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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Green strategy for developing advanced 
heteroatom-doped biomass-derived car-
bon materials. 

• Nitrogen doping strategy boosted the 
number of functionalities on the biochar 
surface. 

• Nitrogen doping boosted dye adsorption 
capacity due to the multiple 
mechanisms.  
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A B S T R A C T   

Heteroatom doping is a highly effective strategy that can be used to modify carbonaceous adsorbents to improve 
their chemical reactivity and increase their adsorptive properties. Herein, a simple method is reported for the 
preparation of nitrogen-doped biochar using a natural and abundant biowaste from birch trees and melamine as 
a nitrogen dopant for the adsorption of Acid red 18 (AR-18) dye from water. The doped biochars were also 
characterized for their performance during the treatment of synthetic effluents. The physicochemical charac-
terization results showed that the N-doping process provoked remarkable chances on the biochar morphology, 
pore structure, and surface functionalities. N-doped biochar showed abundant nitrogen functional groups with 
5.4 % of N in its structure while non-doped carbon showed traces with 0.47 %. Moreover, the specific surface 
area of doped biochar was dominated by mesopores (86.4 %) while non-doped was dominated by micropores 
(67.8 %). Raman analysis showed that the incorporation of N created more defects in the biochar structure. The 
adsorption experiments showed that the N-doping boosted the biochar adsorptive performance. The maximum 
adsorption capacity of the doped biochar was 545.2 mg g− 1, while the non-doped exhibited 444.5 mg g− 1, i.e., an 
increase of 22.6 %. The kinetic and equilibrium studies showed that Avrami fractional order and Liu models were 
the most suitable for describing the experimental AR-18 dye adsorption data. The equilibrium parameters were 
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found to obey a nonlinear relationship with the temperature. Since the biochars are highly porous, pore filling 
was the main adsorption mechanism, however; AR-18 dye removal suggests that interactions such as electro-
static, hydrogen bonds, Lewis acid-base, and π-π between the adsorbent and the dye are involved. The ther-
modynamic studies showed that the removal of the AR-18 dye from the solution is dependent on temperature, 
exothermic, and spontaneous. The N-doped biochar showed excellent removal performances of contaminants 
from synthetic effluents confirming their high efficiency for color removal. This research shows that N-doping is 
an efficient strategy to design effective, low-cost, and sustainable adsorbents to remediate dye contamination in 
wastewater.   

1. Introduction 

Contamination of water bodies by dyes from industrial wastes has 
become a serious environmental issue due to the toxicity and carcino-
genicity features of these compounds [1,2]. Among several classes of 
dyes, azo (anionic) dyes, where the Acid red dye 18 fits in, are generally 
found in wastewater of dyeing industries [3]. They are widely used and 
highly soluble in water, which makes them dangerous to the environ-
ment and living organisms [3]. The presence of dyes in water negatively 
affects aquatic life by not allowing the proper penetration of sunlight 
and hindering photo-synthesis, thus causing eutrophication of lakes and 
rivers [3]. Research has shown that exposure to azo dyes can provoke 
skin issues and also lead to cancer and cell mutation in humans [3–5]. In 
addition, these types of dyes are worldwide-used and nearly 10–15 % of 
the dyes used in dying processes are discharged into sewage systems, or 
in the worst cases, into rivers. The toxicity and harm that these types of 
chemicals can cause to the environment are some of the reasons why 
their removal from industrial effluents is extremely important. 

There are many methods for removing dyes from wastewater, 
including nano-filtration [6,7], reverse osmosis [7], electrocoagulation, 
and advanced oxidation methods [8,9]. However, such operations de-
mand very high implementing/operating costs, lead to formation of 
by-products, and in many cases are inefficient. Among affordable, effi-
cient, simple and well-known methods for removal of pollutants from 
water, adsorption with activated carbon/biochar is one of the best 
choices [10–13]. In general, well-developed pore structures and very 
high specific surface area (SSA) as well as surface functionalities are key 
factors for an efficient adsorption process [14]. 

Activated carbon/biochar adsorbents with different physicochemical 
and adsorptive properties can be easily produced from biomass wastes), 
resulting in the production of adsorbent materials with different physi-
cochemical and adsorptive properties [10,14,15]. In addition, carbon 
materials are easily modified by doping heteroatoms (such as oxygen, 
nitrogen, sulphur, boron, and phosphorus) in their structures to improve 
their physicochemical and adsorptive properties. Besides, non-metal 
doping methods are sustainable, efficient, low-cost, and 
environment-friendly and suitable to replace toxic metals and their ox-
ides [15–17]. 

