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Malodor is regarded as a very significant nuisance, 2nd only to noise pollution, in the developed world. It

directly impacts people's health and wellbeing. The prevention of odor build-up is a key property for

both interior textiles and active sportswear. Traditional approaches for odor elimination rely on textile

surface treatment. However, the role of intrinsic morphology and chemical composition of fibers in odor

elimination has not been taken into account. In this study, the adsorption characteristics and

mechanisms of three common types of fibers (wool, cotton and nylon) for two typical odors of acetic

acid and ammonia were systematically investigated through kinetic modelling, the inverse gas

chromatography (IGC) technique, and density functional theory (DFT) calculations. Both acetic acid and

ammonia adsorption onto fibers followed a pseudo-second-order kinetic model. Among all the tested

fibers, wool showed the highest adsorption ability towards both acetic acid and ammonia. The

adsorption behaviors of cotton and nylon were explored based on quantitative measurement of surface

Lewis acid-base properties using the IGC technique. These findings were further corroborated by DFT

calculations via the interactions between fibers and the adsorbed odor. This study provides a new insight

into odor adsorption onto commonly used fibers and their interactions, which is a key step in developing

fibrous materials for odor control, including body odor and indoor air pollutants.
Sustainability spotlight

Odor is a topic relevant to people's health and wellbeing, and malodor is also regarded as the 2nd most signicant nuisance in the developed world (aer noise
pollution). Children, older people, and other vulnerable persons are especially sensitive to low levels of air pollution. Increasing concerns about indoor air
quality in recent years have urged research on the odor adsorption quality of textile products. Clarifying the adsorption mechanism of odor on textile bers can
improve the indoor air quality using textile odor control technologies. This work aligns with the UN SDG of ensuring healthy lives and promoting well-being for
all at all ages.
1. Introduction

Ammonia and carboxylic acids like acetic acid play an impor-
tant role in the generation of odor pollution in indoor air.1 One
of their sources is emission from humans and pets through
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skin, urine and feces. Other indoor sources include cooking,
smoking and cleaning products.1,2 These two airborne odors
have the potential to cause olfactory nerve-mediated smell
sensations and trigeminal nerve-mediated irritation sensation,
typically burning, tingling, or prickling.3,4 Exposure to these two
common odors is also associated with the prevalence of several
symptoms, such as headache, nausea, and eye and throat
irritation.4

The brous materials used in interior textiles are mainly
synthetic bers (e.g., nylon and polyester) and natural bers
(e.g., wool and cotton). Textile products such as curtains and
carpets have a great inuence on indoor air quality because they
can act as air lters and provide substantial surface area for
airborne pollutant adsorption via a sink effect mechanism.5–7

The chemical structure and physical properties of bers play
a signicant role in determining gaseous pollutant adsorption/
desorption characteristics onto brous materials. A number of
brous materials have been investigated in terms of their odor
retention and emission performance by considering ber types,
RSC Sustainability, 2023, 1, 357–367 | 357
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Table 1 The specifications of wool, cotton and nylon fibersa

Sample Diameter (mm) CVD (%)

Wool 16.5 16.4
Cotton 14.7b 19.0
Nylon 17.9 10.5

a CVD: Coefficient of variation for diameter. b Ribbon width.
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odor detection methods, and fabric structures.8–11 For example,
the adsorption/desorption performances of a-pinene and
toluene onto/from wool carpet, nylon carpet, cotton curtain
materials were measured using a chamber testing method.12 It
was found that all three interior textile materials showed higher
adsorption for a-pinene than for toluene. The adsorption
capacities for both VOCs followed the order of wool carpet >
nylon carpet > cotton curtain. The kinetics and thermody-
namics of ammonia adsorption onto wool and cotton bers
were investigated by dynamic monitoring experiments using
time-resolved infrared spectroscopy.13 The Langmuir isotherm
model well describes ammonia adsorption onto both wool and
cotton bers.

