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Recovery of Theophylline in Effluent with
2-Ethylhexanol Extraction Process

XIEN HU

INSTITUTE OF NUCLEAR ENERGY TECHNOLOGY
TSINGHUA UNIVERSITY
BEIJING 102201, PEOPLE’'S REPUBLIC OF CHINA

ABSTRACT

The 2-ethylhexanol extraction process is developed to recover theophylline in the
effluent from the commercial synthesis of theophylline. The extraction of theo-
phylline by 2-ethylhexanol depends on the pH, temperature, and Na,SO,4 content in
the effluent. The distribution ratio is0.81 at pH 7 and decreases with increasing pH to
near zero at pH > 8. Over 95% of the theophyllinein the effluent can be recovered by
4-stage countercurrent extraction with aflow ratio equal to 2. The reciprocating plate
column (RPC) was used successfully with a throughput of 3.4 t/h in the commercial
process. The scaleup design was based on pilot test data and the Karr correlation. A
Davy-McKee mixer-settler with sufficient resident time was used for stripping with
0.2 mol/L NaOH solution and a flow ratio of 10. After stripping, the 2-ethylhexanol
was recycled for extraction. The stripping is governed by the molar ratio of NaOH in
solution to theophylline in the loaded 2-ethylhexanol and by the contact time of the

organic phase with the agqueous phase.

Key Words. Solvent extraction; Recovery; Theophylline; 2-Ethylhexanol

INTRODUCTION

Theophylline, 1,3-dimethylxanthine (C;HgN4O,, CAS 58-55-9), isusually
used for the preparation of many such drugs as aminophylline, theophylline
sodium glycinate, etc. In commercia production, theophyllineisthe parent of
caffeine, which is obtained by methylation of theophylline, so that theo-
phylline is generally produced as a by-product in the caffeine synthesis pro-
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cess (1). A large amount of theophylline remains in the mother solution after
crystallization from the synthesis process, with a theophylline content of
0.5-0.7% in the solution. For exampl e, about 12 kt/y of the solution will bere-
leased to synthesize 1 kt/y of caffeine with 84 t/y theophylline in the mother
solution. Therefore, if the solution were discharged as effluent without recov-
ery, alarge amount of theophylline would be lost.

Besidestheophylline, the solution also contains CHOONa, Na,SO,4, NaOH,
NaCl, and various organic substances of unknown composition from the syn-
thesis process. The synthesis process is composed of 10 steps with many ac-
companying reactions. When the solution was evaporated to dryness, the
residue was about 10 wt% of the total mass of the solution (2). Therefore, the
theophylline must be separated from the inorganic and the organic mixture for
recovery.

Considering the large amount of theophylline in the solution, industrial-
scale solvent extraction should be used for recovery. Unfortunately, data on
the solvent extraction of theophylline has rarely been reported, except for the
partition coefficient of theophylline in the heptane-water or chloroform—wa-
ter systems as given by Takruri (3).

The objective of thiswork is to study the behavior of solvent extraction of
theophylline and to develop a commercia process for the recovery of theo-
phylline.

EXPERIMENTAL

Materials

Theophylline was prepared by the Shandong Xinhua Pharmaceutical Com-
pany, Ltd., People’s Republic of China. Its melting point was in the 270 to
274°C range.

The 2-ethylhexanol was industrial grade and met the specificity of the Na-
tional Standard of the People’s Republic of China, GB/T 6818-93 (4). Other
solvents and chemicals used in thiswork were reagent grade and produced by
the Beljing Chemicals Corp.

The original solution used in the pilot test was the mother solution after
theophylline crystallization and was also prepared by the Shandong Xinhua
Pharmaceutical Company, Ltd.

Apparatus

The RPC used for the pilot test was made of glass pipe with flanged con-
nections. The bottom for settling the aqueous phase was 30 cm in height and
10 cm in diameter. The top section for segregating the organic phase was the
same size as the bottom section but with an attached interface controller. The
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TABLE 1

The Parameters of RPC in the Pilot Test
Internal diameter of column 38 mm
Height of internals 5m
Plate diameter 36 mm
Plate thickness 3mm
Plate spacing 50 mm
Number of plates 98
Diameter of holes 10.8 mm
Arrangement of holes Equilateral triangle
Triangular pitch 17 mm
Free area 0.366
Material Stainless steel

reciprocating plate stack was driven by a variable speed motor and an ad-
justable yoke. The RPC parameters are shown in Table 1.

