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Sugarcane bagasse derived phosphorylated cellulose as substrates for 
potassium release induced by phosphates surface and drying methods 

Lucas Luiz Messa a,b, You-Lo Hsieh c, Roselena Faez a,b,* 

a Laboratory of Polymeric Materials and Biosorbents, Federal University of São Carlos, UFSCar, 13600970 Araras, São Paulo, Brazil 
b Graduate Program in Materials Science and Engineering, University of Sao Paulo, Pirassununga, São Paulo 13635900, Brazil 
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A R T I C L E  I N F O   
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A B S T R A C T   

Encapsulation and controlled release of potassium by phosphorylated cellulose (P-cell) was systematically 
demonstrated by drying of aqueous P-cell suspensions with potassium chloride (KCl) in varied stoichiometric K+/ 
Cell-O-HPO3

- ratios of 1:1, 2:1, and 4:1, and dried into powder-like fibrous fluffs, paper-like films, and three- 
dimensional porous structures by spray-, oven-, and freeze-drying. Cellulose isolated from sugarcane bagasse 
as agricultural waste was optimally phosphorylated at 1:0.5:2 anhydroglucose (AHG)/(NH4)2HPO4/CO(NH2)2 as 
14.6 µm wide, ca. 366 µm long, highly crystalline (72%) microfibers with 2.4 mmol g− 1 charge. Oven drying led 
to more crystalline (73%) and thermally stable (252.1 ◦C) films than spray-dried powders (67%, 250.5 ◦C) and 
freeze-dried porous bulk (71%, 249.8 ◦C). The release of highly water-soluble KCl from these three P-cell sub-
strates was highest from the fibrous (90.4–97.3%), three-dimensional porous structure solids (73.5–81.7%), then 
films (60.4–74.5%), thus could be tuned by varying the anionic/cationic loadings along with drying methods.   

1. Introduction 

Sugarcane (Saccharum officinarum) is the most cultivated crop in the 
world, with 1.84 billion tonnes produced in the 2017/2018 harvest. 
Brazil produces 40% sugarcane, with over 747 million tonnes processed 
mainly into sugar or alcohol (FAOSTAT, 2020). Sugarcane processing is 
responsible for generating 30% bagasse residue, e.g., 195 million tonnes 
(Ferreira-Leitao et al., 2010), and thus this is the most agricultural 
biomass in Brazilian agriculture. Furthermore, bagasse stands out as an 
attractive cellulose source for different applications as a readily avail-
able waste with a relatively high cellulose content of approximately 42% 
(Rocha et al., 2015). 

Cellulose, the most abundant polymer, is synthesized by plants and 
bacteria and has been commonly used in its native fibrous forms in 
packaging, paper, and textile production (Abushammala and Mao, 
2019). The linear syndiotactically arranged D-anhydroglucopyranose 
units linked by β-(1→4)-glycosidic bonds (Kim et al., 2006) is fibrillar, 
semicrystalline (Saxena and Brown, 2005), and hydrophilic (Cichosz 
and Masek, 2019). In addition, the intrinsic characteristics of biode-
gradability (Vikman et al., 2015), renewability at relatively low cost 
(Ardanuy et al., 2015), and versatile chemical reactivity (Vuoti et al., 
2013) have made desirable cellulose material for many additional 

potential applications. However, the high hydrophilicity (Rol et al., 
2019a) and low thermal resistance (Korovnikova et al., 2020) are 
limiting factors for certain applications. 

Cellulose derivatives are particularly interesting due to their new 
properties beyond the original cellulose. Among the most prominent are 
phosphorylated cellulose derivatives produced by the chemical phos-
phorylation method using a greener condition in a water-based urea 
system with inorganic phosphate salts (Ghanadpour et al., 2015; Messa 
et al., 2021; Naderi et al., 2016; Noguchi et al., 2017). Phosphorylation 
with diammonium hydrogen phosphate ((NH4)2HPO4) in the presence 
of urea ((NH2)2CO) introduces negatively charged phosphoric groups 
through the esterification of cellulose hydroxyls (Messa et al., 2021) 
while minimizing fiber dissolution (Ghanadpour et al., 2015). These 
phosphorylated cellulose derivatives have been demonstrated to be 
excellent flame-retardant materials (Ghanadpour et al., 2018b, 2015), 
highly fire-protecting coating (Ghanadpour et al., 2018a), 
bio-adsorbents for selective adsorption (Lehtonen et al., 2020; Liu et al., 
2015; Mautner et al., 2016), and composites for bone tissue engineering 
materials (Li et al., 2012). However, the use of phosphorylated cellulose 
derivatives as a substrate for chemical delivery is lacking. Incorporating 
phosphorus moieties via phosphorylation of cellulose offers ample sur-
face anionic charges to allow binding the cationic ions of macro- and 
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micronutrients for potential controlled delivery of plant nutrition. 
The capability to retard or control plant nitrogen, phosphorous, and 

