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Abstract: UV-Vis spectrophotometer was used to determine chlorpropham (CIPC) concentration in
aqueous solution. The method was validated in term of linearity, precision and limit of detection and
limit of quantitation. The correlation coefficient of standards calibration curve of (1.0–10.0 µg/mL
CIPC) was R2 = 1 with a precision (RSD%, n=10) ranged from (0.87–0.53%). The limit of detection
(LOD) and limit of quantitation (LOQ) based on the regression statistics of the calibration curve
data of (1.0–10.0 µg/mL CIPC) were 0.04 µg/mL and 0.11 µg/mL respectively. The activated carbon
adsorbent was found to be effective for the removal approximately 80% of CIPC from aqueous
solution. Several isotherm models (Langmuir, Freundlich, Tempkin and Dubinin–Radushkevich)
were evaluated. The maximum monolayer sorption capacity (Qm) from the Langmuir isotherm model
was determined to be (44316.92 µg/g). The separation factor (RL) is 0.11 which indicates a favorable
equilibrium sorption with the R2 value of 0.99, indicating that the Langmuir isotherm model fit the
experimental sorption data well.

Keywords: UV/VIS; chlorpropham; isotherm models

1. Introduction

Potatoes are an important food crop for people, with almost every country in the world considering
them to be a staple food [1]. The annual production of potatoes is estimated to be 375 million tons [2].
Given the importance of the crop in most diets, high production of potatoes is justified. Therefore,
storage is an essential post-harvest activity that must be undertaken by farmers in case the crop cannot
be immediately availed to prospective markets. According to [3], storage of potatoes is associated with
various challenges such as sprouting and accumulation of sugars. Consequently, there is a need to
store the tubers under specific conditions to reduce loss. While the produce is mostly stored at 8–12 ◦C
(85%–90% RH) temperatures around the world, such conditions favor sprouting and sprout growth
once the period of natural dormancy is over, hence the need for an effective sprout suppressant [3].

Isopropyl N-(3-chlorophenyl) carbamate (see Figure 1), commonly known as chlorpropham
(CIPC), is a widely used chemical for inhibiting the sprouting process in potatoes in most places
around the world [4]. CIPC has been in use for over 50 years [3]. The chemical belongs to the group
of inhibitors called carbamates which are similar in properties to organochlorine insecticides [5].
Generally, carbamates have been used quite extensively, due to the fact that some weak functional
groups may be broken down to less toxic molecules, hence solving problems with persistence in the
environment [6]. Chlorpropham is degraded in an aerobic environment (15% to 30% after 100 days)
and in water solution (90% after 59–130 days). Chlorpropham has a low toxicity profile with no acute
toxicity effects under (1000 mg/kg/day) after exposure. Long-term exposure to the blood can lead to
reduced body weight, decreased hemoglobin and hematocrits and increased blood reticulocyte at high
doses (to 1000 mg/kg/day) [4,7–9].
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While the effectiveness of CIPC in sprout suppression is highlighted in various studies
including [4,5,10], there is a growing concern regarding the safety linked to long term use. Some
researchers [3] identify maximum residual time and daily intake as some of the key issues that involve
discussions on the use of CIPC currently. Additionally, a study by [11] asserts that the presence of
CIPC particles on the potatoes increases the levels of chemical residues on the tubers, and hence, there
is a need for an alternative application method that ensures that only small amount of the chemical is
used for optimum outcomes. Furthermore, investigators [12] have highlighted that the CIPC residues
are not only evident in stored produce, but also in the processed potato products. On the same note,
the study by [10] has investigated how cross-contamination of other crops stored in the same room
may occur due to residual effects of CIPC [13].

It is worth mentioning that CIPC has been subject to a periodic investigation in Europe since 2015;
successive meetings of the Standing Committee on Plants, Animals, Food and Feed (SCoPAFF) and the
appeals committee were addressed. After this, authorizations for using chlorpropham (CIPC) both as
an herbicide and as a sprout suppressant cannot be renewed on 17 June 2019 by the European Union
Health and Food Safety Directorate-General Appeal Committee [14]. The date of withdrawal defined
in this regulation was 8 January 2020, and the maximum duration of grace period for use, storage and
disposal will expire no later than 8 October 2020. The maximum residue limit (MRL) may be reduced
to almost zero within 2 years as the active substance was not renewed, and it will not be allowed to
import potato products into Europe with CIPC residues above a limit [15,16]. Despite the fact that
CIPC was banned in Europe, it is currently being used in USA and many other developing and third
world countries [17].