Meanwhile, wool can be utilised as an odor adsorbent to
control body odor.13 Body odor emanation from textiles may be
partially caused by the metabolism of bacteria, but the chemical
composition and physical morphology of ber also play an
important role in determining the textiles' ability to retain body
odor.14 For instance, under low concentrations of odor, a wool/
polyester blend containing 20% wool showed substantially
higher adsorption ability towards ammonia, acetic acid and
butyric acid than 100% polyester fabric.15 Both physical and
chemical interactions are involved in odor molecule adsorption
onto brous materials.16,17

Absorption of foul-smelling substances by different textile
fabrics was reported and it was found that the amount of
absorption was largely dependent on the type of bers.18 In
addition, the amount of sorption increased nearly in proportion
to the moisture content of bers. However, how the ber types
with different physical structures and chemical compositions
affect their adsorption capacities and odor selective adsorption
properties has not been quantitatively revealed yet. In this study,
the real-time monitoring of the adsorption/desorption process of
acetic acid and ammonia onto wool, cotton and nylon was
investigated by infrared-based spectroscopic technology. Acetic
acid and ammonia were used as the representatives of common
acidic and basic model gases, respectively, which exist in indoor
living spaces, body sweat, and excrement odors. Kinetic studies
involved in the adsorption of odor onto bers were conducted to
give a comprehensive understanding of the deodorizing process
of textiles. The inverse gas chromatography (IGC) technique and
density functional theory (DFT) calculations were employed to
quantitatively investigate the interaction between the ber
surface and odor molecules. The ndings of this study can clarify
the odor adsorption behavior of the three commonly used types
of bers, promoting the application of these bers in a broad
range of applications such as medical textiles, anti-odor apparel,
fragrant fabrics, and odor-absorbing textiles.

2. Experimental section
2.1 Materials

Three ber types including wool, cotton and nylon were tested.
Raw wool samples from merino sheep were supplied by a farm
in New South Wales, Australia and were scoured before use.19

Clean cotton and nylon (polyamide 6,6) samples were sourced
from Australian mills and used as received without further
358 | RSC Sustainability, 2023, 1, 357–367
treatment. All clean samples were conditioned in a standard
conditioned laboratory (temperature: 20 ± 2 °C, humidity: 65 ±

2%) for 24 hours before testing. The specications for these
ber samples are listed in Table 1. Ammonium hydroxide (28–
30 wt% solution of NH3 in water; r= 0.9 g mL−1) and acetic acid
(glacial, $99.7%) were purchased from Sigma-Aldrich.

2.2 Characterization

Fiber diameters of clean wool and nylon loose samples were
determined using an optical ber diameter analyzer (OFDA)
2000 (BSC Electronics, Australia) according to the ASTM D6500
standard. The neness (ribbon width) of cotton ber samples
was obtained using a Cottonscope instrument (BSC Electronics,
Australia) based on the ASTM standard. A Supra 55VP scanning
electron microscope (SEM, Carl Zeiss AG, Germany) was used to
observe the surface morphology of wool, cotton and nylon bers
with Au coating (Lecia EM ACE600, Australia). Chemical
compositions of the bers were studied by Fourier-transform
infrared spectroscopy (FTIR, Bruker Vertex 70, Germany)
using the ATR method with a scan resolution of 4 cm−1 and 64
scans per sample in a range of 600 to 4000 cm−1.

Surface heterogeneous properties of wool, cotton and nylon
bers were characterized using a commercial inverse gas
chromatography-surface energy analyzer (IGC-SEA, Surface
Measurement Systems, UK). Methane was used as a reference
probe for dead volume correction. The Brunauer–Emmett–Teller
(BET) specic surface areas of the three ber types were measured
using octane as a non-polar probe. Two runs were conducted for
each sample and the average value was calculated under condi-
tions where the BET equation showed good linearity (R2 $ 0.995).
Three non-polar n-alkane probes (heptane, octane and nonane)
were used to measure the dispersive surface energy proles of the
ber samples within a determined surface coverage range (n/nm=

0.01–0.3). Five polar probes (dichloromethane, chloroform, ethyl
acetate, ethanol and acetone) were chosen tomeasure the specic
surface energy and acid-base parameter proles. All samples were
measured under the same conditions (30 °C, 0% RH) using
helium as the carrier gas at a ow rate of 10 mL min−1. Prior to
measurement, all the samples were pre-conditioned at testing
temperature (30 °C) for 1 h. SEA analysis soware was used to
analyze the obtained data. Peak Com, Della Volpe scale, Schultz
method and BET theory were applied for this analysis.20–23

