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Abstract

This paper presents the result of an experimental work designed to develop a desorption kinetic model of phenol from activated carbon
(AC) by acetoneN,N-dimethylformamide (DMF), and methanol. The kinetic model assumed that a driving force for desorption might
be accounted for by the difference between the equilibrium concentration of phenol in solvents corresponding to its adsorbed amount
on AC and the bulk phenol concentration in solvents at a time. The equilibrium concentration of phenol in solvents was estimated from
a non-linear relationship with its adsorbed amount on AC at a time. Apparent desorption rate constants were described as a function of
temperature by Arrhenius relationship. Desorption rate of phenol increased with desorption temperature of solvents. The desorption rates
attained by acetone and DMF were close each other but greater than those by methanol. Theoretical kinetic results duplicated experimental
data quite well, supporting the practicality of the proposed kinetic model. Acetone and DMF were found to be more efficient for desorbing
phenol from AC than methanol.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction eration is considered economically infeasible insofar as ex-
pensive organic solvents are used as regenerants. Therefore,
Activated carbon (AC) has been widely used in various the chemical regeneration process should be optimized with
fields due to its outstanding adsorption capacity of organic respect to its economics and a study on desorption kinetics
compounds. AC can remove harmful organic compounds of organic solvents from SAC would be an essential part of
from industrial wastewaters. Recently, the demand for AC it.
is growing rapidly in Korea as the emission standards of Most previous studies viewed the desorption of adsor-
treated wastewater become more stringent. However, a dis-bate in agueous solution as the reverse process of adsorp-
advantage of using AC is its high cost in both operation tion [2-6]. Adsorption of contaminants on AC mainly oc-
and disposal of spent ones, which makes the regeneratiorcurred in agueous solutions, whereas desorption of contam-
of the spent activated carbon (SAC) economically feasible. inants was commonly accomplished in organic solvents for
Thermal regeneration has been a broadly applied methodeffective regeneration. Therefore, application of the previ-
among various techniques, but, upon the regeneration, it suf-ously developed desorption models to the chemical desorp-
fers from production of air pollutants, a high energy input, tion using organic solvents was not appropriate and the ki-
decrease in hardness of AC, and enlargement of pore size. netic model that represents the chemical desorption process
As an alternative to the thermal regeneration, chemical re- should be developed.
generation of SAC using organic solvents might be a choice A few studies have been reported for desorption kinetics of
due to its high regeneration rates as well as recovery of theadsorbates from AC by organic solvents. Sutikno and Him-
original integrity of SAC. Chemical regeneration becomes melstein[7] used acetone to regenerate AC saturated with
more economical than thermal regeneration as the amountphenol and developed a desorption kinetic model assuming
of adsorbate increasgs]. In general, the chemical regen- that a driving force for desorption might be the difference
between the equilibrium concentration of phenol in acetone
* Corresponding author. with the adsorbed amount on AC and bulk concentration in
E-mail addresssdkim@hallym.ac.kr (S. Kim). acetone. They assumed that the equilibrium concentration
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Nomenclature

A pre-exponential factor (mirt)

C concentration in solvent (mg/l)

C*  equilibrium concentration of phenol in
solvent with adsorbed amount on
activated carbon (mg/l)

E activation energy (J/mol)

k reaction rate constant (min)

ke  Freundlich parameter ((mg/g) (mgif})

ko  constant inEq. (3)((mg/g) (mg/ly™)

Mz  mass of activated carbon (mg)

n reaction order

q adsorbed amount of adsorbate on
activated carbon (mg/qg)

go initial amount of adsorbate adsorbed
on activated carbon (mg/g)

R gas constant (8.314 J/mol K)

t time (min)

T absolute temperature (K)

Tc  celsius temperaturé )

\% volume (ml)

