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ARTICLE INFO ABSTRACT
Handling Editor: Prof. Jiri Jaromir Klemes Replacing the current mainly fossil-based, disposable, and non-biodegradable sanitary products with sustainable,
functional alternatives is an industry priority. Suggested biobased alternatives require evaluation of their actual
Keywords: impact on greenhouse gas (GHG) emissions. We evaluated GHG emissions of biobased baby diapers as the most
S‘_lperabsorbem consumed sanitary product, using a biodegradable functionalized protein superabsorbent polymer (bioSAP) and
PDz]t)eei;S compared them with currently used fossil-based counterparts. Assessment of the diapers also included estimated
Sustainability GHG emissions from the production of the biobased components, transport, and end-of-life combustion of these
Circularity items. It was shown that only a few of the biobased diaper alternatives resulted in lower GHG emissions than

commercial diapers containing fossil-based materials. At the same time, it was demonstrated that the production
of the bioSAP via chemical modification of a protein raw material is the primary GHG contributor, with 78% of
the total emissions. Reduction of the GHG contribution of the bioSAP production was achieved via a proposed
recycling route of the functionalization agent, reducing the GHG emissions by 13% than if no recycling was
carried out. Overall, we demonstrated that reduced and competitive GHG emissions could be achieved in sanitary
articles using biobased materials, thereby contributing to a sanitary industry producing disposable products with
less environmental pollution while allowing customers to keep their current consumption patterns.

middle layer of cellulose pulp combined with a synthetically produced
superabsorbent polymer (SAP) that absorbs liquid and prevent its
leakage (Buchholz and Graham, 1998; Capezza et al., 2019a). The SAP
in this product engineering context represents the most important part
for the functionality of the diaper with a weight fraction representing ca.
30% of the overall diaper weight (Buchholz and Graham, 1998; Buch-
holz, 1994). The SAP’s high absorbance results from the polymeric
chains that are charged and partially crosslinked, explaining also the

1. Introduction

The global market for hygiene products has continuously increased
over recent decades, and the forecast for total market value is expected
to reach 650 billion USD by the end of 2022 (Essity Year, 2019; Smithers
Smithers forecasts global hygiene, 2022). In this market, about 50%
accounts for baby and adult single-use diapers that are also disposable
(ARC, 2022; IMARC Diaper Market, 2022). The combination of conve- retention of liquids (Capezza et al., 2019a; Cuadri et al., 2016, 2017;
nient and effective single-use diapers with a liquid absorption capacity Damodaran, 2001, 2004; Pourjavadi et al., 2008; Rathna et al., 2004).
above 20 g/g (saline solution) and an increasing world population are However, the present industrially produced single-use diapers, with
reasons for the approximate 8% increase in the use of these products their materials mainly constructed from the polymerization of
compared to 2018. petroleum-derived monomers, has a substantial carbon footprint

The major constituents of a conventional single-use diaper (and most (Capezza et al., 2021; Cordella et al., 2015; Mendoza et al., 2019). The

sanitary products) are an outer layer of a polyethylene/polypropylene a.ss.ociated high amf)u.nt of waste generated f01.* incineration or land-
film, an inner layer of polyethylene/polypropylene nonwoven, and a filling (around 20 million tons/year globally of disposable baby diapers)

Abbreviations: FU, functional unit, one diaper.
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Abbreviation list

GHG Greenhouse gas

bioSAP  Protein superabsorbent polymer
SAP Superabsorbent polymer

TRL Technology readiness level

WG Wheat gluten protein

PPC Potato protein concentrate
MQw MilliQ water

EDTAD Ethylenediaminetetraacetic dianhydride
SA Succinic anhydride

SN Supernatant

SC Swelling capacity

NaPA Sodium Polyacrylate

PP Polypropylene

bioPP  bio Polypropylene

PE Polyethylene

bioPE bio Polyethylene

PLA Polylactic acid

PU Polyurethane

GWP Global warming potential

(IMARC Diaper Market, 2022; Capezza et al., 2021; IMARC Personal
Hygiene Market, 2021) contribute additionally to a negative environ-
mental impact. Efforts that critically review the selection of the mate-
rials used in disposable diapers, being the most consumed hygiene
product, are needed.

So far, some studies have focused on replacing the outer fossil-based
plastic layers with biobased polyolefins counterparts as a more sus-
tainable material for diapers (Siracusa and Blanco, 2020). To our
knowledge, studies measuring the impact of replacing the SAP with
more sustainable alternatives in single-use diapers are scarce, while the
SAP has been reported to contribute significantly to the carbon footprint
compared to the outer plastic layers in these products (Cordella et al.,
2015; Edana Sustainability Report, 2005). Partially, this can be associ-
ated with the challenge of finding alternative high-performance ab-
sorption materials that are biobased and biodegradable, making the task
of replacing the industrially produced SAP seemingly difficult (Capezza
et al., 2021; Miilhaupt, 2013). Still, there is an urgent need for making
more sustainable diapers and replacing all fossil-based components with
biobased and biodegradable alternatives allowing society to reach a
more circular lifestyle, in agreement with the United Nations 2030
Agenda. Here, a critical point regarding the sustainability of disposable
sanitary items in today’s market is that recycling methods for these
products become difficult as they are contaminated with biological
waste once used.

Plant-based protein concentrates are promising candidates for the
production of sustainable SAPs with the potential to replace synthetic
and fossil-based alternatives (Cuadri et al., 2016, 2017, 2018; Capezza
et al., 2019b, 2019¢, 2020a). Protein concentrates that are not used for
food production are readily available as industrial co-products (e.g.,
potato protein, porcine plasma), and provide an extensive range in their
ability to provide fluid absorption in their processed states
(Alvarez-Castillo et al., 2020; Capezza et al., 2020b; Muneer et al., 2018;
Newson et al., 2015). Although proteins are heterogeneous materials,
facile reactions that modify their liquid swelling performance have been
demonstrated, increasing their liquid absorption capacity by 4000%
(Capezza et al., 2020a). At present, no investigations have been reported
evaluating the environmental impact of using such protein-based SAPs
in hygiene products. Furthermore, as the protein-based SAP is currently
only produced on a laboratory scale (low technology readiness level,
TRL), there is a motivation to obtain more knowledge regarding
protein-based SAP production sustainability and then use it as a guiding
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tool when developing upscaling paths/techniques.

In the present study, step-wise replacements of fossil-based compo-
nents to develop and produce single-use diapers were evaluated, and the
environmental impact of these replacements in terms of GHG emissions
with a cradle-to-grave perspective were assessed. For a broad under-
standing, the 1-min swelling capacity was evaluated experimentally in a
reference product (SAP from a commercial diaper) and biobased and
biodegradable alternatives of such a product. The study focused on the
industrial co-products wheat gluten and potato protein concentrate as
protein-based sources for fabricating the biodegradable SAP alterna-
tives. Then, a GHG emission assessment was carried out regarding
replacing the other fossil-based components in diapers. The different
options for achieving partial or complete renewability and biodegrad-
ability allowed us to propose a product configuration where the GHG
emissions from the replacement of various parts could be compared with
current commercial products. The suggestions proposed pave an avenue
for designing effective and sustainable disposable sanitary items that
comply with current market trends based on products with no possibility
of being recyclable once used.

2. Materials and methods

This section summarizes the experimental work to produce the
superabsorbent protein polymer (bioSAP) and describes the suggested
production routes to decrease their greenhouse gas (GHG) emissions
during production. We also describe a system study to assess the GHG
emissions of the proposed product alternatives, from material use to the
disposal of the used product.

2.1. Material preparation

2.1.1. Protein and SAP material

Wheat gluten protein (WG) and potato protein concentrate (PPC)
were used as received (both co-products from industrial processes). The
WG was provided by Lantmédnnen Reppe AB, Sweden, with a protein
content of 86% (Dumas method, NMKL 6:2003, Nx6.25). The PPC was
provided by Lyckeby Starch AB, Sweden, with a protein content of 82%
(Dumas method, Nx6.25). Ethylenediaminetetraacetic dianhydride
(EDTAD, >98%) and succinic anhydride (SA, >99%) were purchased
from Sigma-Aldrich, Sweden. Synthetic sodium-neutralized polyacrylic
acid superabsorbent (SAP) was extracted from commercial diapers for
babies between 0.5 and 2 kg, purchased locally. Briefly, commercial
diapers were cut in half, and the SAP particles were removed from the
core. Any attached cotton fibers were removed from the SAP powder.

2.1.2. Synthesis of bioSAP

For each of the two protein sources (WG and PPC), the two most
promising acylation modification routes reported in the literature were
selected, (Capezza et al., 2019b, 2020c, 2021; Cuadri et al., 2018), and a
total of four bioSAPs were produced and designated as WG1, WG2,
PPC1, and PPC2.

The WG1 sample was produced following the methodology
described in Capezza et al. (2020c) Briefly, 8 wt% protein suspension
was prepared by mixing as-received WG powder with MilliQ water
(MQw). The pH was adjusted to 11 using 1M sodium hydroxide (NaOH)
under constant stirring. The suspension was heated at 90 °C for 30 min,
cooled to room temperature, and adjusted to pH 12 for optimal acylation
conditions. Then, 25 g of EDTAD/100 g of WG were gradually added to
the suspension over 30 min, and the suspension was kept under stirring
for another 90 min. The pH of the suspensions was constantly monitored
and adjusted to pH 12 using 1 M NaOH. Thereafter, the unreacted
EDTAD was removed by precipitating the protein at pH 3-3.5 using 1M
HCI, centrifuging the suspension at 2000 RCF for 10 min, decanting the
supernatant (SN), and replacing it with fresh MQw. The cleaning process
was repeated, and thereafter the centrifuged pellet was neutralized to
pH 7-7.5 using 1 M NaOH. The pellet was dried in a forced-air oven at
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Table 1

Recipes for producing 1 kg of biodegradable functionalized protein superabsorbent polymer (bioSAP) as used in the life cycle assessment.
BioSAP label Protein Water EDTAD SA NaOH, 1 M HCL, 1 M Total

[g] [g] [g] [g] [g] lg] [g]

WG1 1300 50000 325 0 2080 816 54521
WG2 1300 50000 0 0 624 612 52536
PPC1 1300 195000 325 0 2080 816 199521
PPC2 1300 10000 0 2600 2080 0 15980

WG = wheat gluten, PPC = potato protein concentrate, EDTAD = ethylenediaminetetraacetic dianhydride, SA = succinic anhydride. The BioSAP abbreviation refers to

the sample preparation method (see section 2.1.2).

50 °C for 12 h, and the dried films were ground to particles using a
mortar and pestle.

The preparation of the WG2 sample was identical to the one
described for WG1, except that no EDTAD was added, and the protein
modification relied only on the alkaline treatment (pH 11, 1 M NaOH).

