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Abstract Surface-modified hemp stem-based activated

carbons (HACs) were prepared and used for the adsorption

of atrazine from aqueous solution, and their adsorption

performance was examined. A series of HACs were pre-

pared by potassium hydroxide activation of hemp stems,

followed by subsequent modification by thermal annealing,

oxidation with nitric acid and amination. The resultant

HACs differed in surface chemistry, while possessing

similar porous structure. The surface group characteristics

were examined by X-ray photoelectron spectroscopy and

measurement of the point of zero charge (pHPZC). The

adsorption of atrazine from aqueous solution was per-

formed in static conditions. The Langmuir–Freundlich and

Langmuir models gave a better fit for equilibrium iso-

therms compared with the Freundlich model. The atrazine

adsorption process was controlled by an intraparticle dif-

fusion mechanism with a significant contribution from film

diffusion. The presence of oxygen and nitrogen function-

alities on the carbon surface was found to be undesirable

for atrazine adsorption. The superior adsorbent was

obtained by heat treatment of HAC in an inert atmosphere

at 700 �C, resulting in a very high adsorption capacity due

to its enhanced hydrophobicity. The adsorption of atrazine

on the studied HACs mainly involves p–p dispersive

interactions between the atrazine ring and the graphene

layers of carbon.

Keywords Hemp stem � Activated carbon � Surface

chemistry � Adsorption � Atrazine

1 Introduction

Ground and drinking water contamination caused by agri-

cultural pesticides is an environmental problem worldwide.

The harmful effects of pesticides on human health and the

environment have led to the adoption of stringent legisla-

tion concerning the purity of drinking water. EU Directive

98/83/EC sets the maximum concentration of single com-

pounds and the total concentration of all pesticides in

drinking water at 0.1 and 0.5 lg/dm3, respectively.

Atrazine (2-chloro-4-(ethylamino)-6-isopropylamino-s-

triazine) is a common and selective triazine herbicide that

is mostly used to control broadleaf and grass weeds on both

agricultural and non-agricultural land (Mudhoo and Garg

2011). Although prohibited in the European Union since

2004, atrazine is still used in the cultivation of pineapple,

macadamia nuts, corn, sorghum and sugarcane crops

around the world (Ackerman 2007). Consequently, atrazine

is frequently detected in groundwater, surface water and

soils due to its high leaching potential and high chemical

stability in soils and aqueous systems.

Adsorption on activated carbon (AC) is one of the most

widely applied methods for the removal of organic con-

taminants from water (Rodrı́guez-Reinoso 1997; Bhatnagar

and Sillanpää 2010). Commercial ACs are considered to be

expensive due to the use of non-renewable and expensive

materials such as coal. Therefore, the use of abundant and

low-cost materials suitable for AC production, such as fruit
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stones, nut shells, cotton stalks and many others, has been

intensively reported (Nor et al. 2013).

Hemp (Cannabis sativa L.) is a highly productive

herbaceous plant with many industrial applications,

including the production of paper, textiles, building mate-

rials, food, medicine, paint and fuel. Therefore, a sub-

stantial amount of waste is generated during hemp

processing. The use of hemp-derived waste as precursor for

AC manufacture could provide an attractive route for its

disposal.

The performance of AC in the removal of organic

compounds from water is strongly dependent on not only

the adsorbent’s porous texture but also its carbon surface

chemistry and the characteristics of the adsorbate, i.e., its

molecular dimensions, molar mass, solubility and pKa

(Moreno-Castilla 2004). The processing conditions, such as

solution pH, ionic strength and temperature, are important

as well (Terzyk 2000; Lorenc-Grabowska and Gryglewicz

2005, 2007). All of these factors influence the kinetics and

mechanism of the adsorption of organic compounds on AC.

The presence of oxygen and nitrogen functional groups on

the carbon surface controls the surface properties of ACs.