A Davy-McKee 3-stage mixer-settler made of Plexiglass was used for strip-
pinginthe pilot test. There was a baffle plate on top of the mixer toimprovelig-
uicHiquid mixing. A 6-leaf closed pumping turbine with a sucker driven by an
adjustable D.C. motor was used in each mixer. The settler interface was con-
trolled by a hydrostatic leg. The mixer-settler parameters are given in Table 2.

Procedure

In the phase equilibrium experiment for extraction, the theophylline solu-
tion was fully mixed with solvent at different volume ratios. Then the theo-
phylline concentration was determined by ultraviolet spectrophotometry. The
maximum absorption is at 274 nm and pH 12-13, corresponding to the molar
specific absorption coefficient, emax, Of 1.04—1.17. The absorbance is propor-
tional to the concentration below 40 mg/L theophylline concentration. A 752C
spectrophotometer was used in thiswork. In determining the theophylline con-

TABLE 2
The Parameters of Mixer-Settler in the Pilot Test
Size of mixer 10 X 10 X 10 cm
Size of settler 10 X 20 X 14.5¢cm
Number of stages 3
Impeller Closed 6-leaf turbine with sucker
Turbine diameter 39 mm
Size of leaf 12 X 8 mm
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centration of the solution, other organic impurities will interfere with the pro-
cess. To separate the impurities, the theophylline in the original solution was
extracted using 2-ethylhexanol in a multiple stage process. The absorbance of
the raffinate was subtracted as background from that of the solution. In the pi-
lot test the throughput of the original solution and the 2-ethylhexanol through
the column was determined by filling the column with the aqueous phase and
then feeding the organic phase into the inlet located at the bottom of the plate
stack. After the flow ratio of the organic phase to the aqueous phase, O/A, was
fixed at agiven amplitude and frequency of pulsation, the flow rates of the two
phaseswereincreased gradually until flooding occurred. The masstransfer was
determined by measuring the concentration-time relationships of the two
phases at the outlets from startup to steady state. The extraction efficiency was
calculated from the inlet and the outlet theophylline concentration of the aque-
ous effluent at steady state. In the stripping test the loaded 2-ethylhexanol as
the continuous phase in the mixer was first filled. To accelerate equilibrium,
each settler wasfirst filled with half agueous phase and half organic phase.

RESULTS AND DISCUSSION

Selection of Solvent for Extraction

For industrial applicationsthe following factors should be considered in the
selection of an extraction solvent for theophylline: 1) suitable distribution be-
tween phases and capacity for extraction of theophylline; 2) low solubility in
the effluent and high boiling point to decrease lossin solution and loss due to
volatilization; 3) easily stripped or regenerated; 4) good physical properties
for masstransfer such asviscosity, density, and interfacial tension with water;
and 5) safe, nontoxic, and low cost.

In experiments for the selection of a solvent, the theophylline distribution
ratio between the solvent and the saturated solution of theophylline in deion-
ized water was determined at ambient temperature and pH 6—7. Tributyl phos-
phate has a high distribution ratio but is very expensive for commercial use.
1-Butanol also has a high distribution ratio but dissolvesin water to 7.8 wt%
at 20°C, which would necessitate arecovery system for 1-butanol. The datain
Table 3 shows that 2-octanol or 2-ethylhexanol both have reasonable distri-
bution ratios and low solubilities; 0.05 wt% at 20°C for 2-octanol and 0.06
wit% at 25°C for 2-ethylhexanol. Therefore, either solvent could be used for
recovery of theophylline. Because 2-ethylhexanol isin stable supply at alower
price in China, it was selected as the solvent for recovery of theophylline al-
though it does have some drawbacks, for example, dlightly higher viscosity
and some organic impuritieswill dissolvein it.
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TABLE 3
Distribution Ratio of Theophylline Extracted by
Severa Solvents, O/A = |. Ambient Temperature

