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bstract

Mass balance and the Langmuir equation were used to deduct the countercurrent multi-stage adsorption process. The relationships between the
angmuir parameter (KLyi) and the required amounts of adsorbent in countercurrent two-, three- and infinite-stage processes were obtained to find the
ptimum number of stages as well as the reduction in the adsorbent consumption of the countercurrent multi-stage process of an adsorption system.
istachio shell activated carbons with BET surface areas of 1013, 1398, and 1919 m2/g were obtained by KOH activation with CO2 gasification

t gasification times of 0, 10, and 30 min. The isotherm adsorption of four adsorbates were investigated and analyzed with the Langmuir equation.
he activated carbons studied in this work show compared with other published literatures, the KLyi and qmon values in this work showed excellent
dsorption performance. The amount of activated carbon for a countercurrent two- and single stage adsorption operation was calculated, a saving
f 66–87% adsorbent was obtained. A simple countercurrent two-stage adsorption system was designed for use in engineering applications.

2007 Published by Elsevier B.V.
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. Introduction

Countercurrent multi-stages are widely applied in separating
rocesses in chemical engineering, such as distillation, liquid
xtraction, gas absorption or stripping, and also for improv-
ng efficiency of separation and purification. However, they
re rarely applied to adsorption. In 1976, deRosset et al. sub-
itted p-xylene purification with continuous countercurrent

dsorptive separations [1]. It was a complicated system with
ultiple rotating tubes which was hard to operate; not suitable

or wide application. Vanderschuren used multi-stage fluidized
ed absorbers to remove the moisture from air. However, the
teady operation for the descending solid particles in multiple
late columns is hardy achieved. This was not an easy process
2]. Ruthven theoretically analyzed continuous countercurrent

dsorbers, but there was no practical application [3]. Recently,
ressure swing adsorption (PSA) was developed and effectively
sed in gas separation, the best example of countercurrent multi-

∗ Corresponding author. Tel.: +886 37 381775; fax: +886 37 333187.
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tages applied in an adsorption system. In theory, adsorption
peration in a solution using countercurrent multi-stages can
argely reduce adsorbent consumption. Ultimately however, no
uitable adsorption process has been submitted so far.

In this study, mass balance was used to deduce the amounts
f adsorbent for various countercurrent multi-stages, and to
etermine the optimum number of stages for adsorbent reduc-
ion. Pistachio shell activated carbons were prepared using
OH activation with CO2 gasification. The isotherm equilib-

ium adsorptions of two dyes and two phenols were investigated.
he results were used for calculating reductions in adsorbent
onsumption in various countercurrent multi-stages. Further-
ore, a simple countercurrent multi-stage adsorption system
as designed to be used in engineering applications.

. Materials and method

.1. Preparation of the activated carbon
Activated carbon was prepared from Pistachio shells with
arbonization and activation; a two-step process. During car-
onization, the oven temperature was kept at 450 ◦C for 1.5 h

mailto:trl@nuu.edu.tw
dx.doi.org/10.1016/j.jhazmat.2007.11.086
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number of stages of the countercurrent multi-stage adsorption
can be obtained from Fig. 3. The procedures are as follows: start
at point (x0, yf), draw horizontal line which intersects isotherm
curve at point (x1, yf). Then, a vertical line is drawn from this
50 F.-C. Wu, R.-L. Tseng / Journal of H

hile nitrogen gas was flowed into the oven at a rate of
dm3/min.

During activation, a mixture of water/KOH/char with a ratio
f 1/1/1 by mass was placed in a sealed ceramic oven, heated
t a rate of 10 ◦C/min to 780 ◦C, and kept at this temperature
or 1 h while nitrogen gas was flowed into the oven at a rate of
dm3/min. Then, the nitrogen gas was shut off and CO2 started

o flow into the oven at a rate of 2 dm3/min. The samples were
lassified according to the CO2 gasification times: 0, 10, and
0 min called PS100, PS110, and PS130, respectively. Accord-
ng to literature, in applications of activated carbon in electric
ouble-layer capacitors, KOH carbon activation followed by a
uitable time of CO2 gasification performs excellently [4].

.2. Procedures for adsorption experiments

A commercial-grade acid dye, Acid Blue 74, (AB74)
Bayer), was used. The methylene blue (MB, MW (molec-
lar weight) = 284.3 g/mol), phenol (MW = 94 g/mol), and
-chlorophenol (4-CP, MW = 128.5 g/mol) were analytical
eagent grade. The procedures for the adsorption equilibrium
xperiments were the same as in a previous study [5].

