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ABSTRACT

In the presented study, sorption kinetics of 4-chlorophenol (4-CP) from one-component (S1) and
two-component (S2) aqueous solutions is investigated and described. S1 is 4-CP solution, S2 is a solu-
tion of 4-CP and lead(II). Synthetic activated carbon AF5 was used as a sorbent. Sorption process was
carried out at 10°C, 15°C, 20°C, and 25°C. In analysis of the findings sorption and diffusion kinetic
models were used. In order to investigate the mechanism of 4-CP sorption pseudo-first order (PFO),
pseudo-second order (PSO), Elovich (E) kinetic models were used. In order to determine the rate con-
trolling step of 4-CP sorption, liquid film diffusion (LFM), and intraparticle diffusion kinetic (IPD)
models were used. 4-CP sorption in the presence of lead(Il) and in the absence of this component
follows the PSO model, suggesting the chemical nature of the process. The speed of the 4-CP sorption
process on AF5 activated carbon without and in the presence of lead(Il) is influenced by diffusion
through the boundary layer and intraparticle diffusion.

Keywords: 4-CP removal; Lewatit AF5; Pseudo-first order; Pseudo-second order; Elovich; Liquid film

diffusion; Intraparticle diffusion kinetic models

1. Introduction

Chlorophenols are a group of phenolic compounds with
chlorine atoms attached to the phenolic ring. Chlorophenols
differ between each other with the setting of chlorine atoms
in phenol molecule. In case of 4-CP, which in room tempera-
ture takes form of white or pink little needles, chlorine’s atom
is in fourth position. Chlorophenols dissolve well in organic
solvent, and worse in water. Despite the poor solubility in
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water, they occur in ground water, earth water and in the one
designed to be drinkable for humans [1,2].

Chlorophenols are ubiquitous contaminants in the envi-
ronment primarily released from agricultural and indus-
trial wastewater. The principal source of water pollution
is pharmaceutical industry, petrochemical industry, plas-
tic production plants and plant protection product plants.
Chlorophenols are used as inter alia biocides, wood mainte-
nance products, pesticides. Chlorophenols are also formed in
sewage treatment plants and water treatment stations where
chlorination processes are used. Chlorophenols in drink-
able water worsen its taste and scent. Unpleasant, galling,

Presented at the 14th Conference on Microcontaminants in Human Environment, 4-6 September 2019, Czestochowa, Poland

1944-3994/1944-3986 © 2020 Desalination Publications. All rights reserved.



248 L. Reczek et al. / Desalination and Water Treatment 186 (2020) 247-257

distinctive, often described as pharmaceutical taste and scent
of those compounds can be perceptible in water even on level
0.01 mg/L [2]. Chlorophenols belong to compounds with
perilous impact on natural environment. These compounds
are not readily degraded naturally, and easily accumulate
in organs, tissues and cells via food chains, further leading
to acute and chronic toxic effects on aquatic organisms [3].
Due to toxic properties chlorophenols are found on the list
of priority substances in the field of water policy European
Communities [4] and are recognized as a priority pollutant by
the United States Environmental Protection Agency (USEPA).

The removal of chlorophenols from water has been the
subject of research for several years. Many technologies
have been applied for the removal of chlorophenolic com-
pounds in aqueous phase, including advanced oxidation
processes, biological processes, electrochemical oxidation,
reverse osmosis, and adsorption process, which is the focus
of researchers [5-7]. A variety of adsorbents have been used
for the adsorption of chlorophenols from aqueous solutions
such as activated carbon [8,9], nanotubes [10], peat [11], or sil-
ica materials [12]. Activated carbon is considered as the most
effective material for the adsorption of phenolic compounds
from water and wastewater.

Lead is one of the most abundant heavy metals in the
environment. The major source of lead contamination is the
wastewater from process industries engaged in lead acid bat-
tery, paints, oils, electronic production and also combustion
of fossil fuel, forest fires, and mining activity. Lead is one of
more toxic metals, which is connected to i.a. its accumulation
in living organisms [13]. Rated as a substance particularly
harmful to water environment, its concentration should be
limited [14].

