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C6K and water: various aspects 
 

Abstract: This note summarizes our knowledge about Novec 649 (C6K) interaction with 

water and possible desiccation methods, in the context of using C6K as coolant in 

single-phase cooling systems at LHC. This is not a scientific article, but a collection of 

facts, ideas, speculations, proposals and references accumulated during the work for 

the LHCb SiPM cooling and “PFC Alternative” projects. 

 

 

1. Why are we concerned about water in cooling systems with fluorinated liquids as 

refrigerants? 

The C6F14-based cooling systems used at CERN are closed circulation circuits, equipped with moisture 

removing filters. Drying to below water saturation level is needed in order to avoid appearance of 

liquid water fraction which can cause harmful hydrodynamic effects and, at low cooling temperature, 

convert to ice. If the water content is not controlled when ramping the cooling temperature down, ice 

can appear via precipitation, even if the initial relative humidity (RH1) was low. 

Another reason why water is detrimental in the systems running under radiation is radiolysis which, 

in presence of water in a fluorinated coolant, might result in production of HF. In presence of water, 

HF is corrosive (and will etch silica-containing components, if any). This consideration requires to keep 

water content low, even if there no risk of water precipitation. 

With C6K as coolant, there is yet another important reason for a rigorous moisture control: the 

fluoroketone reacts with liquid water via hydrolysis, producing perfluoropropyonic acid (PFPrA) that 

will accumulate in water. Although this process is limited by the very low mutual miscibility of C6K and 

water and proceeds, essentially, at the boundary between two fluids, the turbulent flow intensifies it 

(liquid water emulsifies and the contact area increases). The C6K hydrolysis will be considered in more 

detail in the next section. 

Under normal running conditions, in absence of water inside the cooling circuits, the “C6K hydrolysis” 

issue does not represent any risk for cooling system internals. The additional risks are related to the 

coolant leaks in the areas unprotected against condensation and frosting. The risk of corrosion due to 

contact of C6K with condensation water is high because PFPrA will be gradually accumulated  in 

moisture permanently present on unprotected surfaces, even though C6K is very volatile and the 

                                                           
1 In this note, the terms “relative humidity” and “moisture content” have a similar meaning if the cooling fluid 
is not saturated with water.  The term “saturated” is used for the condition with the RH of the cooling fluid 
(the “solvent”)  close to 100%, when the dissolved water might precipitate as a separate phase (gas, liquid or 
solid, depending on the temperature and pressure) at further decrease of temperature or pressure. In the fluid 
saturated with water, the “moisture content” will include the separate water phase and diverge with the RH 
which will stay constant at 100%. 



temperature is low.  Thus, a careful choice of materials for cold elements and their protection against 

condensation, is of a higher importance for the C6K cooling system design, compared to PFC-based 

systems. A special attention has to be paid to protecting welded joints and joints of different metals 

that are usually regarded as compatible in wet environments. 

Apart from the coolant drying which is of concern of all systems based on fluorinated liquids, there 

are elements are usually absent from PFC-systems but essential for C6K cooling systems: 

 Online RH (or “water activity”) monitoring; 

 Emergency measures for the case of accidents leading to the appearance of liquid water in 

the system; 

 Initial desiccation of C6K coolant before starting of regular cooling operation. 

These aspects will be also covered by this note. 

2. Hydrolysis of C6K 

Our knowledge about the C6K reactivity with water comes from the published articles and 3M Product 

Bulletins [1], unpublished reports [2], private communications [3] by the P. Tuma and J. Owens from 

the 3M Novec development team and our own observations.  In summary, 

a. The main mechanism of this reaction is hydrolysis [1a]. Hydration appears to play no 

important role.  My own speculation about hydration is that, like in typical ketones, addition 

of water to the carbonyl group is a strongly reversible reaction occurring locally but giving no 

distinct net final products (see for example, Ref. [4]).  

b. The C6K hydrolysis was first observed by Saloutina et al [1c] and then experimentally studied 

in great detail by D. Jackson et al. [1a]. 

c. PFPrA and HFC-227ea were  identified as the sole products of the hydrolysis reaction [1a] 

  H2O 

C2F5C(O)CF(CF3)2    ⇆   OH C(O)C C2F5   +  C2HF7    (1) 

 C6K  PFPrA        [aq]    HFC-227ea 

d. No C6K hydrolysis occurs in contact with humid air [1b]. This has been verified through 

numerous laboratory tests at 3M. 

e. Water dissolved in C6K (up to 20 ppm at 25°C) does not react with C6K [1b].  

f. The C6K hydrolysis goes only when C6K is dissolved in water and since it is only minimally 

soluble in water2 [1b], see more in Section 3. Liquid water phase is required to solvate the 

primary hydrolysis product and allow the reaction to progress [3a]. 

