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ABSTRACT

Magnetotactic bacterium has the characteristics of both magnetotaxis and adsorbing the pre-
cious metal ions, which makes it possible to recycle the precious metal from wastewater in the
combination of high gradient magnetic separation. Nickel wires were used as media which
producing gradient magnetic field to separate the magnetotactic bacteria (MTB) which had
adsorbed Au(IIl) with high gradient magnetic field from wastewater. The magnetic separation
model including the material balance equation and the separation rate equation were devel-
oped to describe this process. The movement process of metal loaded bacteria in magnetic field
was investigated both experimentally and theoretically. The magnetic separator developed by
our research team used for separating Au loaded biomass showed high separation efficiency,
with nearly 100% biomass removed at the magnetic intensity of 1200 GS in 100 min. Experimen-
tal and simulation results all showed that the trapped bacteria were deposited in multi-layers,
implying the ability of multi-layer trapping for the wires. Simulation mode was in good agree-
ment with experiments results, which meant it could be used in the future research of MTB
magnetic process.

Keywords: Kinetics; Bio-magnetic separation; Simulation ; High Gradient Magnetic Separation;
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1. Introduction

The application of bio-sorption in the metal recycling
from wastewater has always been focused [1-3]. Among
the bio-adsorbents, the MTB containing Fe,O, [4,5] show
both ideal adsorbability to metal ions and unique char-
acteristic of magnetotaxis. Such bacteria can carry metal
ions out of wastewater with an outer magnetic field, and
then naturally avoid the problem that it is not easy to
leave from wastewater for many other bio-adsorbents.

*Corresponding authors.

The combination of the magnetic separation and
bio-sorption technology was firstly reported by Bahaj
etal. [6]. The high gradient magnetic separation (HGMS)
technology could rapidly separate the magnetic par-
ticles, which enabled the extraction of trace metal from
the wastewater. However, the weak magnetism of metal
ions in the wastewater restricted the application of this
technology. Then, Bahaj et al. used MTB to adsorb the
metal ions and found the particles (MTB combined with
metal ions) experienced obvious increase in magnetic
susceptibility. Therefore, the particles could be sepa-
rated from wastewater using the HGMS equipment, so
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that the metals could be extracted. Our previous works
[7,8] have also proved that MTB could quickly adsorb
the Au(Ill) in the wastewater and the adsorption effi-
ciency could reach over 90%. And under the driven of
external magnetic field, the metal-loaded MTB could
move along the magnetic line and be caught by nickel
wire, then be separated from the wastewater.

The researches on MTB in the application of water
treatment were mostly focused on the experimental
investigation of new technological process, and the mech-
anism of magnetic separation and computer simulation
might seem to be further needed in the future explora-
tion. Delightfully, fruitful results have been obtained in
the area of magnetic separation theory, which provided
important references for MTB bio-magnetic separation.
It has been proved that the magnetite can separate some
hazardous species and heavy metals from aqueous solu-
tions [9], like the behavior of MTB containing Fe,O,.
Among the magnetic separation models, the category
of single cylinder medium trapping particles has been
most completely investigated, including the force equi-
librium model and the tracking model [10,11]. Then the
multi-cylinder trapping model has also been developed.
Tsouris et al. [12] studied the prediction of the removal
efficiency of paramagnetic colloidal particles by a tra-
jectory model. Their central idea lay in the effect of the
composition of gravitational, magnetic and drag forces
on the magnetic particles, and the model can simulate
this case well when the magnetic force overwhelmed
the other two. Chen et al. [13] described the feasibility of
a portable HGMS separator built from parallel tubing-
wire units to efficiently sequestrate magnetic spheres
from the blood stream, and investigated the capture effi-
ciency of a HGMS separator unit using 2D mathematical
modeling. In Chen’s model, the magnetic separator was
modeled as multiple arrays of parallel wires and small
tubing immersed in an externally applied homogeneous
magnetic field, and the basic unit was described as two
ferromagnetic wires running parallel and opposite to
each other along a centrally located capillary tube. Fur-
ther, the 3D model [14] was also develped to analyze the
effect of the separator configurations on the efficiency of
magnetic sphere capture, and configuration character-
ized by bi-directionally alternating wires and tubes was
found to be an optimal design.