2.3 Dynamic odor adsorption and emission monitoring

Dynamic monitoring of acetic acid and ammonia adsorption on
the three ber types was carried out in an air-tight odor detec-
tion system that included a gas circulating pump, sample
© 2023 The Author(s). Published by the Royal Society of Chemistry
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chamber, infrared-based gas analyzer and data collector
(Fig. S1†). The quantitative analysis of the odor concentration in
the detection system was achieved by measuring the time-
resolved infrared absorption intensities of acetic acid and
ammonia at a wavelength of 8.5 mm and 10.4 mm, respectively.15

All dynamic adsorption and emission experiments were carried
out at room temperature in a fume hood. To investigate the
effect of ber types on odor adsorption behavior, samples from
different ber types (2.0 g) were placed in the sample chamber,
and then a determined volume of acetic acid (4.3 mL) or
ammonia solution (5 mL) was injected into the gas pump using
a micro-syringe, which was quickly gasied and circulated in
the odor detection system. The amount of acetic acid and
ammonia used for this test was maintained at the same parts
per million volume (ppmv) for all the ber samples.

To monitor the corresponding odor emission process, a ber
sample (2.0 g) was placed in a sealed container together with
a determined volume of acetic acid or ammonia (10 mL), which
was then kept for 12 h at room temperature to reach its odor
adsorption equilibrium. The ber samples were then placed in the
sample chamber and sealed. Odor emission intensity (absorbance
reading) was directly recorded using an IR-based spectrometer.

The quantity of adsorbed acetic acid or ammonia on each
ber sample (qt) at time (t) was determined using eqn (1):24

qt ¼ ðC0 � CtÞV
M

(1)

where C0 represents the initial odor concentration (mg L−1), Ct

represents the concentration of odor (mg L−1) at any time t
(min), V is 8 L for the volume of the detection system and M (g)
is the mass of the ber sample. The equilibrium adsorption
quantity (qe) is obtained when adsorption reaches equilibrium
under testing conditions.
2.4 Kinetic adsorption models

Adsorption kinetic studies may not only predict adsorption
experimental results but also provide important parameters
such as adsorption rate constants for evaluating the adsorption
process and efficiency.25 Generally, three consecutive steps were
involved throughout the adsorption process, which include
external mass transfer, intra-particle diffusion, and adsorption
reaction.26,27 Two intra-particle diffusion models (Dunwald–
Wagner model and the Weber–Morris model) were adopted to
describe the diffusion stage in the adsorption process. Two
adsorption reaction kinetic models including the pseudo-rst-
order model and pseudo-second-order model were applied to
t the adsorption reaction process.

2.4.1 Dunwald–Wagner (D–W) model. The D–W model is
presented using the following equations:28

log
�
1� F 2

� ¼ � k

2:303
t (2)

F ¼ qt

qe
(3)

where k is the diffusion rate constant (min−1), which can be
obtained by plotting log(1−F2) against t. qt (mg g−1) and qe (mg
© 2023 The Author(s). Published by the Royal Society of Chemistry
g−1) are the odor adsorption quantity of the ber adsorbent at
contact time and at equilibrium, respectively. F is the odor
removal percent calculated using qt/qe.

2.4.2 Weber–Morris (W–M)model. TheW–Mmodel, as one
of the intra-particle diffusion models, is commonly applied to
describe the intraparticle diffusion process.29

The W–M model is expressed as follows:

qt = kidt
1/2 + C (4)

where kid (mg g−1 min−1/2) is the intra-particle diffusion rate
constant and C is the boundary layer thickness. qt (mg g−1) is
the odor adsorption quantity of the ber adsorbent at time t.
The rate constant kid and C can be obtained by plotting qt
against t1/2. Intraparticle diffusion would be the rate controlling
step if the plot of qt vs. t

1/2 is a straight line and goes through the
origin (0, 0).

2.4.3 Pseudo-rst-order (PFO) model. The PFO model
could represent three conditions, which include (i) when the
initial concentration of the adsorbate (target molecules capable
of being adsorbed) (C0) is high,30 (ii) when the adsorption
process is in its initial stage,31 and (iii) when the adsorbent
material has a few active sites or few adsorptive sites that can
interact with the active sites.29,32

The differential form of the PFO model is given as:33

PFO rate ¼ dqt

dt
¼ k1 ðqe � qtÞ (5)

The linearized PFO model is expressed as:

ln(qe − qt) = ln qe − k1t (6)

where qt (mg g−1) is the odor adsorption quantity of the ber
adsorbent at contact time t and qe (mg g−1) is the equilibrium
adsorption quantity obtained using the PFO model. k1 is the
PFO rate constant (min−1). The rate constant (k1) and adsorp-
tion quantity at equilibrium were calculated from the slope and
intercept of the plot of ln (qe−qt) against t.