Heteroatom doping is the most employed strategy to introduce 
functionalities on biomass-derived carbon surfaces [12–14], the het-
eroatom doping induces electron density changes that modify the po-
larity of the carbon surface, promoting the formation of binding sites for 
molecules or ions, and therefore, boosting their adsorption properties 
[16,18]. Nitrogen (N) is one of the most suitable heteroatoms for doping 
whereas N atoms are able to break the basic sp2 -hybridized structure 
and create new active sites on carbon material structure [18,19]. Ni-
trogen doping often occurs within the graphitic planes and enhance the 
inner-plane defects by adjusting its internal configuration such as elec-
tron density of local carbon atoms, active sites, and surface functional 
groups that could boost its adsorptive properties through electrostatic 
interactions [18–20]. Also, N doping creates edge defects that can in-
crease its porosity and therefore adsorptive properties [20]. 

Works dealing with nitrogen doping to boost the adsorption prop-
erties of activated biochars are available in the literature. Lian et al., 
[21] prepared N-doped microporous biochar from crop straws under the 

presence of NH3 as a dopant agent. The doped biochar exhibited high 
microporosity (71.5 %) and 8.81 % of N in its structure. When tested as 
an adsorbent of dyes such as acid orange 7 and methyl blue, the doped 
biochar presented extremely better performance than non-doped 
(around 15 times higher). The authors stated that the N insertion into 
the biochar matrix changed its electron density distribution and created 
new surface functionalities, which resulted in better and stronger in-
teractions between the doped surfaces and the dyes. 

Herein, nitrogen-doped biochar was synthesized using birch tree 
wastes as a carbon precursor. The birch (Betula spp.) genus includes 
dozens of tree species densely distributed in North America, Asia and 
Europe, including northern Finland and Sweden [22]. Melamine was 
used as a nitrogen dopant, and the activation was done using single-step 
pyrolysis. Non-doped biochars were used for comparison. The effect of 
the doping on the biochar’s final physicochemical properties was sub-
jected to a deep investigation. The produced biochars were employed to 
remove Acid red 18 dye from aqueous solution and to treat synthetic 
effluents containing several dyes and pollutants usually found in 
wastewater. In practice, the idea is to develop a sustainable and green 
strategy to produce high-performance biomass adsorbent materials able 
to treat synthetic and real wastewater. The current knowledge has 
important gaps between the production of activated biochars from 
different biomass resources, employing different synthesis routes, and 
doping methods, and how these influence their physicochemical and 
adsorptive properties. Therefore, is expected that this research can help 
to reduce the gaps by directly correlating the carbon properties linking 
with its preparation and doping processes. 

2. Materials and methods 

2.1. Preparation of the activated biochars 

Waste generated during harvest of birch (Betula spp.) trees grown in 
Umeå, Sweden was ground using a hammer mill equipped with a 1 mm 
sieve and used as such. The biochars were prepared according to the 
method described by Gonzalez-Hourcade et al. [20]. Briefly, the biomass 
samples were mixed with H3PO4 (50 wt. %) at a weight ratio of 1:4 
(dried biomass:acid) plus 30 % of melamine (dry weight biomass:mel-
amine), kneaded until a homogenous paste was formed, and dried in an 
oven at 80 ◦C overnight. For the non-doped biochar, the same procedure 
was used but without the addition of melamine. The impregnated 
samples were pyrolysed using a specially designed reactor at a tem-
perature of 800 ◦C in a nitrogen atmosphere for 1 h. The temperature of 
the sample was increased at 10 ◦C/min. Finally, samples were ground 
using a hammer mill and sieved to a particle size range of < 200 µm. To 
wash away the remaining and by-products from the pyrolysed carbon 
materials, they were washed several times with boiling deionized water 
until the pH of the wash water was equal to the pH of the deionized 
water. Hereafter, these samples are named Non-doped biochar and 
N-doped biochar. 

2.2. Characterization of the biochars 

Specific surface area (SSA) and micro/meso pore structure were 
obtained using a sorptometer (Tristar 3000, Micromeritics Instrument 
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Corp., Norcross, GA, USA). The SSA was calculated from Bru-
nauer–Emmett–Teller (BET) method, and pore size distribution using 
the Barrett− Joyner− Halenda (BJH) model. X-ray photoelectron spec-
troscopy (XPS) was performed via a Kratos spectrometer following 
standard procedures. Raman spectra of the adsorbents were obtained 
using a Bruker Bravo spectrometer (Bruker, Ettlingen, Germany). The 
point of the zero charge (pHpzc) value was obtained by plotting 
measured zeta potential value with pH measured via a Zetasizer Nano 
ZSE 3700 (Malvern Instrument Co., UK) at 298 K varying pH from 2 to 
10. The elemental analysis of the birch biomass was performed using an 
elemental analyser (EA-IsoLink, Thermo Fisher Scientific). Shortly, 0.05 
g oven-dried samples were used to determine total carbon (C), nitrogen 
(N), oxygen (O), and hydrogen (H) contents. The results showed con-
tents of 48.56 %, 44.14 %, 5.88 % and 0.04 % of carbon, oxygen, 
hydrogen and nitrogen contents, respectively. 

