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Pineapple (Ananas comosus L.), a prominent perennial herb of the Bromeliaceae family, stands
as a globally cultivated tropical and subtropical fruit of significant economic importance. Ranking third
in global tropical fruit production, it accounts for approximately 20 % of the total, following banana and
citrus. Beyond fresh consumption, pineapple finds extensive use in various food products, including
canned fruit, jellies, pickles, jams, squashes, juice concentrates, and essences. It is also recognized for its
rich nutrient profile, encompassing minerals, vitamins, dietary fiber, and notable antioxidant activities.

Despite its widespread utilization, the processing residues of pineapple, particularly the peel, have
largely remained underexplored. Historically, researchers have concentrated on two primary appli-
cations for general pineapple waste: the extraction of bromelain and the production of substances
like ethanol, phenolic antioxidants, heavy metal adsorbents, organic acids, biogas, and fibers. These
endeavors often leverage cost-effective methods such as fermentation and drying.

This paper focuses specifically on pineapple peel (PP), treating it not only as an agricultural residue
but as a potential engineering material. It aims to give a clear, comprehensive overview of where PP
is generated, its detailed physicochemical composition, and the different extraction techniques used
to obtain valuable compounds from it. The discussion includes how various pre-treatment strategies
influence and improve the efficiency of extracting these high-value constituents. The work also
emphasizes the potential applications of PP extracts in both biomedical and engineering sectors,
demonstrating that PP can serve purposes far beyond conventional waste disposal or low-value
by-product use. In addition, the paper outlines the emerging role of PP extract as a novel engineering
feedstock, envisioning its contribution to the design and development of sustainable materials. Overall,
the study seeks to reposition PP from a discarded residue to a versatile, high-potential resource with
wide-ranging and impactful applications.
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Introduction

Pineapple (Ananas comosus L.), a prominent perennial
herb belonging to the Bromeliaceae family [17, 100,
152, 180, 202] holds significant economic importance
as a globally cultivated tropical and subtropical fruit
With Malaysia, Thailand, and other Asian nations
being key growing regions [49, 164, 210] ranks third in
global tropical fruit production, accounting for approx-
imately 20 % of the total, following banana and citrus
[182, 145, 155, 176, 130]. This fruit juice is the third
most preferred worldwide after orange and apple juices
[32]. According to a 2018 survey [122], the annual global
pineapple production ranged from 16 to 19 million
tons. By 2019, global production had risen consider-
ably to 28.17 million tons, marking a substantial 48 %
increase within one year, and in 2021, it is reported that
28.65 million tons of pineapple production across the
globe [66,210]. In the Indian context, the 2019 pineapple
production reached 1.71 million tons, which constituted
approximately 6.07 % of the total global production [64].

Its widespread popularity stems from itsappealing flavor
profile, characterized by a refreshing sugar-acid balance,
making it a favored choice for both fresh consumption and
diverse processing applications. Pineapple is utilized in the
production of various food products, including canned
fruit, jellies, pickles, jams, squashes, juice concentrates,
essence [5,52,84,141,207], and dried products [96, 110,
202]. The pineapple plant itself is a relatively short-statured
herb, typically reaching heights of 75-150 cm and widths
of 90-120 cm. It features a stout stem and narrow, fibrous
leaves often bearing spines. The plant culminates in the
production of a distinctive, juicy, and fleshy cone-shaped
multiple fruit, crowned by a characteristic leafy top [138,
150, 215]. Generally, the optimum storage temperature for
pineapple is in the range of 7-13 °C [184, 227]. In India,
key commercial varieties include ‘Kew’ and ‘Queen’ [138,
215]. The unique multiple fruit structure of pineapple,
resulting from the fusion of numerous berries, contributes
to its characteristic form and edible nature as a prominent
tropical fruit [150].

Pineapple is rich in nutrients and minerals, vitamins,
and dietary fiber, as well as effective in antioxidant activ-
ities. [27,72,132,112,230]. Pineapple fruit is composed
of 30 % pulp, where 70 % of it is discarded in the form
of peel, crown, core, trimmings, and residue [140, 147,
180]. Pineapple production (tons/ha) in India accounts
for 16.45, whereas world production reaches 25.04.
To calculate the average pineapple waste per hectare that
would have produced in 2019, peel (30 %) 4.93 tons/ha,
core (7 %) 1.15 tons/ha, crown (13 %) 2.14 tons/ha and
Pulp (50 %) 8.22 tons/ha (pomace 2.47 tons/ha and juice
5.76 tons/ha) [23, 82, 85,130, 188]. Pineapple process-
ing residues have not been explored much [122]. So far
researchers have concentrated on using pineapple waste

for two purposes: first, to extract bromelain, and second,
to produce ethanol, phenolic antioxidants, heavy metals,
organic acids, biogas, fiber production, and organic acids
at alow cost with the help of methods such as fermenta-
tion, drying [141, 209]. The present study mainly focuses
on the various possible applications of PP, especially as
an engineering material.

