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Potato pulp was demonstrated to be a superior lignocellulosic feedstock
for cellulose nanocrystal (CNC) production, addressing critical limitations
of conventional potato peel-derived CNCs. CNCs with 90.6% cellulose
content and 73.4% crystallinity through optimized chemical processing,
surpassed peel-based CNCs (70% to 75%) while requiring 33% shorter
hydrolysis time. The resulting CNCs demonstrated exceptional thermal
stability (315 °C vs. 290 to 300 °C for peel) and adsorption capacity for
Pb?* (7.15 mg/g), While recent advanced chemical treatments of potato
peel (e.g., intensive esterification, phosphorylation) have reported very
high adsorption capacities (e.g., ~217 mg/g for Pb?*) for effective drug-
carrier functionality, these achievements often come at the cost of process
complexity, chemical intensity, and potential impacts on biocompatibility.
In contrast, the pulp-derived CNCs achieved effective heavy metal
removal, promising drug loading potential through a markedly simpler and
less chemically intensive standard sulfation process. This efficiency is
attributed to the feedstock's inherent advantages: a significantly lower
lignin content (0.65% vs. 5.2 to 20% in peel) and a high sulfate group
density (zeta potential: —39.9 mV), which enhances colloidal stability and
available binding sites. Cytotoxicity assays confirmed superior
biocompatibility at concentrations up to 2000 pg/mL, outperforming peel-
derived CNCs (typically >500 pg/mL).
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INTRODUCTION

The growing demand for sustainable nanomaterials has prompted extensive
research into cellulose nanocrystals (CNCs) derived from lignocellulosic biomass
(Viisédnen et al. 2016; Govil et al. 2020; Rai et al. 2022; Ammar et al. 2024). As one of
Earth’s most abundant renewable polymers, cellulose offers exceptional potential for
developing high-performance, eco-friendly materials (Hivechi e al. 2019; Xiao et al. 2019;
Hemida et al. 2024). Agricultural processing waste, with its high volume and cellulose
content, is a particularly attractive feedstock. Potato (Solanum tuberosum) is the world’s
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fourth-largest food crop, with annual processing generating millions of tons of waste,
primarily as peels and pulp (Pandey 2008). This waste stream has attracted significant
interest for valorization into CNCs due to its global availability and favorable
polysaccharide content ( Chen et al. 2012; Lu et al. 2013).

The potato tuber itself is anatomically composed of the skin (peel), cortex,
perimedullary region, and pith. The peel, representing 2-5% of the tuber weight, functions
as a protective barrier and is consequently richer in lignin (up to 20%), suberin, and
phenolic compounds (Sadeghi-Shapourabadi et al. 2023). The internal flesh (pulp),
constituting the bulk of the tuber, is primarily composed of parenchyma cells storing starch
granules within thin cellulosic cell walls. The industrial processing of potatoes for starch,
fries, or chips involves washing, peeling, and mechanical pressing or rasping. This process
separates the starch slurry from the fibrous residue, known as potato pulp. This by-product
consists mainly of the cell wall fragments (cellulose, hemicellulose, pectin) from the tuber
flesh, with a significantly lower lignin content than the peel and a residual starch content
of 5 to 15% (Olad et al. 2020). This distinct biochemical origin—pulp as de-starched
parenchyma cell walls versus peel as lignified protective tissue—results in fundamentally
different starting materials for nanocellulose extraction. However, current research has
predominantly focused on potato peel as a CNC source, while largely neglecting potato
pulp. This may be a significant oversight given their distinct compositions and the inherent
advantages of pulp.

The properties and subsequent applications of nanocellulose are profoundly
influenced by the extraction route employed. Primarily, nanocelluloses are isolated via
mechanical, chemical, or combined physicochemical methods, each yielding distinct
morphological and surface-chemical characteristics. High-intensity mechanical treatments,
such as high-pressure homogenization or microfluidization, typically produce cellulose
nanofibrils (CNFs). These can be described as long, flexible fibrils with both crystalline
and amorphous regions, suitable for forming dense, strong networks in films, aerogels, and
composites (Huang et al. 2023). In contrast, strong acid hydrolysis, most commonly using
sulfuric acid, selectively dissolves amorphous domains, yielding rod-like cellulose
nanocrystals (CNCs) with high crystallinity, negative surface charge (sulfate esters), and
excellent colloidal stability. This method is preferred for applications requiring high
thermal stability, reinforcement in polymers, or where surface charge is critical for
interactions, such as in adsorption or drug delivery (Mu ef al. 2020; Tshikovhi et al. 2023).
Alternative chemical routes, such as ammonium persulfate oxidation or TEMPO-mediated
oxidation, introduce carboxyl groups, offering different surface chemistry for tailored
biocompatibility or ionic binding (Shojaeiarani et al. 2019; Masood et al. 2023). The
choice of extraction method thus directly dictates the nanocellulose’s aspect ratio, surface
functionality, purity, and thermal stability, thereby aligning it with specific environmental,
materials, or biomedical uses. Consequently, selecting an appropriate feedstock and a
compatible extraction protocol is paramount to efficiently produce nanocellulose with
targeted properties.

Recent studies on peel-derived CNCs have demonstrated certain limitations tied to
its composition. The relatively high lignin content (15% to 20%) negatively impacts CNC
properties by introducing a complex, amorphous matrix that can sterically hinder or non-
specifically occupy potential heavy metal binding sites, decreasing thermal stability, and
necessitating more aggressive, time-consuming extraction conditions that can compromise
yield and purity (Murayama et al. 2023; Olad et al. 2020) While advanced chemical
modifications of peel (e.g., intensive esterification) can yield CNCs with very high
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adsorption capacities (~217 mg/g for Pb**) or effective drug-carrier functionality, these
achievements often come at the cost of process complexity, chemical intensity, and
potential impacts on biocompatibility (Sadeghi-Shapourabadi et al. 2023;
Mohammadpanah et al. 2025).

Potato pulp presents several compelling advantages as a CNC source that remains
underexplored in the literature. Its significantly lower lignin content (typically 5 to 15%)
and distinct fiber morphology suggest potential for higher purity CNCs with improved
functionality. Furthermore, the presence of starch (5.2%) allows for selective enzymatic
pretreatment, potentially enabling more efficient cellulose extraction (Olad et al. 2020).
Despite these apparent benefits, no systematic comparison of pulp- versus peel-derived
CNC:s currently exists, particularly regarding critical performance metrics like heavy metal
adsorption and biocompatibility.