These functionalities determine the surface charge, the

surface hydrophobicity, and the electron density of the

graphene layers (Radovic et al. 2001). Oxygen-containing

groups, such as carboxylic, phenolic and carbonyl/quinone

groups, are the source of AC’s acidic properties, whereas

chromene- and pyrone-type structures are responsible for

its enhanced surface basicity (Moreno-Castilla 2004;

Radovic et al. 2001). Furthermore, nitrogen-containing

groups, such as pyridine-type structures, pyridonic and

amine/amide and lactam functionalities, also contribute to

AC’s basic properties. The concentration of oxygen and

nitrogen functional groups on the carbon surface of AC can

be enhanced through appropriate treatment. Wet oxidation

using different oxidants (HNO3, H2O2, (NH4)2S2O8) is the

most common approach used to incorporate oxygen groups

into the AC surface (Moreno-Castilla et al. 2000). Nitrogen

groups are predominantly introduced by reaction with

ammonia and other nitrogen-containing compounds such as

urea and melamine (Przepiórski et al. 2004; Seredych et al.

2008; Chen et al. 2012). In addition, the basicity of the

carbon surface can also be associated with the delocalized

p-electrons of the graphene layer (Radovic et al. 2001).

In the literature, little attention has been given to the

adsorption of atrazine onto ACs with modified acidic and/

or basic surface properties. Chingombe et al. (2006) stud-

ied the effect of heat treatment of commercial AC (F400)

in nitrogen and ammonia atmospheres on the removal of

atrazine from aqueous solution. In a similar report by

Mazet et al. (1994), the sorption performance of the same

adsorbent was studied. It was found that high-temperature

treatment of carbon samples in an inert atmosphere

enhances atrazine uptake to a greater extent than amina-

tion. In both cases, the authors ignored the changes in the

porous structure caused by AC modification. However,

Pelekani and Snoeyink (2001) reported that the adsorption

capacity of AC towards atrazine is strongly related to the

volume of micropores with a width of 0.8–2 nm. There-

fore, there is a need to clarify the contribution of carbon

surface chemistry to the overall adsorption of atrazine from

aqueous solution. In this context, further elucidating the

interactions between atrazine and AC with different surface

properties is an important step for the development of high-

performance adsorbents for atrazine removal. Atrazine can

act as a p electron donor and shows both H-bond donor and

acceptor properties (Welhouse and Bleam 1993). The

H-bonding mechanism plays an important role in the

sorption of atrazine by soils and natural sediments (Ko-

vaios et al. 2006). Hydrophobic interactions have also been

implicated in atrazine removal by multi-walled carbon

nanotubes (MWCNTs) (Tang et al. 2012).

The aim of this study was to investigate the sorption

performance of ACs with different surface properties but

similar porous structure for the removal of atrazine from

aqueous solution. For this purpose a series of microporous

hemp stem-based activated carbons (HACs) was prepared

by KOH activation, followed by subsequent modification

by annealing at high temperature in a nitrogen atmosphere,

oxidation with nitric acid and reaction with ammonia. To

date, no study has been conducted on the use of HACs for

the removal of atrazine from aqueous solution. The

adsorption kinetics and equilibrium isotherms of atrazine

sorption onto the surface of modified ACs were determined

to obtain a better understanding of the mechanism of

atrazine adsorption by clarifying the role of carbon surface

chemistry.

2 Experimental

2.1 Preparation of the initial AC

Dry hemp (C. sativa L.) stems were used in the preparation

of ACs. Prior to use, the hemp stems were stripped of

leaves, cut into lengths of approximately 5 mm and kept at

room temperature. Carbonization of the precursor was

performed in a horizontal tubular furnace heated to 600 �C
at a heating rate of 10 �C/min in a nitrogen atmosphere.

Samples were held at the final temperature for 1 h. After

the carbonization step, the resultant char was physically

mixed with anhydrous KOH at a 1:3 weight ratio. Then, the

mixture was placed in a nickel boat and heated at a rate of

10 �C/min to the final temperature of 700 �C under nitro-

gen flow and held at that temperature for 1 h. The activated

product was cooled to room temperature, washed with a
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10 % solution of hydrochloric acid, further washed with

hot distilled water until reaching neutral pH, and finally

dried at 110 �C overnight. The resultant hemp stem-based

AC was labeled as HAC and was used as a starting material

to produce a series of samples with different surface

chemistry but with no differences in their porous structure.

2.2 Modifications of carbon surface

The initial HAC was oxidized with 40 % HNO3 under

reflux at boiling point for 7 min to enhance the acidic

character of the carbon surface. After treatment, the sample

was washed with distilled water until reaching neutral pH

and dried overnight at 55 �C in a vacuum oven. This oxi-

dized AC was labeled as HAC HNO3.