2.3. Adsorption studies 

De-ionized water was used for the preparation of the AR-18 dye so-
lutions. The batch mode was employed to evaluate the applicability of 
the non-doped and nitrogen doped biochars in removing AR-18 dye from 
aqueous solutions. The effect of the pH, initial dye concentration, and 
solution temperature on AR-18 dye adsorption were investigated. All 
adsosption experiments were performed using 30 mg of each biochar 
into 20 mL of AR-18 dye using 50.0 mL Falcon containers. For isotherms 
studies, AR-18 initial solution concentrations from 70 to 1000 mg L− 1 

were employed in the experiments. The effect of the pH was determined 
by varying the pH from 2 to 10. The kinetic AR-18 dye removal on 
biochars was studied varying contact time from 0 to 250 min with an 
AR-18 dye initial concentration of 500 mg L− 1. The effect of temperature 
and thermodynamic studies were performed at temperatures of 298, 
308, and 318 K. All adsorption experiments were performed at a con-
stant shaking speed of 200 rpm. After adsorption, the residual solutions 
of AR-18 were quantified using a UV-Visible spectrophotometer (Shi-
madzu 1800) at a maximum wavelength of 510 nm. The removal ca-
pacity and the percentage of AR-18 removal are obtained from Eqs. (S1 
and S2), respectively (see Supplementary material). 

2.4. Kinetics, equilibrium, and thermodynamics studies 

Kinetic adsorption results were evaluated using pseudo-first-order 
(PFO), pseudo-second-order (PSO), and Avrami fractional-order 
models. Isotherms were explored using the nonlinear isotherm models 
of Freundlich, Langmuir, and Liu. The adsorption thermodynamics was 
attained by the van’t Hoff approach, whose equilibrium constant was 
accessed from the best equilibrium constant obtained in the isotherms 
from 298 to 318 K. Details of these models are given in the Supple-
mentary material. 

2.5. Synthetic dye effluents 

For the lab-made effluents, de-ionized water was used for the prep-
aration the synthetic effluents containing several dyes and compounds 
as listed in Supplementary Table S1. Two different lab-made effluents 
with different compositions were prepared to evaluate the biochars’ 
effectiveness for treating simulated real effluents. 

3. Results and discussion 

3.1. Biochars textural features 

Among important features of an adsorbent, the specific surface area 
and pore structure play usually a huge weight on the adsorbent’s 
adsorptive performance. N2 adsorption isotherms and pore size distri-
butions of the prepared biochars are displayed Fig. 1a, where is observed 
an obvious and significant difference in their pore structures and 
porosities. 

Regarding N2 adsorption isotherms, according to the IUPAC classi-
fication [23], the isotherm for the non-doped biochar seems to have a 
curve with a portion of type I (which is related to the microporous 
behavior), especially at low partial pressure that adsorbs high amounts 
of N2. It also shows a portion of type IV (which is related to the presence 
of mesopores), which is highlighted by the presence of hysteresis. The 
N-doped biochar exhibits a curve closer to type IV, with a predominant 
presence of mesoporosity. However, both biochars show a combination 
of micro and mesopores in their structures. 

The differences in textural properties suggested by N2 isotherms are 
highlighted by the pore size distribution curves (Fig. 1b). Non-doped 
biochar shows larger quantities of small mesopores (from 2.6 to 
10.0 nm), and micropores centred at 1.9 nm. The nitrogen-doped sam-
ple besides shows a large amount of small mesopores, and also portions 
of big mesopores from 25 to 50 nm as well as some macropores up to 
85 nm. These values are in accordance with the N2 isotherms, as pre-
viously discussed. 

These differences in the pore size distribution could affect the SBET of 
the biochars, which in turn, affect their adsorptive properties that are 
partially dependent on the pore structure of the adsorbents besides SBET. 

Table 1 shows the SBET, AMicro, and AMeso of the biochars. The non- 
doped biochar has a higher SBET compared to that of the N-doped bio-
char, although 7.4 % higher. A small difference, therefore, it can be 

Fig. 1. a) N2 adsorption-desorption isotherms and b) pore size distribution of the biochars.  

Table 1 
Surface area analysis of the biochars.   

SSA AMicro AMeso Pore volume  

(m2 g− 1) (cm3 g− 1) 

Non-doped biochar  1086  736  266  0.8964 
N-doped Biochar  1003  219  867  0.5791  
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stated that the doping process with nitrogen did not reduce the SBET 
value to a large extent. However, it is in the pore structure that the N- 
doping showed to have more influence. The doped biochar exhibited a 
very high mesopore surface area equal to 867 m2 g− 1 (showing a 
structure composed of 86.4 % of mesopores) while non-doped biochar 
67.8 % of micropores. Thus, it is obvious that nitrogen doping signifi-
cantly influenced the biochar pore structure, which can also effectively 
influence its adsorptive performances. The reduction in the SBET could 
be due to the collapse of some of the pore walls as the pore width in-
crease leading to an increased mesoporosity [24]. It is reported that the 
introduction of nitrogen-containing substances during the modification 
of the biochar might cause the blockage of some micropores as well as its 
widening to become mesopores and therefore helping to reduce the SBET 
that is largely contributed by the number of micropores [24,25]. 

