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Abstract

The introduction of functionalized magnetizable particles and high-gradient magnetic separation
represents a time and money saving alternative to conventional purification and separation unit
operations in the biotechnical sector. This technique has some advantages especially for the recy-
cling of immobilized enzymes. A new magnetic filter with sight glasses was constructed and pro-
duced to study the performance of high-gradient magnetic separation at varied parameters. By
optical analysis the buildup of a clogging was identified as the major parameter which affected the
separation performance. For the cleaning procedure, a two-phase flow of water with highly dis-
persed air bubbles was tested which led to a nearly complete cleaning of the filter chamber.

Keywords

Magnetic Particles, Magnetic Filtration, High-Gradient Magnetic Separation, Enzyme, Biocatalysis

1. Introduction

High-gradient magnetic separation is a technique used for several separation tasks. The use of the magnetic
force also enables a simple separation of a biotechnological catalyst which is immobilized on a magnetizable
carrier. Furthermore by using nano-or micron-sized spherical particles, the mass specific outer surface area gets
very large. Because there is no need of additionally inner surface area, the biocatalytic active surface is easily
accessible due to the absence of porous diffusion. This provides major advantages for the reaction due to better
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mass transfer in comparison to porous carriers [1] [2]. In a high-gradient magnetic separator, a filter matrix is
inserted in the filter chamber to build a highly inhomogeneous magnetic field [3]-[8]. During the research on op-
timizing and improving high-gradient magnetic separation, it was found that the magnetic particle deposits on
the filter matrix influenced the particle retention. In the publications of Menzel et al. [9] and Mizuno et al. [10]
particle deposits were shown after a filtration by taking the filter matrix out of the filter chamber. Furthermore
the matrices used in previous studies were made primarily of stacked wire meshes with varied wire diameters
and amounts of meshes. Hereby the retention characteristics and separation performances were studied in detail
without characterizing the location and impact of the particle deposits [11]-[20]. In the work of Ké&ppler [21], a
model for estimating the particle load in dependence to the filter length was introduced under the assumption
that the magnetic particle deposits were distributed homogeneously over the cross-section perpendicular to the
fluid flow.

In order to obtain information on the location of the deposits of magnetizable particles, a filter chamber with
sight glasses made of quartz (patent pending with reference number DE102012023382.5) was constructed and
tested with different matrices, particle suspensions and volume flows. The particle concentration in the filtrate
was measured at-line in order to quantify the filter performance. This was supplemented by taking photos of the
deposits of the magnetizable particles during filtration.

After the separation of the magnetizable carrier with the immobilized enzymes, the filter chamber has to be
rinsed to recycle the biocatalyst. In previous studies, the cleaning procedure of high-gradient magnetic separa-
tors for biotechnological applications was performed mainly by 1) pumping a wash buffer with high velocity
through the filter chamber, 2) applying intermediary pressured air hits, 3) pumping sequentially water and air
through the filter, 4) using ultrasonic oscillators or 5) using pneumatic vibrators [15] [22]. The best rinsing effi-
ciencies were found with pneumatic vibrators and the sequenced inlet of water and air. The installation of a
pneumatic vibrator cannot be realized on magnetic filters, which include sensible parts as quartz glasses or
measurement instruments. Therefore the two-phase rinsing procedure was tested and improved in efficiency.

2. Material & Methods

The high-gradient magnetic separator type HGF10 from the company Steinert Elektromagnetbau GmbH is
equipped with N42 permanent magnets, which can be rotated by an electrical motor. Hereby the magnetic field
within the magnetic yoke can be switched on and off [14]. The magnetic pole surfaces of the yoke have an area
of 24 mm by 80 mm each and a distance of 26 mm. The average flux density is 0.35 T. In Figure 1(A) a photo
of the separator can be seen. In Figure 1(B) the optimized filter chamber is shown with sight glasses made of
quartz placed within the magnetic yoke. The feed pump is a peristaltic pump of the type Ismatec® MCP from the
company IDEX Health & Science GmbH with a pump head type Easy-Load 2 from the company Masterflex®
SE. The pump tubing type C-Flex also from the company Masterflex® SE has an inner diameter of 4.8 mm. The
other tubing lines of the plant are of polyurethane with an inner diameter of 6 mm and quick connectors made
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Figure 1. High-gradient magnetic separator type Steinert HGF10 (A) and the optimized filter chamber (B).
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of polyoxymethylene from the company Riegler & Co. KG.

