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      Detecting glyphosate is of great importance as it has been classified as a probable carcinogen. In literature, many nanotubes, including 
carbon nanotube (CNT), have been used to detect glyphosate (Glyp). However, no study has been conducted on boron nitride nanotube 
(BNNT) as an adsorbate for Glyp. So, this work focuses on performing a comparative study on the Glyp adsorption on CNT(5.5) and 
BNNT(5.5) using B3LYP, M06-2X and B97X-D/6-31G(d) by first-principle calculations in the framework of Density Functional Theory. 
Based on the results, the adsorption energies of BNNT(5.5)/Glyp are slightly higher than those of CNT(5.5)/Glyp and are in very close 
agreement with the NCI analysis. The thermodynamic parameters also showed that the two nanotubes could detect glyphosate with a 
physisorption process that was exothermic and thermodynamically favourable. In addition, TDOS and QTAIM analyses revealed the non-
covalent interaction between glyphosate and the two nanotubes.   
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INTRODUCTION 
 
      Glyphosate (Glyp), [N-(phosphonomethyl) glycine], is a 
non-selective herbicide and one of the most widely used 
substances in agriculture worldwide. It can inhibit some 
enzymes in unwanted plants [1]. The extended half-life of 
Glyp [2] and its long persistence in soil and water  [2-5] 
may increase the risk of long-term environmental 
contamination and its affect on the human health. In March 
2015, the International Agency for Research on Cancer 
classified glyphosate as a probable carcinogen [6]. Besides, 
the review by Mesnage et al. reports that glyphosate has 
tumorigenic, teratogenic, and neurological and hepatorenal 
effects [7]. Recently, Pu et al. found that exposure of 
pregnant women to glyphosate can induce autistic behaviour 
in the offspring [8]. 
      Lately, detecting glyphosate has become very important 
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using several techniques such as HPLC [9], fluorescence 
[10], spectrophotometry [11], photocatalysis [12,13] and 
electrochemistry [14,15]. 
      Nanotubes are typically appropriate for sensor 
applications due to their large surface-to-volume ratio and 
porous surface [16-19]. Consequently, they are used to 
detect and degrade glyphosate due to their high sensibility 
and specificity for this herbicide. Carbon nanotubes (CNTs) 
exhibit high performance due to their excellent chemical, 
physical and mechanical properties [20,21]. Therefore, 
many studies have used CNTs for the detection of 
glyphosate. A copper phthalocyanine/multi-walled carbon 
nanotube (MWCNT) film electrode is used to determine the 
glyphosate's concentration in a range from 0.83-9.90 μM 
with a detection limit of 12.2 nM [20]. Likewise, Oliveira   
et al. have developed a biosensor based on peroxidase 
immobilized on nanoclay, which is associated with carbon 
nanotubes for the determination of glyphosate [21]. In 
addition,  CuO/MWCNTs are expanded to detect glyphosate  
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by fluorescence [22]. Also, the Al/MWCNT/O2 system is 
used to generate H2O2 which could lead to the degradation 
of glyphosate [23]. Furthermore, Zhang et al. used 
MWCNTs combined with UHPLC to detect glyphosate and 
glufosinate in corn simultaneously [24]. Although carbon 
nanotubes are widely used, their electrical properties 
(metallic or semiconductor) depend on tube diameter and 
chirality [25-27]. Boron nitride nanotubes (BNNTs) have 
become alternative candidates for CNTs, because their 
electrical properties (inorganic semiconductor) are 
independent of chirality and diameter, unlike CNTs 
electrical properties. 
      In addition, they exhibit high resistance to oxidation, 
hardness, high mechanical strength, high thermal stability, 
and conductivity with heat resistance compared to CNTs 
[26,28,29]. This makes them one of the most favourable 
materials for nanotechnology applications [30]. 
      Therefore, this study focuses on the BNNT interactions 
with glyphosate. To the best of our knowledge, there are no 
theoretical and experimental data in the literature related to 
the glyphosate adsorption on BNNTs. So, we tried to find 
answers to the following questions: can BNNT adsorb Glyp 
more than CNT? and, what is the nature of interaction 
between BNNT and glyphosate? 
 