Compared to SBET values of doped biochar available in the literature, 
the surface area achieved in this work was higher than in many reports 
[20,21,25]. For instance, Li et al. [25] employed herb residue to produce 
nitrogen-doped biochar and the non-doped and N-doped biochar pre-
sented SBET of 171.6 and 96.6 m2 g− 1, respectively. Gonzalez-Hourcade 

et al. [20] prepared N-doped biochar from microalgae biomass and 
found that the N-doping increased the SBET from 324 to 433 m2 g− 1. 

The surface morphology and textural features of the non-doped and 
N-doped biochar were analyzed using SEM-EDX analyses. The SEM 
images at different magnifications are shown in Fig. 2. The non-doped 
biochar showed particles with bigger sizes, smooth surfaces and much 
less roughness in comparison with N-doped biochar, which showed a 
rough structure. This indicates that nitrogen doping caused a strong 
influence on biochar morphology. Such difference could be attributed to 
the formation of a biochar’s structure rich in defects upon the incorpo-
ration of nitrogen atoms into the graphitic carbon network, which could 
reflect better adsorptive performances. SEM images at higher magnifi-
cation (125.000x) are shown in Supplementary Fig. S1. At this magni-
fication, no obvious differences are observed, and both samples display 
very rough surface structure, suggesting these biochars are highly 
porous as indicated in both Fig. 1 and Table 1. Results of SEM analysis 
indicate that N-biochar with different textural properties has been suc-
cessfully prepared. 

Fig. 2. SEM images at different magnifications (a, b and c) non-doped biochar and (d, e and f) for N-doped biochar.  

Fig. 3. a) XPS survey spectra for non-doped and N-doped biochars and b) deconvoluted N 1 s peaks.  
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3.2. Chemical composition of the biochars 

The elemental compositions and chemical states of the biochars were 
determined by X–ray photoelectron spectroscopy (XPS). The XPS survey 
spectra of both biochars are shown in Fig. 3a. C 1 s, N 1 s, O 1 s, and P 
2p, P 2 s were detected in doped biochar while N 1 s is not present in 
Non-doped biochar, which confirms the successful doping process. 

Since the presence of N in non-doped biochar was very small (0.47 %, 
atomic ratio %, See Table 2), only the N 1 s spectra, of the doped bio-
char, is shown (See Fig. 3b). The spectra was deconvoluted into five 
peaks at 398.0 eV (pyridine-N), 399.3 eV (Graphitic-N), 400.8 eV 
(pyrrolic-N), 402.8 eV (C-NH2+), and 404.2 eV (oxidized-N), respec-
tively. As shown in Fig. 3 and Table 2, pyrrolic- and pyridine-like N are 
the main states in doped-biochar [20,26,27]. 

Table 2 shows that while only a trace of 0.47 % of N content is in non- 
doped, N-doped biochar possesses 5.4 % of N, which is higher than many 

N-doped biochars reported in the literature. Ji et al. [26], reported the 
preparation of doped biochar using marine algae as precursor; the doped 
biochars possessed nitrogen content ranging from 1.53 % and 3.47 %. 
Lin et al. [27] prepared N-doped carbon employing urea as N source 
with a biomass precursor: urea ratio of 1:0.5, and the resulting material 
exhibited a N amount of 3.4 % in its structure. 

Table 2 also highlights the presence of phosphorous in both biochars 
that comes from the activation process that was made with H3PO4. The 
XPS analysis showed a large presence of O in both samples (being 
slightly higher in the doped sample). Nitrogen doping resulted in bio-
char rich in N and O, which may indicate a big amount of biochar surface 
functionalities, which often reflects better adsorptive properties. 

So far, some characterization has proved that the N-doping provoked 
important changes in biochar structure; therefore, the effect of N-doping 
on biochar properties is further investigated by Raman analysis, which 
gives valuable information on the order/disorder and degrees of bio-
chars graphitization [20,28,29]. 

Fig. 4 shows that both biochars showed two characteristic peaks at 
1335 cm− 1 (D-band) and 1610 cm− 1 (G-band). The D-band is related to 
C atoms of defects or disordered structures, normally dominant in 
amorphous biochar made from biomass, while G-band represents carbon 
atoms with an sp2 electronic configuration in graphite structures [20,28, 
29]. In addition, from Raman spectrum, the ratio between D and G peaks 
(ID/IG) is often employed to determine the degree of graphitization of 
the biochar. 