potassium macronutrients from varied fertilizer sources, i.e., urea 
((NH2)2CO), potassium sulfate (K2SO4), diammonium hydrogen phos-
phate ((NH4)2HPO4), dipotassium hydrogen phosphate (K2HPO4), over 
a prolonged time interval can also minimize environmental pollution 
from nutrient loss (Chen et al., 2018). The enhanced efficiency fertilizers 
(EEFs) based on cellulose or its derivatives have been predominantly 
reported as hydrogels (Bortolin et al., 2013; Kenawy et al., 2018; Li 
et al., 2015; Mohammadi-Khoo et al., 2016; Muharam et al., 2020; Olad 
et al., 2018; Rop et al., 2018; Senna et al., 2015; Zhang et al., 2020). For 
instance, the grafting copolymerization of sawdust cellulose, acrylic 
acid, acrylamide, and urea was performed using N, N′-methylenebis as 
crosslinker and potassium persulfate as an initiator to synthesize 
hydrogel fertilizers for slow-release of urea achieving 82.4% of release 
in water for 8 h (Zhang et al., 2020). Crosslinking bromoacetylated 
cellulose with urea in the presence of N, N-dimethylacetamide, and 
triethylamine was conducted to form hydrogels that displayed a signif-
icantly slowed urea release of 97% in 720 h in water (Mohammadi-Khoo 
et al., 2016). Furthermore, only a few have reported cellulose-based 
EEFs in forms other than hydrogels. Solution-casting of emulsions 
based on ethylcellulose, vinyl acetate, butyl acrylate, and urea has been 
performed to obtain films for slow nitrogen release, i.e., 84.1% after 42 
days in water (Li et al., 2018). Most recently, double-coating urea having 
ethylcellulose as an inner layer and cellulose-based superabsorbent 
(pretreated cellulose grafted with acrylic acid and acrylamide) as outer 
layer slowed nitrogen release in soil to 58.6% within 15 days (Zhang and 
Yang, 2020). However, most of these cellulose-based EEFs require extra 
chemicals (i.e., synthetic polymers, crosslinkers, polymerization initia-
tors, and organic solvents), or the processes are complex and expensive 
for agricultural applications. Therefore, there is a clear need to explore 
facile and greener routes to generate cellulose-based EEFs with no or 
minimum additional chemicals. 

In this work, aqueous suspensions of 14.6 µm ( ± 5.2 µm, N = 87) 
wide and 365.9 ( ± 164.7 µm, N = 56) long phosphorylated cellulose (P- 
cell) fibers with 2.4 ± 0.4 mmol g− 1 charge were incorporated with 
counterion salt (potassium chloride) and then dried into different solid 
forms of powder-like fibrous, paper-like films, and three-dimensional 
porous structures. The highly water-soluble potassium chlorite was 
incorporated at 1, 2, and 4:1 K+/Cell-O-HPO3

- molar ratios to discern the 
effects of attractive electrostatic forces in these solid forms on their 
release properties. Also, we evaluate the effects of drying methods, i.e., 
spray-, oven-, and freeze-drying, on the structure, morphology, crys-
tallinity, and thermal stabilities of these solids. For agriculture crops, 
potassium chloride is the most extensively used source of potassium 
fertilizer (Kafkafi et al., 2001), an essential nutrient for the growth and 
development of plants. Thus, the prolonged release of potassium is 
particularly interesting to avoid loss during fertilization. The highly 
water-soluble potassium chlorite was also used as a model counterions 
for the in-water release capacity study. 

2. Material and methods 

2.1. Materials 

Cellulose was isolated from sugarcane bagasse by a two-step 1.4% 
NaClO2 (pH 3.5, 70 ◦C, 5 h) and 5% KOH (room temperature for 24 h, 
then 90 ◦C for 2 h) process to a 42% yield (Messa et al., 2021). Dia-
mmonium hydrogen phosphate ((NH4)2HPO4, ACS reagent grade, 99%) 
and urea ((NH2)2CO, ACS reagent grade, 99%) were purchased from 
Dinâmica Química Contemporânea (Brazil) and used for cellulose 
phosphorylation. Potassium chloride (KCl, 99%, Synth-Brazil), glacial 
acetic acid (CH3COOH, 99%, J. T. Baker-Brazil), and sodium hydroxide 
(NaOH, 88%, Synth-Brazil) were used as received. Water used was from 
Milli-Q plus water purification system (Millipore Corporate, Billerica, 
MA). 

2.2. Phosphorylation of sugarcane bagasse cellulose 

Phosphorylation of cellulose was conducted following a previously 
reported procedure (Messa et al., 2021). Cellulose was impregnated with 
(NH4)2HPO4 at 0.5:1 (NH4)2HPO4/anhydroglucose unit (AHG) molar 
ratio in moderate stoichiometric excess of the ca. 31% amorphous cel-
lulose, to which 2 mol of urea was added and stirred at RT for 30 min, 
then dried at 40 ◦C, followed by curing at 150 ◦C for 30 min. The reacted 
cellulose was washed with water until the conductivity was lowered to 
< 5 µS cm− 1 to remove weakly attached chemicals, filtered to recover 
the light-yellow color phosphorylated cellulose (P-cell), and stored 
under vacuum for further characterizations. 

2.3. Drying of KCl loaded P-cell suspensions via spray-drying (SD), 
freeze-drying (FD), and oven-drying (OD) 

P-cell fibers were transferred to water to form 1.0 w/v% suspensions 
and homogenized for 5 min using an ultra turrax disperser (15.000 rpm, 
IKA T 25 digital). The suspensions were loaded with KCl at 1, 2, and 4:1 
K+/Cell-O-HPO3

