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Abstract The influence of different agitation techniques on the adsorption of

organic compounds, represented by 4-chlorophenol, onto granular activated carbon

was investigated. The effect of the flask type and the type of agitator, including a

laboratory shaker, mechanical agitator, magnetic stirrer as well as mixing with gas

bubbles, was studied. The results of adsorption kinetics demonstrate that the ad-

sorption process of 4-chlorophenol on the activated carbon follows a pseudo-second

order kinetic model closely. The adsorption equilibrium was reached faster in the

Erlenmeyer flask than in the round-bottomed flask. At the same agitation speed

(200 rpm), the better adsorption rate and adsorption efficiency were observed using

the mechanical and magnetic stirrers than the laboratory shaker. At the gas flow rate

of 1.5 dm3 min-1, the mixing with the air or nitrogen bubbles was comparable with

the agitation when using mechanical and magnetic stirrers at 200 rpm. The effect of

the agitation speed on the adsorption of the 4-chlorophenol by the activated carbon

was also tested. The kinetic experiments were carried out at 100, 200, 300 and

500 rpm and it was found that the adsorption rate increases with the increase in the

agitation speed. As the stirring rate increased from 100 to 500 rpm, the adsorption

rate constants increased from 0.577 to 1.264 g mmol-1 h-1 (mechanical agitator)

and from 0.560 to 1.231 g mmol-1 h-1 (magnetic stirrer), respectively. The ex-

perimental results demonstrate that the agitation affects the adsorption kinetics

significantly as well as the adsorption equilibrium of the organic compounds on the

activated carbon, and should be taken into account in such studies.
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Introduction

The adsorption process by solid adsorbents is one of the most efficient methods for

the removal of organic contaminants from water [1–3]. Adsorption is attractive for

its relative flexibility and simplicity of design, low cost, ease of operation and

regeneration as well as the no or low generation of toxic substances. Activated

carbons are now the most commonly used adsorbents of proven adsorption

efficiency for organic pollutants due to their high surface area, pore volume, and

pore size distribution [4]. The effectiveness of the adsorption of organic compounds

on the activated carbons depends on their pore texture and surface chemistry, the

physicochemical properties of the adsorbate (molecular mass, solubility, polarity,

type of functional groups), the solution chemistry (ionic strength, pH) and the

temperature [4]. The impact of most of these factors on the kinetics and adsorption

equilibrium of different organic pollutants is well known and well documented but

some still require examination.

The adsorption experiments are usually carried out in Erlenmeyer flasks

containing a fixed volume of the adsorbate solutions (with different initial

concentrations) and a known mass of the adsorbent. The thus prepared samples are

then shaken until equilibrium is reached. The authors, however, rarely provide the

conditions under which the samples are mixed. The effect of the agitation on the

adsorption is usually ignored. Only a few authors studied the effect of the agitation

speed on the adsorption [5–11]. However, to our knowledge, the effect of the

different mixing techniques on the adsorption has not so far been studied.

The purpose of this study is to compare the different agitation techniques and

their impact on the adsorption kinetics and adsorption capacity of an organic

pollutant on activated carbon. The samples were mixed by the gas bubbles, using a

laboratory shaker, a mechanical (paddle) agitator as well as a magnetic stirrer. The

effect of the agitation speed was also examined. We chose 4-chlorophenol (4-CP) as

the target contaminant because it is poisonous to aquatic life, plants and humans at

low level [12] and is commonly found in drinking water [13]. In addition, the

adsorption of 4-chlorophenol on activated carbon is well described [7, 14–23].

4-Chlorophenol was adsorbed onto various modified and unmodified activated

carbons; the effect of other factors affecting the adsorption of the 4-CP on activated

carbon including the ionic strength [24] and pH [25] has also been described.

Experimental

Reagents and apparatus

The 4-chlorophenol (4-CP), CAS No. 106-48-9, was purchased from Sigma (St

Louis, USA). The acetic acid (CAS No. 64-19-7), hydrochloric acid (CAS No.

