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Abstract  The main aim of this work was to study 
the role of the acetylation process of wheat straw pulp 
on its ability to rheologically modify two of the most 
important non-polar engineering fluid: bitumen and 
oil. Pulp was produced by a pilot-scale kraft pulping 
process from local wheat straw. Pulp was functional-
ized with acetic anhydride and sulfuric acid as a cata-
lyst by modifying (temperature, pulp/acetic anhydride 
mass ratio, and reaction time. Further, chemical, mor-
phological and thermal changes induced by the acety-
lation process were properly assessed. Acetylated 
wheat straw pulp dispersions in oil showed gel-like 
behaviour, with a mechanical spectrum character-
ized by higher values of the storage modulus (G′) and 
a minimum in the loss modulus (G″) at intermediate 
frequencies. The complex modulus (G*) for bitu-
men dispersions formulated with acetylated samples 
was up to 4 times higher than neat bitumen, and the 
phase angle (δ) indicated an enhancement in the elas-
tic behavior parameters. The rheological response of 
these systems was associated with the microstruc-
tural network formed by pulp fibers and the balance 
between the physical and chemical changes of wheat 
straw fibers. According to the experimental results 

obtained, it can be concluded that acetylation is a rel-
evant chemical treatment to modulate the rheological 
properties of wheat straw pulp dispersions in non-
polar fluids, improving the compatibility between 
pulp fibers and these engineering fluids. Accordingly, 
this study provides valuable insights into the devel-
opment of sustainable multiphasic materials (bitu-
men binders and semi-solid lubricants) for industrial 
applications.

Keywords  Pulp · Acetylation process · Bio-
lubricant · Bitumen · Rheology

Introduction

Renewable materials and novel process technologies 
could scale down the dependence on fossil fuels and 
enable the development of sustainable novel materi-
als, resulting in the growing interest of researchers in 
new real-world applications and the development of 
novel, next-generation, high-tech multiphase mate-
rials (Gan et  al. 2017). In this sense, both lubricant 
and bitumen industries have been posed with the 
great challenge of developing sustainable rheological 
modifiers that meet demanding technical specifica-
tions while adhering to numerous environmental reg-
ulations, all while keeping the cost low (El-shorbagy 
et al. 2019; Ng et al. 2022). Semisolid lubricants (such 
as greases) are generally colloidal dispersions that 
contain lubricating oil, generally mineral or synthetic, 
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trapped inside a three-dimensional network of a thick-
ener agent, traditionally metallic soaps or synthetic 
polymers (Núñez et al. 2012). The replacement of tra-
ditional thickeners with other more environmentally 
friendly constituents is much more challenging than 
the substitution of non-biodegradable lubricant fluid 
by vegetable oils or their derivatives. The thickener 
must form an adequate entanglement network trap-
ping the oil and must confer physical stability and 
appropriate functional properties such as gel-like 
behavior, thermal resistance and lubrication efficiency 
(Martín-Alfonso et  al. 2007). On the other hand, on 
account of its physicochemical properties, bitumen is 
a basic material to develop pavement binder (Cuadri 
et  al. 2011). Bitumen should be flexible enough to 
withstand sudden stresses without cracking, but 
must also resist permanent deformations. Thus, in 
order to improve the reliability of bitumen, several 
materials of different nature are added. The goal of 
this modification is to yield the adequate properties 
to prevent asphalt pavement defects, as ‘‘rutting’’, 
i.e. permanent deformation due to low binder stiff-
ness at high temperatures, and ‘‘thermal cracking’’, 
i.e. fracture as a consequence of its lack of flexibility 
at low temperatures (Cuadri et  al. 2012). Tradition-
ally, different categories of bitumen modifiers are 
usually regarded: (a) synthetic “passive” polymers, 
such as styrene–butadiene–styrene (SBS), styrene-
butadiene rubber (SBR), or poly(ethylene-co-vinyl 
acetate) (EVA) (Fawcett et al. 1999) and (b) reactive 
or “active” polymers, which produce chemical bonds 
via reactive groups, such as terpolymers (Polacco 
et al. 2004) or diisocyanates (MDI, HDI, etc.) (Cuadri 
et al. 2014; Carrera et al. 2014). Recently, other types 
of nanomaterials have been reported as modifiers for 
improving the technological and rheological proper-
ties of bitumen and vegetable oil. In this sense, (Jah-
romi and Khodaii 2009) investigated the influence of 
the addition of nanoclays as bitumen modifiers. They 
found that this material enhances the performance 
of bitumen in terms of rutting and fatigue cracking 
resistance. While, Martín-Alfonso et  al. (Martín-
Alfonso et al. 2020, 2021) have recently explored the 
ability of sepiolite and montmorillonite nanoclays to 
produce stable gel-like dispersions in castor oil and 
found that their content could be used to modulate the 
rheological and tribological properties of these oleo-
dispersions. The effect of modifying carbon nano-
tubes has also been investigated on the consistency 