. Theory

.1. Graphical method for the countercurrent multi-stage
dsorption system

In countercurrent multi-stage adsorption there are J stirred
essels in series; the mode of operation is as shown in Fig. 1.
he influent solution with mass myi and concentration yi enters

he Jth stirred vessel, makes sufficient contact with the adsorbent
ith mass mxJ−1 and solute concentration xJ−1 and is separated

fter equilibrium is reached. Then, the separated adsorbent with
ass mxJ and solute concentration xJ leaves the adsorption pro-

ess and enters the J−1 stirred vessel, comes into contact with
he adsorbent with mass mxJ−1 and solute concentration xJ−1 is
eparated, and so on. The concentration of the separated solution
rom the first stage after equilibrium is y1, i.e., the last solution
oncentration is yf and the adsorbent with mass mx0 and solute
oncentration x0 enters this stage (the first stage).

Suppose the mass of the solution is the same in all stages,
hen

y = myi = my1 = my2 = · · ·myJ−1 = myf (1)

nd the mass of adsorbent is the same in all stages, then

x = mxi = mx0 = mx1 = mx2 = · · · = mxJ−1 = mxJ (2)
Make the mass balance on any stage of the countercurrent
ulti-stage adsorption process as shown in Fig. 2, then

y(y − yf) = mx(x − x0) (3)

Fig. 1. Countercurrent multi-stage adsorption process.
ig. 2. Mass balance of the countercurrent multi-stage adsorption process.

=
(

my

mx

)
x +

[
yf −

(
my

mx

)
x0

]
(4)

q. (4) is the operating line equation of the countercurrent multi-
tage adsorption process. The operating line is a straight line with
onstant slope (my/mx) and y-intercept [yf−(my/mx)x0].

Suppose adsorption equilibrium is described with the Lang-
uir isotherm equation, then

e = KLqmonCe

1 + KLCe
(5)

f Ce (g/m3), solute concentration of the solution, is substituted
ith yJ, and qe (g/kg), solute concentration (adsorption amount)
f the solid phase, is substituted with xJ/ρ, where ρ is the adsor-
ent mass per unit solution volume kg/m3. Then, after Eq. (5) is
ewritten, the isotherm equilibrium of the Jth stage is

xj

ρ
= KLqmonyJ

1 + KLyJ

(6)

he solute equilibrium relationship between solid phase and liq-
id phase of adsorption described with Eq. (6) is called isotherm
urve.

According to the operating line of Eq. (4) and the isotherm
urve of Eq. (6), the countercurrent multi-stage adsorption oper-
tion is graphically shown in Fig. 3. The two ends of the
perating line are, respectively (x0, yf) and (xJ, yi). The ideal
Fig. 3. Ideal stages of the countercurrent multi-stage process.
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oint intersecting the operating line at point (x1, y2). This com-
letes an ideal stage, and so on. After point (xJ, yi) is passed
ver, the obtained drawn stage number is the required ideal stage
umber of countercurrent multi-stage adsorption.

There is a direct relationship between the ideal stage number
nd the slope (my/mx) of the operating line. When one end (x0, yf)
f the operating line is fixed, and the slope (my/mx) is decreased,
he other end (xJ, yi) of the operating line moves right and toward
he isotherm curve, and ideal stage number increases. If (my/mx)
eeps decreasing the operating line intersects the isotherm curve
t point (xJ, yi). At this stage, the ideal stage number is infinite
nd its adsorbent amount is the minimum. This is the minimum
dsorbent mass (my,min).

.2. Adsorbent consumption for the countercurrent
ulti-stage adsorption system

A single stage adsorption operation is shown in Fig. 4(a). The

perating line equation of Eq. (4) can be rewritten as

i =
(

mx

my

)
s
xf +

[
yf −

(
mx

my

)
x0

]
(7)

(

ig. 4. (a) Ideal stages of the single stage process. (b) Ideal stages of the countercurre
d) Ideal stages of the countercurrent ∞-stage process.
ous Materials 155 (2008) 449–458 451

nd rearranged as

mx

my

)
s
= yi − yf

xf − x0
(8)

f fresh adsorbent is used, then x0 = 0. When the isotherm curve
f Eq. (6) is inserted into Eq. (8), then

mx

my

)
s
= yi − yf

ρ(KLqmonyf)/(1 + KLyf)
(9)

f the Langmuir constant is known, mass ratio (mx/my)s of adsor-
ent to solvent for a single stage can be calculated from Eq.
9).