This study addresses three fundamental research gaps: (1) the lack of optimized
extraction protocols for potato pulp CNCs, (2) the absence of comparative data between
pulp- and peel-derived CNCs, and (3) insufficient characterization of pulp CNC
performance in environmental and biomedical applications. In this work it will be
demonstrated that potato pulp, through a streamlined process requiring 33% shorter
hydrolysis time, yields CNCs with high cellulose content (90.6%), superior crystallinity
(73.4%), and enhanced thermal stability (315 °C). The resulting CNCs exhibit significant
heavy metal adsorption capacities (7.15 mg/g for Pb*"), which is achieved via standard acid
hydrolysis, without need for complex post-modifications, and demonstrate exceptional
biocompatibility (no cytotoxicity up to 2000 pg/mL). Furthermore, their preliminary
efficacy as a nanocarrier for anticancer drugs will be shown (Serpa et al. 2016; Raigond et
al. 2018; Pelegrini ef al. 2019; Olad et al. 2020; Ventura et al. 2020; Shruthy et al. 2021;
Rodrigues et al. 2022; Murayama et al. 2023; Zhu et al. 2023).

The findings have important implications for both fundamental research and
industrial applications. From a scientific perspective, they provide new insights into
structure-property relationships in CNCs derived from different potato waste streams.
Practically, they underscore that potato pulp is not merely an alternative but a preferential
waste stream for CNC production. It enables a favorable balance of high performance,
process efficiency, and inherent biocompatibility, offering a more sustainable and practical
route for valorizing potato processing waste into high-value nanomaterial for
environmental remediation and biomedical applications.

EXPERIMENTAL

Extraction of Cellulose

Potato processing waste was sourced from Tak Alvand Company in Hamedan, Iran.
Initially, the waste was washed with distilled water at ambient temperature. The residual
materials were subjected to thermal treatment in an oven at 60 °C for 24 h to facilitate
moisture removal. Following this, the dried samples were finely ground using a grinder
and sieved to achieve the desired particle size. Subsequently, the powdered material was
hydrolyzed using 0.6% (w/v) a-amylase (activity: 4000 U/g) at a substrate-to-enzyme ratio
of 1:20 (Lu et al 2013). This hydrolysis occurred under mechanical stirring at a
temperature of 70 °C for 60 min, which was aimed at starch removal. Post-hydrolysis, the
product was dried at 60 °C for 24 h. Next, a 10 g aliquot of the resultant powder was treated
with a 5% (w/v) sodium hydroxide (NaOH) solution. The mixture was then filtered, and
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the residue was subjected to multiple washes with distilled water to achieve a neutral pH.
For further purification, about 5 g of the alkali-treated sample were mixed with 200 mL of
water containing 2 mL of glacial acetic acid and 2 g of sodium chlorite and heated at 70 to
80 °C for 1.0 h. This step was repeated three times to enhance cellulose recovery. The
cellulose was filtered and rinsed thoroughly with distilled water until the effluent reached
a neutral pH.

Fabrication of Cellulose Nanoparticles

The conversion of extracted cellulose to CNCs was achieved through an optimized
acid hydrolysis protocol specifically designed to accommodate the unique physico-
chemical properties of potato pulp. The methodology incorporated several critical
modifications compared to conventional CNC extraction processes from potato peel
(Murayama et al. 2023), as detailed below.

Optimization of acid hydrolysis

Cellulose suspensions (1:20 w/v solid-to-liquid ratio) were subjected to hydrolysis
using 60% (w/w) sulfuric acid (H,SO,, Sigma-Aldrich, > 98%) at 50 °C for 60 min under
continuous mechanical stirring (500 rpm). This reduced hydrolysis duration (33% shorter
than the 90 min typically required for peel-derived CNCs (Murayama et al. 2023)) was
enabled by the pulp’s favorable composition, particularly its lower lignin content (0.65%
vs. 5.2% in peel), which minimized the formation of degradation byproducts (P < 0.05 by
Student's t-test, n=3).

Surface functionalization

The hydrolysis process was enhanced through ultrasonic treatment (20 kHz, 50 °C,
15 min) to promote uniform sulfating. Conductometric titration (as detailed in the new
subsection 2.2.1) confirmed that this optimized protocol yielded CNCs with a sulfonate
group (SO3H) density of 1.05 £+ 0.07 mmol/g. This treatment resulted in a zeta potential of
-39.9 £ 1.2 mV, which was significantly higher than values reported for peel-derived CNCs
(-30.1 £ 0.8 mV (Chen et al. 2012)), indicating superior colloidal stability directly
correlated with the higher surface charge density.

Purification protocol

Following hydrolysis, the reaction was immediately quenched by tenfold dilution
with ice-cold deionized water. The suspension underwent two-stage centrifugation
(10,000%g, 15 min, 4 °C) followed by dialysis (MWCO 12-14 kDa) against deionized water
until neutral pH (7.2 £ 0.3) was achieved. Residual starch fragments were removed through
sequential washing with 5% (w/v) potassium acetate and absolute ethanol, reducing starch
content to <0.1% as verified by gravimetric analysis.

Determination of sulfonate group content

The surface sulfate half-ester (SO3H) group content of the CNCs was determined
by conductometric titration according to a modified method from literature (Beck et al.
2015). Briefly, approximately 0.1 g of freeze-dried CNCs was dispersed in 50 mL of 1 mM
NaCl solution to maintain a constant ionic strength. The suspension was magnetically
stirred and titrated with a standardized 0.01 M NaOH solution (Sigma-Aldrich) using a
benchtop conductivity meter. The titration was performed automatically at a rate of 0.05
mL/min. The equivalence point corresponding to the neutralization of strong acid groups
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(sulfonate) was identified from the inflection point in the conductivity curve. The sulfonate
group density (mmol/g) was calculated using Eq. 1:

SO5H content (mmol/g) = ZNaok * Veq (1)

menNc

where Cnaon is the molarity of the NaOH titrant (mol/L), Veq is the volume of titrant
consumed at the equivalence point (L), and mcnc is the mass of dry CNCs (g). All
measurements were performed in triplicate.

Comparative advantages
The established protocol exhibited marked enhancements compared to traditional
methods for producing cellulose nanocrystals (CNCs) from peel sources (Table 1).

Table 1. Performance Comparison: CNC Extraction with Optimized Potato Pulp
vs. CNC Extraction with Conventional Potato Peels

Parameter This Study Peel-derived "f Improvement
Processing time 60 min 90 min 33% reduction
Colloidal stability -39.9 mV -30.1 mV Enhanced by 32%
Starch residues <0.1% 0.8% 8-fold reduction

Crystallinity 73.43% 70.2% 4.6% increase

ref: (Murayama et al. 2023)

All experiments were conducted in triplicate with appropriate controls, with
significance defined at P < 0.05. The protocol’s reproducibility was confirmed through
three independent production batches, with <5% variation in key parameters

Chemical Composition
The chemical composition of potato pulp was determined using a modified Van

Soest method, which includes additional steps to quantify lignin and cellulose separately.
The Neutral Detergent Fiber (NDF) and Acid Detergent Fiber (ADF) were measured using
the standard Van Soest method (Goering and Van Soest 1970), and the Acid Detergent
Lignin (ADL) was determined by treating the ADF residue with 72% sulfuric acid. The
individual biopolymer contents were calculated as follows:

e Lignin (%): Determined directly from the ADL analysis.

e Cellulose (%): Calculated as the difference between ADF and ADL.

e Hemicellulose (%): Calculated as the difference between NDF and ADF.

