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Abstract This manuscript reports results of an integrated

theoretical and experimental investigation of adsorption of

two emerging contaminants (DNAN and FOX-7) and legacy

compoundTNT on cellulose surface. Cellulosewasmodeled

as trimeric form of the linear chain of 1 ? 4 linked of b-D-
glucopyranos in 4C1 chair conformation. Geometries of

modeled cellulose, munitions compounds and their com-

plexes were optimized at the M06-2X functional level of

Density Functional Theory using the 6-31G(d,p) basis set in

gas phase and in water solution. The effect of water solution

was modeled using the CPCM approach. Nature of potential

energy surfaces was ascertained through harmonic vibra-

tional frequency analysis. Interaction energies were cor-

rected for basis set superposition error and the 6-311G(d,p)

basis set was used.Molecular electrostatic potentialmapping

was performed to understand the reactivity of the investi-

gated systems. It was predicted that adsorbates will be

weakly adsorbed on the cellulose surface in water solution

than in the gas phase.

Keywords 2,4-dinitroanisole (DNAN) � 1,1-diamino-2,2-

dinitroethene (FOX-7) � 2,4,6-trinitrotoluene (TNT) �
Cellulose � Adsorption � DFT level

Polysaccharides are ubiquitous in nature and they exhibit

broad range of variation in their molecular structures and

properties. Cellulose is a natural polysaccharide and is a

major component of plant cell walls. Cellulose is charac-

terized by the linear chain of 1 ? 4 linked polymer of

b-D-glucopyranose in the 4C1 chair conformation. The

hydroxyl groups on sugar rings form hydrogen bonds

within the same chain and that with neighboring parallel

chains. Moreover, due to biodegradable and renewable

abilities cellulose is regarded as the greenest available

renewable polymeric material on earth (Moon et al. 2011).

Armed forces worldwide are developing and adopting

insensitive munitions (IM) to avoid accidental and spon-

taneous detonation of traditional munitions due to shock

and high temperature sensitivity at various stages of han-

dling (Felt et al. 2013; Taylor et al. 2015). Obviously,

production, storage, training and application of these

compounds may lead to their release in the environment

and thus may lead to contamination of soils and aquifers

and can leach to ground water. Thus, insensitive munition

compounds are regarded as emerging contaminants and

therefore their fate and transport need to be rigorously

investigated.

Therefore, it is logical to thoroughly investigate the

sorption of these emerging contaminants on easily avail-

able cellulosic biomass. Such investigation may not only

shed light on their fate and transport; they can also lead to

development of remediation and sensing technologies. For

example, cellulose fibers have long been served as raw

material in the textile and paper industries or in composite

material as filler (Bledzki and Gassan 1999) and have been

a major part of composting in bioremediation processes

(Thorn et al. 2002). In this manuscript, we have investi-

gated the sorption of two emerging contaminants such as

2,4-dinitroanisole (DNAN), 1,1-diamino-2,2-dinitroethene

(FOX-7) and legacy compound 2,4,6-trinitrotoluene (TNT)

on cellulose surfaces using a combined Density Functional

Theory (DFT) level theoretical and experimental approa-

ches. In the theoretical investigation, cellulose was mod-

eled as the trimeric form of the linear chain of 1 ? 4
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linked of b-D-glucopyranos in the 4C1 chair conformation.

It was revealed that investigated contaminants will be

weakly adsorbed on cellulose surface in the water solution.

Materials and Methods

Geometries of modeled cellulose in the form of trimer of

1 ? 4 linked linear chain of b-D-glucopyranos, hereafter
called modeled cellulose, and adsorbates (DNAN, FOX-7

and TNT) and modeled cellulose-adsorbate complexes

were optimized using M06-2X meta-hybrid Density

Functional Theory (DFT) functional and the 6-31G(d,p)

basis set both in the gas phase and in the bulk water

solution. Nature of potential energy surfaces (PESs) of

optimized structures was ascertained through calculation of

harmonic vibrational frequency analysis; all geometries

were found to be minima at the respective PES. Effect of

bulk water solvation was modeled using the CPCM

approach (Cossi et al. 2003). Interaction energies between

the adsorbate and adsorbent in the gas phase were com-

puted at the same theoretical level and using the 6-

311G(d,p) basis set and were corrected for basis set

superposition error using counterpoise correction

scheme (Boys and Bernardi 1970). The interaction energies

of complexes in the bulk water solution (hereafter called

BSSE corrected interaction energy in bulk water) were

obtained using the formula:

DEInt CPCMð Þ ¼ EAB CPCMð Þ�EA CPCMð Þ�EB CPCMð Þ
þ BSSEgas

where EAB(CPCM) represents the total energy of the

complex in the bulk water, EA(CPCM) and EB(CPCM)

represent the total energy of the monomer A and B

respectively in the bulk water within the complex geometry

optimized in water and BSSEgas represents the basis set

superposition energy correction obtained from the gas

phase calculation using the counterpoise correction

scheme. All calculations were performed using Gaussian

09 program (Frisch et al. 2009).

