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A B S T R A C T   

The main purpose of this research was to develop an experimental film flow cleaning rig that can 
be combined with Process analytical technology (PAT) tools to reduce cleaning time and costs. 
Here, we show that the use of in-line UV–Vis was successful for real-time monitoring of the 
cleaning process of olanzapine as a challenging residue to clean. The cleaning process was found 
to be affected by the properties of the olanzapine soil, and the study showed the competing effects 
of mechanical lift-off and dissolution action with methanol as a solvent. However, The method is 
limited by the cleaning mechanisms, with the dissolution being the only mechanism that can be 
accurately quantified using an in-line UV–Vis PAT tool. This experimental approach can be used 
to optimize cleaning process conditions and solvent choices at the bench scale before deployment. 
The material of which the cleaning rig was printed limited the solvent that could be used for this 
study, and future modifications will include a more chemical-resistant material.   

1. Introduction 

Cleanliness has to be guaranteed to prevent contamination of any pharmaceutical product [1]. There are no specific standards for 
verifying cleanliness criteria, with cleaning guidelines being determined by each company [2,3]. It is impossible to eliminate residuals 
left in the equipment after the cleaning totally, yet it is still possible to verify that the residuals left are below pre-determined 
acceptance limits [4,5]. Some of the historical acceptance limits that were adopted for cleaning validation are: dose, 10 ppm, and 
visually clean criteria [6]. For the first criterion, dose, a maximum of 0.1 % of the therapeutic dose can be carried out to the next 
product manufactured in the same equipment. For the second criterion, a maximum of 10 ppm of the product can appear in a different 
product. Finally, for the visually clean criterion, no residual should be visually observed on the equipment. The selection of the 
acceptance limit used will depend on the product being manufactured, and on the toxic and pharmacological potential of this product 
[7,8]. In recent years, Health-based exposure limits (HBELs) have become the standard criteria that are used to calculate cleaning 
limits, as mandated by the European Union’s Good Manufacturing Practice (Annex 15) in 2015 [9]. This approach specifies the 
Permissible Daily Exposure (PDE) limit which sets a daily upper exposure limit with no adverse effects over a lifetime for the 
contaminant in question. This ‘bottoms-up’ approach constitutes a paradigm shift compared to other approaches that were based on 
LD50 or similar lethality measures. 
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The use of Process Analytical Technology (PAT) in cleaning verification is strongly encouraged [10]. Some of the analytical 
techniques that are used for cleaning verification are mid-IR [11,12], NIR [13], FT-IR [14], UV–Vis spectroscopy [15,16], fluorescence 
[17,18], total organic carbon (TOC) [17], LC-MS, LC-UV [16,19,20], and ultrasonic measurements [21]. UV–Vis spectroscopy 
generally has lower detection limits than other PAT techniques and is thus one of the most useful PAT tools in in-situ cleaning 
monitoring and verification. There are two main uses of PAT tools in cleaning: they allow for (i) the study of cleaning profiles, and (ii) 
the determination of cleaning endpoint. While the adoption of PAT and Quality by Design principles is still sluggish in the pharma-
ceutical industry [22,23], its use in process development can be very insightful. Notably, the study of cleaning profiles is useful to 
optimize cleaning procedures [24] before validation, in turn yielding more resource-efficient and more sustainable procedures. The 
removal of soils from process surfaces during cleaning-in-place (CIP) occurs by different mechanisms, such as [6] dissolution, shear off, 
and wash out. A typical CIP cycle consists of an initial gross clean [7] where the majority of the soil is mechanically removed from the 
surfaces by shearing and impact from the CIP jets. Subsequent cleaning cycles aim at the removal of a bound layer of soil, the majority 
of which is then removed by dissolution. Only dissolution can be properly quantified by UV–Vis. The main objective of this study was to 
design an experimental film flow rig that could be combined with an in-line UV–Vis PAT tool to study cleaning conditions in a CIP 
system. There is a need to improve cleaning, reducing downtime, cleaning time, and waste [25]. Here, we report the design and 
operation of a cleaning rig that replicates film flow and shear stresses typical of CIP applications on a bench scale. The rig can be used to 
optimize the CIP process parameters in terms of the T.A.C.T variables (time, action, chemicals, temperature) [26] before scaling up, 
thus saving time and resources. Typical bench-scale cleaning research is performed using simple coupon immersion tests or jet 
impingement tests on coupons [27,28], while several efforts are made to study cleaning procedures on the resource-intensive pilot 
scale [24,29]. This study focuses on combining CIP and PAT using bench scale cleaning tests to study cleaning profiles in the film flow 
configuration. 

