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Abstract 

Aim: The aim of this project was to optimize the clean-in-place program for a fluid bed dryer 

used after drying wet ferrous granules, with focus on shortening the total time used for the 

program. This clean-in-place program has two critical objectives; removing a hard to clean 

iron residue on the inside surface of the fluid bed dryer by using an acidic detergent and 

thereafter removing the acidic detergent by rinsing steps. 

Methods: The optimization was performed by down scaling the current clean-in-place 

program to laboratory scale, then varying the parameters volume and time by applying the 

statistical model Central Composite Circumscribe and use experimental design optimization 

to determine the influence of the parameters on the effect of cleanliness. Cleanliness in 

laboratory scale was assessed by visual inspection and UV/Vis spectroscopy. The cleanliness 

in production was determined by visual inspection, an iron test kit and a pH-meter. The results 

from the laboratory scale optimization lead to a new clean-in-place program that was 

evaluated twice in production after drying of ferrous batches. 

Results and conclusions: The hard to clean iron residue could be recreated in laboratory 

scale. The optimization in laboratory scale showed that the parameter water was the most 

significant parameter for removal of the iron residue. The new clean-in-place program 

evaluated in production was 40% (approx. 110 min) shorter than the current clean-in-place 

program. The results of cleanliness varied after the new clean-in-place program had been used 

in production, not all hard to clean areas tested had approved results. Further optimization is 

needed to be able to clean after varying amount of granules in left in the fluid bed dryer after 

production ended. An interesting side results was that two steps dedicated to rinse out the 

detergent could be removed. This fact can lead to that even more rinsing steps can be 

excluded in the future clean-in-place programs.  

  



2 

 

Populärvetenskaplig sammanfattning  

Kraven inom läkemedelsindustrin är stränga och reglerna för tillverkning av läkemedel är 

omfattande. För att försäkra sig om att olika ämnen inte sprids mellan produkter och att 

mängden föroreningar är minimal är rengöringsvalidering ett ovärderligt inslag för 

produktionen. En validerad rengöringsmetod beskriver ett standardiserat arbetssätt att rengöra 

utrustning som försäkrar att utrustningen som används uppvisar en förutbestämd nivå av 

kemisk och mikrobiologisk renhet efter tillverkning av samma produkt i kampanj och vid 

produktbyten när olika produkter tillverkas. Vilken nivå som krävs beror bland annat på vad 

produkten ska användas till, vilka substanser som ingår, satsstorlekar och dosering för 

produkter som tillverkas med samma utrustning. Rengöringsvalidering är ett viktigt steg inom 

Good Manufacturing Practice (GMP) vilket är ett regelverk för att garantera 

läkemedelskvalitet. GMP måste uppfyllas för att få licens att tillverka produkter inom 

läkemedelsindustrin.  

Kemwell AB är en kontaktstillverkare av läkemedel i Uppsala som tillverkar ett flertal olika 

läkemedel. Ett av läkemedlen som tillverkas innehåller ferroussalt som den aktiva substansen 

och produkten kan användas för att förhindra järnbrist. Produkten säljs i form av tabletter som 

tillverkas genom slagning av ferrousgranulat. Under torkningen av ferrousgranulat bildas en 

beläggning på utrustningen som kräver ett omfattande och tidskrävande arbete att ta bort. Det 

här projektet går ut på att optimera den rengöringsmetod som i nuläget används för att rengöra 

utrustningen efter torkningen av ferrousgranulat. Rengöringsprogrammet har två 

huvuduppgifter; att ta bort järnbeläggning genom att använda ett surt rengöringsmedel, och att 

använda sköljsteg för att få bort rester av rengöringsmedlet från utrustningen. 

För att optimera rengöringsmetoden skalades nuvarande rengöringsprogrammet ner 167 

gånger. Den utrustning som används i produktionen representerades på laborationsskala av en 

behållare av rostfritt stål på 5L. Den första delen av projektet gick ut på att skapa samma 

beläggning i behållaren som bildas i produktionen. Volymen vatten och tiden för olika steg i 

den nedskalade programmet varierades och mängden beläggning som togs bort från 

behållarens kanter för de olika volymerna och tiderna mättes. Resultatet från optimering på 

laborationsskala användes till att skapa ett nytt rengöringsprogram som sedan testades i 

produktionen. 

Den optimering av rengöringsprogrammet som Kemwell AB främst ville uppnå var att 

minska den totala rengöringstiden som behövs för att uppnå ett rent resultat. I den 

rengöringsmetod som arbetades fram under detta arbete minskade tiden med ca 110 minuter 

(40%). Det nya rengöringsprogrammet användes i produktion efter torkning av två separata 

kampanjkörningar av ferrousgranulat, rengöringsförsök 1 och 2. Resultatet efter försök 1 visar 

att mängden järn var borttagen enligt uppsatta gränser och visuellt ren för 2 av 4 testpunkter. 

Resultatet efter försök 2 visar att mängden järn var borttaget enligt uppsatta gränser för 

samtliga testpunkter och visuellt rent för 1 av 4 testpunkter. Skillnaden i resultatet beror på 

varierande mängder granulat i produktionen och på varierande grad av utförande av manuell 

rengöring som föregår rengöringsmetoden. 

Sköljningsstegen som används för att få bort rester av rengöringsmedlet minskades med 800 

L. Trots det visade båda försöken att rengöringsmedlet var borttaget inom gränser.  

Sammanfattningsvis uppvisar det nya programmet lovande resultat, men fortsatt optimering 

måste göras i helhet för att kunna behandla de varierande förhållanden som förekommer i 

produktionen.  
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Under den optimeringen kan man ta med sig viktiga slutsatser från detta arbete: 

* Mängden järnbeläggning som tas bort påverkas till stor del av volymen vatten som används. 

* Två sköljsteg som används i nuvarande rengöringsprogram för att ta bort rester av 

rengöringsmedel kan tas bort utan att det påverkar resultatet. 

Resultatet kan ligga till grund för en vidare optimering av en effektivare rengöringsmetod som 

kan användas i produktionen hos Kemwell AB. 
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1    Introduction  

Kemwell AB is a contract manufacturer that manufactures non-sterile solid or semi-solid 

dosage forms of pharmaceutical products in their multipurpose facility in Uppsala, Sweden. 

To prevent cross contamination between different products and fulfill industry standards, 

cleaning validation is a crucial tool to ensure that the equipment is cleaned when several 

batches are manufactured in campaign and when different products are manufactured using 

the same equipment.  

One of the products that are manufactured is used to prevent iron deficiency and contains a 

ferrous salt as active pharmaceutical ingredient (API). The main manufacturing steps involve 

wet granulation, fluid bed drying, final blending and tableting.  

A fluid bed dryer is constructed with a perforated base where air can flow through a bed of 

solid particles, such as granules. If the velocity of the air reaches a certain level, the particles 

start to hover in the air and move freely. This will create a maximum surface between the 

particles and air, which will cause rapid drying [1]. The fluid bed dryer used in production at 

Kemwell AB  can maximum be filled with 500 L of cleaning media and consists of stainless 

steel 316L (Figure 1).  

 

Figure 1. The fluid bed dryer used at Kemwell AB.  

When the granules containing ferrous salt are dried in the fluid bed dryer, a hard to clean gold 

colored residue is formed. The residue appears as a super thin non peelable layer of the 

surface of the equipment that is not removed by applying mechanical force. The residue is 

commonly referred to as rouge. The residue is created when Fe
2+

 is oxidized to Fe
3+

 which is 

insoluble in water [2]. The iron residue has been of concern for the company since it requires 

a time-consuming and extensive cleaning method to remove.  