The problem of cross-contamination still occurs since CIPC is solid at room temperatures, hence
implying that continued use leads to the accumulation of the chemical residues that can be found on
other crops in the same store. Previous research by [18] highlights that CIPC can contaminate both
bulk and box stores since the CIPC fog can infiltrate concrete and other substrates. Other parts of
the stores that are contaminated by CIPC include walls, roofs and even the boxes. Findings by [19]
highlight negative impacts of cross-contamination by CIPC residues on wheat seeds that exhibit delayed
germination, hence a need to control the dissipation of such chemicals in the store environments.

The problem has extended to wastewater and has attracted concern to study the persistent and
behavior of the potato sprout suppressant chemicals (particularly, CIPC and its main metabolite
3-chloroaniline (3CA)) in wastewater [4]. Several studies [3,5,20] have been conducted to determine
the concentration of CIPC and its main metabolite 3CA in various wastewater specimens gathered
from numerous commercial wash effluents at different times. The researchers found that in the barrel
of washing samples, CIPC could reach a concentration of 60 mg/L and that the quantity was subject to
seasonal variations. In addition, concerns over amounts of 3CA in wastewater are also reported [20].
Washed soil from the potato surface that carries CIPC will likely settle at the base of the washing barrels
and cause severe harm [21]. Consequently, the high amount of CIPC presented in potato wastewater
requires a certain level of treatment in order to meet the CIPC Environmental Quality Standard of
10 µg/ L [11].

In our previous study [4], the behavior of CIPC and 3CA in soil and water systems was examined,
including numerous sorption and microbial degradation experiments. However, activated carbon was
not addressed, and as far as we know, no previous published researches have investigated activated
carbon’s applicability for removing CIPC from aqueous solutions by applying isotherm models.
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Activated carbon is known as a very strong adsorbent to most organic compounds due to its
high efficiency and surface capacity. However, as it has a microcrystalline shape, it is not considered
an amorphous material. In addition, it has an extended inter-particulate surface area and a highly
developed porous structure [22]. Generally, the preparation of activated carbon involves two steps:
1) carbonization of raw material in an inert atmosphere with temperature a round 800 ◦C; 2) carbonized
product’s activation. The final product involves conversion of carbonaceous materials into activated
(carbon/charcoal) may differ from one another depending, for example, on the property of the activating
agent, raw materials and carbonization processes [23].

During the process of carbonization, the pyrolytic decomposition of the starting material eliminates
the majority of non-carbon elements, including nitrogen, oxygen and hydrogen as volatile species.
A typical activated carbon contains the following elements: 0.50% N, 0.50% H, 1.0% S, 6–7% O and 88%
C [23,24].

The aromatic layers are arranged irregularly, leaving interstices free. These interstices create pores
that produce excellent adsorbents for activated carbons. These pores are loaded with the tarry material
or decomposed products during carbonization or at least partially blocked by unorganized carbon.
During the activation process in the carbonized char the pore structure is enhanced and developed,
which transforms carbonized material to a form containing as many randomly spread pores of varying
dimensions, resulting in a high and an extremely extended surface area [23].

The char is commonly activated in CO2, air or steam atmosphere at temperatures from 800 ◦C–
900 ◦C. This causes some regions of the char to be oxidized preferably by others so that a preferential
etching occurs as combustion progresses. In this way, a large inner surface can be developed, sometimes
up to 2500 m2/g [23,25].

Thus, the objective of this study is to develop and validate a simple and green UV-Vis method
used in the analysis of CIPC concentrations in aqueous solution. Then to examine the applicability of
activated carbon for removing CIPC from aqueous solutions and to determine its efficiency in term of
maximum sorption capacity.

2. Materials and Methods

2.1. Chemicals and Reagents

Chlorpropham (CIPC): ~95% crystalline was obtained from Sigma–Aldrich (13877-25g) Lot #
106H0655V. Activated charcoal granular LR (2.0 mm–5.0 mm) was obtained from (SDFCL lab chemical
company in Asia). Methanol for HPLC, ≥ 99.9% obtained from (Sigma-Aldrich, U.K.). Distilled water
was used during sample preparation and instrumental measurements.