Fig. 4(b) gives the analysis for the countercurrent two-stage
dsorption operation. Because the operating line is straight, the
lope of all stages is the same and can be expressed as

mx

)
= y2 − yf = yi − y2 = yi − yf (10)
my d x1 − x0 x2 − x1 x2 − x0

mx

my

)
d

= y2 − yf

ρ(KLqmonyf)/(1 + KLyf)
(11)

nt two-stage process. (c) Ideal stages of the countercurrent three-stage process.
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sumption for more than three-stages. Thus, three is the optimum
number of stages. When the KLyi value of adsorbent is 33.3,
the adsorbent consumption of the single stage one is, respec-
tively, 3.61 and 3.88 times that of the countercurrent two-stage

Table 1
Ratio of adsorbent consumption of a single-stage to that of a countercurrent
multi-stage process (at yf/yi = 0.01)

KLyi mxs/mxd mxs/mxt mxs/mx∞ Optimum stage
number

1 10.00 21.13 50.50 >3
52 F.-C. Wu, R.-L. Tseng / Journal of H

f x0 = 0, and the isotherm curve is expressed with the Langmuir
quation, then

y2 − yf

ρ(KLqmonyf)/(1 + KLyf)
= yi − yf

ρ(KLqmony2)/(1 + KLy2)
(12)

fter rearranging

y2 − yf

yi − yf
= yf

y2

[
1 + KLy2

1 + KLyf

]
(13)

hen yi, yf, and the Langmuir constant are known, the mid-
le concentration y2 of the two countercurrent stages can be
alculated from Eq. (13).

The adsorbent mass ratio of the countercurrent two-stage to
he single stage from the following Eq. (14), obtained by dividing
q. (11) by Eq. (9), is:

mx

my

)
s
/

(
mx

my

)
d

= yi − yf

y2 − yf
= mxs

mxd
(14)

here mxs/mxd is the adsorbent mass ratio of the countercurrent
wo-stage to single stage.

Countercurrent three-stage adsorption operation is shown in
ig. 4(c). The operating line is a straight line, so, the slope is the
ame of all stages, and

mx

my

)
t
= y2 − yf

x1 − x0
= y3 − yf

x2 − x0
= yi − yf

x3 − x0
(15)

mx

my

)
t
= y2 − yf

ρ(KLqmonyf)/(1 + KLyf)
(16)

f x0 = 0, then

y2 − yf

x1
= y3 − yf

x2
(17)

y2 − yf

x1
= yi − yf

x3
(18)

hen the isotherm curve follows the Langmuir equation, Eqs.
17) and (18) can be rearranged, respectively, as

y2 − yf

y3 − yf
=

(
yf

y2

) [
(1 + KLy2)

(1 + KLyf)

]
(19)

(y2 − yf)

(yi − yf)
=

(
yf

y3

) [
(1 + KLy3)

(1 + KLyf)

]
(20)

hen yi, yf, and the Langmuir constant are known, the mid-
le concentration (y2 and y3) of countercurrent three-stages one
an be obtained by simultaneously solving Eqs. (19) and (20).
dsorbent mass ratio of countercurrent three-stage one to single

tage one can be obtained from the following Eq. (21), which is
btained by dividing Eq. (16) by Eq. (9).

(mx/my) yi − yf mxs
s

(mx/my)t
=

y2 − yf
=

mxt
(21)

here mxs/mxt is the adsorbent mass ratio of a countercurrent
hree-stage one to a single stage one.

1

ous Materials 155 (2008) 449–458

Fig. 4(d) shows the countercurrent infinite-stage adsorption
peration. The slope of its operating line is

mx

my

)
∞

= yi − yf

x∞ − x0
(22)

hen x0 = 0, and Eq. (10) is divided by Eq. (22) the adsorbent
ass ratio of the countercurrent infinite-stage one to single stage

ne is

mx

my

)
s
/

(
mx

my

)
∞

= (yi − yf)/xf

(yi − yf)/x∞
= x∞

xf
(23)

Let isotherm curve be expressed with Langmuir equation,
hen

mxs

my∞
=

(
yi

yf

) [
1 + (KLyf)

(1 + KLyi)

]
(24)

The relationships between the required adsorbent amounts
f countercurrent two-, three- and infinite-stage processes and
angmuir parameter (KLyi) were obtained to determine the opti-
um number of stages and the adsorbent consumption reduction

f the countercurrent multi-stage process for a specific adsorp-
ion system.

