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Abstract

A Teflon  AF-2400  based  tube-in-tube  device  was  used  to  generate  flow  streams  of  CO2 in
acetonitrile  and a  computer-vision based ‘bubble  counting’ technique  was  used  to  estimate  the
amount of CO2 that had passed into solution whilst in the tube-in-tube device by quantifying the
amount of CO2 that left solution (forming separate gas-phase segments) downstream of the back-
pressure regulator. For both CO2 pressures used, there appeared to be a minimum residence time
below which no CO2 was observed to leave solution. This was assumed to be due to residual CO2

below  (or close to)  the saturation concentration at atmospheric pressure and, by taking this into
account, we were able to fit curves corresponding to simple gradient-driven diffusion and which
closely matched previously obtained colorimetric titration data for the same system. The estimated
value for the residual  concentration of  CO2 (0.37 M) is  higher  than,  but  in  reasonable general
correspondence with, saturation concentrations previously reported for CO2 in acetonitrile (0.27 M).

Introduction

Flow chemistry has emerged in recent years as an interesting alternative to more familiar batch
reaction paradigms.[1] It can, in some cases, offer potential benefits. For instance, as only a relatively
small amount of material is generally being processed at any one time (reactions being scaled over
time  rather  than  over  dimension),  it  can  sometimes  provide  enhanced  safety,  particularly  in
situations where hazardous intermediates or extremes of pressure of temperature are involved.[2]

With fixed and typically small reactor dimensions, surface-area-to-volume ratios are generally high
and (importantly) constant.  This leads to enhanced and dependable interfacial  mass and energy
transfer, thereby facilitating scale-invariant transformations.[3]

A key interface in a number of important chemical transformations is the gas-liquid interface, and a
variety of  approaches  have  been developed to  enhance  and control  this  in  the  context  of  flow
chemical systems.[4] We have shown that flow reactors based on the semipermeable amorphous
fluoropolymer Teflon AF-2400 can provide efficient and controllable gas-liquid mixing, particularly
in the ‘tube-in-tube’ configuration.[5] Continuous flow membrane reactors of this type have now
been used, both in our laboratories and in those of a number of other research groups, with a wide
range  of  reactive  gasses  including  ozone,[6] CO2,[7] hydrogen,[8] carbon-monoxide,[9] syngas,[10]

ethylene,[11, 8c, 10a] ammonia,[12] dimethylamine (in combination with carbon-monoxide),[13] oxygen,[14,

8c] diazomethane,[15] formaldehyde[16] and fluoroform.[17] 

Jensen and co-workers have modelled the mass-transport in these reactors[18] and their operation
seems  to  be  characterised  by  relatively  straightforward  gradient-driven  diffusion  phenomena
(consistent with Fick’s law of diffusion).[19]

In terms of the measurement of gas concentration in solution, a number of approaches have been
used. As an indirect technique, the quantity of gas leaving solution downstream of the back-pressure
regulator (‘out-gassing’ after the solution has decompressed to ambient pressure) can be used to



estimate the level of dissolved gas. In addition to the use of a simple gas burette, we have shown
that visual ‘bubble counting’ approaches can be used to quantify this.[8a] Other, more recent, related
examples of ‘bubble counting’ approaches have also been described by Cherkasov, Rebrov and
coworkers,[20a] by Gavriilidis  and coworkers,[14i] and  by Riley  and  coworkers.[20b] An interesting
investigation  of  outgassing  from  flow  streams  in  microfluidic  devices,  used  to  obtain  phase
diagrams  from  pressure-volume-temperature  measurements  is  described  by  Mostowfi  and
coworkers.[21] For gas molecules with suitable chromophores, inline spectroscopic methods (e.g. IR)
can be used.[9b] If the gas molecule has acidic or basic functionality, inline colorimetric titration has
been shown to be an effective method.[12, 7b]  Jensen, Zhang and co-workers have made good use of
mass-flow controllers/meters to directly measure the flow rate of gas flowing across the AF-2400
membrane into solution.[22]

In this manuscript, we describe the use of a computer-vision based ‘bubble-counting’ method to
measure the out-gassing of CO2 from a stream of acetonitrile emerging from a Teflon AF-2400 tube-
in-tube device. 

Results and Discussion

The apparatus setup used in this work is outlined in Figure 1. 

Figure 1. General apparatus setup. 

