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Abstract 
 

 
 
 Current inorganic lab setups do not allow students to use time in lab 
efficiently and does not allow students to do repeat runs of reactions due to time 
and material restraints. By implementing a 3D printed continuous flow reactor into 
the experiment students would be able to redo experiments in class without 
creating large amounts of waste, all while using a system that was created on 
campus at a reasonable price. It was found that a mixing chamber with an isobaric 
design created an environment that allowed complete mixing before reaching a 
point at which measurements are taken.  
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Introduction 
 
  
 A standard inorganic lab runs for three and a half hours. During this time 

students and expected to do calculations for the experiments they are running, 

measure out the chemicals needed, and run the experiments, all while making sure 

to fill out their lab notebooks with their entire procedure. If they happen to make a 

mistake or the experiment goes wrong, there is often not enough time in the lab 

time block for the experiment to be ran through again. Along with that, the amount 

of chemicals needed to run the reactions creates a large amount of hazardous 

waste, this usually means that each student is only able to run the reactions once to 

keep the waste created to a minimum. This can lead students leaving lab not 

knowing what they were supposed to be doing and with incorrect results. On top 

of this, there is only a single professor in the lab, and with all the students running 

long experiments it makes asking questions difficult for students since the 

professor is always busy.  

 A way to fix this would be to implement a system into the experiments that 

would greatly reduce the time required for the experiment, while also reducing the 

amount of waste created during to experiment, allowing for repeatability during 

the lab session. For some experiments this can be done by using a continuous flow 

reactor in the experiment. A continuous flow reactor is a device that allows the 

chemical reaction to take place within micro channels. With a continuous flow 

reactor, the amount of solution and the speed at which the solution travels is able 
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to be controlled, allowing for greater control of the reaction. Also, due to the size 

of a continuous flow reactor, a smaller volume of reactant is required for the 

solution to be made than standard manual mixing. All of this together would allow 

for experiments to be ran quickly and smoothly, yet this is not a piece of 

equipment that can be found in a standard inorganic chemistry lab.  

 Continuous flow reactors, though useful, are not found in most labs due to 

the pricing being a larger negative than any positives there could be. A standard, 

industry bought continuous flow reactor can cost upwards of $3000 dollars. Now, 

a piece of equipment having a large price tag is not something that will keep labs 

away from buying it if it is seen as needed. The issue arises when it is for a lab that 

many students will be taking at once. This would mean that there would have to be 

enough pieces availably that every or every other student has a continuous flow 

reactor. Those numbers can add up quick when there is a lab of 30 students. Plus, 

lab fees for students would not cover the repair costs if any of the reactors happen 

to break, meaning the students would have to be charged more or no reactors 

could be purchased at all. There is a way to step around this, by making the 

reactors on campus. 

 By using 3D printing continuous flow reactors can be made quickly and 

inexpensively. The Open Millifluidic Inquiry System, created by Dr. Robert 

LeSuer at The College at Brockport, shows that it is very possible to do. Its simple 

design allows for the instrument to be printed in a single day, and for a two-pump 

system the price comes in around $100 for production. This drastically cuts the 
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price of the system, and with it being made on campus, makes it much more 

available. Also, with the parts being primarily made on campus repairs to the 

reactors could be done in a matter of hours, from reprinting to back to being fully 

functional.  

 The question then arose, how will the reactor be implemented into a classic 

inorganic experiment in a way that would be efficient, in that it reduced the overall 

lab time, allowed for repeatability of the experiment, and reduced the total amount 

of hazardous waste that was created. This question was what the basis of the this 

project was based upon.  

 

 

 

Methods 
 
 
 Nickel sulfate hexahydrate is a blue crystal and has a molecular weight of 

262.85 g/mol. A 0.4 M solution of nickel sulfate hexahydrate was made by 

weighing out 10.5 g of the nickel sulfate hexahydrate crystals. The crystals were 

dissolved in 10 mL of deionized water in a 100 mL volumetric flask and then 

deionized water was added to the fill line of the volumetric flask, first filling only 

up to the bulb to allow for mixing and then filling the rest of the way, repeatedly 

inverting the volumetric flask to ensure thorough mixing of the solution. The 100 

mL of 0.4 M solution was then poured into a 400 mL plastic stock bottle with 
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proper labelling. Care was taken to avoid contact of nickel sulfate hexahydrate 

with skin as it can cause irritation and allergic reactions. Any waste was placed in 

a container labelled for hazardous waste as it is toxic to aquatic life. When dealing 

with the crystalline form care was taken to avoid inhalation of particles.  