There are many methods of elimination of heavy metals,
ia. lead from water and sewage. For heavy metals’ removal
from water mainly physicochemical methods are used: chem-
ical loss, coagulation, membrane processes, ion exchange,
dissolvent extraction. Conventional methods of heavy met-
als’ removal are not suitable for purifying large amounts of
water with low concentration of unwelcome components,
their usage in those conditions is energy intensive and leads
to formation of great amount of secondary pollution, there-
fore most commonly used method of elimination of heavy
metals i.a. lead is sorption [15].

Analysis of heavy metals’ sorption i.a. lead on active car-
bons was conducted in researches [16-20]. Efficiency of sorp-
tion was high and amounted to 80%-90%. There were also
researches conducted on usage of lead in adsorption process
of mineral materials i.a. diatomite, dolomite, perlite [21],
clinoptilolite [16,22], chalcedonite modified with manganese
oxide [16] as sorbents. All materials worked well as lead sor-
bents. Studies on biosorption of lead and other heavy metals
were also conducted in wide range [23,24].

Kinetic studies, next to isotherms and thermodynamic
studies, play an important role in thoroughly understanding
the sorption process of organic and inorganic compounds in
water solutions. Predicting the rate at which the pollutants
removal takes place in a given solid/solution system is one
of the most crucial factors for the effective sorption system
design. Compared with the extensive separate studies on the
sorption of heavy metals or organic contaminants in water
and wastewater, there is little information on the effect of

heavy metals on the sorption of organic contaminants and
vice versa [20,25-27]. However, it should be realized that
chlorophenols and heavy metals may occur together in water
or wastewater. Therefore, it is very important to study the
sorption behaviours of organic contaminants in the presence
of heavy metals. The aim of the present study was to inves-
tigate the sorption kinetics of 4-CP on synthetic activated
carbon AF5 as affected by lead. Scope of research included
experiments of sorption kinetics 4-CP on AF5 with and with-
out lead at a temperature in the range of 10°C-25°C, which
is distinctive for natural waters environment. In analysis of
findings, sorption and diffusion kinetic models were used.

2. Materials and methods
2.1. Preparation of sorbent and solutions

As sorbent synthetic activated carbon was used, commer-
cial product called Lewatit AF5. Synthetic carbon material
AF5 has monospheric form. On the surface of black granules,
elongated gaps are found, visible on microphotography in
Fig. 1a. AF5 is microporous material; the size of specific area,
and volume of micropores and mesopores of which is deter-
mined on the basis of isotherms of nitrogen’s adsorption/
desorption amount to, respectively, 1,250 m?/g, 0.6 cm®/g,
0.040 cm®/g [28]. The elemental composition of AF5 was
determined using the energy X-ray analysis (EDX, Fig. 1b),
which showed the presence of C (97.53%) and O (2.47%).

In experiment, two kinds of solutions S1 and S2 in separate
research series were used. One-component S1 is 4-CP solution
with permanent initial concentration amounted to approxi-
mately 70 mg/L (0.55 mmol/L). Two-component S2 is a solution
of 4-CP and lead(II). Concentration of 4-CP in S2 similar to S1
reached about 70 mg/L (0.55 mmol/L). Concentration of lead(II)
in S2 amounted to approximately 100 mg/L (0.45 mmol/L).
In double-distilled water 4-CP implemented in solid form as
white crystals, lead as lead nitrate (V) salt (Pb(NO,),) which
after dissolution formed researched solutions.

2.2. Sorption kinetics experiment

In conical flasks, aliquots of AF5 material weighing 0.15 g
were prepared with analytical scales Kern ABT 220-4 M of
reading accuracy of 0.0001 g. To each of the flasks, 50 mL of
solution were poured S1 and S2 for given research series,
respectively. Samples were placed in thermostatic shaker and
exposed to shaking at 160 rpm at 10°C, 15°C, 20°C, and 25°C.
Samples of sorbates were taken away after time ¢ equal to 10,
20, 30, 40, 60, 90, 120, 150, and 180 min.

The concentration of 4-CP in solutions before and after
sorption was expressed through designation of overall con-
tent of organic carbon (TOC). The amount of TOC in water
is direct scale of quantity of organic compounds. TOC was
measured in solutions with automatic analyser of organic
carbon IL550 Hach Lange (USA). The concentration of
lead(Il) in S2 solution was measured with atomic absorption
spectrometer 990 of PG Instruments (UK), using flame atom-
ization technique at wavelength 217.0 nm. Throughout the
research, pH of each analysed sample was monitored. For pH
measurement Sension Direct 200 pH-meter (Hach, USA) with
gel electrode was used.
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Fig. 1. (a) SEM micrographs of AF5 and (b) EDX of AF5.