Tributyl phosphate 23
Di-(2-ethylhexyl) phosphoric acid 0.3
Methy! isbutyl ketone 0.2
n-Buty!l alcohol 1.74
n-Butyl alcohol:octanol-1 = 1:1v /v 1.02
Trioctylamine:kerosene = 1:1v /v 0.26
2-Ethylhexanol 0.81
2-Octanal 0.7

Theophylline Distribution Behavior
Theophylline-2-Ethylhexanol-Water System

The distribution ratio was measured at equilibrium for atheophylline solu-
tionof 2.15g/L at pH 7 with 2-ethylhexanol at O/A = 0.5-10.0 v/v. The theo-
phylline concentration in the organic phase is plotted against that in the aque-
ous phasein Fig. 1. The mean distribution ratio was determined from the slope
of the linear relation to be 0.81.

The distribution ratio was a so determined experimentally in the 10 to 60°C
range at pH 5 and O/A = 1 v/v for 2.98 g/L of the original theophylline con-
centration. The result, Fig. 2, shows that the distribution ratio improves with
Increasing temperature. In addition, the phase segregation is also accelerated
with increasing temperature because the viscosity decreases with increasing
temperature.

The extraction distribution ratio is aso very dependent on the pH of the so-
lution, Fig. 3(A). The maximum distribution ratio is below pH 6, whilefor pH
greater than 8 the distribution ratio drops drastically to near zero. This behav-
ior alows the pH to be used as a controlling factor for stripping loaded 2-
ethylhexanol in the recovery process.

Theophylline can be considered to be a very weak acid since the proton on
the nitrogen in position 7 of the heterocyclic ring is dissociable. The dissocia-
tion constant pK, is 8.6 as determined by potentiometry and spectrophotome-
try (5). The ratio of undissociated theophylline molecules to the total theo-
phylline concentration in the pH range can be cal culated using the dissociation
constant, Fig. 3(B). The data show that theophylline can only be extracted by
2-ethylhexanol in molecular form because the relationship between the undis-
sociated ratio of theophylline to the pH isvery similar to that of the distribu-
tion ratio of theophylline to the pH.
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FIG.1 Distribution of theophylline in 2-ethylhexanol—water system.

Original Solution-2-Ethylhexanol System

The pH of the original solution is 12—13 and the theophylline in the basic
solution exists in the form of 1,3-dimethylxanthine sodium salt
(C;H;N4NaO,). The pH was adjusted to 7 using H,SO, and then the theo-
phylline in the original solution was extracted by 2-ethylhexanol at different
O/A vaues. The equilibrium concentrations of each phase are show in Fig. 4.
The distribution ratio is 0.7 as obtained from the slope of the straight line at
15°C.

The effect of Na,SO, concentration in the original solution on extraction
was al so studied experimentally by adding different amounts of Na,SO,4 to the
original solution. The distribution ratio increased with increasing Na,SO,4
concentration, Fig. 5. This salting-out effect is similar to the caffeine extrac-
tion process (6).
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Stripping of Loaded 2-Ethylhexanol

The theophylline in the loaded 2-ethylhexanol is transferred into the aque-
ous phase at pH > 8 by the reaction

C7H8N402(0rg) + NaOH(aq) = C7H7N402Na(aq) + Hzo
The effects of the amount of NaOH and the contact time between the organic
phase and the agueous phase on stripping were then studied experimentally.
2-Ethylhexanol-Theophylline—NaOH Solution System

The theophylline solution in 2-ethylhexanol was prepared by adding theo-
phylline to 2-ethylhexanol to the desired concentration. The solution was then
stripped with NaOH solution in deionized water. As mentioned above, the dis-
tribution ratio is near zero since the pH of the NaOH solution is higher than 8.

1.20 —

1.00

Distribution ratio

0.90

0.80

0.70 1 I i | | i 1 J
10.00 20.00 30.00 40.00 50.00 60.00

Temperature, °C

FIG. 2 Effect of temperature on distribution ratio of theophylline in 2-ethylhexanol—-water
system.
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FIG. 3 Effect of pH on distribution ratio of theophylline.
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FIG. 4 Distribution of theophylline in 2-ethylhexanol-mother solution system.