 Ethylene diamine is a clear, colorless liquid with a density of 0.899 g/mL 

and a molecular weight of 60.10 g/mol. A 0.4 M solution was created by 

measuring out 2.7 mL of the ethylene diamine. This was done in a fume hood 

while wearing gloves due to ethylene diamine being a flammable liquid and vapor, 

gives off strong vapors that can cause respiratory issues, and because it can cause 

severe burns when in contact with skin. The measured ethylene diamine was then 

added to a 100 mL volumetric flask and mixed with deionized water. Once the 

ethylene diamine was put in solution it was able to be removed from the fume 

hood. The 100 mL of 0.4 M ethylene diamine solution was then poured into a 

properly labelled 400 mL stock bottle. Throughout the experiment the solutions 

were remade as needed, always in 100 mL quantities. 

With the 0.4 M solutions varying ratios, with respect to the ethylene 

diamine solution, were created. This was done by adding 3 mL of ethylene 

diamine and 7 mL of the nickel sulfate hexahydrate into a glass vial to create a 0.3 

ratio solution. This method was repeated to create a 0.4, 0.5, 0.6, 0.7, 0.8, and 0.9 

as well, placing each in its own vial and labelling which ratio each is. Using these 

solutions and a standard 3.5 mL cuvette with a 10 mm pathway, spectra for each 

solution was collected. This was done by pipetting 3 mL of one solution at a time 
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into the cuvette and then placing it inside the Flame UV-Vis spectrometer from 

Ocean Insight. Once a spectra was collected the contents were dumped into a 

waste container and the cuvette was rinsed with deionized water and the next 

solution was added. Once the solutions were all measured in the standard cuvette 

the solutions were then measured in a cuvette with an insert. The insert consisted 

of a U-shaped 3D printed piece that narrowed the width of the cuvette down to 3.0 

mm wide, greatly reducing the total volume of the cuvette. The cuvette with the 

insert was filled using a syringe to push the solution through the tubing that leads 

to a channel where the solution fills the cuvette from the bottom up. 3 mL of 

solution was flushed into the cuvette to ensure any water that may be inside is 

removed to ensure the solution was the correct dilution. Once a spectra was 

collected deionized water was used to rinse out the solution, which was collected 

in a the waste container. These sets of data was then used to ensure that the insert 

does not change the spectra created for each solution. 

The Open Millifluidic Inquiry System, or OMIS for short, was used to 

determine the time it takes to completely flush the cuvette with the insert. To do 

this a 5 mL glass syringe was filled with the 0.4 M nickel sulfate hexahydrate 

solution and another was filled with the 0.4 M ethylene diamine solution. The 

syringes were labelled to avoid contamination of the solutions. The syringes were 

then connected using tubing to a mixing chamber. The mixing chamber was then 

connected to the insert with the cuvette resting inside the spectrometer. The 

syringes pumps were controlled using Mathematica and was ran on a Raspberry 
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Pi. The insert was filled with deionized water to create a baseline for the rest of the 

measurements. The motors on the pumps were set to create a total flow rate of 240 

μL/minute. The test was ran with each pump set to have a flow rate of 120 

μL/minute each to create a 1:1 ratio. The pumps were set to pump out solution for 

36 minutes, to create a wide spread of data. Spectra were collected every 2 

minutes during this time span, and it was found that the insert is completely 

flushed of water and the solution created consistent spectra by minute 8. The test 

was ran again with motor speeds of 160 μL/minute for the ethylene diamine 

solution pump and 80 μL/minute for the nickel sulfate hexahydrate solution for the 

1:2 ratio, and 180 μL/minute for the ethylene diamine solution and 60 μL/minute 

for the nickel sulfate hexahydrate solution for the 1:3 ratio with similar results 

found.  