A piston pump was used to pump the acetonitrile (which was used as purchased and not degassed)
into the tube-in-tube device (28 cm of AF-2400, 6 mm ID held within an outer tube of PTFE, 1.59
mm ID). The outer tube was connected to the CO2 cylinder via a poppet gas regulator. During
operation, the outer tube was pressurised and the only exit for the CO2 was to cross the membrane
into solution. After passing through the tube-in-tube device, the solution passed through a 15 bar
back-pressure regulator and then into a length of FEP tubing in an illuminated light-proof housing
that  was  being  continually  monitored  by  a  computer  webcam.  No  gas  segments  were  visible
upstream of the back-pressure regulator (the flow stream was a homogeneous solution of gas in
liquid). To facilitate the monitoring of the flow stream, a small quantity of lissamine green dye was
added to the acetonitrile (40 mg L-1).  We assumed that the dye had no significant effect on the
dissolution of CO2. We also assumed that the amount of CO2 still left in solution downstream of the
back-pressure regulator would be significantly lower than the quantity of CO2 in solution upstream
of the back-pressure regulator (so that the amount of out-gassed CO2 would be a reasonable lower
estimate of the amount of CO2 that entered the solution). The control and processing scripts were
written in the Python[23] programming language. A simple graphic-user-interface was constructed



using the PyQt5[24] framework incorporating PyQtGraph[25] to  monitor  operation.  Control  of  the
piston pump was facilitated using PySerial.[26] Access to, and processing of, the video stream from
the webcam was achieved using the OpenCV[27] computer-vision[28] library. Data processing, curve
fitting and graph plotting were facilitated by Numpy,[29] Scipy[30] and Matplotlib.[31] 

Using the colour of the lissamine green dye, the pixels in each frame of the video stream from the
webcam  were  filtered  according  to  their  RGB  value  and  pixels  within  a  certain  range  were
determined to be due to the dyed solvent. 

Figure 2 A) A screenshot of an unprocessed frame from the webcam. B) Pixels filtered according to
RGB value (‘matching’ pixels shown in white). A yellow bounding rectangle is shown around all
clusters of matching pixels. A small number of ‘noise’ pixels can be seen on close inspection C)
Image ‘cleaned up’ by performing opening/closing operations with an elliptical kernel to remove
noise. 

Shown in Figure 2 is an example of a frame from the webcam, alongside processed images. In
Figure 2a, the blue-green dyed solution can be seen in the flow tubing. In Fig 2b, the pixels have
been processed according to their RGB values and those within tolerance limits of matching the
colour of the solvent are shown in white. Bounding rectangles have also been drawn around all
clusters of matching pixels. A very small number of aberrant pixels/clusters can be seen. To remove
such noise, the image was further processed by using opening/closing operations and the result is
shown in Fig 2c, where there is only a single cluster of white pixels (within a single bounding
rectangle). 

Figure 3.  A) Unprocessed image from webcam that contains a gas ‘bubble’.  B) The processed
image showing filtered pixels (in white) and the bounding rectangles in yellow. C) The original
image with the bounding rectangles superimposed on it. 

A sample of the processing when a gas bubble is present in the tubing is shown in Fig 3. The left-
hand image shows the observed section of tubing with a gas segment present. The processed image
is shown in Figure 3b and the two bounding rectangles for the segments of coloured pixels are
superimposed on the original image in Figure 3c. As can be seen, the recognition of the pixels
containing dye seems to be a reasonably faithful process. A certain amount of trial-and-error was
required to find suitable lighting/brightness settings on the webcam (and tolerances on the filtration
values) but, once these were found, they were used throughout. 



To initiate a run, a button on the graphic user interface was pressed to obtain a calibration value
(with the tubing filled with dye solution and with no gas bubbles present)  and the tube-in-tube
device would be pressurised to the required pressure. Another button on the graphic user interface
would then be pressed to start the sequence of required flow rates on the piston pump. For each
flow rate, a set of 900 frames were processed. Sufficient time at the beginning (and between each
different flow rate) was also included so that the flow stream had completely flushed through the
system. Data sets, one for each flow rate, were combined and saved in an .npy file along with the
calibration value. 