The PPC1 sample was prepared using wet acylation following pre-
vious literature (Capezza et al., 2021) and the process described for WG1
with the following exceptions: i) the protein concentration of the
suspension was 2 wt%, and ii) the precipitation of the EDTAD-
functionalized protein material was performed at the reaction pH (pH
12, using 1 M NaOH) instead of acidic pH.

For the preparation of the PPC2 sample, a dry acylation procedure
was used as reported in previous works (Capezza et al., 2019b; Chiou
et al., 2013; Robertson et al., 2014). The as-received PPC was mixed
with MQw forming a 40 wt% mixture. The pH of the mixture was
adjusted to pH 11 (using 1 M NaOH) and then placed in a reactor
pre-heated to 70 °C. Succinic anhydride (SA) was added to the reactor to
obtain a mass ratio of 0.5:1 (protein: SA). Then, the reactor’s tempera-
ture was gradually increased to 140 °C for 30 min. After reaching
140 °C, the acylation process continued for 1.5 h. The mixture was
poured into a beaker containing an excess of fresh MQw and vigorously
mixed to remove the unreacted SA. The suspension was adjusted to pH 7,
filtered with filter paper, and dried in a forced-air oven at 50 °C for 12 h.

2.1.3. Swelling characterization

The teabag method was used to obtain the materials’ swelling ca-
pacity (SC), following the nonwoven standard procedure 240.0.R2
(Edana, 2015). Plastic teabags were filled with ca. 150 mg of each
powder, and the bags were immersed in beakers containing MQw for 1
min. The bags were kept hanging 10 s outside the liquid and gently
placed on tissue paper for 10 s to remove excess water. Identically
handled teabags without any sample were immersed in MQw and used
as a reference for calculating a correction factor (B). The SC of a syn-
thetic SAP obtained from a commercial diaper was used as reference
material. The results were calculated using Equation (1) and are re-
ported as the mean and standard deviation of triplicates.

Wi — (Wb xB) — Wd
g> _Wi=(Wb+B) — Wd (Equation 1)

Swelli =
welling (g Wa

where Wi is the weight of the sample and teabag after the respective
immersion time, Wb is the weight of the teabag, B is the correction factor
for the wet teabag, and Wd is the weight of the dry SAP.

2.1.4. Recovering EDTA

For evaluating the possibilities for recovering EDTA (produced by
the EDTAD acylation process, see section 2.1.2), the pH of the super-
natant obtained after the first cleaning process (PPC/ED SN) was
reduced to 6.06, 5.01, 4, 3.11, 2.03, 1.04, and 0.66, using 1 M HCI.
Before each pH adjustment, aliquots of the PPC/ED SN suspension were
taken and centrifuged at 5500 rpm for 15 min. The SN from each pH
precipitation was decanted, and the resulting pellet and SN were frozen
at —25 °C and lyophilized for 72 h.

The resulting lyophilized SN and pellets from each pH precipitation

were evaluated using FTIR. A Perkin—Elmer Spectrum 400 (USA)
coupled to an ATR Golden Gate unit and a triglycine sulphate (TGS)
detector (Graseby Specac LTD, England) was used to obtain the FTIR
data. The spectrum was obtained after 32 consecutive scans per sample
with a step of 1.0 cm ™! and a resolution of 4.0 cm ™. The lyophilized SN
from each pH precipitation was also analyzed using 'H NMR at room
temperature for a quantitative analysis of the EDTA left in the SN. A
Bruker Avance III HD 400 MHz instrument with a BBFO probe equipped
with a Z-gradient coil was used for structural analysis (Bruker, UK). The
data were processed with MestreNova (Mestrelab Research) using the
residual solvent signal of DO as a reference. For the study, 50 mg of the
lyophilized SN powders were individually dissolved in 1 mL of D30. The
undissolved protein components were filtered using a 0.45 pm poly-
propylene membrane.

2.2. Systems study

A systems study was carried out to assess the potential environ-
mental benefits and possible pitfalls in terms of GHG emissions of
different alternative configurations of diapers for newborns.

2.2.1. Approach

Climate impact from the production and end-of-life treatment of
diapers and other sanitary products can potentially be high due to the
large annual production and consumption as well as the fossil origin of
many of the components of such products. This study does not assume a
decrease in diaper products but aims to investigate the potential GHG
emission reductions when fossil-based material components are
replaced with alternatives with a lower climate impact. It is worth
mentioning that some of the materials suggested as replacements for the
fossil-based components are still not, to our knowledge, commercial
products but are reported as successful laboratory results (TRL < 3-4).
Consequently, in this study, the GHG emissions from the production of
alternatives of partly or wholly renewable and partially or fully biode-
gradable diapers for newborn babies were assessed and compared to the
production of a conventional fossil-based diaper. Furthermore, different
bioSAPs were compared with the current fossil-based standard SAP of
sodium polyacrylate (NaPA). The focus was on GHG emissions as the
first proof-of-concept step using a life cycle assessment methodology and
principles (ISO, 2006). An economic assessment was not included in this
study but is considered one of the next steps in developing the gluten and
potato protein-based bioSAPs. To demonstrate the variation in the data
used, we tested low and high GHG emission cases in all comparisons
based on the range of emission data used.

2.2.1.1. BioSAP composition. For the GHG emission assessment, the
same protein sources (WG and PPC) and synthesis routes were used as
described in section 2.1.2, and these are summarized together with re-
agents used to produce 1 kg of the bioSAP in Table 1.

A recovery rate of 80% of EDTA was used in the assessment based on
experimental studies on recovering EDTA described in section 2.1.4. For
succinic acid, higher recovery rates have been described in previous
studies (Nghiem et al., 2017; Mesch and Wittwer, 1976); however, based
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Composition of the reference and alternative diapers as investigated in the GHG emission assessment.
Grey = fossil-based resources; orange = biobased, non-biodegradable resources; green = biobased,

biodegradable resources.

. Alternative Il Alternative Il
. . Reference Alternative | . .
Diaper materials fossil SAP bioSAP Biobased, non- biobased and
biodegradable biodegradable
SAP Sodium bioSAP bioSAP bioSAP
polyacrylate
Fiber pulp cellulose cellulose cellulose cellulose
PP and replacements PP PP bioPP PLA nonwovens
(LD)PE and replacements PE PE bioPE PLA nonwovens
. Synthetic Synthetic . Lo
Adhesives rubber rubber Avoided by welding instead
) Synthetic Synthetic . "
Elastic bands rubber & PU  rubber & PU bio-based PU Natural rubber
Others (e.g., tape, elastic
back ear, other synthetic PP PP bioPP PLA nonwovens

polymers)

(LD)PE = (low density) polyethylene, PP = polypropylene, PU = polyurethane, PLA = polylactic acid.

on technical aspects related to opportunities for comparisons, we
assumed the same recovery rate of 80% for SA as was used on experi-
mental results for EDTAD.

2.2.1.2. Overall composition of the different diaper alternatives. Conven-
tional diapers use mainly fossil-based materials, except the cellulose
fluff pulp to direct the liquids toward the SAP component (Table 2). We
investigated three (3) alternatives to compare conventional commercial
diapers to more sustainable alternatives. The first alternative examined
a diaper where a bioSAP replaces the SAP component. The second
alternative was a diaper where all structural materials (including the
SAP) were replaced with biobased materials that were, however, non-
biodegradable. The third alternative consisted of a diaper where all
structural materials were replaced with biobased and biodegradable
materials. The details of the different alternatives, and motivations for
the choice of these, are provided below.

In our assessment, we assumed a reference diaper for newborn babies
of 0.5-2 kg weight, composed of 19.5 g SAP, 2.15 g fiber pulp, 4.5 g
polypropylene (PP), 2.1 g low-density polyethylene (PE), 0.9 g adhesive,
0.3 g elastics bands, and 1.2 g other materials, adding up to a total
weight of 50 g (Edana Sustainability Report, 2005). This recipe was
based on that presented in EDANA (2005) (Edana Sustainability Report,
2005). It should be mentioned that the fiber pulp used was reduced by
90% from 21.5 g per diaper. The modification was done to increase the
amount of bioSAP used in the three alternatives to allow the suggested
product to match the 1-min swelling performance of the current com-
mercial SAP. The modification was also considered realistic, considering
the current trend toward reduced fiber content in diapers (Cordella
et al., 2015). Table 2 shows the diaper configuration used for the
different GHG emission assessments.

For the Alternative I diaper, the fossil-SAP was replaced with bioSAP,
providing the same performance in the 1-min swelling capacity. Higher
content of bioSAP than fossil-SAP was needed in the above EDANA-
based recipe (Edana Sustainability Report, 2005), based on the bioSAP
having lower swelling capacity than fossil-based SAP. Thus, compared to
the 19.5 g fossil-SAP per diaper utilized for the assessment, the corre-
sponding content of bioSAP was 79.6, 92.9, 47.8, and 99.5 g per diaper
for WG1, WG2, PPC1, and PPC2, respectively.

For Alternative II, a diaper containing biobased but non-
biodegradable materials, we replaced fossil-based PE, PP, and syn-
thetic rubber with biobased PE, PP, and biobased PU, respectively.

For Alternative III, a biobased and biodegradable diaper was
considered using PLA nonwoven materials to replace PP and PE com-
ponents. Natural rubber was again used for the elastic parts. In

Table 3
Emission factors for fossil SAP and the compounds used to produce the bioSAPs.
Compound GHG References
emissions [g
COz-eq/kgl
Low High
Fossil SAP® 3290 3814 (Mirabella et al., 2013; Gontia and
Janssen, 2016)
Wheat gluten (WG) 1072 1551 (Deng, 2014), present calculations
Potato protein concentrate 371 1000 (Tromp, 2020; Roos, 2013)
(PPC)°
EDTAD® 4750 5700 Wernet et al. (2016)
Succinic anhydride (SA), 2370 3539 (Patel et al., 2018; Cok et al., 2014)
fossil
Succinic anhydride (SA), 504 870 (Moussa et al., 2016;
renewable’ Gonzalez-Garcia et al., 2018)
Sodium hydroxide, NaOH, 10 53 Dahlgren et al. (2015)
1M
Hydrochloric acid, HCI, 1 36 160 CoW Winnipeg sweage treatment
M program (2011)

# Sodium polyacrylate.

b Estimated from the carbon footprint from potato starch production and
production efficiency of 256 and 13.7 kg per ton potato starch and PPC,
respectively.

¢ Estimated from the carbon footprint of EDTA and increased by 20% for the
heating required to synthesize EDTAD.

4 Assumed the same as succinic acid based on the assumption that the energy
used for the dehydration reaction is negligible.

alternatives II and III, welding was used to connect the layer materials
rather than adhesives (see Table 2). Note that, in this study, we assumed
that the structural materials exchange was possible from a technical
perspective and that the exchange occurred on a 1:1 mass ratio.