This review specifically concentrates on pineapple
peel (PP), seeking to deliver an in-depth overview
of its generation, physicochemical profile, and diverse
extraction methodologies. It emphasizes the pivotal
influence of pre-processing and conditioning strategies
on maximizing the recovery of high-value constitu-
ents from PP. In particular, the article underscores the
prospective uses of PP-derived extracts in biomedical
and engineering domains, arguing for their relevance
far beyond conventional waste disposal or by-prod-
uct handling. It also examines the emerging prospects
of PP extract as an innovative engineering feedstock,
anticipating a scenario in which this abundant resi-
due plays a prominent role in sustainable material
design and development. By illuminating these under-
explored avenues, the study aspires to reposition PP
from alow-value discard to a strategic bioresource with
wide-ranging and impactful technological applications.

Methods

An exhaustive literature search was conducted using
leading scientific research databases, including Web
of Science, Science Direct, and Scopus. The survey
focused on combinations of keywords such as “chem-
ical composition,” “extraction,” “biological application,”
and “engineering application”. As depicted in Figure 1.
Additionally, the “References” sections of each article
were reviewed to identify further relevant publications.

The initial search, conducted for articles published
during the years 2009-2024, yielded 112 scientific papers.
From this initial pool, only articles directly relevant to
the aforementioned keywords were selected for further
analysis. A focused search on the topic of “chemical
composition” for articles published between 2009 and
2024 resulted in the identification of 12 additional rele-
vant studies. Similarly, the review of literature on the

“extraction process,” based on publications from 2010 to
2024, led to the discovery of 41 further articles. In the
case of “engineering and biological applications,” exam-
ining works published between 2011 and 2024 yielded
69 additional publications. As in the earlier stages, the
reference lists of these articles were also examined to
identify further relevant sources.

In addition to peer-reviewed publications, relevant
source documents and book chapters across all available
years were examined. Particular attention was given to
the original publications where the key concepts and
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Fig. 1. The keywords used for reviewing the paper are weighted by relevance, with larger font sizes indicating higher
relevance

keywords were first introduced or defined. All collected
materials were analyzed in terms of their relevance to the
extraction processes, engineering and biological appli-
cations, and chemical composition, in order to highlight
the most valuable contributions within the field.

Pineapple Cultivars: A Global Overview

The number of pineapple types is about 37. This is clas-
sified as cultivars. The four major commercial cultivars
include the red Spanish, the princess, abacaxi, and the
smooth cayenne. [121,180]. Table 1 indicates the variety
of pineapple reported by the various authors in differ-
ent countries.

Pineapples are one of the leading commercial fruits
of the tropics around the world, and the major producing
areas are Southeast Asia and Latin America. Table 2 gives
the statistics of the pineapple producers around the world.

Chemical Profile of Pineapple Peel
Over 400 compounds have been identified among differ-

ent cultivar of fresh and processed pineapple products 31,
60, 108, 136, 170, 208, 214] Pineapple fruit is primarily

composed of 80-85 % water and 12-15 % sugar, along
with smaller amounts of acid (0.6 %), protein (0.4 %),
ash (0.5 %), fat (0.1 %), fiber, and vitamins, particularly
Aand C (12,121, 172,177,183, 184, 191, 202].

In contrast, PP, like most plant fibers, possesses
a complex structure of crystalline cellulose microfi-
brils encased within an amorphous region. This region
largely consists of lignin, hemicellulose [187], pectin,
extractives, waxes [93], antioxidants, starch, and
phenolics [54, 177]. Notably, PP is a rich source of gallic
acid, catechins, epicatechins, and ferulic acids. These
bioactive compounds, including saponins, flavonoids,
tannins, and anthocyanins, have significant potential as
active antioxidant ingredients [120, 142, 193,211, 213].

Among all the valuable components in pineapple
waste, bromelain stands out as the most extensively
studied and commercially valuable. This proteolytic
enzyme, found in the Bromeliaceae plant family, was
first identified in 1891 by Marcano and has been investi-
gated since 1894 [21, 52]. While stems and fruits contain
higher concentrations, bromelain is also present in pine-
apple waste such as cores, peels, and leaves, albeit in
smaller quantities [104, 128, 203, 217]. Recent studies
indicate that PP contains approximately 13.158 um/ml

Table 1. Common Verities of pineapple reported by the authors around the world

S1 No Varity of pineapple Country Latitude and longitude Reference

1 Josapine Malaysia 4.2105°N, 101.9758°E [140]

2 Queen and Kew India 21.0000°N, 78.0000° E [96,138, 173, 215]

3 Golden MD2 Missouri, USA 38.5739°N, [44, 161]
-92.6038° W

4 Pérola and Jupi Itapororoca, Brazil -6.8115°S, [34, 137]
-35.2448°W

5 Morris Malaysia 4.2105°N, 101.9758° E [58]

6 Amritha India 21.0000°N, 78.0000° E [119, 174]

7 Tripura India 21.0000°N, 78.0000° E [96, 173, 215]

8 Pattavia Thailand 15.8700°N, 100.9925°E [226]

9 Bali China 35.0000°N, 105.0000°E [211]
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Table 2. Quantity of Pineapple available around the world