The N-doped biochar showed higher ID/IG (2.0) compared to Non- 
doped biochar (1.7) (see Fig. 4), and therefore more defects and less 
graphitic structures. Generally, defects in the biochars/adsorbents could 
provide adsorption sites, which can be responsible for boosting their 
adsorptive properties. Therefore, nitrogen doping may have provided a 
biochar with better adsorptive performances. 

3.3. Zeta potential (pHpzc) and pH effect on AR-18 removal 

The pHpzc of the biochars was performed, indicating the point where 
the biochar’s surface potential is equal to zero, which also indicates that 
values under pHpzc the biochar surface charge is positive and above is 
negative. The effect of N-doping on surface zeta potentials of the bio-
chars in relation to the pH of solution are compared in Fig. 5a. The pHpzc 
of N-doped biochar was 5.2 which is more than the non-doped biochar 

Table 2 
Biochars XPS elemental analysis (at. ratio %).    

XPS     N1s state   

C1s O1s N1s P2p N/C N1 N2 N3 N4 N5 

Non-doped biochar  86.51  8.95  0.47  0.90   0.12  0.10  0.15 -  0.10 
N-doped-biochar  83.42  9.43  5.40  1.99   1.36  1.11  1.7 0.5  0.7 

N1 = Pyridinic; N2 = Graphitic; N3 = Pyrrolic; N4 = C-NH2+;N5 = Oxidized 

Fig. 4. Raman spectra of biochars.  

Fig. 5. a) Zeta potential and pHpzc of the biochars, and b) effect of the pH on AR-18 dye removal.  
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(3.2). The doping of biochar with nitrogen due to its low electronega-
tivity (3.04) compared to oxygen (3.44), affects biochar surface chem-
istry and isoelectric point [30]. pH < pHpzc, it would be favorable for the 
AR-18 anionic dye adsorption. This means that the N-doped biochar 
surface is positively charged at pH below 5.15, which favours the 
removal of anionic AR-18 [31–34]. 

The effect of the initial pH of AR-18 solution on the adsorption ef-
ficiency was investigated (see Fig. 5b). The initial pH was varied from 2 
to 10 and it is observed that the pH did influence the AR-18 removal. AR- 
18 is an anionic dye with pKa <1 (See Supplementary Fig. S2), which 
comprises mainly sulfonic acid groups (R-SO3Na) [33]. During the 
adsorption process, the positively charged groups of biochars were 
electrostatically attracted to AR-18 since it is an anionic dye. As the pH 
value of AR-18 solution increases, the AR-18 adsorption decreased due 
to the Coulombic repulsion between the negative surface charge from 

the nitrogen and PO4
3− species of Biochars and the dominant SO3

− species 
of AR-18 [33,34]. Besides, the reduced adsorption at higher pHs can also 
be attributed to the competition with OH− ions towards adsorption 
sites. 

3.4. Kinetic Study 

The kinetics of adsorption is one of the most crucial steps to evaluate 
the efficiency of an adsorbent during the adsorption process and, thus, it 
hugely determines the feasibility of the adsorption system and potential 
application of the adsorbents. The kinetics of AR-18 uptake on biochars 
were performed using pseudo-first order (PFO), pseudo-second order 
(PSO), and Avrami fractional order (AFO) models (equations shown in 
the Supplementary material). Fig. 6 shows the results from the mea-
surements and Table 3 the parameters obtained from each model. It 
seems that the AR-18 molecules are rapidly adsorbed during the first 
30 min for non-doped biochar and 45 min for the doped biochar. This 
difference could be due to the fact that N-doped biochar has more active 
sites that require more time to be filled up with AR-18 molecules, and 
then gradually reach equilibrium. 

To examine the kinetic models fitness, R2
adj and SD were evaluated. 

The model that gives the best fitting must exhibit the highest R2
adj and 

lowest SD [35–37], meaning a smaller disparity among experimental 
and theoretical q values. 

Form the results one can see that AFO was the most suitable, for both 
biochars. The AFO is a largely applied kinetic model to describe many 
different adsorption systems (different types of adsorbents – adsorbates) 
[35–37]. AFO suggests that the adsorption process is very complex with 
multiple pathways, with the possibility of changes in the adsorption 
mechanism, while it is taking place, by following multiple kinetic orders, 
which change during adsorbent–adsorbate contact [35–37]. The nAV 
exponent suggests that the adsorption has multiple kinetic orders, and 
usually it has a fractional value [35,36]. 

Considering the complexity of the AFO, as above mentioned, the 

Fig. 6. Kinetic curves of AR-18 adsorption onto biochars. Experimental conditions: 400 mg L-1 of initial concentration, adsorbent dosage of 1.5 g L− 1, initial pH of 
6.0 and 298 K:. 

Table 3 
Kinetic model results for AR-18 adsorption.   

