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Outline
• PZ chemistry
• The extended UNIQUAC model in the context of CO2 capture using precipitating solvents
• Validation of the extended UNIQUAC model for the PZ-CO2-H2O system

– VLE
– Speciation
– SLE
– CO2 heat of absorption

• Pilot-scale CO2 capture with PZ-promoted amines
• Plant operation philosophy with PZ-promoted amines
• Conclusions and future work
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Chemistry
• PZ properties

– Melting point: 111 °C
– Boiling point: 146 °C

• Modeling
– Liquid phase: Extended UNIQUAC
– Gas phase: SRK EoS
– VLE: γ–ϕ approach

• 𝑥𝑥𝑖𝑖𝛾𝛾𝑖𝑖𝑓𝑓𝑖𝑖 = 𝑦𝑦𝑖𝑖𝜙𝜙𝑖𝑖𝑃𝑃
– Ion interaction parameters fitted for 6 PZ species

• H2PZ, PZH+COO-, PZH+, PZH2
2+, PZCOO-, 

PZ(COO-)2

– 1200 new data points from the PZ literature were used
• Screened for questionable quality
• Made available in CERE electrolyte data bank

– Total 150,000+ data points available to the CERE 
consortium members
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PZ speciation in the liquid phase
• CO2-water reactions

• 𝐻𝐻2𝑂𝑂 → 𝐻𝐻+ + 𝑂𝑂𝐻𝐻−

• 𝐻𝐻𝐻𝐻𝑂𝑂3− + 𝑂𝑂𝐻𝐻− → 𝐶𝐶𝑂𝑂32− + 𝐻𝐻2𝑂𝑂
• PZ speciation is complex

• 𝑃𝑃𝑍𝑍(𝑎𝑎𝑎𝑎) + 𝐻𝐻+ → 𝑃𝑃𝑃𝑃𝐻𝐻+

• 𝑃𝑃𝑃𝑃𝐻𝐻+ + 𝐻𝐻+ → 𝑃𝑃𝑃𝑃𝐻𝐻22+

• PZ forms three carbamates
– A zqitterionic type PZH+COO-

• 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑂𝑂− + 𝐻𝐻+ → 𝑃𝑃𝑃𝑃𝐻𝐻+𝐶𝐶𝐶𝐶𝑂𝑂−

– Two active nitrogen groups to bing CO2, two carbamates: PZCOO-, PZ(COO-)2

• 𝑃𝑃𝑍𝑍(𝑎𝑎𝑎𝑎) → 𝐻𝐻𝐻𝐻𝑂𝑂3− → 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑂𝑂− + 𝐻𝐻2𝑂𝑂
• 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑂𝑂− + 𝐻𝐻𝐻𝐻𝑂𝑂3− → 𝑃𝑃𝑃𝑃 𝐶𝐶𝐶𝐶𝑂𝑂− 2 + 𝐻𝐻2𝑂𝑂

• Precipitating solid phases
– PZ, PZ·½H2O, PZ·6H2O, Ice
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Setting up the chemical framework: Concentration 
scales
• Activity coefficient types

– 𝜇𝜇𝑖𝑖 = 𝜇𝜇𝑖𝑖
𝜃𝜃𝑠𝑠 + 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝑠𝑠𝑖𝑖𝛾𝛾𝑖𝑖

𝜃𝜃𝑠𝑠

𝑠𝑠𝑖𝑖
𝜃𝜃

– 𝜇𝜇𝑖𝑖 = 𝜇𝜇𝑖𝑖
𝑜𝑜𝑥𝑥 + 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝑥𝑥𝑖𝑖𝛾𝛾𝑖𝑖

𝑜𝑜𝑥𝑥

𝑥𝑥𝑖𝑖
𝑜𝑜

– 𝜇𝜇𝑖𝑖 = 𝜇𝜇𝑖𝑖
∗𝑥𝑥 + 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝑥𝑥𝑖𝑖𝛾𝛾𝑖𝑖

∗𝑥𝑥

𝑥𝑥𝑖𝑖
∗

– 𝜇𝜇𝑖𝑖 = 𝜇𝜇𝑖𝑖
∗𝑚𝑚 + 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝑏𝑏𝑖𝑖𝛾𝛾𝑖𝑖

∗𝑚𝑚

𝑏𝑏𝑖𝑖
∗

– 𝜇𝜇𝑖𝑖 = 𝜇𝜇𝑖𝑖
∗𝑐𝑐 + 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝑐𝑐𝑖𝑖𝛾𝛾𝑖𝑖