2. Materials and methods 

2.1. Materials 

The active pharmaceutical ingredient (API) selected for this study was Olanzapine, which was kindly provided by Eli Lilly & Co 
(Ireland) Ltd. Olanzapine was selected as a model as it was described as a hard-to-clean API, so it constitutes an ideal residue to mimic 
the worst-case scenario. Methanol was purchased from Fisher Scientific (CAS no. 67-56-1). 

2.2. Design of the experimental rig 

The purpose of the cleaning rig is to hold a 2” × 2″ coupon stained with API and replicate the falling film flow that would be 
generated by static clean-in-place (CIP) nozzles inside a process vessel. Typical flow rates in such applications are around 100 L min− 1. 
mdiameter

− 1 , this specifies the range of flow rates of interest in the rig at up to 1.8 L min− 1 for a 2″ wide channel, by normalisation of the 
flow rate to the perimeter. The flow rate used in this study was 0.8 L min− 1, which corresponds to a moderate flow rate sufficient to 
reach fully developed flow conditions that cover the entire coupon width. This was chosen to give a conservative estimate of cleaning 

Fig. 1. Prototype of the cleaning rig, 3D-printed in PLA. (Left) Front view, (middle) back view, and (right) top view of the cleaning rig.  
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performance by avoiding excessive mechanical shear forces: film flow in CIP cleaning is developed on vessel walls away from the direct 
impingement area of the jets, and thus the mechanical action is much weaker. Furthermore, to guarantee a fully developed film flow 
over the coupon free from transient effects, the flow is guided on a 4” ramp for an overall aspect ratio of 3:1. Additional components 
required for a fully functional assembly are a feed tank through which solvent is pumped, and a drain section to collect the effluent, and 
pass it through the PAT probe. 

The rig was 3D printed in polylactic acid (PLA) with SS316 fasteners (Fig. 1). The drain section has a concave shape, which provides 
a small liquid head over the probe. This reduces the risk of an air bubble being trapped in the flow path. A vortex breaker was also 
added at the bottom of the drain before the sensor to avoid the penetration of air pockets into the sensor lumen. 

A milled acetal base was used to bolt down the rig instead of relying on laboratory stands to clamp the rig, thus reducing vibrations 
from the pump to the rig. 3D-printed clamps bolt over the entire assembly to improve the mechanical integrity and exert extra pressure 
on mating faces, which minimises the occurrence of leaks. 

2.3. Coupon preparation 

In this study, Olanzapine was selected as a hard-to-clean residue model. The first stage of the coupon preparation was to clean the 
barre stainless steel (SS) coupons with water and methanol [4,30]. Clean 2’’ × SS coupons were weighed before and after being stained 
with either a saturated solution or a paste of Olanzapine in methanol. Coupons were prepared in triplicate, with a pipette for the 
saturated solution (Fig. 2), or with a spatula to smear the paste to stain the coupons (Fig. 3). All coupons were stored at 40 ◦C before the 
cleaning trials. The dirty hold time varied for each experiment, the specific amount of time that the coupons were stored at 40 ◦C is 
specified in the figure captions. 

2.4. Instrumentation and data collection 

The setup of the cleaning trials (Fig. 4) included a Hirschmann Rotarus smart 30 peristaltic pump, the cleaning rig, a PAT tool 
(Ocean Optics: STS-UV detector), DH-mini UV–Vis–NIR light source (Deuterium lamp), a T200-RT-UV-VIS transmission dip probe with 
a 10 mm pathlength optical chamber from Ocean Insight, and a Dell Ultrasharp WB7022 webcam. 

Micrographs of the deposited olanzapine crystals were obtained using a Hitachi SU70 scanning electron microscope, at a gun 
voltage of 5 kV, and using a secondary electron detector at a working distance of 10 mm. 