Sl no. Country Quantity grown / year Reference

1. Thailand 1.979 million metric tons [33, 37, 144,104]

2. Philippines 1.618 million metric tons [204]

3. Malaysia 300,000 metric tonnes (38, 58, 151, 116, 139, 197, 200]
4, Brazil 2,650.48 metric tons (144, 204]

5. Costa Rica 3,056.45 metric tons (197, 204, 222]

6. India 1.71 million metric tons (64, 94, 121, 131, 180]

7. Portugal 948 metric tons [202]

8. West Africa 2.3 million metric tons [121]

9. China 2.25 million metric tons [211, 212, 233]

10. Nigeria 1.91 million metric tons [2, 10, 67, 58, 221]

11. Mexico 1.27 million metric tons [71, 161]

12. Colombia 850,000 metric tons [192]

13. Indonesia 3.15 million metric tons [117, 140, 179, 219, 218,]

of bromelain, while crowns contain about 113.79 um/ml
[150]. PP also contains a significant amount of citric acid
(45-46 % yield), ash (10.6 %), moisture (92.2 %), cellulose
(19.8 %), and hemicellulose (11.7 %) [150].

The identification of bromelain in pineapple waste
represents a significant opportunity for valorization
[58,192]. This enzyme is in high demand across the
food, medical, and cosmetic industries due to its
diverse applications [41, 58]. It is worth noting that
pineapple extract also contains other compounds
like peroxidase, acid phosphatase, various protease
inhibitors, and organically bound calcium, which
might influence bromelain activity or protein cleav-
age [29, 104, 217].

Previous research has extensively documented
the nutrient profile of pineapples, covering aspects
like fiber, protein, carotenoids, mineral composition,
and total polyphenol content [9, 75, 216]. However,
the antioxidant capacity of pineapples has received
considerably less attention. One notable study by [50]
examined the total phenolic content and antioxidant
activities in methanolic extracts of pineapple resi-
dues (pulp, seeds, and peels from a local juice factory)
through DPPH and superoxide anion scavenging
activity assays [211].

Sample Preparation and Pre-processing

To extract the different chemical constituents from the
PP, a rigorous preparation is needed for various appli-
cations, consistently beginning with thorough cleaning
to remove impurities, typically using tap water [45, 167,
165] or distilled water [30, 150], sometimes followed by
sanitization with chlorine solution [36]. After washing,

drying methods vary widely, including cabinet drying
at 40°C for 6 hours [180, air oven drying at 40 °C for
48 hours [88, 229], hot air oven drying at 55-60 °C for
48 hours [151, 193], drying at 70 °C for 12 hours [165],
or at 105 °C until crisp [144]. Alternative approaches
include shade drying [131], freeze-drying [33, 161],
refractance window drying at 80 °C for 4 hours [44],
and sun drying for 5 days [124, 201].

Before drying, peels are often cut into smaller
pieces or cubes ranging from 1 mm to 5 cm to expedite
drying [77, 121, 167, 150]. Once dried, the peels are
ground into powder using various equipment such as
kitchen blenders [165], high-speed grinders [77], disc
mill crushers, saw-milling apparatus, primary knife
grinders [167], or hammer mills [67]. The powders
are then sieved to achieve uniform particle sizes,
with mesh sizes reported from 0.5 mm to 100 mesh
[88,131], 35 mesh [167], 40 mesh [165], 170 mesh for
particles smaller than 88 microns [30], and ranges like
150-300 micrometers [144] or 500 micrometers [67].
The varied mesh sizes are used depending on their
applications.

The prepared PP powder or dried material is stored
under conditions that preserve its quality, including
refrigeration at 4°C [180], desiccators [88, 165, 229],
airtight containers [100, 219], vacuum-sealed bags
[121], or freezing at —20 °C [33] or at =80 °C [161].

Further processing depends on the intended use.
Extraction methods include soaking powder samples
in methanol or cold water, shaking for one hour,
filtering, and repeating the extraction. Combined
extracts are rotary evaporated at 40 °C, freeze-dried,
and stored at —80 °C [25, 87, 92]. Other techniques
involve maceration in distilled water followed by
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heating [150], or advanced extraction methods such
as Soxhlet, supercritical fluid, and solvent extraction
for polyphenols [121].

Chemical pre-treatments include sulfuric acid hydro-
lysis to break down lignin and expose cellulose [34, 67],
carbonization at 250°C, and calcination between 300°C
and 800°C to produce bio-catalysts, with 600°C iden-
tified as optimal [30].

Overall, these diverse preparation methods high-
light the versatility of PP as a raw material for various
industrial and scientific applications.

Extraction of pineapple peel

The use of PP to make valuable products involves differ-
ent methods to extract useful chemicals. Researchers
use a variety of techniques, from traditional methods to
newer, more eco-friendly ones. Table 3 shows the differ-
ent extraction methods used by researchers, which are
mainly chosen based on the type of compound they
want to obtain.