7647-01-0), hydrofluoric acid (CAS No. 7664-39-3) and HPLC-grade acetonitrile

(CAS No. 75-05-8) were from Avantor Performance Materials (Gliwice, Poland).
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As the adsorbent the granular activated carbon, Organosorb-10 (Roeselare,

Belgium) was chosen. Prior to use, the activated carbon was pretreated by ash

removal with the use of HCl and HF concentrated acids and rinsed several times

with deionized water. Details are described by Korver [26]. The adsorbent was then

dried in an oven at 130 �C to a constant weight and kept in a desiccator for further

study.

The Brunauer–Emmett–Teller surface area (SBET) of the activated carbon was

obtained on the basis determined by the nitrogen low-temperature adsorption–

desorption isotherm (ASAP 2020, Micromeritics, Norcross, USA).

In the adsorption studies, samples were mixed by the air (AG204 aquarium

pump, PRO-TECH, Wschowa, Poland) and the nitrogen bubbles (gas cylinder,

99.9 %, Multax, Warsaw, Poland) as well as by a laboratory shaker (WL-972, JWE

Electronic, Warsaw, Poland), a mechanical agitator (Heidolph RZR 2020,

Schwabach, Germany) and a magnetic stirrer (RCT Standard, IKA-POL, Warsaw,

Poland).

Adsorption experiments

The adsorption experiments were carried out in Erlenmeyer flasks (or in the round-

bottomed flasks) containing 0.05 L of the 4-CP solution and 0.025 g of the activated

carbon. The kinetic studies were conducted for an initial 4-CP concentration of

1.0 mmol L-1 at 25 �C. Aqueous samples were taken at different intervals of time

and the concentration of 4-CP was measured chromatographically.

Analytical method

The concentration of 4-CP was measured by high-performance liquid chromatog-

raphy with UV detection (Shimadzu LC-20, Kyoto, Japan). The chromatographic

analysis was carried out using a Phenomenex Luna C18, 2.0 9 150 mm, 3 lm

column (Torrance, CA, USA). The chromatographic conditions were as follows:

mobile phase—acetonitrile/water adjusted to pH 3.0 with acetic acid (50/50, v/v);

flow rate 0.25 mL min-1; and analytical wavelength 281 nm.

Calculations

The amount of 4-CP adsorbed onto the activated carbon at time t, qt (mmol g-1),

was calculated by the following equation:

qt = V
C0 � Ct

m
ð1Þ

Here C0 and Ct are the initial concentration and the concentration at the time t

(mmol L-1), V is the volume of the solution (L) and m is the mass of the adsorbent

(g).

The adsorption of the 4-CP at equilibrium, qe (mmol g-1), was calculated by the

following equation:
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qe = V
C0 � Ce

m
ð2Þ

Here Ce is the equilibrium concentration of the 4-CP (mmol L-1) in the solution.

For the description of the experimental data, the equations of the pseudo-first and

pseudo-second order were considered. The pseudo-first order kinetic model is

expressed as [27]:

log qe� qtð Þ = log qe�
k1

2:303
t ð3Þ

Here k1 is the pseudo-first order rate constant of adsorption (h-1). The values of

k1 were calculated from the plots of log(qe–qt) versus t.

The pseudo-second order equation has the form [28]:
t

qt

¼ 1

k2q2
e

þ 1

qe

t ð4Þ

Here k2 is the pseudo-second order rate constant (g mmol-1 h-1). The values of

k2 were calculated from the plots of t/qt versus t.

All the experiments were carried out in triplicate under identical conditions and

the average values were used for further calculations. The mean and standard

deviation of the three replicates were reported and the data obtained were analyzed

using t-test and/or ANOVA with a Tukey test. The differences between any pair of

treatment means were tested using the least significant difference test with the

significance level at 0.05.

Results and discussion

Adsorbent properties

The nitrogen adsorption/desorption isotherm for the deashed Organosorb-10

activated carbon was determined from the N2 adsorption isotherm measured at
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Fig. 1 Nitrogen adsorption–
desorption isotherm on
Organosorb-10 activated carbon
at 77.4 K
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77 K and the results are presented in Fig. 1. The specific surface area was calculated

from the BET-equation and was found to be 1138 m2 g-1. The total pore volume Vt

was 0.551 cm3 g-1 while the micropore volume Vmi and mesopore volume Vme

were 0.358 and 0.191 cm3 g-1, respectively.

