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Abstract

Phenol is a target pollutant to be removed from wastewaters from differentindustries. Adsorption of phenol from aqueous solutions onto two
polymeric resins (Sephabeads SP206 and SP207) and onto activated carbon (Filtrasorb F400) was studied. Batch equilibrium experiments were
carried out at three different temperatures (293, 310 and 333 K) for each of the adsorbents. In order to ascertain the fixed bed performance of
the adsorbents considered, adsorption runs were carried out at laboratory scale at 293, 310 and 333 K. Equilibrium and fixed bed experimental
results were compared to the simulated ones. Equilibrium data were well fitted by the Langmuir isotherm and the breakthrough curves
simulation was based on this equilibrium isotherm together with a mass transfer description based on the Linear Driving Force (LDF) model.
After the adsorbents screening and mass transfer parameters determination, Sephabeads SP206 was used to purify a phenolic solution b
parametric pumping at pilot scale using hot and cold temperatures of 293 and 333 K, respectively. A package for the simulation of this cyclic
operation was used to predict model results, which were satisfactorily compared to those experimentally obtained.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction Parametric pumping is a cyclic separation process in
which a mobile phase percolates through a fixed bed upwards
Among the environmentally concerned substances, phe-and downwards alternatively; a change in the temperature
nols, which are considered highly toxic, are the most com- (or in another thermodynamic variables such as pressure,
mon pollutantg1,2]. Adsorptive processes are widely used pH etc.) occurring simultaneously with the change in the
in the purification of polluted streams and diluted wastew- fow direction [6]. In thermal parametric pumping, the
aters[3-5]. An interesting aspect of sorption operations is temperature is the changing variable and the process is based
their ability to concentrate solutes. Conventional fixed bed ypon the fact that the adsorption equilibrium isotherm of
processes involve a saturation, adsorption or loading step,sojutes onto some materials changes with temperature. The
followed by desorption, elution or regeneration steps. On temperature change may be either carried out by the solution
the whole, wastewater purification by means of conventional jtself (in “recuperative mode”), which is heated or cooled by
fixed bed comprise two drawbacks, one is the low efficiency means of thermostatic baths, orimposed through the column
of the fixed bed operation, since only a fraction of the adsor- )| (in “direct mode”). Also data on the combination of
bentis used and the other is the use of a chemical regeneranoth modes have been publishgg] but, no matter the
to getan operative bed, with the associate waste disposal angnode in which thermal parametric pumping is operated,
anew pollution problem. thermal energy is used as regenerant. Under appropriate
S _ L conditions, wastewater to be purified passes through a bed of
E.Onf;TQZZ?Qr;i:rfgﬁg (;?(Ie'.'uf;ftl(i.zéostig;;hz()'. 351225081674 54sorbentin upward flow at a temperatTigghot half-cycle)

1 On leave of absence from Chemical Engineering Department, Natural followed by downW_ard f!OW at a temperatuii@ (Tc<Th) _
Resources Institute, IRENA-ESTIA, University of i, Spain. (cold half-cycle) which will produce a concentrated solution
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Nomenclature

a
Ay
AHL

b
(@
Co

Q(/w)
Qc

Qh
Qsp

deviation in the separation parameter

wall specific area (&) (m™1)

enthalpy of adsorption for the Langmui
isotherm (J mot?)

separation parameter

concentration in the bulk fluid phase (g1
initial liquid phase concentration of phenol
in the batch and in the fixed bed operatio
(mgL~h)

equilibrium liquid phase concentration of
phenol (mg 1)

feed liquid phase concentration of phenol i
the operation of the parametric pumping unit
(mgL~h)

heat capacity of the fluid (kJ/(kg K))
heat capacity of the solid (kJ/(kg K))

>

>

average concentration of the fluid in the bottom

reservoir (mg 1)
average concentration of the fluid in the top
reservoir (mg 1)

diameter of the particle of the adsorbent (cm
bed diameter (mm)

axial dispersion (rimin—1)

the effective pore diffusivity (fimin—1)

the molecular diffusivity (Mmin—1)

humidity factor (Giry adsorbed@adsorbent

wall heat transfer coefficient (kJ/éms K))

axial thermal conductivity (kJ/(m s K))
parameter in the Langmuir isotherm model
(Lmg~1)

equilibrium constant corresponding to the
Langmuir model (L mg?)