and properties of bitumen binders, concluding that 
carbon nanotubes may improve the permanent defor-
mations and fatigue behavior of modified bitumen 
(Arabani and Faramarzi 2015). In addition, the utili-
zation of different types of natural submicronic fibers 
and particles from eucalyptus (Eskandarsefat et  al. 
2019) and sisal (Oda et al. 2012) lignocellulosic bio-
mass and lignin (Pérez et  al. 2019) have been used 
as additives in bitumen. To develop bitumen binders 
or semisolid lubricant formulations, cellulose fiber 
shows some advantages compared to other traditional 
materials, since it presents high specific properties 
such as its high level of filler loadings, non-abrasive 
nature, renewability, and being the most abundant 
biopolymer in the planet—constituting about 40–85% 
of the total dry weight of woody plant material. The 
principal sources of cellulose fibers are wood and 
crops such as flax, cotton, hemp and sisal among oth-
ers. Moreover, cellulose fibers from by-products of 
different plants (corn, rice, wheat, barley, sorghum, 
sugar cane, pineapple, bananas and coconut crops) 
are in demand (Moura et al. 2018). Among all of crop 
raw material, wheat straw is one of the most underu-
tilized potential source for pulp. This raw material is 
available in abundant quantity in many regions of the 
world with an annual global production of about 529 
million tons at a low cost (Arjun et al. 2020). How-
ever, cellulose pulp has a main inherent disadvantage, 
mainly associated with the low capacity to form phys-
ically stable dispersions in a hydrophobic medium. 
Its numerous OH groups restrict its dispersibility in 
a non-polar medium. Nevertheless, this fact can be an 
asset since these OH groups can ideally be used as a 
platform for chemical modifications. Their derivatiza-
tion can help to reduce its polarity and hydrophilicity, 
thus improving cellulose compatibility with oil and 
bitumen media and minimizing the physical instabil-
ity under static conditions. Several chemical reactions 
have been used to increase the miscibility of cellu-
lose fiber with other non-polar media, especially with 
synthetic polymers, such as graft copolymerizations 
(Thakur et al. 2014), treatments with silanes (Abdel-
mouleh et al. 2007), or other chemicals (George et al. 
1996). The acetylation process represents an attrac-
tive route to change some properties of fibers such 
as reactivity, hydrophobicity, water interaction and 
other surface properties, even at low substitution 
degree (Zweckmair et  al. 2014). Different methods 
to obtain acetylated cellulose fibers from traditional 
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reactions using organic solvents (Jonoobi et al. 2010; 
Tripathi et al. 2018), mechanosynthesis (Huang et al. 
2012; Kang et  al. 2017) to more green treatments 
(Zweckmair et  al. 2015; Abushammala et  al. 2017; 
Beaumont et al. 2020) have been considered. In addi-
tion, the acetylation of cellulose fiber has been also 
investigated as a method to modify the properties of 
thermoplastic polyolefins composites (Mat Taib et al. 
2010; Ismail et al. 2011; Hung et al. 2012; Arifuzza-
man Khan et al. 2013). In this sense, it is worth say-
ing that there have not been yet studied the impact of 
the acetylation process on the mechanical properties 
of cellulose pulp dispersions on bitumen and oil. In 
this work, pulp fibers were produced by the alkaline 
kraft pulping process in a pilot plant from wheat 
straw obtained from a local plantation. The wheat 
straw pulp was then reacted with acetic anhydride in 
the presence of sulphuric acid as a catalyst to synthe-
size a wide range of products. The influence of key 
parameters, i.e., temperature, pulp/acetic anhydride 
mass ratio, and reaction time, on the chemical, mor-
phological and thermal properties of acetylated pulp 
were properly assessed. Finally, the role of the acety-
lation process of wheat straw pulp in the development 
of bitumen binders and semi-solid lubricants was 
investigated. The relationship between the modifica-
tion degree of pulp fibers and the mechanical proper-
ties of modified oil and bitumen was investigated. A 
deeper understanding of the acetylation process’s role 
in these oily/bitumen dispersions’ mechanical proper-
ties might pave the way for further engineering appli-
cations of bio-based multiphasic materials.

Materials and methods

Materials and chemical

Wheat straw was kindly supplied by a local agricul-
tural field from Huelva region (Spain). Kraft pulp pro-
duced in the laboratory and acetylated samples were 
used as thickeners or additives to prepare dispersions 
in oil and bitumen. Acetic anhydride and sulfuric acid 
from Merck Sigma-Aldrich were used in the acetyla-
tion process. Bitumen (penetration grade of 50/70, 
Eiffage, Spain) and castor oil (211 cSt at 40  °C, 
Guinama, Spain) were used as the non-polar fluids to 
disperse the wheat straw pulp. One commercial mul-
tipurpose lithium semisolid lubricant (Bellota, Spain) 

was used as benchmark. The reagents used for chemi-
cal analysis were analytical grade, while reagents 
used for chromatographic analysis were high-perfor-
mance liquid chromatography (HPLC) grade.

Pulp production and acetylation of wheat straw pulp

The wheat straw was kraft pulped at pilot plant scale. 
The operational cooking conditions were: 17 wt.% 
active alkali (NaOH), 28 wt.% sulfidity (Na2S), liq-
uor-to-wheat straw ratio of pulping 10 L/kg, cook-
ing temperature 160  °C, 40  min interval to cooking 
temperature, and 60  min at cooking temperature. 
Then, cooked chips were washed, disintegrated, and 
screened to obtain the final pulp. The acetylation of 
kraft wheat straw pulp (KWP) was conducted via ace-
tic anhydride catalyzed by sulfuric acid. The reaction 
was carried out in a round-bottomed flask immersed 
in oil bath to control temperature. In summary, 2  g 
of kraft wheat straw pulp was added to a mixture 
of acetic anhydride and sulfuric acid as a catalyst 
by modifying three reaction variables: temperature 
(20–100 °C), the mass ratio of pulp/acetic anhydride 
(1:7, 1:15, 1:30) and time (1–12 h). KWP and acetic 
anhydride were dissolved in a flask of 100 mL, and 
sulfuric acid was added, then the reaction mixture 
was stirred at a controlled temperature. Finally, the 
acetylated pulp was filtered through a Brinell funnel, 
washed with distilled water to a neutral pH, and dried 
in a vacuum oven at 50 °C for 24 h. Each experiment 
was performed three times to ensure the repeatability 
of the results.