2.2.2. GHG assessment

2.2.2.1. Superabsorbent component. The production of bioSAP/SAP was
assessed concerning GHG emission to determine if bioSAPs can fulfill the
requirements of a lower environmental impact compared with the fossil
reference. The emissions considered in this assessment occur in pro-
cesses where energy and materials are used according to section 2.1.1.
Sodium polyacrylate (NaPA) was used as a reference SAP. The reference
case was based on fossil-derived acrylic acid and the current carbon
intensity of the energy used in the manufacturing process.

As this is a proof-of-concept study, we have assumed that the
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Table 4
GHG emission factors for materials used in the production of the investigated
diaper alternatives.

Component GHG References
emissions [g

CO2-eq/kg]

Low High

Cellulose fiber pulp 554 560 (Wernet et al., 2016; Husgafvel et al.,

2016)

PP 1630 1903 (Wernet et al., 2016; Europe, 2014)
bioPP” 723 1560 Moretti et al. (2020)
PE 1870 2936 (Europe, 2014; Benavides et al., 2020)
bioPE" 677 2109  (Benavides et al., 2020; Koch and Mihalyi,
2018)

Synthetic rubber, 2403 5336 Wernet et al. (2016)

PUP
Natural rubber 535.8 2678 (Wernet et al., 2016; Jawjit et al., 2010)
biobased-PU 3358 4075 Manzardo et al. (2019)
PLA non-wovens 2352 3563 (Benavides et al., 2020; Walker and

Rothman, 2020)

PP = polypropylene, PE = polyethylene, PU = polyurethane, PLA = polylactic
acid.

@ bioPP and bioPE are chemically identical to PP and PE, respectively, but are
produced from renewable raw materials.

b The low value refers to synthetic rubber, the high value refers to PU.

Table 5
Assumptions used in assessing GHG emissions from the transport of diapers. VW
= vehicle weight.

Parameter Unit Truck and trailer Truck and semi-
trailer
(low case) (high case)
Maximum total truck [ton] 62 42
weight
Transport capacity [ton] 36 20
m% 150 135
EUR 48 26
pallets”
Transport distance [km] 200 500
Diesel consumption b [L/100 6.60010% eVW + 5.83010% ¢ VW +
km] 13.777 12.392

@ EUR pallets have a base area of 1.2 m x 0.8 m, and a loading height from the
base of 1.8 m was assumed. Each pallet was supposed to hold 50 boxes con-
taining 88 diapers each.

b Regression model based on data presented by Agioutantis et al., 2013).
(Agioutantis et al., 2013).

assembly processes of the bioSAP diapers are similar to those of con-
ventional diapers. Consequently, we have concentrated on the emissions
from the raw material used in the process.

The environmental impact assessment was carried out using GHG
emission factors for the production means stated in Table 1. In the
“high” case, no recovery of the functionalization agents (EDTAD and
succinic anhydride) was considered in the GHG assessment. A “low” case
scenario was also assessed due to the significant impact of using these
agents, assuming an 80% recovery of unused agents from the reactor, as
described in section 2.1.4 and 2.2.1.1. For the recovery, additional
amounts of HCl for pH adjustment were considered, but no additional
energy costs, resulting in pH-driven precipitation of the agents, such as
EDTA and succinic acid, were implemented. We also assumed that only a
minor amount of energy is required to dry the precipitate and thermal
conversion to EDTAD and succinic anhydride. The emission factors for
production means used for the reference and alternative SAPs are pre-
sented in Table 3.

2.2.2.2. Diaper materials (non-absorbent components). The GHG emis-
sion assessment for the complete diapers was carried out using emission
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Table 6

Carbon content and proportion of fossil carbon for production means. The global
warming potential (GWP) was calculated from fossil carbon, assuming complete
combustion.

Compound Carbon Fraction of fossil GWP
content carbon
[%] [%] [g CO»-
eq/kg]
Fossil SAP (C3H3NaO,), 38.3 100 1405
Wheat gluten (WG) n/d 0 0
Potato protein concentrate (PPC)  n/d 0 0
EDTAD (C19H;12N206) 46.9 100 1719
Succinic anhydride (C4H403), 40.7 0 0
renewable
NaOH, 1 M 0 n/a 0
HCL, 1M 0 n/a 0
Cellulose fiber pulp n/d 0 0
PP, fossil® 85.7 99.1 3115
PE, fossil® 85.7 98.3 3090
bioPE and bioPP 85.7 0 0
Synthetic rubber” (C15Ha4) 88.2 100 3233
Natural rubber 38.1 0 0
PLA non-wovens 50.0 0 0
Elastic® - polyurethane 67.1 100 2461
(C17HgN>04), fossil
Elastics® - polyurethane 67.1 0 0

(C17HgN>04), renewable

# Renewable carbon content according to industry standards (Europe, 2017).
> Assumed as styrene-butadiene rubber (SBR).
¢ Assumed as 50% styrene-butadiene rubber (SBR) and 50% polyurethane.

factors for the amounts of production means as described in section
2.2.1.2. The emission factors for production means used for the refer-
ence and alternative SAPs are presented in Table 4.

2.2.3. Transport of diapers

For the transport of the diapers, two different transport options were
implemented as a low and high case of GHG emissions, representing two
transportation options for road transport as commonly used in product
distribution. Transport with a higher transport capacity for a shorter
transportation distance (60-ton truck and semi-trailer, 200 km) and
transport with a lower transportation capacity for a longer distance (42-
ton truck with a semi-trailer, 500 km) was assumed for the low and high
case, respectively (Table 5). Despite the increase in the amount of bio-
SAP in the diapers resulting in a diaper weight increase with a negligible
increase in volume, the same number of diapers were assumed to be
transported for both reference and alternative diapers (221200 and
114400 diapers per truckload in the low and high case, respectively).
However, according to a regression model, fuel use was assumed to
change due to weight changes (Table 5). GHG emissions from diesel
consumption were calculated based on diesel energy content (37.4 MJ/
L) and combustion emissions (83.8 g CO»-eq./MJ) (Union, 2009).

2.2.4. End-of-life emissions of the disposed diaper

Combustion was considered for the end-of-life handling of the
diaper, including the SAP component. We accounted for carbon dioxide
emissions as a resulting product that affects the climate negatively. Only
carbon emissions from a fossil source were accounted in the GHG
assessment; biogenic carbon was regarded as not adding to the envi-
ronmental effect. The resulting global warming potential emission fac-
tors were estimated based on the carbon content of the compounds
(Table 6).

3. Results and discussion
3.1. Experimental evaluation of the BioSAP

The swelling capacity (SC) of the bioSAP was evaluated to allow
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the discussion.

environmental impact comparisons of the bioSAP alternatives with the
current commercial diapers. Furthermore, to reduce the negative envi-
ronmental impact of the production of the bioSAP (discussed in section
4.2), arecycling step of the reagents used was tested here. The recycling
step as a parameter in the assessments was also evaluated experimen-
tally. The outcome of these evaluations is presented and discussed
below.

3.1.1. Swelling performance

The investigated bioSAPs showed varying swelling capacities after 1-
min immersion in saline solution (0.9 wt% NacCl), i.e., 5, 4, 8, and 4 g/g
for WG1, WG2, PPC1, and PPC2, respectively. The use of the saline so-
lution is motivated since this liquid is used as an industry standard to
assess the liquid swelling capacity of superabsorbents in sanitary articles
(Capezza et al., 2019a). The 1-min swelling capacity of the bioSAPs in
saline solution corresponded to 20-41% of that of the fossil reference
SAP extracted from commercial diapers. The swelling capacity for the
bioSAP presented here was similar to that previously reported for ab-
sorbents produced using acylation reactions and similar protein sources
(Capezza et al., 2019b, 2020a, 2020c, 2021; Cuadri et al., 2018). The
increase in liquid absorbance of the proteins after acylation is ascribed
to the functionalization of the amino acid groups (e.g, lysine), forming
charged entities that increase electrostatic repulsion of the polypeptide
chains, which allow higher liquid encapsulation compared to untreated
proteins (Capezza et al., 2019a; Damodaran, 2001, 2004).

The results showed a lower superabsorbent capacity of the gluten
(WG) and potato protein (PPC) bioSAPs compared to the synthetic SAP.
Thus, an increased bioSAP content in diapers is required to secure
similar liquid uptake as commercial alternatives. We suggest a scenario
where 70-90% of the pulp fiber is replaced by bioSAP to maintain the
weight of future diaper alternatives. The bioSAP materials have been
shown to have excellent liquid spreading properties compared to com-
mercial SAP, as illustrated in Supplementary Video 1. Consequently, this
demonstrates that the pulp fiber, with the function of spreading the
liquid throughout the entire diaper, can be replaced without changing

the product functionality. Moreover, the PPC and WG proteins are
considered suitable as feedstock to produce bioSAP alternatives to
commercial SAP due to their large availability and low cost as industrial
co-streams from the global starch industry with a price below 2 EUR/kg
(Capezza et al., 2019a; Damodaran, 2001, 2004). However, environ-
mental assessment of the production process of these bioSAPs has not
been performed, which is the next step to ensure that the design of the
process is in-line with low environmental impacts.

Supplementary video related to this article can be found at https://
doi.org/10.1016/j.jclepro.2022.135830

3.1.2. Recycling of reagents for decreasing the environmental impact of the
bioSAP production

Recycling possibilities of unreacted reagents from the protein
modification process is crucial for environmental and economic sus-
tainability. In the case of bio-succinic acid, systems are already devel-
oped to recover it from fermentation broths, followed by conversion to
anhydride (Mesch and Wittwer, 1976; Nghiem et al., 2017). The bioSAP
matrix is considerably less complex than the industrial fermentation
broths, indicating that the succinic acid (SA) recovery is also less
complicated. Methods used on industrial fermentation broths typically
entail precipitating SA as calcium succinate or forming diammonium
succinate, separating the succinate from the solution. Subsequently, the
semi-purified SA is treated with acid (e.g., H2SO4), yielding calcium or
ammonium sulphate with free SA, which after concentrating the SA
solution and crystallization yields pure SA (Nghiem et al., 2017). The
conversion of the succinic acid to the anhydride form is then accom-
plished through thermal dehydration, with or without a solvent (Mesch
and Wittwer, 1976). Also, SA waste from the production of the bioSAP
could potentially be used as raw material for the production of poly-
esters (Ito et al., 2002).

We evaluated EDTA recycling experimentally from EDTAD not
bound to the PPC bioSAP (PPC1) after the functionalization step. As
shown in Fig. 1a, the acylation of the PPC with EDTAD resulted in circa
55% of the dry initial mass leading to a PPC1 bioSAP (PPC/ED), while
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and 3.11 and (d) pH 3.11 and 2.03.

