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ABSTRACT

Since the introduction of pseudo-second-order (PSO) model for the description of adsorption kinetics in
1999, it has been widely applied in liquid-phase adsorption systems. An approaching equilibrium factor
(Rw) was defined and deduced from the PSO model in this work. The adsorption characteristic curves
were built up, in which three different zones of the PSO model were classified. Activated carbons with
various particle sizes were prepared from fir wood with KOH activation for the adsorption of phenol,
4-chlorophenol (4-CP), 2,4-dichlorophenol (2,4-DCP), 2,4,6-trichlorophenol (2,4,6-TCP), and methylene
blue (MB) from water. Suitable ranges of the PSO model and the effect of adsorbent particle size on
the R, value were analyzed. It was found that the quantity k,q. was exactly the inverse of the half-life of
adsorption process. It could be used as an indicator of kinetic performance because it was a key parameter
affecting the fractional adsorption at any time. That is, k>qe, a newly defined rate index, could provide
the related information between the static and dynamic behavior of adsorption processes in engineering

practice.

© 2009 Published by Elsevier B.V.

1. Introduction

The simple linear equation of a pseudo-second-order (PSO)
model for the analysis of adsorption kinetic data has been deduced
by Ho and McKay [1-5]. Literature survey has roughly shown that
the number of publications referring to other kinetic models such as
the pseudo-first-order model, intraparticle diffusion (IPD) model,
and Elovich equation are about one-third of that to the PSO model.
Of these papers, some showed that the proposed PSO model suit-
ably fitted their experimental data [6-15]. Some further show that
PSO model is more suitable than pseudo-first-order model [16-35],
IPD model [18,21,23,24,27,33-43], and the Elovich equation [36,42]
for this purpose. Only a small number of articles indicated that
PSO model is less suitable than other adsorption kinetic models
(pseudo-first-order model, IPD model, Elovich equation, etc.). The
aforementioned information indicated that PSO model is suitably
applied in the analysis of adsorption kinetics, and that its feasibility
in engineering applications is worth investigating.

In this work, the time changes of the adsorption of phe-
nol, 4-chlorophenol (4-CP), 2,4-dichlorophenol (2,4-DCP), 2,4,6-
trichlorophenol (2,4,6-TCP), and methylene blue (MB) from water
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were measured using activated carbons prepared from fir wood
with KOH activation. The values of PSO model parameters for var-
ious adsorption systems were based on the present experimental
data, coupled with literature results. Mathematical equations for
adsorption kinetics were derived. The characteristic curves were
plotted and classified into various zones to infer different lev-
els of adsorption rate. An attempt was made to possibly relate
the approaching equilibrium factor and operating time in order
to provide a guideline or reference for process design in practical
applications.

2. Kinetic model

The PSO model based on adsorption capacity has the form [1-5]:

d

T = ka(Ge - e S
where ¢; and ge are the amounts of adsorption at time ¢t and at
equilibrium (g/kg), respectively, and k, is the PSO rate constant
(kg/(g min)). Integrating Eq. (1) and applying the initial conditions,
we have:
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Nomenclature
CcP chlorophenol
dp particle size of adsorbent (um)

DCP dichlorophenol
HDTMAB hexadecyltrimethyl ammonium bromide

IPD intraparticle diffusion

ko pseudo-second-order rate constant of adsorption
(kg/(g min))

MB methylene blue

NP nitrophenol

PHEMA poly(hydroxyethyl methacrylate)

PSO pseudo-second-order

Qe amount of adsorption at equilibrium (g/kg)

Gref amount of adsorption at t =t (g/Kg)

qt amount of adsorption at time ¢ (g/kg)

Q¢ dimensionless amount of adsorption at time t

defined in Eq. (11) (-)

r correlation coefficient (-)

Ry Approaching equilibrium factor in the PSO model
defined in Eq. (5) (-)

t adsorption time (min)

tos half-life of adsorption process, i.e., the time when
gt =0.5¢e (min)

tref longest time of adsorption process (min)

tx adsorption time when g¢ = Xqe (mMin)

T dimensionless adsorption time defined in Eq. (12)

(=)
TCP trichlorophenol
X fractional adsorption at any time (q¢/qe) (-)
w variable (= X/(1 - X))

It is noticed that k; and ge in Eq. (2) can be obtained from the
intercept and slope in the plot (t/q;¢) vs. t.