2.4.4 Pseudo-second-order (PSO) model. The PSO model
could represent three conditions, which include (i) when the
value of C0 is low, (ii) the nal stage of the adsorption process
and (iii) when the adsorbent is abundant with active sites.29

It has been proposed that the adsorption rate of PSO is
related to the adsorbent's surface vacant adsorption sites rather
than the adsorptive concentration in bulk.34

PSO rate ¼ dqt

dt
¼ k2 ðqe � qtÞ2 (7)

The linearized PSO model is presented as:

t

qt
¼ 1

k2qe2
þ t

qe
(8)

The initial adsorption rate h2 (mg g−1 min−1) is expressed as

h2 = k2qe
2 (9)
RSC Sustainability, 2023, 1, 357–367 | 359
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where qt (mg g−1) is the odor adsorption quantity of the ber
adsorbent at contact time t and qe (mg g−1) is the equilibrium
adsorption quantity calculated using the PSO model. k2 is the
PSO rate constant (g mg−1 min−1), which is used to describe the
rate of adsorption equilibrium. The equilibrium adsorption
quantity (qe) and the rate constant (k2) can be calculated from
the slope and intercept of the plot of t/qt versus t.35

The linear form of these models was applied to correlate the
experimental results of the acetic acid and ammonia adsorption
onto brous adsorbents. The coefficient of determination (R2) was
used to identify the best tting adsorptionmodel among the above
models, and related parameters were calculated and presented.
2.5 Density functional theory calculations

All density functional theory (DFT) calculations were performed
by employing the Gaussian 09 package.36 The structures were
optimized at the Grimme'D3(BJ)37 corrected B3LYP level of
theory38 in conjunction with the 6-311+G* basis set.39,40

The adsorption energy of odor molecules on a ber surface
was calculated using the following equation:

Eads = Efiber+odor − (Efiber + Eodor) (10)

where E(bre+odor), Eber and Eodor represent the energies of the
adsorption system, ber and free odor molecules, respectively.
A negative value of the adsorption energy indicates a favorable
adsorption process.
3. Results and discussion
3.1 Adsorption and emission performance

Three different ber types, including wool, cotton and nylon,
were used for odor adsorption tests (Fig. 1a–c). The typical
Fig. 1 The photographs and SEM images of fiber samples for odor adso

360 | RSC Sustainability, 2023, 1, 357–367
morphology structures of the three ber types showed that wool
ber had overlapping scales on the surface (Fig. 1d). Cotton
bers had a twisted ribbon-like structure with an uneven ber
surface including wrinkles and grooves (Fig. 1e). Nylon which is
a synthetic ber had a smooth and uniform surface (Fig. 1f).

Acetic acid and ammonia were used as model molecules to
evaluate the odor adsorption performance of ber samples. The
typical odor adsorption and desorption performance of the
three different ber types is shown in Fig. 2. All three different
ber types can greatly adsorb acetic acid in its gaseous form
(Fig. 2a). Without a ber adsorbent, the acetic acid concentra-
tion slowly decreased and reached equilibrium, which may be
caused by the odor condensation on the inner wall of the testing
chamber. In the presence of wool ber, this concentration was
reduced to almost 0 aer 120 min of adsorption. This is
compared with 0.15 mg L−1 acetic acid le in the system for
nylon ber and 0.2 mg L−1 for cotton ber. Therefore, the acetic
acid adsorption performance for the three ber samples fol-
lowed the order of wool > nylon > cotton. The desorption
performance of acetic acid from these ber samples was also
investigated (Fig. 2b). Wool ber showed negligible emission of
acetic acid even aer 120 minutes of desorption time. Cotton
showed the highest acetic acid desorption among the three
samples.

Fig. 2c shows the adsorption performance of ammonia on
the three ber types. Wool ber demonstrated the highest
ammonia adsorption amount among the three samples, fol-
lowed by cotton ber. Nylon ber showed the least adsorption
amount of ammonia among the three ber samples. Ammonia
emission processes of the three ber samples were also studied,
and wool showed the lowest emission with almost no ammonia
detected (Fig. 2d). This is compared with cotton showing
a quick increase in ammonia emission intensity during the
rption: wool (a and d), cotton (b and e) and nylon (c and f).