41% of the dry mass ended up in the supernatant SN (PPC/ED SN) after
the first cleaning process. The PPC/ED SN is rich in unreacted EDTAD (in
the EDTA form) and soluble protein.

The recovery of the unreacted EDTAD was evaluated by treating the
PPC/ED SN at different pHs and centrifuging the suspension to separate
the soluble supernatant (SN) and non-soluble fractions at each pH
(pellet). Fig. 1b shows that the FTIR spectrum was similar to the SN from
the centrifuged PPC/ED SN treated at pH 6.06 and 5.01. The band
centered at 1618 cm ™! originates from the combination of the Amide I
and Amide II peaks from the protein still soluble at these pHs (1630 and
1530 cmfl, respectively) (Cho et al., 2011). The strong peak observed at
1575 em ™! is assigned to the asymmetric stretching vibration of the
carbonyl group in the ionic form (-COO’) from the EDTA (Fig. 1b).
(Suarez et al., 2013) A similar FTIR spectrum was also obtained for the
PPC/ED SN pellets after the centrifugation at pH 6.06 and 5.01 (Fig. 1c).
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However, the low recovered solid content (<2%) of these pellets sug-
gests that both protein and reagents were traces of SN that was not
decanted from the pellet (hence not shown in Fig. 1d and e).

Fig. 1d and e shows the lyophilized SN and pellet, respectively, after
the PPC/ED SN treatments at different pHs with further centrifugation to
recover the unreacted EDTA. The color of the lyophilized SN after
centrifugation at pH 6.06, 5.01, and 4 was light brown, while at pH 3.11
and 2.03, the color was light cream (Fig. 1d). The color of the pellet from
the centrifugation of the PPC/ED SN was generally light brown, inde-
pendently of the precipitation pH (Fig. 1le).

Fig. 2 shows the mass balances of pellets and SN obtained from the
centrifugation of the treated PPC/ED SN at the different pHs. Our results
suggest that most soluble proteins precipitate at pH 3.11, leaving an
EDTA-rich SN after PPC/ED SN centrifugation. The relative content of
EDTA in the SN after centrifugation of PPC/ED SN at pH 3.11 was, on
average, 80%, while the solid content of the pellet after this centrifu-
gation was higher than when other pHs were applied (>25%, Fig. 2b).
The results agrees with the FTIR of the SN showing the peak formed at
1210-1197 cm ™! (assigned to C-N from tertiary amides), suggesting the
presence of tri/di/monosodium EDTA complexes in the SN and the
pellet precipitated at pH 2.03 (Fig. 1b).

The 'H NMR confirmed a high concentration of free EDTA in the SN
of the centrifuged PPC/ED SN at pH 6.06. Fig. 2c shows two single peaks
at 8 = 3.76 and 3.49 ppm; the latter corresponds to the 8 methylene
protons of the acetyl moieties, and the former to the 4 protons of the
ethylenediamine moiety (Monico et al., 2017). Many small peaks could
be observed between 8 = 3.44 and 2.95 ppm at pH 6, probably from
dissolved protein fractions in the SN of the centrifuged PPC/ED SN (see
the inset image in Fig. 2c).

Fig. 1c shows that the amide I and amide II peaks at 1630 and 1530
cm™! increase in intensity in the pellet of the centrifuged PPC/ED SN
while pH treatment was changed from 4 to 3.11. The FTIR spectrum of
the SN from the centrifuged PPC/ED SN treated at pH 3.11 showed a
reduced peak intensity at 1530 cm ™, but an increasingly intense peak at
1731 em ! assigned to the stretching of the -COOH vibration of satu-
rated dimers of carboxylic acid from the mixture of tri/di/monosodium
EDTA complexes (Lanigan and Pidsosny, 2007) (Fig. 1b). In addition,
the 'H NMR profile for the SN from the centrifuged PPC/ED SN treated
at pH 3.11 showed that the small peaks with § = 3.56 and 3.10 ppm were
reduced, which may originate from the protein being precipitated from
the SN (inset image in Fig. 2¢). The decrease of pH when treating the SN
also led to a low field shifting of the EDTA signals due to the different
protolysis levels, an effect that has previously been described by Hafer
et al. (2020)

The 'H NMR of the SN after centrifugation of the PPC/ED SN at pH
2.03 revealed that the signals of the free EDTA singlets were reduced
significantly, suggesting that most EDTA commenced precipitating at
this pH (Fig. 2d). Furthermore, the two singlet peaks from EDTA became
much more distanced, from § = 3.86 and 3.58 ppm at pH 3.11 to § =
3.96 and 3.48 ppm at pH 2.03. Previous studies have also reported this
distance broadening of the singlets arising from the low pH (Monico
et al., 2017). Thus, our result indicates that protonated EDTA precipi-
tated in treatments of pH < 2.03, and thereby the pellets obtained from
the centrifugation after treatment at pH 2.03, 1.04, and 0.66 consisted
mainly of protonated EDTA and precipitated protein. Therefore, the
optimal pH to precipitate the protein from the PPC/ED SN is ca. 3,
simultaneously as the EDTA complexes are left in the SN, resulting in an
estimated recovery of 80%. An additional precipitation step at pH < 2
can be used on the SN of the centrifuged PPC/ED SN at pH 3 to pre-
cipitate the EDTA and reduce the amount of water that needs to be
evaporated in the recovery process.

Overall, even with a potential 80% recirculation of SA and EDTA
from the production of bioSAP, it should be pointed out that any
wastewater from the production process should be treated in a waste-
water treatment plant. This is especially important with the EDTA
complexes, which are highly chelating. However, these salts are
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Fig. 3. Assessment study in terms of Greenhouse gas (GHG) emissions. GHG emissions for: (a) the amount of SAP used per FU based on emissions from SAP
production and end-of-life combustion, (b) the materials (excluding the SAP component) used per FU in the reference diaper and the alternatives, and (c) the total
GHG emissions from the whole diaper (FU). PP and PE mark both fossil-based polypropylene and polyethylene materials and their biobased replacements.

efficiently removed if treated/degraded by wastewater treatment pro-
cesses (Zoe et al., 2012).

3.2. GHG emissions of suggested diaper alternatives

3.2.1. SAP component

It is considered here that bioSAPs need to match the performance of
the reference SAPs to compete with these. We compared the different
SAPs using the swelling capacity in saline solution (0.9 wt% NacCl) after
1 min as a performance indicator. Fig. 3a shows that GHG emissions
varied considerably for the production (material) and end-of-life (com-
bustion) of the different SAPs. Emissions from the sodium polyacrylate
(NaPA) used as reference superabsorbent polymer (SAP) varied between
92 (low case) and 102 (high case) g CO,.¢q per FU (functional unit/one
diaper), using fossil-derived acrylic acid and current carbon intensity
energy in the manufacturing process. The greenhouse gas (GHG) emis-
sions from the production and end-of-life combustion of the bioSAPs
ranged between 99 and 441 g COz.q per FU. GHG costs are mainly
caused by the protein component and the acylation agent.

A high GHG emission from bioSAP alternatives (Fig. 3) is, to a great
extent, the result of a lower swelling capacity of the bioSAPs compared

to commercial counterparts, which results in a need to increase the
amount of SAP material to obtain the same total liquid absorption. The
functionalizing agents, EDTAD and succinic anhydride contribute
significantly to the GHG emissions, which calls for recycling these agents
to reduce GHG from bioSAP production. Recovery of the acylation
agents resulted in a strongly reduced amount of the agents needed for
production. Instead, a considerable amount of HCl is required for the pH
adjustment, impacting the GHG cost (Fig. 3a).

With an 80% recovery of EDTAD, the potato protein-based PPC1 in
its low case performed similarly to the fossil-based reference (Fig. 3a).
The second best alternative was WG2, although with at least 30% higher
GHG emissions than the reference diaper.

3.2.2. Diaper item (non-SAP diaper components)

Fig. 3b shows that the materials used in the reference diaper (similar
to the alternative I) resulted in considerably higher GHG emissions than
alternatives II and III (see Table 2 for their description). The high GHG
emissions are primarily due to non-renewable materials that release
fossil carbon during end-of-life combustion. Replacing the fossil-based
PP and PE components with biobased PP and PE (alternative II)
reduced GHG emissions from the diaper material mix compared to the
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reference diaper. The utilization of only biobased and biodegradable
materials (alternative III) increased the material-related GHG emissions
compared to all other alternatives, while the total GHG emissions were
still considerably lower than the reference when the combustion-related
GHG emissions were also considered.

Fig. 3c shows that the SAP component was the single most significant
contributor to GHG emissions in all diapers. SAP represented 47-48% of
the total GHG emissions in the fossil-based reference diaper (alternative
D). In the alternatives II and III herein presented, the contribution from
the bioSAP component was even higher, 65-86, 81-94, and 77-89%, for
alternatives I, II, and III, respectively. The non-SAP material of the di-
apers contributed with 3-16%, while transport contributed with 1-2%.
Combustion emissions contributed 36-40%, 9-22%, 0-10%, and 0-10%
from the fossil-based reference and the alternatives I, II, and III,
respectively. Combustion emissions from the non-SAP materials
contributed 28 g CO»-eq/FU in the reference diaper and zero in the
alternative diapers (not shown). In the bioSAP, the acylation agent
EDTAD contributed to the combustion of GHG emissions, while a
renewable succinic anhydride was used in the SAP synthesis.

The GHG emission estimated from the different bioSAP-based di-
apers differed substantially. However, only the PPC1 "low" alternatives
II and III led to lower GHG emissions than the reference, while WG2
"low" alternatives II and III were on par with the reference diapers
(Fig. 3c). These most favorable bioSAP diaper alternatives with similar
GHG emissions as commercial SAP (Fig. 3a), even with additional ma-
terial, resulted in lower GHG emissions than commercial diapers
(Fig. 3b).

3.3. Degradability

Combustion is the standard end-of-life scenario for diapers in many
industrial countries, where energy recovery is part of waste treatment.
In other countries, diapers and other SAP-containing products end up in
the environment, e.g., in landfills or sewerage systems (Ntekpe et al.,
2020). Public agencies have disclosed disposal of used sanitary items,
such as diapers, as problematic due to reported contamination of
groundwater with pathogens and chemicals such as acrylic acid from
SAP degradation that can leach slowly into the environment over a long
period. In addition, the long-term degradation of the PE-PP contained in
current commercial diapers (Reference) and the suggested bioPE-bioPP
alternatives (Table 1) may lead to the production of microplastics
lixiviating when disposed of in landfills and in underground waters
(Zhang et al., 2022). In this regard, alternative III with biobased,
biodegradable non-sodium acrylate SAP, i.e., protein-based bioSAP may
reduce the abovementioned environmental loads from the polymers in
these sanitary products. The advantage of using bioSAP alternatives is
that it is well known that bioplastics based on proteins are degraded into
safe molecules thereby not producing toxic microplastics (Capezza et al.,
2021; Rosenboom et al., 2022; Jiménez-Rosado et al., 2020).