The filter housing is made of stainless steel (AISI 316Ti) and consists of an in- and an outlet device and the
filter chamber. These parts were made by milling with a CNC machine (Deckel Maho DMU 60 T). Subsequent-
ly the inner volume of the filter chamber was electro eroded. The quartz sight glasses (Suprasil 2 Grade A) were
made to measure by the company Aachener Quarz-Glas Technologie Heinrich. The inner volume of the mag-
netic filter is 60 mL and the filter matrix is placed in the center of the chamber. For the homogenization of the
fluid profile at the start of the filter matrix a 3D-printed flow homogenisator, which was made of plastic (Ve-
roClear-RGD810), was installed in the experiments.

The magnetizable particles (M-PVA C22 magnetic beads) used in this study were produced by PerkinElmer
chemagen Technology GmbH with a polydispersed diameter distribution ranging from <1 um to 10 um. The
particles consisted of equal proportions of magnetite and polyvinyl alcohol and had a dry density of 2 kg-dm 2.
At the outlet of the magnetic filter the particle concentration in the filtrate was measured with an UV/VIS spec-
trometer Ultrospec 2100 pro from the company GE Healthcare which was equipped with a flow-through cell.
The measurement is explained in detail in Shaikh et al. [23]. For the quantification of the particle size distribu-
tion, samples were collected and measured with the particle analyzer Analysette 22 MicroTec from the company
Fritsch GmbH. The device measures laser light diffraction caused by the particles and calculates the particle size
distribution from the resulting pattern. The homogenization of magnetizable particle suspensions was performed
with an ultrasonic homogenizer Sonopuls HD 2200 from the company Bandelin electronic GmbH & Co. KG
with a flow-through cell. During filtrations the volume flow was measured with an ultrasonic flow meter Levif-
low LFS-008 from the company Levitronix GmbH and controlled via a PID controller [24].

3. Results
3.1. Particle Handling

The suspension of magnetizable particles in the feed vessel must be stirred with a minimum speed to ensure an
adequately homogenized suspension. In order to measure the required stirrer speed a 1.5 L magnetizable particle
suspension with a concentration of 0.2 g-L ™" M-PVA C22 was stirred with a 4-wing propeller stirrer (d = 5 cm,
dstirrer/Dvesser = 0.385) in the center of the cylindrical volume of 3 L. First the magnetizable particles were com-
pletely homogenized for 30 minutes at 720 rpm. At this time the particle concentration at the top of the fluid was
measured and used as a reference for the following measurements. Then the stirrer was switched off and after
magnetically assisted sedimentation the particle concentration was measured again. In the following the stirrer
was started with different revolutions per minute (60, 180 and 360 rpm) without applying a magnet. After 10
minutes of stirring the concentration of the suspension was measured and the mixing efficiency Migmin (Se€ Equ-
ation (1)) was calculated with the measured concentrations ¢ and compared.
¢(t =10min, rpm)

M, . = 1
M ¢(t =30min, rppm = 720) @

The measurements were carried out in triplet repetition and after each run the particles were magnetically se-
dimented and the concentration was checked to ensure the sedimentation. It was found that the mixing efficiency
Mo min Was satisfactory above 180 rpm (see Table 1).

Cleaning procedures of production plants are commonly carried out with concentrated acids to dissolve depo-
sits of solid matter. On the other hand adsorption and elution of biomolecules on or from the functionalized
magnetizable particles takes place at lowered pH values, as for example described in Meyer et al. [7], Hoffmann
[22] or Holschuh and Schwammle [25]. The behavior of the M-PVA C22 particles at low pH values was studied
by incubating them in formic, acetic and hydrochloric acid for 30 minutes. The acids had pH values in a range

Table 1. Particle concentration in the suspension and mixing efficiency Mg min at different stirrer speeds.