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Acetic acid (a) and ammonia (c) concentration change in the odor detection system in the presence of the same weight of wool, cotton,
and nylon fibers (2.0 g); the time-dependent variation of acetic acid (b) and ammonia (d) emission intensity for wool, cotton and nylon fiber
samples.
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initial 10 min and nylon showing the highest emission intensity
among the three samples under the same test conditions.
3.2 Adsorption kinetic study

Adsorption kinetics describes the uptake rates of acetic acid and
ammonia onto ber samples, which will promote under-
standing of the adsorption process and predict equilibrium
adsorption quantity for odor control applications. Because
mass transfer is a very fast process in this work, the atmosphere
was circulated via a gas pump and mass transfer is not
considered in the kinetic process. Two diffusion models
(Dumwald–Wagner model and the Weber–Morris model) and
two adsorption reaction models (pseudo-rst-order model and
the pseudo-second-order model) were used to analyze the
experimental data for acetic acid and ammonia adsorption onto
the three different ber types.

The adsorption quantity (qt) of acetic acid onto wool, cotton,
and nylon with contact time (t) is shown in Fig. 3a. It can be
observed that wool ber demonstrated the highest adsorption
quantity towards acetic acid, which was followed by nylon and
cotton ber. The equilibrium adsorption capacity of acetic acid
was measured to be 2.54 mg g−1, 2.11 mg g−1 and 1.87 mg g−1

for wool, nylon, and cotton, respectively. Fig. 3b–e show the
kinetic model plots for acetic acid removal with the three ber
© 2023 The Author(s). Published by the Royal Society of Chemistry
types under the same conditions. According to the correlation
coefficient R2 of the four kinetic models in different time ranges
(Tables S1 and S2†), it was found that the acetic acid adsorption
onto the three ber types ts different models. Within the
initial 10 min, the adsorption process ts better for diffusion
models (D–W model and the W–M model) than for reaction
models (PFO model and the PSO model), which indicated that
the initial adsorption of acetic acid onto wool, cotton, and nylon
ber was mainly controlled by the intraparticle diffusion
process.30

As the adsorption time increased from 10 min to 120 min,
the correlation coefficient R2 of both the D–W model and the
W–M model decreased, while the value of R2 from the PSO
model was higher than 0.99 (Fig. 3e), indicating that the overall
adsorption process of acetic acid onto the three ber types
followed the PSO model. The equilibrium adsorption capacity
(qe,cal) calculated from the PSOmodel was also found to be close
to the experimental (qe,exp) values (Table 2). It was reported that
the adsorption of the PSO model was related to the surface
vacant adsorption sites.34 Initial adsorption rates (h2) of acetic
acid onto the three ber types based on the PSO model were
calculated (Table 2), which follow the order of wool (0.308) >
nylon (0.212) > cotton (0.177). This result indicates that wool
ber contains the most active sites for acetic acid affinity, fol-
lowed by nylon and cotton.
RSC Sustainability, 2023, 1, 357–367 | 361
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Fig. 3 Time effect on the adsorption quantity of acetic acid onto wool, cotton, and nylon (2.0 g) at room temperature (a); adsorption diffusion
kinetic models of acetic acid onto wool, cotton and nylon fibers: D–W model (b) and W–M model (c); adsorption reaction kinetic models of
acetic acid onto wool, cotton and nylon fibers: PFO model (d) and PSO model (e).

Table 2 Adsorption kinetic model parameters for acetic acid adsorption onto wool, cotton, and nylon fibers

Kinetic models

Parameters Wool Cotton Nylon

qe.exp (mg g−1) 2.543 1.868 2.108

D–W model k (min−1) 1.31 × 10−2 1.19 × 10−2 9.94 × 10−3

R2 0.9019 0.9062 0.9131
W–M model kid (mg g−1 min−1/2) 0.162 0.127 0.129

C 0.981 0.602 0.779
R2 0.8251 0.8802 0.8721

PFO model qe.cal (mg g−1) 1.419 1.235 1.211
k1 (min−1) 3.28 × 10−2 3.04 × 10−2 2.55 × 10−2

R2 0.9134 0.9249 0.9296
PSO model qe.cal (mg g−1) 2.696 1.998 2.198

k2 (g mg−1 min−1) 4.24 × 10−2 4.43 × 10−2 4.39 × 10−2

h2 (mg g−1 min−1) 0.308 0.177 0.212
R2 0.9993 0.9985 0.9974
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The adsorption quantity (qt) of ammonia onto wool, cotton,
and nylon bers with contact time (t) is shown in Fig. 4a. It can
be observed that wool ber demonstrated the fastest adsorption
rate towards ammonia, which was followed by cotton and nylon
ber.