∗𝑐𝑐

𝑐𝑐𝑖𝑖
∗

517-09-2025

• Concentration scale should be independent of 
temperature:

– 𝛾𝛾𝑖𝑖
∗𝑚𝑚 = 𝑥𝑥𝑠𝑠𝛾𝛾𝑖𝑖

∗𝑥𝑥 = 𝑥𝑥𝑠𝑠
𝛾𝛾𝑖𝑖
𝑜𝑜𝑥𝑥

𝛾𝛾𝑖𝑖
∞𝑥𝑥 = 𝒙𝒙𝒔𝒔𝜸𝜸𝒊𝒊

∗𝒄𝒄 𝝆𝝆𝒕𝒕
𝝆𝝆𝒔𝒔

𝑴𝑴𝒔𝒔
�𝑴𝑴𝒕𝒕

= 𝜸𝜸𝒊𝒊
∗𝒄𝒄 𝝆𝝆𝒕𝒕
𝝆𝝆𝒔𝒔

𝒎𝒎𝒔𝒔
𝒎𝒎𝒕𝒕

– Reporting thermophysical data in molarity 
scale strictly complicates model 
parametrization with electrolyte solutions 
involved such as CO2 into aqueous amines!
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Extended-UNIQUAC model framework
• A local composition model derived by Prof. Emeritus Kaj Thomsen from the original 

UNIQUAC model (Abrams & Prausnitz, 1975 and Maurer & Prausnitz, 1978)
– The extra Debye–Hückel term accounts for electrostatic interactions.

• Gex = Gex
combinatorial + Gex

residual + Gex
Extended Debye-Hückel

• Combinatorial term is independent of temperature but related to the relative size of 
the species.

• Residual enthalpic term is temperature dependent with two adjustable parameters to 
be fitted per pair of species.

• Debye–Hückel term derives the electrostatic term
– Accounts for the ion interactions simpler than the original Debye–Hückel law.
– No adjustable term, function of density and relative permittivity of pure water.

– Shown to calculate the activity coefficients of electrolyte solutions accurately.
• Currently, the only thermodynamic model able to predict solid phase for complex 

electrolyte solutions reliably is the extended UNIQUAC. Shown by Darde & Thomsen et 
al., Comparison of two electrolyte models for the carbon capture with aqueous ammonia. 
Int. J. Greenh. Gas Control, 8, 2012, 61–72, https://doi.org/10.1016/j.ijggc.2012.02.002).

617-09-2025
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Validation of CO2-PZ-H2O system: VLE at low T
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Validation of CO2-PZ-H2O system: VLE at low T
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Validation of CO2-PZ-H2O system: VLE at low T
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Validation of CO2-PZ-H2O system: VLE at higher T
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Validation of CO2-PZ-H2O system: Speciation at 
low T (25 °C)
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Validation of CO2-PZ-H2O system: Speciation at 
higher T (60 °C)
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Heat of CO2 absorption for the CO2-PZ-H2O system
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SLE of CO2-PZ-H2O system
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Pilot-scale CO2 capture in a cement 
plant using PZ
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Process flow diagram & pilot-scale 
CO2 capture plant used in Aalborg 

Portland cement plant to test 
advanced process configurations.
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Year-round capture at TRL7 with PZ involved
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Heating jacket around the PZ barrel to 
maintain the liquid phase.
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Plant operation is subject to PZ precipitation
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Conclusions
• Modeling philosophy for aqueous amines with CO2

– Concentration units should be based without any temperature 
dependency, fx: molality 

– Solid phase cannot be ignored when PZ is involved
• Model validation

– Solid-liquid-vapor equilibrium (VLE & SLE)
– Speciation

• The extended UNIQUAC model for the CO2-PZ-H2O system is 
validated and available in MS Excel macro with possible 
interpretation to Aspen Plus
– Accurate thermodynamic property calculations
– Process simulation, design, optimization, and intensification

• Work in progress: The extended UNIQUAC model for the CESAR 
blend (CO2-AMP-PZ-H2O) system
– should be available by GHGT-18, see you in Perth, Australia? 

1917-09-2025

Experimental SLE of the AMP-PZ-H2O 
system. Fosbøl et al. (2019)

Experimental SLE of the AMP-H2O 
system. Neerup et al. (2019)



Technical University of Denmark Can DemirDTU Chemical Engineering Can Demir

Acknowledgements
• Prof. Emeritus Kaj Thomsen for developing the 

Extended UNIQUAC model (1999).
• Financial support from INNO-CCUS (Pool 1, 

Project 1-P1 CORT — Carbon Capture Open 
Tests and Review of Technologies).