2.2. Preparation of Stock Solutions and Working Standards

1000 µg/mL CIPC in methanol: 0.10 g of CIPC was placed in 100 mL and completed to the mark
with methanol.

10.0–1.0 µg/mL CIPC in aqueous solutions: 10 mL, 8 mL, 6 mL, 3 mL, 1 mL from (100 µg/mL CIPC
in methanol) was put individually in a 100 mL volumetric flask and filled to the mark with distilled
water. Smaller concentrations were prepared following similar procedures.

2.3. UV-Vis Spectrophotometer Validation

All prepared working standards of CIPC in methanol and aqueous solutions were measured using
UV-Vis (Thermo Fisher Scientific, S.N: 5A4S343001). The instrument was standardized and scanned in
the UV range from 400–200 nm in order to find the wavelength of maximum absorption (λmax).

CIPC linearity was evaluated using a UV-Vis spectrophotometer at different calibration curve
levels. Also, the instrumental precision (RSD %) was determined by measuring each concentration
10 times. Furthermore, limit of detection (LOD) and limit of quantification (LOQ) using different
methods were calculated and are described in detail in the results and discussion section.
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2.4. Sorption of Prepared CIPC Solutions on Activated Charcoal

2.4.1. Effect of Contact Time

0.10 g activated charcoal was weighed and transferred to a 250 mL conical flask. Then, 50 mL
from (10.0 µg/mL CIPC in aqueous solution) was added and the flask was directly positioned on the
incubator shaker (model ZWY-100H, Serial number: 433DDA19, CE ISO9001) was used at 25 ◦C and
120 rpm. After each period (0, 30, 60, 90, 120, 150, 180 min.), the flask was removed and an aliquot
was taken, filtered (via a 0.2 um PTFE syringe filter) and then measured by UV-Vis spectrophotometer.
The adsorbed amount qe denoted by (µg/g) was plotted against each time.

2.4.2. Sorption Isotherm

0.10 g activated charcoal was weighed and transferred to every 250 mL conical flask. Then, 50 mL
from (100.0, 80.0, 60.0, 30.0, 15.0, 10.0 µg/mL CIPC in aqueous solution) was added individually to each
flask, and then the flask was directly positioned on the shaker at 25 ◦C and 120 rpm. After 3 hours of
shaking, the flask was removed and an aliquot was taken, filtered (via a 0.2 um PTFE syringe filter)
and then measured by UV-Vis spectrophotometer. The adsorbed amount qe denoted by (µg/g) was
plotted against the equilibrium concentration (Ce).

2.5. Theory of Sorption

2.5.1. Langmuir Isotherm

The Langmuir isotherm is conventionally used to quantify and compare the performance of
various bio-sorbents, originally designed to describe gas–solid-phase sorption on activated carbon.
In the formulation of this empirical model, monolayer sorption can be taken with sorption in a limited
number of locally identical and equal locations, even at adjoining sites, without lateral interaction and
steric interaction between the adsorbed molecules [26]. The model assumes a homogenous sorption
and equal sorption activation energy [27]. There are different forms of Langmuir equation which are
expressed in the following:

Nonlinear form : qe =
QmbCe

1 + bCe
(1)

Linear form :
Ce

qe
=

1
bQm

+
Ce

Qm
(2)

whereas qe (µg/g), is the adsorbed amount of adsorbate per unit weigh of adsorbent and Ce (µg/mL)
is the un-adsorbed adsorbate concentration in solution after equilibrium. The constant Qm is the
saturation capacity for the theoretical monolayer (or the maximum sorption capacity). The constant b
(dm3/mg) is the Langmuir isotherm equilibrium constant [28]. A dimensionless constant RL, called the
separation factor or equilibrium parameter, which is defined by the following equation, can express
the essential characteristic of the Langmuir isotherm:

RL =
1

1 + bC0
(3)

The term C0 is the initial concentration of adsorbate. The shape of the isotherm can be indicated by
the value of the RL. It is favorable when (0 < RL< 1), unfavorable (RL > 1), linear (RL= 1), or irreversible
(RL = 0).

