
Giant, 17, 2024, 100246 

Fu
ll-

le
ng

th
 
ar

ti
cl

e Small-angle neutron scattering from 

cellulose solutions in phosphoric acid at 

different water content 

Gilad Alfassi a , Aurel Radulescu 

b , Sapir Lifshiz-Simon 

c , Sapir Rappoport 

c , 
Yachin Cohen 

c , ∗

a Department of Biotechnology Engineering, Braude College of Engineering, Karmiel 2161002, Israel 
b Forschungszentrum Jülich GmbH, Jülich Centre for Neutron Science (JCNS-4) at Heinz Maier-Leibnitz Zentrum (MLZ), Garching D-85747, Germany 
c Department of Chemical Engineering, Technion - Israel Institute of Technology, Haifa 3200003, Israel 

Keywords: Cellulose dissolution, Phosphoric acid, Water content, Neutron scattering 

Cellulose from biomass is an abundant and renewable alternative source for chemicals and fuels, 
yet its utilization by chemical or biological process requires pre-treatment in order to release the 

macromolecules from their tightly packed crystal structure. Phosphoric acid (PA) has been known 

for many years to be an efficient solvent for crystalline cellulose. It is also established that a certain 

quantity of water content in PA is required for efficient pretreatment. This study uses small-angle 

neutron scattering (SANS) measurements to evaluate cellulose dissolution in deuterated phosphoric 

acid (dPA), at different wt% dPA between 78 and 97 % (different D2 O content). The SANS method is 
useful for this purpose due to the availability of deuterated dPA, its contrast in scattering length density 

towards cellulose, and its low incoherent scattering cross-section. The results indicate that most of the 

cellulose in 2 wt% solution is dissolved in PA as individual chains, at acid content of 81–94 wt% PA. 
Structural differences of the dissolved cellulose in PA of the various water compositions in this range 

are insignificant. At 78 % dPA the cellulose crystal still seem to be disrupted, yet the structure can be 

modeled as mass-surface fractals of small fibrils with irregular surface, possibly due to dissolved chain 

segments, which are aggregated as mass fractals of rods. At 97 % dPA evidence for a small content of 
undissolved fibrils is noted. 

 

 

 

 

 

 

 

 

 

Introduction 

In worldwide effort to overcome depleting fossil-based energy
sources and to mitigate the negative impact of climate change
due to increasing greenhouse gas emission, biomass energy is
considered to have a potentially significant role as an abundant
∗ Corresponding author. 
E-mail address: yachinc@technion.ac.il (Y. Cohen). 

Received 29 August 2023; Received in revised form 10 December 2023; Accepted 5 
February 2024 

 

 

 

 

2666-5425/© 2024 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
https://doi.org/10.1016/j.giant.2024.100246 
and sustainable resource [1] . Cellulose, the main component of
biomass, is the most abundant organic polymer, which shows
enormous potential in replacing non-biodegradable materials,
in addition to being a resource for chemicals and fuel [2] .
Biorefineries are facilities in which biomass valorization can be
carried out by a cascade of chemical and/or biochemical reactions
to useful chemicals and fuels. These may play an important
role in carbon–neutral energy sources if some significant techno-
economic challenges are overcome, for which significant current
effort is implemented [3] . 
 license ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 

1 

http://crossmark.crossref.org/dialog/?doi=10.1016/j.giant.2024.100246&domain=pdf
mailto:yachinc@technion.ac.il
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.giant.2024.100246


Giant, 17, 2024, 100246 

Full-length
 article

 

r
w  

s
c
o
l
g  

i  

a
t  

h
 

s
w
t
a
p
m
a
d
w  

t
s
i  

d  

o  

f  

o  

 

s
s  

b
1  

A
c
i
h  

d  

c  

o
I
b  

e
c  

 

(  

i
P  

t  

w  

i  

a
e  

r
r
b  

b
[
s
f  

b
i  

e
 

f
m
M
h
s  

s
P
f
P  

p
e
l
e
m
M  

a  

w
b  

3
w
R
e
i
i  

u  

v
p
u
8  

d  

l
o
a
c
p

o
e
[
a
H  

c
w
A  

t
a
o
t
p

2

Lignocellulosic biomass is by its evolutionary function 

ecalcitrant towards biological degradation or dissolution by 
ater or common organic solvents. It has a compact rigid

tructure made of cellulose microfibrils coated by hemicellulose 
hains within a matrix of lignin. Cellulose is composed 

f repeating β-d-glucopyranose molecules with β−1,4-glucan 

inkage forming a linear-chain polymer with three hydroxyl 
roups per anhydroglucose unit (AGU) [2] . Strong intra- and
nter-molecular hydrogen bonds as well as stacking of rings of
djacent polymers within the cellulose crystal result in resistance 
o dissolution in water and many other solvents [4–7] , thus
indering cellulose processing and enzymatic hydrolysis [8] . 

This manuscript has two parts. The first is a review of recent
tudies on cellulose dissolution, focusing on structural aspects: 
hether cellulose chains can be dissolved as individual chains, 

he structure of soluble supra-molecular assemblies, if present, 
nd the role of solvent-polymer interactions. Special attention is 
aid to application of small-angle x-ray and neutron scattering 
easurements (SAXS, SANS, respectively) as crucial techniques to 

ssess structural features of cellulose solutions. Specific attention is 
evoted to cellulose dissolution in aqueous phosphoric acid (PA), 
hich has been studied for over eighty years and is used in several

echnologies, such as fiber spinning and treatment for enzymatic 
accharification. Despite many years of research, the water content 
n PA suitable for dissolution, and its effect on the structure of
issolved cellulose, are still open questions. Thus, the second part
f this manuscript reports on measurement and analysis of SANS
rom cellulose dissolved in aqueous PA, to shed light on the effect
f water content on the structure of the dissolved cellulose chains.