Another portion of the HAC was treated by gaseous NH3

to introduce nitrogen-containing surface groups which

made the carbon surface basic. The amination process was

performed in a horizontal quartz reactor at 700 �C under an

ammonia flow of 150 cm3/min for 3 h. Afterward, the

product was cooled to a temperature of 200 �C in a flow of

ammonia and subsequently cooled to room temperature in

a flow of nitrogen. This NH3-treated sample was labeled as

HAC NH3.

Thermal treatment was also applied to produce AC with

basic characteristics. Another HAC sample was placed in a

quartz boat inside a horizontal tubular furnace and heated

to 700 �C at 10 �C/min under a nitrogen flow (330 cm3/

min) and maintained at this temperature for 1 h. The

resultant AC was labeled as HAC N2.

2.3 Characterization of ACs

The elemental analysis of C, H and N was performed using

a Vario III Elemental Analyzer. The oxygen content was

determined by a direct method using an EuroVector 3018

apparatus.

For the determination of the relative surface concen-

trations of carbon, oxygen and nitrogen functionalities,

X-ray photoelectron spectroscopy (XPS) measurements

were performed on an ESCALAB-210 spectrophotometer.

A non-linear, Shirley-type baseline and an iterative least-

square fitting algorithm were used for the deconvolution of

the C1s and N1s spectra. A mixing ratio of 70 % Gaussian

and 30 % Lorentzian functions was applied.

The porous structure parameters of the ACs were

determined from nitrogen adsorption isotherms measured

at 77 K with an ASAP2020 gas sorption analyzer (Mi-

cromeritics). Prior to measurements, samples were out-

gassed overnight at 300 �C. The specific surface area

(SBET) was calculated using the Brunauer–Emmett–Teller

(BET) method. The amount of nitrogen adsorbed at a rel-

ative pressure of p/p0 = 0.96 was employed to determine

the total pore volume (VT). The micropore volume (VDR)

and average micropore width L0 were determined by

applying the Dubinin–Radushkevich and Stoeckli equa-

tions (Stoeckli et al. 1999). The micropore fraction was

expressed as the ratio of the micropore volume to the total

pore volume. Pore size distributions were calculated from

the isotherm data by applying the quenched-solid density

functional theory method (QSDFT) (Neimark et al. 2009).

The pHPZC (point of zero charge) of the ACs was

determined by mixing 0.25 g of sample with 10 cm3 of

CO2-free distilled water, according to the procedure

described by Moreno-Castilla et al. (2000).

2.4 Adsorption tests

The adsorption of atrazine from aqueous solution was

performed at 25 �C in a static system. A sieved fraction of

AC between 0.5 and 1.0 mm was used for the sorption

experiments. To establish the equilibrium time, 50-mg

samples of AC were transferred into Erlenmeyer flasks,

each containing 0.1 dm3 of adsorbate solution (30 mg/

dm3), which were kept in a thermostat shaker bath and

agitated until equilibrium was achieved.

For determination of the adsorption isotherm, 5–100 mg

of AC was placed into flasks and 0.1 dm3 of atrazine

solution (30 mg/dm3) was added to each of the flasks. An

uniform shaking speed was maintained for all the experi-

ments. Each set of flasks included two additional flasks

containing a blank solution to account for the adsorption of

sorbate on the glass walls. The adsorption isotherms were

determined without adding any buffer to control pH, to

avoid the presence of a new electrolyte in the system.

Before and after contact, the solution pH was measured

using a digital pH-meter (Mettler Toledo) with a glass

electrode. Each adsorption test was conducted in duplicate.

The concentration of solute remaining in the water phase

was measured using a HITACHI U-2800 UV–Vis spec-

trophotometer at a wavelength of 222 nm. The basic

physicochemical properties of atrazine are given in

Table 1.

3 Results and discussion

3.1 Characteristics of HACs

This study demonstrates that by using different controlled

methods of surface modification, it was possible to obtain a

series of ACs characterized by different surface chemistry

but similar porous structure. Table 2 summarizes the ele-

mental composition, porous structure parameters and

pHPZC for the various ACs. The studied HACs are char-

acterized by comparable total pore volumes ranging from
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0.910 to 0.953 cm3/g and a BET surface area between 2067

and 2213 m2/g. Micropores constitute over 85 % of the

total pore volume. The average micropore size L0 is in the

range of 1.15–1.36 nm. Similarity in the porous structure

for HACs is confirmed by the pore size distribution

determined by the QSDFT method (Fig. 1).