Linear Driving Force (LDF) kinetic rate
constant (min?)

bed length (m)

capacity parameter in the separation parameter

b

average slope in the separation paramieter
molecular weight of solvent B (g mot)
number of cycles

Peclet number

thermal Reclet number

constant in the Langmuir isotherm mode
(mgg™Y) related to the adsorptive capacity
reservoir displacement volume (éjn
flow-rate of the fluid in the column during the
cold half-cycle (mL mirr?)

flow-rate of the fluid in the column during the
cold half-cycle (mL min'?)

flow-rate of removing the product from the
bottom reservoir (mL mint)

flow-rate of removing the product from the to
reservoir (mL mirr?) T

Qe

Re

tc
th

Te

Th
Tamb

&

€p
0]
o8B

ot

phenol adsorbed per dry mass of adsorbent
a certain time (mgg?)

phenol adsorbed per dry mass of adsorbent
equilibrium with the phenol concentration ir
solution at a certain time (mgdg)

phenol adsorbed per dry mass of adsorbent
equilibrium (mgg?1)

Reynolds number

radius of the particle of the adsorbent (m)
time (min)

cold half-cycle time (min)

hot half-time (min)

absolute temperature (K)

feeding temperature during the cold half-cycl

(K)

feeding temperature during the hot half-cycle

ambient temperature (K)

feed flow-rate (crhmin—1)

superficial velocity (m min?)

interstitial velocity (m mirr®)

volume of the solution (L)

volume withdrawn as top product per cycle (L
molar volume of solute a at its normal boiling
temperature (cfhg mol1)

dry weight (g) of the corresponding adsorber
axial coordinate in the bed (cm)

normalized axial coordinate in the bed

Greek letters

bed porosity

porosity of the adsorbent

dimensionless association factor of solvent E
fraction of theQ(z/w) that is withdrawn as
bottom product

fraction of theQ(x/w) that is withdrawn as top
product

viscosity of the solution (Pas)

viscosity of solvent B (cp)

LDF factor, which is equal to 3, 8 or 15 for
slab, cylindrical or spherical geometry
density of the adsorbent (gt)

density of the fluid (g £1)

tortuosity of the adsorbent

at

n

at

D

3

frequency of temperature change

at the top reservoir and a solute-free stream in the bottom

one.

The bases of parametric pumping were established in the
late 196048-10], when it was seen as a way to purify valu-
able compounds. Itwas not until 1980s that parametric pump-
ing was considered for wastewater purification purpds&l
giving the starting point to other works carried out in our
laboratory[12—15]
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Whether the problem is isolating or purifying a substance 2.2. Batch adsorption studies
of commercial interest or cleaning wastewater, the technol-
ogy to separate and purify molecules of choice is of critical ~ Adsorption equilibrium experiments were carried out by
importance. contacting a given amount of adsorbent with 100 mL of phe-

The interest of parametric pumping for the wastewater nol solution in 250 mL Erlenmeyer flasks. Initial concentra-
treatment is that this technology would enable purification of tion of the solution was around 500 mg+. Adsorption equi-
industrial wastewaters avoiding the use of chemical regen- libriumisotherms were measured by batch equilibration plac-
erant agents and allowing the recycling of the concentrateding the volumetric flasks in a shaking mixer at 150 rpm and
stream for the industrial process so contributing to achieve using a thermostatic bath for temperature control.
the concept of zero-pollutant plant. Equilibrium experiments were run at 293, 310 and 333K

In this work, two polymeric resins (Sephabeads SP206 for each adsorbent—phenol system. After shaking during 48 h,
and SP207) and an activated charcoal (Filtrasorb F400) werethe solution was separated from the adsorbent and the final
tested in order to find out their adsorptive performance concentration of phenol in solution was determined by mea-
when removing phenol from wastewater. Thermal parametric suring the absorbance at a wavelength of 272 nm by means of
pumping being based on the variation of temperature, both a UV-vis spectrophotometer Jasco (model 7800, Japan). The
batch equilibrium and fixed bed testes were carried out at amount of phenol adsorbed onto the different adsorbgats,
three different temperatures (293, 310 and 333 K) for each of (mg g1), was calculated by a mass balance relationship (Eq.
the adsorbents in order to study the effect of temperature on(1)).
the adsorption of phenol.

: . . . . 1%

The final aim of the work is to use parametric pumping g = (Co — Ce)— (1)
for the purification of phenolic wastewater and to compare w
experimental with simulated r_esults obtaine(_j by a simulation whereCo (mg L~1) andCe (mg L~1) are the initial and equi-
package of parametric pumping cycles previously developed|ipiym liquid phase concentrations of phendlthe volume
[15]. of the solution (L) andVis the dry weight (g) of the adsor-

bent.

