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A B S T R A C T   

Biochar was produced from the sawdust of the wood forest species Cedrella fissilis and later used as an adsorbent 
to remove atrazine herbicide from aqueous media. Biochar showed high thermal stability, an amorphous 
structure, and a highly irregular surface, mainly composed of carbon-containing bonds. The isothermal curves 
confirmed that the increase in temperature favored the adsorption of the herbicide. The Langmuir model best 
suited the experimental equilibrium data, with the maximum adsorption capacity of 7.68 mg g-1 at 328 K. The 
thermodynamic parameters confirmed a spontaneous process of an endothermic nature governed by physical 
interactions (interactions of van der Waals and hydrogen bonds). Kinetic studies showed that equilibrium was 
reached within 180 min. The linear driving force model (LDF) showed good statistical adjustment to the 
experimental data, where it was observed that the diffusion coefficient increased with the concentration of 
adsorbate. Biochar can be reused in up to three cycles. Finally, the adsorbent showed good efficiency in real 
water samples from rivers contaminated with atrazine, with 76.58% and 71.29% removal.   

1. Introduction 

Herbicides and pesticides have become increasingly common and 
necessary in agricultural activities in recent years to control agricultural 
pests, increase efficiency, and avoid economic damage. Atrazine 
(C8H14ClN5) is one of the most widely used chlorine herbicides in 
agriculture [1,2]. It is a selective herbicide with high efficiency for 
controlling various broadleaf weeds and grasses, and it is used on a 
variety of crops, including corn and sugarcane. Because of its harmful 
effects on health, atrazine has been banned in several European coun-
tries since 1991, and the European Union as a whole banned its use in 
2004. However, due to the molecule’s properties, such as low biode-
gradability and high persistence, atrazine can still be detected in 
drinking water samples and even pregnant women’s urine [3]. 
Furthermore, atrazine is still widely used in several developing coun-
tries, including China, Brazil, and Iran [4]. Extensive use in agriculture 
pollutes soil and water, reducing ecosystem function and posing health 
risks. Serious damage to human organisms includes changes in protein 

expression, changes at the cellular level, DNA damage, sperm muta-
genesis, and disruption of endocrine hormones [2]. In terms of animals, 
one study found that exposure to certain levels disrupts the sexual 
evolution of amphibian species in the wild and reduces the overall 
number of animal species [1]. In addition, the herbicide inhibits 
photosynthetic activity and, as a result, the development and growth of 
aquatic plant species in aquatic systems [5,6]. 

Because of the serious problems caused by atrazine, the scientific 
community has been working to improve techniques for removing it 
from the environment in recent years. However, some processes are not 
flexible, have high costs, are inefficient, and may produce secondary 
contaminants [7]. Because of its low cost, ease of operation, and high 
efficiency, adsorption has proven to be a promising alternative [8,9]. 
The application of transformed biodegradable material onto usable ad-
sorbents such as activated carbon and biochar is a key point in the 
adsorption process [10]. Biochar can be an effective adsorbent in 
removing several pollutants due to its highly porous structure, similar to 
activated carbon [11]. In addition, because activated carbons require 
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reagents in their activation process, whereas biochars do not, the latter 
have a lower preparation cost and produce fewer effluents [12]. 

In recent years, several carbonaceous compounds have been suc-
cessfully used to remove herbicides [13–17,20–24]. The species Cedrella 
fissilis is used in the wood industry. It presents a wood with high resis-
tance, high growth rates, and good adaptability to edaphic conditions, 
mainly Minas Gerais and Bahia (Brazil). Due to these factors, commer-
cial plantations have grown, and consequently, the volume of residual 
biomass in their processing, such as bark and sawdust, has also increased 
[25]. The bark corresponds to residues generated in the primary split-
ting of the wood, generally being deposited in the plantation field itself. 
In contrast, the sawdust corresponds to the waste generated by the 
secondary splitting and is generated in large volumes in the sawmills. In 
adsorption studies, the residual bark of the Cedrella fissilis was used to 
remove red 97 from the aqueous solution [25]. However, no reports of 
the use of C. fissilis biochar in the removal of atrazine have been pub-
lished to date. 