Greek letters

constant inEq. (6) go/ke

constant inEq. (6) 1/pcke(1 — &)(Vs/Va)
constant inEq. (3) (K)

porosity of activated carbon

maximum desorption rate (%)

true density of activated carbon (mg/ml)
operational reaction time (h)

A IS ® R ™K

Subscripts

d desorption

e equilibrium
exp experimental

[ ith point
max maximum
p phenol

S solvent
theo theoretical

of phenol in the acetone was correlated linearly with the ad-
sorbed amounts on the AZ]. However, other researchers
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sults of the experimental work for the development of a des-
orption kinetic model of phenol from AC using organic sol-
vents as regenerants. In this study, phenol was chosen as an
adsorbate, while acetond,N-dimethylformamide (DMF),

and methanol were used as organic solvents. Temperature
dependency of the model was investigated as well. Appar-
ent desorption rate constants were estimated for practical
application of the model.

2. Desorption kinetic model

Desorption of phenol from AC was described by the mass
transfer from AC to organic solvents. The desorption kinetic
model based on mass transfer and kinetic equation was ex-
pressed by
dcp

The assumptions of the kinetic equation were as follows:

(1) Driving force of desorption might be the difference
between the equilibrium concentration in a solvent with
the adsorbed amount of phenol on AC at a time and
the bulk concentration of phenol in organic solvents.

(2) At equilibrium, the relationship between the concen-
tration of phenol in organic solventCf) and the ad-
sorbed amount on the AQ|) might be expressed like
the Freundlich isotherm equation:

ap = ke(C})" 2)

ke was expressed as an exponential function to temperature
[8,9,12-14]

— Y
ke(T) = ko exp(T> 3)
On the other handy, was estimated by
CpVs
=—gp— ————— 4
dp = 40 pa(l—)Va (4)

By letting Egs. (2) and (4pe equalCy could be computed
as follows:

. qo 1 VS l/n
= {k_ " pke(1—e) <7> C"} ®)

reported that a non-linear relation might be more appropri-
ate to describe the equilibrium concentrations of phenol with Substitutingeq. (5)into Eg. (1)yielded the following kinetic
its adsorbed amount on Af8,9]. equation in the liquid phase:
Since the desorption of adsorbates is a temperature depen-dcIo 1/n
dent proces$5,8-11] determination of the optimal desorp- o - kd {(oz — ﬂCp) — Cp} (6)
tion temperature should be a crucial factor in designing an
energy efficient process. Little effort has been made, how- The fourth order Runge—Kutta method was applied to solve
ever, to quantify the effect of temperature on the desorption Eg. (6)with an initial condition ofC, being zero Cp(0) =
kinetics of adsorbates by organic solvents. 0). Theky was chosen to allow the best fit to the experimental
Phenol is a representative of the organic contaminantskinetic data ofCy,. The best fit was determined based on a
found in industrial wastewaters. This paper presents the re-minimum reduced root-mean-square (RMS) deviation that
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is described by 454 1, and 55t 1°C. Two blanks were included for each
solvent.
1 (Cexp i — Ctheai)?
RMS= | 0 2R 0% ) O Kinati ;
N C 3.3. Desorption kinetic experiments of phenol

i=1 exp, i

In order to account for the time dependency of the desorp-  For desorption kinetic tests, the changes in phenol con-
tion rate constanty, Arrhenius equation was introduced as centration of the solvents with time (total desorption tise

follows [11]: 550 min) were recorded. Bottles with Teflon-lined caps
Eq were prepared to load identical doses of pulverized SAC
kg = Aqg exp(—ﬁ_) (8) (184.7 mg/g) in fresh solvents of 150 ml and the bottles were

shaken in a shaking incubator at 300 rpm at the four different
It was necessary to verify the desorption kinetic model which temperatures that were kept constant{2h 35+ 1, 45+ 1,

was based on film transfer model. One of the reliable ways and 55+ 1°C). No headspace was allowed in the test bottles
to verify the desorption model would check the validity of and two blanks were prepared. At each sampling time, a
key parameters related to the assumptions of the model. Inbottle was sacrificed and two 1 ml solutions were collected
this study, theky would be regarded as a key parameter. from the bottle by a pipette immediately to minimize sol-
Reasonable way to check the validity kf would be to vent evaporation. The solutions were then filtered through
compare experimental desorption kinetic results at certaina 0.45um membrane filter. UV-Vis Spectrophotometer
temperatures with predicted ones. The model verification (SMART PLUS 2700) was used to measure the phenol
was carried out irBection 4 concentrations in the filtrates at a wavelength of 270 nm.