An E4 (QCM-D, Q-Sense AB) was used to measure

adsorption of DNAN, FOX-7 and TNT onto thin cellulose

films. Cellulose sensors (QSX 334) and Silicon (QSX 301)

were purchased directly from Biolin scientific and used as

received. The cellulose coating on the QSX 334 sensors

was based on work done by Päakkö et al. (2007) and the

films consist of isolated cellulose fibers from softwood

cellulose pulp (Domsjo ECO Bright; Domsjo Fabriker

AB). The material specifications indicate that the cellulose

film is made from nanofibular cellulose with both crys-

talline cellulose I and amorphous regions with a Poly

(ethylene imine) adhesive layer that ranges in thickness

between 5 and 6 nm between the cellulose fibers and sili-

con surface. The reported nanofibular cellulose thickness is

6 nm with some fibril aggregates sizing between 10 and

20 lm. Surfaces were imaged in tapping mode with a

Dimension Icon Atomic force Microscope (Bruker) and

height images were collected under ambient conditions

with a silicon tip (TAP150A Part: MPP-1(2120-10). The

reported root mean square (RMS) roughness were deter-

mined from 5 lm 9 5 lm scan areas. The cellulose film

was fibrous in nature as discussed in the ‘‘Results and

Discussion’’ section. The RMS roughness for these films

was 3.1 ± 0.5 nm.

Water Uptake Total water content of the saturated cel-

lulose film was determined with a QCM-D and a H2O/D2O

solvent exchange procedure (Fält et al. 2003). The water

content of the thin films was determined using a previously

published technique in which the scaled frequency shift

caused by switching the solvent from deionized water

(H2O) to deuterium oxide (D2O) is used to measure the

water within the film (Craig and Plunkett 2003). For this

comparison a bare uncoated silicon crystal was subjected

to the identical procedure as the cellulose film sensor. The

utilization of a bare crystal allowed for compensation of the

density changes between D2O and H2O. For this method,

(Df/n)water can be calculated from the difference between

(Df/n)film and (Df/n)bare:

Df
n

� �
water

¼
Df
n

� �
film

� Df
n

� �
bare

qD2O
qH2O

� �
� 1

ð1Þ

where qD2O and qH2O are the densities of D2O and H2O,

respectively at 25�C. The constant C is defined as the

Sauerbrey constant (0.177 mg s m-2). Thus, (Df/n)water
from Eq. 1 can be used to calculate the [Cwater] ‘‘surface

concentration’’ of water in the film through a Sauerbrey

relationship (1959 ):

Cwater ¼ C
Df
n

� �
water

ð2Þ

Adsorption Data Deionized water was introduced into

the flow cell at a rate of 0.150 mL min-1 at 25�C until a

stable baseline was obtained. During this period of water

introduction baseline stabilization corresponded to maxi-

mum water uptake associated with the cellulose films.

After stabilization the deionized water was switched to

D2O and allowed to equilibrate. After equilibration the

D2O was exchanged for deionized water until baseline

stabilization was re-acquired. Figure 4 shows representa-

tive plots of (Df/n) versus time, t, for a silicon sensor and a

silicon sensor coated with a 6.0 nm film of cellulose

switched from H2O to D2O and back to H2O. Values of

Cwater were calculated from QCM results (see ‘‘Results
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and Discussion’’ section) using Eqs. 1 and 2. After re-sta-

bilization in deionized water, adsorbate solutions (50 ppm

in deionized water) was introduced into the flow cell at the

same rate and temperature as the deionized water and the

change in frequency was recorded (Marx 2003).

Results and Discussion

Optimized geometries of modeled cellulose and adsorbates

(DNAN, FOX-7, and TNT) at the M06-2X/6-31G(d,p)

level along with their numbering schemes and some

selected geometrical parameters are shown in the Fig. 1. In

the modeled cellulose, the trimeric form of b-D-glucopy-
ranos in the 4C1 chair conformation in 1 ? 4 linear chain

linkage was considered. Moreover, the terminal –OH

groups were replaced with –OCH3 group to avoid their

interaction with adsorbates. Selection of such model was to

avoid computational cost and moreover the size of the

model cellulose system was sufficient considering the size

of adsorbates under investigation. Selected computed

dihedral angles of modeled cellulose are shown in the

Table 1. The corresponding geometrical parameters of

cellulose Ib form obtained from the X-ray and neutron

diffraction data (Nishiyama et al. 2002) are also shown in

the Table 1. Computed geometrical parameters can be

regarded in good agreement with the experimental data.