2. Experimental
2.3. Fixed bed adsorption experiments

2.1. Chemicals and adsorbents
The adsorbents previously used in batch testes were also

Phenol (GHeO) was purchased from Sigma-Aldrich ysed in fixed bed operation. A peristaltic pump Watson—
(Spain). The adsorption of phenol from aqueous solutions Marlow was used to pump the phenol solution through the
onto activated carbon and polymeric resins was compared.peds of the adsorbents here considered. The temperature of
The solutions of phenol were prepared with degassed andthe feeding solution was maintained by a thermostatic bath
distilled water. (Edmund Bihler). Phenol concentration at the column out-

The activated carbon used was Filtrasorb F400, which |et was spectrophotometrically determined at 272 nm by an
was kindly provided by Chemviron Carbon (Belgium), and  yv-vis spectrophotometer Jasco (model 7800, Japan).
the non-ionic polymeric resins were Sephabeads SP206 and  Fixed bed adsorption of phenol onto each adsorbent was
SP207 (Mitsubishi Chemical Corporation), which were pur- studied at three different temperatures: 293, 310 and 333 K.
chased from Resindion (ltaly). These resins have been pre-Runs at two different flow-rates were carried out for each of
viously used successfully for phenolic derivatives adsorption the adsorbents and each of the temperatures. The flow-rates
[14]. of the feed solution were 10 and 15 mL minfor Filtrasorb

In Table 1, appear the physical characteristics ascertained F400 and 10 and 5 mL mirt for both the Sephabeads. The
by the producers for the adsorbents employed in this researctfeed concentration was always around 100 mgaf phenol.
work. As it may be seen, the polymeric adsorbents propertiesThe height of the bed used in the experiments was 300 mm

are very different from those of the activated charcoal. for the polymeric adsorbents and 100 mm for the activated
Table 1
Physical properties of adsorbents used for phenol adsorption
Adsorbent Filtrasorb F400 Sephabeads SP206 Sephabeads SP207
Matrix Agglomerated coal based Aromatic porous resin with Aromatic porous resin with
granular activated carbon hydrophobic substituents hydrophobic substituents
Physical form Black granular carbon Yellow opaque beads Brown opaque beads
Humidity factor €,) 1 0.5 0.5
Specific surface area fg1) 1050 556 627
Density (g L~1) 700 1190 1180

Particle size (mm) 0.7 0.4 0.4
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carbon. The diameter of the beds was 10 mm in all cases.and feed reservoirs. The top and bottom reservoirs receive
The experimental data so obtained were compared with theproduct when the solution is pumped through the column in
simulated results from the modelling of the experimental con- upward or downward flow, respectively. From the feed reser-

ditions. voir, the feed solution is passed into the top reservoir, with
the pump 18 on. Pressure transducers installed at the bot-
2.4. Parametric pumping operation tom of the reservoirs allow detecting when all the solution

contained in a reservoir was transferred, which means one

Fig. 1 shows the pilot plant used to carry out the phe- half-cycle ending. Bottom and top products were collected
nol purification by thermal parametric pumping. This is a at fixed time intervals by a fraction collector, with pumps 19
completely automated system and it has been described withand 17 working. The solute concentration is later determined
detail elsewhergl13]. Basically, the core is a borosilicate spectrophotometrically.
column (90 mmx 1000 mm) where the adsorbent is packed. In this work, the experimental set-up above described
Temperature waves in the cycles are measured by thermocouwas used for the system water—phenol-Sephabeads SP206,
ples installed in the column. The solution is pumped through other systems having been previously mandg2d14] Pre-
the column downward (cold half-cycle: 293 K) and upward viously to the cyclic operation of the system, fixed bed
(hot half-cycle: 333 K) alternatively by using the peristaltic adsorption runs were carried out in the pilot unit at both
pumps 15 or 16, respectively. The solenoid valves 11 and 12293 and 333 K using Sephabeads SP206 as adsorbent. The
are one open and the other closed while downward flow andfeed concentration was around 500 nefland the flow-rate
on the contrary during the upward flow. Heating and cooling 600 mL mirr %, the height and the diameter of the SP206
of the fluid phase are carried out by the hot 7 and the cold bed being 800 and 90 mm, respectively. Previously to each
6 heat exchangers. There are three reservoirs: top, bottonrun, the temperature of the bed was stabilized by pumping

L
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— 16
- 5 | HOrt HOP—Ovrs
11 <
10 9
R S—
[><
8

Legend: (1) glass column G80-Amicon; (2) feed reservoir;
(3) top reservoir;(4) bottom reservoir;
(5) fraction collector Gilson; (6) and (7) heat exchangers;
(8)-(12) two-ways solenoid valves;
(13) and (14) three-ways solenoid valves;
(15) and (16) peristaltic pumps Watson Marlow;
(17)-(19) peristaltic pumps Gilson; (T1) and (T2) thermocouples (type K);
(P1)-(P3) pressure transducers Schaevitz (type P510).

