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Microfluidic mixing 

•  Continuous flow mixing with two (or more)  

   chemicals in solutions 

•  Time delay given through varying the X-ray /  

    sample interaction point 

•  Requirements: 

o Low mixing times (tmix << 1 ms) 

o Low variation in mixing times (σtmix ~ tmix) 

o Low sample flow rate (often ~ 10 µL/min) 

o Easily fabricated and reconfigurable design 

o Robust operation and (hard) X-ray compatible 

o No dead-time while X-rays are on 
o Each data point takes 10s of minutes à  Continuous flow 

Mixing Cartoon: 
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A History of Mixing Schemes 

•  Advantages 

-  Fast mixing (<50 µs). Convection (focusing 
segment) increases surface area and creates 
smaller length scales. Thus, diffusion occurs 
quickly. 

-  Sample stream width (wf) easily controllable 
through flow rates 

-  Downstream channel width (wc) expansion 
improves signal, but reduces time resolution 

•  Disadvantages 

-  Non-uniform sample velocity in vertical direction, 
large distribution of sample residence time 

-  Possible sample accumulation at X-ray window 

Cross Mixer (Hydrodynamic Focussing) 
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A History of Mixing Schemes 

Drift Mixer (quasi 3d mixing) 

•  Advantages 

-  Uniform sample velocity 

-  Sample is surrounded by reactant and 
vertical focus fluid  

•  Disadvantages 

-  Inherently susceptible to non-uniform 
mixing and unwanted secondary flows 

-  Sample flow highly sensitive to flow 
rates of all three components 

-  Possible build-up of multiple sample 
stream lines  
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One current approach 

True 3d Mixer 
•  Advantages 

-  Uniform sample velocity, residence 
times 

-  Sample flow surrounded by reactant, 
far from walls 

-  Prevents junction vortices, sample 
and reactant flow coaxially Nozzle: 25 um x 50 um 

3D-printed 
component 

•  Disadvantages 

-  Multiple-length scale geometries 

-  Unreliable manual  

    assembly 
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One current approach 

True 3d Mixer 

•  Disadvantages 

-  Multiple-length scale geometries 

-  Unreliable manual  

    assembly 

In-situ 3d printing: 
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True 3d Mixer 

Fabrication 
3d printed component 

0 

1 

2 

3 

Sample holder 

Kapton 

Kapton 

Laser cut double 
sided adhesive  

Side view: 

Top view: 

Stacked view: 

3d printed component 
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True 3d Mixer 

Challenges 
•  Marks on Top and Bottom Layer 

-  Kapton (5 mil)  

à  The X-ray beam leaves a mark on all four 
surfaces (2 x back and front) 

à  Flow gets disturbed until breakdown of 
favourable fluid dynamics 

à  Data collection time per (time) point is limited 

-  Diamond  

à  Less sensitive to X-rays 

à  Can break easily  

-  Mylar, Silicon Nitride 

à  Sensitive to X-rays 20.019.519.018.518.0
vertical position

 fresh spot
 used spot

Disturbed sample stream 

3d printed component 

Good stream 
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True 3d Mixer 

Challenges 
•  Air bubbles in channel 

-  Most likely at start, then stable 

•  But: They are difficult to get out  

 

-  Channel material 

•  Double-sided adhesive: 

à  Easy to laser cut, but edges are rough 

•  PDMS: 

à  Can be moulded à smooth walls, better flow 

à  But: Porosity of PDMS might be an issue 

Sample 

reactant 

reactant 

Disturbed sample 
flow 

Air bubble 

Nanoscribe 
component 

540 µm  
50 µm  
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True 3d Mixer 

X-ray Spectroscopy Results     (True 3d mixer) 

5-coordinate porphyrin Fe-TMPS 

+ CN  (pH 9) 

FeTMPS-OH  
              (pH 9) 

FeTPPS-OH-CN 
•  Good mixing conditions 

•  Close to expected time scale of ms 

-  Feature rich spectrum 

-  High flow rates à narrower sample stream, 
better mixing possible at BL 15-2 

CN bond to Fe 

5C à 6C 

HS à LS 
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True 3d Mixer 

5-coordinate porphyrin 
Fe-TMPS 

•  Flow #3: 1st use of each spot 

•  Flow #8: re-use each spot 

à  From previous slide: Expect Flow #8 
to lead to better/faster mixing. 

à  Unclear results. 

à  Carbon ablation effects mixing? 

à  Large beam spot smears out time 
resolution (will be better at BL 15-2) 

X-ray Spectroscopy Results     (True 3d mixer) 
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Summary 

•  True 3d focussing mixing preferable 

•  A few millisecond time scale has been 
reached 

•  Improvements on mixer design, materials and 
fabrications needed and under way 

•  We are able to observe mixing pathways and 
intermediates 

•  Continue the work! 
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Summary 

•  True 3d focussing mixing preferable 

•  A few millisecond time scale has been 
reached 

•  Improvements on mixer design, materials and 
fabrications needed and under way 

•  We are able to observe mixing pathways and 
intermediates 

•  Continue the work! 

Thank you! 
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