Suppose concentration ratio (yf/yi) of influent to effluent is
.01 and KLyi value is known, then the middle concentration
atio (yj/yi) of the countercurrent two-stage one to the three-
tage one can be obtained from Eqs. (13), (17) and (18), and
dsorbent consumptions (mxs/mxd and mxs/mxt) of the two- and
hree-stage ones can be obtained from Eqs. (14) and (21), and
he adsorbent consumption of the countercurrent infinite-stage
dsorption operation can be obtained from Eq. (24). Table 1 lists
alues of mxs/mxd, mxs/mxt, and mxs/mx∞. When the KLyi value
f the adsorption process is 1, the adsorbent consumption of the
ingle stage one is 10 times that of the countercurrent two-stage
ne, 21.13 times that of the countercurrent three-stage one, or
0.5 times that of the countercurrent ∞-stage one. Increasing the
umber of stages significantly saves on adsorbent consumption
n countercurrent multi-stage adsorption operations.

When the KLyi value of the adsorption process is 10, the
dsorbent consumption of the single stage one is, respectively,
.48 and 10.0 times that of the countercurrent three-stage and

-stage ones, revealing a marginal saving of adsorbent con-
10 6.73 9.48 10.00 3
33.3 3.61 3.88 3.89 2

100 1.96 1.98 1.98 2
000 1.099 1.099 1.099 1
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nd three-stage ones. The three-stage one is of little benefit in
he saving of adsorbent consumption, thus, two is the optimum
umber of stages.

The optimum numbers of stages are listed in the last column
f Table 1. It shows that the optimum number of stages is in
everse order to the KLyi value. When the KLyi value is 103, the
orresponding optimum number of stage is 1; when the KLyi
alue is 102, the corresponding optimum number of stages is 2;
hen the KLyi value is 101, the corresponding optimum number
f stages is 3; and when the KLyi value is 100, the corresponding
ptimum number of stages is more than 3.

. Results and discussion

.1. Properties of the activated carbons

The activated carbons in this study were denoted according to
he CO2 gasification time of 0, 10, and 30 min as PS100, PS110,
nd PS130. Table 2 lists the BET surface area related data (Sp,
micro/Sp, Vpore, Vmicro/Vpore, and Dp) obtained from 77 K N2
sotherm adsorption with a sorptiometer. Of these, the surface
rea (Sp) and pore volume (Vpore) increased with increased CO2
asification time; the micropore area ratio (Smicro/Sp) and micro-
ore volume ratio (Vmicro/Vpore) significantly dropped with the
O2 gasification time from 10 to 30 min, meaning higher ratio
f mesopores developing in the pores; the average pore diameter
Dp) stayed at 2.4 nm, meaning, according to the definition of

p being 4 Vpore/Sp, that the values of Vpore and Sp increased
qually in proportion with the increased CO2 gasification time.

Fig. 5(a)–(c) has 2000× magnified SEM photos of the acti-
ated carbons. Fig. 5(a) shows PSChar: carbonized char from
istachio shells. The cut face of a broken particle is flat and
omplete. PS100 in Fig. 5(b) kept the original of flat, completely
ut surface. This phenomenon proved again the finding of the
revious study [6], namely that KOH activation causes homo-
eneous etching in the interior of a material. Fig. 5(c) shows an
p and down cut surface of PS130 caused by a CO2 gasification
ime of 30 min.

Temperature programmed desorption (TPD) was used to ana-
yze the chemical properties of the activated carbon surface.
nert gas (He) was flowed through the sample surfaces in tem-
erature programmed desorption. Desorption began when the

◦
emperature of the sample rose. At lower temperatures (<550 C)
O2 was desorbed because of the presence of anhydrides, lac-

ones, and carboxyl. The desorption of CO occurred at higher
emperatures (above 500 ◦C) because of the presence of qui-

able 2
hysical properties of carbons derived from Pistachio shells with KOH plus
O2

− activation

arbon tga (min) Sp (m2/g) Smicro/Sp Vpore

(cm3/g)
Vmicro/
Vpore

Dp (nm)

S100 0 1013 0.92 0.60 0.80 2.4
S110 10 1398 0.92 0.84 0.82 2.4
S130 30 1919 0.85 1.16 0.67 2.4

a CO2 gasification time.

n
o
b
o

Fig. 5. SEM photos: (a) PSChar, (b) PS100, (c) PS130.

ine, hydroxyl, and carbonyl groups [7–9]. Thus, distribution

f the oxygen-containing functional groups could be analyzed
ased on the TPD results. Fig. 6 shows the results of the TPD
f the activated carbon studied in this work. The desorption of
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ig. 6. Evolution profiles of CO2 and CO by temperature programmed desorp-
ion (carbons are PS00 (–), PS100 (. . .), and PS130 (– –), respectively).