2.5. Cleaning trials 

The first step to allow the cleaning trials was to collect a calibration curve for Olanzapine in methanol. The calibration curve was 
collected with 200 ms integration time, an average of five scans, and integrated over the main peak’s wavelength range using 
Simpson’s integration method. Application of Beer-Lambert’s law on the integral of the absorption spectrum instead of the peak in-
tensity was chosen to minimise variation in the reading, as the requirement for fast response prohibits the use of high scan averaging to 
combat noise. 

Olanzapine solutions ranging from 1 to 50 mg L− 1 were used to collect the calibration curve (Fig. 5) over a 250–310 nm wavelength 

range. Limit of Detection (LOD =
[
3.3 ×

(
σ/s

)]
), and Limit of Quantification (LOQ =

[
10 ×

(
σ/s

)]
; where s =

slope of the calibration curve,σ = standard deviation of the response) were calculated from the calibration curve according to the ICH 
Q2(R1) guidelines [31]. Olanzapine showed a very low LOD (0.77 mg L− 1) and LOQ (2.35 mg L− 1). 

Coupons would be considered clean if the stain was not visible (visually clean) [32], or when the PAT signal returned to baseline 

Fig. 2. Coupons #1, #2, and #3 stained with a saturated solution of Olanzapine in methanol. Coupons were stained with 300 μL. Dirty hold time 
was three weeks. The blue lines observed on the coupons are reflections from the laboratory lights. 
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Fig. 3. Coupons #4, #5, #6, and #7 stained with a paste of Olanzapine in methanol using a spatula. Dirty hold time was 16 days. The blue lines 
observed on the coupons are reflections from the laboratory lights. 

Fig. 4. Setup of the cleaning trials showing the peristaltic pump, cleaning rig, inline UV–Vis PAT tool equipped with an immersion probe, UV–Vis 
light source, optical camera and a computer to control the setup. The experiments were carried out inside a fume hood. 

Fig. 5. Calibration curve for the Olanzapine solutions in methanol with a concentration ranging from 1 to 50 mg L− 1. The calibration curve was 
collected with the Ocean Optics STS-UV system. 
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levels. The endpoint of the cleaning trials would be which happened first: visually clean or return to baseline levels. 

2.6. Data analysis 

The concentration measured by the UV–Vis instrument was recorded, and the amount of Olanzapine cleaned was then calculated 
using Equation (1). All the calculations were made using an in-house written code carried out in MATLAB ver. 9.9 (The MathWorks 
Inc.). Raw PAT data was collected and smoothed using a 10-point moving average filter. A constant offset baseline correction was 
applied to correct the fluctuations going into negative values measured by the PAT tool towards the cleaning endpoint when the 
concentration was below detection limits. The code computes the concentration profile measured by the PAT tool and calculates the 
amount dissolved by the cleaning solvent according to Equation (1). 

API cleanedmg =

∫ Concentration(t)mg L− 1 × Flow rateL min− 1

60s min− 1
dt Equation 1  

3. Results and discussions 

3.1. Cleaning of olanzapine coupons prepared with a saturated solution 

Coupons prepared with Olanzapine saturated solution (Fig. 2) had a dirty hold time of three weeks. The average weight of 
Olanzapine for the coupons prepared with 300 μL of the saturated solution was 46.60 ± 2.41 mg. The average Olanzapine residual left 
on the coupons after the cleaning trials was 0.37 ± 0.12 mg, with an average of 99.21 ± 0.26 % of the Olanzapine being cleaned during 
the trials (Table 1). The coupons were cleaned until the UV–Vis signal returned to baseline values, which happened without the 
coupons being visually clean (Fig. 6). 

Fig. 7 exhibits the cleaning monitoring signals measured by the in-line UV–Vis. Olanzapine concentrations (D-F) and the totalized 
Olanzapine amounts measured by the PAT tool (A-C) are shown. The first trial (Fig. 7A-D) shows a typical cleaning profile: there is an 
initial concentration spike corresponding to the initial removal of most of the loosely bound soil and a decaying tail that corresponds to 
the dissolution of the remaining bound layer. 