It was expected that the theophylline would be totally stripped by pH > 8
NaOH solution in a one-stage contact, but the experimental results showed
that the stripping was not complete. The distribution of theophylline in the 2-
ethylhexanol-NaOH solution system is shown in Table 4.

The data shows that the stripping efficiency only depends on the molar ra-
tio of NaOH to theophylline and that the NaOH concentration and the phase
ratio normally have no effect on the stripping. If the molar ratio islessthan 1,
total stripping is impossible regardless of the conditions. To complete the
stripping, the amount of NaOH should be greater than the stoichiometric
value; for example, the molar ratio should be great than 1.5.

2-Ethylhexanol in Equilibrium with the Original
Solution—-NaOH Solution System

The 2-ethylhexanol in equilibrium with the original solution is different
from the 2-ethylhexanol solution of theophyllinein that some organic impuri-
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FIG.5 Effect of sodium sulfate content on distribution ratio.
TABLE4
Distribution of Theophylline in 2-Ethylhexanol-NaOH Solution System
Origina Origina Aqueous Organic g
NaOH theophylline concentration concentration Molar ratio f
concentration  concentration inequilibrium  inequilibrium NaOH: Stripping 5
(mol/L) (g/L) O/A (g/L) (g/L) Theophylline efficiency E:
0.001 1.085 5.0 1.081 0.869 0.033 0.199 é
0.001 1.085 25 0.908 0.722 0.066 0.334 2
0.001 1.085 17 0.807 0.601 0.099 0.446 f
0.001 1.085 13 0.704 0.522 0.132 0.518 §
0.01 1.085 5.0 3.180 0.449 0.338 0.586 z
0.01 1.085 25 2.580 0.054 0.677 0.950 =
0.01 1.085 17 1.803 0.003 1.020 0.997 3
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ties are also extracted into the organic phase. To further enrich the theo-
phylline, a large phase ratio, O/A = 20, was used for the stripping with an
original theophylline concentration in the 2-ethylhexanol at 1.706 g/L. The
theophylline concentration in the 2-ethylhexanol at different stirring times
was determined as shown in Fig. 6. The results show that the contact timeis
another important factor for stripping, and that mass transfer may play a con-
siderable rolein stripping.

Recovery Process Design

The recovery process design is based on the parameters listed in Table 5.

The recovery process has three unit operations: 1) Adjust the pH of the
original solution from 13 to 6—7 to transform the solute from 1,3-dimethyl-
xanthine sodium salt to theophylline. 2) Extract the theophylline from the
solution with 2-ethylhexanol to separate it from the inorganic impurities and
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FIG.6 Effect of stirring time on stripping efficiency.
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TABLES
Specificity of Recovery Process
Throughput of the mother solution 34t/h
Recovery of extraction theophylline >0.90
Original content of theophylline in the mother solution 0.6 wt%
Solvent content in raffinate <0.05%

most of the organic impurities by 4-stage countercurrent extraction with a
flow ratio of 2, then remove the residual 2-ethylhexanol in the raffinate us-
ing a polypropylene fiber bed, finally the raffinate is pumped to a waste
treatment system; 3) Strip the 2-ethylhexanol with 0.2—0.4 mol/L NaOH so-
lution at a flow ratio of 10. Recycle the discharged 2-ethylhexanol for ex-
traction. The stripping solution is used to produce caffeine. The recovery
processis shownin Fig. 7.

Pilot Test
Extraction by 2-Ethylhexanol in RPC

To evauate the capacity of RPC for the 2-ethylhexanol—original solution
system, the flooding velocity was determined experimentally in the pilot test
column shown in Table 1. The flooding velocity, V. + Vg, is the sum of the
superficial velocity of the continuous phase, V., and that of the dispersed
phase, V. In the experimental system the flow ratio varied from 1 to 3 and the
pulse frequency from 1.6 to 2.7 Hz with a pulsation amplitude of 13 mm. The

40% sulfuric acid

mother solution _ _ recovery of raffinate
— 7 adjust pH=7 extraction 2-ethylhexanol >

Y
\

2-ethylhexanol

€ StripPING | egooocoo oo

to methylation 0.2mol/L NaOH

FIG. 7 Recovery process of theophylline.
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relationship between the flooding velocity and the pulsation intensity, Fig. 8,
shows that the RPC is flexible in operation in this flow ratio range for extrac-
tion from the original solution. The mass transfer test was also performed in
the RPC pilot test column with the original solution and 2-ethylhexanol. The
flow ratio was set at 2, the pulsation frequency at 2 Hz, and the amplitude at
13 mm. Theresults, Table 6, show that the HETS for the original solution—2-
ethylhexanol system is 0.869-0.877 m.