The cleaning methods that are created for pharmaceutical production is specific for the 

equipment that is being cleaned and for the product that is being manufactured. Two different 

products that are dried using the same equipment have different cleaning strategies depending 
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on the intricate factors correlated to the substances used for each separate product. Before new 

API is to be handled by production it is normally assessed as either worst case or non-worst 

case, and the level of cleaning validation needed is set in accordance. When new cleaning 

methods are created, a trial and error approach is commonly used and both chemical and 

microbiological cleanliness is investigated. Thereafter the cleaning method needs to be 

validated to ensure that the required cleanliness is reached after production. It is also 

important to take environmental aspects into account, e.g. to minimize the amount of water 

used to achieve the desired level of cleanliness. 

During cleaning validation, several aspects are considered to ensure that the equipment is 

clean. There are several regulations, such as ICH, Eudralex and FDA guidelines, that specify 

verifications tests and limits of cleanliness. The typical verification tests are swabbing for 

traces of API on equipment surfaces to evaluate the presence of residues in the cases when 

different products are being manufactured, and extraction of water samples to ensure that 

contamination of unwanted material is not present in the final product [3]. A visual inspection 

is performed to ensure that the equipment is visually clean with no visual residue and that the 

equipment is dry to prevent microbiological growth. The microbiological growth is often 

evaluated using contact plates. 

After drying of the ferrous component at Kemwell the cleanliness of the fluid bed dryer is 

verified by visual inspection. During cleaning validation chemical and microbiological 

samples are also analyzed. The limit for the chemical sampling is an iron residue acceptance 

limit (RAL) of 2 ppm from a sampling area of 100 cm
2
. This is based on the therapeutic daily 

dose and toxicological data of ferrous and other products that are produced using the same 

equipment [4]. The limits are constructed from calculations described in Eudralex and FDA 

guidelines. To verify that the detergent is removed pH of the last rinsing water is controlled 

by comparing pH of the inlet and outlet water. A pH difference of no more than -0.2 is a 

measurement that the amount of acidic detergent is reduces to limits which does not affect the 

next batch and the patients using the product. The limit for microbiological testing is <25 

cfu/plates [5] according to Eudralex. 

The current cleaning method after drying of ferrous granules starts with manual cleaning in 

combination with automatic cleaning and this part removes loose granules. Several hard to get 

places, such as multi valves, filter baskets, sampling valves, spray nozzles and temperature 

sensors are cleaned using paper dampened with purified water (PW) or ethanol. Granules 

underneath the diffuser plate and the draining pipe are removed using a pressure washer. This 

is followed by an automatic clean-in-place program (Table 1).  
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Table 1 - Current clean-in-place program with two objectives: removal of iron residue using an acidic 

detergent and removal of the acidic detergent by rinsing steps. This cleaning program is dedicated to be 

used after drying of ferrous granules.  

The clean-in-place program consists of 11 steps and 

the main purpose is to remove the hard to clean iron 

residue by using an acidic detergent and thereafter 

remove the detergent from the equipment. In 

general inorganic substances, such as the iron 

residue, is removed using acid detergents [6]. The 

detergent that is used in production contains 50% 

citric acid and 10% formic acid. Other approaches 

to remove iron residues on surfaces of stainless 

steel is to use phosphoric acid [7]. This chemical is 

however unfriendly to work with since it is 

corrosive and is less suitable to use for the safety of 

the operators.  

The current clean-in-place program for the fluid bed 

dryer after drying ferrous granules is extensive and 

time consuming. By reducing the cleaning time, the 

productivity of Kemwell will increase.  

The aim of this project is to provide Kemwell AB 

with an optimized clean-in-place program that can 

be used as a future clean-in-place program after 

drying of ferrous granules in production. 

To be able to optimize the clean-in-place program, 

the iron residue needs to be recreated in laboratory 

scale and preferably be identified. The current 

clean-in-place program will be down-scaled, 

performed in laboratory scale using factorial 

experiments and evaluated using statistical process optimization with the help of experimental 

design. The results will be used to find a method that can be used in production scale after 

drying of ferrous granules. The results from the production scale will be evaluated to 

determine if the optimized clean-in-place program can be proposed as the new clean-in-place 

program to be validated and used in production.    

Step  Type Volume (time for 

wash, with 

detergent)  

1 Pre rinse 400 L  

2 Wash 
300 L (40 min, 

detergent)  

3 Rinse 300 L 

4 Wash 
400 L (90 min, 

detergent)   

5 Rinse 500 L 

6 Wash 
400 L (20 min, 

detergent)  

7 Rinse 500 L 

8 Wash  
300 L (10 

min,detergent)  
9 Rinse 500 L 

10 Pre rinse 500 L  

11 Rinse 500 L PW  
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2    Material and methods 

2.1 Chemicals 
Water (softened water, total hardness <1,0 °dH, in place, Kemwell), PW (purified water, in 

place, Kemwell), milli-Q (in place, Kemwell) pure ferrous salt API (containing 33% Fe
2+

) and 

ferrous granules (containing 90% ferrous salt, maize starch, sodium lauryl sulphate, gelatin 

and liquid paraffin) from previous batches (Kemwell AB, Sweden), HNO3, (puriss, p.a. 65%, 

Merck KGaA, Germany), NaCl (for analysis, Merck KGaA, Germany),  NaOH (0.1 M, in 

house, Kemwell AB), Iron Test, Aquaquant, art. No. 114404 (Containing Ammonium 

thioglycolate, thioglycolic acid, 1.10-phenanthroline monohydrochloride, Merck KGaA, 

Germany) used for semi quantitative measuring the amount of Fe
2+ 

ions in a solution, 

Detergent: P3-cosa CIP 72 detergent (50 % Citric acid, 10 % Formic acid, pH 2.3-2.7, Ecolab, 

Germany). 

2.2 Equipment 

Equipment used in laboratory scale : UV/Vis spectrophotometer Cary 100 Bio (511 nm, 2 mm 

cuvette, Varian, USA) for measuring the absorbance of iron in water samples using PW as 

reference, Cary WinUV Pharma software version 3.1 for treating data from measurement of 

iron in water samples, MODDE 9.1 software (Umetrics, Sweden) for data analysis. 

Equipment used in production: Bohle Fluid Bed System BFS 240 (Bohle, Germany) for 

drying of granules, pH-meter PHM 220 system 414 and 630 (Radiometer Copenhagen, 

Denmark) for measuring the pH of water samples. 

2.3 Analytical methods 

2.3.1 Iron test kit 

During previous cleaning validation of the fluid bed dryer, and after the tests in production 

scale, to assure that the amount of iron in the fluid bed dryer after cleaning is below 2 ppm, an 

iron test kit containing thioglycolic acid, ammonium thioglycolate and 1,10-phenanthroline is 

used. Thioglycolic acid and ammonium thioglycolate reduce Fe
3+

 to Fe
2+

 ions which form a 

red colored complex with 1,10-phenanthroline (see Figure 2) [8]. The amount of complex are 

measured colorimetrical by comparing color of the solution to color fields of a color card [9]. 

 

Figure 2. The complex formed between Fe
2+ 

and 1,10-phenanthroline used in iron test kit. The formed 

complex can be measured colorimetrical by comparing the color of the solution to color fields of a color 

card or measured using UV/Vis spectroscopy. 