The totalized removed soil (Fig. 7A) shows that the majority of the soil is indeed removed in the first 10 s. The second and third 
trials (Fig. 7B-E and 7C–7F) show a more complex behaviour, with a primary peak and a secondary peak observed, causing two 
plateaus in the totalized Olanzapine detected (Fig. 7B-C). This behaviour is not characteristic of surface cleaning phenomena based on 
soil dissolution. Olanzapine cleaned from Coupons #2 and #3 was removed in sizeable flakes that broke off the surface, as opposed to 
the more dispersive removal observed in Coupon #1. These solid flakes are deposited in the bottom of the drain section upstream of the 
UV–Vis probe, disintegrating and dissolving there due to the higher flow velocity at the throat, thus giving an artificial second peak. 
However, the totalized amount of Olanzapine removed did account for this secondary dissolution phenomenon, and therefore 
increased the recovery, nonetheless. Table 2 summarises the cleaning results. 

The low recovery calculated with Equation (1) can be explained by the fast washout of the Olanzapine on the coupons prepared 
with the saturated solution. The Olanzapine applied to the coupons was almost completely washed out in a few milliseconds (Video 1, 
https://youtu.be/C6sX4Mot1Rs). These data show that the UV–Vis PAT technique used for monitoring the cleaning process can only 
monitor the dissolved API, and therefore mechanically entrained API that was not dissolved passed through the sensor without being 
detected, hence the low recovery calculated. 

3.1.1. Cleaning of olanzapine coupons prepared using a paste 
The dirty hold time for the coupons prepared with Olanzapine paste (Fig. 3) was 16 days. The average Olanzapine weight for the 

coupons prepared with the paste was 30.48 ± 2.68 mg, and an average residual of 3.10 ± 1.74 mg was left on the coupons after the 
cleaning trials. An average of 89.78 ± 5.54 % of the Olanzapine was cleaned from the coupons during the cleaning trials (Table 3). The 
coupons were not visually cleaned (Fig. 8) even after 2.5/3 min on stream, after which the experiments had to be stopped due to the 
solvent being consumed totally. Experiments were limited to the use of a 2.5 L bottle of methanol per coupon. 

After the cleaning trials, the amount of Olanzapine cleaned was calculated (Equation (1), Table 4) from the concentration mea-
surements recorded from the UV–Vis PAT tool. 

While the washout was the main cleaning mechanism observed for the coupons prepared from the saturated solution of Olanzapine, 
dissolution was prevalent for the coupons prepared from the paste. This can be observed in Fig. 9. The amount of Olanzapine cleaned 

Table 1 
Olanzapine saturated solution (300 μL) was applied to the coupons with a pipette. All the coupons were dried at 40 ◦C for three weeks. Olanzapine 
concentration (mg.L− 1) was measured online using the Ocean Optics STS-UV system.  

Coupon # Coupon 
(g) 

Coupon + Olanzapine 
(g) 

Olanzapine 
(mg) 

Coupon after cleaning 
(g) 

Total amount cleaned 
(mg) 

Residual 
(mg) 

% 
Cleaned 

1 20.0800 20.1290 49.00 20.0805 48.50 0.5 98.98 
2 20.1288 20.0815 47.50 20.0815 47.30 0.20 99.58 
3 20.0469 20.0902 43.30 20.0473 42.90 0.40 99.08  
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increased with time (Fig. 9A–D), the first spike observed in Fig. 9 (E-H) was due to some small shear off, with a constant concentration 
being washed out for the rest of the cleaning time. Even though it looks like Coupon #6 did not follow this pattern, the presence of two 
other peaks (Fig. 9G) was artificially created by the change in the bottle of methanol being used for the cleaning process. The methanol 
flow was momentarily interrupted during the change, meaning that there was a break of the meniscus in the sensor, artificially creating 
the peaks observed in Fig. 9G. 

Most of the Olanzapine paste coupons had a good, calculated recovery (>79 %), except Coupon #7. The poor recovery in the last 

Fig. 6. Coupons #1, #2, and #3 after being cleaned with methanol at 0.8 L min− 1 flow rate. The blue lines observed on the coupons are reflections 
from the laboratory lights. 

Fig. 7. The top row shows the graphs of time vs. concentration of Olanzapine cleaned out for (A) Coupon #1, (B) Coupon #2, and (C) Coupon #3. 
The bottom row shows the graphs of time vs. the amount of Olanzapine cleaned (D) Coupon #1, (E) Coupon #2, and (F) Coupon #3. 

