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Vancomycin is a glycopeptide used in the prophylaxis and treatment of bacterial in-
fections. It is obtained with fermentation of bacteria called Amycolatopsis orientalis. Af-
ter fermentation, it is purified of coloured additions and inorganic salts by adsorption to a
polymeric adsorbent Amberlite XAD-16. In this work, equilibrium adsorption studies to
determine the adsorption capacity were done first. The experimental data fitted best with
Langmuir isotherm. Maximum capacity was ¢, = 53.76 kg m™ resin at pH 7. Next, ad-
sorption was studied in a laboratory packed bed adsorption column. A simple mathemati-
cal model taking into account axial dispersion was applied to describe the dynamics of
the process with breakthrough curves. Experimental and predicted results were com-
pared, and some parametric sensitivity analysis was made to better understand the pro-

cess for the purpose of scale up.
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Introduction

Adsorption is a surface phenomena, where
components of a gas or liquid are concentrated on
the surface of the solid particles. Four types of ad-
sorption are known: exchange, physical, chemical
and non-specific. It is a unit operation, widely used
in isolation and purification processes of chemical
and related industries as well as in environmental
technology. Adsorption operation, which consists of
three main stages like adsorption, desorption or elu-
tion and regeneration of adsorbent, is usually per-
formed in columns with fixed or fluidized beds of
adsorbent or in stirred tank reactors. Very often,
polymeric resins are used for this purpose. Adsorp-
tion is an equilibrium process, which determines the
extent to which the material can be adsorbed onto a
particular surface. These data are represented in the
form of adsorption isotherms, which play a crucial
role in the performance of an adsorption system.
Several types of these isotherms have been devel-
oped, however Langmuir or Freundlich isotherms
are the most frequently used to describe this pro-
cess.I™

Langmuir isotherm is presented with the fol-
lowing equation:

¢=q, (1)
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where ¢ is equilibrium biosorption capacity of
vancomycin, y is concentration of vancomycin, ¢,
is monomolecular capacity and presents the maxi-
mum quantity of adsorbed substance per unit of ad-
sorbent mass. Parameter b presents an equilibrium
constant, connected with affinity to bonding places
of adsorbent.>*

Performance of adsorbers is usually controlled
by adsorption rate, which depends on mass transfer
processes inside and outside of adsorbent particles.
In fixed bed adsorbers, the quality of liquid flow
through the porous bed of particles also affects this
operation. It is an unsteady-state process, where ef-
fluent concentration is a function of time and is pre-
sented in a form of breakthrough curve.' To describe
this process, various mathematical models were de-
veloped and confirmed with experimental data which
were presented in numerous articles, dealing mostly
with metal ions. In contrast, despite the production
and consequently isolation of a large number of
pharmaceutical compounds in the form of larger
molecules, articles dedicated to their recovery with
adsorption are very rare. Only papers dealing with in
situ recovery of penicillin acylase,’ recovery of Vita-
min B,, on non-ionic polymeric adsorbents,® model-
ing of adsorption of a bacterial lipase,” and recovery
of cephalosporin C on polymeric adsorbent® were
found in the available literature.

The advection dispersion reaction (ADR)
model was applied in the study of vancomycin ad-
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sorption presented here. This model was already
studied by many other authors.’!2

This simple model is based on material balance
equations in the liquid phase and solute transport
and its adsorption by the solid phase. The following
equation can be solved for single solute and one di-
mension:

2
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On the right side of this equation, the first two
parts describe diffusive motion and bulk motion of
the whole solution while the third term presents ad-
sorption process. Solution of equation by time ¢ and
coordinate z describes the performance and process
dynamics in a packed bed column. Graphical solu-
tion presents breakthrough curve, which is profile
of concentration in the column outlet as the func-
tion of time.

An important part in this equation is the ad-
sorption term, in our case presented by the deriva-
tive of the Langmuir equilibrium equation, which
finally gives the model equation:
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In order to solve this equation, the following
parameters are needed:

— the sorptive behavior of polymeric adsorbent,
in our case Langmuir parameters ¢, and b,

— the density of biosorbent material (p,)
— porosity of packed bed (¢)

— operating conditions like volumetric flow
rate (F) and input solute concentration (y,)

— the column geometric characteristics to deter-
mine the interstitial velocity u, = F/e A, where 4 is
the cross-section area of the void column,

— deviation of ideal plug flow, expressed with
axial dispersion coefficient D,,

The following boundary conditions were taken
into account:

t=0, z=0; y=1v,
z=1L; dy/dz=20
Initial condition:

y=0 0<z<L t=0

Boundary conditions:

dy
— =0 at0<it<it
aZz=14
ay
D, -— =v-(yYy—7) at 0 <t <t
aZz=0

where ;. is the calculation time. A detailed review
of the solutions of this ADR model is available
elsewhere !