The above PSO model has been used by many researchers
[6-43,46-54]; however, the relationship between PSO rate constant
and the characteristic kinetic curve has never been mentioned. Such
relationship means that, the characteristics of the Langmuir and
Freundlich curves can be described with a separation factor Ry and
1/n, respectively, in adsorption equilibrium curves [44,45], where
Ry and 1/n are dimensionless and defined as follows:

1
= T5Rc ®
ge = KeCe/" (4)

where Ki and Kg are the Langmuir and Freundlich parameters,
respectively. Based on the R_ and 1/n values calculated from Egs.
(3) and (4), the Langmuir and Freundlich characteristic curves can
be judged [44,45].

Here, an approaching equilibrium factor (Ry ), which represents
the characteristics of kinetic curve of an adsorption system using
the PSO model, is defined as:

1
Ry=—F+—— 5
v 1+ kaGetrer )
Rw —1
kaqetier = MI’QW (6)

where tof is the longest operation time (based on kinetic exper-
iments) in an adsorption system, ge is the amount of adsorption
calculated from Eq. (2). The PSO model is, first, rewritten as:
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Fig. 1. Characteristic curves of typical pseudo-second-order kinetic model.

where qf is the amount of adsorption at time t,q¢ (g/Kg).
Then, dividing Eq. (2) by Eq. (7) yields:
(t/trer) _ _(1/k2G2) +(t/e)
(qt/Qref) (1/k2qg)+(tref/qe)

When both sides of Eq. (8) are multiplier by ge/t.cf, and are com-
bined with Eq. (6), we obtain:

(8)

(t/twer) _ [Rw/(1 = Ruw)] + (t/trer) -
(9c/Grer) [Rw/(1 = Rw)] +1
After rearrangement, we have:
i _ (t/tref) (10)
Aref [1 - t/tref)] Rw + (t/tref)
Defining the dimensionless quantities Q; and T as follows:
gt
= (11)
qref
T= (12)
Eref
inserting Eqgs. (11) and (12) into Eq. (10) yields:
T
Qt:(1—T)Rw+T (13)

to obtain Q; of Eq. (13), any one value of parameter R, that is
assumed to be 0.01, 0.05, 0.1, 0.25, 0.75, and 1.00 in Fig. 1, is first
fixed. The Q; values are obtained by replacing T with 0.0 through
1.0. The curve is obtained by plotting Q; against T for that specific
Rw. Fig. 1 shows a family of curves for Ry =0.01 — 1.00. When Ry =1,
the kinetic curve is called linear, meaning that kyqetef < 1 in Eq.
(3). The possible reasons caused this effect are: (i) it does not facil-
itate adsorption when the PSO rate constant (k) is very small, (ii)
the equilibrium amount of adsorption (ge) is very small, and (iii)
the longest time (t.of) of the adsorption process is too short. All
these factors indicate an ineffective adsorption system; equilibrium
cannot be reached. The curvature of adsorption curve increases as
Ry reduces. The characteristic adsorption curve is called approach-
ing equilibrium in the range 1> Ry, >0.1; called well approaching
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Table 1

The approaching equilibrium factor (Ry ) and adsorption kinetic behavior in the PSO model.

Ry value Type of kinetic curve Approaching equilibrium level Zone
Ryw=1 Linear Not approaching equilibrium 0
1>Ry >0.1 Slightly curved Approaching equilibrium I
0.1>Ry >0.01 Largely curved Well approaching equilibrium Il

Ry <0.01 Pseudo-rectangular Drastically approaching equilibrium 111

pseudo equilibrium in the range 0.1 >Ry, >0.01; and called drasti-
cally approaching equilibrium when Ry, <0.01. Table 1 summarizes
the above-mentioned results.