The current study used sawdust from Cedrella fissilis as the raw ma-
terial for biochar production. Biochar was produced at temperatures of 
up to 800 ◦C. Fourier transform infrared spectroscopy (FTIR), X-ray 
diffraction (DRX), scanning electron microscopy (SEM), 

Fig. 1. SEM images for CBS (A) and BCC (B) (x5000).  

Fig. 2. N2 adsorption-desorption isotherms (a) and desorption pore size distribution (b) for the BCC.  

Table 1 
Amounts of C and O in the biochar.  

Element % by weight CBS BCC 

C (%)  65.65  88.40 
O (%)  33.04  10.61 
O/C  0.503  0.120  

Table 2 
Functional groups of CBS and BCC.  

Functional Group Wavenumber (cm-1) 

CBS BCC 

O-H  3444 3444 
C-H  2922 – 
C––C  1650 – 
C––C  1510 1510 
C-O  1052 –  
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thermogravimetric analysis (TGA), and Brunner, Emmet, and Teller 
(BET) methods were used to examine the properties of the original and 
carbonized materials. The biochar’s ability to absorb atrazine herbicide 
was then tested. First, dosage and pH analysis were predetermined, 
followed by isothermal studies and thermodynamic parameter analysis. 
Next, kinetic studies were investigated and fitted to the linear driving 
force model (LDF). Following that, studies on adsorbent regeneration 
were conducted. Finally, the material’s performance against a mixture 
of river water containing atrazine was evaluated. 

2. Materials and methods 

2.1. Reactants employed 

For this study, the following compounds were used: hydrochloric 
acid (HCl), sodium hydroxide (NaOH), and atrazine (chemical formula: 
C8H14ClN5, Mw: 215.7 g mol-1, molar volume: 169.8 cm-3 mol-1). All 
chemicals were acquired with an analytical grade from Sigma-Aldrich. 
Atrazine stock solutions were previously prepared by dissolving 50 
mg L-1 of atrazine in water. Deionized water was employed in the stock 
solution preparation and all subsequent dilutions. 

2.2. Biochar preparation and characterization 

Cedrella fissilis sawdust was obtained from a wood industry in the 
Brazilian state of Rio Grande do Sul. Approximately 600 g of sawdust 
was oven-dried for 4 h at 333 K. The material was sieved, yielding a 
fraction with particles smaller than 1 mm in size. The precursor fraction 
was called CBS, and a portion of it was separated for characterization 
analysis, while the remainder was used to produce biochar. 

Pyrolysis was performed in a quartz tube under an N2 atmosphere at 
a flow rate of 0.25 L min-1 and a heating rate of 10 ◦C min-1 until the 
temperature reached 800 ◦C. When the temperature reached its 
maximum, the precursor material was kept for 60 min before cooling 
and maintained for 12 h at 353 K. Finally, the biochar was labeled BBC, 
with a small portion separated for characterization and the remainder 
used in atrazine adsorption experiments. The characterization method-
ology and equipment employed are described in Supplementary Mate-
rial S1. 

2.3. BBC and atrazine batch experiments 

A thermostatic shaker (MA093, Marconi, Brazil) conducted atrazine 

Fig. 3. TGA curves of CBS and BCC.  

Fig. 4. Effect of BCC dosage on atrazine adsorption.  

Fig. 5. Effect of pH on atrazine adsorption.  

Fig. 6. Adsorption isotherms for the atrazine onto the BCC.  
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adsorption tests on BCC. A spectrophotometer (UV mini 1240, Shi-
madzu) was used to measure the concentration of atrazine in the liquid 
phase at a wavelength of 222 nm, corresponding to the herbicide. An 
initial concentration of 5 mg L-1 atrazine in 20 mL was used for the 
dosage and pH effect studies, with the thermostatic agitator set to 150 
rpm and 1 h. The BCC dosages of 0.5, 1.0, 1.5, 2, and 2.5 g L-1 were 
tested. The pH tested ranged from 2 to 10, and the atrazine solutions 

Table 3 
Isotherm parameters for the atrazine and BCC system.   