720 rpm 0 rpm 60 rpm 180 rpm 360 rpm
(t =30 min) (sedimented) (t =10 min) (t =10 min) (t =10 min)
Concentration [g-L™"] 0.228 +£0.001 0.002 +0.001 0.151 +£0.001 0.235 +0.002 0.231 +£0.001
MlO min [7] - - 0.65 1.00 1.00
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from 0.12 to 3.19. It was observed that the M-PVA C22 particles agglomerate under this circumstances. The
median particle diameter dsq was increased with decreasing pH value with a linear function (see Equation (2)
with R? = 0.81)

dgo[um] = ~0.52-pH +8.34 2

Furthermore the behavior of M-PVA C22 particles in phosphate buffered saline (PBS) with salt concentra-
tions of 15 and 79 g-L ! and pH values ranging from 4 to 7 was studied. The particles were incubated for 24
hours in the solution and then the particle diameter distribution was measured. The salt solution was prepared by
mixing sodium chloride and sodium dihydrogen phosphate in a 1:1 proportion into water. The pH value was ad-
justed afterwards by adding sodium hydroxide.

In Figure 2 a plot of the median particle diameter ds, in relation to the salt concentration and pH value is
shown. According to the measured data the addition of high amounts of salts to the suspension could prevent the
agglomeration of the M-PVA C22 particles even at low pH values.

The dispersion of magnetizable particles was studied in an ultrasonic homogenizer in flow-through mode with
a volume flow of 50 mL-min"*. Three magnetic particle suspensions S1-S3 (1, 5 and 10 g-L™* M-PVA C22)
were pumped through the homogenizer consecutively five times. After each cycle the particle size distribution
was measured with the same sample particle concentration (approximately 0.1 g-L™*). The power of the homo-
genizer was adjusted to x = 25, 50 and 100% of 200 W. It can be assumed that the power input of the ultrasonic
homogenization was not affected by the particle concentration. Figure 3 shows the measured ds, values after
each homogenization cycle. When the power was adjusted to 50% or 100% the particle concentration of the
suspension did not affect the median particle diameter. But when the power was adjusted to 25%, the median
particle diameter of the low concentrated suspension with 1 g-L~* was greater than with 5 or 10 gL . It seemed
to be that the amount of disaggregated particles was larger when a dense suspension is homogenized than in case
of a light suspension. This means that the median particle diameter is affected by the amount of particles flowing
through the ultrasonic field. This effect was obvious up to the fourth homogenization cycle when the power was

adjusted to 25%.
The particles could be dispersed from dsg = 5.4 um to either dsy = 3.8 um with x = 25% or to 3.6 um with x >
50%.
6.5

median particle diameter [um]

5.5
5
4-5 T T T
pH=4 pH=5 pH=6 pH=7
=¢-salt concentration 15.56 £ 0.24 g/L salt concentration 71.69 + 5.98 g/L

Figure 2. Measured median particle diameter in relation to salt concentration (PBS) and pH value.
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Figure 3. Measured particle diameter dsq of three magnetic particle suspensions S1-S3 at 50, 100 and 200 W
ultrasonic power.

3.2. Particle Retention Studies

The filter matrix can be built with various geometries as for example rods or plates with notches. Although cy-
lindrical matrix filaments were more adequate for high-gradient magnetic separation in terms of fluid flow
around the filaments, steel plates with notches and cuboid filaments were used here for the systemic study of
filter matrices. With such filter matrices a higher magnetic force gradient could be generated at the edges of the
notches. Moreover, the assembling of the magnetic filter, which will play a role for future use, is easier in this
case. The manufacturing of filter plates requires techniques to produce the required notches without degrading
the stainless steel at the cutting edges. Therefore filter plates were made by laser cutting, stamping and micro
waterjet cutting (see Figure 4).

Figure 4 M1 shows the edges of a stamped and M2 of a laser cut filter plate. By laser cutting a degradation of
the stainless steel occurs due to thermal decomposition which leads to staining. The edges of plates which were
micro waterjet cut are shown in Figure 4 M3 and M4. Hereby M3 shows the surface of the side of the ingoing
waterjet and M4 the opposite surface. Electro polished edges of a filter plate, which was micro waterjet cut be-
fore, are shown in Figure 4 M5 and M6. The average roughness value of the electro polished steel plate surface
was R = 0.095 £ 0.016 um. It can clearly be seen that micro waterjet cutting followed by electro polishing
should be used to produce steel plates for magnetic filters. This technique offers two advantages: The cutouts are
very accurate and different geometries can be generated flexible and easily.