The use of cellulose to produce hydrogels and biobased residual
streams from pulp production for the production of polyacrylates have
been suggested as other approaches to improve the sustainability of
SAPs (Gontia and Janssen, 2016; Alam et al., 2019). Gontia and Janssen
(Mesch and Wittwer, 1976) (1976) showed that a de-fossilization of the
sodium polyacrylate (NaPA) production process could reduce emissions
from SAP materials by 40% (Gontia and Janssen, 2016). Still, the
obtainable sustainability, even of biobased polyacrylates, suffers from
the low degradability of the SAP. Thus, leaking degradation products
may cause other environmental impacts such as higher levels of eutro-
phication, acidification, and ozone impacts compared to the fossil-based
sodium polyacrylate (Gontia and Janssen, 2016). Advantages of using
proteins as bioSAP not only relies on their fast biodegradability (being
50% degraded in 15 days) (Capezza et al., 2021) but also on their
recently demonstrated biostimulation effect when incorporated into
crops as absorbents (Jiménez-Rosado et al., 2021).
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3.4. Potential improvements

3.4.1. Further GHG emissions reductions

There are different potential approaches to further reduce the GHG
emissions of the investigated bioSAPs, which include performance and
material-based approaches. Regarding performance, swelling capacity
of SAPs is linked to the amount of SAP needed to match the requirements
for their use in conventional diapers (Buchholz, 1994). For example,
more efficient absorbents will imply less material needed in these
products while new materials with less swelling capacity will require the
addition of more material (Capezza et al., 2021). Therefore, perfor-
mance improvements will affect the material-related emissions and the
diaper’s weight. Furthermore, weight changes will affect the emissions
originating from the transport of the diapers, although this might be a
minor effect.

Regarding the material-based approaches, reducing the amount of
acylation and functionalization agents, e.g., EDTAD and succinic anhy-
dride is here seen as a way forward to decrease emissions. This is indi-
cated by the marginal consumption of these compounds in the acylation
process, resulting in a significant part of the agents remaining unreacted
after manufacturing of the suggested bioSAPs, as reported here and in
literature (Damodaran, 2001, 2004; Capezza et al., 2019b, 2020c,
2021). Overall, it was herein concluded that the recirculation and
possible upcycling of these agents is paramount for decreasing emissions
related to bioSAP production and future sustainable diapers. Alterna-
tively, since recirculation/recycling of the acetylation agents leads to
non-negligible GHG emissions, biobased acetylation agents could be
used. Alternative production methods based on renewable feedstock
exist for these components, e.g., via biomethanol (Shamsul et al., 2014)
or sugar-based succinic acid (Johansson et al., 2015), respectively,
which can be used to reduce fossil carbon emission from SAP synthesis
further.

3.4.2. Feasibility

The protein co-streams, WG and PPC, originate from the bioethanol
and starch industry (Capezza et al., 2020b, 2021; Muneer et al., 2018;
Newson et al., 2015). The agro-food industry is well established, thereby
continuously producing side- and co-stream proteins as long as the
processing exists to extract starch-based products. Utilizing these
streams for bioSAP production will not negatively affect the food pro-
duction system as a direct competition with resources needed in the food
industry is avoided (e.g., starch, dietary fibers, etc.). Furthermore, the
valorization of these streams will add value to the agro-industrial
product chain and strengthen the food industry with increased
resource use efficiency and additional income (Alvarez-Castillo et al.,
2021). However, competing uses for WG and PPC exist, e.g., in pack-
aging, cosmetics, detergents, adhesives, animal feed, and food in-
gredients (Bietz and Lookhart, 1996).

The protein components used to produce the proposed bioSAP are
readily available in relatively large amounts on the market (Capezza
etal., 2020c, 2021). Still, there is a need to evaluate the economic costs
of replacing conventional SAPs with bioSAPs. However, a positive
indication is that raw materials for bioSAP production are available at
bulk prices similar to those of the fossil-based SAP counterpart (Capezza
et al., 2019a). Also, the cost to adapt the production lines for producing
bioSAP is considered low, as they rely on conventional reaction
methods, e.g., the use of reactors and other technologies already used
industrially (Capezza et al., 2020b). Other methods of introducing
carboxyl functionality to proteins include bulk esterification with pol-
ycarboxylic acids (Chiou et al., 2013), where biobased non-anhydride
reagents should have a lower GHG potential and unreacted reagent
recycling should be more efficient.

The overall technology readiness of the presented concept was
assessed in a preliminary and simplified manner to indicate its techno-
logical status. Technology readiness levels (TRL) are case-sensitive and
need to be evaluated closely with participating business partners, e.g,
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Fig. 4. Technology readiness levels (TRLs) as preliminary assessed for the production steps of the concept, adjusted based on the TRL concept of the European

Commission (EC, 2012) (Commission, 2012).

when an innovation program is implemented.

The starch production industry and its operations are considered to
have reached TRL9 (Fig. 4), including the protein side- and co-streams of
WG and PPC, which are traded internationally as a commodity. For
example, the US WG market is expected to be 2.58 billion USD in 2022
(Markets, 2026), and the world PPC market is expected to be over 88
million USD by 2022 (Markets, 2022).

Currently, no industrial processes are being implemented for the
commercial production of protein-based superabsorbent polymers.
Therefore, developing an industrial product and eventual commercial-
ization of bioSAPs will have to go through a pilot phase that builds on
the current laboratory validation (TRL4, as shown in Fig. 4).

Literature reports on protein-based bioSAPs are based on laboratory-
scale investigations. The focus has been on using protein-based materials
for diapers and agricultural uses (Damodaran, 2001; Capezza et al.,
2021; Jiménez-Rosado et al., 2021). However, new applications have
emerged for these types of materials, e.g., in the packaging industry,
medical applications, and other applications requiring high-liquid up-
take and retention (Dhanapal and Subramanian, 2021; Schrofl et al.,
2022). Similar to the presented application in diapers, these new utili-
zation possibilities for bioSAP material require laboratory validation
(TRL 4).

SAP products are traditionally delivered as ready-for-use powders for
the final product manufacture, e.g., diapers. Depending on the scale of
the manufacturer involved, product packages may range from 20 kg
sacks or bulk bags (ca. 700 kg) to rail car-scale deliveries. Particle sizes
are typically 150-600 pm for diaper applications (Buchholz and Gra-
ham, 1998), while in agricultural and waste remediation applications,
they can be as large as 4 mm (Technologies, 2022). For product prep-
aration of the bioSAP material, laboratory validation (TRL 4) is needed.

4. Conclusions

Fully biobased diapers can contribute lower GHG emissions than
currently used fossil-based diapers. The GHG emission of the diapers can
be reduced by having the diaper designed with bioSAPs (biodegradable)
combined with biobased materials. The superabsorbent component
(either bioSAP or fossil-based SAP) was revealed to be the responsible
for the highest share of the total GHG emissions, involving the
manufacturing (cradle) to the end-of-life disposal of the diaper (grave).
However, bioSAPs produced using raw materials as a side- or co-
products from the food industry have the advantage of being biode-
gradable, contrary to fossil-based SAPs. The high GHG from the pro-
duction of the bioSAP alternatives results from the need for a higher
content of the bioSAPs in the diapers and the chemical functionalization
of the proteins to obtain the bioSAP. We demonstrated the possibility of
reaching >80% recovery of the chemicals used to functionalize the

10

proteins (EDTAD, succinic anhydride), which decreased the GHG
emissions by 29-39%. Using biodegradable polymers to fabricate the
next generation of disposable single-use sanitary articles and their
environmental validation is a significant step towards a more sustain-
able industry and society and a realistic path for it to comply with the
Sustainable Development Agenda for 2030.

CRediT authorship contribution statement

Antonio J. Capezza: Conceptualization, Formal analysis, (Experi-
mental), Methodology, (Experimental), Investigation, (Experimental),
Data curation, Visualization, Funding acquisition, Writing — original
draft, Writing — review and editing. William R. Newson: Data curation,
Formal analysis, Investigation, Writing — original draft, Writing — review
and editing. Faraz Muneer: Formal analysis, Writing — original draft,
Investigation, Writing — review and editing. Eva Johansson: Validation,
Investigation, Writing — review and editing. Yuxiao Cui: Formal anal-
ysis, Data curation, Writing — original draft. Mikael S. Hedenqvist:
Investigation, Validation, Writing — review and editing. Richard T.
Olsson: Investigation, Validation, Writing — review and editing.
Thomas Prade: Conceptualization, Formal analysis, (GHG), Methodol-
ogy, (GHG), Investigation, (GHG), Data curation, (GHG), Funding
acquisition, Writing — original draft, Writing — review and editing.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Data availability
Data will be made available on request.
Acknowledgments and funding

The Bo Rydins Stiftelse for independent research (grant F 30/19) is
acknowledged for the financial support provided to Antonio Capezza.
This study was also supported by South-Baltic Area Interreg project
Bioeconomy in the south Baltic area: Biomass-based Innovation and Green
Growth (BioBIGG) and the strong research area Trees and Crops for the
Future (TC4F).

References

Agioutantis, Z., Komnitsas, K., Athousaki, A., 2013. Aggregate transport and utilization:
ecological footprint and environmental impacts. Bull. Geol. Soc. Greece 47 (4),
1960-1969. https://doi.org/10.12681/bgsg.11005.


https://doi.org/10.12681/bgsg.11005

A.J. Capezza et al.

Alam, N., Islam, S., Christopher, L., 2019. Sustainable production of cellulose-based
hydrogels with superb absorbing potential in physiological saline. ACS Omega 4 (5),
9419-9426. https://doi.org/10.1021/acsomega.9b00651.

Alvarez-Castillo, E., Bengoechea, C., Guerrero, A., 2020. Effect of pH on the properties of
porcine plasma-based superabsorbent materials. Polym. Test. 85, 106453 https://
doi.org/10.1016/j.polymertesting.2020.106453.

Alvarez-Castillo, E., Felix, M., Bengoechea, C., Guerrero, A., 2021. Proteins from agri-
food industrial biowastes or Co-products and their applications as green materials.
Foods 10 (5), 981.

ARG, 1., 2022 - 2027. Hygiene products market - forecast. https://www.industryarc.com/
Report/18812/hygiene-products-market. (Accessed 3 March 2022).

Benavides, P.T., Lee, U., Zare-Mehrjerdi, O., 2020. Life cycle greenhouse gas emissions
and energy use of polylactic acid, bio-derived polyethylene, and fossil-derived
polyethylene. J. Clean. Prod. 277, 124010 https://doi.org/10.1016/j.
jclepro.2020.124010.

Bietz, J.A., Lookhart, G.L., 1996. Properties and non-food potential of gluten. Cereal
Foods World 41 (5), 376-382.