S00 at lower temperatures (<550 ◦C) and at higher tempera-
ures (>500 ◦C) was the least. The preparation was the same as
hat of the PS100 physical activation, only without KOH. The
esorption of PS100 at both temperature ranges was the highest;
hat of PS130 was between the two. Fig. 6 shows that the homo-
eneity of KOH activation preserved more surface functional

roups, while physical activation on the pore surface caused the
oss of some surface functional groups; the effect of KOH activa-
ion with CO2 gasification on functional groups was between the
wo, because it involved both physical and chemical processes.

o
c
T

ig. 7. Fitting of the Langmuir equation for the adsorption of dyes and phenols on
carbons are PS100 (©), PS110 (�), and PS130 (�), respectively).
ous Materials 155 (2008) 449–458

.2. Adsorption equilibrium and Langmuir isotherm
quation

Two dyes (AB74 and MB) and two phenols (phenol and 4-
P) were used as adsorbates and PS100, PS110, and PS130, the
ctivated carbons of different CO2 gasification times, were used
s adsorbents for the isotherm equilibrium adsorption study. The
esults are shown in Fig. 7(a)–(d) and will be discussed later. A
angmuir isotherm equation was used for analysis. The equation

s as follows:

Ce

qe
= 1

KLqmon
+

(
1

qmon

)
Ce (25)

here qmon is the amount of adsorption (in g/kg) correspond-
ng to complete monolayer coverage and KL is the Langmuir
onstant. If Ce/qe is on the Y-axis and Ce is on the X-axis, the
lope (1/qmon) and intercept (1/KLqmon) can be obtained from
he least number of squares, the correlation coefficient (r2),
nd the separation factor (RL). Table 3 lists the qmon, KL, r2

nd RL values. The r2 is between 0.989 and 1.000, implying a
ood equation fitting. Calculation values of the curves in Fig. 7
ere obtained from calculating the Langmuir parameters listed

n Table 3 revealing good agreement between calculated and
xperimental values.
The Langmuir equation constants of 28 adsorption systems
f dyes on various activated carbons from literature have been
ollected in Table 4 to compare with the results from this work.
he sequence is according to the KLyi values. The top KLyi val-

the Pistachio shell activated carbons (a) MB, (b) AB74, (c) phenol, (d) 4-CP
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Table 3
Langmuir isotherm equation analysis of the adsorption system of various adsor-
bates on the activated carbons

Adsorbate Carbon r2 qmon (g/kg) KL (m3/g) RL
a

MB PS100 0.998 327 0.0561 0.0218
PS110 1.000 581 0.0583 0.0210
PS130 0.999 883 0.0373 0.0325

AB74 PS100 0.992 102 0.0237 0.0954
PS110 0.993 456 0.0154 0.0160
PS130 0.992 521 0.0232 0.0974

Phenol PS100 0.989 251 0.0428 0.0474
PS110 0.996 349 0.0206 0.0936
PS130 0.996 518 0.0114 0.1573

4-CP PS100 0.998 364 0.0877 0.0175
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B
A
M
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M
A
R
A
B
A
M
M
A
M
A
M
A
M
M
A
A
A
M
B
A
B
B
A
B
B
A
R

PS110 0.994 520 0.0283 0.0522
PS130 0.994 664 0.0321 0.0463

a RL = 1/[1 + (KLC0)].
es in this study were 38%, 41%, 53%, 68%, 71%, and 79%,
niformly distributed over the middle range of various adsorp-
ion systems of dyes on various activated carbons. The qmon
alues at the top KLyi values were 53%, 38%, 71%, and 79% of

a
a
v
t

able 4
angmuir equation constants of adsorption of dyes on various activated carbons repo

yes Activated carbon qmon (g/kg) KL (m3/g)

R151 CBDA 208 0.738
S-300 GAC 309 0.369
B9 PKSAC 333 0.227
R151 CP 169 0.628
B PAC2 345 0.150

Y117 F400 186 0.400
G-400 GAC 159 0.366
B80 F400 171 0.260
R241 AC4 246 0.061
B113 AC4 345 0.058
R22 kudzu 178 0.055
B74 ADWIC 143 0.191
B PS110 581 0.058
B PS100 327 0.056