Characterization of kraft wheat straw pulp and 
acetylated samples

To determine the chemical composition of the kraft 
wheat straw pulp, it was subjected to hydrolysis 
at 30 °C with 5 ml of 72 wt.% sulfuric acid for 1 h 
and quantitative post-hydrolysis with 4 wt.% sulfuric 
acid (adding water until 148.67 g) at 121  °C during 
60  min in an autoclave vessel. Before HPLC analy-
sis, the solid residue from the post-hydrolysis process 
was recovered by filtration and considered as Kla-
son lignin. The resulting hydrolysates were analyzed 
chemically according to TAPPI T249-em-09. Mono-
meric sugars (xylose, arabinose and glucose) and 
acetyl groups in the acid hydrolysis liquor were deter-
mined by high performance liquid chromatography 



2066	 Cellulose (2024) 31:2063–2078

1 3
Vol:. (1234567890)

(HPLC), using an Aminex HPX-87H ion-exchange 
column at 30  °C as stationary phase and 0.05  M 
H2SO4 at a flow rate of 6 mL min–1 as mobile phase. 
Monosaccharide contents were expressed in terms 
of glucan, xylan and araban. The lignin content was 
determined following standard method (TAPPI T222 
om-12), and the mass of solvent extractives pulp was 
calculated according to TAPPI T207 cm-08. The 
physicochemical and morphological changes of KWP 
were analyzed before and after the esterification 
process. Fourier transformed infrared spectroscopy 
(FTIR) spectra of pulp was obtained using a typical 
KBr method with a JASCO FT/IR- 4200 spectrometer 
after the samples were purged with nitrogen. Each 
sample was scanned 24 times at a resolution of 4 cm−1 
over the wavenumber region of 4000–400 cm−1. The 
degree of substitution (DS) was determined using the 
heterogeneous saponification and back titration with 
the HCl method according to ASTM D871-96. Thus, 
0.1 g of acetylated samples were suspended in 40 ml 
of ethanol and heated at 50 °C for 30 min. The sus-
pensions were brought to a slightly basic pH by add-
ing a few drops of 0.1 N NaOH using phenolphthalein 
as an indicator. Then, 40  mL of 0.1 N NaOH solu-
tion was added and heated again at 50 °C for 15 min. 
Finally, samples were allowed to stand tightly stop-
pered at room temperature for 48 h. Afterwards, the 
NaOH excess was back titrated with 0.1 N HCl, using 
phenolphthalein as the end-point indicator. Unmodi-
fied wheat straw pulp was also titrated using the 
same procedure as a blank sample. The acetyl group 
content (Acyl) and the degree of substitution (DS) 
achieved were then calculated as stated in Eqs. 1 and 
2, respectively (Ramírez et al. 2014):

where VB (ml) is the volume of the HCl required for 
blank titration, VS (ml) is the volume of HCl required 
for titration, NHCl is the normality of the HCl solu-
tion, and W (g) is the sample mass.

X-ray diffraction (XRD) patterns of wheat straw 
pulp and acetylated samples were obtained on a 
Bruker D8 Advance X-ray diffractometer with nickel-
filtered (V = 40 kV, I = 30 mA) CuKα radiation as the 
X-ray source (λ = 1.5418 Å). The scanning rate was 
3.6 s per step with a scanning step of 0.02° to reduce 

(1)Acyl(%) =
[(

VB − VS

)

× NHCl × 4.3
]

∕W

(2)DS = (162 × Acyl%)∕
[

4300 − (42 × Acyl%)
]

the noise in the peaks. The samples were scanned 
within the range of 5°–30° (2θ). The curves were 
obtained with the raw data without data manipulation. 
The crystallinity index (CI) was calculated according 
to (Segal et al. 1959):

where I200 was the maximum intensity of the 200 
peak (2θ = 22.7°), and Iam was the minimum inten-
sity which represents the intensity of the data at 
2θ = 18°–19° between the 1–10/110 (15.7°) and 200 
(22.4°) peaks (French 2014).

The morphology of the samples was observed 
using scanning electron microscopy with a FlexSEM 
1000 II microscope, after sputtering the samples 
with gold under vacuum, operating at 10  kV accel-
eration voltage and 5  mm working distance. Ther-
mogravimetric analyses (TGA) were performed on 
a TA Instruments model Q-50 with a heating rate of 
10 °C/min from 30 to 600 °C under a nitrogen flow of 
50 mL/min.