Sorption capacity in time g (mg/g) was calculated with
use of Eq. (1):

(C,-C,)V
m

)

where C,, C, - initial and equilibrium concentration of 4-CP at
time t, mg/L; m — AF5 mass, g; V — volume of sample, L.

The removal efficiency of 4-CP (%) was calculated with
use of Eq. (2):

:ﬁ.loo%
C

0

RE ()

where C, — equilibrium concentration of 4-CP, mg/L.

2.3. Modelling

In order to investigate the mechanism and to determine
the rate controlling step of sorption of 4-CP, pseudo-first
order, pseudo-second order, Elovich, liquid film diffusion
model (LFM) and intraparticle diffusion kinetic models were
used.

Pseudo-first order (PFO) model described by equation in
general formula [29]:

g=q,(1-¢™) ®)
and linear form:
In(q, ~q)=Ing, —k;t )

where g, — amount of sorption at equilibrium, k, — rate con-
stant of PFO model, ¢ — time, min.

4.0

Pseudo-second order model (PSO) described by equation
in general formula [30]:

_ gkt

= 5
1+qgk,t ®)
and linear form:

t_ 1 ~+ 1. ¢ (6)
q kg, 4.

where k, — rate constant of PSO model.
Elovich model (E) [31] is described by equation in general
formula [32]:

1
==In(1+ab-t 7
q=;In(L+ab-t) @)
and linear form:
q:%lnt+%lnab (8)

where a — initial sorption rate, b — desorption constant related
to the extent of surface coverage and activation energy for
chemisorption.

LFM [33] is applicable at slow process of adsorbate flow
through the liquid film surrounding the adsorbent particles,
which determines the kinetics of the process. The mathemat-
ical form of LFM is given by:

In(1-F)=—k, -t ©)
where F = g/q, — fractional attainment of equilibrium, and
k., — film diffusion rate constant.
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The intraparticle diffusion model (IPD) [34] is
expressed as:
=kt +c (10)

where k, (mg/g min'?) is intraparticle diffusion rate constant
with ¢ as intercept along g axis.

Their validities can be determined by the calculation of
the standard deviation (SD) Ag, and the coefficient of deter-
mination R2 The best-fit model is the one with the lowest
value of SD and the one in which the value of R? is closer to
unity. The expression of SD equation is given as follows:

. Jz[(qexp—qm)/qexp}

N-1 11)

where g and g, - experimental and calculated sorption
capacities, and N — number of data points.

3. Results and discussion

InFig. 2, the impact of contact time on equilibrium concen-
tration of 4-CP in S1 and S2 solutions at 10°C, 15°C, 20°C, and
25°C is shown. The equilibrium of dynamic sorption 4-CP on
AF5 from one-component solution S1 established itself after
90 min in all researched temperatures, while in S2 solution
after approximately 120 min. During the first 40 min, process
of 4-CP sorption from S1 and S2 solutions on AF5 sorbent
in all researched temperatures proceeded quickly because
of high accessibility of active space on sorbent’s surface.
Presence of heavy metal had impact on organic compound
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adsorption on AF5’s surface. Similar time of reaching equi-
librium of 4-CP sorption from two-component solution
(60-90 min) was obtained during other researches [20].

Table 1 is showing the effectiveness of 4-CP removal from
S1 and S2 at 10°C, 15°C, 20°C, and 25°C during time of estab-
lishing equilibrium, that is, after 90 min in S1 and 120 min
in S2. Removal efficiency of 4-CP calculated according to
Eq. (2) in S1 was contained in compartment 80.4-86.8, in S2
was slightly lower and in compartment of 79.6-83.9. The
presence of lead(Il) in S2 solution decreased the percentage
of 4-CP removal. Along with temperature rising in both solu-
tions, the effectiveness of 4-CP removal was higher.

pH value of solutions after sorption in S1 sets oscillated
between 7.00 and 9.00, which means neutral and slightly alka-
line environment. In S2 sets, pH value amounted to 5.50-6.50,
that is, the reaction was slightly acidic. Lower pH value in
S2 sets was determined by adding salt Pb(NO,), hydrolysed
in water to weak base and strong acid HNO, that acidified
the environment. The logarithmic acid dissociation constants