Temperature (K) 

Model 298 308 318 328 

Langmuir     
qL(mg g-1) 6.6403 6.9961 7.1867 7.6791 
KL (L mg-1) 0.53427 0.57105 0.78507 0.91721 
R2 0.99920 0.99510 0.99281 0.98706 
R2

adj 0.99880 0.99265 0.98921 0.98058 
ARE (%) 1.0217 3.3252 3.9907 5.2837 
MSR (mg g-1)2 4.0808 × 10-3 2.8646 × 10-2 4.7230 × 10-2 9.9019 × 10-2 

Freundlich     
KF ((mg g-1)(mg L-1)-1/nF) 2.8006 2.9695 3.5193 3.9735 
1/nF(dimensionless) 0.3013 0.3062 0.2608 0.2479 
R2 0.98792 0.99788 0.97333 0.97506 
R2

adj 0.98188 0.99682 0.95999 0.96259 
ARE (%) 4.9819 2.2524 7.0803 7.0322 
MSR (mg g-1)2 6.1655 × 10-2 1.2406 × 10-2 1.7519 × 10-1 1.9076 × 10-1 

Dubinin-Radushkevich     
qmDR (mol kg)-1 0.52530 0.59147 0.40123 0.38685 
β (mol J)2 0.12166 0.11962 0.09867 0.09094 
R2 0.98792 0.99788 0.97333 0.97506 
R2

adj 0.98551 0.99745 0.96799 0.97008 
ARE (%) 4.2745 1.9304 6.0687 6.0260 
MSR (mg g-1)2 5.7600 × 10-4 6.5200 × 10-4 7.2800 × 10-4 8.6400 × 10-4 

qexp (mg g-1) 5.7153 6.2718 6.5275 7.1592 
qexp (mol kg)-1 0.026499 0.029079 0.030265 0.033194  

Table 4 
Thermodynamic parameters for the atrazine adsorption onto the BCC.  

T (K) Ke (-) ΔG0 (kJ mol-1) ΔH0 (kJ mol-1) ΔS0 (kJ mol-1 K-1) 

298.150 115,231.0 -28.899  15.721  0.14920 
308.150 123,164.0 -30.029 
318.150 169,323.0 -31.845 
328.150 197,824.0 -33.271  

Fig. 7. Experimental and predicted data for the adsorption kinetics of atrazine 
on BCC. 

Table 5 
Estimated parameters for the LDF model.  

Model Atrazine initial concentration (mg L-1) 

2 3 4 5 

LDF     
qexp(mg g-1) 0.76330 1.9721 2.3124 2.6019 
qpred (mg g-1) 0.83229 2.1213 2.0319 2.4662 
kLDF(s-1) 5.9011 × 10- 

5 
5.4626 × 10- 

4 
7.5601 × 10- 

4 
1.7655 × 10- 

3 

DS (cm2 s-1) 1.1866 × 10- 

8 
5.3105 × 10- 

8 
1.0393 × 10- 

7 
2.4898 × 10- 

5 

R2 0.98367 0.9182 0.9413 0.9314 
ARE (%) 14.030 14.862 9.0507 6.4210 
MSR(mg g- 

1)2 
1.6072 × 10- 

3 
3.4628 × 10- 

2 
2.9504 × 10- 

2 
3.7945 × 10- 

2  

Fig. 8. BCC regeneration over eight cycles.  
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were adjusted using HCl or NaOH solutions with 0.1 mol L-1 

concentrations. 
The isothermal and kinetic experiments were carried out using the 

best conditions of pH and dosage of BCC previously verified and a so-
lution volume of 20 mL. Isothermal studies were carried out by varying 
the temperature in the system at 298, 308, 318, and 328 K for initial 
concentrations of 0, 5, 8, 10, 15, 18, and 20 mg L-1 of atrazine, kept 
under stirring at 150 rpm in a thermostatic bath. Kinetic curves were 
obtained at concentrations of 5, 4, 3, and 2 mg L-1 of atrazine. Samples 
were collected at 0, 5, 15, 30, 60, 90, 120, 150, 180, 210, and 240 min. 
Atrazine concentrations were determined by spectrophotometry. The 
percentage of pesticide removal (R, %), adsorption capacity at any time 
(qt, mg g-1), and equilibrium adsorption capacity (qe, mg g-1) were 
calculated according to the supplementary material S2. 

2.4. Isotherms and thermodynamic parameters 

The Freundlich [26], Dubinin-Radushkevich [27], and Langmuir 
[28] models were chosen to be fitted to the equilibrium isotherms [29]. 
Then, according to the methodology proposed elsewhere [30], the 
thermodynamic parameters were estimated. These equations are listed 
in Supplementary Material S3 and S4, respectively. 