Preparation and rheological characterization of oil/
bitumen dispersions

Acetylated pulps were dispersed in castor oil at a con-
centration of 10 wt.%, using an IKA RW-20 mixer 
(Germany) with an anchor impeller geometry at room 
temperature (~ 23 °C) and a rotation speed of 60 rpm 
for 30 min in an open vessel. Then, a homogenization 
treatment (rotational speed: 8800  rpm), for 5  min, 
using a rotor–stator device (Ultra Turrax T-50, Ika) 
was applied. Blends of bitumen and acetylated pulps, 
at a concentration of 4 wt.%, were prepared in an 
open vessel using an IKA RW-20 mixer (Germany) 
equipped with a helical ribbon impeller. Blends were 
processed for 1  h, at 170  °C and agitation speed of 
150 rpm, using silicone oil as heating fluid. The rheo-
logical characterization of acetylated pulp dispersions 
in oil was performed in a controlled-stress rheom-
eter Physica MCR-301 (Anton Paar, Austria), using 
a roughened plate–plate geometry (25  mm diameter 
and 1  mm gap) to prevent possible slip phenomena 
and a coaxial cylinder geometry (height: 40  mm, 
inner diameter: 27 mm, outer diameter: 29 mm. Fre-
quency sweep tests in the range of 0.03 and 100 rad/s, 
within the linear viscoelastic region, and steady flow 

(3)CI(%) =

(

I
200

− Iam

I
200

)

× 100
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tests, at shear rates from 0.01 to 100  s−1 at 25  °C 
were performed. Bitumen blends were rheologically 
characterized by temperature sweep tests in oscilla-
tory shear, at a heating rate of 1  °C/min, a constant 
frequency of 10  rad/s, and 1% strain within the lin-
ear viscoelastic region. Steady-state viscous flow tests 
were also performed at 135 and 165  °C, in a shear 
rate range of 10–2 to 102 s−1.

In order to ensure accurate results, at least two rep-
licates were conducted for every sample/test. Figures 
and tables present the average values, and the data 
were presented as mean ± standard deviation (SD).

Results

Influence of acetylation on chemical, morphological 
and thermal properties of kraft wheat straw pulp

Table 1 shows the chemical composition of the wheat 
straw pulp. The major fraction is cellulose (analyzed 
as glucan), to 75.8%, followed by the hemicelluloses 
fraction (calculated as the sum of xylan and arabinan) 
to 19.1% and Klason lignin to 1.9% (after quantitative 
acid hydrolysis). The higher cellulose content sug-
gests that the acetylation of cellulose is more prob-
able than the acetylation of hemicelluloses. However, 
it is expected that the hemicelluloses are completely 
acetylated before the acetylation of the cellulose starts 
because these matrix components surround the cellu-
lose microfibrils in lignocellulose materials (Ashori 
et al. 2014).

FTIR was used to evaluate wheat straw pulp’s 
chemical modification. Figure  1a shows the infra-
red spectra of neat pulp and acetylated samples at 
a temperature of 80  °C and 1/15 pulp/acetic anhy-
dride ratio, as a function of reaction time. Neat 
wheat straw pulp displays the characteristic bands 

of its main components: cellulose, hemicellulose, 
and lignin (Hinterstoisser and Salmén 1999; Liu 
et  al. 2005; Espinosa et  al. 2017). Regarding the 
spectra of acetylated samples, the presence of a 
band centered at 1753  cm−1, assigned to the car-
bonyl C = O group, the band at 1375  cm−1, related 
to C-H stretching of acetate methyl group, as well 
as, the band at 1240  cm−1, related to C-O, stretch 
in ester groups corroborate the acetylation of wheat 
straw pulp (Popescu et al. 2012; Abushammala et al. 
2017). As can be observed in Fig. 1b, the transmit-
tance ratio for these bands normalized using the 
transmittance value at 1163  cm−1 (Li et  al. 2019) 
increases with the reaction time, as an indication of 
progress of the acetylation process.

Table 1   Chemical composition of kraft wheat straw pulp

Chemical component Value (wt.%)