Actually, the HGMS technology has been applied
in many areas [15,16], for example, kaolin decoloriza-
tion, enrichment of ores-mineral beneficiation, metal
removal from wastewater, food processing, even protein
and DNA purification. At present, the theoretical HGMS
models are generally based on the initial separation
state, reflecting the phenomenon of particles trapped
onto the clear magnetic medium. As to the HGMS pro-
cess of MTB onto nickel multi-wires [8], the magnetic

medium (nickel wires) could quickly trapped certain
MTB particles, and the trapped MTB particles would
affect the motion state of the whole fluid and the distri-
bution of external force field, resulting in the increasing
complexity of the description of the particles motion,
so this trapping process was believed to needed further
investigation.

It may be interesting to research the wastewater
treatment containing heavy metal ions, Au(lll), by
using external magnetic field and MTB. Generally, sev-
eral methods can be used for recovering metal from the
waste, such as leaching, extraction, ion exchange and
active carbon adsorption. Compared with these meth-
ods, bio-adsorption has the advantage of efficiently pro-
cessing low concentration of metal-bearing wastewater,
harmless and little secondary pollution. Especially,
among a variety of bio-adsorbents, easy coupling with
magnetic separation makes MTB attractive to research-
ers. For the magnetic separation using MTB, most of the
literatures were based on experimental. Furthermore,
for the practicality of this technology, theoretical knowl-
edge of the transmission characteristics of the process
is necessary. Accordingly, the objective of this article
was to study both theoretically and experimentally the
effects of operating conditions (magnetic intensity, ini-
tial concentration and velocity of inlet water, etc.) on the
actual performance of such a bio-magnetic separation.
Besides, the mathematical model, describing the motion
behavior of the magnetic particles, Au-loaded MTB, in
the magnetic field, was established to study the kinetics
of the trapping process.

2. Experimental

The main device for separation was the magnetic
separator, which showed in Fig. 1. Two permanent mag-
nets (material is NdFeB, 1500 Gs in surface magnetic
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Fig. 1. Schematic diagram of magnetic separator.
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intensity) were fixed on the both sides of the separa-
tor. Multi-level of metal wires (material was 50NiFe)
were distributed in the separator along the flow direc-
tion. The MTB were used to adsorb the Au(IIl) from the
feed solution, then the solution with metal-loaded MTB
were driven into the magnetic separator by a peristaltic
pump. The magnetic intensity was adjusted by chang-
ing the distance between the two magnets, and the
Tesla-meter (model T-6) was used to detect the external
magnetic intensity between 0 = 1200 Gs. The experimen-
tal method had been described in the earlier paper [8].

3. Modelling of the separation process

The detailed experimental process has been
described in the literature [8]. The magnetic separation
model could be consisted by material balance and sepa-
ration rate equations.

3.1. Material balance equation

As shown in Fig. 2, it was considered a unit with dx
in length and A in lateral area in the separator, which
contained a volume A - N - dx of retained particles and a
volume A - €C - 6x of moving particles entrained by the lig-
uid; where € was the porosity of MTB-loaded metal wires,
C the particle mass content in fluids, N the adsorbed par-
ticle mass for each unit volume of magnetic separator.

The general mass balance equation was “accumula-
tion rate = (flow in) — (flow out)” [17], that is:

0 ) oC
g[A(N+,s,C)]Jrg[AuOC—ADg}_o 1)

where 1, was the velocity of inlet flow, u C the barycen-
tric flow of particles entrained by the fluid, f the operat-
ing time, x the horizontal distance from the start of the

wires, —D E;— the diffusion flux.
x

H, Q)

0 X x+3 x L X

Fig. 2. The state of particle suspended liquid through the
magnetic separator.

The suspension flow rate was usually kept constant.
Consequently the material balance equation was as follows:

2
8C+8(N+8C)_D8C:

" ox ot e

0 )
The porosity of clean metal wires was ¢, The Egs. (1)
and (2) derived from the phenomenological model for
high-gradient magnetic separation, in which some sim-
plification modes could be considered [17]. Particles dif-
fusion is usually negligible when their size is larger than
1 um; even for ultrafine particles, the barycentric flow is
always the most significant. The length of magnetotactic
bacterium was 1 =2 um. Thus, the diffusional term could
be neglected. Ignoring the effect of diffusion, meanwhile
approximately assuming € = €, then the Eq. (2) was:

aC 9(N+¢g,C)
i S b} 3
T ©)