To analyse the data, we used the comparison of the total pixel count (of coloured pixels) with that of
the total  pixel  count  of the calibration image (obtained at  the start  of  the process with no gas
pressure/bubbles). The difference between the number of coloured pixels in each frame and the
number of coloured pixels in the calibration image was taken to be proportional to the amount of
gas that had left solution (as the gas segments contain no dyed solution). The number of coloured
pixels was taken to be equally proportional to the volume of liquid. Division of the first number by
the second number then gives the estimated concentration as a vol/vol ratio which can be converted
to a mol/vol ratio using the density and molecular weight. 

Shown in Figure 4 are the data sets for two different flow-rates/residence-times for a CO2 pressure
of 5 bar (gauge) at room temperature. 



Figure  4.  Pixel  counts  for  900  frames  of  video.  A)  Acetonitrile  flow  rate  of  0.58  mL min-1

(residence time of 0.136 min). B) Acetonitrile flow rate of 0.84 mL min -1 (residence time of 0.094
min).  Key: - pixel count, - cumulative mean, - calibration count, - mean count. 

In Fig 4a, the acetonitrile flow rate was 0.58 mL min, which corresponds to a residence time of
0.136 min. As can be seen, the pattern of the pixel counts (of filtered pixels), which corresponds to
the pattern of gas and liquid segments, has quite a periodic and regular nature. Occasionally, the
pixel count touches zero, which corresponds to an image where the observed tubing is filled with
gas. The calibration value (number of filtered pixels with no gas segments) is indicated with a blue
horizontal  line  (18836  pixels).  The  average  count  of  filtered  pixels  (5808)  is  shown as  a  red
horizontal line. This represents the average volume of the liquid segments. The difference (13028)
between this value and the calibration value represents the average volume of the gas segments.
This gives a gas/liquid volume/volume ratio of 13028/5808 = 2.24 L (CO2) L-1. Using 1.842 g L-1 as
the density of CO2, this would lead to a concentration of 4.13 g L-1 or 0.094 mol L-1. In Fig 4b, for a
flow rate of 0.84 mL min (which now corresponds to a lower residence time of 0.094 min), there is



clearly a much higher level of filtered pixels (there is now more liquid than gas present in the
tubing). The average count is 13736 and this would lead to a lower concentration of 0.371 L (CO2)
L-1 or 0.016 mol L-1. 

Also indicated in Fig 4 (in green) is the cumulative mean of the pixel count. In Fig 4b this is more
easily noticed as it takes a significant number of frames (ca. 300) for this to match closely the actual
mean over the 900 frames. This is due to the periodicity of the data (or rather the length of the
period). When the pixel count is at the same level as the calibration value (where it hits the blue
‘calibration’ line), this represents frames where there are no gas segments in the image at all. The
‘dips’ in the data curve represent single (but relatively large) segments of gas passing across the
video  image.  In  Fig  4a,  although  there  is  a  greater  quantity  of  total  gas  segment  present,  the
segments are much smaller and this leads to a much lower period length for the data pattern, hence
the rapidity with which the cumulative mean converges to the actual mean. 

Using the same approach across a range of flow-rates/residence-times, a plot of out-gassed CO2 (per
unit  volume of solvent)  against  residence-time (for data obtained at  both 5 and 10 bar of CO2

pressure) is shown in Fig 5. 

Figure 5. Data for out-gassed CO2 per unit volume of acetonitrile (in mol L-1) against residence
time of the liquid in the tube-in-tube device. Key: ∙ 5 bar, ∙ 10 bar. 

As might be expected, the level of out-gassed CO2 increases with increasing residence time, and the
slope of the curve at higher residence times also seems to diminish with increasing residence time,
in line with simple gradient driven diffusion (i.e. indicating that the curve may eventually plateau at
the saturation concentration at high enough residence time). However, it is noteworthy that, for both
curves, there seems to be an apparent ‘induction’ period close to zero residence time. There seems
to be a lower limit of residence time for each curve below which there is no observed out-gassing
downstream of the back-pressure regulator. As we would generally expect there to be some non-
zero CO2 concentration for all non-zero residence times, the observed out-gassing does not appear
to correlate directly with CO2 concentration. 

If  we  compare  these  data  with  those  previously  obtained  in  our  previous  study  of  the  same
CO2/acetonitrile/AF-2400 system using an inline colorimetric titration, the difference can clearly be
seen (Figure 6). 