Glucan 75.8 ± 2.01
Xylan 17.9 ± 0.91
Arabinan 1.20 ± 0.15
Klason lignin 1.90 ± 0.11
Extractive 3.20 ± 0.27
Acetyl groups –
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Fig. 1   a FTIR spectra of: neat wheat straw pulp and acetylated 
samples prepared at temperature of 80  °C and ratio of pulp/
acetic anhydride (1/15) as a function of reaction time, b trans-
mittance ratio for the peak at 1753, 1375 and 1240 cm−1 acety-
lated samples
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Based on Eq. 2, the degree of substitution (DS) of 
acetylated samples was estimated in order to deter-
mine the effects that reaction temperature, pulp/
acetic anhydride mass ratio and reaction time play 
on the esterification process. The influence of these 
variables on DS is shown in Fig. 2. As can be seen, an 
increase in reaction time from 1 to 8 h resulted in an 
increase in DS, from 0.4 to 2.5; while from 8 to 12 h 
the DS decreased (see Fig. 2a). The increment of DS 
with the reaction time is a consequence of the favora-
ble effect of time on diffusion and adsorption of the 
reactants, which leads to better contact between the 
acetic anhydride and the cellulose and hemicelluloses 
molecules (Cao et al. 2007; Hu et al. 2011; Li et al. 
2013). Acetylation was relatively fast during the first 
3 h (slope-1), suggesting that easily accessible surface 
hydroxyl groups were first modified. After 3  h, the 
reaction rate slowed down (slope-2). This result may 
be explained in terms of steric hindrance induced by 
the grafted acetyl groups at the fiber surface and/or by 
the need for acetic anhydride to diffuse into the fib-
ers (Frisoni et al. 2001; Henry et al. 2009). However, 
the decrease of DS after 8 h could be attributed to the 
byproduct that was yielded during the reaction proce-
dure (acetic acid). That could reduce the concentra-
tion of acetic anhydride, resulting in a reduction of 
the reaction rate (Rowell et al. 1990; Sun et al. 2002). 
In addition, the presence of acetic acid led to a partial 
solubilization of some highly acetylated product on 
the surface of the fibers. An increase in reaction tem-
perature from 20 to 100 °C also led to an increment in 
DS from 0.05 to 2 (see Fig. 2b). As can be observed, 
DS initially increases at a slower rate (slope-1) fol-
lowed by a faster one (slope-2). The reason for this 
enhancement of acetylation by increasing temperature 
could be associated with the favorable effect of tem-
perature on the compatibility of the reaction ingredi-
ents, the expansibility of the fibers and the diffusion 
of the reactant molecules. An additional reason is that 
the esterification of cellulose is endothermic and the 
hydrolysis of cellulose acetate is exothermic (Tsiopt-
sias et  al. 2022), thus, according to the Le Chatieli-
er’s principle an increase in temperature favors the 
direction of esterification. Finally, the influence of 
pulp/acetic anhydride mass ratio was studied. From 
Fig.  2c, can be observed that an increasing in this 
ratio from 1/7 to 1/30 linearly decreased the substi-
tution degree. This fact could be explained according 
to the reversibility of the reaction. When the reaction 
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between the fibers and acetic anhydride advances, the 
amount of the acetic acid increases, which will then 
drive the reaction to the opposite direction thus ham-
pering acetylation. Hence more acetic anhydride is 
needed to produce the reaction, thus needing a much 
higher ratio. Furthermore, an excess of acetic acid 
resulting from the acetylation reaction may hinder 
the accessibility of the OH groups of cellulose fiber; 
therefore more acetic anhydride would be needed to 
react with them (Daud and Djuned 2015). As previ-
ously mentioned, fiber modification yields a signifi-
cant decrease in the amount of the hydroxyl groups 
and the appearance of aliphatic hydroxyls due acety-
lation. At this point, it is worth mentioning that our 
purpose is not to optimize these parameters, but to 
study their influence on the acetylation reaction and 
to obtain a wide spectrum of outstanding products. 
The latter could be of great importance for structur-
ing two of the most important nonpolar engineering 
fluids (bitumen and oil).

Neat wheat straw pulp and acetylated samples were 
analyzed by X-ray diffraction analysis to estimate the 
influence of the acetylation process on the crystallin-
ity of samples. The X-ray diffraction patterns of neat 
pulp and acetylated samples are shown on Fig. 3a as 
a function of reaction time. Neat wheat straw pulp 
exhibited a dominant peak about 2θ = 22.3° and an 
average overlapped broad peak about at 2θ = 15.7° 
which have been identified as corresponding to the 
(200) plane and the overlapped (1–10)/(110) planes 
for cellulose I (French and Santiago Cintrón 2013; 
French 2014). The crystallinity index of wheat straw 
pulp was 59.8% calculated by Segal’s method. This 
result is consistent with the previous study, using the 
same wheat straw pulp source material (Espinosa 
et  al. 2017). A decrease of the main peak at 22.3° 
with the reaction time was observed in the patterns 
of the acetylated samples, indicating a reduction in 
its crystallinity (see Fig.  3b). Similar behavior was 
reported by (Yan et al. 2023) for acetylated softwood 
bleached kraft pulp. However, acetylated pulps sub-
mitted to shorter reaction times (1 and 2 h) showed a 
slight increase in their crystallinity, probably due to 
the loss of amorphous components such as hemicellu-
lose and lignin in the fiber induced by the acetylation 
process. Further, new peaks at 2θ = 8.3°, and 10.4°, 
which increase with the reaction time, were observed 
in the diffraction patterns of acetylated pulps. Two of 
the possible explanations for these peaks could be the 

001 and 010 peaks for a less symmetric cellulose I 
(the ideal 2θ values are at 8.5° and 10.9° for the cellu-
lose I 001 and 010 peaks respectively (French 2014), 
or they could be from cellulose triacetate I (Sikorski 
et al. 2004), which has a very strong 010 peak at 7.8° 
and a weak 011 peak 11.5°.

Furthermore, a morphological study to evaluate 
the changes in physical properties of pulp fibers due 
to the esterification process was performed. Figure 4 
shows the selected micrographs of the KWP and the 
acetylated samples obtained by using the SEM tech-
nique at a magnification of × 100 and × 1000, respec-
tively. As can be observed, the neat pulp appeared 
to be an irregular fibrous material with smooth 
surface and fiber diameter in the range from 10 to 
15  µm. When the acetylation process is taken, in 

Fig. 3   XRD diffractograms a and crystallinity index b of neat 
wheat straw pulp and acetylated samples as a function of reac-
tion time
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shorter reaction times (1 and 2 h) the acetylated pulp 
remained its original shape, but the surface became 
rough and uneven, and the diameter of fibers slightly 
decreased. However, for higher reaction times, the 
acetylation process significantly modifies the mor-
phology and surface, resulting in rough fiber and 
platelets with micro and nanopores in its surface. As 
can be observed, the roughness of the fibers surface of 
the sample acetylated for 8 h increased sharply after 

treatment by acetic anhydride (see Fig. 4i-j). Similar 
results have been found by other authors (Li et  al. 
2013; Lepetit et  al. 2017) for cellulose fibers. This 
confirms that the acetylation process produces signifi-
cant physical changes in acetylated pulp samples.