- molar ratios, corresponding to respective 0.0025, 
0.0051, 0.0102 mol KCl under constant stirring for 30 min, and dried in 
three different ways: rapid spray-dried in hot air, freezing in a freezer, 
then freeze-dried, and slow oven-dried. KCl-loaded P-cell suspensions 
(100 mL) were spray-dried using a laboratory scale spray dryer (B-290, 
Buchi Corp., Switzerland) coupled with a 1.5 mm two-fluid atomization 
system at 180 ◦C inlet temperature, 20% suspension-feeding rate, and 
473 L h− 1 drying air stream. In freeze-drying, KCl-loaded P-cell sus-
pensions (10 mL) were first transferred to 15 mL polypropylene conical 
tubes and frozen at − 80 ◦C for 15 h, then lyophilized (− 47 ◦C, < 100 
µHg vacuum) for 2 days in a freeze-drier (L101, Liotop). Oven-drying of 
KCl-loaded P-cell suspensions (10 mL) in polypropylene weighing boats 
was performed at 40 ◦C for 8 h. All dried solids were stored under a 
vacuum for further characterization. The dried P-cell and P-cell/KCl 
solids were denoted by the drying methods of spray-drying (SD), freeze- 
drying (FD), or oven-drying (OD) followed by the cationic-anionic molar 
ratio, i.e., 1:1, 1:2, or 1:4. 

2.4. Characterization of aqueous phosphorylated cellulose suspensions 

2.4.1. Optical light microscopy 
0.1 w/v% P-cell aqueous suspensions were observed using a Leica 

DM4000B optical microscope. The width (N = 87) and length (N = 56) 
of fibers were measured using an image analyzer (ImageJ, NIH, USA), 
and the average value, standard deviation, and distribution were 
derived using OriginLab Pro 2016. 

2.4.2. Conductometric titration 
The total charge on P-cell fibers was determined by conductometric 

titration of 50 mL P-cell suspension at 0.025 wt% with 0.01 M NaOH. 
Before titration, the suspension’s pH and electrical conductivity were 
controlled by adding the appropriate amount of 1 M HCl and 0.5 M NaCl. 
GEHAKA CG 2000 conductivity meter was used to record the conduc-
tivity values of P-cell suspensions. The total charge (σ) was calculated 
from Eq. 1 (Jiang et al., 2013), in which m is P-cell mass (g), c is NaOH 
concentration (M), and v1 and v2 are the volumes (mL) of NaOH 
consumed for neutralization of phosphate acids on P-cell. In addition, 
the average and standard deviation values from the three measurements 
were reported. 

σ =
cv
m

=
c(v1 − v2)

m
Eq. 1  

2.4.3. Drying yield and productivity 
The drying yield (%) from FD, SD, and OD was calculated based on 

the weighed mass of solid collected after drying and the initial weight of 
solids in each suspension. In spray-drying, solids accumulated on the 
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inside wall of the cyclone were not considered for yield determination. 

Drying Yield(%) =
Weight after drying (g)

Solids content weight in suspension (g)
x100

(2) 

The productivity (g h− 1) of drying methods was calculated from the 
weighed mass of solid collected after drying and the drying time (h) by 
the previously reported method (Nardi et al., 2020). 

Productivity
(
gh− 1) =

Weight after drying (g)
Drying time

(
h− 1

) (3)  

2.5. Solid-state characterization of SCB cellulose, P-cell, and all FD, SD, 
and OD P-cell/KCl 

2.5.1. Fourier transform infrared spectroscopy (FTIR) 
FTIR spectra of samples in KBr pellets (1:100 w/w) were collected 

using a Bomem MB-100 spectrometer in transmittance mode from an 
accumulation of 128 scans at 4 cm− 1 over 4000–400 cm− 1 region under 
ambient conditions. 

2.5.2. Thermogravimetric analysis (TGA) 
TGA of each sample (ca. 5–10 mg) was conducted at 10 ◦C min− 1 

heating rate from 25 ◦C to 700 ◦C under flowing nitrogen (50 mL min− 1) 
on TGA 4000 Thermogravimetric Analyzer (PerkinElmer, EUA). Deriv-
ative thermogravimetric curve (dTGA) was the first derivative from the 
TGA data. 

2.5.3. X-ray diffraction (XRD) 
XRD samples were prepared by compressing them on a glass slide by 

hand, and their XRD spectra were collected on a Rigaku MiniFlex 600 
powder diffractometer using a Cu Kα radiation (= 1.5406 Å) generated 
at 45 kV and 40 mA at 10◦ min− 1 rate from 10◦ to 45◦ 2θ. The crystal-
linity index (CrI) of samples was determined using Eq. 4 (Segal et al., 
1959) from the intensity of 200 peaks (2θ = 22.6◦), denoted as I200, and 
the minimum intensity between 200 and 110 peaks (2θ = 18.7◦), 
designated as Iam. 

CrI(%) =
I200 − Iam

I200
(4)  

2.5.4. Scanning electron microscopy (SEM) 
SEM samples were prepared by mounting them with conductive 

carbon tape, followed by sputter-coating with gold, and then examined 
by a field-emission scanning electron microscopy (JSM7500F, JEOL) at a 
4–8 mm working distance and 2-kV accelerating voltage. The fracture 
morphology was performed from cryosectioned in the transversal di-
rection. The elemental analysis was conducted using an EDS detector 
(UltraDry, Thermo Fisher Scientific) coupled to SEM with 10 kV accel-
erating voltage at 500x magnification. 