Microwave-Assisted Extraction (MAE) is a highly
effective method where increased temperature and

Table 3. Extraction method and component extracted by various researchers

Sl no Extraction Method Component Extracted National /International  Reference
Standard
1 Soxhlet Extraction Crude lipid, rutin, simple method for ISO 13944, 2™ edition [88, 121,
extracting polyphenolic compounds, 7(12-08-01 131]
Quercetin
2 Nanofiltration Membrane Bromelain No standardised method  [58]
3 Ultrasound Assisted Extraction Polyphenols No standardised method  [229]
4  Microwave Assisted Extraction Preparation of crude bromelain No standardised method  [61, 152]
extract, Phenolics
7  Mass Culturing For extraction of bacteria cells from No standardised method  [166]
pineapple peel extract
8  Enzyme Digestion Extraction of dietary fibre No standardised method ~ [88]
9  Two-Phase Partitioning System  Bromelain No standardised method  [129]
10  Reverse Micellar Extraction Bromelain No standardised method  [17, 129,
225]
11  Solid-Liquid Extraction Optimisation of natural antioxidants ASTM D6953-18 [202]
12 Response Surface Methodology Extraction of hydro soluble bioactive No standardised method — [202]
(RSM) compounds
13 Supercritical Fluid Extraction Method used to extract bioactive No standardised method  [121, 223]
compounds (polyphenolic compo-
unds), Essential oils
14  Solvent Extraction Widely used method for bioactive ASTM E3008 [121]
compound extraction (polyphenolic
compounds)
15  Phosphomolybdenum Method  Evaluation of Total Antioxidant Ca- No standardised method  [211]
pacity (TAC)
16  Hydrothermal Treatment Preparation of carbon dots from pi- No standardised method  [14, 133]
neapple peel
17 Acid Hydrolysis Method Isolation of pineapple peel cellulose No standardised method  [122]
nanocrystals
18  Colorimetric method Flavonoid content ASTM E275 [100]
19.  Thermogravimetric method Cellulose content of pretreated pine- ISO [167]
apple peel
PPiep 11358-1
Drewno. Prace naukowe. Doniesienia. Komunikaty 69 (217) 2026 5
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Fig. 2. Soxhlet extraction process

pressure alter the cell structure, enhancing solvent
penetration [180]. For instance, crude bromelain
extract has been successfully prepared from pineapple
rind powder using MAE at 2450 MHz with distilled
water. This process involves mixing 5 g of powder
with 50 mL of distilled water, followed by microwave
treatment, centrifugation (5000 g, 10 min), filtration,
and storage of the supernatant at 20 °C. Bromelain
purification is often achieved via gel filtration chro-
matography with Sephadex G-75 resin, and enzyme
activity is determined using casein as the substrate.
MAE has consistently yielded bromelain with high
proteolytic activity and protein content, with puri-
fied bromelain showing the highest specific activ-
ity and a semi-crystalline nature by XRD analysis
[180]. Beyond bromelain, MAE has also been used to
extract pectin from PP, which exhibits plasticizing and
antioxidant properties for food packaging films [94,
143, 181]. For pectin, MAE parameters can include
sulfuric acid at pH 1.83, a 1:30 (w/v) solid-to-solvent
ratio, extraction times of 1-20 minutes, temperatures
of 70-80°C, pH 1.0-2.5, and microwave power of
400-600 W [101, 151, 169, 195,]. Extracts obtained
via MAE are typically cooled, filtered, centrifuged,
and pectin can be coagulated with ethanol, washed,
oven-dried, and stored [151]. Additionally, micro-
wave ovens operating at 2.55 MHz frequency and 60%
power (420W) for 1 minute are used with various
solvents, including water-ethanol, methanol, and deep
eutectic solvents (DESs) like choline chloride-glycerol
(44, 220]. Autohydrolysis and MAE using traditional
solvents (water, ethanol, methanol) are also employed
for phenolic compound extraction [11, 196].

Soxhlet extraction is a traditional and common
method for isolating various bioactive compounds
from PP. The flow of the extraction process is as
depicted in Figure 2, suggested by [131, 235]. The
efficiency of extraction is influenced by solvent type
(e.g., methanol, gasoline, ethyl acetate, or aqueous
methanol), duration, and temperature [121, 126].
For lipid determination, petroleum ether is commonly
used [88]. In one study, 5g of sample was refluxed
with 250 mL of solvent (e.g., 50 mL ethanol in 200 mL
deionized water) at 78 °C for several hours. The extract
was concentrated, and total phenolic content was
measured using the Folin-Ciocalteu method, while
antioxidant activity was assessed by DPPH radical
scavenging assays [11]. Other studies have compared
Soxhlet extraction with magnetic stirring and orbital
shaking for phenolic compound isolation [11]. A typi-
cal Soxhlet protocol for phenolics involves continu-
ously extracting 4 g of dried PP powder with 80 %
methanol for 90 minutes. Subsequent solvent-solvent
extraction with hexane (1:1 ratio with distillate) yields
extract and raffinate phases, with the extract phase
collected for specific compound determination, like
quercetin, via colorimetric analysis at 510 nm. For hot
continuous extraction, finely chopped, air-dried PP
(250 g) can be successively extracted with petroleum
ether, ethyl acetate, ethanol, and water for eight hours
each. The extracts are then filtered, concentrated via
rotary evaporation at 50 °C, and yields are calculated
[113]. Similarly, 70 g of dried PP powder has been
extracted with n-hexane for 7 hours to obtain yellow
oil, followed by methanolic hot extraction for other
crude extracts [6, 162].
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Supercritical Fluid Extraction (SFE), particularly
using non-toxic and low-cost carbon dioxide (CO,),
is considered a greener and highly efficient alternative.
SFE operates with fluids above their critical temperature
and pressure, allowing them to dissolve compounds
with properties of both liquids and gases. This method
offers high extraction efficiency in shorter times and
selectively extracts compounds without harmful resi-
dues [59, 121, 135]. SFE has demonstrated higher yields
of essential oil (0.17 %) compared to hydro-distillation
(HD) and enzyme-assisted hydro-distillation (HDEA),
with the essential oil primarily composed of propanoic
acid ethyl ester, lactic acid ethyl ester, and 2-heptanol
[56, 135, 160].

