐catalyBc	
  conversion	
  of	
  cellulose	
  to	
  high-­‐purity	
  hydrogen	
  at	
  mild	
  reacBon	
  condiBons	
  via	
  alkaline	
  thermal	
  treatment,	
  In	
  Review.	
  	
  



q  Use of municipal solid wastes and industrial wastes (e.g., stainless 
steel slags, scrap metals), Urban mining à energy, water and atom 
efficiencies 

q  Development of multifunctional smart CO2 capture media à Combined 
CO2 capture and conversion 

q  Integrated systems (e.g., chemical looping, enhanced WGS using 
mineral carbonation) for process intensification and flexibility 
(production of heat, electricity, chemicals and fuels in any combination) 

q  Carbon Capture, Utilization and Storage  

q  Integration of renewable energy into various CCUS schemes 

q  Need for international  and trans-disciplinary collaborations 

Summary and Future Direction 
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