The particle retention was tested with five different matrices A-E. The filter matrices A-D were formed with
stacked filter plates which were equipped with widthwise notches. Matrices A and B were built with 8 stacked
filter plates with a varying amount of filaments. Matrices C and D were built with 11 and 14 stacked filter plates
respectively. The dimensions of the plates were 26 mm by 80 mm (matrices A and B) or 26 mm by 128 mm
(matrices C and D). The widthwise cutouts had the dimension 1.5 mm by 22 mm (separated by crossbars of
1.636 mm) in case of matrices A and B and 1 mm by 20 mm (separated by crossbars of 1 mm) in case of ma-
trices C and D. The filter plates had a thickness of 0.75 mm in case of matrices A and B and of 0.5 mm in case
of matrices C and D. Furthermore 7.5 g stainless steel wool (coarse grade with 0.2 mm by 0.2 mm filaments)
with a length of 128 mm was also used as a filter matrix E, whereby the filaments were aligned lengthwise in
fluid flow direction. The volume of the steel wool tuft filled the whole volume of the filter chamber so that only
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Figure 4. Images of filter plates which are stamped (M1), laser cut (M2), micro waterjet cut (M3 - M4) and electro polished
after micro waterjet cut (M5 - M6).

minor holes were present. The magnetic pole surfaces of the magnetic yoke had identical dimensions as matrices
A and B. So the filter matrices type C, D and E overlap the pole surfaces equidistant in the lengthwise direction.
The particle retention tests were carried out with two particle suspensions (0.5 and 3 g-L™* M-PVA C22). The
volume flow was adjusted between 100 and 200 mL-min ™. The total particle mass pumped into the magnetic
filter was 3 g each. The particle concentration in the filtrate was measured at-line in flow-through mode. The
concentration data was further processed to calculate the cumulative particle mass in the filtrate. In Table 2 the
used filter matrices and the result data are summarized. Overall the steel wool matrix (matrix E) has the best
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Table 2. Overview of the used filter matrices and result data (triplet repetition).

Total

Matrix Number of Suspension Volume flow Free filter edae length Measured Standard
plates [-] concentration [g/L] [mL/min] volume [mL] g[mm]g particle loss [%]  deviation [%]
100 0.35 0.01
0.5
200 1.05 0.04
A 51.78 24,008
100 0.08 0.00
3
8 200 0.33 0.07
0.5 100 0.52 0.27
B 100 54.22 17,560 0.09 0.00
3
200 0.22 0.01
100 0.28 0.06
0.5
200 0.75 0.09
C 11 48.68 70,554
100 0.08 0.00
3
200 0.11 0.00
100 0.25 0.02
0.5
200 1.26 0.06
D 14 45.62 89,796
100 0.07 0.00
3
200 0.13 0.00
05 200 0.20 0.02
E 99 58.93 97,280
steel woo 3 200 0.03 0.01

particle retention capacity, whereby the calculated total edge length and free filter volume are the highest. The
next best matrices are in descending order C, A, D, B. To obtain a maximum retention the following parameters
should be chosen (see Table 2):

1) High total edge length and herewith high number of filaments

2) High suspension concentration

3) Low volume flow and high free filter volume (resulting in low linear velocity)

In Figure 5 the particle concentration in the filtrate is plotted against the cumulative particle inlet mass for the
matrices A, C, D and E. In general it could be observed that the highest particle concentrations in the filtrate
were obtained when low concentrated particle suspensions were pumped with a high volume flow through the
magnetic filter (see Table 2). Therefore filtration results of suspensions with a concentration of 0.5 g-L ™" mag-
netizable particles and varying volume flows are selected for demonstration in Figure 5. The comparison of the
curves shows that the course differs for each matrix. Furthermore the total particle mass in the filtrate, which
represents the total loss of magnetizable particles, differs as a logical consequence, too (see Table 2). In case of
matrices A and E the particle concentration in the filtrate is slow, but steadily ascending with an increasing cu-
mulative particle inlet mass (see Figure 5). In case of matrices C and D the particle concentrations in the filtrate
were high at the start of the filtration, decrease to a minimum and increase then steadily again.