Fig. 1. Experimental set-up of the parametric pumping pilot plant. Legend: (1) glass column G90-Amicon; (2) feed reservoir; (3) top resenttom(4) bo
reservoir; (5) fraction collector Gilson; (6 and 7) heat exchangers; (8-12) two-ways solenoid valves; (13 and 14) three-ways solenoid valde§)(15 an
peristaltic pumps Watson Marlow; (17-19) peristaltic pumps Gilson; (T1 and T2) thermocouples (type K); (P1-P3) pressure transducers SEhB&1L®) (ty
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deionised water at 600 mL n1irt and at 293 or 333K to later 200 4 203K  ———-310K  ----o- 333K
carry out the corresponding phenol isothermal fixed bed sat- x 293Kexp « 310Kexp & 333Kexp
uration. g e

The operation of the parametric pumping pilot plant was 150 4
performed during 10 cycles in a recuperative mode. The
regime of operation was semi-continuous, i.e., the sequence®@
was: feed input and top product withdrawal during the up- E
ward hot half-cycle and bottom product withdrawal during &
the downward cold half-cycle. A simulation packddg] was
used for the simulation of the cyclic operation. Experimental 50
results were compared with the simulated ones obtained us-
ing a non-isothermal model, which includes Linear Driving

100

Force (LDF) describing intraparticle mass transfer and axial 0 % ; : r : . .
dispersion. 0 100 200 300 400 500 600
(A) C. (mg/L)
3. Results and discussion 701 g owssll e i
¥ 293Kexp « 310Kexp & 333Kexp
80
3.1. Adsorption isotherms
50 1
The adsorption equilibrium isotherms for phenol onto e el
each adsorbent at various temperatuges(mg g-1), ver- ‘gr = I i
sus the adsorbate liquid concentration at equilibri@a, < 304 i
(mg L™1), were fitted with the Langmuir equation. i _/J"' o ’
Langmuir equation(2) is based on a theoretical model 20+ S i B
where the maximum adsorption capacity corresponds to a ol ,/‘” '
monolayer saturated with adsorbate molecules on the adsor: . o
bent surface, which is energetically homogeneous. 0 Vo . : . : : :
0 100 200 300 400 500 600
ge = % ) (B) C. (mg/L)
1+ K. Ce
whereQ is a constant relative to the adsorptive capacity and ~ 0] — 28K  ----810K e s
Ky is the parameter which relates to the adsorption energy o, | * —oor ¢ SR e smEEe
[16].
AH = i
00 L —_ ,,r"”
KL =K} exp( 2T > 3) § 5 4 o ‘
Fittings have been calculated by MATLAB 6.1 following g 30 o~
the optimization routine and using the Simplex direct search et *
method. The characteristic parameters corresponding to the @1 g . *
fittings are shown iffable 2 TheQ corresponding to the Fil- 10 - /,’_’_,
trasorb is higher than this corresponding to the Sephabead:s
SP206 and SP207. On the contrary, the process is more 0 ¥ - - - , . -
0 100 200 300 400 500 600

exothermic in the case of phenol adsorption onto the poly-
meric resins than onto the activated charcoal as indicated by (©) Ce (mgh)

the value ofAH, .
L Fig. 2. Experimental adsorption equilibrium (symbols),vs. Ce, and fit-

tings to Langmuir model (lines) at different temperatures (293, 310 and
Table 2 333K) for the adsorption of phenol onto Filtrasorb F400 (A), Sephabeads
Equilibrium parameters determined for the adsorption of phenol onto Filtra- SP206 (B) and Sephabeads SP207 (C).
sorb F400, Sephabeads SP206 and SP207

Langmuir Filtrasorb Sephabeads Sephabeads

parameters F400 SP206 SP207 The experimental adsorbed concentrations as a function of
Q(mgg™) 169.1 85.0 88.8 liquid phase concentration corresponding to the phenol ad-
KX (Lmg™) 1.32x 1073 1.52x 1078 2.99x 1077 sorption by each of the adsorbents at each of the temperatures
AH_ (kJmol?t) —12.12 —30.35 —23.22

considered are shown Fig. 2 The obtained fittings to the
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Langmuir model are shown together with the experimental whereD,y is the axial dispersiony; the interstitial velocity,

points.
The adsorptive capacity of phenol is much higher for

¢ the bed porosityz the axial positionC the concentration
in the bulk fluid phase anft)) is the average adsorbed phase

the activated carbon Filtrasorb F400 than for the polymeric concentration in the adsorbent particles.
resins. Nevertheless, the influence of temperature on equilib-
rium is much more noticeable in the case of the adsorption of 3.2.2. Adsorption equilibrium isotherm

phenol onto the resins, especially onto Sephabeads SP206.