Analytical procedure: 10 ml 0.1% HNO3 is placed in a test tube. A swab stick, see Figure 3, 

is soaked in the acid and a chemical sampling is performed by stroking the swab stick in a 

specific pattern on a test surface of 10x10 cm. This is performed using two swab sticks per 
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sampling point. The end of the swab sticks are placed in test tubes which are placed on a 

shaker table for two hours. 5 ml of the solution is mixed with 5 ml 0.1% HNO3 and examined 

visually by comparing the color of the solution to color fields of a color card.    

 

 

Figure 3. The swab stick used to sample the fluid bed dryer 

2.3.2 UV/Vis spectroscopy 

 Iron test kit has been proven effective in measuring the concentration of iron in water 

samples [10]. Since a red colored complex is created between Fe
2+

 and 1,10-phenanthroline, 

UV/Vis spectroscopy can be used to determine the amount of complex instead of using the 

color fields of the color card in the iron test kit. UV/vis spectroscopy will give a more precise 

value, which is necessary to be able to compare different setups in laboratory scale.  

In UV/Vis spectroscopy, light of a certain wavelength get absorbed by a molecule. By 

measuring the intensity between the inlet light (I0) and the outlet light (I), the amount of 

molecules that absorbs that particular wavelength can be quantified using Lambert-Beers law 

(1), where A is Absorbance, ε is the molar absorption coefficient, d is the length of the cell 

and c is the concentration of the sample [11].  

      
  

 
        

In order to determine the optimal wavelength to measure the absorbance of the Fe
2+

-1,10 

phenenthroline complex, two samples of different concentrations were scanned in the visible 

wavelength region. The optimal wavelength was set to 511 nm (Figure 4) which corresponds 

to absorbed spectral color blue-green [12]. The wavelength is expected since the 

complementary color of blue-green is red, which is the color of the sample.  
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Figure 4. Screening of the visible spectra of two samples gathered from the optimization in laboratory 

scaled showed a maximum at 511 nm. 

Analytical procedure: 10 mL of a water sample and three droplets of coloring agent from the 

iron test kit were added to a test tube and stirred using vortex. This was transferred to a 2 cm
3
 

cuvette and measured at 511 nm using PW as reference.  

The measured absorbance is proportional to the concentration of the sample. The volumes 

used in the different steps were multiplied to the result to get a value proportional to the 

amount of iron removed in each individual step. Since there was no value for the molar 

absorption coefficient, a relative amount was created by dividing the final result with the 

result of the sample of the highest amount. This made the setups and steps comparable. The 

linearity of the instrument was evaluated for the interval of the concentrations used (see 

Appendix 1). 

2.3.3 pH-meter 

During previous cleaning validation of the fluid bed dryer and the tests in production scale, 

pH-meter was used to determine if the acidic detergent used in the clean-in-place program has 

been sufficiently removed from the fluid bed dryer. 

A probe is lowered into the solution and the activities of the hydrogen ions in the samples are 

measured. The pH-meter was calibrated using standard buffer solutions of pH 4.01 and pH 

7.00.  

2.3.4 Visual inspection 

During previous cleaning validation of the fluid bed dryer and after cleaning has been 

performed in production, a visual inspection is performed to determine if the equipment used 

is free of visual residue and if the equipment is dry. If residues remains after the cleaning 

method has been performed but cannot be removed by rubbing ethanol damped paper against 

it, the residue is considered not transferrable and therefore the equipment is assessed visually 

clean.  

Visual inspection was performed both in production and in laboratory scale. In production 

scale the visual inspection was followed by chemical sampling. 
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2.4 Procedure 

2.4.1 Recreating the iron residue in laboratory scale 

To be able to perform the optimization in laboratory scale the iron residue needed to be 

recreated in laboratory scale. Two identical 5 L vessels coated with stainless steel 316L were 

used as laboratory scale models of the fluid bed dryer.  Pure Ferrous salt API, to maximize the 

level or iron in the vessel, and ferrous granules from batches manufactured by Kemwell, to 

resemble production at Kemwell, were mixed with water. 

To enhance the oxidation process of converting Fe
2+

 to Fe
3+

 a basic medium [13] and salt [14] 

was added to increasing the conductivity of the water. A magnetic stirrer and compressed air 

was used to increase the level of oxygen and thus the oxidation of the mixture.  

This generated 15 different setups (section 3.1) and the presence of the iron residue was 

determined using visual inspection. 

2.4.2 Clean-in-place program optimization in laboratory scale 

2.4.2.1 Setup of the laboratory scale 

Central Composite Circumscribe (CCC) 

Central Composite Circumscribe (CCC) is a statistical method suited for optimization. The 

model is generated from a central point with settings of parameters that generate a certain 

response.  The parameters are increased and decreased with predetermined factors that span 

an experimental space [15]. 

When using two parameters, a two dimensional experimental space will be created with 9 

different combinations of the parameters (Figure 5). 

 

Figure 5. The experimental space created with CCC using two parameters which generates 9 

combinations of the parameters.  

When setting up the experiment for this project, volume of water and time was chosen as the 

parameters to vary. Time was chosen since the main purpose of the optimization was to 

reduce the total time of the clean-in-place program. Volume of water was chosen since the 

removal of iron residue is not mechanical, but a matter of diffusion and equilibrium between 

the iron ions on the side of the vessel and the ions dissolved in water. By varying the volume 

of water, the equilibrium could be expected to be affected direct. An indirect effect by 
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changing the volume of water was a change of concentration of detergent, since the volume of 

detergent was equal for the different setups.  

The current setting of the cleaning method represents the central point in CCC. I chose to 

increase and decrease the parameters volume of water and time of each step with 50% and 

67% compared to the downscaled parameter settings to get a distinct indication of the effect 

the parameters had on the final result. By using a smaller percentage a risk was that no 

different in removal of iron residue could be detected. A larger percentage might discriminate 

the result for the lowest volume of water, since the surface of the water would be situated 

beneath the highest level of iron residue. The contact between liquid and iron residue would 

hence decrease and make the result of that setting less comparable to the other setups.  

In total this generated 11 setups to be performed (Table 2) where the setting corresponding to 

the current clean-in-place program is measured three times to get an approximation of the 

repeatability (see Appendix 2).  

Table 2. The 11 setups generated from CCC. ±0 % represents the downscaled magnitude of the current 

setting, The value of the parameters time and volume was increased and decreased with 50 % and 67% 

for the different setups. 

Setup Volume Time 

1 +50 % +50 % 

2 -50 % +50 % 

3 +50 % -50 % 

4 -50 % -50 % 

5 +67 % ±0 % 

6 -67 % ±0 % 

7 ±0 % +67 % 

8 ±0 % -67 % 

9 ±0 % ±0 % 

10 ±0 % ±0 % 

11 ±0 % ±0 % 

Down-scaling of the clean-in-place program 

 The volume of the current clean-in-place program was scaled down to laboratory scale 

by a factor of 167, that is 300 L in production scale is represented by 1.8 L in 

laboratory scale (See Table 3) to fit the volume of the 5 L vessel. 

 The amount of detergent was scaled down by the same factor. 

 The time was kept in the same magnitude as in production scale. 

  A magnetic stirrer was used to resemble the turbulent flow of the water during wash 

steps in production. 
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 Water pre heated to 80 °C was used in the steps, which is similar to the type of water 

and the temperature used in production 

 The same detergent was used to remove the iron residue.  