Seventy-six published articles, which adopted the PSO model,
were analyzed and classified as zones I, II, and III, as listed in
Tables 2-4, respectively. Zone II contains the most of them, 20 sys-
tems, zone III contains next, 15 systems, and zone I contains the
least, 9 systems. The meaning of the various zones in adsorption
processes is explained in Section 4.3.

3. Materials and methods
3.1. Preparation of activated carbons

Fir wood was dried at 110°C for 24 h, placed in a sealed ceramic
oven, and heated at a rate of 5°C/min from room temperature to
450°C. At the same time, N, was poured into the oven at a rate of
3dm?3/min for 1.5 h. Under such oxygen-deficient conditions, the
wood was thermally decomposed to porous carbonaceous materi-
als and hydrocarbon compounds. This was the carbonization step.

After the above carbonization step, a char/wood ratio of 0.36 was
obtained. The chars of fir wood were removed, crushed, and sieved
to a uniform size ranging from 0.83 to 1.65 mm. These powders were
then mixed with water and KOH in a stainless steel beaker with a
water/KOH/char weight ratio of 2/1/1. After drying at 130°C for 24 h,
the chars were placed in a sealed ceramic oven and heated at a rate
of 10°C/min to 780°C. The oven was kept at this temperature for
1h. In the meantime, N, gas was flowed into the oven at a rate
of 3dm3/min. The products were cooled to room temperature and
washed with deionized water.

The resulting activated carbon had a BET surface area of
1371 m?/g, a total pore volume of 0.91 cm3/g, a micropore volume
of 0.74cm3/g, and an average pore diameter of 2.4 nm. Accord-
ing to our previous studies on KOH activation of activated carbon
[46], the carbon prepared under these conditions were suitable
for investigating the adsorption kinetics of phenols and dyes. The
activated carbon was crushed and screened into groups of 14-20,
20-30, 30-40, and 40-100 mesh, which was equivalent to the aver-
age particle size of 1015, 715, 505, and 285 m, respectively. Their
bulk densities were 0.126, 0.155, 0.127, and 0.123 g/cm?3, respec-
tively.

3.2. Adsorption experiments

The analytical reagent-grade phenol (molecular weight=
94 ¢g/mol), 4-chlorophenol (128.5g/mol), 2,4-dichlorophenol
(163.0 g/mol), 2,4,6-trichlorophenol (197.5 g/mol), and methylene
blue (284.3 g/mol) were all offered from Merck Co. The experi-
mental procedures for measuring the adsorption kinetics were the
same as those described in previous studies [47,48].

4. Results and discussion
4.1. Suitability of the PSO model

Kinetic results in the adsorption of phenol, 4-CP, 2,4-DCP, and
2,4,6-TCP are shown in Fig. 2a-d. The good linearized plots of t/q;
vs. t according to Eq. (2) indicate the validity of the PSO model.
Table 5 lists PSO model parameters of ge, k2qe, Rw, and r2 (corre-
lation coefficient). Furthermore, 2 values of IPD model in Table 5
are obtained from the plots of q; vs. t'/2 [33,34] for comparison. The
r2 values from PSO model for the adsorption of phenols vary from
0.98 to 1.0, while the 2 values from IPD model are lower. However,
the adsorption of 2,4,6-TCP on 1015-p.m activated carbon is better
described by the IPD model (r2 = 0.99). Fig. 3a-d illustrates the good
agreement between the measured time changes in the adsorption
of phenols and those obtained predicted by the PSO model.