Figure  6.  Data  for  out-gassed  CO2 alongside  previously  obtained  concentration  values  using
colorimetric inline titration. Key:  ∙ 5 bar ‘bubble counting’,  ∙ 10 bar ‘bubble counting’,:  ∙ 5 bar
titration, ∙ 10 bar titration. 

An explanation for this difference lies in the fact that some residual CO2 may remain in solution
even  after  the  solution  has  exited  the  back-pressure  regulator  (where  it  can  decompress  to
atmospheric  pressure).  If  the  concentration  of  CO2 is  below  its  saturation  concentration  at
atmospheric pressure, it should remain in solution rather than forming gas segments. Only when the
acetonitrile has had sufficient time in the tube-in-tube device to reach a CO2 concentration higher
than this level will CO2 likely be observed to outgas (as the solution will be super-saturated once it
passes through the back-pressure regulator). The amount of CO2 in the gas segments would then be
equal to the total quantity of CO2 taken up whilst in the tube-in-tube device minus this residual
amount of CO2 that remains in solution (or zero, whichever is highest – as it is obviously impossible
to have a negative volume of gas phase). The colorimetric titration,  on the other hand, will  be
sensitive to all dissolved CO2 in solution and, as such, will indicate a positive titre for all residence
times, only giving a zero value for zero residence time. 

If the residual CO2, R, after out-gassing is taken into account as in the following:

[CO2 ]
( obs)

= max([CO2]− R,0) (1)

(where [CO2](obs) is the observed out-gassing CO2) and the actual concentration of CO2 is given by
the usual gradient driven diffusion equation (2):



[CO2 ]=S(1− e−kt
) (2)

(where S is the saturation concentration,  k is a kinetic parameter for the rate of diffusion and t is
time) we have:

[CO2 ]
( obs)

= max(S(1− e−kt
)− R,0) (3)

We used the least squares (leastsq) module of SciPy to fit the S,  k and R parameters in (3) to the
observed out-gassing data, with individual S and k values for each of the 5 and 10 bar data sets but
with a common value of R for both data sets (as the solution decompresses to the same atmospheric
pressure downstream of the back-pressure regulator regardless of the CO2 pressure in the tube-in-
tube device  – so we might expect the residual remaining CO2 to have the same value). This gave
the following curves:

Figure 7. Fitted curves for the observed bubble counting data for 5 and 10 bar pressures. RRMSE =
Relative Root Mean Square Error. Key:  ∙  5 bar ‘bubble counting’,  ∙ 10 bar ‘bubble counting’, -
fitted curve for 5 bar data, - Fitted curve for 10 bar data, - - ‘extension’ of fitted 5 bar curve below
horizontal axis, - - ‘extension’ of fitted curve for 10 bar data below horizontal axis. 

The two curves are shown in solid blue and red lines and the ‘extensions’ of the curves beyond the
horizontal axis are shown with dashed lines (which naturally both intercept the vertical axis at the
same value of -0.37, corresponding with the presumed common estimated residual CO2 value R). 
If the fitted values for  S and k for these curves are then used in the standard  [CO2] =  S(1 –  e-kt)
equation, this gives the following graph:

[CO2]
obs = max[ 1.27(1 - e-3.25t) - 0.37, 0]

[CO2]
obs = max[ 2.14(1 - e-3.58t) - 0.37, 0]

- 0.37 (R = 0.37)

1.27(1- e-3.25t)-0.37

5 bar fitted curve

2.14(1- e-3.58t)-0.37

10 bar fitted curve

5 bar bubble data

10 bar bubble data

RRMSE = 0.029

RRMSE = 0.027



Figure 8. Using the S and k values fitted from the bubble counting data to plot [CO2] = S(1 – e-kt)
and comparison with titration data. RRMSE = Relative Root Mean Square Error. Key: ∙ 5 bar data
points form inline titration. ∙  10 bar data points form inline titration. – S(1 – e-kt) curve using S and
k parameters from 5 bar bubble-counting data. – S(1 – e-kt) curve using S and k parameters from 10
bar bubble-counting data. 

As can be seen, there is reasonably good agreement between the fitted curves and the experimental
titration data. A comparison of these curves with the previously fitted curves for the titration data is
shown in Figure 9. 

Figure 9.  Comparison of  curves  fitted  to  the  bubble  counting  data  (with  the  residual  CO2,  R,
removed) with curves previously fitted to the titration data. Key:  ∙ 5 bar data points from inline
titration. ∙  10 bar data points from inline titration.  – fitted 5 bar S(1 – e-kt). – fitted 10 bar S(1 – e-

kt).  -  - previously fitted 5 bar curve from titration data.  -  - previously fitted 10 bar curve from
titration data. 