COMPUTATIONAL METHODS 
 
      The structures of the CNT(5.5) and BNNT(5.5) were 
designed by tubegen [31] software. The terminal atoms of 
the nanotubes were saturated with hydrogen atoms to avoid 
border effects. The formulas of CNT(5.5) and BNNT(5.5) 
are respectively C60H20 and B30H20N30. All the density 
functional theory (DFT) calculations in this paper were 
performed using the Gaussian 16 package [32]. The full 
geometry optimization of CNT(5.5) and BNNT(5.5) in the 
absence and presence of glyphosate was performed using 
three different DFT functionals: B3LYP, M06-2X and 
B97X-D accompanied by a 6-31G(d) basis set. B3LYP 
has been commonly used for nanostructures [29,33,34]. 
M06-2X is a global hybrid meta-GGA functional with 54% 
of Hartree-Fock (HF) exchange, it gives good results for 
non-covalent interactions [35]. B97X-D is a long-range 
corrected hybrid with dispersion corrections and 100%             
of  HF  exchange.  It  leads  to  a  satisfactory  accuracy  for 

 
 
thermochemistry and non-covalent interactions [36]. 
      The optimized geometries' frequency calculations 
confirmed that all structures were stationary points, with no 
imaginary frequencies (the values of frequencies are given 
on supplementary data). 
The adsorption energies (Eads) of Glyp at the surface of the 
nanotubes were calculated as follows: 
 
      Eads  Etube/Glyp - (Etube  EGlyp)                                       (1) 
 
where Etube/Glyp, Etube and EGlyp are the total energies of          
the nanotube/Glyp complex, nanotube, and glyphosate, 
respectively.  
      To better understand the intermolecular interaction 
between nanotubes and glyphosate, analyses of total density 
of states (TDOS), quantum theory of atoms in molecules 
(QTAIM) [37], and non-covalent interaction (NCI) [38] 
were performed by the Multiwfn program [39] at the 
B97X-D/6-31g(d) level of theory. 
 
RESULTS AND DISCUSSIONS 
 
      Optimization of CNT(5.5)/glyphosate and BNNT(5.5)/ 
glyphosate complexes was carried out at the B3LYP/6-
31g(d), M06-2X/6-31g(d), and B97X-D/6-31g(d) level. 
To explore the effect of nanotube diameter and length on 
the amount of adsorption energy, we increased the diameter 
of BNNT to armchair (7.7) and increased the length of 
BNNT(5.5) to (B60H20N60).  The adsorption energy of Glyp 
from BNNT(5.5) to BNNT(7.7) increases by 5.93%, which 
is not significant. Also, the increase in length implies an 
increase in Eads by little amount of ≈16 kJ mol-1. Therefore, 
the selection of the B30H20N30 armchair (5.5) nanotube is 
suitable and rational in terms of computational cost (see 
supplementary data). The B97X-D/6-31G(d)-optimized 
geometries of complexes are illustrated in Fig. 1. 
      The adsorption energy is calculated for all the optimized 
structures using B3LYP/6-31g(d), M06-2X/6-31g(d) and 
B97X-D/6-31g(d). All calculated adsorption energies are 
summarised in Table 1.  
      We observed that the adsorption energies of 
BNNT(5.5)/glyphosate are slightly more negative than those 
calculated for CNT(5.5)/glyphosate. Moreover, the B97X-
D functional gives the most negative value of the adsorption  
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energy. Therefore, we can conclude that the non-covalent 
interactions were better taken into account by B97X-D 
compared to B3LYP and M06-2X. Therefore, we chose 
B97X-D for the basis set superposition errors (BSSE),  
thermochemistry   calculations,   DOS,   QTAIM   and  NCI 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
analyses. The basis set superposition errors have been    
estimated     for    the   counterpoise correction [40].  
      In Table 2, the calculated parameters such as BSSE, 
HOMO, LUMO, energy gap and chemical potential (μ) 
before  and  after  glyphosate  adsorption  on CNT(5.5) and 

 (a) 

          
(b) 

  
              Cross sectional view                                                  top view 

  