Fig. 4a-c shows the treatment of kinetic data for the adsorption
of MB on activated carbon studied. Good linear relationships are
obtained for the plots of t/g; vs. t in Eq. (2) with 285- and 505-pwm
activated carbons, but poor linear relationships exist with 715- and
1015-pm activated carbons. Linear relationship is good for the plots
of g¢ vs. t1/2 in the IPD model with 505-, 715-, and 1015-pm activated
carbons, but slightly poor with 285-m one. The results in Fig. 4c
as well as the 2 values in Table 5 indicate that both kinetic models
describe the adsorption with 285- and 505-pwm carbons, whereas
IPD model fits the data better with 715- and 1015-.m carbons. The
adsorption of two dyes, BV14 and BG4 on 3750-m resin particles
also showed that IPD model better described the adsorption kinet-
ics than PSO model [48]. Thus, the suitability of PSO model should
be carefully checked when it is used to describe the adsorption
of high-molecular-weight adsorbate on larger adsorbent particles.
However, most of the adsorbents used are tiny particles or powders,

Table 2

The PSO approaching equilibrium factors taken from literature (in zone I).

Adsorbate Adsorbent qe (g/kg) k2ge (min~") trer (Min) Ry (<) References

Basic red 46 Clay-wood sawdust 259 0.259 30 0.114 [36]

Phenol Carbonized beet pulp 88.9 0.048 90 0.188 [17]

Basic blue 3 Cyclodextrin polymer 46.1 0.0246 300 0.12 [38]

Basic violet 3 Cyclodextrin polymer 404 0.0175 300 0.16 [38]

MB Dehydrated peanut hull 99 0.0075 1200 0.10 [23]

Atropine Activated carbon (F400) 18.59 0.0359 140 0.17 [9]
Activated carbon (F400AN) 18.87 0.0255 140 0.22

Lysozyme Dye-affinity adsorbent 666.7 0.0201 120 0.293 [51]
Poly(glycidyl methacrylate) 317 0.0235 120 0.26 [13]
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Table 3
The PSO approaching equilibrium factors taken from literature (in zone II).
Adsorbate Adsorbent qe (g/kg) k2ge (min~1) tref (Min) Ry (=) References
Basic violet 3 Palygorskite 33 0.132 290 0.026 [16]
Acid blue Calcinated colemanite ore waste 53.2 0.056 180 0.090 [18]
Basic violet 14 Peat-resin particle 67.6 0.020 720 0.065 [48]
Basic green 4 Peat-resin particle 69.0 0.014 720 0.088 [48]
MB Dehydrated wheat bran carbon 52.9 0.010 2000 0.048 [19]
Paraquat Activated clay (64 pwm) 56.2 0.562 60 0.029 [39]
Basic violet 10 Cyclodextrin polymer 323 0.0375 300 0.082 [38]
Paraquat Bleaching earth waste 11.2 0.434 120 0.019 [6]
Activated clay 33.33 0.967 60 0.017 171
Phenol Activated carbon 7.07 0.206 300 0.016 [39]
Lysozyme PHEMA/chitosan-dye 80.0 0.112 90 0.090 [20]
Nay zeolite 17.39 0.360 60 0.044 [22]
Basic blue 9 Cyclodextrin/carboxylic group 39.9 0.096 300 0.034 [8]
4-NP Bentonite (0.20 mm) 10.2 1.09 80 0.011 [41]
Acid red 274 Dicranella varia 1000 0.66 150 0.01 [43]
Methylene green Commercial activated carbon 0.502 0.192 240 0.021 [24]
Levulinic acid Basic anion exchangers D301 157.0 0.0595 240 0.065 [52]
Acid orange 51 Eggshell waste 112 0.345 120 0.024 [11]
Dye DRSO Soy meal hull 185 1.63 12 0.049 [28]
Ibuprofen Commercial activated carbon 85.5 0.1995 360 0.014 [30]

and the molecular weights of adsorbates are not high enough (e.g.,
phenols and heavy metal ions). The PSO model is thus suitable for
common adsorption systems

4.2. Approaching equilibrium factor (Ry,) and the rate index

(k2qe)