It was found that the cumulative particle mass in the filtrate can be estimated with an empiric equation with a
few restrictions (see Equation (3) with p; and p, = empiric parameters, my(t) = cumulative inlet particle mass,
mouT(t) = cumulative particle mass in the filtrate).

Mour (1) = py-myy (8) +eP ™0 -1 (3)

In Figure 6 the experimental and calculated results are shown for comparison. It can be seen, that the calcu-
lated results are in good correspondence to the experimental data especially in case of matrix A with a volume
flow of 100 mL-min . The discrepancy is a little bit higher when the volume flow was adjusted to 200 mL-min ™.
The matrix E was tested with 200 and 400 mL-min * and the discrepancy is overall low. The approximation by
use of Equation (3) is not as good in case of matrices C and D with a volume flow of 100 mL-min * and is even
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unsuitable when the volume flow is adjusted to 200 mL-min . The results of matrix B were not included into
this analysis, because here the executed filtrations of a suspension with 0.5 g-L* magnetic particles showed sig-
nificantly higher deviations so that the parameter estimation would not be precise in this case.

In Table 3 the empiric parameters are listed for the curves shown in Figure 6.

Based on Equation (3) and the estimated parameters p; and p, the amount of magnetic particles within the fil-
trate and here with the loss of immobilized biocatalyst for the matrices A and E can be calculated. In case of ex-
pensive biocatalysts the calculation provides information on the profitability of the high gradient magnetic se-
paration. In this context the subsequent cleaning of the filter represents an important factor. The optimized
cleaning is described in chapter 3.3.

The comparison of the curves in Figure 6 provides furthermore information on the impact of a magnetic par-
ticle clogging. It can be assumed that a clogging in the front part of the magnetic filter represents the main rea-
son for the different courses. The filter matrix A has the same size as the magnetic pole surfaces and so the gra-
dient of the magnetic flux is very high at the first filaments of the magnetic filter. Herewith the clogging builds
up quicker than in case of matrix C and D. Due to the extended length of matrices C and D, the magnetic force acting
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Figure 5. Measured particle concentration in the filtrate as function of the cumulative particle
inlet mass during magnetic filtrations with matrices A, C, D and E.

Table 3. Empiric parameters of Equation (3) for the matrices A, C, D and E.

matrix Q [mL/min] p: [-] p2 [-]
A 100 0.0393 -0.0380
200 0.0760 -0.0732
C 100 0.0044 —0.0016
200 0.0402 —0.0356
D 100 0.0046 -0.0014
200 0.0151 +0.0001
E 200 0.0043 -0.0023
400 0.0080 -0.0030
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on the incoming magnetizable particles increases from the start of the matrix up to the point where the pole sur-
faces start. This means the clogging in the front part of the filter matrix occurs in a prolonged volume in com-
parison to matrix A. Incoming magnetizable particles are less likely to attach onto the clogging, because the
density of the clogging is comparatively smaller. Additionally, due to the higher linear velocity of the fluid in
matrix C and D more particles were lost at the start of the magnetic filtration so that the clogging builds up
slower. The particle loss declines after that with the rising clogging. When the retention capacity of the magnetic
filter decreases in the further course of the magnetic filtration the particle loss increases again.

But in contrary to this principle, matrix E, which is as long as matrix C and D, has the lowest loss of particles
during filtration. Here the difference in the matrix geometry is the main reason for the good particle retention in
a steel wool matrix. The significantly larger number of filament corners and the low linear flow velocity improves
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Figure 6. Measured and calculated cumulative particle mass in the filtrate as a function of the cumulative
particle inlet mass during magnetic filtrations with matrices A, C, D and E.

the clogging.

Images of the matrices A, C, D and E with a loading of 5 g magnetizable particles are shown in Figure 7.

Before taking the pictures suspensio
100 mL-min™ through the filter. It

ns with 3 g-L~* magnetizable particles were pumped with a volume flow of
an be seen that the particle deposits decrease from the inlet (bottom) to the

outlet (top). In general the optical observations underline the assumption that the clogging improves the particle
retention during filtration and the particle deposits are rather concentrated at the inlet of the magnetic filter.