Over the years there have been extensive studies ensued on
olvents for cellulose, recently focusing on less hazardous “green”
olvents [9–11] . A variety of ionic liquids (IL) were shown to
e potent solvents, especially of the imidazolium family, [12–
7] and their solvation mechanism is quite well understood [18] .
mmonium-based IL solutions can also be effective in dissolving 
ellulose, such as tetrabutylammonium chloride [19] or acetate 
n dimethyl sulfoxide [20–22] , or aqueous tetrabutylammonium 

ydroxide [23–26] . It is also known for long that cellulose
issolves in aqueous NaOH solutions in a narrow range of
oncentrations at low temperatures [27–30] , and that adding urea
r thiorea enhances the solubility at these conditions [31–34] . 
ndeed, cellulose pretreatment by dissolution and regeneration 

y coagulation with water enhances the rate and conversion of
nzymatic hydrolysis [35–40] , by disrupting the native cellulose 
rystals [41] and formation of a more open network structure [42] .

Cellulose has long been known to be soluble in phosphoric acid
PA), recalling a Celanese patent from 1927 [43] . Already in 1938
t was stated that complete cellulose dissolution in concentrated 

A requires the presence of some water [44] . This has been related
o formation of an oxonium compound of PA molecule with two
ater molecules per AGU [45] . PA treatment of air-dried cellulose

s also a well-known method to prepare the so-called “phosphoric
cid swollen cellulose (PASC)”, which exhibits high reactivity for 
nzymatic hydrolysis by cellulase activity [46] . The facile and
apid cellulose enzymatic depolymerization has been related to 

estructuring of the crystalline cellulose hydrogen bond network 
y the PA treatment [47] . Formation of liquid crystalline solutions
 

y dissolving cellulose in anhydrous phosphoric acid was reported 

48] , and cellulose yarns were fabricated from such anisotropic 
olutions [49] . Cellulose regenerated from PA solution can also 

orm a stabilizing coating for oil-in-water emulsions [50] . It should
e noted that aqueous PA degrades cellulose by hydrolysis, but 
t is long known that the rate is rather slow [44] , allowing for
xperimental measurements and processing. 

The water content of phosphoric acid is known to be critical
or cellulose amorphization and dissolution. The early studies 

entioned above indicated the range of 85–100 wt% PA [44] . 
ore recent experimental data suggest that total amorphization of 

ydrated cellulose can be achieved using aqueous phosphoric acid 

olutions containing a minimum of 79–80 wt% PA [ 51 , 52 ]. The
tructural changes of microcrystalline cellulose (MCC) effected by 
A treatment were monitored with the aim to attain high-quality 
ermentable saccharides. MCC was directly dissolved in 83 wt% 

A for 10 h at 30, 50 and 70 °C [53] . Cellulose treatment with
hosphoric acid, followed by regeneration, was shown to be an 

ffective process for fabrication of cellulose hydrogel exhibiting a 
ow crystallinity amorphous structure, as well as stable oil-in-water 
mulsions, stabilized by a combination of network and Pickering 
echanisms. The treatment conditions selected for scale-up used 

CC/water/85 wt% PA in a ratio of 1:3:50 (wt/vol/vol), at 5 °C
nd 24 h [50] . Cold PA at the same MCC/water/85 wt% PA
as used to dissolve cellulose for conversion into nanostructures 
y regeneration with water. For example, treatment at 5 °C for
 h yielded nanofibers exhibiting only non-crystalline diffraction 

ith minimal reduction of the polymerization degree [54] . 
egenerated amorphous cellulose (RAC) exhibiting enhanced 

nzymatic hydrolysis was easily fabricated by a series of steps, 
ncluding dissolution in ice-cold PA (83.2 wt%) and regeneration 

n water [55] . More open fractal structure of RAC was reported by
sing 85 wt% PA for dissolution and organic solvents, especially 40
ol% aqueous ethanol, as the regenerating medium [56] . Highly 
orous and light-weight cellulose-based cryogels were prepared 

sing 85 wt% PA, dissolving cellulose at concentrations of 0.5–
.4 wt% at 20 °C. No phosphoric acid esters of cellulose were
etected in the cryogels by FTIR spectroscopy [57] . PA solutions of

ower composition, 70–75 wt%, were found useful for fabrication 

f high-quality cellulose nano-crystals (optimal size, crystallinity 
nd surface charge). Reaction at high temperature at this PA 

ontent achieved hydrolysis of the amorphous regions only while 
hosphorylating the nanocrystal surface [58] . 

Contrary to these several reports indicating the relevance 
f some water content for cellulose dissolution by PA, the 
arlier studies on liquid crystallinity in cellulose/PA solutions 
48] and fiber spinning from such solutions [49] reported that 
nhydrous phosphoric acid (P2 O5 content above that of pure 

3 PO4 , which is 72.4 wt%) is an excellent cellulose solvent. Liquid
rystallinity was observed at cellulose concentrations above 7.5 

t% at room temperature in solvent P2 O5 content of 74 wt%. 
 high cellulose concentration of 38 wt% could be achieved at

hese anhydrous conditions. Similar results were also verified in 

 later report [59] . Nevertheless, a recent comprehensive study 
f cellulose solutions in 85 wt% PA using advanced analytical 
echniques of cryo-transmission electron microscopy (cryo-TEM), 
olarization transfer solid-state nuclear magnetic resonance, and 
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diffusing wave spectroscopy, as well as polarized light microscopy
(PLM) and mechanical rheometry, highlighted the true molecular
dissolution of cellulose in PA with this water content. Both
isotropic and liquid crystal states were observed, with a transition
at about 7.5 wt% cellulose at 25 °C, which reverted back to the
isotropic state upon heating to 60 °C [60] . 