The Ry values in the adsorption of phenols on activated car-

bon are from 0.036 to 0.136 (Table 5), which increase gradually
with increasing particle size of adsorbent. In fact, the R,y value was
reported to be 0.092, 0.017, and 0.005 in the adsorption of paraquat
on activated clay with a particle size of 64, 45, and <37 .m, respec-
tively [49]. Moreover, the Ry, value was 0.067, 0.011, and 0.013 in the
adsorption of 4-NP on yellow bentonite with a particle size of 75.5,
200, and 400 pm, respectively [41]. In general, the larger the size of
adsorbent particles, the more the increase in Ry, value and the more
difficult it was for the adsorption of adsorbates to approach equilib-

rium. However, Ry, depends not only on particle size of adsorbent
but also on the properties of solution, adsorbent, and adsorbate.
In our experiments, only particle size was varied while other vari-
ables were kept constant. In practice, Ry, can be used for various
purposes in adsorption systems, for example, to compare adsor-
bent capability, and to search for suitable adsorbents for specific
adsorbates.

Another parameter in the PSO model is k>qe (min—1), which can
really reflect the kinetic performance. Eq. (1) can be rearranged as:

Eq. (14) reveals that the time changes in dimensionless solid-phase
concentration, d(q¢/qe)/dt, a form of adsorption rate, is proportional
to the square of the residual amount of adsorption, 1 — (q¢/ge ). Con-
sequently, the proportionality constant k,ge can be defined as the
2nd-order rate index.

Table 4

The PSO approaching equilibrium factors taken from literature (in zone III).

Adsorbate Adsorbent qe (g/kg) kaqe (min~—1) trer (Min) Rw (=) References
Basic red 2 Powder acticated carbon 682 1.19 120 0.0070 [53]
Paraquat Activated bleaching earth 40.3 4.96 120 0.0017 [36]
MB Palygorskite 48 0.96 120 0.0086 [16]
Malachite green Thermally treated Pithophora sp. 217 1.764 120 0.005 [54]
Paraquat Activated clay (< 37 wm) 47.2 3.31 60 0.005 [1]
Phenol Activated carbon 9.64 0.382 300 0.0087 [39]
Basic black Calcium alginate bead 57.9 0.730 350 0.0039 [21]
4-NP Bentonite (75.5 pm) 9.90 1.84 80 0.0067 [41]
4-CP HDTMAB-modified zeolite 1.98 14.0 1440 5.0E-5 [42]
Methylene green Bagasse fly ash 10.08 0.543 240 0.0076 [24]
Phenol Dye-affinity adsorbont 15.6 697 60 2.4E-5 [25]
Acid blue 324 Enteromorpha prolifera 65.33 8.95 60 0.0019 [10]
Phenols Activated charcoal 139 1.39 2880 2.5E-4 [12]
Acid blue 92 Soy meal hull 97.1 14.8 12 0.0056 [28]
Ibuprofen Commercial activated carbon 89.3 0.461 360 0.0060 [30]
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Fig. 2. Application of the pseudo-second-order model to the adsorption of (a) phenol, (b) 4-CP (c) 2,4-DCP, and (d) 2,4,6-TCP on activated carbons with different particle
sizes.

There are some drawbacks with Ry, in expressing the adsorption the rate of an adsorption system, the aforementioned problem can

rate. For example, kyqge =11 min~! if the operating time of one sys- be avoided.

tem is 9 min, and kyqe =0.11 min~! if the operating time of another On the other hand, Eq. (2) can be rewritten as:

system is 900 min. The Ry, values of both systems are actually identi-

cal (0.01), but the rate of the former system is much larger than that (l _ l) t= 1 (15)
of the latter system. If 2nd rate index (k,qe) is adopted to describe qc Qe kaq?

Table 5

Kinetic analysis of the adsorption of adsorbates on activated carbons by the PSO and IPD models.

Adsorbate dp (um) PSO model IPD model

qe (g/kg) k2ge (min-1) Rw (=) r? r?