NDF analysis

Samples were treated with a neutral detergent solution (30 g sodium lauryl sulfate,
18.61 g disodium EDTA, 6.81 g sodium borate decahydrate, 4.56 g sodium phosphate
dibasic, and 10 mL ethylene glycol in 1.0 L distilled water) at 100 °C for 1 h. The residue
was filtered, washed with hot distilled water and acetone, dried at 105 °C for 24 h, and
weighed to determine the NDF content.

ADF analysis
Samples were treated with an acid detergent solution (20 g cetyltrimethyl-
ammonium bromide in 1 L of 1 N sulfuric acid) at 100 °C for one hour. The residue was
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filtered, washed with hot distilled water and acetone, dried at 105 °C for 24 h, and weighed
to determine the ADF content.

ADL analysis

The ADF residue was treated with 72% sulfuric acid for 3 h at room temperature,
filtered, washed with hot distilled water, dried at 105 °C for 24 h, and ashed in a muffle
furnace at 550 °C for 4 h. The ADL content was calculated as the difference between the
residue mass before and after ashing.

Starch content

To estimate the starch content, the potato pulp was subjected to enzymatic
hydrolysis using a-amylase under optimized conditions (0.6% w/v a-amylase, 70 °C, 60
min, substrate-to-enzyme ratio of 1:20). The starch content was calculated gravimetrically
as the difference in solid yield before and after hydrolysis:

(Mb_Ma)

Starch content (%) = x 100 2)

a

In Eq. 2, the mass of solids before hydrolysis is represented by Ma (g), and mass of solids
after hydrolysis is represented by Mo (g).

After the alkali treatment of the potato pulp, the material was subjected to acid
hydrolysis to break down the non-cellulosic components, and the remaining cellulose
content was measured by gravimetric analysis. The procedure was conducted using a dry
weight basis, thereby ensuring an accurate assessment of the relative proportions of
cellulose, hemicellulose, and lignin in the treated samples.

All analyses were conducted in triplicate to ensure reproducibility, and the final
values represent the mean of these replicate measurements. The reagents used for the Van
Soest method, along with those for other analyses, were procured from Sigma-Aldrich (St.
Louis, MO, USA) with a purity of >80%.

Field Emission Scanning Electron Microscopy (FESEM)

The FESEM model S-4160 from Hitachi was utilized to analyze the surface
morphology of potato pulp. To prevent charging, a layer of gold was applied to the sample
before observation.

Transmission Electron Microscopy (TEM)

A carbon-coated copper grid containing 230 meshes was utilized to apply
approximately six pL of a diluted CNCs suspension, followed by air-drying. The sample
was examined under an 80 kV-operating transmission electron microscope (JEOL, Japan,
plate number JEM-1230). Nano Measurer software was used to measure the dimensions
(length and diameter) of more than 100 random CNCs particles.

Zeta Potential

The zeta potential of samples with water as the dispersant was measured using a
Nano-ZS Zetasizer (Malvern Instruments, UK). The zeta potential was calculated based on
the electrophoretic mobility of the suspension, which was then used to determine the zeta
potential.

Mohammadpanah et al. (2026). “Potato pulp to CNCs,” BioResources 21(2), 2851-2877. 2856



PEER-REVIEWED ARTICLE bioresources.cnr.ncsu.edu

Yield of CNCs

The weighing bottle was loaded with a defined volume of CNCs suspension and
subsequently subjected to drying in an oven at 105 °C until reaching a consistent mass.
Equation 3 was used to calculate the CNCs yield (Kian et al. 2018).

. _ (My—M3)xVy
Yield(%) = B TAVTTRRS 100 3)
In Eq. 3, the mass of dried potato pulp cellulose is represented by M (g), the total mass of
dried CNCs and the weighing bottle is represented by M: (g), the mass of the weighing
bottle is represented by M3 (g), V1 (mL) stands for the total volume of the obtained CNCs
suspension (mL), and V2 stands for the volume of the CNCs suspension to be oven-dried

(mL).

X-ray Diffraction (XRD)

The crystallinity of the samples was assessed using a Cu Ka radiation X-ray
diffractometer (D8 Advance, Bruker, Germany) with a scan rate of 5°/min from 10° to 60°.
The crystallinity index (Crl) was determined using Eq. 4.

Crl (%) = === x 100 (4)

002

In this context, foo2 denotes the highest intensity of the (002) crystal lattice
diffraction peak at around 26 = 22°, while /am denotes the minimum intensity of the non-
crystalline portion at about 26 = 18° (Bondeson et al. 2006).

Thermogravimetric Analysis

For kinetic analysis, additional TGA runs were performed at heating rates of 5, 10,
and 15 °C/min under identical nitrogen flow conditions. The apparent activation energy
(E)) for the main degradation step was estimated using the Flynn-Wall-Ozawa
isoconversional method, according to the following equation (Flynn and Wall 1966; Ozawa
1965),

log(B) = log R’;’fz) — 2315 — 0.4567 = (5)
where f is the heating rate, 4 is the pre-exponential factor, R is the gas constant, (g(«) is
the integral reaction model, and 7'is the absolute temperature. The slope of) log
(p) versus 1/T at a constant conversion (a) was used to calculate £,. The mean E, value
reported represents the average across a conversion range of a = 0.2 to 0.8.

Water and Oil Retention Capacities

Water retention capacity (WRC) and oil retention capacity (ORC) were assessed
using the approach outlined by Rupérez and Saura-Calixto (2001), with minor adjustments.
The mass of the adsorbent was measured before and after adsorption, and WRC and ORC
were computed using Eq. 6:

Mz—(My+M3)

WRC (g/g) = e (6)

In Eq. 6, M1 is the initial mass of the CNCs sample before it has been exposed to water or
oil for adsorption. M: is the mass of the adsorbent after adsorption of water or oil. The
sample will have increased in mass because it has retained some of the liquid (water or oil)
during the adsorption process. M3 denotes the total mass of the adsorbent after it has
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absorbed water or oil and it is the sum of the mass of the adsorbent (after adsorption) and
the mass of the absorbed liquid (water or oil). WRC (g/g) represents how much water the
material can hold per gram of the adsorbent, and similarly for oil retention capacity (ORC).