2.5.5. In-water potassium release capacity 
The ability of the spray-, freeze-, and oven-dried solids to release 

potassium was investigated using SD, FD, and OD P-cell/KCl samples 
loaded with increasing KCl molar mass (0.0025, 0.0051, and 0.0102) to 
relate the effects of surface anionic charges on potassium counterion 
binding to fibers and their solid structure on KCl encapsulating. The in- 
water release of potassium from SD, FD, and OD P-cell/KCl samples (ca. 
100 mg) was monitored by placing each into a polypropylene nonwoven 
sachet (7 × 5 cm) immersed in 50 mL deionized water under ambient 
conditions and without stirring. The aqueous solution was sampled at 
predetermined time intervals to quantify the potassium concentration 
using flame photometric (Digimed, DM 62) based on the calibration 
curve determined using aq. KCl (5, 10, 20, 30, 40, 50, 60, 70, and 
80 mg L− 1) and the sachet were transferred to another fresh 50 mL of 
deionized water. The average value and standard deviation of potassium 

release were obtained from three measurements and reported. 

2.5.6. Potassium release mechanism and kinetics 
The mechanism and parameters kinetics of the first 60% potassium 

release from dried P-cell/KCl solids were investigated using the 
Korsmeyer-Peppas model (Eq. 5) (Korsmeyer et al., 1983), which is 
commonly applied to predict the release of drugs from the polymeric 
materials, 

Mt

M∞
= ktn (5)  

where Mt/M∞ is the fraction of potassium released at time t. The release 
system characteristic is defined as k, and n is the exponent of diffusion of 
the release mechanism. 

3. Results and discussion 

3.1. Characterization of phosphorylated SCB cellulose 

The isolated SCB cellulose was phosphorylated at 0.5 mol 
(NH4)2HPO4 and 2 mol CO(NH2)2 equivalent of AHG in the non- 
crystalline cellulose at 150 ◦C for 30 min to produce phosphorylated 
cellulose (P-cell) (Fig. S1). Reaction from 1:0.5:2 AHG/(NH4)2HPO4/CO 
(NH2)2 turned the white cellulose to light-yellow P-cell, manifesting that 
the phosphorylation occurred for SCB cellulose, as previously observed 
(Rol et al., 2019b). Furthermore, the optical microscopy of homogenized 
suspension via turrax (Fig. 1a) revealed P-cell to be mainly in the form of 
14.6 ± 5.2 µm wide and 365.9 ± 164.7 µm long microfibers (Fig. 1b-d). 
This observation is expected and consistent with unchanged fiber 
morphology from phosphorylation of bleached eucalyptus kraft pulp 
even under much harsher conditions (1/1.2/4.9 molar ratio at 150 ◦C 
for 1 h) (Rol et al., 2019b). 

Reacting SCB cellulose with (NH4)2HPO4 involves esterification of 
the hydroxyl groups to yield cellulose phosphate (Cellulose-O-P(=O) 
(OH)2) (Messa et al., 2021). All phosphoric groups were first converted 
to their protonated form with added HCl before the conductimetric 
titration of aqueous P-cell suspensions (Fig. 2a). During conductimetric 
titration, an initial decrease in conductivity is due to the neutralization 
of free acid by the base titrant. Then a plateau region is attained, 
signifying the consumption of protons from surface phosphate acids 
followed by a rapid increase due to the excess NaOH. The charge of the 
P-cell was determined by the amount of NaOH titrant at the plateau 
region and calculated to be 2.4 ± 0.4 mmol per gram of SCB cellulose. In 
comparison, a lower 1.84 μeq g− 1 charged fibers were synthesized from 
sulfite softwood pulp with five times higher (NH4)2HPO4 and urea at 
1/2.5/10 before filtering step dried and cured at 150 ◦C for 30 min 
(Ghanadpour et al., 2015). Slightly higher 2.93 mmol g− 1 charges were 
produced from hardwood (eucalyptus) kraft pulp using two times of 
(NH4)2HPO4 and urea or 1/1.2/4.9 AHG/(NH4)2HPO4/urea ratio at 
150 ◦C for 1 h (Rol et al., 2019b). A slightly lower 2.20 mmol g− 1 

charged phosphorylated pulp was reported on softwood pulp employing 
slightly higher NH4H2PO4 and urea (1/0.6/3.2 molar ratio) at 165 ◦C for 
10 min (Noguchi et al., 2017). Therefore, this optimized phosphoryla-
tion (1:0.5:2 AHG/(NH4)2HPO4/CO(NH2)2, 150 ◦C, 30 min) of SCB 
cellulose produced similar or higher charged P-cell (2.4 
± 0.4 mmol g− 1) compared to phosphorylation of various pulp cellulose 
but with much less (NH4)2HPO4 and urea and one less filtering step. 

FTIR spectra showed the chemical changes of SCB cellulose following 
phosphorylation (Fig. 2b). The broad O-H stretching band at 3400 cm− 1, 
C-H stretching bands and C-O bending at 2900 and 1060 cm− 1, and the 
glycosidic C-H deformation at 897 cm− 1 were retained throughout 
(Kumar et al., 2014; Mandal and Chakrabarty, 2011; Wulandari et al., 
2016). 1718 cm− 1 band of C––O stretching (Aoki and Nishio, 2010) is 
due to oxidation in cellulose phosphorylation. The slight P––O and P-OH 
stretching bands (Aoki and Nishio, 2010) at 1205 and 928 cm− 1 of P-cell 
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and the more distinct 835 cm− 1 P-O-C aliphatic bonds (Suflet et al., 
2006) support the phosphate groups incorporation into cellulose 
structure. 