Phenol 1015 2.23 0.126 0.109 0.99 0.95
715 2.36 0.131 0.105 1.00 0.95
505 2.68 0.165 0.085 1.00 0.91
285 2.68 0.275 0.053 1.00 0.91

4-CP 1015 2.52 0.0996 0.134 0.99 0.97
715 2.96 0.100 0.133 0.99 0.98
505 3.24 0.171 0.083 1.00 0.92
285 3.54 0.332 0.044 1.00 0.90

2,4-DCP 1015 2.01 0.118 0.115 0.99 0.97
715 2.47 0.145 0.096 1.00 0.95
505 2.99 0.246 0.059 1.00 0.90
285 3.69 0.412 0.036 1.00 0.84

2,4,6-TCP 1015 1.32 0.142 0.098 0.98 0.99
715 1.62 0.157 0.089 0.99 0.97
505 2.12 0.193 0.074 1.00 0.94
285 2.83 0.343 0.043 1.00 0.87

MB 1015 0.368 0.0295 0.343 0.88 0.99
715 0.469 0.0318 0.326 0.91 0.99
505 0.634 0.0531 0.225 0.98 0.99

285 0.817 0.0697 0.181 0.99 0.98
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Fig. 3. Adsorption kinetics of (a) phenol, (b) 4-CP (c) 2,4-DCP, and (d) 2,4,6-TCP on activated carbons with different particle sizes (the solid curves were calculated by the

pseudo-second-order model).

and

o [at/(ge — av)] (16)
kage

At the half-life of adsorption process (i.e., t=tps5), we have
gt =0.5¢e and

_ 1
 kage

It is evident that k,qe is the only parameter of Eq. (17). The k,qe
value is equal to the inverse of the half-life of adsorption process,
describing the actual meaning of 2nd-order adsorption parameter
better.

Fig. 5 shows the relationship between k;qe and d, for the
activated carbons used. In the adsorption of phenols, kyge is
larger for the carbons with smaller particle sizes, and k)qe
decreases with increasing particle size. When particle size is
larger than 715 wm, kyqe reaches a plateau. The value of kyge in
the adsorption of MB is less than those obtained for the four
phenols.

tos a7

4.3. Adsorption characteristic curves

Usually, commercially available activated carbons are sold
with the data of BET surface area, methylene blue value, and
iodine value. However, this is not enough from the viewpoint of
engineering design. The relationship between accurate operating
time and amount of adsorption is needed. Graphical represen-
tation of approaching equilibrium factor (Rw) can provide the
characteristic curve relating to operating time and amount of

adsorption. This kind of adsorption characteristic curve looks
like the pump characteristic curve, which provides information
under various operating conditions. For example, the adsorp-
tion characteristic curve with 505-pwm activated carbon is shown
in Fig. 6a. Curvatures of the characteristic curves for phe-
nols are larger than their Ry values in zone II, and that for
MB is smaller in zone I. Adsorption characteristic curves high-
light the relationship between the amount of adsorption and
operating time in the adsorption of adsorbates on various adsor-
bents. Such practical messages are more useful in engineering
design.

Only 20% of the published articles that surveyed here belong to
zone | (see Tables 2-4). This is because powdered adsorbents are
used in most (Ry is small). However, a larger adsorbent is needed
to facilitate the followed separation from the liquid. In this case, Ry
is larger. Fig. 6b shows that the curvature decreases with increasing
particle size, and the adsorption curve is shifted from zone Il to zone
I. When the adsorption curve belongs to zone I, the relationship
between operating time and amount of adsorption is an important
factor in engineering practice.

Eq. (16) can be rewritten as:

w

— 18
kage (18)

tx
where W=q¢/(qe - qt).

Define the fractional adsorption X = q¢/qe and let W=X/(1 — X). At
equilibrium, q¢/ge =1, W=infinite, and tx = infinite. Fig. 7 shows the
relationship between W and X values. As X equals 1, W approaches
infinite. When X is gradually approaching 1, W and tx increase
rapidly. Engineers must consider both X and tx values to make
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Fig. 4. Kinetics of MB adsorption on activated carbons with different particle sizes (the curves were fitted by (a) the pseudo-second-order model and (b) the intraparticle

diffusion model).

suitable decision. Usually, tx value of an adsorption system can be
adopted at X=0.95 on the turning point of the curve shown in Fig. 7.