The equilibrium adsorption quantities of wool, cotton and
nylon for ammonia were measured to be 0.49 mg g−1, 0.42 mg
g−1, and 0.32 mg g−1, respectively. Fig. 4b–e show four kinetic
model plots for ammonia removal in the presence of the three
ber types. All the correlation coefficients R2 (Tables S3 and S4†)
from the four adsorption kinetic models were less than 0.99
within the initial 10 min, indicating that neither the diffusion
step nor the adsorption step was the only rate-limiting step at
362 | RSC Sustainability, 2023, 1, 357–367
the beginning of ammonia adsorption onto these ber samples.
This means that both steps proceeded very quickly in the case of
ammonia adsorption onto the three ber samples at the
beginning of 10 min; this may be because of the smaller
molecular size of ammonia compared to acetic acid.

Fig. 4e shows that t/qt has a good linear relationship with
a high R2 value of over 0.99, suggesting that the overall
adsorption reaction process of ammonia onto the tested bers
followed the PSOmodel. The calculated equilibrium adsorption
capacity (qe,cal) from the PSO model was close to the practical
experimental values (qe,exp). Initial adsorption rates (h2) of
ammonia onto the three ber types based on the PSO model
were determined (Table 3). The initial adsorption rate (h2) of
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 The effect of time on the adsorption quantity of ammonia onto wool, cotton and nylon fibers (2.0 g) at room temperature (a); adsorption
diffusion kinetic models of ammonia onto wool, cotton and nylon fibers: D–Wmodel (b) andW–Mmodel (c); adsorption reaction kinetic models
of ammonia onto wool, cotton and nylon fibers: PFO model (d) and PSO model (e).

Table 3 Adsorption kinetic model parameters for ammonia adsorption onto wool, cotton and nylon fibers

Kinetic models

Parameters Wool Cotton Nylon

qe.exp (mg g−1) 0.491 0.417 0.318

D–W model k (min−1) 7.38 × 10−3 5.85 × 10−3 7.14 × 10−3

R2 0.6405 0.5638 0.7144
W–M model kid (mg g−1 min−1/2) 2.25 × 10−2 1.96 × 10−2 2.22 × 10−2

C 0.253 0.231 6.50 × 10−2

R2 0.7101 0.6802 0.9241
PFO model qe.cal (mg g−1) 0.228 0.142 0.163

k1 (min−1) 1.94 × 10−2 1.51 × 10−2 1.86 × 10−2

R2 0.6213 0.4434 0.5301
PSO model qe.cal (mg g−1) 0.480 0.428 0.326

k2 (g mg−1 min−1) 0.428 0.507 0.174
h2 (mg g−1 min−1) 0.0986 0.0929 0.0185
R2 0.9966 0.9964 0.9808
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wool (0.0986) was slightly higher than that of cotton, which was
over 5 times higher than that of nylon (0.0185). This result
indicated that wool ber possessed the most active sites for
ammonia adsorption among the other tested bers, while nylon
showed a lack of active sites for ammonia affinity.
3.3 Insight into the adsorption mechanism

To gain an insight into the inuence of the intrinsic ber
composition on the odor adsorption properties of ber
samples, inverse gas chromatography (IGC) was used to quan-
titatively measure the surface property parameters of the three
ber types. The dispersive (van der Waals) and specic (Lewis
© 2023 The Author(s). Published by the Royal Society of Chemistry
acid-base) surface energy proles of wool, cotton and nylon
bers at varied surface coverage are displayed in Fig. 5a. At 0.1
surface coverage, the dispersive surface energy (gD