Traditional solvent extraction (Maceration) involves
soaking dried plant powder in solvent, such as 80 %
methanol for 48 hours [2] or ethanol for 72 hours [100,
119], followed by filtration and rotary evaporation to
dryness. Extracts are typically stored at 4 °Cto 8 2 °C
[2, 100, 119, 158]. Another general method involves
extracting 2 g of ground sample with 20 mL of 70 %
aqueous methanol by magnetic stirring for 3 hours,
followed by centrifugation and filtration [168, 210].

Green extraction techniques like Ultrasound-As-
sisted Extraction (UAE) are gaining traction due to
their simplicity and lower processing costs [13, 67].
UAE can be performed in an ultrasonic water bath
at an ambient temperature with a specific working
amplitude [202].

Optimized conditions for hydro-soluble compound
extraction from PP often involve using Response
Surface Methodology (RSM) with a Central Compos-
ite Rotatable Design (CCRD). Parameters like solvent-
to-peel ratio (e.g., 1:1 to 1:6) and extraction time
(e.g., 5-45 min) are varied, with Total Phenolic Content
(TPC) as a key response. The effects of temperature
(ambient up to 100°C), UAE at ambient temperature,
and consecutive extraction steps are explored. The
influence of solvent type, including water and etha-
nol-water mixtures, is investigated at various tempera-
tures. Hydroalcoholic extracts, after centrifugation,
may undergo ethanol evaporation under low pressure
to yield an aqueous extract [202].

Characterization of derived products

After extraction, various analytical techniques are
employed to characterize the PP extracts and derived
products.

Antioxidant activity of PP extracts is commonly
quantified using DPPH (2,2-diphenyl-1-picrylhy-
drazyl) and FRAP (Ferric Reducing Antioxidant
Power) assays. One study reported values of 91.79 +
1.98 umol Trolox/g dry extract by DPPH and 174.50 =
9.98 umol Trolox/g dry extract by FRAP [202]. Total

Phenolic Content (TPC) is often evaluated using the
Folin-Ciocalteau method [98], while Total Flavonoid
Content (TFC) is assessed via the aluminum chlo-
ride method [115, 228]. HPLC (High-Performance
Liquid Chromatography analysis) is used to quantify
specific phenolic compounds like ferulic acid, which
has been identified as a highly abundant phenolic in
PP extracts [121]. Phytochemical tests confirm the
presence of various compounds, Wagner’s reagent
for alkaloids, Molisch’s test for carbohydrates, Keller
Kelliani’s test for cardiac glycosides, alkaline reagent
test for flavonoids, ferric chloride test for phenols,
precipitate test for phlobatannins, ninhydrin test
for proteins, foaming test for saponins, Lieber-
mann-Burchard test for steroids, Braymer’s test for
tannins, Salkowki’s test for terpenoids, and HCl
test for quinones [78, 162]. Proximate analysis of
PP provides crucial nutritional information. This
includes determining moisture content (drying at
105°C to constant weight), lipid content (gravimetri-
cally after Soxhlet extraction with petroleum ether),
ash content (burning in a muffle furnace at 550 °C),
nitrogen content (Kjeldahl method for protein calcu-
lation with a 5.7 conversion factor), and crude fiber
content (organic residue after acid/alkali digestion
using a Fibertec analyzer). Carbohydrate content is
then calculated by difference [7, 210].

Other characterizations include pH and color
measurements (pH meter at 25 °C for 1:10 w/v sample:
water mixture, and colorimeter, respectively) [109].
Water Absorption Capacity (WAC) and Oil Absorp-
tion Capacity (OAC) are also determined using
modified methods [4, 210]. Cellulose content can
be determined using a thermogravimetric method
[67, 167]. PP is a versatile substrate for producing
various value-added products. This includes brome-
lain, ethanol, phenolic antioxidants, heavy metal
adsorbents, organic acids, biogas, and fibers, often
through methods like fermentation and drying
[141]. Alkaline pre-treatment (e.g., with NaOH or
KOH) under moderate conditions has been shown
to enhance bioethanol production [46, 102, 134, 206].
Carbon Dots (CDs) can be prepared from PP via
a hydrothermal method involving juice extraction
and reaction with ethanol in an autoclave at 150°C,
followed by extraction, dialysis, and centrifugation to
yield highly fluorescent CDs [14, 111]. PP activated
carbons (PPAC) are prepared via chemical activation
(e.g., with IN HCIl solution) at various temperatures
(300-500 °C). These carbons are characterized for
properties like pH, conductivity, moisture/ash/vola-
tile content, iodine/methylene blue values, and fixed
carbon by standard procedures, with surface morphol-
ogy analyzed using Scanning Electron Microscopy
(SEM) [97, 144, 148, 163].
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Fig. 3. Scientific papers on applications of pineapple peel