From the equilibrium results, it may be found the separa-

tion to be expected as a function of temperature for each of

the systems phenol-adsorbeFable 3shows for each of the
adsorbents considered the correspondiggaration param-

eter(b) regarding to the adsorption of phenol. The parameter

b, introduced by Pigford et a]10], is indicative of the sepa-
ration potential:
a

b= —
14+ m

(4)

where the average slopwez_ﬂﬁzﬂg and the deviation
a= M consideringr, < To.The capacity parameter
here appearing is defined as

() = A IKD

where K(T) =QK_ and K. was the Langmuir equilibrium
constantK (T) corresponding to each temperature (see
Table 2, p andfy, the density and the humidity factor of the
corresponding adsorbent, which appeafable 1 ande is
the bed porosity, which was 0.4 in this work.

As it may be observed ifable 3 in the temperature range
studied, the largedt values correspond to the adsorption of
phenol onto Sephabeads SP206.

3.2. Fixed bed adsorption

The breakthrough curves corresponding to the different
experimental conditions were obtained for each of the adsor-

The adsorption equilibrium is described by the Langmuir
isotherm:

. _ 0KLC(z,1)
q(z, 1) = m (6)
KL =KX exp<—%) (7

3.2.3. Mass transfer
The Linear Driving Force approximation is used to de-
scribe intraparticle mass transfer:

WD) _ 4oty (c.1) ~ late. )] (®)

wherek; pr is the Linear Driving Force kinetic constant and
g (z t) is the adsorbed phase concentration in equilibrium
with the bulk concentratio(z, t).

The boundary conditions for the mass balance equation
(5) are the Danckwerts boundary conditions:

aC(z, t

=0 Dot i o=ucon - ©
aC(z,

e=1,  X&D o (10)

0z
The associated initial conditions for the adsorption bed are:
C(z,0)=0 (11)
q(z,0)=0 (12)

The axial dispersion was obtained from the following expres-

bents. The mathematical model considers the mass balanc&§©n[17]:

inthe liquid phase, the non-linear Langmuir isotherm and the 444,

mass transfer governed by the Linear Driving Force rate.
3.2.1. Mass balance (equation of the bed)
The mass balance in a bed volume element is:

dC(z, 1) 09C(z,1) 1—¢ . 3(q(z, 1))
uj = +
0z ot € ot
(5)

PCz,1)
9z2

ofh

ax

Table 3
Separation parametdy,corresponding to the different systems adsorbent—
phenol

Temperature range (K)

293-310 310-333 293-333
Filtrasorb F400 0.14 0.16 0.29
Sephabeads SP206 0.33 0.39 0.63
Sephabeads SP207 0.26 0.30 0.52

=02+ 0.011Re%48) (13)
ax
with
ipsed,
— @ (14)

The values of the Reynolds an@dbet number and the cal-
culated axial dispersioDayx are shown infable 4

The k_pr used in the models are shown Table 5and
were estimated by the following expressif8], based on
the equivalence of LDF models for homogeneous and porous
particles:

(15)
dg*
Pfhr % _dqc

kLDF =

whereDpe (M? min~1) is the effective pore diffusivity;, (m)
the radius of the particle of the adsorbeftthe LDF factor,
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Table 4

Parameters used for estimating g corresponding to the different fixed

bed systems considered

Adsorbent T(K) L(mm) Flow-rate Re Dux
(mLmin~1) (cm? min—1)
Filtrasorb 293 100 10 145 418
F400
310 231 412
333 3.13 4.07
Sephabeads 293 300 10 0.46 1.35
SP206
310 0.73 1.34
333 0.98 1.33
Sephabeads 293 300 10 0.46 1.35
SP207
310 0.73 1.34
333 0.98 1.33

which is equal to 15 for spherical particl|gs], p the density
of the adsorbenf,, humidity factor and %) is the slope of

the equilibrium data.

The LDF approximation is valid for cyclic processes with
long cycle times as is the case of parametric pumping; in fact

the half-cycle time is higher than 1kpHr [19].
The Dpe (M? min~1) was calculated gg0]:

whereDp, (m? min—1) is the molecular diffusivity of phenol
inwater,r the tortuosity of the adsorbent asgis its porosity.