P-cell samples had similar XRD patterns as SCB cellulose with 
diffraction peaks at 2θ = 14.6◦, 16.7◦, 22.7◦ corresponding to the 1 ̄ı 0, 1 
1 0, and 2 0 0 crystallographic planes in a monoclinic lattice, confirming 
the Iβ crystalline structure of cellulose to be maintained following 
phosphorylation and homogenization (Fig. 2c). Furthermore, the crys-
tallinity index (CrI) for P-cell (72%) was slightly higher than SCB cel-
lulose (69%), suggesting loss of amorphous cellulose due to dissolution. 
Similarly, no changes in the crystal structure and constant crystallinity 
indices values (84–86% range) of phosphorylated derivatives at varying 
charges from 0.0 to 2.2 mmol g− 1 were reported from phosphorylation 
of softwood pulp with NH4H2PO4 and urea (1/0.6/3.2) (Noguchi et al., 
2017). Essentially, the conversion of surface hydroxyl groups to phos-
phate groups during (NH4)2HPO4 phosphorylation was evident from the 
FTIR, while the cellulose core remained as Iβ crystalline structure. 

Cellulose was thermally stable up to 265 ◦C, showing a Tmax at 
352.0 ◦C to coincide with an expressive 75% mass loss and leaving 
10.1% char at 600 ◦C (Fig. 2d). On the other hand, P-cell exhibited 
decreased thermal stability that started below 200 ◦C and a significantly 
lower Tmax of 252.1 ◦C. As a result, P-cell lost nearly 39% of its mass but 
left a massively higher 42.4% char at 600 ◦C. The deteriorated thermal 
stability is associated with solid-to-gas phase transitions from dephos-
phorylation of the phosphoric groups on phosphorylated cellulose (Shi 
et al., 2015), providing evidence for phosphorylation. Similarly, phos-
phorylated microcrystalline celluloses from P2O5/H3PO4/triethyl phos-
phate/hexanol oxidative phosphorylation had similar decreased thermal 
decomposition from 338.4 ◦C (Tmax) to 206.9–229.3 ◦C and an increased 
char to 36.6–37.1% (Niu et al., 2020). 

Fig. 1. Phosphorylated cellulose with 1:0.5:2 AHG/(NH4)2HPO4/CO(NH2)2 at 150 ◦C for 30 min: (a) image of 1.0 w/v% homogenized suspension via turrax, (b) 
optical microscopy images, and (c, d) fiber widths, lengths, and their distributions. 

Fig. 2. Characterization of P-cell (red) and SCB cellulose (black): (a) total charge by conductimetric titration, (b) FTIR spectra, (c) XRD patterns, and (d) TGA and 
dTGA curves. 
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3.2. Drying P-cell/KCl suspensions via spray-drying (SD), freeze-drying 
(FD), and oven-drying (OD) 

KCl was incorporated with aqueous P-cell at 1, 2, and 4:1 K+/Cell-O- 
HPO3

- molar ratios and dried into SD, FD, and OD solids (Fig. S2a). Spray 
drying of 1 w/v% aq. P-cell formed white loose fibrous powders (inset,  
Fig. 3a,c) at high 0.37 g h− 1 productivity but a low 37.3% yield 
(Table S1), losing substantially from adhering to the cyclone wall, 
typical of the lab-scale spray dryer. With increasing KCl loads, the SD P- 
cell/KCl productivity and yields increased slightly from 0.38 to 
0.45 g h− 1 and 38.3–45.3%, respectively (Table S1). In a closer exami-
nation by SEM, SD P-cell powders maintained the fibrillar structure 
(Fig. 3a,b), while those of P-cell/KCl showed 0.5–2 µm diameter KCl 
spheres well distributed on fiber surfaces and some associated with 
smaller fiber fragments likely through charge neutralization of P-cell by 
K+ counterions (Fig. 3c,d). Energy-dispersive X-ray spectroscopy (EDS) 
exhibited prominent C and O peaks that both are typical of cellulose, and 
a P peak at around 2.02 keV confirms the phosphorous incorporation via 
phosphorylation (Fig. 3e). 

The freezing (− 80 ◦C, 15 h) and lyophilization of aqueous (aq.) P- 
cell produced three-dimensional porous structures (Fig. 4a) in the shape 
of the conical tube (Fig. S2b) and broke apart easily upon handling by a 
pair of forceps. The 95.1% yield was due to some loss of fibers adhering 
to the conical tube walls (Table S1). As expected, similar to spray-dried 
powders, C, O, and P peaks were observed for FD P-cell (Fig. 4e, 1). P- 
cell suspensions had the highest electrostatic repulsion, which could 
minimize the close association among fibers while freeze-drying. With 
KCl, the presence of K+ counterions neutralizes electrostatic repulsion 
among anionic charges on the fiber surfaces to more substantially as-
sembly into more packed and less porous structures with numerous KCl 
concentrated areas (Fig. 4c,d) and confirmed by EDS analysis (Fig. 4e). 
FD 1:1 P-cell/KCl could easily be cut into a cylindrical shape without 
apparent deformation using a sharp razor. FD is a slow process with the 
lowest productivity of 0.02 g h− 1, at least 6 and 18 times lower than OD 

and SD, respectively (Table S1). 
Oven-drying of aqueous P-cell suspensions generated opaque paper- 