The obtained disagreement (Table 1) is due to the fact that

experimental data belong to the crystalline form of cellu-

lose Ib where confirmational movements are significantly

restricted due to the presence of inter-chain hydrogen

bonds. Theoretical calculation performed in this work

predicted that modeled cellulose will have similar confor-

mation both in the gas phase and in the bulk water solution.

Computed gas phase and in the bulk water solution bond

lengths of adsorbates are shown in the Table 2. The

experimentally determined bond lengths using X-ray

crystallography are also shown in the same table. We

would like to point out that for DNAN and TNT two dif-

ferent geometries with equal probability was predicted

experimentally (Nyburg et al. 1987; Carper et al. 1982) and

bond lengths for both (presented as A and B in the Table 2)

are shown in the table. For FOX-7, the experimental bond

lengths shown in Table 2 were obtained from the

Fig. 1 Geometry and atomic

numbering schemes of

investigated system

Table 1 Computed and experimental (cellulose Ib) geometrical

parameters of cellulose

Parameters Computed Experimentala

Gas phase Bulk water solution

C1O5C5C4 62.3 62.3 54.8

O5C5C4C3 -59.4 -59.5 -55.3

C5C4C3C2 55.3 56.2 57.2

O1C1O5C5 -178.7 -178.4 -169.1

a Nishiyama et al. (2002). Parameters were obtained from the cif file
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corresponding cif files (Bemm and Ostmark 1998). It is

evident from the data shown in the Table 2 that noticeable

change between computed bond length in the gas phase and

in the bulk water solution is not revealed. Further, the

computed bond lengths are generally in good agreement

with the corresponding experimental data and small dis-

agreement can be accounted to the crystal environment in

the X-ray crystallographic measurement. Computed dipole

moment of considered adsorbates in the gas phase and in

the bulk water solution are shown in the Table 2. It is clear

from this table that comparison to the gas phase, dipole

moments in the bulk water solution are generally larger.

Moreover, our calculation predicted that FOX-7 has the

largest and TNT has the lowest dipole moment.

Molecular electrostatic potential (MEP) is an important

property which is related to the reactivity of molecular

system (Politzer et al. 1985). Computed MEP map plotted

on electron density of modeled cellulose and adsorbates are

shown in the Fig. 2. It is clear from this figure that negative

potential regions are located at lone pair site of oxygen

centers. And therefore, it is not unexpected that most

negative potentials are predicted to be oxygen atoms of

nitro groups and that of the hydroxyl groups. Moreover,

among adsorbates, FOX-7 has been predicted to have the

most negative potential while TNT has the least negative

potential. Based upon the computed negative potential

FOX-7 can be speculated to be adsorbed on cellulose

surface stronger than other absorbates. However, adsorp-

tion is complicated process and number of bonding centers

and type of interaction play prominent role in such

complexation.

Geometries of optimized complexes obtained by

adsorption of adsorbates on cellulose surface are shown in

Fig. 3. Initial geometries of these complexes were obtained

by putting adsorbates in proper orientation which can max-

imized the number of bonds between the surface and the

adsorbates and then completely relaxing complex geome-

tries at the M06-2X/6-31G(d,p) level. Moreover, molecules

Table 2 Computed and

experimental geometrical

parameters of adsorbates, their

dipole moments (l, in Debye)

and BSSE corrected interaction

energies (DEInt, kcal/mol)