Adsorption studies

Erlenmeyer flask versus round-bottomed flask

In the first step, the effect of the flask type (flask shape) on the adsorption kinetics of

4-CP on activated carbon was examined. The adsorption experiments were

performed simultaneously in an Erlenmeyer flask as well as in a round-bottomed

flask each one containing 0.05 L of the 4-CP solution and 0.025 g of the activated

carbon. The solutions were then agitated on a laboratory shaker at 200 rpm at 25 �C.

The adsorption kinetic curves of the 4-chlorophenol, the plot of qt = f(t), are shown

in Fig. 2. In both cases, the adsorption equilibria were achieved after about 4 h. The

kinetic data were fitted into the pseudo-first order and pseudo-second order models.

The correlation coefficients for the pseudo-first order kinetic model are relatively

low (0.934 for the Erlenmeyer flask and 0.981 for the round-bottomed flask),

whereas the R2 values for the pseudo-second order kinetic model are higher than

0.99. This indicates that the adsorption process of the 4-CP onto the activated

carbon fits the second order kinetic model. Similar results were obtained by other

authors [7, 18, 20–22, 25]. All the results obtained from the pseudo-first order

kinetic model were weaker in each case, and therefore they were not taken into

account and are not shown. For the comparison and interpretation of the results only

the pseudo-second order rate constants were used. The k2 obtained for the 4-CP

adsorption in the Erlenmeyer flask was significantly higher (p\ 0.05) than that

obtained in the round-bottomed flask (0.597 ± 0.013 versus 0.442 ± 0.017 g m-

mol-1 h-1, respectively). This indicates that the flask type affects the adsorption

kinetics. The adsorption equilibrium was reached faster in the Erlenmeyer flask than
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Fig. 2 The effect of flask type
on the adsorption kinetics of
4-CP on granular activated
carbon at 25 �C. Experimental
conditions: initial concentration
of 4-CP 1.0 mmol L-1, mass of
the adsorbent 0.025 g, solution
volume 0.05 L, laboratory
shaker, agitation speed 200 rpm
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in the round-bottomed flask. It is probably due to the fact that in the Erlenmeyer

flask the adsorbent is free to move around the bottom of the glass, whereas in the

round-bottomed flask grains of the activated carbon are concentrated in one place

(at the lowest point of the flask) which reduces their availability to the adsorbate

molecules.

Effect of mixing techniques

In order to study the effect of the mixing techniques on the adsorption of 4-CP, the

Erlenmeyer flasks containing the adsorbents and adsorbate solutions were agitated

at 200 rpm using the laboratory shaker, the mechanical agitator and the magnetic

stirrer. The results are presented in Fig. 3. The pseudo-second order rate constants

were 0.597 ± 0.013, 0.701 ± 0.005 and 0.691 ± 0.015 g mmol-1 h-1 for the

laboratory shaker, the mechanical agitator and the magnetic stirrer, respectively.

The difference in the adsorption rate between the mechanical agitator and the

magnetic stirrer is not statistically significant (p = 0.34). In both these cases, the

adsorption occurred faster than using the laboratory shaker. The differences between

the laboratory shaker and the mechanical agitator as well as between the laboratory

shaker and the magnetic stirrer were statistically significant (ANOVA-Tukey test).

The same correlation was observed in the adsorption capacities (qe), which were as

follows: 1.359 (laboratory shaker), 1.442 (mechanical agitator) and 1.430 (magnetic

stirrer) mmol g-1. All these results indicate that the mixing technique plays an

important role in both the kinetics and adsorption equilibrium. Better results were

observed using the mechanical and magnetic stirrers than the laboratory shaker. The

increase in the adsorption rate and adsorption capacity in the case of the magnetic

and mechanical stirrers was a result of the physical contact between the stir bar or

stirrer paddles with the activated carbon. As a result, the adsorbent material gets

reduced in size and the adsorption sites are more easily accessible to the adsorbate

molecules. An increase in both the adsorption kinetics and the adsorption capacity
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of 4-CP with a decrease in the particle size of the activated carbon was reported by

Koumanova et al. [7, 15].