Table 2 
Olanzapine concentration (mg.L− 1) was measured online using the Ocean Optics STS-UV system. The stain area was different for each coupon.  

Coupon # Amount of Olanzapine cleaned (mg) Time to clean (s) % Recovery Coupon area stained (cm2) 

1 6.47 24.77 13.2 12.3325 
2 3.40 13.3 7.16 12.5694 
3 3.44 18.37 7.98 13.4074  
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coupon (49 %) was associated with the significant shear-off at the beginning of the cleaning (Video 2, https://youtu.be/lvk37NF_ 
7OQ). The mechanically displaced soil (shear off) was not detected by PAT, hence the low calculated recovery observed for 
Coupon #7. The slightly reduced recovery calculated from the concentration measured with the PAT tool for Coupons #4 to 6 could 

Table 3 
Olanzapine paste was applied with the help of a spatula on the coupons. All the coupons were dried at 40 ◦C for 16 days. Olanzapine concentration 
(mg.L− 1) was measured online using the Ocean Optics STS-UV system.  

Coupon # Coupon 
(g) 

Coupon + Olanzapine 
(g) 

Olanzapine 
(mg) 

Coupon after cleaning 
(g) 

Total amount cleaned 
(mg) 

Residual 
(mg) 

% 
Cleaned 

4 20.0534 20.0842 30.80 20.0585 25.70 5.1 83.44 
5 19.7977 19.8240 26.30 19.7995 24.50 1.80 93.16 
6 20.0746 20.1056 31.00 20.0791 26.50 4.5 85.48 
7 19.8884 19.9222 33.80 19.8894 32.80 1.0 97.04  

Fig. 8. Coupons #4, #5, #6, and #7 after being cleaned with methanol at 0.8 L min− 1 flow rate. The blue lines observed on the coupons are 
reflections from the laboratory lights. 

Table 4 
Olanzapine concentration (mg.L− 1) was measured online using the Ocean Optics STS-UV system. The stain area was different for each coupon.  

Coupon # Amount of Olanzapine cleaned (mg) Time to clean (s) % Recovery Coupon area stained (cm2) 

4 24.54 133.47 79.68 12.9776 
5 24.53 142.6 82.28 15.7743 
6 26.16 175.8 84.28 11.5005 
7 16.74 147.27 49.59 11.0647  

Fig. 9. The top row shows the graphs of time vs. concentration of Olanzapine cleaned out (A) Coupon #4, (B) Coupon #5, (C) Coupon #6, and (D) 
Coupon #7. The bottom row shows the graphs of time vs. amount of Olanzapine cleaned for (E) Coupon #4, (F) Coupon #5, (G) Coupon #6, and (H) 
Coupon #7. Multiple spikes in Coupon #6 occurred during the change of the methanol bottle. 
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also be explained by shearing off of Olanzapine material during the cleaning trial (Video 3, https://youtu.be/lrOw8w1_gWs). Only the 
API that undergoes dissolution could be measured with the Ocean Optics UV–Vis system, thus, the shear off influenced the calculated 
recovery. The shear-off was minimal for the coupons prepared with a paste, with dissolution being the main mechanism responsible for 
their cleaning. 

While the scope of this study is the demonstration of the usefulness experimental rig equipped with UV–Vis as a PAT tool to develop 
cleaning methodologies and study the cleaning mechanisms, the obtained results show some limitations of the use of UV–Vis as a 
unique PAT tool. If the dissolved amount of olanzapine is below the detection limit, UV–Vis is not sufficient to detect the residues. 
Thus, combining UV–Vis with another optical PAT tool is necessary to visually ensure the cleanness of the coupons. Of note, phar-
maceutical industries are relying on visual inspection to validate the cleaning process. 