The reaction kinetic strongly depends on the medium (water) pH. It goes faster in alkaline 

solutions, while the acidic (low pH) slows it down. At a room temperature, the equilibrium of 

reaction (1) is achieved at pH≈1. The pH=1 limit was confirmed by the laboratory tests at  

Dynalene [2a] in which the water acidity of pH close to 1 was observed after a prolonged 

stirring of C6K with the excess of water at 36°C. It was also confirmed by static tests at CERN 

in which equal amounts of C6K and water stayed in contact for >1 year. This puts the limit on 

                                                           
2 Like in all ketones, the carbonyl group in a C6K molecule makes this fluids slightly polar, but the dominant 
alkyl portion of the molecule prevents solubility in water. 



the PFPrA production in the case when C6K is in contact with fixed amount of water (see 

Appendix A). 

g.  [1a] reported the 1/e lifetime of 1.5±0.1h at pH=5.6 and 0.9±0.1h at pH=8.5. The discussion 

of this result can be found in Ref. [1d]. The independent work by I.Fenichev et al. [1e] showed 

that the net hydrolysis rate depends linearly on the solution pH (Fig. 1) and drops to 0 at pH≈1, 

in agreement with our observations. 

h. The hydrolysis products do not accumulate in C6K: HFC-227ea – a gas at > -131C – goes to the 

headspace, while PFPrA stays in liquid water.  Dynalene [2a] found no traces of acid in the bulk 

C6K. Qualitatively, this can be expected, given a very high solubility of PFPrA in water – the 

main factor that permits the hydrolysis to progress (see (f) above). 

i. The hydrolysis rate, like with any other chemical reaction, depends on the temperature – this 

dependence need to be studied.  

j. 3M believes [3a] that the solid water (ice) should be also weakly reactive, though the reaction 

will be suppress by the low temperature and much reduced mobility of the solute in ice, 

resulting in quick reaching of equilibrium at the C6K-ice border. 

 
Figure 1: C6K degree of hydrolysis3 in aqueous solutions at different pH, at 15C and volume ratio 
C6K/solution of 1/25, with stirring (from [1e]).  

 

Given all that, even for low-dose applications with C6K it is imperative to control and monitor moisture 

level in C6K. 

• Ideally, the moisture should stay at < 1 ppm level (dry coolant is safe!) 

• This implies the need for highly efficient desiccant(s) to be incorporated in the cooling loop 

• Real-time monitoring of the moisture level! 

• Unstable or rising moisture level in the coolant is a signature of a trouble requiring 

intervention! This is especially true for the case when the measured moisture level is “at 

saturation”. Water might stay in a supersaturated dissolve state, but eventually will 

precipitate (as droplets in laminar or static flow state, or as emulsion in turbulent flow state).  

                                                           
3 The degree of hydrolysis in chemistry is defined as the fraction (or percentage) of the total salt which is 
hydrolysed at equilibrium. For example, if 90% of a salt solution is hydrolysed, its degree of hydrolysis is 0.90 
or as 90%.  



3. Solubility of water in C6K 

Like in all ketones, the carbonyl group in a C6K molecule makes this fluids slightly polar, but the 

dominant alkyl portion of the molecule makes C6K virtually insoluble in water (see, e.g. the 

discussion in Ref. [2b]). The C6K MSDS [5d] quotes “nil” for the solubility in water.  Furthermore,  

“PFMP was found to have very low solubilities in almost every solvent tested” [1a Thesis, p.87]. At 

the same time, a small but non-zero amount of water, can be dissolved in C6F14 and C6K (10 ppm 

and 20 ppm by weight at 25°C, respectively) [5b,c,e]. For example, 300 kg of C6K at a room 

temperature and atmospheric pressure can dissolve 300 x 20·10-6 = 6 g (6 ml) of water. 