The molecular diffusivity of phenol in wat&, was esti-
mated, after the corresponding unit transformations, accord-

ing to the Wilke—ChangR1] method:

8 (‘PMB)l/ZT

Dm=74x10"
" nB VX'G

whereV, is the molar volume of the solute, the value of
Va =108 cn? gmol~! for phenol was estimated by the Le
Bas additive methofR2]. Wilke and Chang recommended

Table 5

LDF kinetic rate constants estimateki fr) for the adsorption of phenol

onto each adsorbent

(16)

(17)

Adsorbent T(K) Dm €p T Dpe kLprF
(m2 min—1) (m2min~1)  (min~1)
Filtrasorb 293 5.34E-08 0.75 2 2.00E08 0.027
F400
310 8.88E-08 3.33E-08 0.036
333 1.32E-07 4.95E-08 0.054
Sephabeads 293 5.34E-08 0.61 2 1.63E08 0.074
SP206
310 8.88E-08 2.71E-08 0.192
333 1.32E-07 4.03E-08 0.409
Sephabeads 293 5.34E-08 0.63 2 1.68E08 0.053
SP207
310 8.88E-08 2.80E-08 0.148
333 1.32E-07 4.16E-08 0.330

that ¢ be chosen 2.6 if the solvent is water and the vis-
cosity of waterng at the corresponding temperature was
used.

The partial differential equations of the model were solved
using the software packagl®ROMS for generalPRQcess
Modelling System. The orthogonal collocation method on
finite elements (OCFE) was used with 50 finite elements and

1004

o 333K-15mL/min
4 310K-15mL/min
o 293K-15mL/min
= 333K-10mL/min
4 310K-10mL/min
® 293K-10mL/min

B 2] ©
o ? o

Phenol concentration (mg L")
n
o

0 100 200 300 400 500 600 700 860 900 1000

(A) time (min)
~100
; o 333K-10mL/min
£ 801 4 310K-10mL/min
“":" 0 293K-10mL/min
o » 333K-5mL/min
® 60 4310K-5mL/min
.E. » 293K-5mL/min
]
2
o 401
o
©°
8 201
£
o
0 100 200 300 400 500 600 700
(B) time (min)

o 333K-10mL/min

“-_I
3
£ 80, 2310K-10mL/min
s o 293K-10mU/min
= 333K-5mL/min
‘u -
- 60+ 4 310K-5mL/min
§ « 203K-5mL/min
5 401
(%]
g
o 204
<
o

0 s . : . : , .

0 100 200 300 400 500 600 700

(C) time (min)

Fig. 3. Fixed bed adsorption of phenol onto Filtrasorb F400 (A), Sephabeads
SP206 (B) and Sephabeads SP207 (C). The bed length was 100 mm for
Filtrasorb F400 and 300 mm for Sephabeads SP206 and SP207 and solution
was fed at three temperatures (293, 310 and 333 K) at each of two different
flow-rates. Symbols correspond to the experimental results and full lines to
the simulated ones.
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2 interior collocation points in each element of the adsorption ial dispersion. Equations corresponding to the model used

bed. include, apart of the mass balance (E4)), the equilibrium
Experimental data are shown together with the simulated isotherm (Egs(6) and(7)) and the mass transfer (E8)), an

ones inFig. 3. The LDF model seems to well describe the energy balance and the balance equations of the reservoirs:

fixed bed adsorption of phenol onto the adsorbents here used

at the conditions of temperature and flow-rate here studied. 3.3.1. Energy balance
As it may be seen ifrig. 3, the lower the flow-rate the

longer breakthrough times; anyway, for the three adsorbents

2
used in this work at both the flow-rates tested, a constant-[ ,.Cpye 4 pCpy(1 — ¢)] 0T (z. 1) - Kaea T(z.1)
pattern along the column was achieved. or 322

The breakthrough curves corresponding to the different T (z, 1) 9{q(z, 1))
adsorbents here considered confirm that the influence of tem- = P1CPr0 ~hwAwW(T—Tamp)+(~ AH)

ot
perature variable on the adsorption of phenol is much more

noticeable for the polymeric resins Sephabeads than for the . . o
activated carbon Filtrasorb F400. This can be seen by com-WhereKaeis the axial thermal conductivitfi, the heat trans-
paring runs at the same flow-rate (10 mL mtyin Fig. 3A fer coefficient of the wall of the colummy,, the wall specific