Diverse applications of pineapple peel extracts
and derivatives

PP, a significant by-product of the pineapple process-
ing industry, is increasingly recognized as a valuable
resource with a wide array of applications across engi-
neering and biological fields. Its rich composition
allows for the transformation of waste into high-value
products, addressing both environmental concerns
and industrial demands [11, 141, 154]. Figure 3 illus-
trates the number of papers published annually on PP
applications in various industries such as biomedical,
pharmaceutical, and engineering domains.

Engineering applications

Biofuel production: PP is a viable low-cost substrate
for producing bioethanol through microbial degrada-
tion, serving as an alternative to gasoline and offering
economic benefits, especially for small-scale commu-
nity production [35, 53, 102, 153, 162, 223]. It can
also be utilized for biogas production [141, 223] and
bio-butanol [162].

Bio-composites and reinforcement materials: The
high cellulose content in pineapple leaf fiber makes
it an excellent reinforcement material in composite
materials [70]. For example, incorporating pineapple
fibers into epoxy composites enhances thermal stability
and creep resistance, especially with the addition of
lignin [73]. Pineapple leaf fibers also improve the ther-
mal stability and mechanical properties of polylactic
acid bio-composites, significantly increasing thermal
conductivity with up to 50% fiber loading [70, 76].
These bio-composites hold potential for diverse appli-
cations such as automotive bumper guards [1], offer-
ing both cost reduction and enhanced safety. They are
also suitable for outer decorative purposes in hous-
ing, building infrastructure, interior parts in automo-
tive and aerospace fields, structural building in boats
and naval ships, and the sports sector, owing to their

load-carrying capability, corrosion resistance, and
biocompatibility [70].

Adsorbents for wastewater treatment: Pineapple
waste, including the core and peel, serves as an econom-
ically feasible biosorbent for removing pollutants from
aqueous solutions. Pineapple core and peel show prom-
ise for effectively treating wastewater, with the peel
specifically demonstrating potential for removing Pb
(IT) ions [219]. PP powder can also adsorb cationic
dyes like methylene blue, which is commonly used in
various industries [144].

Polymer materials and packaging: PP is a poten-
tial source of cellulose for producing hydrogels [48],
plasticizers [167, 181], and nanocellulose [48, 81, 167],
which can be used in food packaging films, exhibiting
plasticizing and antioxidant properties [94, 181]. Algi-
nate films encapsulating PP bioactive compounds have
also shown effective microbial inhibition and retarded
lipid oxidation in meat [94, 186].

Thermal behavior

Understanding the thermal properties of PP is crucial
for its industrial applications, particularly in catalyst
preparation and composite material development.
Thermal decomposition: PP components exhibit
sequential decomposition with increasing tempera-
tures. Organic substances typically decompose first
(120-190°C), followed by hemicellulose (190-320 °C),
cellulose (320-400 °C), and finally lignin (above
400°C). Differences in decomposition temperatures
can occur due to variations in atmospheric conditions
(e.g., nitrogen vs. air) during analysis. This understanding
guides the selection of calcination temperatures
(e.g., 300-800°C) for preparing catalysts, as these
temperatures induce compositional changes relevant
to their efficiency in processes like glycerol carbonate
synthesis via transesterification [30, 71, 89].
Flammability: Pineapple fiber-reinforced compos-
ites tend to show increased flammability due to the
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presence of cellulose, a complex carbohydrate composed
of carbon and hydrogen atoms, which promotes burn-
ing [105]. Flammability assessments are conducted
according to standards like ASTM D-635 and UL-94
V/HB, evaluating both horizontal and vertical modes
using a Bunsen burner [70].

Thermal conductivity: The thermal conductivity
of pineapple fiber and cellulose-reinforced polyester
composites is assessed using methods like the Lee disc
method [63, 70].

Biological and health applications

Antioxidant and anti-inflammatory properties: Pine-
apple contains healthy nutrients and phytochemicals
with significant antioxidant and anti-inflammatory
capacities [3, 11, 15,18, 19, 121, 131, 141, 171, 180, 221].
Flavonoids like quercetin act as antioxidants, neutraliz-
ing free radicals that cause cellular damage, aging, and
contribute to diseases like heart disease and cancer [95,
131,171, 178].

Cancer prevention and treatment: Studies suggest
pineapple components, including bromelain and
antioxidants like manganese and vitamin C, help in
fighting tumors and prevent various cancers, with
bromelains from pineapple fruit stalk being particu-
larly effective against breast cancer (BC) tumor cells
[55, 83, 180]. Bromelain has also shown potential
as an anticancer agent and for modulating tumor
growth [17, 43, 128]. Pineapple waste extract may
even prevent abnormal skin growth and reduce squa-
mous cell skin melanoma [141].