Non-doped biochar N-doped biochar 

Pseudo-first order     
q1 (mg g− 1)  212.5  336.5 
k1 (min− 1)  0.06749  0.05131 
R2

adj  0.9912  0.9936 
SD (mg g− 1)  7.362  9.810 
Pseudo-second order     
q2 (mg g− 1)  234.4  378.2 
k2 (g mg− 1 min− 1)  0.0004968  0.0001761 
R2

adj  0.9654  0.9835 
SD (mg g− 1)  14.60  15.82 
Avrami-fractional order     
qn (mg g− 1)  211.2  339.1 
kn [min− 1 (g mg− 1)n− 1]  0.06796  0.05029 
nAV  1.122  0.9170 
R2

adj  0.9922  0.9951 
SD (mg g− 1)  7.000  9.044  
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Fig. 7. Isotherms of adsorption for AR-18 on non-doped (a, c and e) and doped biochars (b, d and f) at different temperatures (298, 308 and 318 K). Experimental 
conditions: Adsorbent dosage of 1.5 g L− 1, initial pH of 6.0. 

Table 4 
Equilibrium model results for AR-18 adsorption.  

Isotherm model Non-doped biochar Nitrogen-doped biochar 

Temperature Temperature 

298 K 308 K 318 K 298 K 308 K 318 K 

Langmuir             
qe (mg g− 1)  401.9  423.7  464.5  524.7  539.1  542.6 
k1 (min− 1)  0.01191  0.01458  0.01532  0.009300  0.001920  0.02086 
R2

adj  0.9917  0.9960  0.9972  0.9869  0.9875  0.9889 
SD (mg g− 1)  11.92  8.888  8.159  18.87  20.10  19.79 
Freundlich             
kF ((mg g− 1)(mg L− 1)− 1/nF)  53.06  50.30  54.96  39.29  57.54  80.36 
nF (dimensionless)  3.304  3.062  3.031  2.566  2.896  3.306 
R2

adj  0.9399  0.9310  0.9334  0.9322  0.9249  0.9279 
SD (mg g− 1)  18.77  36.95  40.10  42.93  49.34  50.43 
Liu             
Qmax (mg g− 1)  391.2  403.4  444.5  471.1  514.2  545.2 
Kg (L mg− 1)  0.01370  0.01616  0.01685  0.01151  0.01528  0.02066 
nL (dimensionless)  1.000  1.150  1.130  1.298  1.137  0.9861 
R2

adj  0.9998  0.9971  0.9981  0.9899  0.9878  0.9895 
SD (mg g− 1)  6.421  7.524  6.653  16.55  18.22  17.96  
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intraparticle diffusion process was performed to evaluate the kinetic 
measurements by the rate-limiting step of the AR-18 removal process 
(see Fig. 6c and d). The adsorption of AR-18 was characterized by two- 
stage processes, i.e., fast initial adsorption to outer surfaces, followed by 
a slow diffusion into the inner pores of the carbons. In the first stage, the 
concentration of AR-18 was very high, which provided a large mass 
transfer force for diffusion. The curves show that doped carbon seems to 
have a longer first stage, maybe due to the presence of more adsorption 
sites and bigger pores, making a high adsorption rate for AR-18. For 
instance, N-doped carbon has a lot more mesopores than non-doped 
which is predominantly microporous, and bigger pores can accommo-
date more AR-18 molecules and therefore may need more time for the 
diffusion to take place. As the adsorption proceeded, the AR-18 con-
centration is reduced as well as the difference between the solid− liquid 
concentrations, which makes the adsorption rate diminish. 

3.5. Equilibrium studies 

Isotherm of adsorption is largely employed to understand the inter-
action between adsorbent- adsorbate system at optimum conditions. In 
addition, it helps to evaluate the effectiveness of an adsorbent because it 
gives its maximum adsorption capacity, and therefore, it is essential to 
design an efficient adsorption process. Thus, the isotherms of adsorption 
for AR-18 on non-doped and N-doped biochars were performed to 
evaluate the adsorption equilibrium process. To evaluate the effect of 
the temperature of the solution containing the dye on the adsorption, 
measurements were done at 298, 308 and 318 K. The Langmuir, 
Freundlich and Liu isotherm models were employed and discussed. The 
equations of each model are shown in the Supplementary material. 

The isotherm curves and parameters are displayed in Fig. 7 and  
Table 4, respectively. Fig. 7 shows that for both carbons and all tem-
peratures, the adsorbed amounts of AR-18 sharply enhanced as the 
initial concentration increased, due to the significant driving force from 
the concentration gradient to overcome the mass transfer resistance of 
AR-18 between the aqueous phase and solid phase. 

The isotherm curves show that the N-doped biochar had better per-
formance on AR-18 removal compared to non-doped biochar. These 
results are interesting because it shows that the adsorption process does 
not correlate only with the SBET (non-doped had a SBET 7.4 % higher) but 
also the nitrogen doping may have significantly influences in the AR-18 
adsorption due to the incorporation of surface funcionalities already 
mentioned in XPS results. 