Fig. 1. The relaxed structures obtained from glyphosate adsorption onto the surfaces of (a) CNT(5.5) and  
                        (b) BNNT(5.5) at the B97X-D/6-31g(d) level of theory. 
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BNNT(5.5) are collected.  
The energy gap (Eg) and chemical potential (μ) were 
calculated using the following equations: 
 
      Eg = HOMO - LUMO                                                  (2) 
 
      

2
)( LUMOHOMO 

                                                    (3) 

 
Table 2 shows that the energy gap value calculated for 
CNT(5.5) before and after adsorption is almost the same, 
which indicates that CNT(5.5) is not sensitive to glyphosate, 
whereas, in the case of BNNT(5.5), we observed a decrease 
of 0.8 in the Eg after glyphosate adsorption. This decrease in 
Eg increased electrical conductivity and made BNNT(5.5) 
more sensitive to detect glyphosate than CNT(5.5). 
      To  confirm  these   conclusions  and   further  study  the 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
effects of glyphosate adsorption on the electronic properties 
of CNT and BNNT, TDOS plots were also analyzed for the 
complexes and compared to the DOS isolated nanotubes 
(Fig. 2). The TDOS spectra revealed that, after adsorption, 
the conduction levels are shifted to a slightly higher energy 
level; therefore, this change in conductance involves an 
electrical signal which can be used for sensing glyphosate.  
      Furthermore, no variation was noted within the energy 
gap, indicating the weak interaction between Glyp and the 
nanotubes. It is also noted that the conduction level of 
BNNT(5.5)/glyphosate is slightly higher than that of 
CNT(5.5)/glyphosate, which is in concordance of results 
found in Table 2. 
      To assess the thermodynamic feasibility of the 
glyphosate adsorption on nanotubes, we calculated some 
thermochemical parameters, including enthalpy (ΔH), free 
energy (ΔG), and entropy (ΔS),  according  to  the following 

       Table 1. Adsorption Energies (kJ mol-1) for CNT(5.5)/Glyphosate and BNNT(5.5)/Glyphosate Complexes 
 

Adsorption energy (Eads)  

(kJ mol-1) Eads  

(kJ mol-1) 
B3LYP/6-31G(d) M06-2X/6-31G(d) B97X-D/6-31G(d) 

CNT(5.5)/Glyphosate -28.79 -56.91 -62.09 

BNNT(5.5)/Glyphosate -31.68 -57.99 -67.21 

 
 
      Table 2. BSSE (in kJ mol-1), HOMO, LUMO, Energy Gap (Eg) and Chemical Potential (μ) (in eV) before and  
                     after Glyphosate Adsorption on CNT(5.5) and BNNT(5.5) Calculated by B97X-D/6-31G(d) 
 

Optimized systems 
BSSE  

(kJ mol-1) 

HOMO  

(eV) 

LUMO  

(eV) 

Eg  

(eV) 

μ 

(eV) 

CNT(5.5)  -7.92 -6.99 0.93 -7.45 

CNT(5.5)/Glyp 21.28 -7.93 -6.99 0.94 -7.46 

BNNT(5.5)  -9.95 -4.04 5.91 -6.99 

BNNT(5.5)/Glyp 27.03 -9.16 -4.05 5.11 -6.60 
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relationships: 
 
      

GlyptubeGlyptubeads HHHH  /
                                     (4) 

 
 
      

GlyptubeGlyptubeads GGGG  /
                                       (5) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
      

GlyptubeGlyptubeads SSSS  /
                                         (6) 

 
where H, G and S are respectively thermal enthalpy, free 
energy, and entropy, which are obtained from frequency 
calculations at the B97X-D/6-31G(d) level of theory, at 
298 K and 1 atm. 