However, the operation should be carefully selected according
to actual experimental conditions. Table 6 lists the required times
under various approaching X values for the activated carbons used.

For example, the values of tg g, to.s, to.9, to.95, and ty g7 for the adsorp-
tion of 2,4-DCP on 715-pm activated carbon are 10.3, 27.6, 62.1,
131, and 223 min, respectively. If X increases from 0.6 to 0.8, the
amount of adsorption increases by 20% and, in the mean time, a
17.3-min increase in operating time is found. This kind of alter-

Table 6

Relationship between approaching equilibrium factor and operating time studied.

Adsorbate dp (m) kage (min~1) X=0.6 X=0.8 X=09 X=0.95 X=0.97

to (min) tos (min) too (min) toes (min) to.g7 (min)

Phenol 1015 0.126 11.9 31.7 714 151 257
715 0.131 11.5 30.5 68.7 145 247
505 0.165 9.09 242 54.5 115 196
285 0.275 5.45 14.5 32.7 69.1 118

4-CP 1015 0.099 15.1 40.1 90.4 191 325
715 0.100 15.0 40.0 90.0 190 323
505 0.171 8.77 234 52.6 111 189
285 0.332 4.52 12.0 27.1 57.2 97.4

2,4-DCP 1015 0.118 12.7 339 76.3 161 274
715 0.145 10.3 27.6 62.1 131 223
505 0.246 6.10 16.3 36.5 77.2 131
285 0.412 3.64 9.71 21.8 46.1 78.5

2,4,6-TCP 1015 0.142 10.6 28.2 63.4 134 228
715 0.157 9.55 255 57.3 121 206
505 0.193 7.77 20.7 46.6 98.4 168
285 0.343 437 11.7 26.2 55.4 943

MB 1015 0.0295 50.8 136 305 644 1095
715 0.0318 47.2 126 283 597 1018
505 0.0531 28.2 75.3 169 358 609
285 0.0697 21.5 57.4 129 273 464
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Fig. 5. The 2nd-order rate index in the adsorption of phenols and MB on activated
carbons with different particle sizes.

ation would be acceptable. But, the amount of adsorption increases
by 2% only and a 92-min increase in operating time is found if X
increases from 0.95 to 0.97. In this case, the economic implication
should be evaluated. Thus, the most suitable X value should be
determined based on actual operating conditions in engineering
practice.
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Fig. 6. Characteristic curves in the adsorption of various phenols and MB on acti-

vated carbons with different particle sizes.
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Fig. 7. Relationship between the fractional adsorption X (= q¢/ge ) and the value of W
(=XI(1-X)).

5. Conclusions

The suitability of the pseudo-second-order model for liquid-
phase adsorption processes has been investigated. In addition
to the adsorption of phenol, 4-CP, 2,4-DCP, 2,4,6-TCP, and MB
on KOH-activated carbons under controlled conditions, literature
results were also surveyed and analyzed. The following results were
obtained.

1. The plots between dimensionless amount of adsorption (Q;) and
the approaching equilibrium factor (R, ) in PSO model were char-
acteristic of adsorption processes. According to R\, values, the
characteristic curves were classified into three zones: 1>R,, > 0.1
(zone I), 0.1 >Ry >0.01 (zone II), and Ry <0.01 (zone III). Fifty-
five percent of the published articles surveyed were belonged to
zone II. The characteristic curves could be used to describe the
adsorption kinetics, and to facilitate a more accurate inference
in adsorbent selection for engineering practice.

2. The PSO model well fitted the experimental data of phenols
studied, but this is only the case for the data of MB with 285-
and 505-pm carbons. The results of MB with 715- and 1015-pm
carbons were well fitted by intraparticle diffusion model. This
meant that the PSO model was suitable for the adsorption of
lower molecular-weight adsorbates on smaller adsorbent parti-
cles.

3. The newly defined second-order rate index, k;qe, was more suit-
able to describe the adsorption kinetics than the approaching
equilibrium factor Ry. In this manner, the changes of the amount
of adsorption on an adsorbent with time could be readily fol-
lowed.
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