s ) for the three
ber types followed the order of wool (49.1 mJ m−2) > cotton
(40.8 mJ m−2) > nylon (37.1 mJ m−2), indicating that wool ber
showed the highest odor adsorption potential via physical
interaction, which was followed by cotton and nylon, whereas
the specic surface energy (gsps ) for the three ber types followed
the order of nylon (9.6 mJ m−2) > wool (7.9 mJ m−2) > cotton (5.9
mJ m−2), suggesting that nylon ber demonstrated the best
adsorption potential via chemical interaction.41 The dispersive
surface energy was higher than the specic surface energy for all
RSC Sustainability, 2023, 1, 357–367 | 363
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Fig. 5 Dispersive and specific surface energy profiles (a); distribution profiles of total surface energy (b); specific surface area (c); specific free
energy of adsorption of polar probes at 0.1 surface coverage (d); Gutmann acid-base constants (Ka and Kb) profiles (e); FTIR spectra (f) of wool,
cotton and nylon fibers.
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three ber types, revealing that the potential for physisorption
was higher than that of the chemisorption for all three bers.
Total surface energy (gTs ) is the combination of dispersive and
specic surface energies, which represents the number of active
sites per unit surface.41 Meanwhile, wool showed a broad
distribution prole of total surface energy (Fig. 5b), which
indicated that it had a large surface heterogeneity due to its
complex physical structure (overlapping cuticles) and chemical
composition (eighteen kinds of proteins).42 Compared to wool,
cotton ber and synthetic nylon ber showed a narrow distri-
bution prole of total surface energy, which indicated their
unitary composition and homogeneous surface morphology as
conrmed by the SEM results. The surface morphology differ-
ence also correlated with the specic surface area (SBET) order of
the three ber types, which was wool (2.24 m2 g−1) > cotton (0.78
m2 g−1) > nylon (0.56 m2 g−1) (Fig. 5c).22

Given that high surface energy and large specic surface area
can provide signicant adsorption sites for gas affinity and thus
improve the adsorption performance of the bers materials via
physisorption or chemisorption,43 wool ber has both the
highest surface energy and the largest surface area among the
three ber types, so it showed the best adsorption performance
for both acetic acid and ammonia (Fig. 2). Similarly, cotton
demonstrated better adsorption ability towards ammonia than
nylon due to its higher concentration of adsorption sites.
However, this is not the case for acetic acid adsorption onto
cotton and nylon. Nylon showed remarkable uptake towards
acetic acid with an adsorption quantity of 2.11 mg g−1, while the
amount was 1.87 mg g−1 for cotton ber (Fig. 3a). As nylon has
the lowest specic surface area, chemical interaction might be
the main mechanism for acetic acid adsorption onto nylon.
364 | RSC Sustainability, 2023, 1, 357–367
To gure out the role of chemical (Lewis acid-base) interac-
tion in the adsorption behavior of wool, cotton and nylon ber,
the surface acid-base nature of the three ber types was evalu-
ated based on their interactions with different polar probes,
including dichloromethane, ethyl acetate, acetone, chloroform
and ethanol (Fig. S2†).41 Higher specic free energy
(DGsp

s ) indicates a stronger Lewis acid-base interaction between
polar probes and the ber surface. As shown in Fig. 5d, the
adsorption specic free energy of the three bers on amphoteric
molecules (ethanol) was the highest, indicating that the
surfaces of all three bers are amphoteric with both acidic
(electron acceptor) and basic (electron donor) adsorption sites
(Fig. 5e).23 The specic adsorption free energies of the basic
probe (ethyl acetate) and acidic probe (dichloromethane) onto
wool ber were higher than those onto cotton, indicating that
there is stronger Lewis acid-base interaction between odor
molecules and wool ber. This result agrees with the excellent
odor retention ability of wool with negligible odor emission
(Fig. 2b and d). As expected, the specic free energy value of
nylon was the highest with acidic probes (dichloromethane)
among the three ber types, which was consistent with the
adsorption behavior of acetic acid onto nylon ber. Lewis acid-
base constant (Ka and Kb) proles were also determined and are
shown in Fig. 5e and summarized in Table. S5.† The surface
basicity (Kb/Ka) of nylon was measured to be 3.98, indicating the
predominant basic nature of nylon ber and hence facilitating
the adsorption of acidic odor (acetic acid).