Assuming x and t in Eq. (3) were variables, and then the
simplified material balance equation could be obtained
[18-20]:

aC oN
Uy (a]t'F(E]x—o (4)

3.2. Separation rate equation

In a given time length of dt, the increasing particles
mass in the matrix unit was (B_N] ot - 0x - A, and the
X
unit input particle mass was C - u - 8t - A, then the trap-
ping probabilities of the particles by metal wire were
shown as follows:

oN dx
p={ 5
(at]xC‘uO ()

What's more, in the matrix unit, the length of metal wire
was:

(1-2) 8x A

- a®

(6)

Lot =

where a was the radius of metal wire.

The effective trapping areas of per-unit length of the
metal wire was 2anR, where R_was the specific trap-
ping radius, then the effective trapping areas (A ) of the
metal wire was:

Aeﬁzwvhm=2(1_€0).5X,A_RC

m-a a

(7)
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Then, the trapping probabilities of particles in the matrix
unit by the metal wire were as follows:
Agr  2(1-g)-R.-dx

A a

(8)

Assuming Eq. (5) equals to Eq. (8), then:

©)

(B_N] _2(1-gg)-R.-up-C
o ). a

Seen from Eq. (9), the specific trapping radius R_func-
tional depends on the trapping mass N. Let the specific
trapping radius R_be as follows [21]:

R. = Re,G(N)

ki
(i3]

t

(10)

(11)

where G(N) was the loss function, and R  was the criti-
cal specific trapping radius. N, was the maximum trap-
ping amount and y was the loss constant.

Consequently, the Eq. (9) could be described as fol-
lows:

oN Uy
IV Mg
( ot jx Ly

where L was the characteristic trapping length and was
shown as follows:

(N)C (12)

a

[p=—uw ™
"7 2(1-¢y) Ry

(13)

3.3. Model solution method

In summary, the magnetic separation process could
be described by Egs. (4) and (12), which was a binary first
order system of ordinary differential equations, which
could be solved by finite element difference method.

The initial conditions and the boundary conditions
had to be determined before the solution. The initial
conditions could be as follows:
whent=0,C=N=0(0<X<L) (14)

Under the effect of magnetic field, the solute had the
tendency of leaving the solution immediate after the
entrance of solution into the separator. However at
this starting point, the metal wire had no tendency of
adsorbing the solute. Therefore it was needed a certain

time for the movement of solute from bulk solution to
the metal wire. The metal wires trapping amount N,
from the starting point and along with direction of wire,
has a zero local change rate. And the local change rate of
concentration in the solution (C) could be solved by the
combination of Egs. (4) and (12):

a_C:_lG(N)C
ox LO

(15)

Then the boundary condition at the starting point of
the metal wires could be obtained:

ON _ _aC 1

whenx=0,—=0, =—=-—G(N)C,
ax ax LO

This belonged to Neumann boundary condition.
Examining the metal wire, the boundary condition at
the end of the metal wires was as follows:

whenx:L,a—N:O,a—C:O
ox ox

This also was a Neumann boundary condition.
The critical specific trapping radius R, in the mag-
netic separation equation was calculated as follows [22]:

U cos 20, u %
R = L\%— =0.8841" (ﬂ cos zeo]
V074 o
2
1
3
~0.8263 - [“—’"] (16)
Up

where u_ was the charactistic magnetic rate, calculated
by:

o (xp — %r ) HoMb?
ua

(17)

Uy, =

O N

where p was the dynamic viscosity coefficient of the
fluid, and u, was the flow velocity, b was the radius of
particle in solution. 0, was the critical trapping angle,
which was angle between the particle moving direc-
tion and magnetic field line. x_ and y, were the mag-
netic susceptibility for particles and fluid, respectively.
H, was the external magnet intensity (i.e., background
homogeneous magnet). M_ was the saturated magneti-
zation of the metal wire; u, was the vacuum magnetic
permeability.
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Table 1

The parameters involved in the magnetic separation mode

Symbol Value Source

b 1 um measured

a 25 um measured

M, 1.3 x 10°A m™ [24]

% 5 x 107> m® kg! [24]

H, 200 = 1200 Gs measured

u 1.01 x 10°Pas [24]

1, 41 x 107 N A2 constant

a 25 um measured

1-¢, 245 x 10° measured

v 1=2 [18]

6, 17.6° (22]

X 1.01 x 10° m? kg™ [25]

u, 0.5=5mms™! measured

G, 0.05=05gl1™" measured
N, could be calculated by [23]:

NT:%XE[(WRCO)Z—az]X%XCO (18)

The parameters [18,24,25] needed in the equation
calculation were shown in Table 1.