The isotherm curves also show that the adsorption capacity increased 
as the temperature increased; however, the detailed explanation on the 
effect of temperature on AR-18 removal is further examined in the next 
section, thermodynamic studies. 

The equilibrium models and their suitability was evaluated as made 
for the kinetic measurements. Thus, the Liu model resulted in the highest 
R2

adj and lowest SD values, being then the best model to describe the 

adsorption equilibrium for AR-18 on both biochars at all studied tem-
peratures. This suggests that the qmax from Liu model were very close to 
those found experimentally. Further comparing the other models, 
Freundlich shows a clear lack-off-fit and Langmuir parameters are very 
closer to Liu’s parameters, which may suggest that AR-18 removal on 
biochars takes place mainly through monolayer adsorption on a homo-
geneous surface is assumed by the Langmuir model, with minimum in-
teractions among AR-18 molecules and biochars. 

3.6. Comparison of N-doped biochar qmax with the literature data 

In Table 5 values of maximum adsorption capacity (qmax) of AR-18 
dye for different types of adsorbents reported in the literature are 
compared to the results from this work. From the table, one can see that 
the qmax of the nitrogen-doped biochar is among the third-highest per-
formances for AR-18 dye adsorption compared to the other adsorbents. 
The highest qmax value is 771.1 mg g− 1, which was achieved by an 
adsorbent based on Magnetic Chitosan/Carbon Nanotube composites, 
and although it presented a higher qmax value than N-doped biochar 
(545.2 mg g− 1), its production cost is much higher than N-doped bio-
char. Thus, considering that the cost of the adsorbent fabrication is an 
important parameter to observe, biomass-based doped biochars can be 
labelled as effective adsorbents to treat dye-polluted effluents. 

3.7. Thermodynamic studies 

To successfully evaluate the temperature effect on AR-18 adsorption, 
it is mandatory to obtain the thermodynamic process and its parameters. 
Thermodynamic studies of any adsorption process bring important in-
sights regarding the nature of the adsorption process in terms of spon-
taneity, feasibility, randomness, exothermicity or endothermicity [46]. 
The Gibbs’s free energy (ΔG◦) is a fundamental parameter of the spon-
taneity of the adsorption system, and it can take place spontaneously 
whether ΔG◦ has a value >0. A positive standard entropy (ΔH◦) value 
indicates that the adsorption phenomenon is endothermic, while a 
negative value means an exothermic adsorption process. The magnitude 
and sign of entropy (ΔS◦) indicate the degree of randomness or disorder 
of the system. 

Table 6 shows that ΔG◦ and ΔS◦ presented negative and positive 
values, respectively, meaning that the AR-18 removal on both biochars 
is spontaneous and favourable. Both biochars presented positive values 
for ΔS◦, which suggests an increase in the randomness of the adsorption 
process at the solid/solution interface during the uptake of AR-18 dye 
molecules and suggests a high affinity between biochars and AR-18 dye. 
ΔH◦ for both biochars were negative, highlighting the exothermic na-
ture of the removal of AR-18 on both biochars. The magnitude of 
enthalpy suggests that physical adsorption was the main mechanism 
involved in the process since its values are <40 kJ mol− 1 [20,47]. 

3.8. Mechanism of adsorption for AR-18 dye on N-doped biochar 

A mechanism of adsorption between AR-18 and N-doped biochar can 
be stated based on the biochars’ physicochemical characteristics 
(porosity and chemical surface and functionalities) and adsorption 

Table 5 
Comparison of the qmax for AR-18 dye using different adsorbents.  

Adsorbents qmax (mg g1 ) pH Ref. 

Granular ferric hydroxide  29.13  5.0 [34] 
Chitosan- hydrogel composites  342.5  2.0 [38] 
Chitosan films  194.6  7.0 [39] 
Copper dithiocarbamate-modified starch  99.1   [40] 
Magnetic Chitosan/Carbon Nanotube 

composites  
771.1  3.0 [41] 

Activated carbons peach H4P2O7  34.24  3.0 [42] 
Multiwall carbon nanotubes  166.6  3.0 [43] 
Graphene oxide/zero-valent iron composites  26.6  2.0 [44] 
Diethylenetriamine-modified starch  700.6  4.0 [45] 
Non-doped biochar  444.5  6.0 This 

work 
Nitrogen doped biochar  545.2  6.0 This 

work  

Table 6 
Thermodynamic parameters of AR-18 on biochar adsorbents.  