3. Experimental 4. Results and discussion
3.1. Preparation of activated carbons saturated with phenol 4.1. Estimation of equilibrium constante]

Granular activated carbons (Calgon F-3006s 80 mesh) If the SAC would be put into a batch reactor filled with
were repeatedly rinsed with Milli-Q water to remove the fresh solvents, the concentration of phenol in the solvents
fines, dried overnight at 1@, and stored under vacuum in  might increase with time, whereas the amount of phenol on
a desiccator. About 1 g of AC prepared by the above proce-the AC might decrease. The equilibrium state at which the
dures was put into a glass bottle with Teflon-lined caps con- concentration of phenol in the solvents remained constant
taining 150 ml of 2000 mg/l phenol solutions. The bottles with time was achieved in 1-2 days under the desorption
were placed in a shaker and mixed at 300 rpm for period of conditions used in this study.
up to 2 weeks at 25 1°C. Then the AC was separated from After taking natural logarithm oEq. (2) the equilibrium
the solution via vacuum filtration through a 0. 46 mem- constant K;) was obtained from the intercept of the plot of
brane filter. The adsorbed amount of phenol on the AC was In Ce versus Irge and the Freundlich constant)(from the
estimated to be 184.7 mg/g by calculating the difference of slope of the plot. As shown ifiable 1, the squares of corre-
phenol concentration between initial and final aqueous solu- lation coefficient R?) for the plots of InCe versus Irge are
tion. Phenol in the aqueous solution was analyzed by calori- close to unity for all occasions, suggesting the appropriate-
metric method using UV-Vis Spectrophotometer (SMART ness ofEq. (2) describing the equilibrium state. The values

PLUS 2700) at a wavelength of 500 rfib]. of ke andn were close for the three solvents. In particular,
the proximity of the values for acetone and DMF implied
3.2. Equilibrium experiments of phenol that both solvents exhibited nearly identical desorption pat-

terns for phenol.

Organic solvents used here were acetone (99.8% purity, | heke values were evaluated at several temperatures and
Carlo Erba Reagenti Co.), DMF (99.9% purity, Mallinck- the ke decreased wnh increasing desorption temper_ature
rodt Co.), and methanol (99.8% purity, AnalaR Co.). Five (Table 3. As shown inEq. (9) ke was expressed in its
different quantities (0.1, 0.3, 0.5, 0.7, and 0.8g) of pul- logarithmic form as a function of reciprocal of temperature.
verized SACs were separately put into the 150 ml bottles 1"€ slope and intercept ifig. 1, respectively, correspond
with Teflon-lined caps. Three sets of bottles were prepared 0 ¥ @and Inko in Eq. (9}
for the equilibrium tests for each of the three solvents. To 1
avoid any solvent evaporation, no headspace was allowed inNke = Inko + y (‘)
the bottles. The bottles were placed in a shaking incubator
(SI-600R, JEIO TECH Co.) followed by mixing at 300rpm They values for acetone, DMF, and methanol were 270.02,
for 2 weeks at four different temperatures of23, 35+ 1, 285.23, and 64.87 K, respectively, while tkg values are

(9)
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Table 1

Equilibrium constants and reaction order for isothermal desorption of phenol from activated carbon in acetone, DMF, and methanol at operating