Vancomycin is a glycopeptide used in the pro-
phylaxis and treatment of bacterial infections.!® It is
a fermentation product, recovered from cultivation
broth after fermentation by adsorption to a poly-
meric resin. The aim of this investigation was to de-
termine the adsorption capacity on polymer resin
Amberlite XAD 16 and to describe the dynamics of
the process in a laboratory packed bed column for
the further scale up of this operation.

Materials and methods

Determination of adsorption capacity

Experiments for the determination of isotherms
to determine the adsorption capacity were per-
formed with 25 mL batches of pure vancomycin so-
lutions in 250 mL Erlenmeyer flasks with magnetic
stirrers at room temperature. 10 mL batches of
regenerated polymer resin Amberlite XAD 16
(Rohm&Haas Company, USA)'* with particle den-
sity p, = 1.02 kg m™ and size d, = 0.635 mm were
mixed with the vancomycin solutions having the
following initial concentrations: 2, 5, 10, 15, 20, 25
and 30 kg m=3. Mixing during experiments was ad-
justed to 100 rpm and the equilibrium was reached
in less than 30 minutes. Experiments were per-
formed at pH 7.0 = 0.2. HPLC analysis (1200 SL,
Agilent Technologies, USA, wavelength 275 nm)
was used to determine the vancomycin concentra-
tion.

Adsorption in a laboratory packed
bed column

The experiments were performed in a 0.45 m
long glass column with 0.025 m diameter. The col-
umn was filled with a regenerated polymer resin so
that 0.18 m high bed was obtained. The bed poros-
ity ¢ = 0.41 was determined in a separate experi-
ment as follows: resin was first soaked in deminer-
alized water to remove the solvents used during re-
generation, drained to remove excess water and sur-
face dried. The 100 mL graduated measuring cylin-
der was filled with resin to the mark and then filled
with water to the same mark. Porosity was then cal-
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culated as the quotient of the measured volume of
added water and the total volume.

The column was connected to pulse pump
(Gamma/4-1, Prominent GmbH, Germany) to feed
the column with the solution of y, = 11.5 kg m
vancomycin and pH 7. The level of liquid above the
resin was kept steady to achieve the liquid flow rate
2 - 10® m?s7'. The outlet of the column was con-
nected to a fraction collector (Fraction Collector
684, Biichi Labortechnik AG, Switzerland) where
every 25 minutes a fraction was collected. All data
and operation conditions are given in Table 1.

Model calculations

Eq. 3 was converted into difference form
and solved with a finite differences method using
Wolfram Research Company software package
Mathematica 5.!° Concentration of vancomycin in
radial direction was assumed to be equal, so the
equation was solved only in longitudinal direction.
The column was divided into 100 parts of equal
length. After each calculation of concentration for a
part of the column, the next step for time evaluation
was made so that time increments of 10 s were
taken into account. The calculation of breakthrough
curve for column was finished after #, = 65000 sec-
onds.

Parametric sensitivity analysis was made for
breakthrough time, which means the time when out-
let concentration reaches 5 % value of inlet concen-
tration and presents the beginning of breakthrough
curve. It is shown graphically where relative
change is presented against the relative change of
the parameter under investigation.'!

Results and discussion

The results of equilibrium adsorption experi-
ments at pH = 7 to determine the adsorption capac-
ity are presented in Fig. 1. Experimental data were
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Fig. 1 — Results from the equilibrium experiments corre-
lated with Langmuir and Freundlich isotherm

better fitted with Langmuir equation (R?> = 0.99)
than with Freundlich equation (R*> = 0.95). The
Langmuir parameters, maximum adsorption capac-
ity ¢, = 53.76 kg m~ resin (0.043 kg kg' resin) and
equilibrium constant » = 6.64 m? kg™! were used in
model calculations.

Experimental results from the column in the
form of breakthrough curve together with the pre-
dicted results are presented in the Fig. 2. The pa-
rameters for model calculations are presented in Ta-
ble 1. In addition to this figure, the results of para-
metric sensitivity analysis are presented in Fig. 3.
During this analysis, only one parameter was varied
at a time, the others being set as estimated values as
presented in Table 1.
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Fig. 2 — Experimental results and simulated breakthrough
curve in a packed bed column for the data from
Table 1

Table 1 — Data for the model calculations

Parameter Unit Value
90 kg m~ 53.76
b m’ kg! 6.64
Ds kg m3 1.02 - 10°
Yo kg m 11.5
F m’ 7! 21078
L m 0.18
A m? 0.00049
e / 0.41
D m? s 49 -10°3