-20 -10 0 10

0.0

0.4

0.8

1.2

1.6
D

en
sit

y 
of

 st
at

es

Energy (eV)

 TDOS CNT(5.5)
 TDOS CNT(5.5)/Glyphosate

 
 

-20 -10 0 10

0.0

0.4

0.8

1.2

1.6

D
en

si
ty

 o
f s

ta
te

s 

Energy (eV)

 TDOS BNNT(5.5)
 TDOS BNNT(5.5)/Glyphosate

 

Fig. 2. The total electronic density of states (TDOS) for CNT(5.5), BNNT(5.5) and tubes/glyphosate complexes  
               obtained at the B97X-D/6-31G(d) level. 
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      All these thermochemical parameters are listed in         
Table 3. The negative value of ΔGads revealed that the 
glyphosate adsorption on CNT(5.5) and BNNT(5.5) was 
spontaneous and thermodynamically favourable. Moreover, 
the negative value of the thermal enthalpy adsorption 
(ΔHads) verifies the exothermic nature of glyphosate 
adsorption on the two nanotubes. While the negative values 
of the entropy (ΔSads) revealed a decrease in randomness 
due to glyphosate's immobilisation on the surface of the two 
nanotubes. 
      From the data in Table 3, we can conclude that all          
the thermodynamic parameters calculated for BNNT(5.5)/ 
glyphosate are more negative than those calculated for 
CNT(5.5)/glyphosate. In addition, glyp undergoes physical 
adsorption on the surfaces of nanotubes, indicating that the 
interaction existing between Glyp and the nanotubes is 
weak and of the van der Waals type. 
      To get more information about the nature of the 
intermolecular interaction of glyphosate and the two 
nanotubes, Bader's quantum theory of atoms in molecules 
(QTAIM) analysis was performed on the optimized 
geometries of two complexes using the B97X-D/6-31g(d) 
method by the Multiwfn program package. 
      It is worthy to note that the strength and the type of 
bonding between the attractive pairs of atoms are evaluated 
by knowing the value of ρ(r) (electron density) and the sign 
of 2ρ(r) (Laplacian of electron density) at bond critical 
points (BCP). 
      All these BCP parameters for the two complexes are 
listed in Table 4, while Fig. 3 illustrates the calculated BCP 
with bond paths of two complexes. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
      In fact, from Table 4, we observe the existence of six 
BCPs for the two complexes. Positive Laplacian electron 
density values 2ρ(r) with low electron density values 
confirm the non-covalent (van der Waals)  interactions [41] 
between glyphosate and the two nanotubes. 
      In addition, to identify the nature of the intermolecular 
interaction, we observe the ratio G(r)/V(r) [42]. We find 
that all ratios of G(r)/V(r) > 1, this reveals that the 
interaction is non-covalent.  
      Accordingly, interactions between Glyp and nanotubes 
were identified as non-covalent. To get a deeper insight into 
these interactions, NCI analyses were performed by the 
Multiwfn package. The sign of (λ2) could distinguish 
between bounded (sign (λ2) < 0) and unbounded (sign          
(λ2) > 0) [38]. 
      In Fig. 4, we illustrate the density gradient versus the 
electron density multiplied by the sign of the second 
Hessian eigenvalue sign (λ2). In this figure, we can observe 
that the adsorption of glyphosate on CNT(5.5) is 
characterised by the appearance of spikes over sign                 
(λ2)  -0.01 a.u, whereas, for the adsorption of glyphosate 
on BNNT(5.5), the spikes appeared over sign                         
(λ2)  -0.03 a.u  (circled in red on Fig. 4). Thus, we noted 
that the interactions of both nanotubes are vdW in nature 
(sign (λ2) < 0), however the high electron density of the 
spikes observed for the BNNT(5.5)/glyphosate complex 
shows that the glyphosate interaction with BNNT(5.5) is 
slightly stronger than that of CNT(5.5)/glyphosate, which           
is in agreement with a high level of adsorption energy 
determined in the case of BNNT(5.5)/glyphosate. 

                 Table 3. Thermochemical  Parameters: Free  Energy  Adsorption (ΔGads), Enthalpy Adsorption 
                                (ΔHads) and Entropy Adsorption  (ΔSads) Changes at T = 298.14 K and P = 1 atm with 
                                B97X-D/6-31G(d) 
 

 
 ΔGads   

(kJ mol-1) 

 ΔHads  

(kJ mol-1) 

 ΔSads  

(J mol-1 K-1) 

CNT(5.5)/Glyp -11.59 -57.32 -153.09 

BNNT(5.5)/Glyp -14.89 -62.47 -159.33 
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CONCLUSIONS 
 