A complete run through, going from the 1:1, to the 1:2, to the 1:3 ratio was 

then ran. This was done by first filling the insert with deionized water. The 

syringes were then filled with 5 mL of their respective solution and secured in 

place in the syringe pumps. The syringe pumps were then set to run at the 1:1 

settings and then told to run for 8 minutes. Once the solution ran completely 

through the pumps were ran at the 1:2 settings for 8 more minutes. The 1:3 was 

then ran for 16 minutes, to use the rest of the solution in the syringes.  

A redesign of the mixing chamber was decided to be necessary to obtain 

the best spectra for the experiment. Designs were created using OpenSCAD, a free 

downloadable software for creating solid 3D CAD models. To create models code 
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is created using an algebra-based design feature, which allowed for the addition 

and subtraction of pieces from the overall structure. Once the code was complete it 

was output as a STL file and sent through a slicer. The slicer used was the Prusa 

3D Slicer in the 1.39.1 version. The thickness of layers was adjusted in the slicer 

to customize for the object being printed, where thinner layers creates a better seal 

and decreases the chance of leaking.  In the slicer the layers were looked over to 

ensure each would properly print. For designs that did not slicer properly the 

design had to be edited back in the OpenSCAD program and then resent through 

the slicer. Once the design appeared properly in the slicer the material being used 

was selected and any head adjustments for the material were made. The 

information from the slicer was then uploaded onto a SD card and transferred to 

the 3D printer. The 3D printer that was used is the Prusa MK2S with a 0.10 mm 

thickness for the layers. The material used was PLA, otherwise known as 

polylactide, a thermoplastic polyester with a backbone formula of (C3H4O2)n,. A 

clear PLA was chosen to allow visibility of the mixing process to occur. The 

mixer designs took a total of 50 minutes to print since it is in two separate pieces, 

the layers were set to be thin, as well as due to the need for 100% infill. Once 

printed the pieces had tubing attached to them using epoxy and the epoxy was 

allowed to set for an hour. It was calculated that the mixer had a total volume of 

156.7 μL and with a total flow rate of 240 μL/minute the solutions take 39.2 

seconds to completely travel through the mixing chamber. A new insert was also 
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printed during this time, changing the way solution flowed into the cuvette, where 

instead of a single flow point into the bottom of the insert there were now three.  

With the new mixing chamber and insert printed the reactor was setup as it 

was before, with tubing connecting the individual pieces of the system. It was 

decided that the solutions change between the ratios cleaner if going from the 

lighter solution, the 1:3, to the darker solution, the 1:1. The solutions were each 

allowed to run for 8 minutes and spectra were collected at 2 minute intervals.  

                                

 

 

 

                                                                                                                                                                                                                                                               

Results and Discussion 

 
 

 
 

 
Table 1: Comparison of the Standard Cuvette and the Cuvette with Insert 

Ratio Wavelength A(big) A(small) Dff RE 
RE 

Average 
0.3 646.8 0.787 0.791 -0.004 0.0051 0.0165 
0.4 629.9 0.815 0.802 0.013 0.0160  
0.5 619.1 0.799 0.805 -0.006 0.0075  
0.6 587 0.738 0.711 0.027 0.0366  
0.7 558.5 0.719 0.708 0.011 0.0153  
0.9 542.1 0.273 0.278 -0.005 0.0183   
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Table 1 shows a comparison between the collected spectra from a standard 

cuvette and the spectra from a cuvette with an insert, in which premixed solutions 

were placed in the cuvette and a spectra was collected for each of the ratios. The 

ratios are in respect with how much ethylene diamine is present in solution 

compared to nickel sulfate hexahydrate, with both solutions being 0.4 M. The 0.8 

solution was excluded from all data collections due to crystallization occurring in 

the solution that would create errors in results. The wavelengths listed are those of 

the peak of interest, being found between 500 nm and 650 nm, as seen in Figure 1. 