S. Kim, Y.-K. Kim/Chemical Engineering Journal 98 (2004) 237-243

temperatures of 25, 35, 45, and B85 (g0 = 184.7 mg/g)

Temperature Acetone DMF Methanol
°C
(9 € (mye)  n R%  k(mgg  n Ra  k(myg  n R 2

(mg/h™) (mg/)~™) (mg/h™)
25 1.0688 0.3046 0.9984 1.0749 0.3021 0.9984 1.1352 0.3210 0.9967
35 1.0384 0.3083 0.9972 1.0449 0.3038 0.9973 1.1273 0.3240 0.9958
45 1.0053 0.3121 0.9978 1.0079 0.3052 0.9976 1.1207 0.3351 0.9962
55 0.9855 0.3187 0.9930 0.9872 0.3074 0.9938 1.1125 0.3467 0.9935
Average 0.3109 0.3046 0.3317

aSquare of linear correlation factor of G vs. Inge.
i i My 1/n

0.432, 0.413, and 0.913 (mg/g) (mg/), respectively. Little Co= -2 (qo — keCY ) (11)

difference was noticed for the values pfand kg between Vs
acetone and DMF, which coincided with the proximity of
the ke values between the two solveni&ble 1. Methanol
demonstrated lowey but higherkg than both acetone or
DMF.

As shown inTable 1 the average values affor acetone,
DMF, and methanol over the entire temperature range tested
respectively, were 3109+ 0.0096, 03046+ 0.0036, and
0.33174 0.0186 within a confidence interval of 95%. Be-
cause relative standard deviations of thealues fell within
4%, then value demonstrated reasonably similar values with
respect to temperature.

The desorption of phenol from AC should occur max-
imally at the equilibrium, and at this time, the maximum
desorption rate of phenol in a batch reactor is denoted by

Experimental data fitted reasonably well to the theoretical
nmax vValues Fig. 2), suggesting thaEq. (10)could be used

to predict a maximum desorption rate for specific loading
conditions Vs, Mg, andqp).

As shown inFig. 2, nmax increased rapidly whels/M,
Wwas lower than 251/kg. However, the increasing rategdx
slowed and it became insensitive to the applied volume of
the solvents whels/My was over 50 I/kg.

4.2. Determination of apparent desorption rate constant

In order to determine how fast a target desorption rate
would be achieved, apparent desorption rate constat (
was estimated. As already mentioned in the theoretical sec-
tion, theky that allowed the best fit to experimental kinetic
data of phenol concentration in solvenG,) was chosen.
Fig. 3 shows excellent data fits over the entire temperature
conditions. From the best fit, apparent desorption rate con-
stants for the three organic solvents were determined and

. Ce [ V.
max (%) = 20— 9¢  100= =© (ﬁs) x 100 (10)

q0 q0 a

Eqg. (10)was plotted irFig. 2 in which theCe was estimated
from Eq. (11)by trial-and-error method. A tolerance of 10

was introduced in numerical evaluation of tGg.

0.14 1.00
0.12 %/r/ E z
0.95 | e
0.10 | 2
o
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Fig. 1. Natural logarithm of equilibrium constaht) of phenol in acetone,

those for acetone and DMF were close each othablé 2,

Fig. 2. Desorption rate of phenol as a function of applied volume of
DMF, and methanol with its adsorbed amount on activated carbon with acetone, DMF, and methanol per unit mass of spent activated carbon
respect to the reciprocal of absolute temperatgte={ 1847 mg/g).