The startup process was a so investigated experimentally. As mentioned in
the test procedure, the column was first filled with the agueous phase before
pulsing. The variation of theophylline concentration in each phase was then
determined over time, Fig. 9. The results show that the startup processin the
pilot column required about 180 minutes to reach stable operation for the
given operating conditions.
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FIG.8 Fooding velocity of RPC.
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RPC Mass Transfer of Theophylline Extraction in the Pilot Test. Pulsation Stroke = 13 mm,

Frequency = 120/min, Flow Ratio O/A = 2, Ambient Temperature

pH Original Original Aqueous Organic
of the concentration concentration concentration  concentration
mother  inagueousphase inorganic phase inequilibrium inequilibrium HETS
solution (g/L) (g/L) (g/L) (g/L) Recovery  (m)
5.70 6.008 0 0.280 2.486 0.953 0.877
5.70 5.671 0 0.289 2112 0.954 0.869
6.26 5.446 0.124 0.248 1.633 0.954 0.869
6.00 —
B o Agueous phase concentration
\—', O Organic phase concentration
(o))
.5 4.00 —
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5 L
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£
=
5
g 200 —
16)
e
'_ .
0.00 | I | l | l | l | 4| é
0.00 50.00 100.00 150.00 200.00 250.00 g
Time, min °
FIG.9 RPC starting process. %
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Stripping in the Mixer-Settler

For the stripping pilot test the NaOH concentration was varied from 0.2 to
0.6 mol/L, the organic to aqueous phase flow ratio was set to 10, and the
mixer stirring speed was set in the 800 to 1000 rpm range. The results for 3-
stage countercurrent stripping are given in Table 7.

The results show that the mixer-settler residence time was sufficiently long
for efficient stripping and that the residual concentration of theophyllineinthe
discharged 2-ethylhexanol was lower than 30 mg/L. The discharged 2-ethyl-
hexanol was then recycled to the extraction unit. Any change in the theo-
phylline distribution ratio between the 2-ethylhexanol and the original solu-
tion was not found after 63 cycles. The phase segregation in the settler was
effective at ambient temperature. At slightly higher temperatures, 30°C for ex-
ample, the segregration was not improved further but the stripping efficiency
was remarkably decreased.

Scaleup Design and Commercial Application

The Karr correlation for scaleup design of RPC has been demonstrated by
many examples (7, 8). A pair of 500 mm diameter RPCswere used to treat 3.4
t/h of the original solution. For the 500-mm diameter column, the plate spac-
ing, thetotal throughput per unit area of the column section, and the amplitude
were kept the same as for the pilot column. Instead of one large diameter col-
umn, the two columns were used side by side to allow operating flexibility. A
small heat exchanger in the inlet of the agueous phase was used to heat the
feed in winter. The internal parameters for the 500-mm diameter column are
givenin Table 8.

TABLE 7
Stripping by Mixer-Settler in the Pilot Test. Flow Ratio O/A = 10. Stripping Efficiency =
(Original Concentration of Organic Phase — Outlet Concentration of Organic Phase)/Original
Concentration of Organic Phase

Origind

concentration Origina Molar

of organic concentration ratio Stirring

phase of NaOH NaOH/ speed Temperature  Stripping
(g/L) (g/L) theophylline (rpm) (°C) efficiency
2.927 0.6 3.69 800 24 0.991
2.164 0.4 3.33 810 23 0.989
1.498 0.2 2.40 1000 18 0.986
2.309 04 312 900 40 0.977
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TABLE8

Geometry of 500 mm Diameter Column
Height of internals 11.55m
Allowance between plate and tower wall 45m
Plate thickness 2.5mm
Plate spacing 50.0 mm
Number of plates 220
Diameter of holes 10.8 mm
Triangular pitch 17.0mm
Free area 0.366
Materia Stainless steel

The scaleup design of the Davy-McK ee mixer-settler was based on having
the same residence time and the same specific input power as the pilot mixer-
settler (9). A adjustable speed motor was used to drive the impeller turbinein
each stage for more flexible operation. Each settler had an independent weir
to control the interface of each stage. The details of the scaledup mixer-settler
aregivenin Table 9.