A(big) is in reference to the absorbance of the peak of interest for the solution in 

the standard cuvette, and A(small) is the absorbance for the peak of interest for the 

solution in the cuvette with an insert. The difference between the absorbances are 

shown, along with the relative error, and the average relative error. With the 

relative error averages at 0.0165 it was determined that the usage of the cuvette 

with an insert would not alter the date in a consequential way. This allowed the 

experiment to be ran using a cuvette with a greatly reduced volume, allowing for a 

smaller amount of solution to be used overall, reducing waste, as well as total run 

time for the experiment. 
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Figure 1: Spectra of the Standard Cuvette and the Cuvette with an Insert 

 
  

Figure 1 shows the visible light spectra for the solutions in a standard 

cuvette and a cuvette with an insert. The dots represent the cuvette with the insert 

and the solid lines are the standard cuvette. Figure 1 shows not only the differing 

ratio solutions but also the 0.4 M nickel sulfate hexahydrate solution and the 0.4 M 

ethylene diamine solution. The peak of interest for each solution is between 500 

nm and 650 nm. It can be seen that this peak corresponds to the amount of nickel 

sulfate hexahydrate that is in the solution, where the more nickel sulfate 

hexahydrate leads to a higher wavelength. A point to note is the pure ethylene 

diamine where there were notable differences in the spectra between the standard 

cuvette and the cuvette with the insert. It was determined that the differences were 

due to contamination from previous solutions. This led to the realization that there 
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are problems with rinsing the cuvette with the insert, meaning there needs to be 

more solution flushed through the system before measurements could be taken.  

The results seen were found to align with those found in the article “Diaqua 

bis-ethylenediamine and tetra aquaethylenediamine nickel(II) sulfate complexes”, 

validating the data that was collected. 

 
 
 
 

 
Figure 2: The Premixed Ratio Solutions 

 
 
 

Figure 2 show the difference premixed ratio solutions. From left to right is 

the 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, and 0.9. The 0.8 solution is shown solely because 

the picture was taken when the solutions were originally made, before any 

crystallization could occur. From this it is seen that the different solutions would 

create different visible light spectra since each ratio is a different color. It is 

notable that the nickel sulfate hexahydrate solution (which was not included in the 

image) is green in color, and that the ethylene diamine solution (also not shown) is 

a clear, colorless solution. This verifies that the differing colors in the ratios is not 
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due to the solution colors mixing together but instead is due to the reaction of the 

solutions.  

 

 
 

 
Figure 3: Time-lapse of Flushing Cuvette with the Insert 

 
 
 
 Figure 3 shows the absorbance of the peak of interest of a 1:1 ratio being 

ran through the OMIS system over a span of 36 minutes with data collection 

occurring every 2 minutes. This is of the solution being ran into the cuvette with 

the insert originally filled with water to see how long it takes for the solution to 

completely flush the cuvette with the insert, so it is only filled with the new 

solution. It is seen that by minute 8 the solution reached a point of stability, 

meaning it takes around that amount of time to be able to clear out the insert and 

to bring in a new solution. This led to the decision to allow a complete run of the 
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system, going from the 1:1, to the 1:2, to the 1:3 solution ratios, to run for 32 

minutes. This would allow the cuvette with the insert to be flushed completely of 

each solution and to get a clear spectra captured for each of the solutions.  

 
 
 
 
 

 
Figure 4: A Complete Run Through the Different Ratios 

 
 
 
 Figure 4 shows a collection of spectra of the system under continuous flow 

going from the 1:1 to the 1:3 ratio. For this the pumps were kept at a 240 

μL/minute flow rate through-out the run through. Measurements were collected at 

30 second intervals over the span of 32 minutes. From this it was found that 

mixing was not occurring properly, where it was supposed to mix in the mixing 
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chamber and in the tubing, it was instead mixing in the cuvette. This was causing 

the within the cuvette to not change color even when the ratio was being changed. 

Because of this the peak of interest only slightly changed position, and in no way 

that would be expected when changing the ratios as they were.  