2.5.2. Freundlich Isotherm

Freundlich isotherm is not limited to a monolayer sorption [29]. It is possible to extend this
empiric model to multilayer sorption, where sorption heat and affinities on the heterogeneous surface
are likely not to be distributed uniformly [30,31]. In this perspective, the amount adsorbed is the
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summation of sorption at all sites (each with bond energy), with the stronger binding sites being
occupied first, until sorption energy is decreased exponentially upon completion of the sorption
process [32]. The Freundlich isotherm is commonly used for the molecular sieves and activated carbon
in heterogeneous systems particularly for high-interactive species or organic compounds.

The ranges of slope of (0 to 1) are a sorption intensity measure—or a surface heterogeneity—that
becomes more heterogeneous as its value approaches zero. A lower unity value (less than 1) implies
chemisorption, whereas 1/n above one indicates cooperative sorption process [33]. The Freundlich
isotherm is criticized for its limitation that it does not approach Henry’s law at low concentrations and
lacks a principle basis in thermodynamic law [34]. The Freundlich linear and non-linearized equations
are listed below:

Nonlinear form : qe = KF Ce
1/n (4)

Linear form : log qe = logKF +
1
n

logCe (5)

where KF (µg/g) is the Freundlich isotherm constant, which can be related to the sorption capacity.
The constant n is the sorption intensity.

2.5.3. Tempkin Isotherm

This isotherm includes a factor that takes adsorbent-adsorbed interactions into consideration
explicitly. The model assumes that the heat sorption of all molecules within the layer would be linearly
lower than the logarithmic coverage, by ignoring the exceptionally small and high concentration
value [35,36]. As indicated in the equation, its formulation is defined by the consistent allocation of
binding energies (up to some peak binding power).

Nonlinear form : qe =
RT
bT

lnATCe (6)

Linear form : qe =
(

RT
bT

)
lnAT +

(
RT
bT

)
lnCe

As, B = RT
bT

(7)

The linear form can be rewritten as : qe = BlnAT + B lnCe (8)

where:

R: Universal gas constant (8.314 J/mol K).
T: Temperature at 298 K.
bT: Tempkin isotherm constant.
AT: Tempkin isotherm equilibrium binding constant (L/g).
B: Constant associated with heat of sorption (J/mol).

2.5.4. Dubinin–Radushkevich Isotherm

The sorption mechanism with the Gaussian power distribution on a heterogeneous surface is
commonly applied for the Dubinin–Radushkevich isotherm. It is an empirical model initially designed
to assort subcritical vapors in a pore filling mechanism. The model has often successfully fit high solute
activities and the intermediate range of concentrations data well, but has unsatisfactory asymptotic
properties and does not predict Henry’s law at low pressure [27].

Nonlinear form : qe = (qs) exp
(
−kad ε

2
)

(9)

Linear form : ln(qe) = ln(qs) − kad ε
2 (10)

E =

[
1

√
2BDR

]
(11)
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ε = RT ln
[
1 +

1
Ce

]
(12)

where:

qe: Amount of adsorbate in the adsorbent at equilibrium (mg/g).
qs: Theoretical isotherm saturation capacity (mg/g).
kad: Dubinin–Radushkevich isotherm constant (mol2/kJ2).
E: mean free energy (kJ/mol)
BDR: Dubinin–Radushkevich isotherm constant
ε: Dubinin–Radushkevich isotherm constant.

The approach has typically been applied in order to distinguish between physical and chemical
sorption of ions with a mean free energy; the relation can be calculated by the energy E of adsorbate
molecule to remove a molecule from its position in the sorption location.

3. Results and Discussion

3.1. UV-Vis Spectrophotometer Validation

The instrument was calibrated by using the performance verification tests to ensure all criteria
were working (wavelength accuracy, photometric accuracy, baseline flatness, etc.). After this, blanks
(without analyte) and CIPC standards were measured. Figure 2 shows the absorbance vs. wavelength
spectra and Figure 3, shows the CIPC calibration curve at 235 nm.
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Figure 2. UV spectra of (1.0–10.0 µg/mL CIPC in aqueous solution at scan range 400–200 nm.

It can be seen from the spectra that the first peak is near to the methanol cut-off (205 nm) and
water cut-off (190 nm). The solvent cut-off is the wavelength where the solvent starts to absorb nearly
all the incident radiation. Any absorption data collected for the analyte for wavelengths shorter than
the cutoff should be considered as indistinguishable from noise. Therefore, the second peak (at 235 nm)
was chosen for CIPC determination.