The commercial scale theophylline recovery system using 2-ethylhexanol
extraction has been operated successfully for 2 years and has met all the ex-
pected design characteristics. The theophylline extraction efficiency is 0.987
for the first 500 mm diameter column and 0.973 for the second column. The
extraction efficiency is higher than the 0.952 obtained in the pilot test. A pul-
sation frequency of 2 Hz is used, which is dlightly higher than that cal culated
by the Karr correlation. No doughnut-type baffleswere inserted in the stack of
the 500 mm-diameter column, showing that baffles are not necessary in a 500-
mm diameter column. Some unexpected suspended particles appeared in the
original solution during operation, but no flooding or plugging occurred in the
columns. The Karr column is quite suitable for treatment of the feed with sus-
pended particles.

TABLE9
Parameters of Davy-McK ee Mixer-Settler for Scaleup
Design
Size of mixer 12X12X11m
Size of settler 22X 12X 15m
Number of stages 3
Impeller Closed 6-leaf turbine with sucker
Turbine diameter 320 mm

Size of |eaf

120 X 111 X 4 mm

MAaRrcEeL DEkkER, INc.
270 Madison Avenue, New York, New York 10016

Copyright © Marcel Dekker, Inc. All rights reserved.

)



Downl oaded At: 11:05 25 January 2011

ORDER ||l REPRINTS

RECOVERY OF THEOPHYLLINE IN EFFLUENT 2921

The 500-mm diameter column is hydrodynamically stable for long period
operation with atotal superficial velocity of 0.007 m/sand ahold-up of about
0.15. Theresult issimilar to that of the pilot test column. When the Karr cor-
relation is used for design of afull size column, the hydrodynamic effect will
be negligible. For mass transfer, the HETS of the 500-mm diameter columnis
1.25-1.60 m, indicating that the exponent in the Karr correlation should be
0.187, which is very close to the 0.19-0.36 range for the MIBK—acetic
acid—water system given by Lo (10). For a safer design, an exponent of 0.38
could be used in the Karr correlation.

The Davy-McKee mixer-settler has also been used successfully. The stir-
ring speed is 300 rpm and the flow ratio of the loaded organic phase to the
agueous phase is 10. The residual theophylline concentration in the outlet of
the mixer-settler is about 320 mg/L, which is higher than that of the pilot test,
but has had no effect on recycling and extraction for the theophylline recov-
ery system. The polypropylene fiber bed effectively removes the entrained 2-
ethylhexanol in the raffinate from the extraction column. The 2-ethylhexanaol
concentration in the raffinate was about 130 mg/L. Thislossis an acceptable
operating cost.

CONCLUSIONS

(1) 2-Ethylhexanol can be used as a commercia extraction solvent for re-
covery of theophylline in the mother solution after crystalization in the syn-
thesis process. The theophylline distribution is mainly governed by the pH of
the original solution. The distribution ratio is 0.81 at pH 7 and near zero for
pH > 8. Therefore, the loaded 2-ethylhexanol can be stripped by NaOH solu-
tion. The extraction distribution ratio is also improved by higher temperature
and higher Na,SO,4 concentration. Over 95% of the theophylline in the origi-
nal solution can be recovered by 4-stage countercurrent extraction with a O/A
= 2 flow ratio.

(2) RPC isasuitable commercia extractor with good flexibility and stabil-
ity for the recovery process. Because of the higher free area and large hole di-
ameter inthe sieve plate, RPC isalso suitablefor treatment of feed having sus-
pended particles. A 500-mm diameter column was designed successfully
using the Karr correlation, which shows that the Karr correlation is very ap-
propriate for engineering application even though the scaleup may be dlightly
conservative.
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