like films (Fig. S2c), in 0.12 mm thickness and relatively macroscopi-
cally packed fibers (Fig. 5a) in 95% yield (Table S1). Closer observations 
by SEM revealed a compact fibrous structure without any observable 
individual fibers (Fig. 5a). Despite their highest electrostatic repulsion, 
this well laterally packed and significant interfibrillar association was 
due to hydrogen bonding during slow oven-drying. The transverse cross- 
section showed large pieces consisting of multiple bundles with some 
fibers protruding from the fractured surface and revealing some open 
porous (Fig. 5b). In contrast, OD 1:1 P-cell/KCl showed numerous large 
darker grains distributed nonuniformly over its surface, as seen in 
Fig. 5c. Oven-drying generated 0.12 g h− 1 with or without KCl and was 
intermediate to the slow FD and fast SD in productivity. Additionally, 
the P-cell/KCl yields and thickness (0.14–0.21 mm) increased with KCl 
loads ranging 96–99% (Table S1). Cross-sectional images of OD 1:1 P- 
cell showed similar bundles with some individual fibers and open porous 
ones. Besides, KCl crystal formation resulting from drying was observed 
among fiber bundles and confirmed by EDS (Fig. 5d), with brighter areas 
signifying higher KCl concentration (Fig. 5e 2,3). Although the 
morphological structures produced from these drying methods were 
consistent with expectations, the charge effect of potassium counterion 
has not been reported on cellulose fibers functionalized by phosphory-
lation and, therefore, was further characterized and presented in the 
following section. 

3.3. Characteristics of SD, FD, and OD P-cell/KCl solids 

FTIR spectra showed the chemical changes to the P-cell structure 
following KCl loading and drying methods (Fig. 6a). All of them showed 
typical P-cell characteristic bands as previously described. The main 
difference is the more intense band at 1403 cm− 1 corresponding to the 
KCl-solvated water (H2O) (Max and Chapados, 1999) in SD 
1:1 P-cell/KCl and FD 1:1 P-cell/KCl. This 1403 cm− 1 band intensified 

Fig. 3. SEM images of spray-dried (a,b) P-cell and (c,d) 1:1 P-cell/KCl and their (e) EDS spectra. The left inset in (a,c) is a photograph of powders, and the red arrows 
indicate the sample regions where SEM-EDS conducted the elemental analysis. 
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Fig. 4. SEM images of freeze-dried (a,b) P-cell and (c,d) 1:1 P-cell/KCl and their (e) EDS spectra. Left insets in (a,c) are photographs of solids, and the red arrows 
indicate the sample regions where SEM-EDS analyzed the elemental composition. 

Fig. 5. SEM images of oven-dried (a,b) P-cell and (c,d) 1:1 P-cell/KCl and their (e) EDS spectra: (a,c) top surface and (b,d) transverse cross-sections. The lower left 
insets in (a,c) are photographs of the films, and the red arrows indicate the sample regions where SEM-EDS analyzed elemental composition. 
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with increasing KCl loads for both FD and SD samples from 
1:1 P-cell/KCl to 1:4 P-cell/KCl (Fig. S3a), suggesting more potassium 
loads were exposed on the surface of the sample. In contrast to slow FD 
and fast SD, the absence of 1403 cm− 1 for OD 1:1 P-cell/KCl is probably 
due to the strong aggregation of P-cell fibers in a tight and dense 
network around the KCl particles, which resulted in no absorbance even 
under the higher KCl loads (Fig. S3b,c), confirming the potassium loads 
is covered in this structure. A distinct and slight shoulder at 928 cm− 1 in 
all dried P-cell/KCl samples suggests ionic interactions among the 
anionic phosphate surfaces on P-cell and potassium cations. 

Dried P-cell/KCl samples significantly differed in thermal behavior 
from the dried P-cell ones (Fig. 6b). FD, SD, and OD P-cell exhibited an 
initial slight mass loss of 8.1–6.6% below 150 ◦C from water evapora-
tion, followed by one expressive mass loss (ca. 40%) from cellulose 
decomposition. Also, there are slight differences in maximum degrada-
tion temperature (249.8–252.1 ◦C), leaving 38.9–42.2% char residue at 
600 ◦C, possibly due to the distinct hydrogen bonds among P-cell fibers 
under these three drying methods (Peng et al., 2013b). All KCl-based 
dried P-cell were less hygroscopic, evaporating 7.3–6.4% moisture and 
losing about 38% in two stages near 223.6–226.0 ◦C (Tmax1) and 
297.8–316.1 ◦C (Tmax2). This behavior suggests non-simultaneous 
decomposition of the crystalline cores and the potassium phosphory-
lates surfaces. The char residues at 600 ◦C increased with KCl loads, 
leaving slightly more char residues (43.0–45.5%) than SCB cellulose, 
which is consistent with the more thermal stable potassium chloride 
content noticed with only one slight mass loss above 760 ◦C for pure KCl. 
In conclusion, the potassium loading influenced the resulting thermal 
stabilities and char residues left at all three loading levels independent of 
the drying method used (Fig. S4). 

All dried P-cell and P-cell/KCl samples retained the monoclinic Iβ 
form of cellulose, with typical 2θ peaks at 2θ = 14.8◦, 16◦6, and 22.6◦

correspondent to the respective 1 ̄ı 0, 1 1 0, and 2 0 0 crystallographic 
planes (Fig. 6c). More intense peaks at 2θ = 28.3◦ and 40.5◦ of dried P- 
cell/KCl samples are attributed to KCl salt crystalline phases (Cong and 
Cao, 2006). Both peaks’ increasing diffraction intensity values with 
increasing KCl amount (Fig. S5) follow the same trend as their char 
residues for all P-cell/KCl samples. SD and FD P-cell samples had CrI 
values of 67% and 71%, respectively, lower than the OD P-cell with 73% 
CrI, showing lower crystallinity from SD. Similarly, nanofibrillated 
cellulose generated from softwood bleached pulp via mechanical disin-
tegration also led to lower crystalline from spray- (72%) as compared to 
the oven- (80%) and freeze- (78%) drying (Žepič et al., 2014). In 
contrast to the slow oven-drying, as the shorter drying time (fast 
dehydration) from spray-drying may limit the rearrangement of cellu-
lose chains (Peng et al., 2013a), fewer hydrogen bonds among P-cell 
fibers are expected. Therefore, Freeze-drying is considered to have the 
least effect on fibrillar structure. The higher CrI value of OD P-cell could 