Molecular dissolution of cellulose in various solvents has
been studied by small-angle x-ray and neutron scattering (SAXS
and SANS, respectively). The scattering pattern describes the
intensity of radiation after background subtraction, I ( q ), measured
at scattering vector q = 4 π sin (θ ) /λ, where 2 θ is the scattering
angle and λ the incident wavelength. It can probe structures on the
lengths scale between the cross-section of individual chains, less
than 1 nm, to that of fibrils, tens of nm, and dimensions of fibrillar
clusters that can range to the micrometer scale, requiring ultra-
small angle scattering techniques. Dissolved cellulose chains have
been considered since early studies to be semi-flexible polymer
chains (SFPC) [61] . The scattering from SFPCs in dilute solution
can be described by form factors (FF) derived by Pedersen and
Schurtenberger (PSFF) for “worm-like” chains with and without
excluded volume interactions, relevant for chains in “theta” or
good solvent conditions, respectively [62] . This model was applied
to SAXS measurements of cellulose dissolved in ionic liquids: a
mixture of tetrabutylammonium acetate and dimethylsulfoxide
[21] , and 1-ethyl-3-methyl-immidazolium methyl-phosphonate
[63] . Using a core-shell structure for the chain cross-section
with the PSFF, the electron density profile in a cross-section
perpendicular to the chain segment was derived, indicating IL
solvation of the cellulose chain [ 21 , 63 ]. 

Other than applying the full PSFF, which can be quite
elaborate, some characteristic features are evident directly from
the scattering pattern. In the q -range of 1 /lp 

< ∼ q < ∼ 1 /rc where rc and
lp are the radius of gyration of the chain’s cross-section and its
persistence length, respectively, the rod-like local structure of the
chain is evident by a power law: 

I( q) ∼= 

Aq−1 (1)

which is typical of rigid rods, where the prefactor A is related to the
mass per unit length of the chain [ 64 , 65 ], and can be calculated
by [ 66 , 67 ]: 

A ∼= 

πϕSo (�ρ) 2 (2)

where ϕ is the volume fraction of rods, So is the rod’s cross-
section area and �ρ is the difference in the scattering length
density (SLD) between the rod and solvent. Previous SANS studies
of cellulose solutions in the IL 1-ethyl-3-methyl-immidazolium
acetate (EMIMAc) and its mixture with dimethylformamide (DMF)
relied on contrast between cellulose and deuterated EMIMAc
[66] and of deuterated cellulose and protiated EMIMAc [67] .
These studies demonstrated significant discrepancies between the
measured values of the prefactor A and the value calculated from
the cellulose chain structure, which were interpreted as due to
binding of IL moieties to the cellulose chain. At somewhat higher
values of q the Guinier-type approximation is appropriate [ 64 , 65 ]:

I( q) = Aq−1 exp 

(
−1 

2 

r2 
c q

2 
)

(3)
If significant signal is accessible at high- q , above the
background and incoherent scattering, a fuller model of the chain
cross-section can be evaluated, as mentioned above [ 21 , 63 ]. SAXS
measurements from cellulose dissolved in EMImAc, before and
after heating, were evaluated by Eq. (3) and using a model of
coaxial double-shelled cylinders of finite length [68] . The chain’s
cross-section rc in unheated solutions was found comparable to
its value in the cellulose I crystal, while heating resulted in its
increase, interpreted as due to release of inter-molecular hydrogen
bonds and interaction with IL molecules, which also reduces the
density of IL molecules in this shell of interaction [68] . It was
also shown by SAXS that a small quantity of added water affects
the cellulose conformation, its interaction with IL and induces
aggregation [69] . 

The scattering at values of q < 1 /lp , can exhibit signs of several
different effects. If inter-chain correlations can be neglected, at
low concentration below that of chain overlap, an intermediate
power-law behavior: I(q ) ∼= 

Aq−1 /ν may be observed, where ν is
the Flory exponent 0.5 or 0.588 for chains without (Gaussian)
or with excluded volume interactions, respectively [70] . The
overlap concentration can be estimated as c∗ � M/ (23 / 2 NAV R3 

g )
where M and Rg are the chain molecular weight and total radius
of gyration and NAV is Avogardro’s number [71] . However, for
semi-flexible chains such as cellulose, with increasing persistence
length c∗ decreases significantly [72] and the effect of inter-chain
interactions reduce the intensity below that of the expected power
law. For c > c∗ the scattering pattern can be approximated by the
Ornstein-Zernike (OZ) equation [73] : 

I( q) = I( 0) /
(
1 + ξ2 q2 

)
(4)

for which ξ is a characteristic length-scale of inter-chain
correlations (“correlation length”) and I(0) = �ρ2 ϕ2 /Kos , where
�ρ = (ρp − ρs ) is the difference in scattering length density
between polymer and solvent (ρp , ρs , respectively), ϕ is the
polymer volume fraction and Kos = (c /RT )(d π/d c ) is the osmotic
modulus. R, T are the gas constant and absolute temperature,
π is the osmotic pressure and c is the polymer concentration.
Eq. (4) was found to be a valid approximation also for stiff
polymers [74] . Conversely, enhanced excess scattering intensity
at the low- q part of the scattering pattern is a characteristic of
aggregation to large-scale structures, such as fibrils [75] , as was
demonstrated for concentrated cellulose/IL solution [17] . Thus,
the absence of excess small-angle scattering and a good fit of
Eq. (4) can be taken as indication of true molecular dissolution of
cellulose chains [ 17 , 76 ]. Scaling rules of ξ and Kos with cellulose
concentration [77] evaluated from SAXS patterns of semi-dilute
cellulose/IL solutions, were close to those expected in good solvent
conditions [76] , which verified previous measurement of a rather
large positive osmotic second virial coefficient by light scattering
[17] . A persistence length of ∼4.5 nm was estimated from SAXS
measurements of the cellulose/IL solution [17] . 