Table 1

Effectiveness of 4-CP removal (RE) from S1 and S2 at 10°C,
15°C, 20°C, and 25°C during time of establishing equilibrium
(51 = 90 min; S2 — 120 min)

Temperature, °C RE, %
S1 S2
10 80.4 79.6
15 83.5 82.7
20 84.9 83.8
25 86.8 83.9
100
b
80
_, 60 B
~
£
40 o]
IH mS1 OS2
20 [~}
B B B g = B B g n
0
0 50 100 15Q 200 250 300
t, min
100
80 d
t?cO8
= o
£
40 (o]
(]
O 051052
20 o° °
e 8 06 g o © 0 o o
0
0 50 100 150 200 250 300
t, min

Fig. 2. Effect of contact time on concentration of 4-CP on S1 and S2, (a) 10°C, (b) 15°C, (c) 20°C, and (d) 25°C.
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pK, of 4-CP amounted to 9.47 [35]. The process of sorption
of 4-CP from solutions held in lower pH than it’s pK . In this
case organic compound remained in non-ionised form and
electrostatic interactions have not impacted its adsorption.
Therefore the conclusion is that if 4-CP occurred in S2 as mol-
ecule and presumably was adsorbed pursuant to molecule
mechanism, no contest took place between chlorophenol and
lead sorbed most likely according to ion exchange reaction.
Similar relationships were shown in researches [36,37].

In order to investigate the mechanism of sorption of 4-CP
on AF5 from S1 and S2, PFO, PSO, and Elovich kinetic mod-
els were used. Table 2 shows breakdown of characteristic
parameters of PFO, PSO, and Elovich models in linear and
general formula, value of R? determination factor and stan-
dard Ag deviation of 4-CP sorption from S1 and S2 on AF5
sorbent at 10°C, 15°C, 20°C, and 25°C. The process of models
is shown in Fig. 3.

High values of R? determination factor received for PFO,
PSO, and Elovich models (Table 2) show that used models
describe the collected data well. Highest values of R* deter-
mination factors — better fitting of experimental data of 4-CP
sorption from S1 solution, were received for linear form
of PSO model. In case of sorption from S2 solution only at
25°C better fitting of experimental data of 4-CP sorption was
received for PFO in general formula, for remaining tempera-
tures the best fitting of data was collected in linear form of
PSO. While analysing values of standard Ag deviation for
kinetic models of 4-CP sorption from S1 and S2 on AF5 low
values of Ag obtained for PSO model order show better fit-
ting of experimental data for pseudo-second order kinetic
model. The pseudo-second order kinetic model assumes the
chemical character of sorption [38]. This suggested that the
overall rate of the sorption of 4-CP from one-component S1
and from S2 on AF5 was controlled by chemisorption. Similar
phenomena have been observed in the sorption of 4-CP on
activated carbon prepared from rattan sawdust [39], granular
activated carbon [20,40], and nanotubes [35,40].

The plots of Elovich model with good R? values over 0.8,
for S1 in the range 0.8068-0.9331 and for S2 0.8412-0.9850
suggest that the sorption process of 4-CP from S1 and S2 on
AF5 follows the pseudo-second order kinetic model based
on the assumption that the rate determining step may be
chemisorption [39].

Fig. 4a shows relationship between constant k, and tem-
perature of sorption’s conduction in researched 4-chloro-
phenol solutions. It is noticeable that in both S1 and S2 cases
value of constant k, of PSO model does not depend on tem-
perature. Trend lines k, = f(temperature) are parallel on the
OX axis.

Relationship between speed of constant k, and tempera-
ture can be described with Arrhenius equation with linear
formula written below [41]:

E(1
Ink, =InA—-—| — 12
naB{L -

where A is a temperature independent factor, having the
same unit as k,, g/(mg min), E is the activation energy of
adsorption, J/mol; R is the ideal gas constant (8.314 J/mol K),
and T is the solution temperature, K. Relationship between
speed of constant k, of PSO model and temperature of 4-CP

sorption on AF5 from S1 and S2 is shown in Fig. 4b. High
values of R? coefficient received 0.9561 and 0.9616, respec-
tively, for S1 and S2 based on Arrhenius equation allow to
calculate sorption of 4-CP from S1 and S2 on AF5 activation
energy values. Those values amounted to 45.3 and 28.8 kJ/
mol for S1 and S2, respectively, and correspond to chemi-
cal sorption activation energy values. Chemical adsorption
activation energy fits in the range between 8 and 84 kJ/mol,
value of activation energy for physical adsorption is usually
lower than 4 kJ/mol since in case of physical adsorption the
system quickly reaches equilibrium [42,43]. The above leads
to the conclusion that 4-CP sorption from one-component S1
solution as well as from two-component S2 solution on AF5
sorbent is a chemical sorption.