(F”trasorb 400) an(ﬂ:ig_ 3B and C (Sephabeads SP206 and area, pf and,O the densities of the fluid and of the adsor-
SP207, respectively). bent, and Cpand Cp are the heat capacities of the fluid

(18)

3.3. Parametric pumping operation and simulation Table 6

Characteristic parameters of the operated parametric pumping system
From the batch and fixed bed tests results, the adsorbenp,gperties of the resin

Sephabeads SP206 is the one which adsorption performance ,=1190gL!

is affected by temperature in a higher degree. Recuperative fh=0.5

thermal parametric pumping being based in differences on 'p=2% 1074m

adsorption capacity caused by changes in the temperature gp: 0.607

of the solution, this resin was selected for studying phenol

purification by parametric pumping. Operating variables
Fixed bed adsorption of phenol at 293 and at 333K was Tc=293K

carried out in the column of the parametric pumping set- ~Th=333K
up using a bed of Sephabeads SP206 (800186 mm). \T/Zm:t’172§goKmL
Fig. 4 shows the experimental results together with those g (/4)=20000mL
simulated by the model previously used in lab-scale columns. ¢z =0.15
This model well predicts the fixed bed adsorption of phenol ~ ¢7=0.25
onto Sephabeads SP206 also at a pilot scale. tciiﬁgqu:in

=

About the parametric pumping system Sephabeads
SP206—phenol, experimental results were compared with the
simulated ones using a Linear Driving Force model with ax-

Qc =200 mL mirt
Qh=200mL mir!
Qrp=62.5mLminm?
Qep=32mLmin?!

= 333K « 203K Cr=544mgLt
‘-"_T 500 4 Model parameters
E Pe=120
'© 400 Pe, =100
o
£ Bed characteristics
g 3001 L=800mm
-} D=90mm
Q _
- 200 e=0.4
c
[
T 100 Transport parameters
. Dm(293K)=1.32x 10~7 m2min—1
o . . . Dm(333K)=5.34x 10-8 m? min—1
0 50 100 150 200 250 300 350 400 450 500 hy =0.852kJ/(M s K)
time (min)

Equilibrium parameters

Fig. 4. Fixed bed adsorption of phenol onto Sephabeads SP206 in pilot scale
(800 mmx 90 mm). The solution was feed at a flow-rate of 600 mLTdin
and two runs, at 293 and 333 K, respectively, were carried out.

Q=85mgg?
KX =1.524x10-8Lmg~?
AH_ =30353 Jmot?
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and of the adsorbent, respectively. Considerdrd at the The boundary conditions for the equations included in the
bottom of the column and =L at the top, in Eq(5), the parametric pumping model are:
term:l:prpfuo%?’) has the “+” sign for the cold half-cycle

downwards, and the" sign for the hot half-cycle upwards. ® Hot half-cycle:

=0, C(0,1) = (Cp), 22
3.3.2. Balance of the reservoirs . (0.1) = (Cee) (22)
e Hot half-cycle: T =Th (23)
Cpp) = (C 19
(CepP) = (CBP)y-1 (19) =L 3C§z, n_ 0 24)
1- C(L,1)), + Z
(Crp) = (1—¢s)(C(L, 1)) . CF¢B s (20)
1+ ¢1) 1+ ¢t M1 _ (25)
where(Cpgp) and(Ctp) are the average concentration of phe- 0z

nolinthe fluid whichisin the bottom and in the top reservoirs, o cg|qg half-cycle:
respectivelygs and ¢t the fractions of the total reservoir
displacement volumeQ(r/w)) that are withdrawn as prod- _0 C(E 1) _

. . z=0, 0 26
uct from the bottom and the top reservoirs, respectively, and 0z (26)
n refer he number of cycles.
efers to the number of cycles AT (2, 1) . )
e Cold half-cycle: dz
(Cep) = (C(0, 1)), (21) z=1L, C(L,1) = (Ctp)y, (28)
3431 343 -
333 1
323
¥ 313 3
- -
303
293
283 283
A B
273 . . ; ‘ | 273 ‘ : . ;
o} 0.2 0.4 0.6 0.8 1 0 0.2 04 0.6 0.8 1
zZ z*
1.00E+01
343 —Ehe
Hhc 1.00E+00/
333 i
—~ 1.00E-014
323 8 %
c = 1.00E-02;
:313‘ _g’
S 1.00E-03]
- 5 1.00E03
Q
K=
003 & 1.00E-04
2834 1.00E-05
Cc
273 ; . ; ; 1.00E-06 ; ' . ;
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
Z‘( Zt