SANS measurements of cellulose dissolution is well suited
for solution in PA, due to the low absorption and incoherent
scattering of D3 PO4 , in comparison to the high X-ray absorption
of PA, and the good contrast in scattering length density (SLD)
between cellulose and D3 PO4 . The objective of this study is to
evaluate the role of water in dissolution of cellulose by PA, by
3 
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Fig. 1 

Images of vials containing 2 wt% cellulose solutions in: (a) 78 and (b) 81 % PA. 

4

ssessing the extent of chain aggregation as a function of water
ontent in the PA solvent, within the narrow widow of dissolution
81–86 % PA). The actual SLD of cellulose chains dissolved in PA,
ue to phosphorylation, is also discussed. 

aterials and methods 
aterials and sample preparation 

icrocrystalline cellulose was purchased from Sigma Aldrich 

product no. 435,236 Lot no. MKCJ3230, Rehovot, Israel). 
euterated phosphoric acid (dPA) solution in D2 O (85 wt% dPA,
roduct no. 176,753), phosphorous pentoxide (P2 O5 ) and D2 O 

ere also purchased from Sigma Aldrich (Rehovot, Israel). MCC 

owder was first dried in a vacuum oven at 60 °C and 0.26 kPa for
t least 24 h. The dried MCC powder was rinsed in D2 O and then
issolved in cold (0 °C) dPA prepared in advance by mixing 85 %
PA solution with either D2 O or P2 O5 . The solution was mixed in
 chiller at 0 °C by mechanical stirring at 400 rpm for 1 h. The
olutions were prepared sequentially and kept in cooling (4 °C)
vernight before transfer by flight to the neutron facility, at which
hey were stored for another day, still in cooling, until they were

easured sequentially, at each sample to detector distance. 

mall-angle neutron scattering (SANS) measurements 
ANS measurements were carried out at the FRM-2 research 

eactor, at the Jülich Center for Neutron Science, Outstation at the
einz Maier-Leibnitz Zentrum, Garching, Germany on the KWS- 
 beamline [ 78 , 79 ]. The samples were studied in quartz cuvettes
f 2 mm thickness at temperature of 25 °C. Experiments were
arried out at sample to detector distances (SDD) of 2, 8, and
0 m, and collimation was positioned at the same lengths as
he SDDs. A wavelength ( λ) of 5 Å, with a wavelength spread
λ/ λ = 20 %, was employed, providing a range of scattering
ectors q ∼ 0.002–0.345 Å- 1 . The data were corrected for the 
etector sensitivity (using an incoherent plexiglass sample). 
lectronic noise (using a B4C mask) and scattering from an empty
ell were subtracted. Intensity calibration on the absolute scale 
scattering cross section per unit volume, cm- 1 ) was performed 

sing a plexiglass secondary standard. The measured counts from 

he two-dimensional detector array containing 128 ×128 channels 
ere averaged radially to attain a one-dimensional scattering 

urve. Data reduction and initial visualization utilized the QtiKWS
oftware [80] . 

ryogenic transmission electron microscopy (cryo-TEM) 
he dispersion of cellulose in PA solutions was directly-imaged 

y cryo-TEM imaging. Preparation of the specimen for cryo-TEM 

maging was performed in a controlled environment vitrification 

ystem (CEVS) [81] at ambient temperature. A drop of the
olution was placed on a TEM copper 200 mesh grid covered
ith a perforated carbon film (Ted Pella, Redding, CA, USA) and
as immediately blotted with filter paper yielding a thin film
hich was rapidly vitrified by plunging into liquid nitrogen. The

pecimen was then transferred to the microscope using a Gatan
26 cryo-specimen holder kept at -180 °C, and transfer-station 

Gatan Ametek, Pleasanton, CA USA). Imaging was performed 

y a Talos 200C (200 kV) high resolution TEM (Thermo Fisher
cientific Inc., Hillsboro, OR, USA), equipped with a field emission
 

un electron emitter. The data were collected by a Ceta 16 M, a
igh resolution CCD camera, or by a Falcon III direct imaging
amera (Thermo Fisher Inc.) for high resolution imaging at low 

ose mode. Image processing was done using the TIA software 
Talos images). 

esults and discussions 
he effect of water content in PA on SANS patterns from cellulose 
olutions 
he solutions of 2 wt% MCC in dPA/D2 O solvents of dPA contents
etween 81, and 97 wt% appeared clear and transparent, whereas 
he solution at the lowest dPA content (78 %) was turbid. For
xample, images of vials containing 2 wt% cellulose solutions in 

8 and 81 % dPA are presented in Fig. 1 a and b, respectively. The
urbidity of the former, compared to the transparent appearance 
f the latter are evident. 