Wau et al. [44] defined approaching equilibrium factor in
the PSO model (R ) in formula:

1

R = (13)
Y14kt

where t . —longest time of sorption process, min. Table 2 sum-
marizes the values of the R  coefficient for the kinetic model
of the pseudo-second order of sorption 4-CP on AF5 from
solutions S1 and S2 at temperatures 10°C, 15°C, 20°C, and
25°C. The values of the R factor of the PSO model are in the
range 0.1 > R > 0.01. Achieving the equilibrium of the con-
sidered sorptive-sorbent system is not difficult. The values
of the coefficient R  of the sorptive system Sl-sorbent AF5
decrease with increasing temperature and are, respectively,
0.08, 0.06, 0.04, and 0.04 at 10°C, 15°C, 20°C, and 25°C. This
allows to conclude that as the temperature rises, achieving
the equilibrium state of the sorption system S1-sorbent AF5
is faster. The values of the R factor for the sorptive system
S2-sorbent AF5 are 0.12, 0.09, 0.08, and 0.13 at 10°C, 15°C,
20°C, and 25°C, respectively. Comparing the values of the R
factor of sorption systems S1-AF5 and S2-AF5 at the same
temperatures, it can be seen that for the S2-AF5 system the R
values are higher, close to 0.1. For 1>R >0.1, achieving equi-
librium is difficult [44]. On this basis, it can be concluded that
in the case of the 4-CP and Pb(II) sorptive compared with the
one-component sorptive, the conditions for achieving equi-
librium deteriorate.

Wau et al. [45] defined approaching equilibrium parame-
ter based on Elovich equation (R,) with formula:

1

R =—
il

(14)

E

The values of the R, coefficient summarized in Table 2 for
the Elovich model of sorption 4-CP on AF5 with S1 and S2
at 10°C, 15°C, 20°C, and 25°C are in the range 0.3 > R, > 0.1,
confirm the chemical nature of 4-CP sorption S1 and S2 on
AF5. The R, values obtained for S2 are higher at each test
temperature than those obtained for S1, which confirms that
sorption of 4-CP from the S2 two-component solution occurs
more slowly than from the S1 one-component solution.

The initial sorption rate can be calculated by using the
pseudo-second order model using the following expression
[30]:

h=k,-q. (15)
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Table 2
Kinetic parameters of PFO, PSO, and Elovich models for 4-CP sorption from S1 and S2 on AF5