result from hydrogen bonding during the gradual dehydration process 
(8 h), driving P-cell fibers to come closer to each other to possibly 
inducing inter-fibrillar crystallization. SD, FD, and OD P-cell/KCl sam-
ples had CrI values of 66%, 70%, and 70%, respectively, similar to their 
respective P-cell, signifying their crystallinity did not suffer significant 
changes after KCl loading (Table 1). 

3.4. Release of potassium in water 

The release of potassium from SD, FD, and OD P-cell/KCl solids in 
water was studied. Normalized by weight, SD P-cell/KCl 1:1, 1:2, 1:4 
molar ratios lost similar maximums 92.7, 90.4, 97.3% of potassium, 
respectively (Fig. 7a) and small quantities of fibers (Fig. S6a-d). A rapid 
release (83.7, 93.6%) occurred within the first 20 min (stage I) followed 
by another 3.07–6.77% after 168 h (stage II) for SD 1:2 P-cell/KCl and 
SD 1:4 P-cell/KCl. Most impressively, SD 1:1 P-cell/KCl released potas-
sium at three stages of 76.6% in 20 min (stage I), then slow 2.04% (stage 
II) in 6 h, and 14.0% (stage III) in 168 h (Fig. 7a). A slower release rate 
may be linked to stronger electrostatic attraction interactions from the 
equal anionic/cationic loadings between cellulose anionic phosphate 
groups and potassium ions. 

In the case of all three-dimensional porous FD structures, a full 
release of 73.5, 78.4, 81.7% potassium (Fig. 7b), slower than SD P-cell/ 
KCl (92.7, 90.4, 97.3%) over the same period, indicating potassium 
release to be dependent of the assembled solid structure of fibers. 
Furthermore, FD 1:1 P-cell/KCl, 1:2 P-cell/KCl, and 1:4 P-cell/KCl 
showed great physical integrity in the water while FD P-cell fell 
(Fig. S6e-f). At the same equal anionic/cationic loading, FD 1:1 Pcell/ 
KCl released potassium at three stages of 57.7% in 20 min (stage I), then 
3.78% in 6 h (stage II), and lastly, 15.7% in 168 h (stage III) as the SD 
counterpart (Fig. 7b). In contrast, those FD 1:2 P-cell/KCl and FD 1:4 P- 
cell/KCl released 69.8% and 74.1% potassium in 5 min (stage I), 

Fig. 6. Characterizations of P-cell and P-cell/KCl dried by the three different drying methods: (a) FTIR spectra, (b) TGA and dTGA curves, and (c) XRD patterns.  

Table 1 
Comparison of drying time, crystalline and thermal properties of P-cell and P- 
cell/KCl solids. SD spray-drying, FD freeze-drying, OD oven-drying, ND: no data.  

Sample Drying 
time 

CrI 
(%) 

Moisture loss 
at 150 ◦C 
(-%) 

Tmax1 

(◦C) 
Tmax2 

(◦C) 
Chair at 
600 ◦C 
(%) 

SD P-cell 1 h  67  7.8  250.5 ND  40.2 
SD 1:1 P-cell/ 

KCl   
66  6.6  225.6 306.5  43.0 

FD P-cell 2 d  71  8.1  249.8 ND  38.9 
FD 1:1 P-cell/ 

KCl   
70  7.3  223.6 316.1  43.6 

OD P-cell 8 h  73  6.6  252.1 ND  42.2 
OD 1:1 P-cell/ 

KCl   
70  6.4  226.0 297.8  45.5  
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followed by a much smaller release of 7.6, 8.6% in 168 h (stage II). 
Most impressively, the highly compacted OD 1:1, 1:2, and 1:4 Pcell/ 

KCl paper-like films released 60.4, 69.2, 74.5% potassium, substantially 
slower than those from FD and SD series, even though none of OD 
exhibited any observable change in their physical integrity in water for 
one week (Fig. S6g-h). All films released potassium in three stages even 
under the higher anionic/cationic loading, showing a reduced burst 
release of 41.2, 58.1, 67.2% potassium within 5–10 min (stage I), fol-
lowed by a slow one of 3.58%, 2.2%, and 1.7% after 6–7 h, and lastly an 
expressive release of 15.65%, 8.9%, and 5.6% from OD 1:1 P-cell/KCl, 
OD 1:2 P-cell/KCl, and OD 1:4 Pcell/KCl, respectively (Fig. 7c). These 
brief initial periods of potassium release from paper-like films were 2–4 
times shorter than those solids from SD and FD. Overall, the lowest 
potassium rate released is associated with increasing compaction levels 
of the assembled fibrillar structures, i.e., 32% and 14% potassium 
released more quickly from SD 1:1 P-cell/KCl and FD 1:1 P-cell/KCl 
compared to the OD 1:1 P-cell/KCl. Since anionic phosphoric groups on 
P-cell cannot electrostatically bind the excess K+ cations, K+ to Cell-O- 
HPO3

- molar ratios higher than equal cationic/anionic loading are 
related to the faster potassium release rates, independent of the drying 
method. 