SANS measurements were performed on 2 wt% solutions of 
ellulose dissolved in deuterated phosphoric acid/D2 O solvent of 
arying PA content (78, 81, 83, 85, 87, 90, 94 and 97 wt% dPA).
he patterns from six solutions in solvent compositions of 81–
4 wt% dPA do not exhibit any significant difference, and thus
re shown together in Fig. 2 a to indicate that the structure of
ellulose dissolved in these solutions is quite similar. The SANS 
attern from the solution in 97 % dPA differs at low angles
rom that from the six solutions in 81–94 %, and that from the
olution in 78 % dPA differs significantly. Thus, the SANS patterns
resented in Fig. 2 b are from solutions in 78 and 97 wt% dPA,

n comparison with that from the solution in 85 % dPA which
epresents the six solutions in intermediate dPA contents. It is 
vident that the patterns from all solutions except the one in
8 % dPA exhibit nearly a q- 1 power-law relation of intensity 
o scattering vector at the higher q -range, characteristic of rod-
ike structures, as was described previously for cellulose solutions 
n other types of good solvents. [ 17 , 21 , 25 , 30 , 63 , 66 , 67 , 76 ] At the
ower- q range of the scattering patterns from these solutions, 
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Fig. 2 

SANS patterns from 2 wt% cellulose solutions in dPA/D2 O solvents composed of: (a) 81, 83, 85, 87, 90 and 94 wt% dPA, exhibiting nearly similar patterns (note, 
no discernible differences are meant to be demonstrated). Insert: Patterns at low- q from solution in 90, 94 and 97 %; and (b) 78, 85 and 97 wt% dPA, exhibiting 
dissimilar patterns (that of 85 % PA solution is repeated for comparison). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

excess scattering beyond that expected from the q- 1 power-law
is observed. As mentioned above, the patterns from solutions in
81–94 wt% dPA are quite similar, and the apparent power-law
at low- q in the patterns from these solutions is nearly q- 2 , as
indicated in Fig. 2 a. The increased power-law at low- q can be due
to inter-segmental interactions of semi-flexible chains at q < 1 /lp ,
which conform to the OZ relation, Eq. (4) , at concentration above
that of coil overlap (c∗). Such behavior was reported for cellulose
solutions in ionic liquid (1-ethyl-3-methyl imidazolium acetate –
EMImAc) and its mixture with a dimethyl-formamide (DMF) at
1:9 molar ratio [76] . It was interpreted as indicating molecularly
dissolved cellulose chains. The overlap concentration of cellulose
from MCC as used here, dissolved in EMImAC/DMF (1:9 molar
ratio), was estimated as 0.82 wt% based on viscosity [76] and
light scattering measurements of its molecular parameters ( M,
Rg ) [17] . This translates to a value of c∗ slightly smaller than
0.5 wt% for this cellulose dissolved in the dPA solutions under
study here, considering the densities of the respective solvents
and taking a value of 1.6 g/cm3 for the cellulose density. The
SANS measurements indicate that PA solutions at content of 81–94
wt% are good solvents for cellulose providing for molecular-level
dissolution. The break between the -1 and -2 power-law regions
indicates a persistence length about 30 Å. It should be noted that
this kind of nearly -2 power-law at low- q has also been interpreted
as due to random aggregation of dissolved cellulose chains in
an IL having a mass-fractal structure [63] , similar to simulated
fractal aggregates of rigid rods, exhibiting a fractal dimension
(hence scattering power-law) between 1.8 to 2.3 [82] . The actual
distinction between these two interpretations (entangled semi-
rigid chains and random fractal aggregates) may not be significant.

The excess scattering at low- q from the solution in 97 wt%
dPA is significantly higher, with an apparent power-law about
q- 4 , as indicated in Fig. 2 b. This suggests the existence of larger
structures with rather sharp interfaces [83] , most likely cellulose
fibrils that were not molecularly dissolved. The scattering from
cellulose dissolved in 78 wt% dPA is completely different, being
more than an order of magnitude higher in intensity, does not
exhibit an apparent two-power law pattern with exponent of -1 in
the high- q range, but rather a slowly decreasing slope (on double
logarithmic scales) with increasing q from about -2 to about-3.
Evidently, at this high water content PA does not dissolve cellulose
to individual chains but rather as cluster, which will be analyzed
further below. On the other hand, at low water content, such as at
97 wt% dPA studied here, not all fibrils have been dissolved. This
provides evidence from cellulose chain scattering patterns for the
window of dissolution in PA ranging in acid content from about
81 to 94 wt%. 

Analysis of the total scattered intensity (“invariant”) at different 
water contents 
The total (integrated) scattering intensity is related to the volume
fraction ( ϕ) of dissolved cellulose and its contrast with the solvent
( �ρ) by the Porod invariant ( Q ), appropriate for a two-phase
system [84] : 

Q =
∫ ∞ 

0 
I( q) q2 d q = 2π2 ( �ρ) 2 ϕ( 1 − ϕ ) (5)

Care should be taking in estimating the SLD of cellulose
chains dissolved in PA, in consideration of the action of PA
on AGU. Phosphorylation reactions can take several forms, but
it is established that the dominant phosphorylation occurs at
the C(6) hydroxyl [ 85 , 86 ]. Here we assume that one phosphate
monovalent anion is attached per AGU as –C(6) –OP(O)(OH) O- .
Cellulose phosphorylation by PA is evident on the surface
of nanocrystals obtained by regeneration of MCC swollen by
PA without the use of catalysts such as urea (a well known
phosphorylation catalyst [ 85 , 87 ]), which remains even after
5 
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6

ashing [ 53 , 88 ]. Furthermore, we assume that on each AGU,
he two labile hydrogens on the remaining hydroxyls of the
ugar ring and the one on the monovalent anionic phosphate
roup are fully exchanged with deuterium of the dPA/D2 O 

olvent (ignoring the small molar H/D ratio due to the cellulose
ydroxyls incurs an error of less than 1 %). The density of
hosphorylated cellulose is estimated by taking 1/4 the unit cell
olume of the cellulose I β crystal ( ∼658.3 Å3 ) [89] adding the
olume of –P(O)(OH) O- taken as ∼44 Å3 from half the unit cell
olume of disodium orthophosphite pentahydrate [90] minus 
he volume five water molecules and two sodium ions. The SLD
f phosphorylated cellulose is thus estimated as 4 × 10- 6 Å- 2 , 
alculated using the approximated formula (C6 H7 D3 O8 P) and 

ensity ∼1.9 gr/cm3 in the usual manner [91] . Alternatively, we
an consider binding of phosphate ions to AGU by hydrogen
onding as [52] : C(6) OH ···[OP(O)(OH)2 ]- , for which the molar
olume of the ion (31.3 cm3 /mol) [92] can be added to that of
GU, and the SLD estimated as 4.1 × 10−6 Å−2 (C6 H7 D3 O8 P). 
e had previously shown that ion binding from ionic liquid to

ellulose dissolved in it can alter the SLD of cellulose and its
ontrast to the surrounding solvent [ 66 , 67 ]. In this analysis the
LD of the dissolved cellulose is taken as 4 × 10- 6 Å- 2 . 