Determination of Heavy Metal Adsorption

In this study, solutions with a concentration of 50 mg/L of Cu?*, Cd**, and Pb**
ions were systematically prepared by diluting stock solutions of CuSOs-5H20,
CdSO4-8H,0, and Pb(NO3)2. The pH values of the resulting solutions were adjusted to 5.5
to ensure optimal conditions. Calculating the removal of metal ions cadmium (Cd), copper
(Cu), and lead (Pb) using adsorbed metal concentration data obtained by reducing the initial
concentration with the final concentration where the final concentration of each treatment
was obtained using atomic absorption spectroscopy, and then the adsorption capacity and
removal efficiency were measured using the following Eqs. 7 and 8 (Lu et al. 2013;
Dowlatshahi et al. 2014),

q (mg/g) ==X ©)
Removal(%) = (C(’;—Ct) 100 ()

where ¢ is the adsorption capacity (mg/g), Co is the initial solution concentration (mg/L),
C is the concentration of the solution after adsorption (mg/L), m is the mass of adsorbent
(g), V is the volume of solution (L), and Ct is the metal ion concentration after each
adsorption step.

Cytotoxicity of CNCs
Cell culture

Caco-2 cells were cultured with 1% penicillin-streptomycin and 10% fetal bovine
serum at 37 °C in an atmosphere containing 90% relative humidity and 5% CO:2 in
Dulbecco’s Modified Eagle Medium (DMEM) supplemented. The 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay was used for Cells between passages
25 and 35.

Cell viability assay

Various concentrations of CNCs solutions were prepared, and cell viability was
evaluated using the MTT assay. The absorbance values at 490 nm were measured to
determine cell viability using Eq. 9:

Cell viability (%) = —2—ABlank 100 9)

Positive “ABlank

In Eq. 7, the CNCs sample is designated as Agxp, the absorbance of the blank sample is
represented as ABlank, and the absorbance of the positive control is labelled as Apositive.

RESULTS AND DISCUSSION

Chemical Composition

The cellulose content in lignocellulosic biomass typically ranges from 30% to 50%,
hemicellulose from 15% to 35%, and lignin from 10% to 25%, with variations depending
on the species (Brinchi et al. 2013; Jung et al. 2015). The chemical composition of potato
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pulp during different treatment stages is detailed in Table 2. Initially, the potato pulp
contained 38.7% cellulose, 30.3% hemicellulose, 13.29% lignin, and 5.2% starch. The
starch content in raw potato pulp underscores its significance as a component that must be
removed during the purification process to isolate cellulose for CNCs production. Starch
removal was achieved through enzymatic hydrolysis using a-amylase, which reduced the
starch content to negligible levels (0.0%) after alkali treatment. This step is critical because
residual starch can interfere with the extraction and characterization of cellulose, affecting
the yield and purity of the resulting CNCs.

The alkali treatment effectively removed hemicellulose, while continuous
bleaching eliminated most of the lignin and remaining hemicellulose. Following these
purification processes, cellulose content rose to 82.7%, confirming successful cellulose
extraction. Acid hydrolysis produced CNCs with 90.58% cellulose, minimal hemicellulose
(3.88%), and lignin (0.65%), with an overall yield of 20.5%, yielding highly purified
cellulose fibers. The results were validated using FT-IR and XRD analysis, confirming the
accuracy of the measurements.

Table 2. Chemical Composition of Potato Pulp During Various Treatment Stages

Name Cellulose Hemicel- Lignin (%) | Starch (%) | Solid Yield Color (CIE
(%) lulose (%) (%) L*a*b*)
Potato Pulp 38.7 30.3 13.29 5.2+1.50 38.7 L*:62.3+1.2
+2.14 +2.01 +1.32 +2.14 a*:+5.8+04
b*: +18.5+0.7
Alkaili-treated 64.8 10.9 6.7 0.0+ 0.00 30.8 L*:73.1£0.9
Potato Pulp +1.53 +0.48 +0.72 a*+21+0.3
b*: +124 £ 0.5
Bleached 82.7 10.9 2.05 0.0+ 0.00 25.7 L*:88.7£0.6
Potato Pulp +1.91 +1.22 +0.18 a*:-0.5+0.1
(Cellulose) b*: +3.2+0.2
Acid 90.58 3.88 0.65 0.0+ 0.00 20.5 L*:925+04
Hydrolyzed +2.05 10.28 1£0.05 a*:-0.8+0.1
(CNCs) b*: +1.9+0.1
Averages are means of three determinations+SD.

Morphological Analysis

During the study, the appearance of potato pulp was observed at various stages of
treatment to determine any changes. As shown in Fig. 1, the color of the ground potato
pulp shifted from dark brown to light brown following alkali treatment (Figs. 1A, 1B) and
then turned white after bleaching (Fig. 1C). The progressive purification was quantified by
colorimetry (CIE L*a*b*). The ground potato pulp had a dark, brownish color (L* = 62.3
+1.2,a*=4+5.8+0.4, b*=+18.5+0.7). Alkali treatment lightened the material (L* = 73.1
+0.9, a* =+2.1 £ 0.3, b* =+12.4 £ 0.5), and bleaching produced a near-white cellulose
(L*=88.7%£0.6,a*=-0.5+0.1, b* =+3.2 £ 0.2). The final CNCs were the lightest (L* =
925+04, a*=-0.8 = 0.1, b* = +1.9 £ 0.1), confirming the high purity achieved. The
increase in L* (lightness) and decrease in a* (red-green) and b* (yellow-blue) values
correlate directly with the removal of chromophoric lignin and other pigments (Xiao et al.
2001). In fact, during the purification process, the modification occurred by extracting
hemicelluloses, lignin, and other non-cellulosic compounds (including waxes, pectin, and
pigments). Acid hydrolysis conditions resulted in a snow-white powder with a very soft
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texture (Fig. 1D), indicating that the samples obtained were almost pure cellulosic
materials.

The samples were analyzed for their microscopic morphology using FE-SEM, as
shown in Fig. 2. The ground potato pulp exhibited a coarse and heterogeneous morphology,
as shown in Fig. 2A, and indicated the presence of starch granules. After starch removal
and alkali treatment, the surface of the fibers became rough and irregular (Fig. 2B).
Notably, the bleaching process led to partial defibrillation and the separation of fiber
bundles. The resulting cellulose fibrils displayed a network-like structure (Fig. 2C). In
addition, freeze-dried CNCs appeared as an aggregation of rod-shaped nanocrystals (Fig.
2D).

Fig. 1. Photographs of (A) ground, (B) alkali-treated, (C) bleached potato pulp (cellulose), and (D)
acid hydrolyzed CNCs

Fig. 2. FESEM images of (A) ground, (B) alkali-treated, (C) bleached potato pulp, and (D) CNCs
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Figure 3A illustrates a TEM image of the freeze-dried sample of CNCs that was
diluted in a water suspension. The image reveals highly elongated needle- or rod-shaped
particles, with lengths (L) of less than 300 nm and widths (/) less than 20 nm. Figures
3(B, C) display histograms of the L and W distributions. The dimensions of the obtained
CNCs (L ~150 nm, W ~10 nm) are comparable to those reported for CNCs from other agro-
waste sources, such as potato peel and wheat bran, indicating effective nanocrystal
liberation (see comparative summary in Table 6).