Thermal behavior of neat wheat straw pulp and 
acetylated samples as a function of acetylation time 
was investigated using the TGA analysis (Fig.  5). 
Some characteristic parameters, such as the temper-
ature for the onset of thermal decomposition (T5%, 
temperature for the 5 wt.% of mass loss), the tem-
perature at which decomposition rate is maximum 
(Tmax) and the percentage of non-degraded residue 
are reported in Table 3. As can be observed (Fig. 5a), 
the neat wheat straw pulp displays a mass loss of 
about 5.6 wt.% below 100  °C, which can be associ-
ated to the evaporation of the adsorbed water as a 
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Fig. 4   SEM micrographs of selected samples: a, b original 
wheat straw pulp (× 100 and × 1000), c, d acetylated 1 h (× 100 
and × 1000), e, f acetylated 2 h (× 100 and × 1000), g, h acety-
lated 3 h (× 100 and × 1000) and i, j acetylated pulp 8 h
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consequence of hydroxyl groups dehydration (Espi-
nosa et al. 2017). This thermal event decreases when 
the substitution degree increases, thereby confirming 
the higher hydrophobic character of acetylated sam-
ples. The main decomposition step of samples occurs 
in the range of 200–360 °C. In this stage, the cleavage 
of the linkages of cellulose, hemicellulose and lignin 
leads to the formation of CO2, H2O and other hydro-
carbon derivatives (Poletto et al. 2011; Ramírez et al. 
2014). In addition, there were differences among the 
neat pulp and acetylated samples in terms of the car-
bonaceous residue yield (see Table 3), suggesting that 
samples do not have similar chemical composition. 
It is well known in literature that wheat straw pulp is 
rich in silica (SiO2) (Gupta et al. 2020). In this sense, 
the lower amount of residue in acetylated samples 
could be related to the partial removal of SiO2 from 
the wheat straw pulp during acetylation process. The 
derivative thermogravimetry (DTG) curve of neat 
pulp displays a main peak at 362 °C and a shoulder 
at 320 °C. Since neat pulp is mainly composed of cel-
lulose and hemicellulose, the peak at 360  °C could 
be easily assigned to cellulose and the shoulder at 
320  °C to holocellulose (Sebio-Puñal et  al. 2012). 
However, acetylated samples present two distinct 
peaks. The increase or decrease of these peaks are 
influenced by the reaction time. An increase in reac-
tion time between 3 and 12 h, results in achieving a 
clear increase in the second-stage degradation rate. 
Thus, in the first-stage the degradation rate increases 
as the reaction time decreases. These results could be 
associated in terms of a twofold effect occurred on the 
wheat straw pulp when the acetylation process was 
conducted. On the one hand, the acetylation occurs 
in the presence of acids (H2SO4, and CH3COOH) and 
thus it is conceivable that a physical change of cellu-
lose polymeric chains is induced by the acid medium 
(dissociation and fibrillation of fibers, porous on 

surface). This in turn may affect thermal degradation, 
since the higher space between fibers, the higher the 
surface exposed to heat. On the other hand, the inser-
tion of acetyl functional groups produces an increase 
in thermal stability as it has been reported previously 
by several works (de Freitas et  al. 2017; Yan et  al. 
2023). Thus, acetylated samples present both peaks 
and its relevance depend on the relationship between 
physical and chemical changes.

Influence of acetylation process on rheological 
properties of oily/bitumen dispersions

Steady shear flow curves, at 23  °C, of KWP disper-
sions in castor oil as a function of acetylation reac-
tion time are illustrated in Fig. 6. As can be observed, 
acetylated pulp dispersions in oil display a shear 
thinning behavior while showing different viscosity 
values in the low shear rate region depending on the 
acetylation degree. Viscous flow measurements of 

Table 3   Thermal 
characteristic parameters 
of neat pulp and acetylated 
samples obtained by TGA 
analysis

Samples T5% (°C) Tmax (°C) ΔT (°C) residue (%)

Wheat straw pulp 278 ± 1.3 320/ 362 ± 1.2 78.9 15.5 ± 0.2
1 h 268/ 356 ± 1.4 329/ 361 ± 1.2 84.1 8.91 ± 0.3
2 h 203/ 352 ± 1.2 323/ 363 ± 1.2 88.0 8.52 ± 0.2
3 h 192/ 349 ± 1.2 325/ 360 ± 1.2 86.5 12.6 ± 0.3
5 h 196/347 ± 1.3 327/ 362 ± 1.2 88.5 10.1 ± 0.2
8 h 224/ 345 ± 1.3 326/ 363 ± 1.2 85.4 11.9 ± 0.2
12 h 224/ 345 ± 1.3 326/ 363 ± 1.2 85.4 12.2 ± 0.2
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Fig. 6   Steady shear flow curves of oil dispersions as a func-
tion of reaction time
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cellulose dispersions typically show some experimen-
tal problems, such as wall-slip, shear-banding, frac-
ture and sample expelling (Nechyporchuk et al. 2014). 
In this work, wall-slip effect was avoided by using 
roughened plate–plate surfaces. But, on the contrary, 
such geometries favour the occurrence of fracture and 
the subsequent sample expelling (Martín-Alfonso 
and Valencia 2015). Unfortunately, these dispersions 
experienced shear-induced fracture and expelling of 
the sample at shear rates higher than 1 s−1, as can be 
seen in the picture inset in Fig.  6. Similar behavior 
has been previously reported for eucalyptus cellulose 
pulp dispersions (Ashori et al. 2014).