The SLDs of the respective solvent compositions were evaluated 

ssuming volume additivity, by linear extrapolation between the 
LD of 85 wt% dPA/D2O calculated as 5.76 ×10−6 Å−2 [91] using
ts reported density (1.736 gr/cm3 at 25 °C [93] ) and that for
00 % dPA calculated as 5.57 ×10−6 Å−2 [91] using the estimated
ensity of 100 % H3 PO4 (1.93 gr/cm3 at 25 °C [94] , and taking into
ccount its deuteration). The solvent SLDs are tabulated in Table 1 ,
ith the estimated contrasts ( �ρ), the linear extrapolation being
alidated by the data of Egan and Luff [94] . The invariants were
alculated by Eq. (5) with the data collected in the q -range between
he first accessible data point ( qmin = 0.00413Å−1 ) and the largest
oint of significant signal above the background ( qmax = 0.392Å−1 ).
he main error in invariant calculation is due to the need to
xtrapolate to infinite q in Eq. (5) , which is significant to the
2 wt of the high- q data. Typically, scattering patterns should
ecrease at high- q with a large exponent nearly q−4 [84] , which
hould be expected in this case from q >> ( rc )−1 . However the
urrent data is not sufficient for such extrapolation. Therefore a
ower bound for Q was evaluated by integrating the measured 
Table 1 

Solvent SLDs, and estimated contrast, invariants and volume fr

dPA content 
in D2 O [wt%] 

dPA SLD 

[Å- 2 x10- 6 ] 
Contrast (1) ( �
[Å- 2 x10- 6 ] 

78 5.84 1.84 
81 5.80 1.80 
83 5.78 1.78 
85 5.76 1.76 
87 5.73 1.73 
90 5.70 1.70 
94 5.65 1.65 
97 5.61 1.61 
(1) Assuming the SLD of phosphorylated cellulose as 4 × 10-6 Å-2 . 
(2) By integration as in Eq. (5) but between the limits of the measured data 0.004
(3) Estimated lower bound from the calculated invariant ( Q ) by Eq. (5) . 

 

ata in the q -range mentioned above. Its calculated values as
ell as the volume fractions of dissolved cellulose, evaluated by 
q. (5) are presented in Table 1 . Considering that the estimation
f the volume fraction of cellulose contributing to the measured 

ANS signal is only a lower bound due to the lack of extrapolation
o infinite- q in the invariant calculation, and the uncertainty in
he estimation of the SLD of phosphorylated cellulose chains, the 
stimated volume fractions presented in Table 1 are indicative that 
s significant part of cellulose microcrystals are opened by the 
ction of phosphoric acid at all the compositions under study, and
he chains undergo phosphorylation, even if not all are dissolved 

s individual polymer chains. 

nalysis of the rod-like scattering at high- q , at different water 
ontents 
he volume fraction of individually dissolved cellulose chains 

n solutions containing 81–94 wt% dPA can also be assessed by
nalysis of the prefactor of the q- 1 power-law observed at high- 
 , by fitting Eq. (1) in the relevant q -range and applying Eq. (2) .
his approach is valid in two cases. If all cellulose is dissolved as

ndividual chains, and can be viewed a persistent Kuhn chains, i.e.
ade of rod-like segments, then their semi-dilute solution should 

xhibit the q- 1 power-law at high q turning to Eq. (4) at lower q ,
xhibiting a q- 2 power-law at intermediate q , as exhibited in Fig. 2 .
n this case the prefactor of Eq. (1) is related to the total volume
raction of rods [74] . On the other hand, if the solution is assumed
o be composed of two independent populations, dissolved chains 
nd aggregates, the total scattering may be modeled as a sum of
wo independent terms, due to each population. Such assumption 

s widely used in analysis of polymer solutions or gels with larger-
cale inhomogeneities [95] , including semi-rigid polymers and 

heir aggregates [75] . In this case the prefactor of Eq. (1) is related
o the volume fraction of dissolved chains. 

The q- 1 power-law fits to the measured data are presented in 

ig. 3 , in the range 0.018 < q < 0.15 Å−1 , for which reliable signal is
ttained above the background for significant fitting. The volume 
ractions are evaluated using Eq. (2) with an estimate cross-section 

rea of 36 Å, taking into account the area per chain in the cellulose
I or II) crystal unit cell [ 86 , 89 ], 32 Å2 , expanded slightly due
o phosphorylation as mentioned above. The estimated values, 
resented in Table 2 , which do not rely on data extrapolation, are
actions. 