The geometry of the clogging showed a certain similarity despite of variations from experiment to experiment.
At the outer areas of the filter matrices the particle deposits reach far in flow direction. The center areas of the
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matrix have less magnetic particle deposits. In case of matrix A the particle deposits reach heights of up to 50
mm from the inlet of the filter matrix, whereby the particle deposits were especially thin around the matrix fix-
ture. In the center area of the matrices the clogging is rather concentrated at a height below 20 mm. In order to
minimize the movement of the particle deposits at the outer edges in flow direction, matrix C and D were mod-
ified at the edges (see Figure 8). Protruding filaments produce more turbulence at the edges and minimize the
flow velocity in this area in comparison to matrix A and B. Overall it was observed that the clogging varied with
the volume flow and the particle concentration of the suspension. When the linear fluid velocity became greater
the length of the clogging also increased resulting in less dense clogging.

A c D E

Ti
|

| | |
/

1B

Figure 7. Images of clogging in the matrices A, C, D and
E (after loading with 5 g magnetizable particles).

Figure 8. Matrices A, C, D and E after cleaning (load of 6
g magnetizable particles before cleaning).
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3.3. Optimization of the Rinsing Procedure

After investigations on the particle retention the rinsing procedure was optimized. The rinsing of the agglome-
rated particles in the filter chamber requires high shear rates at the boundaries of the filter chamber and the filter
matrix. The shear rates could be applied by a single- or a two-phase flow. In previous studies several methods
were tested [15]. In this study pressured air (0.2 MPa) was injected in the tubing after the peristaltic pump
through a t-connector. Hereby it was possible to produce a flow of water with dispersed air bubbles by pumping
water and injecting pressured air simultaneously. More than 0.2 MPa could not be applied because of the pres-
sure stability of the pump tubing. Furthermore the adjusted volume flow of the pump had to be greater than 200
mL-min " preferably. One of the main advantages of this rinsing method is the production of highly dispersed air
bubbles.

The large area of the water-air interface produces high shear rates on the filter matrix during the cleaning
procedure. The shear rates produced with this method could be further raised by injecting the pressured air in
pulses. The injection was performed for 1 s followed by a further second switched off. Because accurate sam-
pling and measurement of the minor particle residues on the filter matrices are nearly impossible, an optical
checking was performed. In Figure 8 the images of the cleaned matrices A, C, D and E are shown after applica-
tion of the above described rinsing method. Before rinsing all matrices were loaded with 6 g M-PVA C22 par-
ticles. Matrix A had no visual particle residues on the surfaces whereas matrices C and D had some minor but
clearly visible particle residues on the lengthwise matrix filaments. Matrix E had some minor discolorations of
the filaments due to particle deposits. These discolorations were found only at the outer shell of the matrix.
Overall, a de facto complete removal of magnetizable particles is possible with the optimized rinsing procedure
in every case.

4. Summary and Conclusion

In the presented study, it was found that the clogging inside the filter matrix is essential for the particle retention
in a magnetic filter. The particles build dense deposits in the area of the edges of the magnetic pole surfaces at
the inlet of the filter chamber. This effect can be explained by high gradients of the magnetic flux density in this
area. The clogging supports the particle retention because magnetizable particles, which enter the filter chamber,
are stopped by the dense particle agglomerates. By inserting a filter matrix, which is longer than the length of
the pole surfaces, the clogging of the magnetic filter appears delayed. Herewith the separation becomes worse.
To use a prolonged filter matrix in order to homogenize the fluid flow in a magnetic filter is consequently un-
suitable. The use of a flow homogenisator made of a non-magnetizable material is recommended instead.

The cleaning procedure could be optimized with a high volume flow of rinsing liquid and a simultaneous
pulsed injection of pressured air. The minor residues of magnetizable particles in the filter chamber, which can-
not be removed, must be taken into consideration when implementing high-gradient magnetic separation in a
biocatalytic process. Minor concentrations of magnetizable particles in the filtrate could also be an important
deterioration factor in a process. To overcome the second factor, the use of a dead end ultra- or microfiltration
after the magnetic filtration could prevent contamination of the product stream with immobilized enzymes on
magnetizable carriers.
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