Additionally, during the process of sulfuric acid hydrolysis, the sulfate groups
(OSOs37) were introduced onto the surface of CNCs particles. These sulfate groups enhance
the dispersibility of CNCs particles in aqueous suspension due to electrostatic repulsion
between the negatively charged groups (Fig. 3A).
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Fig. 3. (A) TEM image, (B) length, and (C) width histograms of the CNCs

Optimization of Acid Hydrolysis Conditions

The acid hydrolysis parameters were systematically optimized through a design of
experiments (DOE) approach to maximize CNC yield while maintaining optimal
crystallinity and morphological properties. This optimization is particularly crucial given
the well-documented sensitivity of CNC characteristics to hydrolysis conditions (Rupérez
and Saura-Calixto 2001; Bondeson et al. 2006). Three key parameters were investigated:
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Sulfuric acid concentration

A central composite design was employed to assess sulfuric acid concentrations
from 50% to 65% (w/w). The optimal concentration was found to be 60%, which achieved
a favorable compromise among several key parameters: the sulfonation degree measured
at 1.12 + 0.05 mmol/g via elemental analysis, a crystallinity index of 73.43 + 0.8%, and a
yield of 20.5+0.8%. Lower concentrations, specifically those below 55%, led to incomplete
hydrolysis with yields falling below 15%. Conversely, concentrations exceeding 62%
resulted in over-sulfonation and a significant reduction in crystallinity, dropping below
65%.

Hydrolysis duration

Time-course studies conducted over 30 to 120 min demonstrated distinct phases of
hydrolysis (Figs. S1-S3). In the initial 0 to 45 min, a rapid yield increase was observed.
This was followed by a plateau phase between 45 to 60 min, during which optimal
crystallinity was achieved. Beyond 60 min, a degradation phase was entered, characterized
by a 5.2% reduction in crystallinity for every additional 30 min of hydrolysis.

The 60-min mark was chosen as the optimal duration because it yielded 98.7% of
the maximum achievable output while minimizing amorphous region degradation to below
3% (as assessed by NMR). Additionally, this timeframe ensured consistent morphology,
as evidenced by transmission electron microscopy (TEM), which revealed an aspect ratio
of 15 £2.

Temperature control

Precision maintenance at 50+0.5 °C was essential for optimal processing. Lowering
the temperature to 45 °C resulted in a 25% increase in processing time, while elevating it
to 55 °C caused a 40% rise in polydispersity index. An Arrhenius analysis yielded
activation energy of 58.2 kJ/mol, aligning with established values for cellulose Ip
(Dowlatshahi et al. 2014). Comparative hydrolysis studies using potato peel demonstrated
that processing of pulp required 33% less time (60 min versus 90 min) and 5% lower acid
concentration, all within the same temperature range. These results are consistent with the
findings of Brinchi ef al. (2013) on hydrolysis optimization, and they specifically
contribute parameters for potato pulp, which has been a relatively underexplored feedstock
in this context.

Zeta Potential Analysis of the CNCs

The zeta potential of a substance is a crucial indicator of its tendency to remain
stable or aggregate in dispersion. When the zeta potential of a nanocellulose suspension
falls below -30 mV or rises above 30 or 25 mV, it is considered stable. This signifies that
the nanoparticles possess adequate charge to repel each other, thereby preventing
aggregation (ASMI and DIVOUX). The suspensions exhibited consistently negative zeta
potential values, ranging from -26.6 and -39.9 mV. The cellulose extracted from potato
pulp exhibits a zeta potential of -26.6 mV, indicating a negative charge due to alkaline
hydrolysis, bleaching, and acid treatment during the extraction process, compared to the
raw pulp. These processes introduce additional carboxyl and hydroxyl groups, resulting in
a higher negative zeta potential. The CNCs exhibited a zeta potential of -39.9 mV,
reflecting their stability in aqueous suspension. In the cross-linking hydrolysis process,
sulfuric acid had been added. This resulted in sulfate groups at the surface of nanocellulose
particles, creating a negatively charged electrostatic layer on the particles. This charge
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envelops the particles in the CNCs solution, ensuring stability by promoting strong
electrostatic repulsion, which helps maintain the colloidal suspension (de Oliveira et al.
2016).

FT-IR and XRD Analysis Results

Figure 4 showcases the FTIR spectra of untreated potato pulp, alkali-treated potato
pulp, bleached potato pulp (cellulose), and CNCs. The absorbance peak in the range of
3380 to 3438 cm ! observed in all spectra indicates the presence of O-H stretching vibration
(Sain and Panthapulakkal 2006). A prominent peak at 2915 to 2924 cm™! is associated with
the stretching vibration of saturated C-H bonds in cellulose, hemicellulose, and lignin
(Sain and Panthapulakkal 2006; Alemdar and Sain 2008). The peak near 1635 cm™!' mainly
represents the bending vibration of absorbed water molecules. Two peaks at 1371 cm ™! and
1443 cm™! reflect asymmetric and symmetric C-H bending vibrations, respectively (Xiao
et al. 2001; Pelegrini et al. 2019). A shoulder at 1732 cm™! in the spectrum of untreated
potato pulp is attributed to the carbonyl stretching vibration of acetyl and uronic ester
groups in hemicellulose, as well as the ester linkage in p-coumaric and ferulic acids, which
are critical components of hemicellulose and lignin (Alemdar and Sain 2008). After alkali
and bleaching treatments, this 1732 cm™! peak disappears, indicating the removal of these
groups. Another notable peak at 1517 cm™! in untreated potato pulp, assigned to the C=C
stretching of lignin, also diminishes (Xiao et al. 2001). The broad peak at 1240 cm ™',
representing ester absorption, significantly decreases following chemical treatments,
suggesting that most hemicellulose content was removed, with only a small amount
remaining. These findings align with the chemical composition data in Table 2. Peaks at
1058 cm™! and 896 cm ™!, found in all spectra, correspond to C-O stretching and glycosidic
C-H rocking vibrations, both characteristic of cellulose. The increased intensity of these
peaks in the treated samples suggests enrichment of the cellulose as other components are
removed (Sun et al. 2000). The FTIR analysis indicates that the chemical treatments
resulted in significant removal of hemicellulose and lignin, which led to an increase in
cellulose content.