4. Simulation results and discussion
4.1. Simulation results and verification

The accuracy of the model could be examined by the
comparison between the experimental data (Exp.) and
the calculated results (Cal.) under different magnetic
intensity, initial concentration and velocity. The effect
of magnetic intensity on the outlet concentration was
shown in Fig. 3, in which C/C_ was the ratio of outlet
and original concentration, and the separation efficiency
decreased as the rise of the C/C. Also it could be seen
from Fig. 3 that the higher the magnetic intensity was,
the higher separation efficiency was. However, under
different magnetic intensity, the time for a metal wire
to reach saturated adsorption did not obviously differ
from each other. That was to conclude that the magnetic
intensity had little effect on the separation rate. The
effect of initial concentration of the solution on the effect
of separation was shown in Fig. 4, from which it could
be seen the increase of initial concentration reduced the
time for a metal wire to reach trapping saturation. The
effect of flow velocity on the separation was shown in
Fig. 5. It revealed the rise of velocity led to the reduction
of magnetic separation efficiency.
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Fig. 3. Effect of the magnetic intensity on separation effi-
ciency (C,, =80 mgl", u,=1mms™). A, A, B, O Experi-
mental Data; ---, —, -, ----- Calculated Curves.
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Fig. 4. Effect of initial concentration on separation efficiency
(H,=1200Gs, u,=1mms™). A, A, ® Experimental Data; ----,
— e Calculated Curves.

Fig. 5. Effect of the velocity of inlet water on separation effi-
ciency (H,=1200Gs, C,, =80 mgl™"). A, A, B Experimental
Data; -+, —, ---, Calculated Curves.
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In summary, by the comparison between experimen-
tal results and simulated data in Figs. 2-4, the two sets
of data were in a good agreement with each other, which
indicated the reliability of the model.

4.2. Simulation prediction and experiment results

The model could be used to simulate and predict the
magnetic separation process. For instance, the changing
trend of the trapping amount with the distance from
the inlet after the beginning of magnetic separation was
shown in Fig. 6. From Fig. 6 it could be revealed that as
the increase of distance and separation time, the trap-
ping amount rose gradually, while the trapping ability
(equally the magnetic separation efficiency) decreased
step by step, until 100 min it reached saturation.

Taking a magnetic metal wire to exemplify the rea-
son of the separation decrease, assuming the metal wire
radius r, and particles radius r,, at the initial stage of
separation, no particles were trapped by the metal wire,
and the high-gradient magnet near the metal surface
had strong trapping ability for the particles, having the
highest capture potential. After certain time, major sur-
face area of the wire were occupied by particles, and the
original metal wire and the trapped particles could be
seen as a new wire (having radius " = r_+ 2r,).

The magnetic gradient was in inverse proportion
to the metal wire radius. The thinner the wire was, the
stronger the promoted magnetic gradient was. Thus, the
increase of metal wire radius was larger after trapping
process, and the magnetic gradient near the metal sur-
face was weaker. Besides, the magnetic intensity of para-
magnetic particles (magnetosomes within MTB) [26,27]
was smaller than that of ferromagnetic metal wire. Thus,
after the wire absorbed particles the average magnetic

4
t=100 min
3 t=80 min
t=60 min
<
(o] 2 - .
> t=30 min
t=15 min
1+
t=10 min
t=5 min \"
0 \'¥
0.00 0.03 0.06 0.09 0.12 0.15
X, m

Fig. 6. The trend of trapping amount on the metal wire with
distance (H, =1200Gs, C , =80 mg I, u =1 mms™).

0,Au

Hy= 1200 Gs

Fig. 7. The trend of trapping amount on metal wire with
magnetic field intensity (C, =80 mg 1™, u,=1mms™).

gradient decreased, which would weaken the magnetic
force to the particles in bulk solution and then the sepa-
ration efficiency.