Digestive health: PP aids digestion and has been
linked to reducing intestinal parasites, constipation,
and Irritable Bowel Syndrome (IBS) symptoms [162].
Their high content of insoluble dietary fibers (IDFs)
promotes good bowel health and insulin sensitivity,
lowering the risk of diabetes [130]. PP powder can also
fortify the properties of probiotic yogurt [190].

Anti-microbial and anti-bacterial activities: PP
extracts exhibit anti-bacterial and anti-microbial activi-
ties [113]. Bioactive compounds from PP, encapsulated
in alginate films, have shown effective microbial inhi-
bition on meat [94, 118, 186].

Wound healing and anti-edematous effects:
Bromelain, a proteolytic enzyme from pineapple,
demonstrates anti-edematous, anti-inflammatory,
and fibrinolytic activities, and is used in various
stages of wound healing and the treatment of soft
tissue injuries [17, 26, 28].

Arthritis and inflammation relief: Bromelain acts
as an anti-inflammatory agent for arthritis [162], can
treat osteoarthritis, and reduce swelling and inflamma-
tion after surgery [26, 79, 80, 103]. Flavonoids, includ-
ing quercetin, function as antihistamines, lessening

allergies and alleviating inflammation and pain asso-
ciated with arthritis [131].

Dermatological and cosmetic uses: Glucosyl-
ceramide from pineapple shows effects such as skin
moisturizing, improvement of atopic dermatitis, and
protection of the skin barrier [107, 146]. Bromelain
is widely used in the cosmetic industry [41, 58, 128].
Pineapple waste extract can also prevent the develop-
ment of abnormal skin growth [141].

Pharmaceutical and medical applications: Pineap-
ple extracts are used in traditional medicine for vari-
ous ailments, including coughing, intestinal bleeding,
diarrhea, malaria, typhoid infections, and gastrointes-
tinal complaints [16, 62,91, 99, 119, 156, 157, 199, 231].
Bromelain is well-known for clinical and therapeutic
applications, including improving antibiotic action, and
as a drug for systemic treatment of inflammatory, blood
coagulation-related, and malignant diseases [17, 128,
189]. A mixture of PP extract and calcium hydroxide
paste is even being considered as an alternative intra-ca-
nal medicament in root canal treatment [86, 90].

Food industry applications: Bromelain is used for
meat tenderization, grain protein solubilization, beer
clarification, baking, and protein hydrolysate produc-
tion [17, 128, 224]. PP can also be used as a func-
tional ingredient in food, particularly for developing
calorie-reduced and dietary fiber-enriched products
[33, 88, 151]. In animal feed, it is applied as protein
hydrolysis and palatability enhancement [33]. PP
mixed with forage sorghum produces good silage for
ruminants [68, 185].

Other biological applications: Pineapple waste
is applicable for producing an eco-enzyme through
fermentation [179]. Ferulic acid from PP residues can
be a precursor to vanillin through microbial biological
transformation [114, 175]. The aromatic compounds in
pineapple skin can even repel mosquitoes [232].

Environmental impact of pineapple peel

The pineapple processing industry generates substan-
tial amounts of waste, primarily consisting of peels,
cores, crowns, pomace, and stems, which often go

untreated [130, 180, 11]. This waste constitutes a signif-
icant portion of the fruit, with estimates ranging from

approximately 35 % to as high as 80 % of the total pine-
apple weight [3, 15, 47, 106, 127, 161, 221]. Specifi-
cally, PP alone accounts for roughly 29-42 % (w/w)

of the total by-products [42, 94, 151]. The sheer volume

of this discarded organic material, estimated at 8.31-
11.46 million tons globally in 2021 [210] and projected

to increase with rising pineapple production [65], poses

severe environmental challenges. When inadequately
disposed of, this waste can lead to serious hazards and

a burden to the municipal solid waste dump.

Drewno. Prace naukowe. Doniesienia. Komunikaty 69 (217) 2026



Wollur C. et al.: A Comprehensive Review of Pineapple Peel Extract as a Sustainable Engineering Material

Environmental hazards

Greenhouse gas emissions: Decomposition of organic
pineapple waste in landfills generates methane, a potent
greenhouse gas, contributing to climate change [149,
180, 210].

Air pollution: Burning pineapple waste, a common
disposal method, releases smoke and haze into the
atmosphere [74, 167]. Additionally, rapid decomposi-
tion of high-water-content waste causes a putrid odor,
contributing to air contamination [193].

Land and water pollution: Dumping waste
directly into the environment leads to soil pollu-
tion, characterized by microbial growth and foul
odors [125, 193]. Furthermore, pineapple waste can
cause water pollution due to its high concentration
of nutrients and low pH [44]. The high Biological
Oxygen Demand (BOD) and Chemical Oxygen
Demand (COD) values associated with pineapple
waste also indicate its significant polluting potential
in water bodies [17, 24].