2.5. Kinetic modeling 

The linear driving force (LDF) model (Eq. 1) was chosen to describe 
the atrazine adsorption onto the BCC. This model considers that the rate 
of adsorption is dependent on the adsorption gradient between the 
maximum adsorption capacity and the adsorption capacity at any time 
[31]. In addition to that, the LDF parameters are related to the diffusion 
of the atrazine/BCC system. The derivation of the model is shown in 
Supplementary Material S5. 

dq
dt

= kLDF

(
qLKL(C0-D0q)

(1 + KL(C0-D0q) )
-q
)

(1)  

q (t = 0) = 0 (1.1)  

DS =
Rp

2kLDF

15
(2)  

Where: q is the adsorption capacity (mg g-1), kLDF is the kinetic lumped 
parameter (min-1), qL is the Langmuir maximum adsorption capacity 
(mg g-1), KL is the Langmuir constant (L mg-1), C0 is the initial atrazine 
concentration (mg L-1), D0 is the adsorbent dosage (g L-1), Rp is the radius 
of the adsorbent (cm), and Ds is the diffusion coefficient (cm2 s-1). 

2.6. Parameter estimation and evaluation 

The parameter estimations and LDF solutions were done using 
Matlab. The following built-in functions were chosen for the model 
parameters: particleswarm, nlinfit, lsqnonlin. Concerning the LDF solu-
tion, the ode15s was employed for solving the model. In addition, ac-
cording to the Supplementary material (S5), the best model fit was 
evaluated. 

2.7. Thermal regeneration and reuse 

The regeneration tests were performed in cycles: first, the adsorbent 
loaded with atrazine was regenerated through heating. For this, the 
adsorbent was placed in the oven for 2 h at 300 ºC. This process should 
remove the atrazine from its boiling point (205 ºC). Second, 1.5 g L-1 of 
adsorbent was put in contact with atrazine solution (5 mg L-1) and 
agitated for 4 h at room temperature (298 K) and constant agitation 
(150 rpm). After that, the atrazine concentration was measured through 
UV-Vis spectroscopy. This cycle was repeated eight times, always using 
the previously regenerated adsorbent. 

2.8. Treatment of river water containing atrazine 

As herbicides used in crops are frequently leached by rainwater into 
water resources, the performance of BCC in real river water samples was 
analyzed. The Ijuí river is a watercourse in the state of Rio Grande do 
Sul, while the Conceiç ão River is a tributary of the Ijuí River. Both are 
located close to large tracts of crops planted with various crops, mainly 
corn and soybeans. About 100 mL of sample from each river was 
contaminated with 5 mg L-1 of herbicide. Then, 1.5 g L-1 of BCC was 
added to the solution and stirred at 150 rpm. Samples were collected at 
0, 5, 15, 30, 60, 120, and 240 min, then centrifuged. The percentage of 
removal (R, %) was estimated according to Eq. (3): 

Fig. 9. Atrazine spectrum for the (A) Conceiç ão and (B) Ijuí river at different times, percentage of removal according to the river sample, and time (C).  
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R =

(

1-
At

A0

)

100% (3) 

A0 is the area under the spectrum curve before the adsorption, and At 
is the area under the spectrum curve after the adsorption at different 
times. 

3. Results and discussion 

3.1. CBS and CBB characteristics 

The scanning electron microscopy images for the CBS (A) and BCC 
(B) are depicted in Fig. 1. The CBS presents a typical morphology of 
wood-waste-derived biomass, with circular and well-defined structures 
common for Cedrella fissilis. However, after being subjected to pyrolysis 
up to 800 ◦C (BCC), the surface presented irregular and uneven shapes, 
containing new spaces/cavities randomly distributed in the material. 
Therefore, the structure before and after pyrolysis is defined according 
to the organic matter present in the biochar [32]. Sbizzaro et al. [33] 
found a similar behavior when preparing two biochars from bamboo. 
They observed that the increase in temperature from 350◦ to 550◦C 

provided more cavities and irregularities on the material’s surface, with 
greater porosity and, consequently, greater surface area. These new 
spaces are formed with increased production temperatures due to the 
release of volatile compounds and a more regular structure [34]. 