• Otto Mønsteds Fond for partially funding my 
attendance at PCCC8.

• My colleagues for encouraging my sustainable 
travel choices.
– Especially, Isaac Appelquist Løge!

2017-09-2025



Technical University of Denmark Can DemirDTU Chemical Engineering Can Demir

Thanks for your attention!

Can Demir
cande@kt.dtu.dk
linkedin.com/in/candemir97/
twitter.com/candemir97

2117-09-2025

mailto:cande@kt.dtu.dk




Technical University of Denmark Can DemirDTU Chemical Engineering Can Demir

Acid-gas removal was patented in 1930
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eNRTL framework for CESAR compositions

Figure by Spek et al. Separation and Purification Technology
DOI: 10.1016/j.seppur.2024.127924
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Speciation in the CO2-PZ-H2O system
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Figure by Ermatchkov et al.
J. Chem. Thermodynamics 
35 (2003) 1277–1289
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Data reconciliation to ensure accuracy in CO2
capture and plant performance evaluation

2617-09-2025

• Gas phase
– Based on the gas phase CO2 concentrations and flow rates of the flue gas 

(F) and cleaned lean gas (LG).
– 𝑚̇𝑚𝐶𝐶𝑂𝑂2,𝑔𝑔𝑔𝑔𝑔𝑔 = 𝑦𝑦𝐶𝐶𝑂𝑂2,𝑖𝑖𝑖𝑖 � 𝑛̇𝑛𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 𝑔𝑔𝑔𝑔𝑔𝑔,𝑖𝑖𝑖𝑖 − 𝑦𝑦𝐶𝐶𝑂𝑂2,𝑜𝑜𝑜𝑜𝑜𝑜 � 𝑛̇𝑛𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 𝑔𝑔𝑔𝑔𝑔𝑔,𝑜𝑜𝑜𝑜𝑜𝑜 � 𝑀𝑀𝐶𝐶𝑂𝑂2

• Liquid phase
– Based on the liquid phase CO2 loadings and flow rates of the lean (L) and 

rich solvent (R).
– 𝑚̇𝑚𝐶𝐶𝑂𝑂2,𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 = 𝛼𝛼𝑟𝑟𝑟𝑟𝑟𝑟𝑟 � 𝑛̇𝑛𝑟𝑟𝑟𝑟𝑟𝑟𝑟,𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 − 𝛼𝛼𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 � 𝑛̇𝑛𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙,𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 � 𝑀𝑀𝐶𝐶𝑂𝑂2

• Stripper top
– Based on the CO2 flow rate at the condenser (CP).
– 𝑚̇𝑚𝐶𝐶𝑂𝑂2,𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 = 𝑚̇𝑚𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐,𝑔𝑔𝑔𝑔𝑔𝑔 − 𝑚̇𝑚𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤,𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐,𝑔𝑔𝑔𝑔𝑔𝑔

CO₂ captured flow 
estimated by three 
methods (adapted from 
Sai Hema Bhavya 
Vinjarapu).



Technical University of Denmark Can DemirDTU Chemical Engineering Can Demir

Reconciled plant variables tell more about the 
steady states

2717-09-2025

H
ei

gh
t

Temperature CO2 loading

SS 
label

Gas 
flow

·103

CO2
feed

·103

Lean 
flow

·103

CO2
slip

·105

wCO2,lean

·102

wCO2,rich wamine,1

·104

wamine,2

·106

yH2O,gasout

·102

yH2O,recycle

·102

A1 -2.744 74.86 -10.91 2.157 5.518 -1.256 1.732 15.57 -4.91 15.76
A3 0.160 49.89 -10.68 1.888 4.811 -0.9438 -0.01062 2.067 0.123 -0.2006
A5 0.180 79.13 -13.46 39.12 6.527 -1.380 -0.01133 1.501 0.167 -0.3335
B3 0.177 3.661 -7.319 -92.75 1.550 -0.687 -0.01856 -0.1295 0.514 -0.2560
C1 -4.63 50.87 -22.47 0.0000 2.944 -0.8083 503.56 2011 -10.47 22.76
C2 -17.5 154.4 -120.9 0.2554 8.891 -2.031 1782.7 7118 -22.15 33.02

ε/σ values after the data reconciliation problem

problem identified
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