Economic and resource waste: Beyond environmen-
tal damage, the inadequate disposal of pineapple waste
represents significant economic and nutritional waste
[234]. This is particularly impactful given the rich nutri-
tional composition of pineapple by-products, including
carbohydrates (50-80 %), vitamin C, and beta-carotene,
which are suitable for developing value-added prod-
ucts [20, 34, 39]. Industries are losing an estimated
€360 million in potential economic value annually by
treating 60 % of their by-products as waste [33].

Solutions and opportunities

Recognizing these issues, concerted efforts are being
made to repurpose pineapple processing waste
(PPW), transforming it from a liability into a valu-
able resource [150, 219]. This waste can be utilized
in various industries for purposes such as extract-
ing bioactive compounds for pharmaceuticals, food,
and cosmetics [121, 152, 229], producing bioethanol
[153], or serving as an anti-dyeing agent, animal feed,
energy source, or for heavy metal removal [69, 141,
183]. While a small portion is traditionally used as
livestock feed or fertilizer [167], modern approaches
focus on converting this bio-waste into highly benefi-
cial products for scientific and technological advance-
ments [219]. Researchers are exploring strategies like
co-digestion with other organic wastes to reduce vola-
tile solids [8, 17] and even vermicomposting, which
rapidly decomposes pulp and peel, changing waste pH
from acidic to neutral/alkaline [17, 123]. The signifi-
cant amount of PP available, particularly after fresh-
cut processing (40-50 % in regions like Chiang Rai,
Thailand) [57], underscores its potential as a readily

available source for valuable extractions like brome-
lain [104]. By embracing these recovery and utiliza-
tion strategies, industries can mitigate environmental
pollution while creating new economic opportunities
from what was once considered waste.

Conclusions

Pineapple (Ananas comosus L.), representing the
third most cultivated tropical fruit globally, generates
substantial agro-industrial waste in the form of peels
and leaves. These by-products, particularly PP, have
emerged as versatile substrates rich in valuable phyto-
chemicals and nutrients. Advanced extraction tech-
niques such as Microwave-Assisted Extraction (MAE),
Soxhlet extraction, and Supercritical Fluid Extraction
(SFE) have demonstrated efficiency and selectivity
in isolating bioactive compounds, including bromelain,
phenolic antioxidants, quercetin, and rutin, from pine-
apple waste. Phytochemical analyses further confirm
the presence of alkaloids, flavonoids, cardiac glycosides,
and a wide variety of other functional compounds.

PP and leaf-derived materials exhibit significant
potential for value-added applications, including the
production of organic acids, bioethanol, biogas, heavy
metal adsorbents, and fiber-reinforced composites.
Notably, pineapple leaf fibers enhance the thermal and
mechanical performance of bio-composites, although
cellulose-rich composites may increase flammability.
The sequential thermal decomposition profile of PP
components is influenced by atmospheric conditions,
underpinning the importance of process optimization
for industrial applications.

Health-wise, pineapple-derived constituents such
as bromelain and antioxidants show promise for anti-
cancer, anti-inflammatory, and antioxidant therapies,
with emerging evidence supporting their roles in tumor
suppression and prevention. Despite these benefits, the
high BOD and COD values associated with pineapple
waste highlight its significant environmental impact if
not managed properly.

Overall, the multifaceted application potential of PP
underscores its value as a sustainable resource for food,
pharmaceutical, environmental, and material science
sectors. Further research focused on optimized extraction,
valorization strategies, and environmental management is
warranted to fully harness the benefits of pineapple agro-
waste, while mitigating its ecological risks.

Future recommendation

Based on an extensive analysis of PP valorization
techniques, this paper proposes several key recom-
mendations to guide future studies in sustainable
materials science.
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1. Develop and optimize integrated extraction processes
(e.g., MAE-SFE hybrid systems) to improve yield,
selectivity, and energy efficiency of bioactive
compound recovery. Conduct techno-economic
assessments and life cycle analyses (LCA) to evaluate
the scalability and sustainability of pineapple waste
valorization processes.

2. Bio-based flame retardants: Developing non-toxic,
halogen-free flame retardants (e.g., using lignin,
phytic acid, or mineral-based fillers like magnesium
hydroxide) to coat PP before composite fabrication.

Conflict of interest

3. Green synthesis of nanoparticles: Utilizing pine-
apple peel extracts as reducing and capping agents
for the “green synthesis” of silver (Ag) or zinc oxide
(ZnO) nanoparticles, which have potent antimicro-
bial properties.

4. Sequential extraction: Developing a multi-stage
process where bromelain is extracted first,
followed by antioxidants, and the remaining
fibrous residue is used for bioethanol or biogas
production.
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CDs
PPAC
SEM
Pb (1)

UL-94 V/HB

ASTM D-635

BC tumor cells
IBS

IDFs

BOD

COD

PPW

Carbon Dots

Pineapple peel activated carbons
Scanning Electron Microscopy
Lead (II)

Underwriters Laboratories (UL) 94 horizontal burn (HB)
and vertical burn (V) ratings

Standard Test Method for Rate of Burning and/or Extent
and Time of Burning of Plastics in a Horizontal Position

Breast Cancer tumor cells
Irritable Bowel Syndrome
Insoluble dietary fibers
Biological Oxygen Demand
Chemical Oxygen Demand

Pineapple Processing Waste
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