In addition, concentrations out the range of 1.0–10.0 µg/mL were excluded as it is quite important
to keep the absorption range within 0.1–1.0 to obtain an accurate result. Any higher concentration than
this range was diluted with the same solvent and brought to the middle of calibration curve [4].
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As can be seen from Figures 4 and 5, repetitive measurements (n = 10) of different concentrations
showed precise results which ranged from (0.87–0.53) RSD %. However, measurements at higher
concentration appeared to be more precise than measurements at lower concentrations.
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Figure 4. Average absorbance precision of (1.0–10.0 µg/mL CIPC) in aqueous solution at 235.0 nm,
n=10.
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Figure 5. An example of UV spectra of (1.0 µg/mL CIPC) measured 10 times (n=10) in aqueous solution
at scan range 400–200 nm.
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The LOD and LOQ based on 10 injections (n = 10) of a lower concentration of (1.0 µg/mL CIPC)
can be calculated as follows:

LOD (µg/mL) = 1.0×
(Response of LOD)

Mean
(13)

LOQ (µg/mL) = 1.0×
(Response of LOQ)

Mean
(14)

Response of LOD= 3* STDEV (15)

Response of LOQ= 10* STDEV (16)

Accordingly, the LOD and LOQ for CIPC were 0.03 µg/mL and 0.09 µg/mL respectively. These are
the lowest amount that the system can detect or quantify.

The LOD and LOQ based on the regression statistics for the calibration curve data (1.0–10.0 µg/mL
CIPC) can be calculated (Table 1) as follows:

LOQ (µg/mL) = 3.3×
( SE of y− intercept )

Slope
(17)

LOQ (µg/mL) = 10×
( SE of y− intercept )

Slope
(18)

Therefore:
LOD (95% Confidence Level) = 0.04 µg/mL
LOQ (95% Confidence Level) = 0.11 µg/mL
Although the instrument can measure down to the lowest value of (0.11 µg/mL), it is advisable

to stick with concentrations (1.0–10.0 µg/mL) that were covered on the calibration curve and within
0.1–0.7 absorption value to get away from deviations of Beer-Lambert Law.

Table 1. Regression statistics for the calibration curve.

Coefficients Standard Error t Stat P-Value Lower
95%

Upper
95%

Lower
95.0%

Upper
95.0%

Intercept 0.050947368 0.000759454 67.0842 7.299E-06 0.04853 0.0533643 0.048530446 0.05336429

X Variable 1 0.068402256 0.000117186 583.705 1.109E-08 0.068029 0.0687752 0.068029316 0.06877519

3.2. Sorption of Prepared CIPC Solutions on Activated Charcoal

3.2.1. Effect of Contact Time

The adsorbed amount (qe) which has a unit of (µg/g) can be calculated as follows:

Adsorbed amount (qe, µg/g) =
(C0 −C) V

W
(19)

where C0 and C are the initial and final CIPC concentrations (µg/mL), respectively, V is the volume of
solution (mL) and W is the weight of adsorbent (g). Note that the final concentration (C) is not the
equilibrium concentration (Ce) at this stage.

Therefore, as can be seen from Figure 6, that the sorption increased rapidly at lower concentrations
then gradually reached equilibrium after 2 hours in which approximately 80% of CIPC being adsorbed
on the surface of activated carbon.

To make sure that the equilibrium time is justified for various concentrations, 3 hours equilibrium
time was chosen to conduct the sorption isotherm experiment [4].
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3.2.2. Sorption Isotherm

The Langmuir plot (Ce /qe vs. Ce) was constructed (see Figure 7) to test the linearity and validate
the model fitting to the sorption isotherm data. In order to improve linearity, the red points in
Langmuir plot were excluded as they were considered as outlier from the main points. Also, this
considered as a limiting factor for the applicability of the Langmuir isotherm to explain the behavior
in inhomogeneous surface. In many cases, the surface roughness of the adsorbent is not considered.
Irregular inhomogeneous surfaces have many different types of sorption sites with certain parameters,
including sorption heat, varying from one site to another [37].
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The parameters for the Langmuir plotting are presented in Table 2. The Langmuir constant (b) is
0.27 (L/mg) and the maximum monolayer sorption capacity Qm from the Langmuir isotherm model
was determined to be (44316.92 µg/g). The separation factor RL is 0.11 which indicates a favorable
equilibrium sorption with the R2 value of 0.99 proving that the Langmuir Isotherm model fit the
sorption data well.