2.4.2.2 Optimization in laboratory scale 

The iron residue was created according to section 3.1. The optimization was performed with 

the parameter settings in Table 3 according to the settings generated by CCC in Table 2. A 

water sample was extracted after each step and analyzed using UV/Vis spectroscopy. A visual 

inspection was performed after the last step to determine if the vessel was visually clean. 

Table 3. The parameter settings used for optimization in laboratory scale. The current cleaning method 

consists of 11 steps. The volume used in current clean-in-place program (±0 %*) range from 300 L to 500 

L. By reducing the volume with a factor of 167, the downscaled parameter setting was created (±0 %).  

The parameters were increased and decreased with 50% and 67% and kept, depending on the setup used. 

 

Time (min) Volume (L) 

Step ±0 % - 67% - 50% + 50% + 67% ±0 %* ±0 % - 67% - 50% + 50% + 67% 

1 

     

400 2.4 0.8 1.2 3.6 4 

2 40 13 20 60 67 300 1.8 0.6 0.9 2.7 3 

3 

     

300 1.8 0.6 0.9 2.7 3 

4 90 30 45 135 150 400 2.4 0.8 1.2 3.6 4 

5 

     

500 3.0 1 1.5 4.5 5 

6 20 7 10 30 33 400 2.4 0.8 1.2 3.6 4 

7 

     

500 3.0 1 1.5 4.5 5 

8 10 3 5 15 17 300 1.8 0.6 0.9 2.7 3 

9 

     

500 3.0 1 1.5 4.5 5 

10 

     

500 3.0 1 1.5 4.5 5 

11 

     

500 3.0 1 1.5 4.5 5 

2.4.2 The new clean-in-place program in production scale 

The result from the laboratory scale was treated statistically and resulted in a proposed 

production scale clean-in-place program (see Section 3.2.2).   

The new clean-in-place program was added to the fluid bed dryers’ software. The cleaning 

was performed in two tests after two separate campaign manufactured batches of ferrous 

granules. The tests performed to evaluate the cleanliness of the fluid bed dryer after the 

cleaning performed consisted of visual inspection, swab tests using iron test kit, measuring the 

pH of the last rinsing step using pH-meter and through visual inspection. 

The iron residue was measured after the clean-in-place program was performed by a swab test 

using iron test kit (s Section 2.3). The locations where the swab test was performed were 
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chosen since they represent hard to clean places and large areas that are representative of the 

fluid bed dryer. These sampling points consisted of the bottom and inside wall of the fluid bed 

dryer, the diffuser plate and the lamp fitting (Figure 6). 

 

Figure 6. The location of the swab test in the fluid bed dryer. During the optimization of the clean-in-place 

program of the fluid bed dryer, swab tests to measure the amount of iron after the new clean-in-place 

program was performed at 1) the inside and 2) bottom of the fluid bed dryer, 3) lampfitting and 4) 

diffuser plate.  
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3    Results and discussion 

3.1 Recreating the iron residue in laboratory scale 

Several attempts were made in order to reproduce the iron residue, i.e. the oxidized layer that 

can be seen on the surface of the fluid bed dryer (Table 4). The recreation of the iron residue 

in laboratory scale was successful when ferrous granules were left in water pre heated to 71 

°C over night. The iron residue can be seen in Figure 7.  

Table 4. The 15 different setups for recreating the iron residue in laboratory scale.  

Amount of 

granules/ferrous 

salt API 

Amount of water or Milli-

Q water 

Stirrer 

(rpm) 

Time Other Residue 

created 

94,9 mg granules 2000 ml 750 3,5 h No No 

3,7  mg ferrous 15 ml
(1)

 250
(2) 

Over  

night 

No No 

2,5 mg ferrous 10 ml
(1)

 0 1 h Heated to 50°C No 

2,5 mg ferrous 20 ml Milli-Q 500 1 h Heated to 50 °C No 

5,0 mg ferrous 270 ml Milli-Q 0 2 h Heated to 75 °C No 

5,0 mg ferrous 270 ml Milli-Q 0 2 h Compressed air. 

Heated to 50°C 

for the last hour 

No 

5,0 mg ferrous 20 ml Milli-Q + 3 droplets 

of 0,1 M NaOH 

0 1 h Compressed air No 

5,0 mg ferrous 120 ml Milli-Q + 0,5 mg 

NaCl 

0 2 h No No 

2,5 mg ferrous 260 ml Milli-Q + 0,6 ml 0,5 

M NaOH 

0 1,5 h Compressed air. 

Heated to 50 °C 
No 

660 mg ferrous 3L Milli-Q + 0,6 ml NaOH 1000  2 h No No 

1,04 g granules 20 ml Milli-Q 0 1 h Compressed air. 

Heated to 50 °C 
No 

1,0 g granules 100 ml water + 3 ml 0,1M 

HNO3 

0 2 h Compressed air. 

Heated to 50 °C. 
No 

1,0 g granules 2000 ml water, 5 ml HNO3 1000  3 h 75 °C No 

0,23 g granules 4000 ml water, 5 ml NaOH 0 5 h 66 °C No 

0,22 g granules 2500 ml water 0 Over 

night 

71 °C Yes 

(1) The medium consisted of 0.1% HNO3 

(2) The content was stirred for 15 min to dissolve the ferrous. This was later left still overnight. 
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Since the recreation of the iron residue in laboratory scale was a prerequisite for the 

optimization in laboratory scale, the recreation was considered a critical step of the project. 

Since the temperature in production is 80 °C, this temperature of the water was used in further 

recreation of the iron residue. By increasing the temperature, the oxidation process of iron, 

producing the iron residue, increases [16]. The importance of high temperature is therefore 

expected. It also shows that the parameter time is an important aspect for creation of iron 

residue in laboratory scale.   

The vessel could hold 5 L water. During recreation of residue in laboratory scale 2.5 L of 

water was used. The volume of water was chosen so that the iron residue created would be 

covered by water when a magnetic stirrer was used for the setup with the lowest volume of 

water (-67 %). 

During this experiment, both Raman spectroscopy and X-ray photoelectron spectroscopy 

(XPS) were used to identify the iron residue created in laboratory scale. The result from 

Raman spectroscopy did not give any information of the identity (See Appendix 3).The result 

from XPS showed that the residue consisted of iron oxide/oxyhydroxide but no further 

identification could be established. When using reference spectra the result suggested that the 

iron residue consists of Fe2O3 (Appendix 4).  

 

Figure 7. The iron residue created in laboratory scale can be seen on the surface of the vessel. The iron 

residue was created using 0,22 mg granules left over night in 2,5 L water pre heated to 80° C. 

3.2 Clean-in-place program optimization in laboratory scale 

3.2.2 Optimization in laboratory scale 

The results from the optimization in laboratory scale can be seen in Table 5. The results 

presented are the relative amount of iron removed in the individual steps of the setups and a 

summary of the total relative amount of iron removed in each setup and each step. Presented 

are also whether the vessels were visually clean and the setting for volume and time used for 

the setups. The setups that were evaluated not visually clean all had iron residues remaining in 

the bottom of the vessels.  
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Table 5. The results of the optimization in laboratory scale. The table shows the volume and time settings 

generated through CCC, the amount of iron removed from the vessel and if the vessel was visually clean.  