Frequency sweep tests were used to probe the 
quiescent mechanical properties of the microstruc-
tural network formed by the acetylated pulp in the oil 
medium. Figure  7 displays the evolution of viscoe-
lastic moduli with frequency, within the linear vis-
coelastic range (LVR) for the oleo-dispersions, as a 
function of time and temperature reaction; as well as 
commercial semisolid lubricant. As can be observed, 
the values of the storage modulus (G′) are higher than 
those found for the loss modulus (G″) in the whole 
frequency range studied, and the plateau region is 
generally noticed for both the oleo-dispersions and 
the commercial lubricant. However, acetylated pulps 
submitted to higher reaction times and temperature 
yielded weak gel-like dispersion with a not well-
developed plateau region. In fact, the slope of the G′ 
versus frequency plot increases slightly as the reac-
tion time (5 and 8  h) and temperature rises (80 and 
100 °C), associated with a decrease in the values of 
both linear viscoelastic functions (Fig. 7a-c) and rela-
tive elastic characteristics (Fig.  7b-d). However, the 
dispersion formulated with the wheat straw pulp sub-
mitted to the highest reaction time (12  h) achieved 
similar viscoelastic moduli than those containing 
acetylated pulp exposed to intermediate times.

This influence of the different reaction parameters 
on the viscoelastic functions was also analyzed by the 
evolution of the “plateau” modulus, G°N,. This modu-
lus is a characteristic parameter of the plateau zone of 
the mechanical spectrum and it may be defined as the 
extrapolation of the entanglement contribution to G′ 
at high frequencies, and it may be estimated from tan 
(δ) as follows (Ashori et al. 2014; Martín-Alfonso and 
Valencia 2015):

Figure  8 displays the evolution of G°N with the 
acetylation reaction variables: time (a), temperature 
(b) and pulp/acetic anhydride mass ratio (c). Oleo-
dispersions formulated with acetylated pulp exhibit 
a gel-like response, as a consequence of the interac-
tion among fibers and hydrocarbon molecules, where 
the acetyl group enhances the compatibility with the 
vegetable oil. In fact, the dissociation degree of fibers 
increases in the microstructure of acetylated samples, 
which suggest that the connections between microfi-
bril had been weakened and could create a positive 
effect on the subsequent blend with oily medium. In 
general, an increase of DS, regardless of the reaction 
parameter, yields a decrease of the plateau modulus. 
This behavior could be observed clearly on the evolu-
tion of G°N with the reaction temperature (Fig.  8b). 
Interestingly, low-intermediate reaction times (1–3 h) 

(2)GN
o = [G�]

����→min

Fig. 7   Frequency sweep test performed within the linear vis-
coelastic range of oil dispersions as a function of time and tem-
perature reaction, as well as commercial semisolid lubricant
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achieved values of the plateau modulus similar to 
commercial lithium lubricating greases with NLGI-
consistency number ~ 2 (NLGI, 1994). However, tak-
ing into account that oleo-dispersions prepared with 

acetylated samples with similar DS present different 
values of the plateau modulus, the morphology fib-
ers achieved during acetylation process also impacts 
the rheological modification to a certain extent (see 
Fig. 4). Thus, the viscoelastic response of these oleo-
dispersions is mainly a consequence of the balance 
between chemical modification (substitution degree 
mainly) and physical modifications of pulp fibers (i.e., 
size, shape, surface…). On the basis of these results, 
the production of acetylated fibers with lower reaction 
times (1–3  h), intermediate ratio of pulp/anhydride 
(1/15) and intermediates temperatures (60, 80  °C) 
could be proposed as possible suitable candidates to 
thicken castor oil and develop semisolid lubricants. 
However, these dispersions showed partial phase 
separation, i.e. “oil bleeding” after a period of age-
ing and fracture/-expelling phenomena as displayed 
in steady shear flow tests. While it is also remarkable 
that acetylation improves the physical stability of the 
oleo-dispersions.

On the other hand, viscous flow curves of bitumen 
dispersions formulated with acetylated samples, at 
two different temperatures (135 and 165 °C), are pre-
sented in Fig. 9 as a function of the acetylation reac-
tion time. Viscosity measurements at these tempera-
tures are of a particular interest to assess the behavior 
of modified bitumen at handling, lay-down and com-
paction temperatures (Martin-Alfonso et  al. 2019). 
Experimentally, it was observed with the naked eye 
that neat wheat straw pulp could not be properly 
mixed with bitumen, giving rise to a heterogeneous 
blend, i.e. agglomerations of fibers. However, acety-
lated samples produce homogeneous blends with 

Fig. 8   Evolution of the Plateau modulus (G°N) with process-
ing variables of acetylation: a reaction time, b reaction temper-
ature and c mass ratio of pulp/acetic anhydride

Fig. 9   Steady shear flow curves, at 135 and 165 °C of bitumen 
dispersions as a function of reaction time
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bitumen. The viscosity of the bitumen dispersions 
increases monotonically by 1.5 orders of magnitude 
at low shear rates, compared with neat bitumen when 
the reaction time decreases. These differences are 
much pronounced at higher temperature (165  °C). 
The dispersions exhibit a shear-thinning character 
which is enhanced by reducing the acetylation reac-
tion time. This non-Newtonian behavior of these 
dispersions is due to the addition of the pulp fibers, 
since bitumen is considered a Newtonian fluid (see 
Fig. 9a–b). The physical interactions among fibers in 
the bitumen matrix are strong at small shear rates and 
becomes weaker at high shear rates due to fiber reori-
entation. Interestingly, the shear-thinning character 
depends on the physical and chemical modification of 
pulp fibers.