The heat treatment of HAC in nitrogen and ammonia

atmospheres results in an increase of carbon content fol-

lowed by a decrease of oxygen content and renders the

carbon surface more basic (Table 2). N2 treatment at

700 �C removes acidic oxygen functional groups to a large

extent, which leads to enhanced p electron density in the

graphene layer. During ammonia treatment, a substantial

amount of nitrogen was introduced into the carbon matrix

(5.3 vs 0.3 wt%). As a result of both treatments, the pHPZC

increased from 6.6 to 8.1 and 9.2, respectively, for HAC N2

and HAC NH3. The oxidation of HAC with nitric acid

leads to an increase in the oxygen content from 13.8 to

21.9 wt% and generates acidic carbon surface properties

(pHPZC = 3.9). Notably, even a short 7-min oxidative

treatment resulted in a significant enhancement of oxygen

content, most likely due to the highly developed surface

area of the initial HAC carbon.

XPS analysis was used to determine the functional

groups on the surface of oxygen- and nitrogen-rich ACs.

Table 3 contains the carbon, nitrogen and oxygen surface

concentrations of the initial and modified HACs together

with the distribution of functionalities derived from the C1s

spectrum. The C1s signal was deconvoluted into five

components that represent carbon atoms in C–C non-

functional graphitic structures (284.8 ± 0.1 eV); carbon

present in phenolic, alcohol and ether groups (286.7 ±

0.3 eV); carbonyl and quinone groups (287.6 ± 0.2 eV);

carboxyl and lactone groups (288.9 ± 0.3 eV) and a shake-

up satellite peak due to p–p* transitions in aromatic rings

(290.4 ± 0.4 eV) (Biniak et al. 1997).

The changes in the surface concentration of carbon,

nitrogen and oxygen (Table 3) induced by thermal

annealing, amination and oxidative treatment are consistent

Table 1 Physicochemical

characteristics of atrazine
Parameter Structural formula

Molecular formula C8H14ClN5

Molar mass (g/mol) 215.7

Water solubility at 20 �C (mg/dm3) 30

pKb 12.3

Molecule size (nm)

Width (nm) 0.96

Depth (nm) 0.84

r (nm2)a 0.544

def = 2(r/p)1/2 (nm) 0.832

a Cross-sectional area of atrazine molecule (Borisover and Graber 1997)

Table 2 Characteristics of hemp stem-based activated carbons

Activated carbon Elemental analysis (wt%) Porous structure parameters pHPZC

C H N O SBET (m2/g) VT (cm3/g) VDR (cm3/g) VDR/VT L0 (nm)

HAC 84.0 1.9 0.3 13.8 2135 0.919 0.829 0.90 1.15 6.6

HAC N2 90.3 0.4 0.5 8.8 2213 0.953 0.843 0.88 1.24 8.1

HAC NH3 88.1 0.6 5.3 6.0 2088 0.927 0.785 0.85 1.36 9.2

HAC HNO3 76.0 1.3 0.8 21.9 2067 0.910 0.781 0.86 1.30 3.9

0.00
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0.20
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0.35
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 Pore width, nm

 HAC HNO3

Fig. 1 Pore size distribution of HACs determined by OSDFT method
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with those determined for the bulk material by elemental

analysis (Table 2). The carbon content on the surface is the

highest for HAC N2. An increase in the surface nitrogen

content from 0.6 to 4.2 at.% can be observed for HAC NH3.

As expected, HAC HNO3 is characterized by the highest

surface oxygen content (17.7 at.%) among the studied

carbons. However, the elemental contents on the surface of

the HACs are different from those of the bulk material.

This variation in elemental content can be explained by the

different characteristics of the carbon surfaces and the

overall characteristics of each material’s bulk properties.

The carbon atoms in C–C graphitic structures constitute

74–76 % of the total carbon content in the HAC, HAC N2

and HAC NH3 carbons. A significantly lower contribution

of C–C bonding (68 %) in HAC HNO3 coupled with an

enhanced amount of carbon atoms in oxygen-containing

functional groups. HAC HNO3 carbon is distinguished

among the studied HACs by a more than two fold increase

in carboxylic groups; these groups are mainly responsible

for the high acidity of the surface (Table 2).