 

Setup 

1 

Setup 

2 

Setup 

3 

Setup 

4 

Setup 

5 

Setup 

6 

Setup 

7 

Setup 

8 

Setup 

9 

Setup 

10 

Setup 

11 
Sum 

Step 1 0.34 0.18 0.16 0.21 0.19 0.41 0.54 0.25 0.22 0.48 0.15 3.13 

Step 2 0.87 0.71 1.15 0.86 0.73 0.92 0.56 0.51 0.72 0.79 1.00 8.81 

Step 3 0.11 0.12 0.18 0.12 0.05 0.09 0.06 0.07 0.06 0.08 0.07 1.01 

Step 4 0.57 0.30 0.49 0.31 0.33 0.37 0.71 0.57 0.57 0.46 0.30 5.00 

Step 5 0.35 0.07 0.21 0.06 0.09 0.19 0.16 0.13 0.06 0.07 0.05 1.44 

Step 6 0.21 0.07 0.14 0.08 0.06 0.28 0.13 0.04 0.05 0.05 0.03 1.16 

Step 7 0.17 0.04 0.14 0.02 0.04 0.15 0.23 0.02 0.03 0.03 0.03 0.90 

Step 8 0.06 0.03 0.19 0.09 0.04 0.07 0.03 0.01 0.03 0.03 0.04 0.64 

Step 9 0.18 0.02 0.10 0.05 0.04 0.14 0.05 0.02 0.03 0.03 0.03 0.68 

Step 10 0.22 0.05 0.14 0.04 0.05 0.03 0.33 0.02 0.03 0.05 0.02 0.99 

Step 11 0.45 0.02 0.20 0.10 0.02 0.06 0.27 0.01 0.05 0.02 0.02 1.21 

Sum 3.54 1.61 3.13 1.95 1.65 2.72 3.06 1.67 1.84 2.07 1.74 

Clean Yes No Yes No No No Yes No No No No 

Volume +67 % -67 % +50 % -50 % ±0 % ±0 % +50 % -50 % ±0 % ±0 % ±0 % 

Time ±0 % ±0 % +50 % +50 % -67 % +67 % -50 % -50 % ±0 % ±0 % ±0 % 

 

The percentage of the total amount of iron removed in the different steps can be seen in 

Figure 8. Several important trends could be deciphered in the data. The first thing is that the 

amount of iron residue removed was considerably larger in the steps where detergent was 

used (step 2 and step 4). In the last steps of the program (step 8 and step 9) only a small 

amount of iron residue was removed.  
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Figure 8. The amount of iron removed in each step of the cleaning program according to the results in 

laboratory scale. Two steps, Step 2 and Step 4, had the largest influence of the removal of iron.  

The setups that were considered visually clean also had the highest analyzed relative amount 

of iron removed (Setup 1, 3 and 7). Setup number 9, 10 and 11 had the same settings of the 

parameters, and show similar amount of iron removed which is expected.  

The overall results give an indication that the amount of iron residue created was comparable 

between the setups and that the results could be used in the experimental design optimization 

for statistical evaluation.  

The total amount of iron removed for the visually clean setups differ. This could be either 

because the amount of iron residue created was not equal, or that a visually clean result does 

not necessarily mean the entire iron residue has been removed. An interesting result was that 

the setups that represented the clean-in-place program used today was not considered visually 

clean and that the relative amount of iron removed was considerably lower than the result 

where larger amount of water was used.  

3.2.2 Experimental design optimization with parameters volume of water and time 

The results of the optimization in laboratory scale were analyzed using experimental design 

optimization. According to the result of this analyze, the parameter volume has a greater 

influence of the result than the parameter time. Figure 9 shows the regression coefficient with 

a confidence interval. The confidence interval of a significant parameter does not cross zero, 

which is the case for the parameter time. This indicates that a correlation between the amount 

of iron removed and the time used in the cleaning step could not be proved. 
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Figure 9. The influence of parameter time and volume of the amount of iron removed in laboratory scale 

using experimental design.  The volume of water used is strongly correlated to the amount of iron 

removed. 

An R2 value of 0.8 indicates that the model is good. A Q2 value of 0.65 indicated that the 

predictability of the model is good (See Figure 10). This indicates that the results can be 

explained by the settings of the parameters. 

 
Figure 10. Presentation of the parameter that show the residual, predictability and validity of the model 

that was created from the results of optimization in laboratory scale using parameters volume and time.  

A contour plot was created to get information of an optimal setting. In a contour plot that 

would be visualized through a maximum point. The result can be seen in Figure 11. 
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Figure 11. Contour plot of the data that shows the influence of the parameters time and volume on the 

result. 

An optimal parameter setting could not be found using the data. The only thing that could be 

deciphered from the contour plot was that a greater amount of iron is removed at a large 

volume and time setting which could be expected. 

3.2.3 Experimental design optimization with parameter volume 

Since the correlation between the parameter time of the steps and the result of the iron residue 

removed could not be determined in the model built on both parameters volume of water and 

time, a new model was constructed with only the parameter volume of water. 

In the new model the R2 value, Q2 value and the model validity was reduced (see Figure 12). 

This indicated that the parameter time still affects the outcome.  

 
Figure 12. A model that was built solely on the parameter volume of water using experimental design 

when analyzing the results from the optimization in laboratory scale.  

The result from the experimental design optimization shows that the amount of iron residue is 

greatly affected by the parameter volume in laboratory scale optimization. The dissolution of 

the iron residue is an equilibrium reaction. By increasing the volume of water, the expected 
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result is hence an increase of the amount of iron that is solved in the water. This was also the 

result of the optimization.  

3.3 The new clean-in-place program in production scale 

3.3.1 The new clean-in-place program 

The new clean-in-place program was constructed according to the results from the 

optimization in laboratory scale. Since the result from the statistical evaluation did not give an 

optimal setting, the new clean-in-place program was constructed using the following criteria:  

 The time of clean-in-place program used in production scale was based on the setup 

that was visually clean and hade the shortest run time.   

 The experimental design optimization showed that the removal of iron is greatly 

affected by the volume used. The volumes of steps where detergent was used and the 

greatest percentage of iron was removed according to the results from UV/Vis 

spectroscopy were therefore increased to the maximum volume of the fluid bed dryer, 

i.e. 500L. 

 Two of the finishing rinsing steps were removed. These were the steps where the least 

amount of iron was removed. Since the iron residue is created when ferrous granules 

come in contact with water, the first rinsing step was minimized, to prevent that more 

residue was created if ferrous granules accidently remained in the fluid bed dryer. 

These conclusions lead to a new clean-in-place program that can be seen in Table 6. The new 

clean-in-place program reduced the cycle time by approx. 110 min (40%) (see Appendix 5).. 

The total volume of water used in the clean-in-place program was decreased by 800 L (Table 

6). 
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Table 6. Comparison between the current and new clean-in-place program. The new clean-in-place 

program is based on the results from statistical evaluation of the experimental design laboratory scale 

results. Note that Step 8 and 9 were removed in the new clean-in-place program. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.3.2 Results of the clean-in-place program 

The new clean-in-place program was tested twice in production according to trial protocol 

4211. The results from the swab test and the visual inspection from Cleaning trial 4211:1 and 

Cleaning trial 4211:2 in production scale can be seen in Table 7. 