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

Non-doped biochar   
298  7706  -22.17  -8.202  102.1  

308 9090 -23.34  
318 9478 -24.21 

Nitrogen doped biochar   
298  3430  -20.17  -23.10  145.0  

308 4553 -21.57  
318 6157 -23.07  
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results [18,47–49]. The high adsorption of AR-18 by the N-doped bio-
char was achieved due to physical effects (e.g., pore-filling mechanism) 
and chemical interactions (e.g., electrostatic attraction, H-bonding, 

π − π interactions, Lewis acid-base interaction) [18], see Fig. 8. Since 
the biochars are very porous, physical adsorption through pore filling 
should be the principal mechanism involved in the process [10,36,37] 

Fig. 8. Mechanism of adsorption involved in the AR-18 dye removal onto N-doped biochar.  

Fig. 9. Treatment of lab-made dyes effluent. a) Effluent A; b) Effluent B.  
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although other also takes place in removing AR-18 from the aqueous 
solution. Doping N on carbon matrix generates positive clouds due to 
electronegativity differences that boost the electrostatic attraction of 
anionic dyes such AR-18 [18]. For instance, Wang et al. [47] stated that 
N-functionalities withdrew the π-electrons from biochar’s graphene 
layers, which created positive sites that acted as acceptors of π-electron 
that interact with aromatic rings of AR-18 (π-electron-enriched). Under 
acidic conditions and pHs lower than 3.2 and 5.2, for non-doped and 
doped biochars, respectively; the mechanism of AR-18 removal is based 
on unprotonated nitrogen groups (e.g., -NH2) on doped biochar surface 
that are protonated to form − NH3

+ positively charged groups electro-
statically attracting the negatively charged − SO3

− group on AR-18 dye 
species [13]. 

At pH higher than 3.2 and 5.2 (for non-doped and doped biochar, 
respectively), other interaction such as hydrogen bonding contributes to 
the adsorption process that takes place among a hydrogen donor and 
acceptor present on the biochar surface (–NH2, –OH, –COOH, O-, etc.) 
[47,49]. Lewis acid–base interactions can also happen between N-doped 
biochar and AR-18, biochars have functionalities that might donate 
electrons (N- and O) and act as Lewis bases. Electrostatic interactions are 
also involved in the AR-18 dye removal that take place between moieties 
with opposite charges and this mechanism is dependent of solution pH. 

3.9. Treatment of synthetic dye effluents 

The adsorption experiments have proven that N-doped biochar was 
highly effective on removing AR-18 from aqueous solutions. This is a 
strong indicative that the biochars could also be effectively employed to 
treat colorful effluents. To obtain such outcome, lab-made effluents 
containing several dyes and other compounds, commonly found in real 
wastewaters, we made to test the effectiveness of the biochar in treating 
such effluents. 

The UV–vis spectra of the lab-made effluents before and after the 
adsorption are displayed in Fig. 9. The efficiency of dyes and compounds 
removal were obtained calculating the spectra areas under the absorp-
tion bands from 190 to 800 nm [13,20,37,50,51]. The results showed 
that N-doped biochar removed 86.3 % and 88.1 % of the total com-
pounds form lab-made effluents A and B, respectively; while non-doped 
biochar removed 64.5 % and 70 % for effluents A and B, respectively. 
Such differences match with the previous adsorption results that pointed 
out that N-doped biochar exhibited better adsorptive performance. 
Taking into account that the lab-made effluents can be considered 
similar to the real dying effluents, it can be stated that the biochars 
prepared in this work could be effectively employed in real wastewater 
treatment. 

4. Conclusions 

The low-cost nitrogen-doped biochar was fabricated through a green 
and simple strategy and efficiently employed for the removal of AR-18 
dye from aqueous solutions and lab-made effluents. The concept of 
using nitrogen was to increase the overall surface activity of biochar by 
creating new functionalities that acted as active binding sites for dye 
removal. N-doped biochar exhibited much higher N content (5.4 %) 
compared to the non-doped biochar (0.47 %), which results in abundant 
nitrogen surface functionalities. Moreover, the nitrogen doping strategy 
generated highly mesoporous biochar while non-doped was predomi-
nantly microporous. The adsorption experiments showed that the N- 
doping boosted the biochar adsorptive performance. The maximum 
adsorption capacity of the N-doped biochar 545.2 mg g− 1 while non- 
doped exhibited 444.5 mg g− 1, a performance 22.6 % better. The ki-
netic and equilibrium studies showed that Avrami fractional order and 
Liu models better described the AR-18 dye kinetic and equilibrium re-
sults. AR-18 dye removal suggests that the main adsorption mechanism 
is pore filling, although that many interactions are involved. The ther-
modynamic studies indicated that the adsorption process on biochars is 

dependent on the temperature and is endothermic and spontaneous. 
With regards to the applicability of the biochars for treating lab-made 
effluents, N-doped biochar showed excellent treatment performances 
confirming their high efficiency for dye adsorption. This research shows 
that N-doping is an efficient strategy to design effective, low-cost and 
sustainable materials to remediate wastewaters polluted with dyes. 
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