Although there is  some difference between the  S and  k parameters,  there is  reasonable overall
agreement between the two. Clearly, to obtain greater precision for these parameters (either using a
non-linear curve fitting or following linearisation) a larger number of data points would be required,
probably including some closer to the saturation point  to get a more meaningful estimate of  S.
Regarding the estimated value (0.37 M) of R, which is an estimate of the residual quantity of CO2

that does not out-gas, this might be expected to provide a reasonable estimate of the saturation
solubility of CO2 at atmospheric pressure. Whilst it is higher than the value of 0.27 M reported [32]

for the solubility of CO2 in acetonitrile, it is not unreasonably dissimilar. One explanation (other
than  experimental  error  etc)  for  the  higher  value  could  be  that  the  solvent  segments  remain
temporarily supersaturated to a certain degree. A greater amount of time might be required for all of
the CO2 (above the saturation concentration) to fully leave solution. This might be achieved by
using a longer length of tubing between the back-pressure regulator and the webcam stage, and the
dependence of the relative size of the gas and liquid segments on time could also be investigated by
‘storing’ (and subsequently monitoring) a static section of output stream. Due to some resistance to
flow in this section of tubing, it is also possible that the pressure of the liquid remains somewhat
above atmospheric and this could impart some effect.[33] Addtionally,  as the  ‘useful’ data points
(with non-zero outgassing) are, by definition, not very close to the intercept with the vertical axis,
the value of R in the curve fitting process might be fairly susceptible to noise and errors. 

Conclusion

We have described the  development  of  a  computer-vision based ‘bubble  counting’ approach to
quantify the  observed  out-gassing of CO2 from a flowing acetonitrile solution generated using a
Teflon AF-2400 tube-in-tube device. Although the dependence of the quantity of out-gassed CO2 on
residence time is similar to the dependence on residence time of CO2 concentrations as previously
measured by inline colorimetric titration,  there appears to be an ‘induction’ residence time below
which no CO2 is observed to out-gas from the generated flow stream. This might be ascribed to the
residual CO2 which (if below the saturation concentration at atmospheric pressure) should remain in
solution. By taking this into account, we have shown that the measurement of out-gassing can still
be  approximated by a simple gradient-driven diffusion model and can lead to fitted curves that
closely matche the inline titration data. We are currently working on the collection and analysis of
larger data sets to further investigate the validity of the approach, and whether any refinements or
modifications are needed, and will report our findings in due course. 

Experimental

Acetonitrile (analytical HPLC grade) was purchased from Fisher Scientific and used without further
purification.  Carbon dioxide was supplied by BOC gases and a GasArc Techmaster single stage
regulator was used to regulate the pressure. The HPLC pump used was a Knauer Azura P 4.1 S. A
USB-to-RS232  interface  (Newlink  USB-0039DBL  USB-to-RS232  adapter,  purchased  from
CPC/Farnell) was used to connect this (using a crossover-serial/null-modem cable) to the control
computer.  The webcam used was a  Microsoft  Lifecam Cinema.   Aside from the Tube-in-Tube
device,  FEP or  PFA flow  tubing  was  used  (1.0  mm  o.d  0.6  mm  i.d.)  and  connected  using
Omnifit/Diba adapters and interconnects (1/4-28-UNF thread). The back-pressure regulator was an
Upchurch/IDEX type (Kinesis UK) and was manually adjusted to provide the desired back pressure
of 11 bar (gauge), as measured using the pressure meter of the Knauer Azura pump. A diffused
USB-powered LED light (XY-store, Amazon UK) was used to illuminate the flow stream at the
webcam,  and  was  powered  by  a  separate  USB-type  power  supply.  Gas  valves,  and  t-peice
interconnects on the tube-in-tube device were supplied by Swagelok UK. The work was carried out
at room temperature (20 °C). 
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A  computer-vision  ‘bubble  counting’  approach  was  used  to  estimate  CO2 dissolution  into
acetonitrile in a Teflon AF-2400 tube-in-tube device. The observed differences to our previously
reported methodology (inline titration) can be accounted for if residual dissolved CO2 (that doesn’t
outgas) is taken into consideration. 