ρ) Invariant (2) ( Q ) 
[cm- 1 Å- 3 x10- 5 ] 

Volume fraction 

cellulose (3) ( ϕ) 

7.71 0.012 
5.64 0.009 
3.44 0.005 
5.52 0.009 
6.55 0.011 
3.62 0.006 
4.27 0.008 
3.11 0.006 

13 < q < 0.392Å−1 . 
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Table 2 

Parameters from fits of the rod-like scattering patterns to Eq. (1) , and evaluated cellulose volume 
fractions compared to the initial values. 

dPA content 
in D2 O wt% 

Input cellulose vol. 
fraction 

(1) 
Prefactor A 

(2) 

cm- 1 Å- 1 x10- 4 
Calc. cellulose vol. 
fraction 

(3) 

81 0.022 7.5 0.023 
83 0.023 5.5 0.017 
85 0.023 6.0 0.019 
87 0.023 6.6 0.022 
90 0.024 7.0 0.024 
94 0.024 5.3 0.019 
97 0.025 4.3 0.017 
(1) Calculated from 2 wt% cellulose, assuming cellulose density of 1.6 g/cm3 and volume additivity of cellulose, dPA and D2 O. 
(2) Calculated from fits of the rod-like scattering patterns to Eq. (1) . 
(3) Calculated from the fitted prefactors A using Eq. (2) . 

Fig. 3 

The q- 1 power-law fits ( Eq. (1 )) to the measured SANS patterns from 2 wt% 

cellulose solutions in solvent compositions of 81, 83, 85, 87, 90, 94 and 97 
wt% dPA, (exhibiting nearly similar patterns). Fitting performed in the range 
0.018 < q < 0.15 Å- 1 . The bottom data (of 81 % dPA solution) is actual. Each 
successive pattern presents data multiplied by successive factors of 2 for clarity 
of presentation. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4 

SANS pattern from 2 wt% cellulose solutions in 78 % dPA solvent. Solid line is a 
fit of the mass-surface fractal model ( Eqs. (6) , (7)) with parameters as listed on 
the plot. 

 

 

 

 

 

 

 

 

 

 

 

 

 

quite close to those calculated from the weight fraction of cellulose
in the prepared solutions. This indicates that a significant faction
of cellulose is indeed dissolved as individual chains. 

The structure of cellulose solution in 78 wt% dPA 

The SANS pattern from 2 wt% cellulose solution in 78 % dPA
differs significantly from those at other dPA contents, both in
amplitude and in shape as shown in Fig. 2 b, in accord with its
turbid macroscopic appearance ( Fig. 1 ). The apparent limiting
power-law behaviour is about -2 at low- q and -3 at high- q , as
shown in Fig. 4 . The high measured intensity yielded the high
calculated volume fraction listed in Table 1 for this solution,
derived by Eq. (5) even without data extrapolation. This was
interpreted above as indicating that most of the cellulose chains
are phosphorylated and released from the crystal, even if not
dissolved molecularly. The shape of the scattering pattern is
reminiscent of that which appears in mass-surface fractal such as
aerosol aggregates, in which primary particles with an irregular
surface structure (“surface fractal”), of average gyration radius rg ,
are aggregated to larger irregular structures (“mass fractals”) of
average gyration radius Rg . The scattering from such structures
may be modelled as [ 96 , 97 ]: 

I( q) = I( 0) 
{[ (

1 + b2 q2 
)] Dm / 2 [ (

1 + a2 q2 
)] ( 6 −Ds −Dm ) / 2 ) 

}−1 

(6)

Where Ds and Dm 

are the surface and mass fractal dimensions,
and a and b are size characteristics of the primary and aggregated
structures, respectively, related to their respective gyration radii
by: 

a = rg /[3(6 − Dm 

− Ds / 2)] 1 / 2 (7a)

b = Rg /(3Dm 

/ 2) 1 / 2 (7b)
7 
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Fig. 5 

CryoTEM images of cellulose solutions in 78 % PA: (a) taken with a low dose of electron radiation ( ∼3.9 e- /Å2 ), and (b) taken with a higher dose ( ∼5.2 e- /Å2 ). 

Fig. 6 

CryoTEM images of cellulose solutions in 81 % PA: (a) taken with a dose of electron radiation ∼5.5 e- /Å2 , and (b) taken with a higher dose ( ∼16.4 e- /Å2 ). 
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Eq. (6) was applied to the SANS pattern of 2 wt% cellulose in
8 % dPA, as shown in Fig. 4 , by taking the limiting power law
t low- q as the mass fractal dimensions (Dm 

= 2 ). Apparently the
ize of the aggregated structure is too large for the resolution of
he measurement ( b > ∼ q−1 

min ≈ 240 Å). Thus we arbitrarily assign a 
alue of b = 500 Å. Thus, the fitted parameters of Eq. (6) are I (0)
 

nd the characteristics of the primary particles: size a (or rg ) and
urface fractal dimension Ds . A good fit of the data, as shown
n Fig. 4 , is obtained with Ds = 2.5 and rg = 30 Å. This result

ay be interpreted as indicating that the MCC crystals have been
issolved by the action of PA, yet, some elementary fibril structure
emains, having an irregular surface due to partially dissolved 
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cellulose chains. These surface features present a surface fractal
dimension (2.5), and may be assumed to be composed of segments
emanating from partially dissolved fibrils, forming smaller-scale
structures of gyration radius ∼30 Å [82] . 