Regarding the textural characteristics, the BCC presented a specific 
surface area (Fig. 2a) of 27.96 m2 g-1, which is relatively low when 
compared to activated carbons [35,36], but high when compared to 
other existing biochars in the literature [37–39]. Furthermore, the N2 
adsorption isotherms showed a hysteresis loop in the region from 0.4 to 
0.9, confirming the presence of mesopores [40]. According to the IUPAC 
classification, the BCC revealed type IV adsorption-desorption isotherms 
with a pore volume of 0.018 cm3 g-1 and a pore diameter of 1.13 nm 
(Fig. 2b) characteristic of a mesoporous structure [41]. This pore volume 
value is close to that obtained by Hollister et al. [42], 0.006 cm3 g-1 for 
corn husk biochar, and by Luo et al. [38], 0.008 cm3 g-1 for corn cob 
biochar. The modification of the carbon structure of the BCC caused by 
the increase in temperature in the pyrolysis step results in changes in the 
textural characteristics, which can favor atrazine adsorption. 

The energy-dispersive X-ray spectroscopy (EDS) results are presented 
in Table 1. It is possible to observe that the carbonization process in-
creases the C % and decreases the O %. This behavior is expected for 
biochars and activated carbons, where the ratio of oxygen per carbon 
tends to decrease. Since, during the carbonization process, the hydroxyl 
groups tend to be broken. Similar results were also reported by Ahmad 
et al. [43] when studying the pyrolysis of peanut shells and by Peng et al. 
[44] for the biochar obtained from sugarcane bagasse. 

The pHpzc value of the biochar was found at 7.51. In this region, the 
pH shows the smallest variation. In the literature, it is possible to 
observe that the pHpzc tends to increase as the pyrolysis temperature 
increases [45]. Therefore, biochars produced at lower temperatures may 
contain more acidic functional groups due to incomplete degradation 
[46,47]. As is the case in this study, biochars produced at higher tem-
peratures have higher pHpzc values and more basic functional groups 
[46,47]. This result agrees with the FT-IR spectra (Table 2), where a 
reduction of functional groups responsible for decreasing the surface 
charge was observed. 

The main bands observed through the FTIR for CBS and BCC are 
presented in Table 2. The great vibrational elongation present at 
3444 cm-1 is typical of the OH bond present in lignin and holocellulose 
[48]. At 1052 cm-1

, there is a CO elongation of the phenolic compounds 
found in lignin [25]. In BCC, the intensity of the bands at 3444 cm-1 

decreases drastically, indicating that a dehydration reaction occurred in 
the cellulose after the pyrolysis process [49]. 

The XRD pattern revealed that both adsorbents do not have a crys-
talline structure due to the absence of sharp peaks. Broad peaks from 10◦

to 30◦ for CBS and from 15◦ to 30◦ for BCC were verified, confirming its 
lignocellulosic structure and indicating that the adsorbents are amor-
phous [48]. For BCC, peaks appearing around 40–50◦ corresponding to 
reflections of the disordered micrographic structure, which are charac-
teristic of activated carbon, were also verified [44]. The XRD image can 
be found in Supplementary Material S6. 

Fig. 3 shows the TGA curves for CBS and BCC. For CBS (black line), 
three well-defined weight loss regions can be visualized. The first stage 
occurs between 25 and 100 ◦C and is proportional to the surface water 
loss [45], corresponding to 7.5% of the total mass. In the second stage, 
from 290◦ to 400◦C, around 60% of the total mass was lost. In this stage, 
the weight loss is relative to the reactions with cellulose and hemicel-
lulose, which release volatile compounds. The final stage was from 400◦

to 800◦C, and this weight loss could be relative to the lignin degradation 
or break of the carbonaceous skeleton. The residual weight of CBS was 
13%. In parallel, only two weight loss stages were found for BCC (blue 
line). The first was from 25◦ to 490◦C, where only 10% was lost. Again, 
this loss is relative to surface water and the degradation of some 
remaining functional groups after pyrolysis. The last step was from 490◦

to 800◦C. This mass loss step is relative to the decomposition of the 
carbonaceous skeleton but was only 10%. The residual weight of BCC 

Fig. 10. Atrazine speciation diagram according to Marvin sketch pKa estima-
tions (A) and different atrazine ionic forms (B). 
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was 78%. These profiles prove that pyrolysis generates biochar with 
high thermal stability. 