Fig. 5. Profiles of temperature and concentration during the operation of parametric pumping for phenol wastewater purification. (A) Bed tengdgeature
evolution along the 10th hot half-cycle. (B) Bed temperature profile evolution along the 10th cold half-cycle. (C) Bed temperature profiles dtttrestestd o
half-cycle (Hhc) and at the end of the cold half-cycle (Chc). (D) Concentration profiles in the bed at the end of the hot and cold half-cycles fob eyddes 1,
10.
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T=T, (29) Finally, the experimental results corresponding to the op-
eration of the parametric pumping set-up are shovifignéA

The initial conditions were: together with the predictions of the LDF model. The top and
bottom concentrations of phenol are represented as a function

1=0, C(z,0)=Cr (30) of time. As it may be seen, the simulation predictions are in

good agreement with experimental results, which confirms
that the Linear Driving Force approximation is appropriate
Jor describing mass transfer in this cyclic process. The exper-
Imental top and bottom temperatures in the bed are shown in
Fig. 6B along the 10 cycles of operation.

At the end of the hot and the cold 10th half-cycles the
concentrations in the top and the bottom reservoirs were, re-
spectively, 1560 and 0.2 mgt. A high level of purification

T(z,0) = T, (31)

The characteristic parameters of the operated system an
the conditions under which the parametric pumping runs were
carried out are shown imable 6 Fig. 5shows the simulated
axial profiles of temperature and concentration correspond-
ing to the operation of the parametric pumping unit under

these conditions. The evolution of the temperature profile was obtained and, the concentration of phenol in the bottom
along the time of the 10th hot half-cycle and the 10th cold reservoir wasC/Cr < 0,001 from the 10th cycle. The top ef-

half-cycle may be seen iRig. 5A and B, respectively. The . .
temperatures along the bed at the end of the hot and at thefluent reached concentrations of phenol three times that of

end of the cold half-cycles are fFig. 5C. In Fig. 5D, the the feed and so the concentration in the top reservoir.
simulated concentration profiles of phenol at the end of the
hot and cold half-cycles are shown for cycles 1, 5 and 10.
These historic profiles reflect the evolution of the concentra-
tion waves during the operation of the parametric pumping
system.

4. Conclusions

Adsorption of phenol onto polymeric resins (Sephabeads
SP206 and SP207) and activated carbon (Filtrasorb F400)
was studied. Batch testes were carried out in order to make
1.00E+02; = top product a screening of adsorbents related to the effect of temperature
= bottom product on the adsorptive behaviour. On the basis of the separation
parameteb, Sephabeads SP206 showed the higher separa-
tion potential in function of temperature for the adsorption of
phenol. Dynamic studies were also done for the adsorption of
phenol onto the polymeric resins and onto the activated car-
bon to ascertain the applicability of the LDF model in fixed
bed. The effect of temperature on the fixed bed adsorption of
phenol was also more noticeable for the polymeric resins, es-
. pecially for Sephabeads SP206, rather than for the Filtrasorb

1.00E-04 : . . > F400.
0 500 1000 1500 2000 Pilot scale fixed bed using Sephabeads SP206 as adsorbent
(A) time (minutes) was studied before operating the parametric pumping unit.
Model equations including intraparticle mass transfer de-
348 1 o top scribed by the LDF model satisfactorily predicted the break-
—— bottom through curves at pilot scale (in an 800 nx®0 mm bed)
carried out both at 293 and 333 K.

Thermal parametric pumping in recuperative mode was
performed in a pilot plant using Sephabeads SP206 for phe-
nol adsorption. By applying &;=293K and al,=333K
a high level of purification was obtained; the concentration
of phenol in the bottom reservoir was going down and
CI/CF<0.001 from the 10th cycle, th€r=544mg L. It
was seen that the purification of liquid streams containing
phenol may be achieved by thermal parametric pumping
0 500 1000 1500 2000 using Sephabeads SP206 as adsorbent. Top and bottom

(B8) time (minutes) concentrations of phenol as a function of time were pre-
dicted using a model including a mass balance, an energy
Fig. 6. (A) Experimental results (symbols) of t.he parametric pumping un palance, the equilibrium isotherm and the Linear Driving
f_orthe system phenol/water/SP206 togetherwnh the model predictions (full Force approximation for describing intraparticle mass
lines). Top and bottom product normalized phenol concentrati®@s, are - - . ) .
shown as a function of time in recuperative parametric pumping. (B) History transfer, which satisfactorily simulated the experimental
of top and bottom temperatures during the recuperative parametric pumping.results.

1.00E+014
1.00E+00 4

1.00E-01 |

(C/Cr)

1.00E-02 1

1.00E-03 1

Temperature (K)
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