(g0 = 1847 mg/g, reaction temperature: 55).
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Table 2

Desorption reaction constantky) of phenol from activated carbon by
acetone, DMF, and methanol at operating temperatures of 25, 35, 45, and
55°C (qo = 184.7 mg/g)

Temperature°C) kg (min—1)

Acetone DMF Methanol
25 1.7111E-05 1.6368E-05 1.1328E-05
35 2.2506E-05 2.1810E-05 1.5348E-05
45 2.7732E-05 2.7330E-05 2.1150E-05
55 3.4530E-05 3.3528E-05 2.7090E-05

of linear correlation coefficientRg) for acetone, DMF, and
methanol were estimated to be 0.9984, 0.9974, and 0.9988,
respectively. Therefore, the Arrhenius relationship could be
justifiable for representing the temperature dependency ex-
pression ofky. Furthermore, the excellent temperature de-
pendency expression & might indirectly supporting the
properness ofy values as well as that of the desorption ki-
netic model introduced in this study.

The activation energy dfy was obtained from the slope
(—E4/R) of natural logarithm ofEqg. (8) and frequency
factor from the intercept (IAg). The activation energy
(kg) was 18.83, 19.34, and 23.88 kJ/mol for acetone, DMF,
and methanol, respectively, while the frequency factor was
0.0345, 0.0408, and 0.173mih respectively. Wherkg
value of phenol might be expressed as an exponential func-
tion of temperature, the equation for each solvent is as
follows:

226460
acetone : kq (min~1) = 0.0345 exp(——) (12)
232622
DMF : kg (min~1) = 0.0408 exp(—T> (13)
287186
methanol : kg (min~1) = 0.173 exp(——) (14)

As a result of usind=gs. (12)—(14)the desorption kinetics
of phenol from SAC in the three organic solvents would be
predicted at certain desorption temperatures.

4.3. Determination of desorption time

A desorption time was defined as the time it took to reach
an equilibrium state of phenol at a temperature between solid
phase (AC) and liquid phase (solvent). The time witn
reached the 99% df. was defined as an operational des-

Fig. 3. Comparison of theoretical desorption kinetic results of phenol by orption time. In the case of batch operation, the operational

acetone, DMF, and methanol with experimental ones at reaction temper- desorption time was estimated by solvikg. (5) numeri-
atures of 25, 35, 45, and 5& (g0 = 1847 mg/g, Vs/ M4 = 150 ml/g).

cally to find out the time required fd€, to reachCe.
As expected, the operational reaction times for acetone

whereas those for methanol were lower at the desorptionand DMF were almost identical and so were the maximum
temperatures used here.

Temperature dependency kf was proposed as shown
by Eqg. (8) The properness dtq. (8) would be checked
by the linearity of the plot of I versus Irky. The squares

desorption rates, whereas those for methanol were lower than
those for acetone and DMHdble 3. Theoretical desorp-
tion times were similar to those obtained from experimental
kinetic data within an average deviation of 5%able 3.
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Table 3
Operational desorption reaction times and maximum desorption rates of phenol from spent activated carbon by acetone, DMF, and methanol at operatin
temperatures of 25, 35, 45, and 85 (Vs/Ma = 150 ml/g, g0 = 1847 mg/g)

Solvent Temperature’C) Operational reaction time and deviation Maximum desorption rate (%)
Theoretical (h) Experimental (h) Deviation (%)
Acetone 25 7.32 7.12 2.81 83.35
35 6.47 6.22 4.02 87.71
45 5.36 5.13 4.48 92.43
55 4.64 4.78 2.93 95.83
DMF 25 7.28 7.08 2.83 83.28
35 6.36 6.14 3.58 87.39
45 5.28 5.46 3.30 92.26
55 4,57 4.66 1.93 95.27
Methanol 25 7.03 6.82 3.08 78.25
35 6.34 6.14 3.26 83.51
45 5.37 5.12 4.88 86.82
55 4.68 4.58 2.18 90.55
8 Although the empirical equations iflable 4would be

applicable only for the specific desorption conditions tested
here, a practical method estimating the design parameters to

71 M ;ﬁf"" remove organic pollutants from the SAC was demonstrated
A MeOH in this work.

4.4. Verification of desorption kinetic model

One of the most reliable ways to check the validity of
the kinetic model would be the comparison of theoretical
kinetic results with experimental ones at certain reaction
. temperatures. To this end, three kinetic results at reaction