Cleaning of the Olanzapine coupons prepared with the paste was less efficient than those prepared from the saturated solution, even 
if the dirty hold time was smaller. This could be explained by the difference in Olanzapine crystal sizes between the coupons prepared 
with a saturated solution and a paste (Fig. 10). The recrystallization occurring during the natural drying of the saturated solution 
produced a crystal size distribution that was larger than the original crystal size distribution of the olanzapine dispersed in methanol as 
a paste. Smaller particles are more difficult to remove [33], thus, it was natural that the coupons prepared with a paste were harder to 
clean. The difference in crystal sizes was not related to the formation of different Olanzapine polymorphs [34,35]. In addition to 
experiencing a lower rotational torque under the flow, smaller crystals also interact more closely with the surface crevices, which 
makes their displacement by fluid flow more challenging. 

There are two mechanisms governing CIP cleaning: dissolution and mechanical entrainment. Our study shows that only dissolution 
could be efficiently tracked by the UV–Vis PAT. The origin of the Olanzapine stain affects its mechanical properties, and therefore the 
dominating cleaning mechanism in the cleaning process is dependent on the crystallization and agglomeration conditions. 

To use the bench scale results to optimize CIP cleaning parameters accurately, knowledge of the soil conditions inside process 
equipment is crucial to selecting the proper coupon staining method. Practically, different areas of the processing equipment will have 
different soil conditions, and therefore real equipment will show an intermediate behaviour between both extremes. In a typical 
crystallization vessel, the metal surface in contact with the top of the liquid level is continuously swept by oscillating liquid levels that 
create a thin film, and the occasional splashes of saturated liquor. Drying of these layers is likely to produce stains of properties 
comparable to those prepared by saturated solution. The submerged parts of the vessel, especially at the bottom, will typically be 
stained with a cake-like deposit of crystals carried by the solvent, and eventually dry into stains comparable with the dried paste 
prepared. Therefore, cleaning of the vessel will be governed by a mutual contribution of both mechanisms. 

The implication of these findings in terms of CIP design for an Olanzapine processing facility highlights the resilience of Olanzapine 
stains to removal by mechanical dislodgement during the initial gross rinse. Thus, it is necessary to use high shear and potentially 
impact jets during the initial rinse to successfully remove the majority of Olanzapine, before running the subsequent cleaning passes 
that eventually dissolve the strongly bound final layer. The use of in-line PAT in this application would be targeted towards the 
detection and verification of the cleaning endpoint rather than the quantification of the total amount removed. 

Fig. 10. Scanning electron micrographs of the olanzapine (top) prepared from saturated solution, (bottom) prepared with Olanzapine paste, before 
being cleaned. 
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4. Conclusions 

Throughout this study, the application of the in-line UV–Vis PAT tool in the real-time monitoring of cleaning-in-place was 
comprehensively investigated. PAT technology was assessed for the in-situ monitoring of cleaning progress. The use of in-line UV–Vis 
as a PAT tool is useful to monitor the cleaning profile and to verify the cleaning performance but cannot be used to quantify the total 
amount of soil washed out. Thus, combining UV–Vis with another PAT tool like an optical PAT is necessary to ensure the cleanness of 
the surface. Its use in recovery studies during cleaning validation studies should be accompanied by another PAT technique capable of 
quantifying dispersed but non-dissolved API. Future designs should include the integration of multiple PAT tools for more reliable 
measurements. 

Olanzapine was shown to be a difficult material to clean, and its cleaning profile was tremendously affected by the properties of the 
stain. This shows that the development of bench-scale studies for CIP process optimization must therefore consider the different soil 
qualities on process equipment and attempt to replicate them as closely as possible. The obtained data showed that methanol is not the 
best cleaning agent for Olanzapine. Long times and large volumes of methanol are required for an efficient cleaning of Olanzapine. 
Further cleaning trials should assess the use of other solvents or optimized solvent blends that show a higher olanzapine solubility. 

The cleaning trials showed that the cleaning mechanism of olanzapine is governed by lift-off and dissolution. Thus, adhesion 
properties and interactions with the cleaning agent should be considered when investigating other APIs with similar properties as 
olanzapine. These findings pave the way to develop methodologies that can be applied to groups of APIs with similar physical and 
chemical properties. 

The film flow rig developed in this work is ideal to optimize the cleaning process by assessing other cleaning agents, as long as the 
rig is printed in a more chemical-resistant material. The next steps are to manufacture the film flow rig with polyether ether ketone 
(PEEK), which should allow the use of different solvents to select the best one to be used. 
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