The morphological structure and potassium release data provide 
direct evidence that the formation of highly compacted structure from 
slow oven-drying lead to fewer potassium loads exposed to release and 
improves slowing release. Besides, the equal cationic/anionic loading 
was also more effective in promoting a slowing release driven by 
stronger attractive electrostatic forces, even though dried into different 
solid structures by the three dryings. 

Cumulative release of K from FD 1:1 P-cell/KCl, OD 1:1 P-cell/KCl, 
and OD 1:2 P-cell/KCl fitted the Korsmeyer-Peppas model well and 
correlated coefficients (R2) varying from 0.9932 to 0.9991 (Fig. 8a, b). 

The samples had a release exponent (n) lower than 0.5 (Table 2) for the 
first 60% of potassium released, corresponding to the quasi-Fickian 
diffusion mechanism. Therefore, the above results support that K+

Fig. 7. Cumulative release of potassium in water from (a) SD, (b) FD, and (c) OD solids with 1:1 P-cell/KCl (red), 1:2 P-cell/KCl (blue), and 1:4 P-cell/KCl (green) 
compositions. 

Fig. 8. Model-fitting of Korsmeyer-Peppas of potassium release and in water from (a) freeze- and (b) oven-dried P-cell/KCl solids.  

Table 2 
Korsmeyer-Peppas kinetic model parameters of first 60% of potassium release 
and in water from P-cell/KCl solids. ND: no data.  

Sample Release 
stage 

Time 
(h) 

Cumulative 
Release (%) 

Release 
exponent, 
n 

Correlation 
coefficient, 
R2 

SD 1:1 P-cell/ 
KCl 

I 
II 
III  

0.33 
7 
168  

76.6 
2.04 
14.0 

ND ND 

SD 1:2 P-cell/ 
KCl 

I 
II  

0.33 
168  

83.7 
6.77 

ND ND 

SD 1:4 P-cell/ 
KCl 

I 
II  

0.33 
168  

93.6 
3.70 

ND ND 

FD 1:1 P-cell/ 
KCl 

I 
II 
III  

0.33 
7 
168  

57.7 
3.78 
15.65 

0.025 0.9982 

FD 1:2 P-cell/ 
KCl 

I 
II  

0.33 
168  

69.8 
8.6 

ND ND 

FD 1:4 P-cell/ 
KCl 

I 
II  

0.33 
168  

74.1 
7.6 

ND ND 

OD 1:1 P-cell/ 
KCl 

I 
II 
III  

0.08 
6 
168  

41.2 
3.8 
15.7 

0.053 0.9932 

OD 1:2 P-cell/ 
KCl 

I 
II 
III  

0.17 
6 
168  

58.1 
2.2 
8.9 

0.025 0.9991 

OD 1:4 P-cell/ 
KCl 

I 
II 
III  

0.08 
7 
168  

67.2 
1.7 
5.6 

ND ND  
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diffuses through swollen and negatively charged FD and OD P-cell/KCl. 
This slowed potassium release driven by attractive electrostatic forces 
may be extended to other macro and micronutrients in their cationic 
form (NH4

+, Mg2+, Ca2+, Fe2+, Zn2+, Mn2+, Cu2+, etc.), providing more 
diverse applications within the fertilizer-release field. Enhanced effi-
ciency fertilizers from these diverse phosphorylated cellulose fibers 
substrates offer a prolonged release of potassium. Their simple devel-
opment approach without requiring extra chemicals or several steps 
adds economic benefits to the production costs. This work shows the 
versatility of P-cell fibers to be engineered into different structures for 
potassium release. It represents the most systematic and optimized 
approach to tunable their solid form from drying and phosphoric surface 
chemistry, reported for the first time to our knowledge. 

4. Conclusion 

The powder-like fibrous, paper-like films and three-dimensional 
porous structures have been facilely fabricated from their aqueous 
phosphorylated cellulose fibers suspensions to exhibit tunable release 
capability behavior. (NH4)2HPO4 phosphorylation of cellulose yielded 
long fibers (14.6 µm wide, ca. 366 µm length), slightly more crystalline 
(72%) than SCB cellulose (69%), and with newly introduced phosphate 
groups on its surface (2.4 mmol g-1 charges). The rapid spray-drying of 
charged P-cell fibers suspensions generated fibrous morphology pow-
ders at lower yields of 37%. With increasing KCl loads, P-cell/KCl 
powders had up to 45% yields, while their morphology was not signif-
icantly affected by the neutralization of surface charge repulsion effects. 
Soft and porous solids with three-dimensional structures were assem-
bled from freeze-drying of P-cell aqueous suspensions, showing 13.3 µm 
width and higher 95–97% yields. Due to surface charge neutralizing 
induced by potassium cation, P-cell/KCl suspensions could be more 
robustly assembled into thinnest (11.6 µm width) and less apparent 
porosity structures. Oven-drying, on the other hand, compacted P-cell 
fibers at 95–99% yields and induced inter-fibers crystallization (73%) 
into opaque and more thermally stable (252.1 ◦C) films than the spray- 
dried (67%, 250.5 ◦C) and freeze-dried counterparts (71%, 249.8 ◦C). 
Potassium counterion bound to P-cell fiber solids exhibited structure 
solid dependent release followed by a quasi-Fickian diffusion mecha-
nism in water. This work demonstrates a facile and feasible strategy to 
explore phosphorylated cellulose fibers derived from the sugarcane 
bagasse as solid substrates to chemically bind and control the release of 
potassium cations for the first time to our knowledge. 
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