Buchholz, F.L., 1994. Preparation methods of superabsorbent polyacrylates. In:
Superabsorbent Polymers, vol. 573. American Chemical Society, Michigan,
pp. 27-38.

Buchholz, F.L., Graham, A.T., 1998. Modern Superabsorbent Polymer Technology, vol. 1.
John Wiley & Sons, USA.

Capezza, A.J., Newson, W.R., Olsson, R.T., Hedengvist, M.S., Johansson, E., 2019a.
Advances in the use of protein-based materials: toward sustainable naturally sourced
absorbent materials. ACS Sustain. Chem. Eng. 7 (5), 4532-4547. https://doi.org/
10.1021/acssuschemeng.8b05400.

Capezza, A.J., Glad, D., Ozeren, H.D., Newson, W.R., Olsson, R.T., Johansson, E.,
Hedenqvist, M.S., 2019b. Novel sustainable superabsorbents: a one-pot method for
functionalization of side-stream potato proteins. ACS Sustain. Chem. Eng. 7 (21),
17845-17854. https://doi.org/10.1021/acssuschemeng.9b04352.

Capezza, A.J., Wu, Q., Newson, W.R., Olsson, R.T., Espuche, E., Johansson, E.,
Hedengqvist, M.S., 2019c¢. Superabsorbent and fully biobased protein foams with a
natural cross-linker and cellulose nanofiber. ACS Omega 4 (19), 18257-18267.
https://doi.org/10.1021/acsomega.9b02271.

Capezza, A.J., Cui, Y., Numata, K., Lundman, M., Newson, W.R., Olsson, R.T.,
Johansson, E., Hedengvist, M.S., 2020a. High capacity functionalized protein
superabsorbents from an agricultural Co-product: a cradle-to-cradle approach. Adv.
Sustain. Syst., n/a, 2000110. https://doi.org/10.1002/adsu.202000110.

Capezza, A.J., Robert, E., Lundman, M., Newson, W.R., Johansson, E., Hedenqvist, M.S.,
Olsson, R.T., 2020b. Extrusion of porous protein-based polymers and their liquid
absorption characteristics. Polymers 12 (2). https://doi.org/10.3390/
polym12020459.

Capezza, A.J., Lundman, M., Olsson, R.T., Newson, W.R., Hedenqvist, M.S.,

Johansson, E., 2020c. Carboxylated wheat gluten proteins: a green solution for
production of sustainable superabsorbent materials. Biomacromolecules. https://
doi.org/10.1021/acs.biomac.9b01646.

Capezza, A.J., Muneer, F., Prade, T., Newson, W.R., Das, O., Lundman, M., Olsson, R.T.,
Hedengqvist, M.S., Johansson, E., 2021. Acylation of agricultural protein biomass
yields biodegradable superabsorbent plastics. Commun. Chem. 4 (1), 52. https://doi.
org/10.1038/s42004-021-00491-5.

Chiou, B.S., Jafri, H., Cao, T., Robertson, G.H., Gregorski, K.S., Imam, S.H., Glenn, G.M.,
Orts, W.J., 2013. Modification of wheat gluten with citric acid to produce
superabsorbent materials. J. Appl. Polym. Sci. 129 (6), 3192-3197. https://doi.org/
10.1002/app.39044.

Cho, S.W., Géllstedt, M., Johansson, E., Hedenqvist, M.S., 2011. Injection-molded
nanocomposites and materials based on wheat gluten. Int. J. Biol. Macromol. 48 (1),
146-152. https://doi.org/10.1016/j.ijpiomac.2010.10.012.

Cok, B., Tsiropoulos, I., Roes, A.L., Patel, M.K., 2014. Succinic acid production derived
from carbohydrates: an energy and greenhouse gas assessment of a platform
chemical toward a bio-based economy. Biofuels, Bioprod. Bioref. 8 (1), 16-29.
https://doi.org/10.1002/bbb.1427.

Commission, E.A., 2012. European Strategy for Key Enabling Technologies — A Bridge to
Growth and Jobs’, p. 18. Brussels.

Cordella, M., Bauer, 1., Lehmann, A., Schulz, M., Wolf, O., 2015. Evolution of disposable
baby diapers in Europe: life cycle assessment of environmental impacts and
identification of key areas of improvement. J. Clean. Prod. 95, 322-331. https://doi.
0rg/10.1016/j.jclepro.2015.02.040.

CoW Winnipeg Sweage Treatment Program - Appendix 7: CO2 Emission Factors Database,
2011. Winnipeg.

Cuadri, A.A., Bengoechea, C., Romero, A., Guerrero, A., 2016. A natural-based polymeric
hydrogel based on functionalized soy protein. Eur. Polym. J. 85, 164-174. https://
doi.org/10.1016/j.eurpolym;j.2016.10.026.

Cuadri, A.A., Romero, A., Bengoechea, C., Guerrero, A., 2017. Natural superabsorbent
plastic materials based on a functionalized soy protein. Polym. Test. 58, 126-134.
https://doi.org/10.1016/j.polymertesting.2016.12.024.

Cuadri, A.A., Romero, A., Bengoechea, C., Guerrero, A., 2018. The effect of carboxyl
group content on water uptake capacity and tensile properties of functionalized soy
protein-based superabsorbent plastics. J. Polym. Environ. 26 (7), 2934-2944.
https://doi.org/10.1007/510924-018-1183-x.

Dahlgren, L., Stripple, H., Oliveira, F., 2015. Life Cycle Assessment: Comparative Study
of Virgin Fibre Based Packaging Products with Competing Plastic Materials.

Damodaran, S., 2001. Carboxyl-modified superabsorbent protein hydrogel. U.S. Patent 6
(310), 105.

Damodaran, S., 2004. Protein-polysaccharide hybrid hydrogels. U.S. Patent 6 (821), 331.

11

Journal of Cleaner Production 387 (2023) 135830

Deng, Y., 2014. Life Cycle Assessment of Biobased Fibre-Reinforced Polymer Composites
(Levenscyclusanalyse Van Biogebaseerde, Vezelversterkte Polymeercomposieten).
KU Leuven, Belgium.

Dhanapal, V., Subramanian, K., 2021. Superabsorbent polymers: a state-of-art review on
their classification, synthesis, physicochemical properties, and applications. Rev.
Chem. Eng. https://doi.org/10.1515/revce-2020-0102, 000010151520200102.

Edana, 2015. Nonwovens Standard Procedures, pp. 1-13.

Edana Sustainability Report — Baby Diapers and Incontinence Products, 2005.

Essity Year-End Report, 2019. https://www.essity.com/media/press-release/year-end-re
port-2019/6497fbe4ddfc10a5/. (Accessed 13 October 2021).

Europe, P., 2014. High-density Polyethylene (HDPE), Low-Density Polyethylene (LDPE),
Linear Low-Density Polyethylene. LLDPE).

Europe, P., 2017. Plastics — the Facts 2017 Belgium.

Gontia, P., Janssen, M., 2016. Life cycle assessment of bio-based sodium polyacrylate
production from pulp mill side streams: case study of thermo-mechanical and sulfite
pulp mills. J. Clean. Prod. 131, 475-484. https://doi.org/10.1016/j.
jclepro.2016.04.155.

Gonzalez-Garcia, S., Argiz, L., Miguez, P., Gullon, B., 2018. Exploring the production of
bio-succinic acid from apple pomace using an environmental approach. Chem. Eng.
J. 350, 982-991. https://doi.org/10.1016/j.cej.2018.06.052.

Hafer, E., Holzgrabe, U., Kraus, K., Adams, K., Hook, J.M., Diehl, B., 2020. Qualitative
and quantitative 1H NMR spectroscopy for determination of divalent metal cation
concentration in model salt solutions, food supplements, and pharmaceutical
products by using EDTA as chelating agent. Magn. Reson. Chem. 58 (7), 653-665.
https://doi.org/10.1002/mrc.5009.

Husgafvel, R., Vanhatalo, K., Rodriguez-Chiang, L., Linkosalmi, L., Dahl, O., 2016.
Comparative global warming potential assessment of eight microcrystalline cellulose
manufacturing systems. J. Clean. Prod. 126, 620-629. https://doi.org/10.1016/j.
jclepro.2016.03.091.

IMARC diaper market: global industry trends, share, size, Growth, opportunity and
forecast. https://www.imarcgroup.com/prefeasibility-report-diaper-manufacturing
-plant-2, 2022-. (Accessed 1 January 2022).

IMARC personal hygiene market: global industry trends, share, size, Growth, opportunity
and forecast 2021-2026. https://www.imarcgroup.com/personal-hygiene-market,
2021-. (Accessed 10 October 2022).

1SO), 1.S.0., 2006. Environmental management — life cycle assessment — requirements
and guidelines. ISO 14044, 46, 2006.

Ito, R., Sasaki, M., Shiroshima, M., Kakimoto, Y., Matsumoto, K., 2002. Succinic
Anhydride, Process for Preparation of the Same and Use Thereof.

Jawjit, W., Kroeze, C., Rattanapan, S., 2010. Greenhouse gas emissions from rubber
industry in Thailand. J. Clean. Prod. 18 (5), 403-411. https://doi.org/10.1016/j.
jclepro.2009.12.003.

Jiménez-Rosado, M., Perez-Puyana, V., Rubio-Valle, J.F., Guerrero, A., Romero, A., 2020.
Processing of biodegradable and multifunctional protein-based polymer materials
for the potential controlled release of zinc and water in horticulture. J. Appl. Polym.
Sci. 137 (46), 49419 https://doi.org/10.1002/app.49419.

Jiménez-Rosado, M., Perez-Puyana, V., Guerrero, A., Romero, A., 2021. Controlled
release of zinc from soy protein-based matrices to plants. Agronomy 11 (3), 580.

Johansson, E., Prade, T., Angelidaki, 1., Svensson, S.-E., Newson, W.R., Gunnarsson, .B.,
Hovmalm, H.P., 2015. Economically viable components from Jerusalem artichoke
(Helianthus tuberosus L.) in a biorefinery concept. Int. J. Mol. Sci. 16 (4),
8997-9016. https://doi.org/10.3390/ijms16048997.

Koch, D., Mihalyi, B., 2018. Assessing the change in environmental impact categories
when replacing conventional plastic with bioplastic in chosen application fields.
Chem. Engineering Trans. 70, 853-858. https://doi.org/10.1016/j.
resconrec.2020.104750.

Lanigan, K.C., Pidsosny, K., 2007. Reflectance FTIR spectroscopic analysis of metal
complexation to EDTA and EDDS. Vib. Spectrosc. 45 (1), 2-9. https://doi.org/
10.1016/j.vibspec.2007.03.003.