One can assume that water tends to behave like a light gas and obeys Henry’s law. Its concentration 

in the fluid is therefore proportional to the water partial pressure in the headspace (effective or real) 

saturating at 20 ppmw at 25C. This yields the “theoretical” dependence of the water solubility in 

C6K shown in Fig. 2. Thus, the absolute dryness of the coolant should be at O(0.1 ppm) level. This 

requirement is not something exceptional per ce – the low-temperature PFC-based cooling systems 

have similar standards. 

 

 
Figure 2: The “theoretical” dependence of water solubility in C6K under the assumption that 
water behaves like a light gas obeying Henry’s law. The red dot shows the data sheet point of 20 
ppm at 25 °C. 

 

4. C6K drying, applicable desiccants 

5. Moisture detection in C6K 

6. Initial C6K cleaning. What to do in case of water accidents 

7. R&D issues 
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Appendix A: Estimates of the PFPrA production and the headspace pressure build-up 

due to C6K hydrolysis 

Observation: the aqueous phase develops the acidity of pH≈1 after a prolonged contact with C6K (in 

the case of Dynalene [2a], 665 h at 36°C, with magnetic stirring) 

Problem 1: how much C6K is transformed into PFPrA? 

pH=-log10[H+] –   definition of pH 

𝐾𝑎 =
[𝐴−][𝐻+]

[𝐻𝐴]
 –   acid dissociation constant 

𝑝𝐾𝑎 = −𝑙𝑜𝑔10𝐾𝑎 ; weak acids:  𝑝𝐾𝑎 = −2 … 12, strong acids: 𝑝𝐾𝑎 <  −2 

[HA] = M/l (molar concentration) of undissociated weak acid 

[A-] – M/l of the acid’s conjugate base (ionic form of the acid) 

𝑝𝐻 = 𝑝𝐾𝑎 + 𝑙𝑜𝑔10
[𝐴−]

[𝐻𝐴]
   – Henderson-Hasselbach equation 

PFPrA has 𝑝𝐾𝑎 of = 0.18 (see ChemicalBook.com4) 

If pH=1, then 𝑙𝑜𝑔10
[𝐴−]

[𝐻𝐴]
= 1 − 0.18 = 0.82; hence   

[𝐴−]

[𝐻𝐴]
= 100.82 = 6.6 

On the other hand,   
[𝐴−]

[𝐻𝐴]
=  

∝(𝐴−)

∝(𝐻𝐴)
=  

∝(𝐴−)

1−∝(𝐴−)
= 6.6, where α is the molar fraction, hence (𝐴−) =

0.87 (i.e. 87%).  

In 1 l of solution with pH=1, there are 0.1M of H+ (H3O+) cations and, respectively, 0.1M of PFPrA 

anions. Since only 87% of the initial acid was dissociated, there was 0.1M/0.87 of PFPrA and the same 

amount of C6K was hydrolysed.  

Since M(C6K)=316 and M(PFPrA)=164, (0.1/0.87)·316= 36 g of C6K was spent, giving 164·0.1/0.87 ≈ 

19g of PFPrA and 36-19≈17g of HFC227ea gas. 

In other words, if 1 l of water is brought in contact with a certain amount of C6M, then 36 g of C6K will 

perish before the two fluids will achieve the chemical equilibrium. Out of this amount, 19 g will 

transform into PFPrA which will remain dissolved in water and the remaining 17 g will go into the 

gaseous phase. 

Problem 2: what will be the pressure build-up in the closed reaction vessel headspace? 

Let us consider the example of the Dynalene’s test condition: 150 g of water is added to 200 g of C6K 

in a bottle with the remaining headspace volume of 200 ml and assume that the buffer volume little 

changes when PFPrA dissolved in it. Assume the room temperature of 25°C. 

From the “Problem 1”, we know that 01./0.87 = 0.115 Mol of gas is produced from 1 l of water. At 1 

barA, this amount of gas has the volume 24.5 (l/M)·0.115 = 2.8 l. From 150 g of water, V1=2.8 l · 0.15 

= 0.42 l of gas is produced. In V2=0.2 l, the partial pressure will be 1 barA · 0.42/0.2 = 2.1 barA.  

The partial pressure of C6K vapour at 25°C is 0.4 barA. Therefore, the total Δp=2.1+0.4=2.5 barG 

(consistent with Dynalene’s observation of a loud popping sound when opening the reaction bottle). 

                                                           
4 https://www.chemicalbook.com/ProductMSDSDetailCB6139447_EN.htm 