X-ray diffraction (XRD) analysis was conducted on potato pulp, extracted
cellulose, and CNCs to examine their crystalline properties (Fig. 5). The XRD pattern of
the initial potato pulp (black curve) is a composite signal dominated by the crystallinity of
residual starch (~5.2 wt.%), with contributions from native cellulose I and amorphous
polymers (hemicellulose, lignin). The characteristic starch peaks obscure the distinct
cellulose I signatures. Following chemical treatments that remove starch, hemicellulose,
and lignin, the diffraction patterns of the extracted cellulose (blue curve) and CNCs (red
curve) reveal the unmasked cellulose I structure. They show distinct peaks at around 16°
and 22.1° 26 angles, corresponding to the (110) and (002) diffraction planes, respectively
(Lietal. 2014; Xiao et al. 2019). The analysis indicates that the chemical treatment resulted
in the significant removal of starch, hemicellulose, and lignin from the cellulose fibers
while preserving and revealing the stability of the native cellulose I crystal structure.

The crystallinity of each sample, as shown in Fig. 5, increased significantly from
57.7% for the extracted cellulose to 73.4% for the CNCs. The crystallinity index for the
raw pulp is not reported, as its diffractogram represents a composite of starch and cellulose
crystallinity. The enhanced crystallinity results from the elimination of amorphous starch,
hemicellulose, and lignin, which facilitated improved alignment of cellulose molecules
(Yousefi et al. 2011). This finding aligns with reports from various studies that observe
increased crystallinity after chemical treatments (Alemdar and Sain 2008; Kallel et al.
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2016; Xiao et al. 2019). After bleaching, the cellulose crystallinity rose to 73.4%,
indicating the disruption of some amorphous regions. Furthermore, the acid treatment also
enhanced the crystallinity of the cellulose nanofibers by removing amorphous areas. The
crystallinity index of CNCs derived from potato pulp (73.4%) is comparable to that of
CNCs derived from potato peel (70% to 75%) (Chen et al. 2012) and other agricultural
residues such as wheat bran residue (70.3% ) (Xiao et al. 2019), mulberry bark nanofibers

(73.4%) (Li et al. 2009), bamboo (61.2%) (Chen et al. 2011), and garlic straw (68.8%)
(Kallel et al. 2016).
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Fig. 4. FTIR spectra of (A) potato pulp, (B) alkali-treated potato pulp, (C) bleached potato pulp
(cellulose), and (D) CNCs
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Fig. 5. X-ray diffraction patterns of the initial potato pulp (black), extracted cellulose after removal
of starch and non-cellulosic components (blue), and cellulose nanocrystals (CNCs) (red). The
pulp pattern is dominated by starch crystallinity. The purification process removes interfering
components, revealing the characteristic cellulose | diffraction peaks.

Thermal Stability Analysis

Figure 6 displays the TGA and DTG curves for untreated potato pulp, alkali-treated
potato pulp, extracted cellulose, and CNCs. The weight loss observed below 150 °C is
attributed to water evaporation. The thermal degradation of lignocellulosic biomass
follows a characteristic sequence where its main constituents decompose in distinct
temperature ranges: hemicellulose degrades first (typically between 220 to 315 °C),
followed by cellulose (300 to 400 °C), while lignin, the most thermally stable component,
decomposes slowly over a broad range (160 to 900 °C) (Yang et al. 2007). The major
decomposition step observed between 200 to 380 °C in the present samples is therefore
primarily due to the breakdown of cellulose glycosidic units, with contributions from other
components depending on the purification stage.

The data indicates that the degradation profile shifted markedly with successive
chemical treatments, as quantified in Table 3. Untreated potato pulp, containing starch,
hemicellulose, lignin, and cellulose, decomposes with a DTG peak (7Tmax) at 260.7 °C.
Alkali-treated samples, having had much of the hemicellulose and pectin removed, began
to decompose at a higher temperature (7max = 273.3 °C). The higher degradation
temperature in the alkali-treated sample suggests enhanced thermal stability compared to
untreated potato pulp. This improvement is attributed to removing pectin, hemicellulose,
and lignin, which are less thermally stable than cellulose (Bondeson ef al. 2006).

The data indicates that the degradation temperature of potato pulp significantly
increases following chemical treatments. Specifically, untreated potato pulp decomposes
at 260.7 °C, while alkali-treated samples begin to decompose at 273.3 °C.
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Fig. 6. Thermogravimetric analysis (TGA) and derivative thermogravimetric (DTG) curves for: (A)
Untreated potato pulp, (B) Alkali-treated potato pulp, (C) Extracted cellulose, and (D) Cellulose
nanocrystals (CNCs). The curves illustrate the thermal degradation behavior and stability of the
samples under nitrogen atmosphere.

The higher degradation temperature in the alkali-treated sample suggests enhanced
thermal stability compared to untreated potato pulp. This improvement is attributed to
removing pectin, hemicellulose, and lignin, which are less thermally stable than cellulose
(Bondeson et al. 2006). The data shown in Fig. 6 demonstrate that the thermal degradation
temperature of the extracted cellulose is 313 °C (7max), indicating that the bleaching process
effectively removed non-cellulosic impurities and improved the thermal stability of the
cellulose. Accordingly, it can be concluded that a significant amount of non-cellulosic
materials was dissolved and subsequently removed during successive chemical treatments.

The CNCs from the mechanical-chemical treatment process had a higher
destruction threshold temperature than the initial cellulose. This phenomenon can be
attributed to the increase in the crystallinity percentage of nanocellulose compared to
extracted cellulose (Yang et al. 2007). As detailed in Table 3, the CNCs exhibited the
highest thermal stability, with a DTG peak temperature (7max) of 315 °C and an onset
temperature (7onest) of 290.5 °C. A comprehensive assessment of thermal stability requires
kinetic analysis. Using the Flynn-Wall-Ozawa isoconversional method, the activation
energy for degradation (E,) was calculated. The CNCs were found to possess the highest
E, value (185.4 kJ/mol), which was significantly greater than that of the extracted cellulose
(168.2 kJ/mol) and the raw pulp (142.7 kJ/mol). This indicates a greater energy barrier for
the thermal decomposition of the nanocrystals.

Potato pulp-derived CNCs exhibited superior thermal stability compared to potato
peel-derived CNCs (reported Tmax of 290 to 300 °C) (Murayama et al. 2023). This
enhancement is a direct consequence of the more favorable composition of the pulp
feedstock. The substantially lower lignin content (0.65% vs. 5.2 to 20% in peel) reduces
the concentration of thermally labile and char-forming aromatic components. More
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critically, the higher native cellulose purity facilitates the isolation of CNCs with a greater
crystalline-to-amorphous ratio, as evidenced by their higher crystallinity index (73.4% vs.
~70% for peel). Since the densely packed, hydrogen-bonded crystalline regions of cellulose
degrade at higher temperatures and with slower kinetics than the disordered amorphous
domains, the increased crystallinity and corresponding higher activation energy of the
pulp-derived CNCs are the primary structural determinants of their superior thermal
stability.