  

Step 

 

Type 

 

Current clean-in-place program 

Volume (time for wash with detergent) 

 

New clean-in-place program 

Volume (time for wash with detergent) 

 

1 Pre rinse 400 L  150 L 

2 Wash 300 L (40 min, detergent)  500 L (20 min, detergent) 

3 Rinse 300 L 150 L 

4 Wash 400 L (90 min, detergent)   500 L (45 min,  detergent) 

5 Rinse 500 L 500 L 

6 Wash 400 L (20 min, detergent)  500 L (10 min, detergent) 

7 Rinse 500 L  500 L 

8 Wash  300 L (10 min,detergent)  Step excluded 

9 Rinse 500 L Step excluded 

10 Pre rinse 500 L  500 L 

11 Rinse 500 L PW  500 L PW 
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Table 7. The results of the iron swab test after Test 1 and Test 2 on the production scale. For Test 1 the 

amount of iron in the lampfitting and diffuser plates was within limits but too much iron still remained on 

the bottom and inside wall of the fluid bed dryer. For Test 2 the amount of iron was within limits for all 

the test points. 

Test points 

Cleaning trial 4211:1 Cleaning trial 4211:2 

Amount of 

iron < 2 ppm 
Visually clean 

Amount of 

iron < 2 ppm 
Visually clean 

1. Inside wall No No Yes No 

2. Bottom No No Yes No 

3. Lampfitting Yes Yes Yes Yes 

4. Diffuser plate Yes Yes Yes No 

 

The results from the visual inspection after Technical cleaning trial 4211:1 demonstrated the 

lampfitting and diffuser plate was visually clean. The results are in agreement with the iron 

swab test performed at the same time since iron was successfully removed within limits from 

the lampfitting and the diffuser plate. The result from the bottom and the inside wall of the 

fluid bed dryer however showed that the amount of iron residue was more than 2 ppm.  

The results from visual inspection after Technical cleaning trial 4211:2 demonstrated that the 

lampfitting was visually clean, but the other test points were not. The iron swab test showed 

that the residue was successfully removed from all the test points of the fluid bed dryer. 

Before the clean-in-place program was performed in Cleaning trial 4211:1 granules remained 

in the fluid bed dryer that should have been removed by preceding manual cleaning. This 

caused residues of iron in the bottom and the inside wall of the fluid bed dryer that could be 

traced back from the granules in the sampling valves and the bottom of the fluid bed dryer. 

Prior to the manual cleaning of Cleaning trial 4211:2 the amount of granules left after 

emptying was exceptionally high according to the operators that execute the cleaning in 

production. The risk of iron residue is caused because of this is high. Both cleaning trials can 

therefore be considered worst case scenarios, but a validated cleaning method (consisting of 

both manual and automatical cleaning steps) should cover this variation. Therefore, both the 

manual and automatic clean-in-place program needs further improvement to be able to handle 

the different conditions in production 

The water samples of the final rinsing step showed that the residue of detergent was within 

limits for both cleaning trials (Table 8). Compared to the current clean-in-place program the 

volume of water to remove the detergent was reduced.  
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Table 8. The results from the water sampling for Test 1 and Test 2. Since the difference between pH of 

water samples gathered in step 11 and pH of pure PW is less than 0.2 pH units, the detergent is considered 

removed from the fluid bed dryer.  

Cleaning 

trial 

pH 

pure 

PW 

pH Step 11(start) pH Step 11 (end) 

4211:1 5.77 - 5.80 

4211:2 5.66 3.80 5.98 

 

After Cleaning trial 4211:2, water samples were collected in the beginning and the end of the 

last rinsing steps. The results showed that the pH was changed from 3.80 to 5.98 in Step 11.  

Water samples were also extracted during Step 2 and Step 4 where the detergent was used. 

The pH-value was measured to be 2.40 and 2.28 respectively.  

To evaluate whether the detergent had been removed from the equipment, a pH-meter was 

used to measure the pH of PW. This is an unstable method since the ionic strength is very low 

for PW. This can cause readings with noise and results that are drifting.  

3.4 Overall discussion 

This project has led to greater understanding of the underlying processes of the creation of the 

residue and the removal of the residue. For the iron residue to be formed, heat is an important 

factor. This was unknown in the beginning of the project. To prevent the residue to be formed 

in the cleaning process, cold water could be used in the first step of the cleaning program. 

This could be interesting to evaluate in future projects.  

The results in laboratory scale differ from the result in production scale. A 5 L vessel 

consisting of stainless steel 316L was used as a miniature model of the fluid bed dryer in 

production. By performing an optimization in laboratory scale more setups could be 

performed during the project time line. The down scaled version were however a simplified 

version. Following aspects should be considered: 

On the positive side the same temperature, quality of the water and type of detergent was used 

in laboratory scale as in production scale. Further, the fluid bed in production and the 

laboratory container consisted of same stainless steel, 316L. Lastly, a turbulent flow of the 

water was recreated during wash cycles using a magnetic stirrer.  

On the negative side the pumping of the water and the water pressure differ between the 

laboratory and production scale. This can have negative impact as it affects the kinetic energy 

used to break the bonding of the layer on the surface of the residue. The hard to clean surfaces 

that affect the result in production scale was difficult to fully recreate. A change of surface to 

volume ratio can change the reaction rate. The vessel used in laboratory scale has a higher 

surface to volume ratio that can cause the parameter volume to be over rated. In laboratory 

scale the parameter water could be overrated when the smallest amount of water was used, as 

the iron residue on the sides of the container was in contact with water during less time. Since 

residue still remained on the bottom of the vessel, the setup was not considered visually clean. 

In conclusion, the simplified version in laboratory scale can be one of the reasons why the 

final result differs from production scale. Further, as the maximum level of cleaning media to 

be used in the fluid bed in production is 500 L, the outcome for the larger volume increased to 

67% in the optimization in laboratory scale are non-applicable. 
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When choosing the parameters to vary in this project, volume and time was used. There were 

several other parameters that could have been chosen, for example concentration of detergent. 

When changing the volume of water but keeping the amount of detergent constant, the 

concentration of detergent was changed automatically. The concentration of detergent 

becomes reversed proportional to the volume of water. This means that either the removal of 

iron is positively correlated to the volume of water (more water means less residue remaining) 

or the removal or iron is negatively correlated to the concentration of detergent. More likely, 

the removal is positively correlated to the volume of water and there is a pH interval that acts 

as a platform, and by changing the concentration, the removal of iron is not affected. 

Varying the spraying profile of the water is another parameter. This could unfortunately be 

executed as the spraying profile for the Kemwell fluid bed is predetermined. 

Change the detergent used could be looked into. During previous validation of the fluid bed 

dryer several different acids and bases were tested, but the detergent used during this project 

was best candidate from those studies. Therefore a change in detergent was excluded to test in 

this thesis.  

The order of the wash and rinsing steps could have been changed. Extra steps could also have 

been inserted, to increase the ratio of either wash or rinse. The result from the laboratory scale 

showed that the major part of the iron residue was removed during wash steps when detergent 

was used. To improve that part, a third step using detergent could be added to the cleaning 

program. This was not tested during this project but could be an interesting factor to look at in 

future projects.  

Two of the rinsing steps that were used to remove the detergent from the fluid bed dryer were 

removed during this optimization. Despite this the results showed that the detergent was 

removed successfully from the fluid bed dryer. The volume of water used today to remove the 

detergent could therefore be decreased without affecting the result, and a result could be that 

even more detergent rinsing steps can be excluded in future new clean-in-place program. By 

using less water in total, less time is needed for the clean-in-place program. Using less water 

is also a cut in costs and an improvement for the environment. 

Another fact that has been revealed is that the amount of cleaning agent can be reduced 

without affecting the outcome. This can be used to reduce costs and also reduce the 

environmental impact that extensive use of chemicals can create. These aspects can be 

considered in future project to further refine the settings, preferable with more tests performed 

in production scale.  