Figure 2 shows the deconvolution of the N1s region of

the XPS spectrum for HAC NH3 in order to determine

nitrogen-containing surface groups. The N1s signal has

been fitted by six components with binding energies of

397.7 ± 0.3 eV (nitrile N-3); 398.7 ± 0.3 eV (pyridinic

N-6); 399.7 ± 0.2 eV (amide, imide, lactame N-C);

400.3 ± 0.3 eV (pyrrolic/pyridonic N-5); 401.4 ± 0.3 eV

(quaternary nitrogen N-Q) and 402–405 eV (pyridine-N-

oxide N-X) (Lorenc-Grabowska et al. 2013). Almost half

of the surface nitrogen occurs in pyridinic and amide,

imide, lactame structures in the aminated carbon. Basic

pyridonic groups also may contribute to the carbon basic-

ity. This explains the highly basic character of the HAC

NH3 carbon surface.

3.2 Adsorption of atrazine from aqueous solution

3.2.1 Kinetics of adsorption

The amount of atrazine adsorbed versus contact time for the

HACs studied is shown in Fig. 3. The atrazine adsorption

processes monitored here are fast. With the exception of

HAC HNO3, over 80 % of the equilibrium sorption capacity

is attained after the first 1 h. The time needed to reach

equilibrium in atrazine uptake increases as follows: HAC N2,

HAC NH3 (2 h)\HAC (4 h)\HAC HNO3 (5 h). It was

Table 3 Surface carbon,

nitrogen and oxygen contents

and relative concentration of

functional groups obtained from

C1s XPS spectra for HACs

HAC HAC N2 HAC NH3 HAC HNO3

Surface content (at.%)

C 86.1 92.7 90.4 82.5

N 0.6 0.6 4.2 0.8

O 13.3 4.2 5.4 17.7

Relative surface concentration (%)

C–C (aromatic and aliphatic) 74 76 74 68

Single C–O (C–OH, C–O–C) 11 9 11 12

C = O, C–N 7 7 8 9

O–C = O 4 3 3 8

p–p* shake-up satellite 4 5 4 3

412 408 404 400 396
Binding energy, eV

N-Q
N-X

N-5
N-C

N-6

 In
te

ns
ity

 (
a.

u)

N-3

Fig. 2 N1s XPS spectra of HAC treated with ammonia
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Fig. 3 Effect of contact time on the adsorbed amount of atrazine
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revealed that with increased hydrophilicity of the carbon

surface, the time to reach equilibrium becomes longer. HAC

HNO3 carbon has the most hydrophilic nature among the

studied HACs due to the presence of a large amount of sur-

face oxygen functionalities, mainly hydroxylic and car-

boxylic groups (Table 3). As a consequence, water

molecules, which are preferentially adsorbed on the polar

sites of the carbon surface, block the entrance of the adsor-

bent pores and make adsorption more difficult (Wang et al.

2006). Chen et al. (2009) also reported that atrazine’s

adsorption affinity towards the carbon surface decreases with

increased oxygen content despite the similar mesoporous

structural parameters of the MWCNTs used in the study.

Taking into account that adsorption kinetics is con-

trolled by diffusion mechanism, the intraparticle diffusion

model based on the theory proposed by Weber and Morris

(1963) was used to determine the rate-limiting step of the

adsorption process. The intraparticle diffusion model is

expressed by the following empirical equation (Weber and

Morris 1963):

qt ¼ kidt
1=2 þ C ð1Þ

where qt and kid are the amount of atrazine adsorbed at

time t (mg/g) and the intraparticle rate constant [mg/

(g min1/2)], respectively. C [mg/g] is the intercept, and it

represents an external resistance for mass transfer from the

bulk of solution across the boundary layer to the adsorbent

surface. A larger C implies a greater boundary layer effect.

The calculated values of kid and C are given in Table 4.

To date, no comprehensive information is available on the

application of the intraparticle diffusion model for the

description of atrazine adsorption onto AC. Chen et al.

(2009) reported that intraparticle diffusion was not the sole

rate-controlling step of atrazine adsorption on oxidized

MWCNTs. Chingombe et al. (2006) applied the Boyd

kinetics equation to identify the slowest step of the process

and concluded that the adsorption of atrazine onto modified

ACs is controlled by a film diffusion mechanism. Figure 4

shows the Weber and Morris plots for atrazine uptake on the

studied HACs. In our study, the plots are not linear over the

whole time range and do not pass through the origin, indi-

cating that more than one process affects atrazine adsorption.