3.2. Effects of biochar dosage and pH on the atrazine adsorption 

The effect of the BCC dosage on the herbicide adsorption capacity 
and efficiency is shown in Fig. 4. 

The increase in removal from 25% to 77% occurred when the dosage 
was increased from 0.5 to 2.5 g L-1 due to the greater number of 
adsorption sites. The dosage of 1.5 g L-1 (intersection of the curves) 
obtained excellent removal values (65%) and capacity (2.3 mg g-1), 
which were fixed for the following studies. Finally, the adsorption ca-
pacity (q) values showed an inverse dependence on removal (R %). 
Values decreased from 2.6 to 1.6 mg g-1 when the adsorbent dose was 
increased from 0.5 to 2.5 g L-1 due to the superposition of adsorption 
sites at higher dosages. 

Through Fig. 5, it is possible to observe that atrazine adsorption 
occurs at an acidic pH (between 2 and 4) since as the pH increases from 4 
to 10, the capacity decreases drastically. In this pH range (2− 4), BCC is 
protonated since its pHpzc is 7.51. In parallel, atrazine is considered a 
weak base, with a pKa at 4.20. At these pH conditions, a fraction of 
molecules is neutral, and a fraction is in a cationic form of triazine. In 
this sense, we can point out that the main adsorption interaction type 
depends less on electrostatic forces. The adsorption interactions are well 
detailed in the next sections. In the literature, it is possible to find other 
studies where atrazine adsorption is favored under acidic conditions 
[23,51,52]. As a result, the pH 4 was set for future experiments. 

3.3. Adsorption isotherm and thermodynamics 

The isothermal curves were determined (Fig. 6) to better understand 
the distribution of adsorbate between liquid and solid phases when 
equilibrium occurs. The four sequences of experimental data represent 
the relationship of the herbicide’s adsorption capacity (qeq) on the BCC 
under different concentrations (Ceq). 

First, the shape of the isotherm is analyzed. The curves were convex, 
with an inclined portion at low Ce values, followed by a plateau. This 
shape is near to an "L2" type curve. The inclined portion reveals that the 
proposed adsorbent (BCC) is suitable since higher adsorption capacities 

coupled with low Ce values could be found. Besides, the plateau shows 
that the BCC surface was saturated. Concerning now the temperature 
effect, Fig. 6 reveals an endothermic profile. For example, at higher 
concentrations, the atrazine adsorption capacity on BCC increased from 
5.71 to 7.15 mg g-1 with the temperature increase. This behavior may be 
related to the increase in the energy exchange during the process [53]. 
Salomón et al. [14] also observed that at the same temperature interval, 
the atrazine adsorption capacity increased from 194.2 to 211.5 mg g-1, 
using activated carbon from fruit residues. The same behavior was re-
ported by Alahabadi and Moussavi [54] using activated charcoal pre-
pared from the dry stem of the Calligonum comosum plant when the 
temperature was raised from 283 to 313 K. 

The isothermal data fitted the Langmuir, Freundlich, and Dubinin- 
Radushkevich models (Table 3). The best model was defined through 
the analysis of statistical coefficients. The Langmuir model provided the 
best fit, with the highest values of determination coefficient (R2 

>0.9870), adjusted coefficient of determination (R2
adj> 0.9805), and 

lowest values of ARE (<5.28%) and MSR (<0.099 (mg g-1)2). Further-
more, the capacity values of the model are in agreement with the 
experimental values, increasing with increasing temperature, reaching a 
maximum capacity of 7.68 mg g-1 at 328 K. It was also observed that the 
KL and qL parameters were directly proportional to temperature, indi-
cating the adsorbate/adsorbent affinity and adsorption capacity were 
favored at 328 K [25]. In the literature, it is possible to observe several 
adsorbents that present better adjustment to the Langmuir isotherm in 
removing atrazine, indicating that herbicide molecules tend to adhere to 
the surface of the adsorbent through the formation of monolayers, 
related to homogeneous surfaces [23,33,54–60]. 