In order to investigate the thermo-rheological 
behavior of acetylated pulp dispersions in bitumen, 
temperature ramps comprising in the low/medium 
temperature interval under oscillatory shear were car-
ried out. Figure 10 displays the evolution of the com-
plex shear modulus (G*) and phase angle (δ) with 
temperature. Complex modulus unifies both elastic 
(G′) and viscous (G″) contributions of the material, 
while δ gives an indication of viscoelasticity degree 
of the material. Purely Newtonian viscous materials 
provide δ = 90°, whereas δ = 0° for pure elastic sol-
ids. As can be observed, in all cases, the values of G* 
decrease as temperature increases. On the other hand, 
the neat bitumen presents lower stiffness (lower G* 
value) over the entire temperature range in compari-
son to bitumen/acetylated pulp blends (see Fig. 10a). 

The stiffening of the acetylated pulp dispersions may 
be associated to the filler effect provided by the fibers 
(Desseaux et  al. 2018). According to SEM images, 
acetylated pulp fibers are arranged in the form of 
irregular platelets and twisted filaments with rough 
surface textures, which is constructive to the adhesion 
of bitumen. With this texture, pulp fibers can also 
adsorb more bitumen and stabilize the asphalt mix-
tures more effectively. Non-modified pulp compris-
ing fibers with smooth surface results in poor bitumen 
adsorption. In addition, the neat pulp fibers are more 
rigid than the acetylated fibers and tend to be aligned 
restricting entanglements and adsorption properties. 
However, acetylated pulp dispersions exhibit a similar 
thermo-rheological behavior than neat bitumen at low 
and medium temperatures. This fact indicates that the 
addition of pulp fibers do not improve the temperature 
susceptibility of bitumen, in terms of hardness. Oppo-
site results attributed to different physical and -chemi-
cal properties of fibers were found by Eskandarsefat 
(Eskandarsefat et  al. 2019) for bitumens modified 
with different multifunctional fibers. These differ-
ences could be associated to the fact that wheat straw 
pulp is a non-woody pulp that generally had infe-
rior physical properties compared to those made of 
woody fibers (Laftah and Wan Abdul Rahman 2016). 
Figure  10b also shows that the complex modulus 
decreased when the substitution degree achieved in 
wheat straw increased, as similarly found in the oleo-
dispersions. The phase angle (δ) could be considered, 
in terms of viscoelastic behavior, more sensitive to 
the chemical structure, and therefore to the modifica-
tion of bitumen, than the complex modulus. As can 
be seen, the evolution of δ with temperature for neat 
bitumen displays a typical sigmoidal curve. Bitumen 
dispersions containing acetylated pulps show similar 
curves but, lower δ values, which reflects a more elas-
tic behavior.

r.

Concluding remarks

The influence of wheat straw pulp acetylation on the 
rheological properties of two important non-polar 
engineering fluids (bitumen and oil) was investi-
gated in this work. The research aimed at developing 
sustainable bitumen binders and semisolid lubricant 
formulations. Thus, the current study focuses on 

Fig. 10   Temperature sweep tests in oscillatory shear of a the 
complex shear modulus ( |G∗

| ) and b phase angle (δ) bitumen 
dispersions as a function of reaction time
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acquiring knowledge on how modified wheat straw 
pulp interacts with these non-polar fluids. Results 
herein obtained evidenced that wheat straw acetyla-
tion extent may be tailored by modifying the reac-
tion time, temperature and pulp/acetic anhydride 
mass ratio. It was also noticed that different reaction 
rates occurred, allowing rapid and extensive acetyl 
coverage of the surface of fibers. Morphologi-
cal characterization also confirmed that significant 
physical changes were achieved in acetylated pulp 
fibers. The resultant acetylated pulps were validated 
as rheological modifiers of castor oil and bitumen. 
From the experimental results obtained, it can be 
concluded that the apparent viscosity and linear vis-
coelastic functions of oleo-dispersions depend on 
the physical and chemical modifications of pulp fib-
ers achieved by acetylation. This rheological modi-
fication can be associated to the three-dimensional 
network achieved by dispersing pulp fibers in a non-
polar fluid matrix. Some castor oil pulp dispersions 
formulated with low-medium degree of substitution 
(DS) showed an evolution of the linear viscoelastic 
functions very similar to that obtained with a com-
mercial lithium lubricating grease. However, these 
dispersions showed partial separation of phases 
and shear-induced fracture phenomena. In contrast, 
acetylated wheat straw pulp samples showed good 
compatibility with bitumen, increasing the stiff-
ening and elasticity of neat bitumen. Overall, the 
results obtained in this work could contribute to the 
sustainable production of rheological modifiers for 
bitumen binders and semisolid lubricants.
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