      We fulfilled the first-principle investigation of the 
adsorption of glyphosate on CNT(5.5) and BNNT(5.5) 
armchairs using the B3LYP, M06-2X and B97X-D/6-
31G(d). Based on the results of the thermodynamics 
parameters, the interaction between glyphosate and both 
nanotubes undergoes a physisorption process that is 
exothermic and spontaneous. The negative value of the 
entropy change indicated an ordered arrangement of 
glyphosate on nanotubes. The QTAIM analysis exhibited 
that the intermolecular interactions between glyphosate and 
the two nanotubes are non-covalent. Besides, NCI analyses 
revealed that the related bonded interactions are of the van 
der Waals type.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
      The adsorption energy of BNNT(5.5)/glyphosate was 
slightly higher than that of CNT(5.5)/glyphosate that was in 
good agreement with the NCI analyses, where spikes 
appeared at high electron density in the case of 
BNNT(5.5)/glyphosate compared to CNT(5.5)/glyphosate. 
Moreover, the density of states of BNNT(5.5), after 
adsorption of glyphosate, showed a slight increase in the 
intensity of the peaks than that observed in the case of CNT, 
which is confirmed by the decrease in Eg after glyphosate 
adsorption on BNNT(5.5), whereas in the case of 
CNT(5.5)/glyphosate, the Eg was not affected after 
adsorption. This change in conduction involved an electrical 
signal, indicating that glyphosate could be more sensed with 
BNNT(5.5) than CNT(5.5) through a physisorption process, 
which is very convenient to detect hazardous substances due  

    Table 4. The QTAIM Topological Parameters at the BCPs: λn (Eigenvalues of the Hessian Matrix of ρ, ρ(r) (Electron  
                   Density), 2ρ(r) (Laplacian of Electron  Density),  G(r) (the  Kinetic  Electron Density)  and V(r) (Potential 
                   Electron Density), Calculated with at the B97X-D/6-31G(d) Level. Values are in Atomic Units         
 

System Bond λ1 λ2 λ3 ρ(r) 2ρ(r) G(r) V(r) 
)(
)(

rV
rG  

 

H91-C2 

 

0.0699 

 

-0.0132 

 

-0.0118 

 

0.0135 

 

0.0448 

 

0.0101 

 

-0.0089 

 

1.135 

O94-H80 0.0605 -0.0109 -0.0101 0.0114 0.0394 0.0091 -0.0083 1.096 

O94-H79 0.0569 -0.0097 -0.0100 0.0103 0.0372 0.0084 -0.0075 1.120 

N84-H79 0.0191 -0.0017 -0.0030 0.0047 0.0144 0.0029 -0.0024 1.208 

O96-C23 0.0183 -0.0025 -0.0008 0.0042 0.0149 0.0030 -0.0024 1.250 

 

C
N

T 
(5

.5
) /

G
ly

ph
os

at
e 

H98-C24 0.0562 -0.0046 -0.0103 0.0112 0.0413 0.0087 -0.0072 1.208 

 

H91-N50 

 

0.1787 

 

-0.0044 

 

-0.0451 

 

0.0329 

 

0.0891 

 

0.0238 

 

-0.0254 

 

0.937 

O94-N28 0.0321 -0.0022 -0.0048 0.0073 0.0251 0.0055 -0.0047 1.170 

N84-N30 0.0198 -0.0022 -0.0031 0.0048 0.0145 0.0032 -0.0028 1.143 

N84-N10 0.0206 -0.0021 -0.0031 0.0050 0.0153 0.0034 -0.0030 1.133 

O97-H78 0.0339 -0.0057 -0.0016 0.0079 0.0265 0.0059 -0.0051 1.157 

 

B
N

N
T(

5.
5)

/ G
ly

ph
os

at
e 

 O96-N10 0.0361 -0.0012 -0.0059 0.0081 0.0289 0.0060 -0.0048 1.250 
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Fig. 3. The bond critical points (BCPs, orange spots), and bond paths (brown lines) for glyphosate adsorption onto  

              the nanotubes. 
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Fig. 4. Reduced density gradient (RDG) in function of sign (2)ρ for nanotubes and nanotube/glyphosate  
                    complexes calculated at the B97X-D/6-31G(d) level. 
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to the easy operation of desorption and it also allows the 
reuse of the nanotubes. 
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