By analyzing the adsorption performance of BCC with other adsor-
bents present in the literature on atrazine removal, it was possible to 
observe a good performance of BCC. Salvestrini et al. [51], when using 
Acid-activated zeolite-rich tufts, they reached a maximum capacity of 
1.1 mg g-1, with a concentration varying between 5 and 15 mg L-1. Yue 
et al. [59] reached a capacity of 5.58 mg g-1 for the concentration range of 
5–20 mg L-1 using rice husk as adsorbent. Toledo et al. [61] used 
bentonite modified with benzyl-chloride-octadecyl-dimethyl-ammonium 
and reached a capacity of 4.24 mg g-1 for a concentration of 
10–20 mg L-1 of atrazine. However, it is also possible to observe adsor-
bents with higher adsorption capacity values for higher values of 

Fig. 11. Possible interactions in the atrazine adsorption on BCC at pH of 4.  
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concentration ranges. Wei et al. [18,60] reached maximum capacities of 
46.3 and 222.22 mg g-1, for minimum and maximum concentrations of 
60–110 mg L-1, using activated carbon derived from apricot peel and 
coal-based activated carbon modified with sodium dodecylbenzene sul-
fonate, respectively. 

Table 4 shows the thermodynamic data of atrazine adsorption on 
BCC. It can be seen that Ke values increased with temperature, and 
consequently, ΔG0 values were more negative. This trend indicates that 
the adsorbate/adsorbent product formation favored 328 K and 
confirmed the process’s spontaneity. Besides, the positive ΔS0 indicates 
that some rearrangements occurred on the BCC surface during atrazine 
adsorption. The positive ΔH0 sign confirms that atrazine adsorption on 
BCC was endothermic. The ΔH0 value of 15.72 kJ mol-1 indicates that 
physical interactions are involved in atrazine adsorption, specifically 
Van der Waals interactions or hydrogen bonds, since the value was less 
than 20 kJ mol-1 [62]. This find is consistent with the pH effect, where 
electrostatic forces were discarded. 

3.4. Kinetics and application of the LDF model 

Fig. 7 illustrates the kinetic curves of the BCC/atrazine system and 
represents the time required for the system to reach equilibrium at four 
concentrations at room temperature (298 K). It was observed that as the 
concentration was increased, the faster the system came to equilibrium. 
Thus, the equilibrium was concentration-dependent, being 180, 120, 90, 
and 60 min for the concentrations of 2, 3, 4, and 4 mg L-1, respectively. 
As the concentration increased, an increase in the adsorption capacity 
was also observed, being 0.77, 1.98, 2.09, and 2.3 mg g-1. The behavior 
was observed mainly for the initial concentrations of 3, 4, and 5 mg L-1, 
where the capacity increases rapidly in the first minutes, and then the 
rate decays until reaching equilibrium. A single but suitable explanation 
for this trend is that the BCC surface is free in the first minutes, causing 
the molecules to be rapidly adsorbed. Over time, the surface becomes 
overloaded as where the adsorbate molecules slowly occupy the few 
available places [63,64]. 

The linear driving force (LDF) model was applied to the experimental 
data (Table 5). According to the good values of the statistical parameters 
(R2 ≥0.9613; MSR ≤0.0379 (mg g-1)2, ARE≤ 14.86%), the LDF force 
model can be used to represent the BCC/atrazine system. Added to this, 
the capacity values of the model are in agreement with the values ob-
tained experimentally. Furthermore, the mass transfer coefficient (KLDF) 
and the diffusion coefficient (Ds) increased with the initial concentra-
tion. This behavior confirms that the atrazine adsorption was faster at 
higher initial concentrations. This effect is related to increasing the 
atrazine concentration gradient, which leads to higher intraparticle 
mass transfer and external mass transfer rates [65]. This behavior was 
also reported by Lazarotto et al. [13] and Franco et al. [65] when using 
activated carbons to remove 2,4-dichlorophenoxyacetic and phenol, 
respectively. 

3.5. Regeneration and reuse of BCC 

The material’s regeneration performance is a major advantage for 
adsorption technology in terms of economics and sustainability for in-
dustrial applications. Therefore, just as the retention of adsorbate is 
important, its regeneration capacity must also be analyzed. Fig. 8 shows 
the BCC adsorbent regeneration cycles based on the adsorption capacity 
achieved in each of them. The adsorbent still presents good adsorption in 
the first three cycles. From the first cycle to the third, the material 
maintained practically the same efficiency. However, there is a decrease 
in adsorption capacity from the third cycle. This trend occurred because 
even though BCC has thermal stability, some adsorption sites on the 
surface are degraded during consecutive cycles of thermal desorption. 