This enhanced thermal stability (7%nset = 315 °C) positions potato pulp-derived
CNCs favorably against many conventional sources, as detailed in the comparative
overview provided in Table 6.

Table 3. Thermal Degradation Parameters and Activation Energy for Potato
Pulp, Extracted Cellulose, and Cellulose Nanocrystals (CNCs)

Name Onset DTG Peak | Main  Degradation | Activation Energy,
Temperature, | Temperature, Range (°C) Ea (kJ/mol)*
Tonset (OC) Tmax (OC)
Potato Pulp 230.1+2.5 260.7 £ 1.8 220 - 320 142.7 £ 4.1
Extracted 280.3+1.9 312.7+1.2 280 - 360 168.2+ 3.5
Cellulose
CNCs 290.5+1.5 315.2+1.0 285 - 350 CNCs

*Mean activation energy (Ea) for the main decomposition step calculated by the Flynn-Wall-Ozawa
isoconversional method (conversion range a = 0.2-0.8).

Biological Activity
Cytotoxicity assessment

To assess the potential cellular toxicity of nanocellulose derived from potato pulp
and its possible effects on human health, Caco-2 cells (a well-known human colonic cell
line) were exposed to varying concentrations of nanocellulose for 24 and 48 hours. Cell
viability was assessed utilizing the MTT assay. Figure 7 shows the impact of nanocellulose
on Caco-2 cell survival, revealing a slight decrease in cell viability as CNCs concentration
increased. Compared to the positive control group, cell viability after exposure to all
concentrations of nanocellulose at 50, 100, 200, 500, 1000, and 2000 ug/mL for 24 h and
48 h was not significantly affected. However, cell viability was significantly reduced upon
contact with nanocellulose at a concentration of 5000 pg/mL. The higher concentration of
nanocellulose (>2000 pg/mL) was cytotoxic to Caco-2 cells. Therefore, the maximum
concentration of 2000 pg/mL of nanocellulose derived from potato pulp can be used
without causing any damage to the survival of Caco-2 cells. This finding is consistent with
the reported results by Tibolla et al. (2018). Researchers found that nanocellulose fibers
extracted from banana peels using enzymatic treatment exhibited no cytotoxic effects on
Caco-2 cells at a concentration of 2000 pg/mL. According to a study by Tibolla et al.
(2018), nanocellulose fibers created using a combination of chemical and mechanical
processes were cytotoxic to Caco-2 cells at concentrations higher than 500 pg/mL.
Nanocellulose fibers derived from brown seaweed waste with TEMPO-mediated oxidation
showed no cellular toxicity for COS-7 cells at a concentration of 1000 pg/mL. The
disparities are probably a result of differences in the origin of the cellulose, the methods
used for preparation, the size and shape of the particles, and the surface characteristics
(including zeta potential and aggregation properties) of the nanocellulose.
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Fig. 7. The effect of CNCs on the viability of Caco-2 cells after culture for 24 and 48 hours.
*P < 0.05 represents the mean remarkably different from the untreated cells.

Sustainable drug carriers

Recent research by the authors highlights the remarkable potential of CNC derived
from potato pulp as effective carriers for anticancer drug delivery (Mohammadpanah ef al.
2025). The present study reveals that these CNC demonstrated a significantly high drug
loading efficiency of 79.2% for phosphoaminopyrazine (PAP) and exhibited pH-
responsive release kinetics. Specifically, 80% of PAP was released in acidic tumor
microenvironments (pH 5.5), compared to 69% under physiological conditions (pH 7.4)
The advantageous performance of potato pulp-derived CNC can be attributed to their low
lignin content, which enhances the availability of hydroxyl groups for effective drug
binding. Moreover, the uniform sulfation observed (1.12 mmol/g sulfur content) was
verified through FT-IR and EDS analysis

Importantly, PAP-loaded CNC demonstrated significant cytotoxic effects on triple-
negative breast cancer cells (MDA-MB-231; ICso = 20.86 pg/mL), while sparing normal
cells (HUVEC; ICso = 114.5 pg/mL), underscoring their therapeutic selectivity.
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Fig. 8. In vitro release profile of PAP from PAP@CNP at pH 7.4 and pH 5.5 (A), the cytotoxicity
profile of the prepared PAP, PAP@CNP and Cisplatin against the MDA-MB-231 cells (B), and
normal HUVEC cells (C) (Mohammadpanah et al. 2025)

Physicochemical Properties
Study of oil and water absorption capacities

In Table 4, it is evident that the extracted cellulose and CNCs demonstrated notably
superior oil and water absorption capacity compared to potato pulp. This is because
insoluble dietary fibers, such as cellulose, typically contain hydroxyl groups, which have a
strong affinity for binding with water and oil (Zheng and Li 2018). The chemical treatments
used in this study are likely to have increased the exposure of functional groups, thereby
enhancing the material’s ability to absorb oil and water. Additionally, as Lu and colleagues
reported, reducing particle size increases the specific surface area, which boosts the
physical entrapment of water and oil (Lu et al. 2013). Other factors, such as crystallinity,
porosity, and surface properties of nanocellulose, also play a role. The enhanced water and
oil absorption capacity of nanocellulose suggests its potential use as a low-calorie thickener
in foods that need to retain moisture or oil.
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Table 4. Higher Oil and Water Absorption Capacity of Potato Pulp, Alkali-
Treatment Sample, and Extracted Cellulose

Water Absorption Capacity Oil Absorption Capacity
(9/9) (9/9)
Potato Pulp 6.58 +0.44 3.54 +0.11
Alkali-treatment 6.78 £0.49 3.98 +0.41
Extracted Cellulose 8.02 £0.30 4.89 £0.22
Cellulose Nanocrystals 10.40 £0.19 6.26 £0.34

Heavy Metal Adsorption Performance and Mechanisms

The adsorption performance of potato pulp-derived CNCs was systematically
evaluated for three environmentally relevant heavy metal ions (Pb**, Cd**, and Cu?*) under
standardized conditions (pH 5.5, 50 mg/L initial concentration, 60 min contact time). As
presented in Table 5, the CNCs demonstrated remarkable removal efficiencies of 83.7 +
0.1% for Pb**, 79.0 £ 0.2% for Cd**, and 55.7 £ 0.1% for Cu?*, with corresponding
adsorption capacities of 7.15 + 0.1 mg/g, 595 + 0.2 mg/g, and 4.78 £ 0.1 mg/g,
respectively. A comparative analysis with other sources of cellulose reveals several key
findings (Table 5):

Advantage over peel-derived CNCs

The adsorption capacity for Pb?" ions at 7.15 mg/g showed a significant 37.5%
improvement over the potato peel-derived CNCs, which had an adsorption capacity of 5.2
mg/g as reported (Murayama et al. 2023). This enhancement is closely linked to two pivotal
material characteristics. First, there is lower lignin interference, with only 0.65% compared
to 5.2% found in the peels. This is important because lignin’s phenolic groups compete for
binding sites with metals (Zhu et al. 2023). Second, an increased density of sulfate groups
is observed, measuring 1.12 mmol/g versus 0.89 mmol/g. This is supported by FT-IR
spectra that highlight a stronger S=O stretch at 1235 cm™ (see Fig. 4D). Additionally, a
more negative zeta potential of -39.9 mV compared to -30.1 mV further underscores these
enhancements.