The intercept of the plot determines the contribution of

external layer diffusion in the atrazine adsorption process.

The C value varies for the studied carbons as follows:

HAC[HAC NH3[HAC N2[HAC HNO3 (Table 4).

Except for the latter carbon, the decrease in the C value is

related to decreasing heteroatom content. The lowest

boundary layer effect for HAC HNO3 can be explained by its

oxygen-enriched carbon surface, particularly in carboxylic

group, which preferentially adsorb water molecules (Li et al.

2002; Franz et al. 2000). Atrazine molecules undergo

hydration in aqueous solution, which promotes their move-

ment to hydrophilic carbon surface oxygen groups and the

formation of clusters on the external surface of adsorbent,

thus decreasing the boundary layer effect. The slope of the

first part of the plot varies for the studied carbons and is the

highest for HAC N2, which reflects the fastest diffusion of

atrazine molecules through mesopores and wider micropores

to adsorption sites. Notably, HAC N2 is characterized by both

the lowest content of heteroatom-containing functional

groups and the shortest equilibrium time among the studied

HACs. The slope of the second part of the plot, which cor-

responds to diffusion in small micropores, is similar for all

the HACs; this value, however, is significantly lower than

that corresponding to diffusion in mesopores and wider

micropores. This result indicates that intraparticle diffusion

into the smaller micropores is the rate-limiting step in the

process of atrazine adsorption on HACs.

3.2.2 Equilibrium adsorption of atrazine

Knowledge of the equilibrium adsorption isotherm is not

only important to understand how adsorbate molecules

interact with the adsorbent surface, but it is also critical in

optimizing the use of AC as an adsorbent. The isotherms,

i.e. experimental and theoretical, for the adsorption of

atrazine by HACs are shown in Fig. 5. Except for HAC N2,

the adsorption isotherms show a distinct plateau at higher

Table 4 Parameters of intraparticle diffusion kinetic model for

atrazine adsorption on HACs

Adsorbent kid (mg/g min1/2) C (mg/g) R2

HAC 2.62 28.68 0.993

HAC N2 6.05 18.40 0.964

HAC NH3 5.37 19.39 0.986

HAC HNO3 3.72 9.59 0.942

0 5 10 15 20 25

HAC

time1/2, min1/2

10

20

30

40

50

60

70

80
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g

HAC N
2

HAC NH
3 

HAC HNO
3

Fig. 4 Intraparticle diffusion model for the adsorption of atrazine on

HACs
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equilibrium concentrations for all studied HACs, corre-

sponding to L-type isotherms according to the Giles clas-

sification. It is interesting to note the changes in the affinity

of atrazine towards the surface of the HACs, which occur

as follows: HAC N2[HAC[HAC NH3[HAC HNO3.

The lowest affinity of HAC HNO3 among the studied

carbons can be explained by the preferential adsorption of

water molecules at low adsorptive concentration on car-

boxylic acid groups, which are abundant in this carbon

(Table 3). In turn, the relatively low affinity of ammonia-

treated HAC for atrazine is attributed to the enhanced

amount of nitrogen functionalities, which favor bonding

water molecules at a low equilibrium concentration. A

study of PAN-based ACs showed that the hydrophobicity

of the carbon surface decreases with increased nitrogen

content (Lorenc-Grabowska et al. 2013).

The equilibrium adsorption isotherms were interpreted

following the Langmuir (Eq. 2) (Langmuir 1918), Fre-

undlich (Eq. 3) (Freundlich and Helle 1939) and Langmuir–

Freundlich (Eq. 4) (Marczewski et al. 1988) models:

qe ¼ ðqmaxbCeÞ=ð1 þ ðbCeÞÞ ð2Þ

qe ¼ KFC
1=n
e ð3Þ

qe ¼ qmaxððKLFCeÞn=ð1 þ ðKLFCeÞnÞÞ ð4Þ

where qe is the amount of atrazine adsorbed by AC at

equilibrium (mg/g), Ce is the atrazine concentration equi-

librium in solution (mg/dm3), qmax is the monolayer

capacity of the adsorbent (mg/g), b is the Langmuir

adsorption constant (dm3/mg), KF is the Freundlich con-

stant (mg1-n dm3n/g), KLF is the Langmuir-type equilib-

rium constant defined by the Van’t Hoff equation for a

heterogeneous solid, and n is the Freundlich heterogeneity

factor (the larger the value, the more heterogeneous the

system). The calculated values of the Langmuir, Freundlich

and Langmuir–Freundlich equations’ parameters for atra-

zine adsorption are given in Table 5. Comparing the cor-

relation coefficients of the three equations indicates that the

equilibrium experimental data for HAC and HAC N2 are

best fitted by the Langmuir–Freundlich equation, while
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Fig. 5 Comparison of the experimental data and model fits of the Langmuir, Freundlich and Langmuir–Freundlich isotherms for the adsorption

of atrazine on HACs

Adsorption (2015) 21:489–498 495

123



atrazine adsorption onto HAC HNO3 and HAC NH3 is

described by the Langmuir equation. Langmuir monolayer

adsorption was also reported for atrazine adsorption onto

activated carbon prepared from rubber tire waste (Gupta

et al. 2011) and commercial activated carbon fibers (Faur

et al. 2005). However, in most reports the sorption iso-

therms of atrazine for various adsorbents were best fitted

by the Freundlich model (Kovaios et al. 2006; Tang et al.

2012; Labeau et al. 1999). For the studied HACs, the

maximum adsorption capacity is clearly enhanced by the

thermal annealing of HAC in a nitrogen atmosphere

(466 mg/g). This result suggests that the p–p dispersion

interactions between the atrazine p electron ring and the p
electrons of graphene layers play a dominant role in atra-

zine adsorption. The adsorption capacity is significantly

reduced by amination and oxidative treatment of HAC

(Table 5). Oxidized MWCNTs were also reported to per-

form worse than pristine MWCNTs in atrazine removal

(Chen et al. 2009). The calculated parameter n from the

Langmuir–Freundlich equation indicates that HAC and

HAC N2 have a more homogenous surface (n\ 0.50) than

HAC HNO3 and HAC NH3 (Table 5). A less heteroge-

neous adsorbent surface seems to favor atrazine adsorption

from aqueous solution. Considering the superior behavior

of HAC N2 in the adsorption of atrazine, an AC with a

highly basic surface but free of heteroatom-containing

surface functional groups is the most favorable for the

removal of atrazine from aqueous solution. This finding is

in agreement with the observed enhanced adsorption of

atrazine by activated carbon annealed in a hydrogen flow

(Chingombe et al. 2006).

3.2.3 Mechanism of atrazine adsorption

Many interactions, such as electrostatic interactions (Sal-

vestrini et al. 2010), hydrophobic effects and van der Waals

forces (Tang et al. 2012; Kulikova and Perminova 2002),

p–p interactions (Zhao et al. 2013), or hydrogen bonding

(Welhouse and Bleam 1993; Kovaios et al. 2006) have

been reported to be involved in atrazine adsorption on

various adsorbents. Atrazine is a weakly basic herbicide

with a pKb of 12.3 (Table 1). In our study, all adsorption

processes were performed in a solution pH between 5 and

9. Under these conditions atrazine is adsorbed on the car-

bon surface as uncharged species, and as a result, electro-

static interactions may not influence its adsorption from

aqueous solution. A study by Welhouse and Bleam (1993)

emphasized the high hydrogen-bonding potential of atra-

zine molecules. In the triazine ring, the para nitrogen is a

site where atrazine accepts a hydrogen bond, whereas the

ethylamino side chain can be a hydrogen-bond donor. The

ability of atrazine to form hydrogen bonds with the car-

boxyl and phenolic groups of humic substances was

reported by Davies and Jabeen (2003). However, our study

has indicated that no hydrogen bonding occurs between the

adsorbed atrazine and oxygen and/or nitrogen functional

groups on the carbon surface. If atrazine uptake was mainly

governed by hydrogen bond formation, an S-type isotherm

would be obtained, whereas an L-type isotherm is char-

acteristic for the HACs studied. Moreover, if hydrogen

bonding was a dominant mechanism of atrazine adsorption,

then HAC HNO3 and HAC NH3, which contain the highest

oxygen and nitrogen contents, respectively, should show

the highest adsorption capacity. The acid carboxylic groups

on the surface of oxidized HAC and pyridinic, pyridonic

and amide/lactam groups in aminated HAC are the most

likely places where a strong effect of the hydrogen bonding

mechanism would be observed (Welhouse and Bleam

1993). On the contrary, a significant decrease in atrazine

uptake by oxygen- and nitrogen-rich HACs was revealed.