Manzardo, A., Marson, A., Roso, M., Boaretti, C., Modesti, M., Scipioni, A., Lorenzetti, A.,
2019. Life cycle assessment framework to support the design of biobased rigid
polyurethane foams. ACS Omega 4 (9), 14114-14123. https://doi.org/10.1021/
acsomega.9b02025.

Markets, M.a., 2022. Potato protein market by type (Isolates, concentrates), application
(food & beverages (meat, dairy, confectionery, processed foods, beverages, sports
nutrition), feed), and region (north America, Europe, asia pacific, south America) -
global forecast to 2022. https://www.marketsandmarkets.com/Market-Reports/po
tato-protein-market-117255732.html?gclid=CjwKCAiAzNj9BRBDEiwAPsLOd
2GxiqIMCKLSEIufPOmOrODRm3SFXLvIRuirNc4y21r GaUrNH3ACxoCJioQAvD_Bw
E. (Accessed 20 January 2022).

Markets, M. a. Wheat protein market by product (wheat gluten, wheat protein Isolate,
textured wheat protein, Hydrolyzed wheat protein), application (bakery, pet food,
nutritional bars, processed meat, meat analogs), form (dry, liquid), and region -
global forecast to 2026. https://www.marketsandmarkets.com/Market-Reports/whe
at-protein-market-67845768.html?gclid=CjwKCAiAzNj9BRBDEiwAPsLOd6h3IE89e
Nc8krHt4wbybKvRqpiyqSYSNnAR7HgP8wmRQB27dqMmihoCoROQAVD_BWE.
(accessed 20 January 2022).

Mendoza, J.M.F., D’Aponte, F., Gualtieri, D., Azapagic, A., 2019. Disposable baby
diapers: life cycle costs, eco-efficiency and circular economy. J. Clean. Prod. 211,
455-467. https://doi.org/10.1016/j.jclepro.2018.11.146.

Mesch, W., Wittwer, A., 1976. Manufacture of Succinic Anhydride.

Mirabella, N., Castellani, V., Sala, S., 2013. Life cycle assessment of bio-based products: a
disposable diaper case study. Int. J. Life Cycle Assess. 18 (5), 1036-1047. https://
doi.org/10.1007/511367-013-0556-6.


https://doi.org/10.1021/acsomega.9b00651
https://doi.org/10.1016/j.polymertesting.2020.106453
https://doi.org/10.1016/j.polymertesting.2020.106453
http://refhub.elsevier.com/S0959-6526(22)05404-X/sref4
http://refhub.elsevier.com/S0959-6526(22)05404-X/sref4
http://refhub.elsevier.com/S0959-6526(22)05404-X/sref4
https://www.industryarc.com/Report/18812/hygiene-products-market
https://www.industryarc.com/Report/18812/hygiene-products-market
https://doi.org/10.1016/j.jclepro.2020.124010
https://doi.org/10.1016/j.jclepro.2020.124010
http://refhub.elsevier.com/S0959-6526(22)05404-X/sref7
http://refhub.elsevier.com/S0959-6526(22)05404-X/sref7
http://refhub.elsevier.com/S0959-6526(22)05404-X/sref8
http://refhub.elsevier.com/S0959-6526(22)05404-X/sref8
http://refhub.elsevier.com/S0959-6526(22)05404-X/sref8
http://refhub.elsevier.com/S0959-6526(22)05404-X/sref9
http://refhub.elsevier.com/S0959-6526(22)05404-X/sref9
https://doi.org/10.1021/acssuschemeng.8b05400
https://doi.org/10.1021/acssuschemeng.8b05400
https://doi.org/10.1021/acssuschemeng.9b04352
https://doi.org/10.1021/acsomega.9b02271
https://doi.org/10.1002/adsu.202000110
https://doi.org/10.3390/polym12020459
https://doi.org/10.3390/polym12020459
https://doi.org/10.1021/acs.biomac.9b01646
https://doi.org/10.1021/acs.biomac.9b01646
https://doi.org/10.1038/s42004-021-00491-5
https://doi.org/10.1038/s42004-021-00491-5
https://doi.org/10.1002/app.39044
https://doi.org/10.1002/app.39044
https://doi.org/10.1016/j.ijbiomac.2010.10.012
https://doi.org/10.1002/bbb.1427
http://refhub.elsevier.com/S0959-6526(22)05404-X/sref20
http://refhub.elsevier.com/S0959-6526(22)05404-X/sref20
https://doi.org/10.1016/j.jclepro.2015.02.040
https://doi.org/10.1016/j.jclepro.2015.02.040
http://refhub.elsevier.com/S0959-6526(22)05404-X/sref22
http://refhub.elsevier.com/S0959-6526(22)05404-X/sref22
https://doi.org/10.1016/j.eurpolymj.2016.10.026
https://doi.org/10.1016/j.eurpolymj.2016.10.026
https://doi.org/10.1016/j.polymertesting.2016.12.024
https://doi.org/10.1007/s10924-018-1183-x
http://refhub.elsevier.com/S0959-6526(22)05404-X/sref26
http://refhub.elsevier.com/S0959-6526(22)05404-X/sref26
http://refhub.elsevier.com/S0959-6526(22)05404-X/sref27
http://refhub.elsevier.com/S0959-6526(22)05404-X/sref27
http://refhub.elsevier.com/S0959-6526(22)05404-X/sref28
http://refhub.elsevier.com/S0959-6526(22)05404-X/sref29
http://refhub.elsevier.com/S0959-6526(22)05404-X/sref29
http://refhub.elsevier.com/S0959-6526(22)05404-X/sref29
https://doi.org/10.1515/revce-2020-0102
http://refhub.elsevier.com/S0959-6526(22)05404-X/sref31
http://refhub.elsevier.com/S0959-6526(22)05404-X/sref32
https://www.essity.com/media/press-release/year-end-report-2019/6497fbe4ddfc10a5/
https://www.essity.com/media/press-release/year-end-report-2019/6497fbe4ddfc10a5/
http://refhub.elsevier.com/S0959-6526(22)05404-X/sref34
http://refhub.elsevier.com/S0959-6526(22)05404-X/sref34
http://refhub.elsevier.com/S0959-6526(22)05404-X/sref35
https://doi.org/10.1016/j.jclepro.2016.04.155
https://doi.org/10.1016/j.jclepro.2016.04.155
https://doi.org/10.1016/j.cej.2018.06.052
https://doi.org/10.1002/mrc.5009
https://doi.org/10.1016/j.jclepro.2016.03.091
https://doi.org/10.1016/j.jclepro.2016.03.091
https://www.imarcgroup.com/prefeasibility-report-diaper-manufacturing-plant-2
https://www.imarcgroup.com/prefeasibility-report-diaper-manufacturing-plant-2
https://www.imarcgroup.com/personal-hygiene-market
http://refhub.elsevier.com/S0959-6526(22)05404-X/sref42
http://refhub.elsevier.com/S0959-6526(22)05404-X/sref42
http://refhub.elsevier.com/S0959-6526(22)05404-X/sref43
http://refhub.elsevier.com/S0959-6526(22)05404-X/sref43
https://doi.org/10.1016/j.jclepro.2009.12.003
https://doi.org/10.1016/j.jclepro.2009.12.003
https://doi.org/10.1002/app.49419
http://refhub.elsevier.com/S0959-6526(22)05404-X/sref46
http://refhub.elsevier.com/S0959-6526(22)05404-X/sref46
https://doi.org/10.3390/ijms16048997
https://doi.org/10.1016/j.resconrec.2020.104750
https://doi.org/10.1016/j.resconrec.2020.104750
https://doi.org/10.1016/j.vibspec.2007.03.003
https://doi.org/10.1016/j.vibspec.2007.03.003
https://doi.org/10.1021/acsomega.9b02025
https://doi.org/10.1021/acsomega.9b02025
https://www.marketsandmarkets.com/Market-Reports/potato-protein-market-117255732.html?gclid=CjwKCAiAzNj9BRBDEiwAPsL0d2GxiqlMCKL5ElufP0m0r0DRm3SFXLvIRuirNc4y21r_GaUrNH3ACxoCJioQAvD_BwE
https://www.marketsandmarkets.com/Market-Reports/potato-protein-market-117255732.html?gclid=CjwKCAiAzNj9BRBDEiwAPsL0d2GxiqlMCKL5ElufP0m0r0DRm3SFXLvIRuirNc4y21r_GaUrNH3ACxoCJioQAvD_BwE
https://www.marketsandmarkets.com/Market-Reports/potato-protein-market-117255732.html?gclid=CjwKCAiAzNj9BRBDEiwAPsL0d2GxiqlMCKL5ElufP0m0r0DRm3SFXLvIRuirNc4y21r_GaUrNH3ACxoCJioQAvD_BwE
https://www.marketsandmarkets.com/Market-Reports/potato-protein-market-117255732.html?gclid=CjwKCAiAzNj9BRBDEiwAPsL0d2GxiqlMCKL5ElufP0m0r0DRm3SFXLvIRuirNc4y21r_GaUrNH3ACxoCJioQAvD_BwE
https://www.marketsandmarkets.com/Market-Reports/wheat-protein-market-67845768.html?gclid=CjwKCAiAzNj9BRBDEiwAPsL0d6h3IE89eNc8krHt4wbybKvRqpiyqSYSNnAR7HgP8wmRQB27dqMmihoCoR0QAvD_BwE
https://www.marketsandmarkets.com/Market-Reports/wheat-protein-market-67845768.html?gclid=CjwKCAiAzNj9BRBDEiwAPsL0d6h3IE89eNc8krHt4wbybKvRqpiyqSYSNnAR7HgP8wmRQB27dqMmihoCoR0QAvD_BwE
https://www.marketsandmarkets.com/Market-Reports/wheat-protein-market-67845768.html?gclid=CjwKCAiAzNj9BRBDEiwAPsL0d6h3IE89eNc8krHt4wbybKvRqpiyqSYSNnAR7HgP8wmRQB27dqMmihoCoR0QAvD_BwE
https://doi.org/10.1016/j.jclepro.2018.11.146
http://refhub.elsevier.com/S0959-6526(22)05404-X/sref54
https://doi.org/10.1007/s11367-013-0556-6
https://doi.org/10.1007/s11367-013-0556-6

A.J. Capezza et al.

Mbnico, A., Martinez-Senra, E., Canada, F.J., Zorrilla, S., Pérez-Sala, D., 2017.
Drawbacks of dialysis procedures for removal of EDTA. PLoS One 12 (1), €0169843.
https://doi.org/10.1371/journal.pone.0169843.

Moretti, C., Junginger, M., Shen, L., 2020. Environmental life cycle assessment of
polypropylene made from used cooking oil. Resour. Conserv. Recycl. 157, 104750
https://doi.org/10.1016/j.resconrec.2020.104750.