 
 
 
 
 

A) B)  

C) D)   

E)  
  

Figure 5: The Solution in the Cuvette Over Time 
 
 
 
 Figure 5 is images of the cuvette and the solution inside over a span of 40 

minutes. The cuvette at time 0, A) in Figure 5, was filled with only water. It is 
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notable that at minute 10, B), the solution within is that of the 1:1 ratio. From C), 

D), and E) it is seen that the solution within continues to be the color of the 1:1 

solution. This issue was not originally noticed due to the cuvette remaining in the 

spectrometer the entire time. This was only noticed after observing Figure 4. This 

led to the decision that a new mixing chamber was needed, as well as changes for 

the insert were needed.  

 
 
 
 
 

 
Figure 6: Mixing Chamber Design 

 
 
 
 Figure 6 is the final design for the mixing chamber. The image on the left is 

the initial part of the mixer where the two separate solutions come together at the 

bottom. The solution is then pushed upwards through a series of oblate spheres 
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that alternate which axis is wider. The cross sections at any point in phase one of 

the mixer is kept at that equal to a circle with a 1 mm diameter. The idea here was 

to keep the path isobaric while changing the overall shape of the channel, 

encouraging diffusion between the two streams while reducing excess stress on the 

mixer shell. The channel then goes along a U-turn into a spiral. This adds more 

length and encourages mixing by having the solution go through a series of turns.  

The piece of the left is connected to the piece on the right with a piece of tubing. 

The image on the right is phase three of the mixer, which gives the solution a long 

path to follow that allows for any final mixing to occur before being pumped into 

the cuvette through the insert.  

 Though the redesigned insert was not included in the figure it is worthy to 

note that it was also changed. The original mixer had a single channel that ran 

from the top of the insert, and had the solution flow out through the cent at the 

bottom. This caused the solution to flow quickly from the bottom to the top in a 

singular stream. The new design had the stream break into three separate points 

that flowed into the bottom, creating a more spread out introduction of the solution 

into the cuvette. Allowing for better flushing of solutions while have continuous 

flow and ratio changes occurring. 
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Figure 7: A Complete Run Through with New Designs 

 
 

 
 Figure 7 show the collection of spectra for the complete run through with 

continuous flow. For this it was decided to go from the 1:3 ratio to the 1:2 to the 

1:1 from looking back at Figure 1, where the ethylene diamine was contaminated 

inside the insert. Spectra were collected every 2 minutes for a span of 24 minutes. 

It can be seen that the solution was able to reach a point of stability for each of the 

solution ratios. The changes between the different ratios was lost due to the 

intervals that data was collected. This led to the conclusion that the intervals 

needed to be smaller to be able to capture the shifting. 
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Figure 8: Reactor Setup 

 
 
 

 Figure 8 shows the setup for the continuous flow reactor. It consists of two 

syringe pumps, each with a 5 mL syringe. Each syringe was dedicated to a single 

solution to avoid contamination during the experiment. Tubing was used to feed 

the solutions into the mixing chamber and then into the cuvette with the insert. 

When it is being ran the cuvette sits inside the spectrometer at all times. The 

syringe pumps are ran using Mathematica on a Raspberry Pi. 

 

 

 
Conclusion 
 
 
 
 
 For the project the goal was to implement a 3D printed continuous flow 

reactor into an inorganic complexation reaction. This was done to decrease the 

overall hazardous waste produced during the experiment as well as to shorten the 
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time it takes to run the experiment by mixing the solutions within the system and 

allowing for changes in the solution ratios to occur while the experiment is 

running. It was found that an isobaric mixing chamber was necessary for complete 

mixing before the solution reached the cuvette and a spectra was collected.  

By creating a system that runs quickly and efficiently, implementing the 

system into the inorganic curriculum would greatly improve the lab setting. It 

would allow experiments to be ran multiple times during a lab period while 

keeping the amount of hazardous waste that is created to a minimum and allow 

students to ask their professors about the lab that is being done and get the help 

they need. It would also allow students to gain hands on experience with 

techniques that are used in industry. 

 

Points of Further Research 

 

 To improve on the system work on reducing the overall volume of the 

system would reduce to time of reaction more and would allow for a shorter run 

time for the complete reaction. Another point of research is working on code to 

allow for automatic measurements to be taken to allow the shifting between ratios 

to be captured clearly. Determining if the mixing chamber is actually isobaric 

would be something that could be researched later on.  
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