Table 2. Langmuir isotherm constants for CIPC sorption on activated charcoal.

Component Langmuir Isotherm

CIPC
Qm

(µg/mg)
b

(L/mg) RL R2

44316.92 0.27 0.11 0.99

The theoretical adsorbed amount qe was calculated from the Langmuir nonlinear form equation
after substituting the knowing values of Qm, (b) and (Ce) values of 1, 2, 3, etc.
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The theoretical line (red dots) for chlorpropham fit well with the experimental data points (black
dots) (Figure 8). This confirms the applicability of the Langmuir isotherm for simulating experimental
results [4].
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Other isotherm models (Freundlich, Tempkin and Dubinin–Radushkevich) have also been tested.
In summary, Figures 9 and 10 show the results of fitting these isotherm models; Table 3 shows
their parameters.

Processes 2020, 8, x FOR PEER REVIEW 15 of 25 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

0.0 0.5 1.0 1.5

0

2

4

Lo
g 

qe

Log Ce

y = 0.8372x + 3.46
R² = 0.8247

a) 

Figure 9. Cont.



Processes 2020, 8, 398 11 of 16

Processes 2020, 8, x FOR PEER REVIEW 16 of 25 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

0 1 2 3

0

20000

40000 y = 12862x - 3487
R² = 0.8701

qe

Ln Ce

0 500000 1000000

8

9

10

11

y = -2E-06x + 10.189
R² = 0.6409

Ln
 q

e

ε2

b) 

c) 

Figure 9. Sorption isotherm for CIPC on activated charcoal a) Freundlich, b) 
Tempkin , c) Dubinin–Radushkevich. 

Figure 9. Sorption isotherm for CIPC on activated charcoal (a) Freundlich, (b) Tempkin,
(c) Dubinin–Radushkevich.

Processes 2020, 8, x FOR PEER REVIEW 17 of 25 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

0 5 10 15 20 25 30 35 40 45
0

5000

10000

15000

20000

25000

30000

35000

40000

45000

 Theoretical line
 Experimental data

qe
 (μ

g/
g)

Ce (μg/mL)

c) 

0 10 20 30 40

0

10000

20000

30000

40000

50000

 Theoretical line
Experimental data

qe
 (μ

g/
g)

Ce (μg/mL)

a) 

0 5 10 15 20 25 30 35 40 45

-60000

-40000

-20000

0

20000

40000

 Theoretical line
 Experimental dataqe

 (μ
g/

g)

Ce (μg/mL)

b) 

Figure 10. Theoretical line fitting through the experimental data of   CIPC using a) 
Freundlich, b) Tempkin , c) Dubinin–Radushkevich isotherms. 

Figure 10. Cont.



Processes 2020, 8, 398 12 of 16

Processes 2020, 8, x FOR PEER REVIEW 17 of 25 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

0 5 10 15 20 25 30 35 40 45
0

5000

10000

15000

20000

25000

30000

35000

40000

45000

 Theoretical line
 Experimental data

qe
 (μ

g/
g)

Ce (μg/mL)

c) 

0 10 20 30 40

0

10000

20000

30000

40000

50000

 Theoretical line
Experimental data

qe
 (μ

g/
g)

Ce (μg/mL)

a) 

0 5 10 15 20 25 30 35 40 45

-60000

-40000

-20000

0

20000

40000

 Theoretical line
 Experimental dataqe

 (μ
g/

g)

Ce (μg/mL)

b) 

Figure 10. Theoretical line fitting through the experimental data of   CIPC using a) 
Freundlich, b) Tempkin , c) Dubinin–Radushkevich isotherms. 

Figure 10. Theoretical line fitting through the experimental data of CIPC using (a) Freundlich,
(b) Tempkin and (c) Dubinin–Radushkevich isotherms.

Table 3. Freundlich, Tempkin and Dubinin–Radushkevich isotherm constants for CIPC sorption on
activated charcoal.