3.6. River water treatment 

The BCC removal efficiency was tested using water from two rivers 
without any treatment. The two samples containing 5 mg L-1 of atrazine 
were treated with 1.5 g L-1 of BCC. The spectrum for the Conceiç ão and 
Ijuí rivers at different times and the percentage of removal according to 
time are displayed in Fig. 9. 

The first aspect to be noticed is that the BCC could adsorb the atra-
zine from different river samples. Second, equilibrium was achieved in 
120 min for both samples, reaching a percentage of removal of 76.58% 
and 71.29% for the Conceiç ão and Ijuí rivers, respectively. Thus, it is 
confirmed that BCC has potential atrazine removal in real water sam-
ples. In the study by Lazarotto et al. [13], the authors contaminated a 
water sample from the Jacuí River (Agudo, Rio Grande do Sul, Brazil) 
with 10 mg L-1 of the 2,4-D herbicide. They verified the removal of 70% 
using activated charcoal. In the study by Salomon et al.[14], reduced the 
atrazine concentration from 4.7 µg L-1 to 0.70 µg L-1 in the Jacuí River 
water, using activated charcoal. 

3.7. Adsorption mechanism proposal 

Considering the results from the characterization (FT-IR, EDS, 
pHpzc), solution pH, pKa, speciation of the atrazine, and the thermody-
namic parameters, it is possible to suggest an adsorption mechanism. 
The first step is the proposal of the surface of the adsorbent. From the FT- 
IR before and after the pyrolysis step is expected that the adsorbent 
surface is mainly constituted of OH and C––C groups, forming aromatic 
rings and carboxylic groups. In addition to that, for every eight carbons, 
there is one oxygen. Besides that, the pHpzc was found to be 7.51, 
meaning that the surface of the BCC will tend to present a positive 
surface since the optimum pH was found to be 4. Second, the solution pH 
and pKa of the atrazine are important to understand how the atrazine is 
found in the solution. The atrazine is a molecule without oxygen and a 
triazine (nitrogen/carbon aromatic group), meaning that atrazine has 
several different ionic states. At pH 4, the atrazine molecules have 4 
different states (Fig. 10), 38.53% of the atrazine is found in the neutral 
form; the other percentage is found in the cationic form, divided into 
three different states: 39.31% of the atrazine is found with nitrogen 
cation at position 1 of the triazine group; 22% corresponds to the atra-
zine found with nitrogen cation at positions 3 and 5 of the triazine group 
(each state is 11%). Last, the enthalpy value indicates that the adsorp-
tion has a physical nature. This pattern indicates that the adsorption 
mainly occurs due to hydrogen bonding, π–π or n–π interactions [66,67]. 

It should be noted that 61.3% of the atrazine will have a positive 
charge, and the remaining is found in neutral form. Since at low pH, the 
surface of the adsorbent may have a positive charge, it is expected that 
electrostatic force should not occur. However, due to the possibility of 
the aromatic ring on the surface and the triazine of the atrazine, it is 
expected that n–π interactions could occur in the form of cation–π in-
teractions. Besides that, traditional hydrogen bonds between the neutral 
atrazine and adsorbent are also expected. A summary of the possible 
interactions between the BCC and the atrazine is shown in Fig. 11. 

4. Conclusions 

The application of residual sawdust from the wood industry chain of 
the species Cedrella fissilis was promising for the production of porous 
biochar. The developed adsorbent efficiently removed the atrazine 
herbicide in a synthetic mixture and a contaminated river water sample. 
Adsorption was favored under acidic conditions for an ideal dosage of 
1.5 g L-1 of biochar and a temperature of 328 K. The maximum capacity 
obtained by the Langmuir isotherm was 7.68 mg g-1. Thermodynamic 
parameters confirmed the endothermic nature. The LDF kinetic model 
satisfactorily represented the experimental data, obtaining a diffusion 
coefficient ranging from 5.31 × 10-8 to 2.49 × 10-5 cm2 s-1. Besides, the 
biochar can be reused in up to 3 cycles. In water samples from two rivers 
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contaminated with atrazine, biochar obtained maximum removals 
higher than 70% in a time of 120 min. Finally, it is suggested that n–π, π 
–π and H-bonds were the main interactions between atrazine-biochar. 
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