Analyzed by the model on the separation process, the
change of trapping amount with the variance of mag-
netic intensity could also be shown in Fig. 7, which was
in accordance with the results reported in the literature.
The increase of magnetic intensity led to the rise of trap-
ping amount, and the metal wire reached saturation at
nearly 100 min. It could be seen from Fig. 7 that the satu-
rated trapping amount was proportional to the magnetic
intensity, and the scanning electron microscope (SEM) of
the MTB-loaded metal wire at different processing time
also revealed that the more biomass was adsorbed, the
larger the wire radius was, both of which meant the par-
ticles were “multi-layer trapped” by the metal wire in the
separation process. Such a conclusion could update the
previous conception of theoretical research that mainly
focused on the behavior of single particle in the magnet,
making the theoretical research more close to the fact.
Besides, it could be seen that the magnetic intensity had
little effect on the separation rate, but large effect on the
separation quantity. The higher the magnetic intensity
was, the larger the magnetic power was and so did the
trapping power of the metal wire.

In the magnetic separation experiment [7], the
Au(lll) treated biomass was fed into the magnetic
separator under different magnetic intensities. Kinetic
results showed that after a rapid removal of the biomass
in the first 30 min, the rate became level off thereafter,
and after 100 min, equilibrium reached (Fig. 8). Also, it
can be seen that separation efficiency was proportional
to the magnetic intensity, and at the magnetic intensity
of 1200 GS, 100% biomass was removed. During the
experiment, the nickel wires in the separator were taken
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Fig. 8. Separation kinetic study on different magnetic inten-
sities.
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a) Nickel wire without
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biomass for 30min
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Fig. 9. Micro images of Au loaded biomass on the nickel wires.

out for the observation under the microscopy, and the
results showed that the accumulation of MTB biomass
on the nickel wires increased with the time (Fig. 9).

Although a laboratory-scale magnetic installation
has also been designed for the removal of metal loaded
MTB, the measured recovery of the biomass was only
41.7% [6], which significantly limited its application.
Apart from the high separation efficiency of the mag-
netic separator developed in the present study, consid-
ering the high biosorption capacity of the magnetotactic
biomass and the high gold recovery efficiency of the
thiourea, it is possible to apply such an installation into
the recovery of Au(lIll) from industrial wastewater.

5. Conclusions

According to the separation of Au loaded biomass,
a model was built on the bases of the material balance
equation and separation rate equation. The model was

used to analyze the trapping kinetics characteristics and
further to predict the magnetic separation process. The
accuracy of the model was investigated by the exami-
nation with experimental data under different magnetic
intensity, initial concentration and flow velocity, which
showed that the magnetic intensity had evident effect
on the separation efficiency but obsolete effect on the
separation rate of separator. The theoretical simulations
results showed that, as the increase of distance from the
inlet and the separation time, the trapping amount of the
wire also increased, while the trapping ability, namely,
the separation efficiency decreased. Another impor-
tant conclusion was that the bacteria were multi-layer
distribution, showing the metal wire had the ability of
multi-layer trapping. This model could well match the
experimental results, which meant it could be used in
the future research of MTB magnetic process.
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Symbols

— lateral area in the separator, m?

— effective trapping areas of the metal wire, m?
the radius of particle in solution, m(um)
—  particle mass content in fluids, kg m=~(g 1™")
— initial particle mass content in fluids, kg
m-(g 1)

diffusion coefficient, m?s™"

loss function, the mathematical statistics
term

— external magnet intensity Gs

—  characteristic trapping length, m (um)

— length of metal wire, m

saturated magnetization of the metal wire,
Am!

— adsorbed particle mass for per unit volume
of separator, kg m=(g 1)

— maximum trapping amount, kg m~(g 1)
trapping probabilities of the particles by
metal wire

—  specific trapping radius, m

—  critical specific trapping radius, m

— operating time, s

—  velocity of inlet flow, m s (mm s")
characteristic magnetic rate, m s™

— the horizontal distance from the start of the
wires

radius of metal wire, m (um)
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Y — loss constant, the mathematical statistics
term

€ —  porosity of MTB-loaded metal wires

€ —  porosity of clean metal wires

9, — critical trapping angle

u — dynamic viscosity coefficient of the fluid
Pa-s

[ —  permeability of vacuum, N A?(Hm™)

X — magnetic susceptibility for fluid, m? kg™

Xp — magnetic susceptibility for particles, m?
kg™

Appendix A

Formula derivations of some parameters associated
with this paper were listed as follows. (Quote from the
sixth chapter of Ref. [22], i.e., PhD thesis of this paper’s
author).