Y23 ADWIC 57 0.171
B CS700 261 0.091
R114 F400 104 0.150
B PS130 883 0.037
R73 ADWIC 230 0.087
B S800/30 302 0.0023
B CP55 345 0.044

Y36 SDC 184 0.01
B74 PS100 102 0.024
B74 PS130 521 0.023
alachite G BFA 170 0.148
B1 AC 404 0.017
B74 PS110 456 0.015
V3 AC 244 0.017
R9 AC 127 0.012
Y36 RHC 87 0.002
R9 AC 303 0.004
Y21 kudzu 380 0.0008
B FSM-16 55 0.008
B5 PAC 59 0.109
ous Materials 155 (2008) 449–458 455

he adsorption of dyes on the activated carbons of this work; the
ighest to fourth highest. The above comparisons show that the
arbons in this study had both a very high adsorption capacity
nd a good adsorption performance on dyes.

The Langmuir equation constants of 10 adsorption systems
f phenols on various activated carbons reported in literature
ave been collected in Table 5 and compared with those of this
ork, the sequence is in the order of the KLyi values. The top
Lyi values of 4-CP in this work were 6%, 19%, and 31%,
istributed over the top range of phenols adsorption. The qmon
alues at the top KLyi values were 19%, 31%, and 6% of the
-CP adsorption, respectively, the second, third, and fifth high-
st. The above comparisons show that the adsorption capacity
nd KLyi value of 4-CP on the activated carbons in this study
ere higher than literature. The top KLyi values of the phenol

dsorption were, respectively, 25%, 50%, and 81%, uniformly
istributed over the middle range of the phenols adsorption sys-
ems. The qmon values at the top KLyi values were 81%, 50%,

nd 25%, respectively, the fourth, sixth, and ninth highest. The
bove comparisons show that the adsorption capacity and KLyi
alues of phenol on the activated carbons in this work were in
he middle region.

rted in the literature and this work

yi (g/m3) KLyi Refs. Top % of KLyi

264 195 [10] 3
500 185 [11] 6
700 159 [12] 9
223 140 [10] 12
800 120 [13] 15
250 100 [14] 18
200 73 [11] 21
240 62 [14] 24

1000 61 [15] 26
1000 58 [15] 29
1000 55 [16] 32

250 48 [17] 35
800 46 This work 38
800 45 This work 41
250 43 [17] 44
370 34 [18] 47
200 30 [14] 50
800 30 This work 53
250 22 [17] 56

8529 19 [19] 59
370 16 [18] 62

1000 10 [20] 65
400 9.6 This work 68
400 9.2 This work 71

50 7.4 [21] 74
400 6.8 [22] 76
400 6.0 This work 79
300 5.1 [22] 82
250 3.0 [22] 85

1000 2.0 [20] 88
300 1.2 [23] 91

1000 0.8 [16] 94
100 0.8 [24] 97

5 0.55 [25] 100
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Table 5
Langmuir equation constant values of the adsorption systems of phenols on activated carbons reported in literature

Adsorbate Adsorbent qmon (g/kg) KL (m3/g) yi (g/m3) KLyi Refs. Top % of KLyi

4-CP PS100 364 0.0877 642 56 This work 6
2,4,6-TCP CSAC 122 0.048 500 24 [26] 13
4-CP PS130 664 0.0321 642 21 This work 19
Phenol PS100 251 0.0428 470 20 This work 25
4-CP PS110 520 0.0283 642 18 This work 31
4-CP CSAC 73 0.019 700 13 [26] 38
Phenol Commercial 50 0.110 100 11 [27] 44
Phenol PS110 349 0.0206 470 9.7 This work 50
Phenol Eurocab YAO 867 0.0089 940 8.4 [28] 56
4- NP S800/30 328 0.0012 6910 8.0 [19] 63
Phenol F-400 205 0.042 180 7.6 [29] 69
Phenol S800/30 235 0.0013 4700 6.2 [19] 75
Phenol PS130 518 0.0114 470 5.4 This work 81
2
P
P

4
a

a
p
s
s
a
a

-CP Norit PKDA 270 0.026
henol Activated 850/5 178 0.0037
henol ACAS 126 0.00094

.3. Design and operation of a countercurrent two-stage
dsorption system

Though, in theory, countercurrent two-stage adsorption oper-
tion can save significant amounts of adsorbent, its adsorption
rocess had not yet been investigated. A countercurrent two-
tage system for batch operation was designed in this study as
hown in Fig. 8. It was composed of an adsorption agitation tank,
middle tank, and a centrifugal filter. The operation procedures
nd calculations were as follows:

1. First, draw up an operation process calculation table as
shown in Table 6. The adsorptions of four solutes on PS110
were used as examples.
2. Fill in the known values of Langmuir constant KL and qmon,
and operation conditions of the adsorption process: initial
concentration (Ci) and final concentration (Cf) at steady
state.