Parameters Theoretical Experimental Parameters Theoretical Experimental

Gas Water A B Gas Water A B

DNANa TNTb

C1-C2 1.411 1.414 1.402 1.393 C1-C2 1.404 1.404 1.390 1.395

C2-C3 1.382 1.383 1.361 1.374 C2-C3 1.386 1.386 1.364 1.383

C3-C4 1.385 1.384 1.388 1.360 C3-C4 1.382 1.382 1.415 1.344

C4-C5 1.387 1.391 1.369 1.376 C4-C5 1.382 1.382 1.375 1.373

C5-C6 1.386 1.384 1.372 1.380 C5-C6 1.386 1.386 1.373 1.387

C6-C1 1.403 1.405 1.377 1.387 C6-C1 1.404 1.404 1.408 1.379

C1-O1 1.333 1.328 1.333 1.338 C1-C7 1.507 1.505 1.505 1.507

C7-O1 1.419 1.428 1.436 1.447 C2-N2 1.477 1.474 1.496 1.459

C2-N2 1.470 1.463 1.475 1.454 C4-N4 1.473 1.468 1.443 1.482

N2-O21 1.213 1.216 1.188 1.208 C6-N6 1.477 1.474 1.449 1.494

N2-O23 1.218 1.221 1.190 1.271 l 1.43 1.69

C4-N4 1.465 1.459 1.468 1.478 DEInt -26.3 -16.7

N4-O43 1.216 1.219 1.211 1.212 FOX-7c

N4-O45 1.217 1.219 1.212 1.210 C1-C2 1.416 1.441 1.456

l 6.56 8.33 C1-N1 1.341 1.329 1.325

DEInt -20.0 -11.7 C1-N2 1.341 1.329 1.319

C2-N3 1.429 1.417 1.398

C2-N4 1.429 1.417 1.426

N3-O31 1.240 1.239 1.249

N3-O32 1.211 1.220 1.252

N4-O41 1.211 1.220 1.242

N4-O42 1.240 1.239 1.242

l 8.36 11.61

DEInt -29.2 -18.3

a See reference Nyburg et al. (1987), b Carper et al. (1982), c Bemm and Ostmark (1998). Experimental

parameters for FOX-7 were determined from the corresponding cif file
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were adsorbed on both sides of the modeled cellulose and

complex with higher interaction energy is considered. We

would like to state that there are several arrangements for the

interaction of adsorbates on cellulose surface, but only one

orientation of adsorbates with respect to surface was con-

sidered for each of the munitions compounds. It is evident

that these complexes are stabilized by the presence of several

hydrogen bonds between hydrogen bond accepting and

donating sites of adsorbates with the complementary sites of

the surface. Moreover, these hydrogen bond distances were

predicted to be in the range of 2.046–2.874 Å for DNAN,

1.924–2.920 Å for FOX-7, and 2.004–2.945 for TNT in the

gas phase and 2.028–2.908 Å for DNAN, 1.902–2.886 Å for

FOX-7, and 2.002–2.928 for TNT in the bulk water solution.

Computed BSSE corrected interaction energies of investi-

gated complexes are shown in the Table 2. It is clear from the

data shown in the Table 2 that FOX-7 would form the

strongest complex while the DNAN will form the weakest

complex on the cellulose surface. Moreover, such binding

was found to be significantly decreased in the bulk water

Fig. 2 Molecular electrostatic

potential (MEP) maps of

modeled cellulose and

adsorbates mapped on to

electron density. The isosurface

value is 0.006 and range for

MEP for each system is next to

their name in the unit of

Hartree. Blue color shows the

region of negative potential and

red color shows the region of

positive potential (Color

figure online)

Fig. 3 Optimized geometries of complexes in the bulk water solution
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solution compared to the gas phase. Further, it is evident

from the Fig. 3 and data shown in the Table 2 that adsorption

of considered energetic compounds on the cellulose surface

is weak and such adsorption is dominated by the weak

hydrogen bonding interactions. This conclusion is also

supported from the QCM-D experiment which suggested

low adsorption of investigated energetic molecules. The

QCM-D water exchange experiments as represented in

Fig. 4 showed that there was a significant amount of water

adsorption in the cellulose films with a total surface con-

centration of water for the cellulose films found to be

4.12 ± 0.7 mg/m2. The frequency change observed for the

sorbent solutions in the QCM-D experiment which is related

to the adsorbed mass was measured. The measured amount

of surface adsorption from the sorbent solutions was sig-

nificantly lower with the mass uptake for TNT measuring

0.108 mg/m2, DNAN measuring 0.0242 mg/m2 and FOX 7

measuring 0.121 mg/m2 and the results are depicted in

Fig. 5. Different frequency responses were observed for

each explosive solution. The highest adsorption response

was obtained from FOX7 with a frequency change reaching

equilibrium quickly. TNT showed a similar amount of

adsorption as compared to FOX-7 but never reached equi-

librium during the time of contact. Such phenomena may be

related to the relatively lower solubility of TNT in water.

Minor sorption of DNAN was observed on the cellulose

surface.

We have investigated the adsorption of emerging con-

taminants (DNAN and FOX-7) and legacy compound TNT

on cellulose surface using DFT level of theoretical and

QCM-D experimental methods. It was found that such

adsorption on cellulose surface would be significantly

decreased in the bulk water solution compared to that in the

gas phase. Moreover, all adsorptions were characterized by

the presence of weak hydrogen bonds between adsorbates

and adsorbent surface and thus adsorption was predicted to

be weak. Among the investigated compounds, the FOX-7

was found to have slightly stronger binding on the cellulose

Fig. 4 (Right) Change in resonance frequency due to the adsorption

of water on cellulose surface and bare silicon surface using solvent

exchange QCM-D experiment. Representative 3rd overtone for bare

silica (black/solid) and silicon sensor (red/dashed). (Left) AFM image

of cellulose sensor surface 15 lm 9 15 lm (Color figure online)

Fig. 5 Change in resonance frequency due to the adsorption of

energetics compounds on nanocellulose surface using QCM-D

experiment
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surface. The cellulose films showed much higher water

uptake as compared to the adsorbate solutions.
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