PFO model q, mg/g k,, 1/min R? Ag q, mg/g k,, 1/min R? Aq
S1, 10°C S2,10°C
Nonlinear 20.2 0.05 0.9824 0.035 185 0.032 0.9325 0.147
Linear 20.0 0.06 0.9467 2.669 19.7 0.021 0.9822 0.274
S1, 15°C S2,15°C
Nonlinear 19.3 0.06 0.9417 0.069 18.2 0.042 0.9301 0.118
Linear 19.3 0.06 0.8337 1.814 18.2 0.042 0.9424 0.692
S1, 20°C S2,20°C
Nonlinear 19.7 0.08 0.9288 0.049 18.1 0.048 0.9687 0.105
Linear 20.2 0.07 0.8865 3.117 18.3 0.048 0.7735 0.917
S1, 25°C S2, 25°C
Nonlinear 20.4 0.07 0.9489 0.055 18.8 0.032 0.9816 0.224
Linear 20.7 0.04 0.8039 3.425 19.0 0.026 0.9870 0.402
PSO model q, mg/g k, g/ R? Ag R, q, mg/g k, g/ R? Ag R,
(mg min) (mg min)
S1, 10°C S2,10°C
Nonlinear 22.9 0.003 0.9492 0.082 0.08 212 0.002 0.9577 0.095 0.12
Linear 22.2 0.003 0.9964 0.086 21.7 0.002 0.9945 0.135
S1, 15°C S2, 15°C
Nonlinear 21.3 0.004 0.9764 0.031 0.06 20.6 0.003 0.9214 0.098  0.09
Linear 21.2 0.004 0.9983 0.031 20.1 0.003 0.9937 0.094
S1, 20°C S2,20°C
Nonlinear 21.2 0.007 0.9835 0.018 0.04 20.7 0.003 0.9348 0.164  0.08
Linear 21.0 0.008 0.9989 0.026 20.1 0.003 0.9927 0.123
S1, 25°C S2, 25°C
Nonlinear 22.2 0.005 0.9287 0.048 0.04 22.2 0.002 0.9582 0.320 0.13
Linear 21.5 0.007 0.9983 0.062 22.3 0.001 0.9703 0.176
Elovich model 4, mg/ b, g/mg R? Aq R, a, mg/ b, g/mg R? Aq R,
g min g min
S1, 10°C S2,10°C
Nonlinear 4.5 0.24 0.8578 0.1413 021 1.86 0.22 0.9850 0.053 0.23
Linear 4.7 0.24 0.8645 0.1317 2.37 0.24 0.9797 0.061
S1, 15°C S2,15°C
Nonlinear 9.5 0.30 0.9315 0.0553 0.17 3.17 0.26 0.8881 0.097 0.22
Linear 9.8 0.30 0.9331 0.0540 3.54 0.26 0.8901 0.097
S1, 20°C S2,20°C
Nonlinear 50.2 0.38 0.8936 0.0540 0.13 3.25 0.25 0.8412 0.231 0.22
Linear 50.3 0.38 0.8939 0.0538 3.36 0.25 0.8511 0.211
S1, 25°C S2, 25°C
Nonlinear 29.2 0.34 0.8068 0.0819 014 117 0.18 0.9009 0.377  0.30
Linear 29.2 0.34 0.8076 0.0815 1.42 0.19 0.9259 0.256
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Fig. 3. Pseudo-first order (dashed line), pseudo-second order (solid line) and Elovich (dotted line) models for 4-CP sorption on AF5

with S1 and S2 solutions: (a) 10°C, (b) 15°C, (c) 20°C, and (d) 25°C.
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Fig. 4. (a) Plot of k, vs. temperature and (b) Arrhenius plot for the
kinetic data.

The results give value for S1 (1.57, 1.81, 3.15, and 2.46 at
10°C, 15°C, 20°C, and 25°C) are higher at each test tempera-
ture than those obtained for S2 (0.90, 1.27, 1.28, and 0.98 at
10°C, 15°C, 20°C, and 25°C). The presence of lead(Il) affects
4-CP sorption on AF5 synthetic activated carbon.

In order to determine the rate controlling step of sorption
of 4-CP on AF5 from S1 and S2, LFM and IPDs were used.
Liquid film diffusion model assumes that the slowest stage
of the sorption process is diffusion through the boundary
layer of the sorptive solution [33]. A linear plot of (1 - g/q,)
vs. t with zero intercept suggests that adsorption kinetics is
controlled by diffusion through liquid film surrounding the
solid sorbents [46]. The k,, was calculated from the slope of
the straight line plot and its value along with R? is presented
on Fig. 5. The close to unity value of R? 0.7857-0.8584 for S1
and 0.8564-0.9237 for S2, respectively, indicated good fitness
of film diffusion model. However, the straight lines did not
pass through the origin thereby suggesting that film diffu-
sion might not be the sole rate-limiting step.

The mass transfer into the interior of the particle, char-
acterized by an intraparticle diffusion coefficient, can be
the slowest step. The most commonly used is IPD model of
Weber and Morris. The IPD model for 4-CP on AF5 with S1
and S2 was shown on Fig. 6. The slope of the plots gave the
value of k, (Table 3). The plots are not linear over the whole
time range, indicating that more than one step is involved
in the sorption of 4-CP on AF5 with S1 and S2. The intra-
particle diffusion kinetic plot in fragmented form showed
two types of linearity indicating two diffusion stages of 4-CP
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Fig. 5. Liquid film diffusion kinetic plot for 4-CP sorption on AF5 with S1 and S2 solutions: (a) 10°C, (b) 15°C, (c) 20°C, and (d) 25°C.
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Table 3
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Kinetic parameters of IPD model for 4-CP sorption with S1 and S2 on AF5

k,, mg/g min'? c, mg/g R? Aq k,, mg/g min'? c,, mg/g R? Aq

Temperature S1

10°C 2.54 0.89 0.9049 0.100 0.28 16.81 0.7875  0.016
15°C 1.85 4.79 0.9858 0.026 0.26 16.56 0.6644  0.023
20°C 1.90 6.61 0.9867 0.020 0.19 17.85 0.4002  0.025
25°C 2.56 3.54 0.9846 0.031 0.06 19.77 0.2032  0.013
Temperature 52