Surface functional groups are important adsorption sites for
gaseous acetic acid and ammonia affinity, which were identied
by FTIR as shown in Fig. 5f. Wool is composed of proteins with
many functional groups, including amide (peptide) bonds,
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 The most stable acetic acid adsorption configuration on wool (a), cotton (b) and nylon fiber (c); and the most stable ammonia adsorption
configuration onto wool (d), cotton (e) and nylon fiber (f).
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cystine (disulphide) crosslinks, and side chains of amino acid
residues. The bands at around 3280 cm−1, 1641 cm−1 and
1519 cm−1 (Amide II) of wool ber were associated with the N–H
bond stretching (Amide A), C]O (Amide I) stretching vibration,
and N–H (Amide II) bending vibration, respectively, which can
provide adsorption sites for both acetic acid and ammonia odor
molecules.24,44 Hydroxyl groups (–OH) observed at around
3334 cm−1 are active acidic sites (electron acceptors) that
benet the interaction between cotton and ammonia.13 Nylon
was predominantly basic in nature due to its amide groups (–
C(O)NH–), which appeared as two strong peaks at 1634 cm−1

and 1538 cm−1, corresponding to amide I (C]O) and amide II
(N–H) bands, respectively. These basic adsorption sites
contributed to a strong interaction between nylon and acetic
acid molecules.

To further clarify the interaction between the three ber
types and odor molecules, the adsorption energies of acetic acid
and ammonia onto ber samples were obtained via DFT
calculations (Fig. 6). The adsorption energy of physical
adsorption was about 40 kJ mol−1, and the adsorption energy of
the chemical adsorption process was equivalent to the heat of
the chemical reaction, which is generally 84–417 kJ mol−1.45

Adsorption energies of acetic acid and ammonia attached on
the wool ber were calculated to be −125.07 kJ mol−1 (Fig. 6a)
and −112.19 kJ mol−1 (Fig. 6d), respectively. This result indi-
cated that chemical adsorption occurred during the odor
adsorption processes onto wool, which may have included
acetic acid interacting with a basic amino acid (e.g. arginine)
and ammonia interacting with an acidic amino acid (e.g. glu-
tamic acid).24,46 Acetic acid and ammonia adsorbed on the
cotton ber surface led to adsorption energies of
−66.04 kJ mol−1 (Fig. 6b) and −80.72 kJ mol−1 (Fig. 6e),
respectively. These values indicated that cotton ber had
© 2023 The Author(s). Published by the Royal Society of Chemistry
a stronger adsorption towards ammonia than acetic acid. This
could be because acetic acid was unable to react with cellulose
to form stable acetyl groups,47 whereas hydroxyl groups (–OH)
on the cotton ber surface acted as active acidic sites (electron
acceptors) to benet the interaction between cotton and
ammonia via hydrogen bonding.13 The adsorption energies of
acetic acid and ammonia adsorbed on the nylon ber surface
were −59.94 kJ mol−1 (Fig. 6c) and −29.72 kJ mol−1 (Fig. 6f),
respectively, suggesting that nylon ber was more likely to
attract acetic acid than ammonia. This may be attributed to the
formation of a hydrogen bond between the amino groups of
nylon and acetic acid.48 As a result of the reversible process of
physical adsorption and weak Lewis acid-base interaction
between ber adsorbents and odors, their adsorption ability can
be recovered by placing the textile samples in a conditional lab
with an air ow for 12 hours.41
4. Conclusions

In summary, this work systematically investigated the adsorp-
tion characteristics and mechanisms of three common textile
bers, wool, cotton, and nylon, for two typical odors of acetic
acid and ammonia. The acetic acid adsorption quantities of the
three ber types followed the order of wool (2.54mg g−1) > nylon
(2.11 mg g−1) > cotton (1.87 mg g−1), while ammonia adsorption
quantities of the three ber types followed the order of wool
(0.49 mg g−1) > cotton (0.42 mg g−1) > nylon (0.32 mg g−1). The
pseudo-second-order kinetic model described the two odor
adsorption onto all three ber types well. Initial adsorption of
acetic acid onto wool, cotton, and nylon ber was mainly
controlled by the intraparticle diffusion process, while this is
not the case for ammonia adsorption onto the three types of
ber materials. The best odor adsorption and retention
RSC Sustainability, 2023, 1, 357–367 | 365
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performance of wool ber is attributed to its large surface area
and chemical adsorption mechanism. Cotton ber had
a stronger adsorption towards ammonia than towards acetic
acid because of the interaction between hydroxyl groups (–OH)
and ammonia via hydrogen bonding. Nylon ber lacked active
sites for ammonia adsorption, but it showed remarkable acetic
acid adsorption performance due to its predominant basic
surface character and the formation of strong hydrogen
bonding. This work helps with ber selection for interior
textiles and active sportswear to improve odor management.
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