Moussa, H., Elkamel, A., Young, S., 2016. Assessing energy performance of bio-based
succinic acid production using LCA. J. Clean. Prod. 139, 761-769. https://doi.org/
10.1016/j.jclepro.2016.08.104.

Miilhaupt, R., 2013. Green polymer chemistry and bio-based plastics: dreams and reality.
Macromol. Chem. Phys. 214 (2), 159-174. https://doi.org/10.1002/
macp.201200439.

Muneer, F., Johansson, E., Hedengvist, M.S., Plivelic, T.S., Kuktaite, R., 2018. Impact of
pH modification on protein polymerization and structure-function relationships in
potato protein and wheat gluten composites. Int. J. Mol. Sci. 20 (1), 58. https://doi.
org/10.3390/ijms20010058.

Newson, W.R., Rasheed, F., Kuktaite, R., Hedenqvist, M.S., Gallstedt, M., Plivelic, T.S.,
Johansson, E., 2015. Commercial potato protein concentrate as a novel source for
thermoformed bio-based plastic films with unusual polymerisation and tensile
properties. RSC Adv. 5 (41), 32217-32226. https://doi.org/10.1039/C5RA00662G.

Nghiem, N.P., Kleff, S., Schwegmann, S., 2017. Succinic acid: technology development
and commercialization. Fermentation 3 (2), 26. https://doi.org/10.3390/
fermentation3020026.

Ntekpe, M., Mbong, E., Edem, E., Hussain, S., 2020. Disposable diapers: impact of
disposal methods on public Health and the environment. Am. J. Med. Public Health
1 (2), 1009.

Patel, M.K,, Bechu, A., Villegas, J., Bergez-Lacoste, M., Yeung, K., Murphy, R., Woods, J.,
Mwabonje, O., Ni, Y., Patel, A., Gallagher, J., Bryant, D., 2018. Second-generation
bio-based plastics are becoming a reality — non-renewable energy and greenhouse
gas (GHG) balance of succinic acid-based plastic end products made from
lignocellulosic biomass. Biofuel Bioprod. Bior. 12 (3), 426-441. https://doi.org/
10.1002/bbb.1849.

Pourjavadi, A., Aghajani, V., Ghasemzadeh, H., 2008. Synthesis, characterization and
swelling behavior of chitosan-sucrose as a novel full-polysaccharide superabsorbent
hydrogel. J. Appl. Polym. Sci. 109 (4), 2648-2655. https://doi.org/10.1002/
app.28369.

Rathna, G., Li, J., Gunasekaran, S., 2004. Functionally-modified egg white albumen
hydrogels. Polym. Int. 53 (12), 1994-2000. https://doi.org/10.1002/pi.1611.

Robertson, G.H., Cao, T.K., Gregorski, K.S., Hurkman, W.J., Tanaka, C.K., Chiou, B.S.,
Glenn, G.M., Orts, W.J., 2014. Modification of vital wheat gluten with phosphoric
acid to produce high free swelling capacity. J. Appl. Polym. Sci. 131 (2) https://doi.
org/10.1002/app.39440.

12

Journal of Cleaner Production 387 (2023) 135830

Roos, E., 2013. Analysing the Carbon Footprint of Food. Swedish University of
Agricultural Sciences, Uppsala.

Rosenboom, J.-G., Langer, R., Traverso, G., 2022. Bioplastics for a circular economy. Nat.
Rev. Mater. 7 (2), 117-137. https://doi.org/10.1038/541578-021-00407-8.

Schrofl, C., Erk, K.A., Siriwatwechakul, W., Wyrzykowski, M., Snoeck, D., 2022. Recent
progress in superabsorbent polymers for concrete. Cement Concr. Res. 151, 106648
https://doi.org/10.1016/j.cemconres.2021.106648.

Shamsul, N.S., Kamarudin, S.K., Rahman, N.A., Kofli, N.T., 2014. An overview on the
production of bio-methanol as potential renewable energy. Renew. Sustain. Energy
Rev. 33, 578-588. https://doi.org/10.1016/j.rser.2014.02.024.

Siracusa, V., Blanco, 1., 2020. Bio-polyethylene (Bio-PE), bio-polypropylene (Bio-PP) and
bio-poly(ethylene terephthalate) (Bio-PET): recent developments in bio-based
polymers analogous to petroleum-derived ones for packaging and engineering
applications. Polym 12 (8), 1641.

Smithers Smithers forecasts global hygiene components market to grow to $92.5 billion
by. https://www.smithers.com/resources/2017/dec/hygiene-components-market-t
0-grow-to$92-5-billion, 2022-. (Accessed 10 December 2021).

Sudrez, L., Garcia, R., Riera, F.A., Diez, M.A., 2013. ATR-FTIR spectroscopy for the
determination of Na4EDTA in detergent aqueous solutions. Talanta 115, 652-656.
https://doi.org/10.1016/j.talanta.2013.06.020.

Technologies, E., 2022. Magic/novelty superabsorbent polymers. https://www.thesuper
absorbentsource.com/category/magic-novelty-superabsorbent-polymers. (Accessed
3 March 2022).

Tromp, M., 2020. The Environmental Impact of Introducing a Potato Protein for Human
Consumption in Sweden. Uppsala University, Uppsala.

Union, O.J.o. t.E., 2009. DIRECTIVE 2009/28/EC of the EUROPEAN PARLIAMENT and
of the COUNCIL of 23 April 2009 on the Promotion of the Use of Energy from
Renewable Sources and Amending and Subsequently Repealing Directives 2001/77/
EC and 2003/30/EC, p. 47.

Walker, S., Rothman, R., 2020. Life cycle assessment of bio-based and fossil-based
plastic: a review. J. Clean. Prod. 261, 121158 https://doi.org/10.1016/j.
jclepro.2020.121158.

Wernet, G., Bauer, C., Steubing, B., Reinhard, J., Moreno-Ruiz, E., Weidema, B., 2016.
The ecoinvent database version 3 (part I): overview and methodology. Int. J. Life
Cycle Assess. 21 (9), 1218-1230. https://doi.org/10.1007/s11367-016-1087-8.

Zhang, X., Liu, C,, Liu, J., Zhang, Z., Gong, Y., Li, H., 2022. Release of microplastics from
typical rainwater facilities during aging process. Sci. Total Environ. 813, 152674
https://doi.org/10.1016/j.scitotenv.2021.152674.

Zoe, C., Healy, T., Robinson, R., Stewart, K., 2012. EDTA in dairy wastewater and
removal efficiency — a case study. Int. J. Environ. Sustain Dev. 11 (2), 206-212.
https://doi.org/10.1504/ijesd.2012.049189.


https://doi.org/10.1371/journal.pone.0169843
https://doi.org/10.1016/j.resconrec.2020.104750
https://doi.org/10.1016/j.jclepro.2016.08.104
https://doi.org/10.1016/j.jclepro.2016.08.104
https://doi.org/10.1002/macp.201200439
https://doi.org/10.1002/macp.201200439
https://doi.org/10.3390/ijms20010058
https://doi.org/10.3390/ijms20010058
https://doi.org/10.1039/C5RA00662G
https://doi.org/10.3390/fermentation3020026
https://doi.org/10.3390/fermentation3020026
http://refhub.elsevier.com/S0959-6526(22)05404-X/sref63
http://refhub.elsevier.com/S0959-6526(22)05404-X/sref63
http://refhub.elsevier.com/S0959-6526(22)05404-X/sref63
https://doi.org/10.1002/bbb.1849
https://doi.org/10.1002/bbb.1849
https://doi.org/10.1002/app.28369
https://doi.org/10.1002/app.28369
https://doi.org/10.1002/pi.1611
https://doi.org/10.1002/app.39440
https://doi.org/10.1002/app.39440
http://refhub.elsevier.com/S0959-6526(22)05404-X/sref68
http://refhub.elsevier.com/S0959-6526(22)05404-X/sref68
https://doi.org/10.1038/s41578-021-00407-8
https://doi.org/10.1016/j.cemconres.2021.106648
https://doi.org/10.1016/j.rser.2014.02.024
http://refhub.elsevier.com/S0959-6526(22)05404-X/sref72
http://refhub.elsevier.com/S0959-6526(22)05404-X/sref72
http://refhub.elsevier.com/S0959-6526(22)05404-X/sref72
http://refhub.elsevier.com/S0959-6526(22)05404-X/sref72
https://www.smithers.com/resources/2017/dec/hygiene-components-market-to-grow-to&dollar;92-5-billion
https://www.smithers.com/resources/2017/dec/hygiene-components-market-to-grow-to&dollar;92-5-billion
https://doi.org/10.1016/j.talanta.2013.06.020
https://www.thesuperabsorbentsource.com/category/magic-novelty-superabsorbent-polymers
https://www.thesuperabsorbentsource.com/category/magic-novelty-superabsorbent-polymers
http://refhub.elsevier.com/S0959-6526(22)05404-X/sref76
http://refhub.elsevier.com/S0959-6526(22)05404-X/sref76
http://refhub.elsevier.com/S0959-6526(22)05404-X/sref77
http://refhub.elsevier.com/S0959-6526(22)05404-X/sref77
http://refhub.elsevier.com/S0959-6526(22)05404-X/sref77
http://refhub.elsevier.com/S0959-6526(22)05404-X/sref77
https://doi.org/10.1016/j.jclepro.2020.121158
https://doi.org/10.1016/j.jclepro.2020.121158
https://doi.org/10.1007/s11367-016-1087-8
https://doi.org/10.1016/j.scitotenv.2021.152674
https://doi.org/10.1504/ijesd.2012.049189

	Greenhouse gas emissions of biobased diapers containing chemically modified protein superabsorbents
	1 Introduction
	2 Materials and methods
	2.1 Material preparation
	2.1.1 Protein and SAP material
	2.1.2 Synthesis of bioSAP
	2.1.3 Swelling characterization
	2.1.4 Recovering EDTA

	2.2 Systems study
	2.2.1 Approach
	2.2.1.1 BioSAP composition
	2.2.1.2 Overall composition of the different diaper alternatives

	2.2.2 GHG assessment
	2.2.2.1 Superabsorbent component
	2.2.2.2 Diaper materials (non-absorbent components)

	2.2.3 Transport of diapers
	2.2.4 End-of-life emissions of the disposed diaper


	3 Results and discussion
	3.1 Experimental evaluation of the BioSAP
	3.1.1 Swelling performance
	3.1.2 Recycling of reagents for decreasing the environmental impact of the bioSAP production

	3.2 GHG emissions of suggested diaper alternatives
	3.2.1 SAP component
	3.2.2 Diaper item (non-SAP diaper components)

	3.3 Degradability
	3.4 Potential improvements
	3.4.1 Further GHG emissions reductions
	3.4.2 Feasibility


	4 Conclusions
	CRediT authorship contribution statement
	Declaration of competing interest
	Data availability
	Acknowledgments and funding
	References