10°C 1.41 3.50 0.9819 0.036 10.07 0.9692 0.9394  0.125
15°C 2.05 1.28 0.9375 0.092 17.27 0.9572 0.9162 0.478
20°C 2.26 0.47 0.8164 0.228 17.75 0.3825 0.1463 0.573
25°C 1.71 2.35 0.8834 0.760 14.37 0.9633 0.9280  0.264

adsorption onto AF5. In both S1 and S2, at all temperatures ~ Acknowledgement

tested first stage plot passed near the origin whereas the sec-
ond one did not. It was concluded that the second stage was
controlled by both film and intraparticle diffusions. Both in
the case of 4-CP sorption from single-component S1 and S2
containing lead(Il) ions at all temperatures tested the k, > k,
was attributed to the faster rate of film diffusion than intra-
particle diffusion. It was concluded that the sorption kinetics
might be controlled by film diffusion and intraparticle diffu-
sion simultaneously.

4. Conclusion

The presence of lead(Il) affects 4-CP sorption on AF5
synthetic activated carbon. The dynamic equilibrium state
of sorption in a two-component (S2) solution containing
4-CP and Pb(II) 4-CP is established for a longer time than in
a one-component solution (S1) containing only an organic
compound. The removal efficiency of 4-CP on AF5 is high
(80.4%-86.8%), and the presence of lead(Il) in the solution
reduces it by several percentage.

4-CP sorption in the presence of lead(II) and in the absence
of this component follows the PSO model, suggesting the
chemical nature of the process. In both research systems, the
value of the constant k, of the PSO model does not depend on
temperature. Activation energy values for 4-CP sorption on
AF5 are 45.3 and 28.8 kJ/mol for S1 and S2, respectively, and
correspond to the chemical sorption activation energy. The
approaching equilibrium parameter based on Elovich equa-
tion (R,) analysis confirms the chemical nature of the process
as well as the fact that sorption in 4-CP in the presence of
lead(I) occurs more slowly. The approaching equilibrium
factor (R ) analysis in the PSO model indicates that in the
presence of lead(Il), the conditions for achieving 4-CP sorp-
tion equilibrium deteriorate.

The speed of the 4-CP sorption process on AF5 activated
carbon without and in the presence of lead(Il) is influenced
by diffusion through the boundary layer and intraparticle
diffusion.

The authors would like to gratefully thank Alina
Kiedrynska for help in editing in English

Symbols

4-CP — 4-Chlophenol

A — Temperature independent factor

AF5 — Synthetic activated carbon

a — Constant of Elovich model, the initial sorp-
tion rate

b — Constant of Elovich model, the desorption
constant

C, — Equilibrium concentration of 4-CP

G, — Initial concentration of 4-CP

C, — Equilibrium concentration of 4-CP at time ¢

c — Constant of IPD model

E — Elovich model

E, — Activation energy of adsorption

F — Fractional attainment of equilibrium

h — Initial sorption rate

IPD — Intraparticle diffusion

k, — Rate constant of PFO model

k, — Rate constant of PSO model

k., — Film diffusion rate constant

k, — Intraparticle diffusion rate constant

LFM — Liquid film diffusion model

m — Mass

N — Number of data points

pK, — Logarithmic acid dissociation constant

PFO — Pseudo-first order kinetic model

PSO — Pseudo-second order kinetic model

q — Sorption capacity in time

. — Calculated sorption capacity

q, — Amount of sorption at equilibrium

Toxp — Experimental sorption capacity

R — Ideal gas constant

RE — Removal efficiency of 4-CP

R? — Coefficient of determination
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R, — Approaching equilibrium parameter based
on Elovich equation

R, — Initial factor based on IPD model

R, — Approaching equilibrium factor in the PSO
model

S1 — Solution of 4-CP

S2 — Solution of 4-CP and Pb(II)

SD — Standard deviation

T — Solution temperature

TOC — Total organic carbon

t — Time

Vv — Volume of sample
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