20 25 30 35 40 45 50 55 60 temperatures of 30, 40, and 50 were chosen, because
they were different from those (25, 35, 45, and°&j used
to evaluate the kinetic parameters (activation energy and
Fig. 4. Reaction time of spent activated carbon saturated with phenol Pre-exponential factor). Thiey values of three organic sol-
by acetone, DMF, and methanol with respect to reaction temperature Vents at reaction temperatures of 30, 40, andGWere es-
(g0 = 1847 mglg, Vs/Ma = 150 ml/g). timated from substituting the kinetic parameter values into

Egs. (12)—(14) From theky values, the theoretical kinetic

The desorption time decreased linearly with increasing des-results of three organic solvents were constructed at desorp-
orption temperaturerjg. 4). Based on the linear relation-  tion temperatures of 30, 40, and 8D. The theoretical re-
ships, the operational desorption time with respect to tem- sults were compared with the experimental ones, as shown
perature was empirically expressedTiable 4 In the case in Fig. 5 The predicted kinetic results were in good agree-
of Vs/Ma = 150 ml/g andgo = 1847 mg/g, the operational  ment with experimental ones within an average deviation of
desorption times for a batch operation ranged fremh ~7% (acetone: 7.3%, DMF: 5.4%, methanol: 5.5%), sup-
at 25°C to ~4.5h at 55C. As pointed out by Mollah and  porting the properness ¢ values as well as the kinetic
Robinson[16], a single batch operation seemed to be im- model at least within a temperature range of 25265
practical in desorbing the phenol from the AC because it According to the comparison results between theoreti-
requires relatively long desorption time and large amount of cal and experimental kinetic results, the assumption of film
solvents.

Reaction time(hr)
o

Temperature(°C)

Table 4

Empirical expressions for maximum desorption rate and operational desorption reaction time as a function of reaction temperature

Solvent Maximum desorption rate (%) with respect Operational desorption reaction time (h)
to reaction temperature with respect to reaction temperature

Acetone n = 0.42167; + 72.9660,R? = 0.9958 n = 0.0915 + 34.857,R? = 0.9940

DMF n = 0.4084; + 73.2140,R? = 0.9923 n = 0.092T, + 34.700,R? = 0.9941

Methanol n = 0.402T, + 68.6985,R? = 0.9894 n = —0.0807; + 30.958,R? = 0.9951
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Fig. 5. Comparison of experimental desorption kinetic results of phenol
with theoretical ones derived from the estimated values fromEqgs.
(12)—(14)at reaction temperatures of 30, 40, and’60for acetone, DMF,
and methanol, respectivelyq = 184.7 mg/g, Vs/ M4 = 150 ml/g).
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Theoretical kinetic results of phenol concentration in sol-
vents derived from the desorption model demonstrated good
agreements with the experimental data, suggesting that the
desorption model would be practically useful to design the
chemical desorption process using organic solvents.

Apparent desorption rate constants of phenol for the three
solvents were temperature dependent with the Arrhenius
relationship. Arrhenius parameters, activation energy and
pre-exponential factor, were estimated by a simple differen-
tial method. The reliability of kinetic parameters was veri-
fied by comparing predicted kinetic results with experimen-
tal ones at different temperatures from those which were
used to evaluate the kinetic parameters. The apparent desorp-
tion rate increased with temperature. The desorption rates of
acetone and DMF were in a close proximity, and they were
higher than those of methanol. Both acetone and DMF were
found out to be more efficient than methanol. Since DMF
is a toxic substance, acetone may be a better candidate for
practical application.

transfer model used here seemed to be acceptable. In addi-

tion, the predicted desorption times resemble those of exper-

imental onesTable 3, also supporting the properness of the

desorption kinetic model derived here. Therefore, the role
of pore diffusion in the experimental conditions used here
would not be so significant as it was firstly expected. One of
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