When a new magnetic particle was toward the sur-
face of the granular layer on the metal wire, the most sta-
ble position should be the location of O point, as shown
in Fig. 10 [28]. And the contact points on the four adja-
cent particles were A, A,, A, and A, respectively. Next,
the torques in A A -axis and A A -axis were investigated.

In Fig. 10, F, was the fluid resistance; F,, was the
radial component of the magnetic force; and A,A, was
the distance between point A, and point A . The stable
condition of the particle in the plane (r-z) was:
AAF, >AAF,

27747 Mr —

(19)

F,,, was the tangential component of the magnetic force;
A A, is the distance between point A, and point A,.
Similarly, the conditions of torque balance and particle
stability in the plane (r — 6) was:
AAF, >2AAF

37747 Mr — 773 747 M6

(20)

F,,,and F, in (19) and (20) were expressed as [29]:

_ 87, (xp - xf)HOMSa2b3

2
Fur (K T+ cos 29] 1)
r

Fig. 10. Stress analysis on the particle on the surface of the
wire.

Fig. 11. The schematic layout of the critical trapping angle.

_ 8my (x, — 27 ) HoMuah®

By = sin 20
M6 3,3

(22)

where a was the wire radius, b the particle radius, r the
distance between the wire axis and the particle, x  the
magnetic susceptibility for particles, y, the magnetic
susceptibility for fluid, H, the external magnet intensity
(i.e., background homogeneous magnet), M_ the satu-
rated magnetization of the metal wire, i, the vacuum
magnetic permeability, 0, the critical trapping angle (i.e.,
half of the angle 6 between the particle moving direction
and magnetic field line, in Fig. 11).
The fluid resistance was acting at the point D [30],
that is, 0.74 b from the center point O. Then, Sp = PA, E,
2 e ;
OS = B3 b, DS= [7 + 0.74J b Formula (21) and (22)

were substituted into the formula (19) and (20):

Fu, b_ F ) +0.74 | b= 0 (23)
2 2
6!2
K = +cos202+25sin0 (24)
r

In fact, the particles accumulation status on each wire

must satisfy Egs. (23) and (24). a is the wire radius, r the

distance between the wire axis and the particle. Soa < r.

Nickel wires used in this experiment are strong mag-

netic material (susceptibility K 6 x 10-¢ [25]), so the term
2

K a_2 is far less than 1, which can be ignored. Thus,
r

Eq. (24) can be simplified as:

6 < arctg % =35.3°C (25)

0,=056=17.6°
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The liquid flow rate is relatively small during the
magnetic separation. It belong to the laminar flow state,
that is, ignoring the transverse bending effects of the
accumulation surface and the effects of particle gaps on
the flow. So, the particle motion was at Stokes region in
laminar flow state. The fluid drag force F,, could be cal-
culated by Eq. (26):

F,=3mu,dp p=6m u,bp (26)

where 1 was the dynamic viscosity coefficient of the
fluid.
F,,, and F were substituted into formula (23):

2 —% ¢ |HyM,a’bh? 2
HO(XP Xf) olVlsa Ka—-i-COS 20 |— £+074 >0
9r3ug r? 2

(27)

- HyM,b?
2t (Xp xf ) 07" was the characteristic

where u,, =
a

magnetic speed of the particles, R, = L the specific trapping
a

radius for magnetic particles on the wire axis. Thus, Eq. (27)
can be simplified as:

Hm [KZ + cos 29]
1/[0 R

R, = <
\/25+ 0.74

1

(28)

Since a and r were the same order of magnitude, that is,

R_is similar to 1. K = 6 x 107, so the term ﬁz is much
C

smaller than 1, which can be ignored. The critical spe-

cific trapping radius R, could be calculated as Eq. (29):

Hn cos 260, " 3
Ry = ”\’}’E— = 0.8841- (—’" cos 260]
074 1

(29)

1

3

- 0.8263-(”—’”]
Uy

Refer to critical specific trapping radius R, and the criti-

cal trapping angle 0, the collection efficiency of particles
would be estimated.
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