Effect of agitation speed

The influence of the agitation speed on the adsorption of 4-chlorophenol from the

aqueous solution was also studied. The adsorbent dose, initial 4-CP concentration

and temperature were kept constant. The study was conducted varying the speed

from 100 to 500 rpm using a mechanical agitator and magnetic stirrer. The effect of

the agitation rate on the adsorption of 4-CP is shown in Fig. 4 and Table 1.

As can be seen, the adsorption rate was highly influenced by the agitation rate—

the adsorption rate increases significantly with the agitation speed. As the stirring

rate increased from 100 to 500 rpm the k2 value increased from 0.577 to

1.264 g mmol-1 h-1 (mechanical agitator) and from 0.560 to 1.231 g mmol-1 h-1

(magnetic stirrer), respectively. At the same agitation speed, the differences

between the mechanical agitator and magnetic stirrer were not statistically

significant (p[ 0.05). With the increasing of the agitation speed, the rate of

diffusion of the 4-CP molecules from the bulk liquid to the liquid boundary layer

surrounding the activated carbon particle become higher because of an enhancement

of the turbulence and a decrease of the thickness of the liquid boundary layer. This

effect may be additionally enhanced by the greater fragmentation of the adsorbent

particles which accompanies the increased agitation speed. In these studies, the

particle size of the adsorbent before and after the experiment was not measured, but

the effect of the particle size of the activated carbon on the adsorption kinetics of

4-CP is well documented [7, 15]. The increase of the adsorption rate with the

agitation speed was also described for the adsorption of the basic dye on the

activated clay [6] as well as the acetic acid [5], imidacloprid [9] and 4-chlorophenol

[7, 15] on the activated carbon.
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The data presented in Table 1 also show that the agitation rate affects not only

the adsorption kinetics but also the removal efficiency of 4-CP from the water. The

adsorption capacity increased from 1.385 to 1.520 mmol g-1 (mechanical agitator)

and from 1.391 to 1.510 mmol g-1 (magnetic stirrer) with an increasing agitation

speed from 100 to 500 rpm. A similar correlation was observed by Koumanova

et al. [7] who observed an increase in the adsorption capacity of 4-CP from 20.06 to

23.04 mg g-1 with an increasing agitation rate from 300 to 600 rpm. However,

some authors have reported that the adsorption increases with increasing agitation

speeds only up to a certain limit, beyond which there is no significant increase in the

adsorption capacity [5, 6, 11]. In some cases, a decrease in the adsorption capacity

at a higher agitation rate was observed [8, 10]. As suggested by the authors [8], this

is due to the fact that at a very high agitation speed, the kinetic energy of both the

adsorbate molecules and the adsorbent particles increased enough that they collide

with each other hastily resulting in the detachment of the loosely bound adsorbate

molecules.

Mixing using gas bubbles

The effect of mixing the solution by gas bubbles on the adsorption of 4-CP on the

activated carbon was investigated. The solutions of 4-CP in two-neck round-

bottomed flasks were mixed using air or nitrogen flowing at the same rate of

1.5 dm3 min-1. The initial concentration of the 4-CP was 1 mmol L-1 and the mass

of the activated carbon was 0.025 g. As the use of compressed nitrogen from

cylinders resulted in a substantial decrease in the temperature of the solution, in

order to preserve the same conditions, the experiments were conducted with the use

of bath water at 25 �C. For obvious reasons, all the experiments were conducted in

open flasks. As the loss of the adsorbate could be due to the evaporation of the 4-CP,

the blank tests without the adsorbent addition were tested. The results showed that

during the considered period of time (6 h) the amount of the 4-CP in the solution

was constant. The concentration varied ±3 % which was due to measurement error

rather than the evaporation of the 4-CP from the solution. It is also important to

point out that at higher concentrations, as well as at higher temperatures, the

evaporation of the 4-CP can be significant.