CIPC

Freundlich Isotherm
1
n n KF (µg/g) R2

0.84 1.19 2883.75 0.82

Tempkin isotherm

AT
(L/g) bT B R2

0.76 0.19 12861.59 0.87

Dubinin–Radushkevich isotherm

qs
(µg/g)

Kad
(mol2/kJ2)

E
(kJ/mol) R2

26606.63 1.63E-06 0.69 0.64

In comparison, the models of Langmuir (R2 = 0.99) fit the experimental data well, while reasonable
fitting was observed in the Freundlich (R2 = 0.82) and Tempkin models (R2 = 0.87), but not in the
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Dubinin–Radushkevich model (R2 = 0.64). While the Langmuir model commonly fits well, it appears
to not be fit for high concentrations, showing that the hypothesis concerning a monolayer sorption
is restricted.

However, as the Tempkin model fit the data, it is suspected that there was an electrostatic
interaction with the process of sorption of chlorpropham at all the concentration levels tested [4,38].
The Dubinin–Radushkevich isotherm model in (Figure 10) fit the sorption isotherm data (black dots)
at lower concentration and was successful to mimic the sorption experimental behavior but at lower
sorption capacity of nearly (26,606.63 µg/g) than (44,316.92 µg/g) that Langmuir model better achieved.
This maybe because of the unsatisfied linearity of Dubinin–Radushkevich isotherm (R2 = 0.64) and the
high possibility of multilayer sorption of CIPC and interaction between molecules in the layer.

In a survey [39] conducted to investigate the sorption of chlorpropham in different soil types, it
was found that the Freundlich exponent (1/n) ranged from (0.71–0.80). This to some extent agrees
with our study on activated carbon using the Freundlich model (1/n=0.84). No maximum sorption
capacity for chlorpropham on activated carbon was reported in the literature but other general studies
on activated carbon [40], fit the data to Langmuir model and found, for example, that methylene
blue uptake on different activated carbon treatments reached the monolayer sorption capacity range
of (6720–454,200 µg/g). This is close to the our study value (Qm = 44,316.92 µg/g) and values
found in previous studies [41,42] for commercially activated carbon being used to remove different
organic compounds.

The mechanism for the removal of CIPC by sorption maybe presumed to implicate the subsequent
steps: migration of CIPC from solution bulk to the adsorbent surface (activated carbon), CIPC diffusion
through the adsorbent surface, sorption at the active surface of activated carbon and intra- diffusion of
CIPC to the internal pores of the activated carbon particle [41]. It is quite possible to expect multilayer
sorption of CIPC and interaction between molecules in the layer.

The fundamental chemical structure of activated carbon is closely related to pure graphite structure.
The crystal of graphite is made up of layers of fused hexagons that held by carbon–carbon bonds and
weak van de Waals forces. The mechanism for fast sorption of CIPC on the surface of activated carbon
is not fully understood. π–π stacking interaction has also been used as a powerful driving power to
describe the aromatic adsorbate process onto the surface of activated carbon. It is likely that activated
carbon can adsorb CIPC due to π–π stacking interactions between the CIPC ring structure and the
activated carbon hexagonal cells. π–π stacking interaction was also found to be the dominant force on
the surface of graphene oxide (structurally similar to activated carbon) for the deposition of porphyrin
(a group of heterocyclic organic compounds) [43–46].

4. Conclusions

UV-Vis spectrophotometer was used to determine CIPC concentration in aqueous solution.
The method was validated in which the correlation coefficient of standards calibration curve of
(1.0–10.0 µg/mL CIPC) was R2=1 with a precision (RSD%, n = 10) ranged from (0.87–0.53%). The LOD
and LOQ based on the regression statistics of the calibration curve data of (1.0–10.0 µg/mL CIPC) were
0.04 µg/mL and 0.11 µg/mL respectively.

The activated carbon adsorbent was found to be effective for the removal of CIPC from aqueous
solution. The sorption increased rapidly at lower concentrations then gradually reached equilibrium
after 2 hours in which approximately 80% of CIPC being adsorbed on the surface of activated charcoal.
Several isotherm models (Langmuir, Freundlich, Tempkin and Dubinin–Radushkevich) have been
evaluated. The maximum monolayer sorption capacity (Qm) from the Langmuir isotherm model was
determined to be (44,316.92 µg/g). The separation factor (RL) was 0.11 which indicates a favorable
equilibrium sorption with the R2 value of 0.99 proving that the Langmuir isotherm model fit the
sorption data well. It can be concluded that activated carbon can be the potential and active material
to remove chlorpropham from its aqueous solution and to remedy industrial wastewater.
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