Overall the results are promising. Even if the cleaning cycle time is only reduced by for 

example 20 %, the gain in time is still good enough and worth exploring in future 

optimizations of clean-in-place programs, for example as a lean production incitement. 
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4 Conclusions 

The hard-to-clean iron residue could be recreated in laboratory scale, and indicated that the 

residue was Fe2O3.The optimization of the clean-in-place program by experimental design 

and statistical evaluation in laboratory scale showed that the parameter volume of water was 

more significant to the removal of the iron residue than the parameter time. 

The new clean-in-place program based on the results from the laboratory optimization 

evaluated in production scale had a reduced cleaning cycle time by approx. 110 min (40%). 

After cleaning trial 4211:1 the amount of iron was within limits for two of four test points and 

the visual inspection showed that the fluid bed dryer was visually clean for the same test 

points.  After cleaning trial 4211:2 the amount of iron for all four test points was within the 

limit of 2 ppm. However, the equipment was not visually clean for three of four test points. 

Another result was that two steps dedicated to rinse out the detergent could be excluded. This 

fact is valuable for shortening the clean-in-place program even more, and the direct 

consequence of usage of less water is positive for the environment. Overall, the results from 

the new clean-in-place program evaluated in this thesis are promising, but the variability in 

the preceding manual cleaning of ferrous granules left in the fluid bed need to be reduced by 

continuous improvement.   
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7 Appendix 

1. Linearity test of the spectrophotometer 

The results of the linearity test of the spectrophotometer can be seen in Figure 13. The most 

concentrated sample, 2:2 was given the value 1000, and the sample was diluted to 

concentrations corresponding to 800, 600, 400, 100, 10 and 1. The R
2
 value of 0,999 indicates 

that the system is linear within the measured interval.  

 

Figure 13. The results after measurement of the absorbance of sample 2:2 diluted to different arbitrary 

concentrations. This shows that the spectrophotometer used is linear in the interval in which it was used. 

2. Results from the UV/Vis spectroscopy 

The value that was measured using UV-spectroscopy during three days is presented in Table 

9. The sample names are read step:setup. 

Table 9. The absorbance that was measured after optimization in laboratory scale. The samples are read 

step:setup. The samples were measured during three days (1,2,3) and a mean value was calculated and 

used in the final results.  

Sample 1 2 3 Mean Sample 1 2 3 Mean Sample 1 2 3 Mean 

10:11 0.0072 0.0093 0.013 0.01 5:8 0.0324 0.0372 0.037 0.036 9:1 0.1353 0.1375 0.137 0.137 

8:11 0.0073 0.0118 0.014 0.011 6:9 0.0343 0.0747 0.094 0.068 2:6 0.139 0.1339 0.14 0.138 

11:11 0.0079 0.0113 0.014 0.011 10:5 0.0352 0.0347 0.033 0.034 6:6 0.152 0.1882 0.188 0.176 

6:11 0.0091 0.0356 0.039 0.028 5:5 0.0361 0.0514 0.051 0.046 11:4 0.1819 0.1922 0.191 0.188 

5:11 0.0093 0.0120 0.012 0.011 5:3 0.0370 0.0441 0.038 0.04 4:3 0.195 0.1894 0.194 0.193 

11:10 0.0101 0.0097 0.013 0.011 4:10 0.0372 0.0461 0.051 0.045 7:1 0.194 0.2580 0.219 0.224 

4:9 0.0246 0.0366 0.095 0.052 3:6 0.051 0.0421 0.083 0.059 5:4 0.201 0.2058 0.205 0.204 

11:7 0.0107 0.0119 0.015 0.013 5:6 0.0399 0.0420 0.039 0.04 3:4 0.206 0.2022 0.206 0.205 

9:9 0.0113 0.0124 0.014 0.012 3:10 0.042 0.0515 0.048 0.047 1:4 0.214 0.2086 0.215 0.212 

6:10 0.0119 0.0152 0.018 0.015 6:8 0.0444 0.0848 0.049 0.059 6:4 0.232 0.2317 0.235 0.233 

11:9 0.0119 0.0141 0.017 0.014 7:5 0.045 0.0660 0.045 0.052 6:1 0.252 0.2517 0.252 0.252 

9:7 0.0121 0.0126 0.013 0.012 3:5 0.069 0.0701 0.074 0.071 4:1 0.265 0.2596 0.263 0.263 

10:7 0.0123 0.0149 0.015 0.014 8:6 0.048 0.0509 0.046 0.048 7:4 0.284 0.3000 0.302 0.295 

3:7 0.0246 0.0324 0.086 0.048 2:7 0.053 0.0559 0.061 0.057 10:4 0.2874 0.2865 0.287 0.287 

10:9 0.0128 0.0132 0.015 0.014 9:3 0.0492 0.0499 0.046 0.048 2:3 0.295 0.2918 0.297 0.295 
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2:11 0.0240 0.0218 0.029 0.025 3:1 0.056 0.0603 0.086 0.067 10:1 0.2971 0.2967 0.299 0.297 

5:7 0.0143 0.0195 0.021 0.018 1:3 0.051 0.0527 0.059 0.054 7:2 0.303 0.3079 0.308 0.306 

9:10 0.0148 0.0162 

 
0.016 7:6 0.051 0.0547 0.05 0.052 8:1 0.306 0.3054 0.306 0.306 

10:10 0.0152 0.0391 0.018 0.024 1:6 0.057 0.0758 0.107 0.08 2:1 0.347 0.3408 0.346 0.345 

7:8 0.016 0.0165 0.025 0.019 2:10 0.071 0.0730 0.082 0.076 9:4 0.3515 0.3525 0.357 0.354 

1:9 0.0249 0.0367 0.103 0.055 7:7 0.055 0.0848 0.092 0.077 4:4 0.37 0.3853 0.392 0.382 

7:9 0.0165 0.0161 0.013 0.015 1:11 0.128 0.1345 0.138 0.133 1:2 0.432 0.4272 0.432 0.43 

3:9 0.0427 0.0436 

 
0.043 11:3 0.0582 0.0608 0.054 0.058 2:4 0.538 0.5972 0.54 0.559 

5:9 0.0169 0.0271 0.031 0.022 4:5 0.061 0.0622 0.063 0.062 9:2 0.5943 0.6008 0.602 0.599 

8:7 0.0175 0.0192 0.022 0.02 2:8 0.073 0.0787 0.101 0.084 5:2 0.6 0.6028 0.604 0.602 

8:10 0.0179 0.0198 0.023 0.024 3:11 0.066 0.0698 0.067 0.068 10:2 0.6342 0.6585 0.66 0.651 

2:9 0.025 0.0244 0.034 0.026 6:3 0.067 0.0808 0.087 0.078 3:2 0.637 0.6371 0.636 0.637 

8:8 0.0183 0.0242 0.027 0.022 10:3 0.0683 0.0676 0.066 0.067 8:4 0.696 0.7190 0.721 0.712 

10:8 0.0192 0.0204 0.022 0.021 6:7 0.07 0.0812 0.079 0.077 6:2 0.767 0.7646 0.763 0.765 

11:6 0.0194 0.0223 0.024 0.021 7:11 0.077 0.1041 0.082 0.088 8:2 0.805 0.8663 0.885 0.852 

5:10 0.0196 0.0169 0.026 0.023 7:10 0.087 0.1289 0.108 0.108 11:2 0.8217 0.8284 0.828 0.826 