Fig. 8. Design of a countercurrent two-stage adsorption system.
200 5.2 [30] 88
940 3.5 [28] 94
200 0.2 [31] 100

3. Eq. (13) is rewritten as

C2 − Cf

Ci − Cf
=

(
Cf

C2

) [
(1 + KLC2)

(1 + KLCf)

]
(26)

The middle concentration (C2) at steady state is obtained
from Eq. (26).

4. Adsorbent consumption is obtained from the Langmuir
equation as in Eq. (27)

Mxs

C0 − Ce
= KLqmonCe

1 + KLCe
(27)

The adsorbent mass (Mxs) of the single stage one is
obtained by substituting, respectively, Ce and C0 in Eq.
(27) with Cf and Ci in Table 6, and the adsorbent mass
(Mxd,Count.) of the countercurrent two-stage one is calcu-
lated from Eq. (28), which is obtained by rearranging Eq.
(14).

Mxd,Count. = Mxs

[
Ci − Cf

C2 − Cf

]
(28)

Table 6 shows that the values of Mxs (adsorbent con-
sumption) were from 4.29 to 15.25 kg/m3, while those of
Mxd,Count. were significantly lower, from 1.45 to 2.22 kg/m3.

5. qe value at steady state of the countercurrent two-stage one
is then be calculated from Eq. (29)

qe = Mxd,Count.

Ci − Cf
(29)

6. After the upper eight lines of basic data are filled in Table 6,
proceed to the countercurrent two-stage operations and
calculations. First, add the solution with mass My and con-
centration Ci and virgin adsorbent with mass Mxd,Count. to
the agitation tank. The mixture is stirred and after equilib-
rium is reached, valve V2 is opened, then, adsorbent and

solution are separated with the filter. The separated solution
and adsorbed amount in adsorbent are denoted, respectively,
as 1st C2 and 1st qe. Then, the separated solution is pumped
into the middle tank. The value of 1st C2 is calculated
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Table 6
Adsorbent consumption ratio of PS110 in the countercurrent two-stage process

Solutes MB AB74 Phenol 4-CP

Basic data and operation conditions KL (m3/g) 0.0583 0.0154 0.0206 0.0283
qmon (g/kg) 581 456 349 520
Ci (g/m3) 800 400 470 642
Cf (g/m3) at S.S. 8.0 4.0 4.7 6.42

Calculation values C2 (g/m3) at S.S. 276 54.4 73.1 131
qe (g/kg) at S.S. 546 204 210 408
Mxs (kg/m3) 4.286 15.25 15.10 7.950
Mxd,Count. (kg/m3) 1.450 1.940 2.220 1.558

1st batch 1st C2 (g/m3) 91.1 43.8 55.9 80.0
1st qe (g/kg) 489 184 187 361
1st Cf (g/m3) 2.02 3.13 3.52 3.67

2nd batch 2nd C2(g/m3) 139 51.1 69.6 108
2nd qe (g/kg) 517 201 206 392
2nd Cf (g/m3) 3.29 3.68 4.61 5.14

3rd batch 3rd C2 (g/m3) 170 52.4 72.1 119.5
3rd qe (g/kg) 528.1 203.6 208.5 401.4

3

1

1

5

e
e
t
a
i
r
t

3rd Cf (g/m )

from Eq. (27) with Mx and C0 substituted, respectively, by
Mxd,Count. and Ci, and the obtained Ce is 1st C2. The 1st qe is
obtained from Eq. (29) with Cf substituted by 1st C2. This
1st qe value is slightly lower than the qe value at steady state
in Table 6.

7. The solution with concentration 1st C2 in the middle tank
is sent back to the agitation tank with virgin adsorbent with
mass Mxd,Count. The mixture is stirred. After equilibrium is
reached, valve V4 is opened, and the solution with concen-
tration 1st Cf flows out. In front of valve V4, a slant filter
is installed to avoid loss of adsorbent. Then, 1st Cf is cal-
culated from Eq. (27) with Mx and C0 in Eq. (27) being
substituted, respectively, by Mxd,Count. and 1st C2, and the
obtained equilibrium concentration is 1st Cf. This value is
slightly less than the Cf value at the steady state in Table 6.