Table 1 The influence of agitation speed on adsorption kinetics and adsorption equilibrium of 4-CP on

granular activated carbon

Agitation

speed (rpm)

Mechanical agitator Magnetic stirrer

k2 ± SD qe ± SD k2 ± SD qe ± SD

(g mmol-1 h-1) (mmol g-1) (g mmol-1 h-1) (mmol g-1)

100 0.577 ± 0.007 1.385 ± 0.050 0.560 ± 0.022 1.391 ± 0.066

200 0.701 ± 0.005 1.442 ± 0.034 0.691 ± 0.015 1.430 ± 0.053

300 0.850 ± 0.033 1.464 ± 0.052 0.815 ± 0.025 1.453 ± 0.055

500 1.264 ± 0.097 1.520 ± 0.051 1.231 ± 0.073 1.510 ± 0.051
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The adsorption kinetic curves of 4-CP are shown in Fig. 5. The adsorption

capacities were found to be 1.520 mmol g-1 (air) and 1.545 mmol g-1 (nitrogen).

The pseudo-second order kinetic constants were 0.672 ± 0.005 g mmol-1 h-1

during the mixing with air and 0.669 ± 0.031 g mmol-1 h-1 while mixing with

nitrogen. At the 0.05 level, the difference of the k2 values was not significantly

different, and thus at the same flow rate the gas type is not relevant. Comparing

these kinetic constants with the results obtained earlier, it can be concluded that the

mixing with air/nitrogen bubbles is comparable to mixing using mechanical and

magnetic stirrers at 200 rpm.

Conclusions

This paper demonstrates the influence of different agitation techniques on the

adsorption of 4-chlorophenol onto granular activated carbon. The effect of the flask

type and the type of agitator including a laboratory shaker, mechanical agitator,

magnetic stirrer as well as mixing with gas bubbles (air or nitrogen) was

investigated.

The kinetic data were fitted to the pseudo-first order and pseudo-second order

models, and it was found that the best fitting corresponded to the pseudo-second

order kinetic model. The adsorption equilibrium was reached faster in the

Erlenmeyer flask than in the round-bottomed flask. At the same agitation speed

(200 rpm), a better adsorption rate and adsorption efficiency were observed using

the mechanical and magnetic stirrers than the laboratory shaker as a result of the

reduction in the particle size of the adsorbent due to its contact with the stirrer

paddles or the stir bar. At the same flow rate (1.5 dm3 min-1), the gas type (air or

nitrogen) is not relevant. The mixing with gas bubbles was comparable to the

agitation using the mechanical and magnetic stirrers at 200 rpm. The effect of the

agitation speed on the adsorption of 4-chlorophenol on the activated carbon was also

tested. The kinetic experiments were carried out at 100, 200, 300 and 500 rpm and it

was found that the adsorption rate increases with an increase in the agitation speed.
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The lowest values of k2 (0.442 g mmol-1 h-1) and qe (1.290 mmol g-1) were

obtained by mixing the solutions in round-bottomed flasks using a laboratory shaker

at 200 rpm. The adsorption of 4-CP on the activated carbon occurred fastest

(k2 = 1.264 g mmol-1 h-1) and the most effective (qe = 1.520 mmol g-1) when

being mixed with a mechanical stirrer at 500 rpm. Comparable results were

obtained using a magnetic stirrer—k2 and qe values were 1.231 g mmol-1 h-1 and

1.510 mmol g-1, respectively. Therefore, considering only the adsorption rate and

the adsorption efficiency, the mixing of the solutions at a high speed using the

mechanical or magnetic stirrers seems to be the best. These results, however, may

be adulterated (inflated) by the destruction of the structure of the adsorbent during

the agitation. The problem of destruction of the adsorbent structure must be also

taken into account if too high stirring speeds were used. In the selection of the

method of agitation, the ease of use and the ability to study multiple samples at the

same time should also be considered. In this case, the laboratory shaker seems to be

best as it does not damage the adsorbent and additionally allows the simultaneous

study of several or dozens of samples. Also, stirring with gas bubbles is restricted

and additionally troublesome because of the potential evaporation of the adsorbate.

All things considered, the agitation is a very important factor influencing the

adsorption of organic compounds on activated carbon, which should be also taken

into account in adsorption studies.
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