Competitive performance among agricultural wastes

The CNCs in this study demonstrated a strong competitive edge, showing a Pb**
adsorption capacity of 7.56 mg/g, which is on par with wheat bran CNCs (Xiao et al. 2019).
Notably, the present CNCs achieved an impressive 49% higher Pb?* adsorption compared
to 1.22 mg/g adsorption by orange peel CNCs (Pelegrini et al. 2019). Additionally, they
outperformed olive pomace derivatives with a 35% higher Cd** removal rate (5.5 mg/g)
(Ventura et al. 2020). Furthermore, they offer better biocompatibility, exceeding >2000
ng/mL, compared to most alternatives reported in the literature.

lon-specific selectivity

The hierarchy of adsorption (Pb?* > Cd?* > Cu?") aligns well with the Pearson hard-
soft acid-base theory. In this context, Pb?*, which is considered a borderline acid,
demonstrates the strongest attraction to sulfate groups, which are viewed as soft bases.
Conversely, Cu?*, classified as a hard acid, prefers coordination with hydroxyl groups.
Additionally, the differences in hydration energy help clarify this selectivity pattern, with
values of -1481 kJ/mol for Pb** and -1807 kJ/mol for Cd** ions.
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While modified peel-CNCs can achieve exceptional capacities through complex
chemistry, the performance of our pulp-CNCs via a standard process is competitive with
other unmodified bio-sorbents and is achieved alongside superior thermal stability and
biocompatibility (Table 6).

Adsorption Mechanism

Mechanistic investigations employing FT-IR, XPS, and XRD suggest a multistage
adsorption mechanism. The process initiates with a rapid adsorption phase within the first
15 min, predominantly governed by electrostatic interactions with sulfate groups. This is
succeeded by a period of intrafibrillar diffusion, occurring between 15 and 45 min, where
ions traverse the amorphous regions of the matrix. The final stage comprises surface
complexation, marked by sulfate coordination, as indicated by the Pb 4f,/, peak at 138.9
eV in the XPS spectra. FT-IR analysis further corroborates the involvement of hydroxyl
groups, evidenced by a shift in O-H stretching frequencies from 3380 to 3405 cm™.
Importantly, XRD data confirms the stability of the crystalline lattice; no broadening of
diffraction peaks is detected post-adsorption, suggesting that the material’s structural
integrity is preserved. The unique structural characteristics of CNCs significantly enhance
their performance. The minimal lignin content mitigates nonspecific binding, while
consistent sulfation ensures a reliable availability of reactive sites. The results indicate that
CNC:s derived from potato pulp exhibit significant efficacy in the targeted remediation of
lead-contaminated water, achieving removal rates exceeding 80%. Additionally, these
CNCs are well-suited for multi-metal remediation systems and applications that necessitate
food-contact safety, as they demonstrate biocompatibility.

Table 5. Removal Amount of Heavy Metals in 1 g of Adsorbent at Equilibrium
Contact Time of 1.0 h, pH = 5, and Initial Concentration of 50 ppm

Cu?* Cd?*
Name AC (mg/g) AE (%) FC (ppm) AC AE FC
Potato Pulp 3.56+0.1 51.4+0.1 24.38+0.1 3.98+0.1 73.7+0.1 13.15+0.2
Cellulose 2.99+0.1 49.9+0.0 25.03+0.1 3.31+0.1 | 66.26+0.2 | 16.87+0.2
CNCs 4.78+0.1 55.7+0.1 22.15+0.1 5.95+0.2 | 79.0+0.2 10.5+0.9
Pb%*
Name AC AE FC
Potato Pulp 5.93+0.0 78.64+0.1 10.68+0.2
Cellulose 5.29+0.1 75.96+0.1 12.02+0.1
CNCs 7.15+0.1 83.7+0.1 8.15+0.0

AC = Absorption capacity, RE = Removal efficiency, FC = Final concentration of heavy metal

These findings highlight the crucial role of feedstock selection in the formulation
of cellulose-based adsorbents. Potato pulp presents distinct advantages over traditional
sources, evidenced by a 33% reduction in hydrolysis time. Future research should focus on
evaluating fixed-bed column performance, exploring regeneration cycles, and assessing the
effects of real wastewater matrices. This comprehensive investigation delineates structure-
property relationships that can inform the design of advanced biosorbents derived from
agricultural byproducts.
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Table 6. Comparison of Heavy Metal Adsorption Capacities of Nanocellulose
from Various Sources

Feedstock Typical Crystal- TPonest Pb?* AC Key Advantages / Notes Reference
Source Dimensions linity (°C) (mg/g)
(L x W, nm) | Index (%)
Potato 150 £ 40 x 73.4 315.2 7.15 Low lignin, high sulfation, This study
Pulp 103 superior biocompatibility
(>2000 pg/mL), simplified
process.
Potato 100-200x 5- | 70-75 290 - ~5.2 Well-established (Chen et al.
Peel 15 300 feedstock, readily 2012;
available. Murayama
et al. 2023)
Potato N.R. N.R. N.R. ~217 Very high capacity, (DWT 2021)
Peel specialized functionality.
Requires intensive
chemical post-
modification.
Wheat 200-400 x 70.3 ~280 7.56 Good adsorption capacity, | (Xiao et al.
Bran 15-30 common agro-waste. 2019)
Garlic 255 x 11 68.8 ~220 N.R. Good crystallinity, (Kallel et al.
Straw moderate thermal stability. 2016)
Phragmites N.R. N.R. N.R. 17.2 Excellent adsorption Gao et al.
australis capacity, often requires 2018)
multi-step process.

N.R.: Not Reported in the cited source.

CONCLUSIONS

1. This study successfully demonstrated the isolation of cellulose nanocrystals (CNCs)
from potato pulp, achieving a cellulose content of 92.6% and a crystallinity index of

73.4%.

2. The derived CNCs exhibited superior thermal stability, water/oil absorption capacities,
and heavy metal adsorption efficiency, making them suitable for diverse applications.

3. Cytotoxicity tests confirmed the biocompatibility of the CNCs at concentrations up to
2000 pg/mL, highlighting their potential for biomedical and food packaging uses.

4. The valorization of potato pulp not only addresses waste management challenges but
also provides a sustainable alternative to conventional CNCs sources, contributing to
the development of a circular bioeconomy.
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