8. Valve V4 is shut, and valve V1 is opened. A solution with
mass My and concentration Ci is pumped into the agitation
tank and mixed with the remaining adsorbent. After equi-
librium is reached, the mixture is separated with the filter,
and the separated solution is pumped into the middle tank.
The concentration and adsorbed amount of adsorbent are
denoted, respectively, as 2nd C2 and 2nd qe. Then, 2nd C2
is calculated from the following Eq. (30):

[
Ci − 2nd C2

Mxd,Count.

]
+

[
1st C2 − 1st Cf

Mxd,Count.

]
= KLqmon2nd C2

1 + KL2nd C2

(30)

The first term on the left side of Eq. (30) is the adsorbed

amount of the first stage of the 2nd batch, and the second
term is the adsorbed amount of the second stage of the 1st
batch. The 2nd qe value is the sum of the two terms on the
left side of Eq. (30). The 2nd qe value in Table 6 gradually
approaches qe value at steady state.

s
v
m
m
s

4.20 3.78 4.62 5.80

9. The solution with concentration 2nd C2 in the middle tank
is pumped back to the agitation tank, and a virgin adsorbent
with mass (Mxd,Count) is added and mixed. After equilib-
rium is reached, valve V4 is opened, and the solution with
concentration 2nd Cf flows out. The 2nd Cf value is cal-
culated from Eq. (27) with Mx and C2 being substituted,
respectively, with Mxd,Count. and 2nd C2 and the obtained
equilibrium concentration is 2nd Cf. The 2nd Cf value in
Table 6 is closer to Cf at steady state.

0. The first stage of the 3rd batch operation repeats procedure
8 and the second stage repeats procedure 9. The obtained
3rd qe and 3rd Cf values are close, respectively, to qe and Cf
at steady state. So, after three batches, they can be estimated
with qe and Cf at steady state.

1. If the original single stage adsorption operation is converted
to the countercurrent two-stage operation, only the addition
of one middle tank is needed saving at least 66% to 87% on
adsorbent consumption.

. Conclusions

The liquid–solid phase equilibrium relationship was
xpressed with the Langmuir equation in this study. The
quilibrium-stage principle was employed to analyze the coun-
ercurrent multi-stage adsorption process. Single-, two-, three-,
nd infinite-stage adsorption operations were done by adjust-
ng the slope of the operating line as graphically explained. The
equired adsorbent ratio of countercurrent multi-stage adsorp-
ion operation with various stages can be obtained from the
lopes of the operating line. The Langmuir parameter (KLyi) was

aried to obtain the required adsorbent amount and help deter-
ining the optimum number of stages for the countercurrent
ulti-stage operation and adsorbent reduction in the adsorption

ystems.
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In this study, Pistachio shell activated carbon was prepared by
he two-step activation process KOH etching followed by CO2
asification. Activated carbons (denoted as PS100, PS110, and
S130) with a BET surface area of 1013, 1398, and 1919 m2/g
ere obtained after CO2 gasification times of 0, 10, and 30 min.

sotherm equilibrium adsorptions of four adsorbates on these
ctivated carbons were investigated. The isotherm curve types
f the various adsorbates were quite different, and good linear
elationship with the Langmuir isotherm equation was obtained.
he Langmuir parameter KLyi and qmon values of various acti-
ated carbons reported in the literature were compared with
hose of the activated carbons in this study for the adsorption
ystems of dyes on activated carbons. The KLyi values of the
ctivated carbon in this work were uniformly distributed over
he middle region, while the qmon values were higher than those
f other activated carbons. For the adsorption systems of phenols
n activated carbons, the KLyi and qmon values of the adsorption
ystems of 4-CP on the activated carbons in this work were all
n the top region, and the KLyi and qmon values of the adsorption
ystems of phenol were in the middle region.

This paper proposes a countercurrent two-stage adsorption
ystem design. The adsorption systems of four adsorbents on
ctivated PS110 were employed as practical examples for eval-
ating concentration variations and the adsorbent amounts of the
ystem during operation. By simply adding a middle tank to the
raditional single batch adsorption system it can be converted
nto a countercurrent two-stage adsorption system saving 66%
o 87% on adsorbent consumption.
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