Indication of disordered aggregates of rod-like fibrils, with
possible fractal appearance, may be gleamed in images of the
2 wt% cellulose solution in 78 % PA obtained by cryo-TEM,
displayed in Fig. 5 . Due to the electron-beam radiation sensitivity
of the cellulose solutions, and electron absorption by PA, it was
rather difficult to obtain an image free of radiation damage. Fig. 5 a
presents an image with minimal damage (electron dose ∼3.9
e- /Å2 ), in which faint light streaks may be discerned, possibly
indicating the lighter cellulose fibrils against the background of
the darker-appearing vitrified PA. Electron radiolysis often initiates
at the dispersed organic matter in the vitrified inorganic media,
e.g., water [ 98 , 99 ] or acid [ 100 , 101 ], as was also observed in
cellulose/PA solution [60] . Thus, the bubble-like structures that
appear in Fig. 5 b, due to radiation damage as the image was
recorded at higher exposure ( ∼5.2 e- /Å2 ), are considered to be due
to radiolysis at the interface of acid - cellulose fibrils. This is a
similar experimental approach to that taken in imaging carbon
nanotubes (CNTs) in chlorosulfonic acid [100] , where direct
Fig. 7 

(a) SANS patterns from cellulose solutions in 83 % dPA, containing 0.5, 1, 2 and 4 wt%

Table 3 

The effect of cellulose concentration on parameters calculated from th

Cellulose content 
wt% 

Input cellulose 
volume fraction 

Fitted prefactor ( A ) (1) 

cm−1 Å−1 x10−4 vo

0.5 0.0055 2.4 0.
1.0 0.0115 3.4 0.
2.0 0.023 5.5 0.
4.0 0.046 5.5 0.
(1) Calculated from fits of the rod-like scattering patterns to Eq. (1) . 
(2) Calculated from the fitted prefactors A using Eq. (2) . 
(3) By integration as in Eq. (5) but between the limits of the measured data 0.00413 < q < 0.
(4) Estimated lower bound from the calculated invariant ( Q ) by Eq. (5) . 
radiation damage was applied to detect the CNTs. The enhanced
contrast highlights the structure of interconnected fibrils that may
be assumed to be part of a fractal-like structure on a larger scale.
For comparison, images of the solution in 81 % PA are shown in
Fig. 6 . The image taken with exposure to an electron dose of ∼5.5
e- /A2 , shown in Fig. 6 a, as well as the one shown in Fig. 6 b, taken
at a higher dose ( ∼16.4 e- /A2 ), even much higher that used for the
image in Fig. 5 b, do not exhibit any discernible fibrillar structure.
This supports the SANS results indicating molecular dissolution of
cellulose chains in 81 % PA solvent. 

Analysis of the SANS patterns from cellulose solutions of different 
concentrations 
The effect of cellulose concentration on the scattering patterns
was studied with solutions in 83 wt% dPA, containing 0.5, 1, 2
and 4 wt% cellulose, as presented in Fig. 7 a. All patterns exhibit
a similar shape, with the limiting power laws of q- 1 at high-
q and about q- 2 at low- q . The evaluated scattering invariants,
again calculated without data extrapolation to infinite q as
described above, with the associated cellulose volume fractions
calculated from them, are presented in Table 3 , as are the fits at
high- q of the rod-like pattern ( Eq. (1) ), shown in Fig. 7 b, and
 cellulose. (b) Fits of the q−1 power-law ( Eq. (1 )). 

e SANS patterns of solutions in 83 % dPA. 

Calculated invariant ( Q ) (3) 

lume fraction 

(2) cm−1 Å−3 x10−5 volume fraction 

(4) 

006 1.58 0.0025 
009 2.40 0.0038 
015 3.44 0.0055 
015 4.23 0.0068 

392Å-1 . 

9 
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1

he volume fractions calculated from the fitted prefactors. The 
olume fractions from the invariant calculations are significant 
nder-estimations but those estimated from the prefactors of 
he rodlike scattering are quite comparable to the input values,
ndicating again that a significant part of the cellulose chains are
ispersed from the tight crystals, more so at the lowest cellulose
omposition. However, when the concentrated is doubled from 2 

o 4 wt%, the fraction of dissolved cellulose is not changed. This
ay indicate that at 4 wt% cellulose there is no significant increase

n the volume fraction of individually dissolved cellulose chains, 
hich is in accord with the observation of aggregate scattering at

ow- q . 

onclusions 
mall-angle neutron scattering (SANS) measurements were used 

o assess the state of dissolution of cellulose chains in deuterated
hosphoric acid (dPA) at water contents from 78 to 97 %
ater. dPA/D2 O mixtures were utilized due to sufficient contrast 
ith cellulose, low incoherent scattering cross-section and 

ow radiation absorption compared to x-rays. The action of 
hosphoric acid on cellulose crystals disrupts intra- and inter- 
olecular hydrogen bonds resulting in disruption of the tight 

rystal structure at all dPA/D2 O compositions studied. SANS 
rovides evidence that a significant part of the cellulose chains
re molecularly dissolved as individual chains, in 2 wt% cellulose
olutions, at water content of 81–94 wt%, with insignificant 
ifference between solvents of the various water compositions. At 
7 % dPA evidence for a small content of undissolved fibrils is also
oted. Increasing cellulose content to 4 wt% in 85 % dPA shows
o significant increase in the volume fraction of individually
issolved cellulose chains, which is in accord with the observation
f aggregate scattering at low- q . Dissolution in 78 % dPA exhibits
 marked difference in the scattering pattern. The intensity is
ignificantly higher, without a noticeable break in the apparent 
ower law behavior, and does not exhibit the q

- 1 power law at
igh- q . The SANS pattern can be fitted by the mass-surface fractal
odel, possibly due to existence of small fibrils with an irregular

rough) surface, likely caused by chain segments emanating from 

artially dissolved fibrils, which form larger “open” structures as 
etworks or mass fractals with a low dimension ( ∼2). 

The rather wide window of water content in PA ( ∼81–94 %), in
hich cellulose dissolves similarly, irrespective of water content, 
ay be rationalized by a combination of complementary effects. 
ecreasing water content below 20 wt% enhances PA activity 

owards both cellulose wettability [ 51 , 52 ] and phosphorylation
eaction [85] , yet significantly increases the solvent viscosity [102] .
hus a combination of thermodynamic and kinetic effects can 

ationalize the origin of the main finding of this study. 
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