Presumably, the water molecules adsorb through hydrogen

bonding on polar surface functional groups, forming clus-

ters at the entrances of adsorbent pores and reducing the

uptake of atrazine, particularly, at low adsorptive

concentrations.

The obtained results show that the adsorption of atrazine

is favored on annealed AC with basic properties. This

finding emphasizes the importance of p–p interactions

between the aromatic C of graphene layers in the AC and

the heterocyclic ring of atrazine. In the case of HAC

HNO3, introducing electron-withdrawing oxygen func-

tional groups reduces the electron density of graphene

layers, decreasing p–p interactions, which leads to a lower

atrazine uptake. Like surface oxygen groups, the presence

Table 5 Langmuir, Freundlich and Langmuir–Freundlich parameters for atrazine adsorption on ACs

Adsorbent Langmuir Freundlich Langmuir–Freundlich

qmax (mg/g) b (dm3/g) R2 KF (mg1-n dm3n/g) 1/n R2 qmax (mg/g) KLF (dm3/mg) n R2

HAC 227 0.64 0.957 75 0.37 0.890 437 0.23 0.49 0.988

HAC N2 263 0.90 0.967 96 0.31 0.948 466 0.29 0.43 0.988

HAC NH3 179 0.50 0.974 59 0.34 0.933 317 0.21 0.57 0.916

HAC HNO3 169 0.28 0.988 41 0.48 0.903 167 0.29 0.97 0.971
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of some nitrogen-containing functional groups on the car-

bon surface does not favour p–p interactions between AC

and atrazine. Radovic et al. (1997) came to the same

conclusion for nitrobenzene and aniline adsorption on

oxidized and aminated carbons. When the adsorption pro-

cess is governed by p–p interactions, reduced adsorption is

the consequence of withdrawal and/or localization of p-

electrons caused by carbon oxidation and amination.

Nevertheless, hydrophobic interactions cannot be

excluded in the adsorption of atrazine on HACs. As pre-

viously mentioned, polar oxygen and nitrogen groups on

the carbon surface can act as water binding centers and

facilitate the formation of water clusters, which may reduce

the accessibility of adsorption sites to atrazine because of

atrazine’s hydrophobicity (Chingombe et al. 2006). Con-

sidering that HAC N2 is characterized by the highest

adsorption capacity among the studied HACs, the increased

hydrophobicity of the AC surface caused by removing

acidic functionalities may be a key factor for the excellent

adsorption of atrazine from aqueous solution.

4 Conclusions

The present work has demonstrated the important role of

surface chemistry in the adsorption of atrazine onto HACs.

Atrazine uptake increased with a decreasing amount of

oxygen- and nitrogen-containing groups on the carbon

surface. This result indicates that the dominant mechanism

for the adsorption of atrazine involves p–p dispersive

interactions between the graphene layers of the adsorbent

and the heterocyclic ring of atrazine. The adsorption

kinetics study shows that the atrazine adsorption process is

controlled by intraparticle diffusion with a reasonable

contribution from boundary layer diffusion. Intraparticle

diffusion into small micropores is found to be the rate-

limiting step in atrazine adsorption.

Adsorption equilibrium data were best described by the

Langmuir and Langmuir–Freundlich isotherm models. The

highest adsorption capacity was obtained for HAC N2,

which is characterized by a basic character and the lowest

amount of heteroatoms among the studied HACs. The

annealing of AC results in a reduced amount of oxygen

functional groups and consequently enhances carbon sur-

face hydrophobicity and the p electron density of the gra-

phene layers.

The obtained results indicate that a hydrophobic carbon

surface promotes atrazine adsorption. Strong polar sites on

the carbon surface such as carboxylic, pyridinic, pyridonic

and amide/lactam groups decreased the adsorption capacity

to a high extent. The substantially lower adsorption

capacities of HAC HNO3 and HAC NH3 prove that porous

carbons rich in oxygen and/or nitrogen are not suitable for

the removal of atrazine from aqueous solution. The

annealing of AC is therefore recommended as a way to

improve atrazine adsorption.
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