4:7 0.0210 0.0255 0.003 0.024 6:5 0.087 0.0943 0.095 0.092 4:2 1.43 1.4157 1.404 1.416 

9:8 0.0214 0.0229 0.025 0.023 4:11 0.096 0.0936 0.101 0.097 2:2 1.766 1.7545 1.744 1.755 

11:5 0.0219 0.0227 0.023 0.023 11:1 0.0908 0.0969 0.09 0.092 

9:11 0.0228 0.0240 0.026 0.024 4:6 0.091 0.1076 0.107 0.102 

8:9 0.0239 0.0255 0.025 0.025 3:3 0.097 0.1009 0.107 0.101 

1:7 0.039 0.0484 0.061 0.049 3:8 0.1 0.1017 0.12 0.107 

1:10 0.045 0.0628 0.093 0.067 2:5 0.1 0.1033 0.109 0.104 

11:8 0.0274 0.0331 0.031 0.031 1:5 0.104 0.1019 0.112 0.106 

10:6 0.0280 0.0302 0.029 0.029 8:5 0.107 0.1376 0.136 0.127 

9:5 0.0288 0.0303 0.029 0.029 5:1 0.119 0.1212 0.122 0.121 

9:6 0.0292 0.0435 0.029 0.034 4:8 0.142 0.1461 0.177 0.155 

1:8 0.036 0.0435 0.074 0.051 8:3 0.121 0.1226 0.123 0.122 

7:3 0.032 0.0339 0.03 0.032 1:1 0.126 0.1247 0.129 0.127 

 

Since absorbance is correlated to concentration according to Lambert-Beers law, and the after 

sought information is the amount of iron in the water sample, a factor was multiplied to the 

results. The factor corresponds to volume of water that was added to each set step of the 

program. 

The amount measured in each step was added to a final sum, representing the amount of iron 

that was removed in total from the surface of the vessel during each setup (Table 10).  
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Table 10.  The final result of the amount of iron removed from the fluid bed dryer. This is the product of 

the mean absorbance (Table 9) and volume of water. 

 

1 2 3 4 5 6 7 8 9 10 11 SUM 

1 0.51 0.28 0.24 0.32 0.29 0.60 0.81 0.37 0.33 0.71 0.22 4.67 

2 1.29 1.05 1.72 1.27 1.08 1.38 0.83 0.77 1.08 1.17 1.49 13.13 

3 0.16 0.18 0.27 0.17 0.07 0.14 0.09 0.11 0.09 0.12 0.10 1.51 

4 0.85 0.45 0.74 0.46 0.49 0.56 1.06 0.85 0.85 0.69 0.45 7.45 

5 0.53 0.10 0.32 0.09 0.14 0.28 0.23 0.19 0.09 0.10 0.07 2.15 

6 0.32 0.11 0.21 0.12 0.10 0.42 0.19 0.06 0.08 0.07 0.05 1.73 

7 0.25 0.06 0.21 0.04 0.06 0.23 0.35 0.03 0.04 0.04 0.04 1.34 

8 0.09 0.05 0.29 0.14 0.06 0.11 0.05 0.02 0.04 0.04 0.06 0.95 

9 0.27 0.03 0.19 0.08 0.07 0.20 0.07 0.04 0.04 0.04 0.04 1.07 

10 0.33 0.08 0.21 0.07 0.07 0.05 0.49 0.04 0.05 0.07 0.03 1.48 

11 0.67 0.02 0.30 0.15 0.03 0.08 0.40 0.02 0.07 0.03 0.03 1.81 

SUM 5.27 2.40 4.72 2.90 2.46 4.05 4.55 2.49 2.75 3.09 2.59 

3. Raman spectroscopy 

An attempt was made to identify the residue created by using Raman spectroscopy. The 

results can be seen in Figure 14. 

 

Figure 14. Spectrum through Raman spectroscopy that was taken of the inside of one vessel after 

recreating the residue in laboratory scale. The result showed that Raman was not a fitting analysis for this 

residue. 
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The result suggests that it is difficult to identify the residue using Raman. The other method 

available in place for identification of an unknown sample is Atom Absorption Spectroscopy 

(AAS). That technique requires a solved sample. Since the residue has a low solubility and 

there is a risk that the residue changes form in order to be solved, AAS is not an optimal 

technique to be used in this case. Samples were instead prepared and sent off for analysis. 

4. X-ray Photoelectron Spectroscopy  

The analysis using XPS that was performed by SP Technical Research Institute of Sweden 

indicates that the residue consists of Fe2O3, but the identity could not be established. In the 

report that explained their results, the only thing that could be established was that the residue 

consisted of iron oxide/oxyhydroxide. The results presented below is  

The result of the analysis characterizes the outer 2-10 nm of the surface of the sample and 

reference. In a spectrum showing the binding energy to intensity, Fe oxides give broad peaks 

between 710-712 eV and Fe metal give a peak at 707 eV. The sample containing the residue 

shows two distinguished peaks, where the peak at 711 eV is higher than the peak at 725 eV. 

At 719 eV, a binding energy 8 eV higher than the highest peak, a satellite can be 

distinguished. These peaks are characteristic for Fe2O3 [17] (Figure 15 and Figure 16). 

 

Figure 15. The spectrum gathered from XPS of the sample containing resiude. Two peaks are 

distinguishable at 711 eV and 725 eV and a satalite can be seen at 719 eV. This is characteristic for Fe2O3. 

 

Figure 16. A reference spectrum of Fe2O3. This spectrum shows similarities with the spectrum gathered 

from XPS of the sample containing residue (Figure 15). 
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5. Cycle reports from the fluid bed dryer 

 

A summary of the current clean-in-place program and Cleaning trial 4211:1-2 can be seen in 

Table 11.  

 Table 11. Time and volumes used in the two cleaning trials compared to a current clean-in-place normal 

run. 

Step  Type 

Example of 

current clean-in-

place program 

normal run 

Volume and (time) 

Wash twash,tdetergent 

Cleaning trial 

4211:1 

Volume and (time) 

Wash twash,tdetergent 

Cleaning trial 

4211:2 

Volume and (time) 

Wash twash,tdetergent 

1 
Pre 

rinse 
400 L (00:09:59) 150 L (0:06:16) 150 L (0:06:10) 

2 Wash 300 L, 40 min, 70 s  

300 L (01:03:24) 

500 L, 20 min, 70 s 

150 L (0:38:52) 

500 L, 20 min, 70 s 

150 L (0:38:40) 
3 Rinse 

4 Wash 400 L, 90 min, 94 s  

500 L (01:51:49) 

500 L, 45 min, 94 s 

500 L (1:08:36) 

500 L, 45 min, 94 s 

500 L (1:10:19) 5 Rinse 

6 Wash 400 L, 20 min  

500 L (00:44:05) 

500 L, 10 min 

500 L (0:32:40) 

500 L, 10 min 

500 L (0:34:23) 
7 Rinse 

8 Wash  300 L, 10 min  

500 L (00:31:44) 

Removed Removed 

9 Rinse Removed Removed 

10 
Pre 

rinse 
500 L (0:11:22) 500 L (0:11:10) 500 L (0:11:11) 

11 Rinse 
500 L PW 

(0:12:18) 
500 L PW (0:13:09) 500 L PW (0:12:23) 

12 
Drying 60 min, 65 °C 60 min, 65 °C 60 min, 65 °C 

 
Time 04:44:41  02:50:60 02:53:06 

 Total 

volume: 
4600 L 3800 L 3800 L 

 