The parameter sensitivity analysis in Fig. 3

shows that the maximum biosorption capacity has
the expected substantial effect on the breakthrough
time. An increase of the maximum biosorption ca-
pacity proportionally increases the bed capacity and
consequently prolongs the breakthrough time. The
material density (see eq. 3) has a similar influence
on the position of a breakthrough curve. The in-
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Fig. 3 — Parametric sensitivity analysis showing the effect
of various parameters on breakthrough time in a
packed bed column

crease of material density increases the mass of the
adsorption material of a given volume and therefore
moves the curve to the right towards higher break-
through times. The initial vancomycin concentra-
tion and the breakthrough time are interrelated
through the rate of adsorption. At the same adsorp-
tion time, a higher initial concentration causes an
earlier breakthrough because of the solid bed mate-
rial inability to adsorb more solute in the same time.
The effect of liquid flow rate is also expected. Its
increase reduces the residence time in the column
and consequently causes earlier breakthrough.

The mathematical model is very sensitive to
the bed porosity. The literature gives the porosity of
packed bed columns between 0.35 and 0.5'® while
the measured porosity in this work was ¢ = 0.41
which is in very good agreement with the literature
data. Furthermore, the experimental results and the
predicted results of breakthrough curve with ¢ =
0.41 are in excellent agreement (see Fig. 2). In-
crease of bed porosity causes a decrease in break-
through time. On one hand, the increase of bed po-
rosity at a given flow rate F decreases the liquid ve-
locity and consequently axial dispersion coefficient
as well as the mass of biosorbent material, whilst on
the other hand increases the residence time in the
column. All this explains the reason for earlier
breakthrough. This trend of results is consistent
with the results from the literature.>!!

Axial dispersion coefficient was estimated with
correlation equation by Langer et al. (1978)'¢ as
well as using the correlation by Wakao,® where the
vancomycin molecular diffusivity was estimated by
Othmer-Thakar equation.!” The obtained values are
49 -10° m?> s and 1.2 - 10* m? s! respectively.
Reynolds number was estimated to be Re = 0.03.

Better fit with the experimental data was ob-
tained with the value of axial dispersion coefficient

100

D, =49 - 10° m?s!. On one hand, the value of
D,, for vancomycin is actually only an extrapolated
rough estimation by the used equation, since the
necessary data for this molecule are not available in
the literature. On the other hand, D,, in the simple
model used here is actually an overall apparent
value, which combines both the characteristics
of the flow and the mass transfer resistances in the
liquid and solid phases.!" Change of D, by only
+/— 50 % has a minor effect on breakthrough time
compared to other parameters shown in Fig. 3. It is
probably due to relatively short packed bed of ad-
sorbent material, low interstitial velocity and high
feed concentration used in this work. Additional cal-
culations were made for longer column (L = 1.0 m),
1000 times higher flow rate (F =2 - 10 m? s™!) and
lower feed concentration y, = 1.15 kg m=. The cal-
culated breakthrough time and the slope of the
curve decreased by increasing D,, value, according
to the literature data.!' For example, by setting the
values of D,, to be 4.9 - 108 m?s™',4.9 - 107° m?s™!
and 4.9 - 103 m? s7!, the calculated breakthrough
times were 34.3 h, 12.9 h and 3.3 h, respectively.

Conclusions

Despite the widely used adsorption process as
a unit operation in chemical and related industries,
articles dedicated to the recovery of larger mole-
cules such as antibiotics with adsorption are very
rare. In our work, it was found that the adsorption
of vancomycin can be successfully applied on poly-
meric resin Amberlite XAD 16. It can be well de-
scribed with a Langmuir isotherm. Our experimen-
tal results of breakthrough curves show that the ad-
sorption process as a downstream operation can be
done in a packed bed column. These results were
compared with predicted results, using a simple
mathematical model. Axial dispersion coefficient as
an important model fitting parameter shows a possi-
ble influence of internal and external mass transfer
as well as flow and packed bed characteristics on
the adsorption process. As expected, the break-
through curves are also sensitive to adsorbent char-
acteristics and other operating parameters such as
bed porosity, liquid flow rate and initial concentra-
tion. The results present a good basis for further in-
vestigation and optimization in a pilot plant column
and further application on the industrial scale.
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List of symbols

A — column cross-section area, m?

b — Langmuir coefficient, m® kg™!

y  — concentration of vancomycin, kg m™

y*  — equilibrium concentration of vancomycin, kg m~
yo  — feed concentration of vancomycin, kg m™

—1

axial dispersion coefficient, m? s
1

Dax
F - liquid flow rate, m® s~
L —bed length, m

q

— equilibrium biosorption capacity of vancomycin,

kg m™

qo — maximum biosorption capacity of vancomycin,
kg m™

t — time, S

tp  — model calculation time, s

u, - liquid phase interstitial velocity, m s

z — longitudinal coordinate, m

p,  — biosorbent material density, kg m=

£ — bed porosity, —
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