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A facile soft template method to synthesize hollow
carbon and MnO, composite particles for effective
methylene blue degradationy
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and Guojun Zhang

Hollow carbon and MnO, composite particles (HC-Mn) were fabricated by using polyacrylic acid (PAA) and Mn
ion co-assembled colloids as the soft template and resorcinol formaldehyde resin (RF) as the carbon source.
The formation process was well studied and a plausible formation mechanism was proposed. The Mn ions
played two key roles in the synthesis: first, they promoted the aggregation of the PAA molecules, thus
forming the PAA-Mn colloids in solution with high water content, which were suitable for the subsequent
RF coating. Secondly, considerable Mn ions were retained after template removal, which were transformed
into MnO, particles simultaneously during carbonization. This approach was facile and effective and the as-
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Introduction

In recent years, hollow carbon particles have attracted increasing
attention due to their promising features such as favorable
conductivity, good stability, large surface area and high affinity to
organic chemicals, which make them useful in a wide range of
applications including catalyst supports, adsorbents and elec-
trode materials."® The most frequently used strategies for
synthesizing the hollow carbon particles are the hard template
and soft template methods.** Normally, three steps are involved
in the synthesis: (1) template preparation, (2) shell coating, and
(3) template removal.* Rigid particles such as silica, metal and
polymer particles are generally used as the hard templates, which
can be removed by dissolution, etching or pyrolysis depending on
their chemical nature.>® For the soft template method, gas
bubbles, emulsions and self-assembled amphiphilic molecules
are used as the soft templates, which are more facile to prepare
and easier to remove than the hard templates.'***

For constructing a carbon shell onto the surface of the
template, a polymer layer is usually coated and then carbonized
at inert atmosphere.’” Among the various polymeric materials,
phenolic resin has been proven to be an ideal carbon source,
owing to several advantages including the low cost, easy pro-
cessing and high char yield."> Moreover, it is well-known that
the Stober method is widely used for producing monodispersed
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prepared HC-Mn showed superior catalytic activity toward methylene blue (MB) degradation.

silica particles and coating silica onto other materials.'®
Recently, the Stober method has been successfully extended to
the resorcinol formaldehyde resin (RF) system.'”'® By
combining this RF coating process with the above-mentioned
template methods, a series of hollow carbon materials have
been constructed.*>*****® For example, Zheng's group prepared
hollow carbon particles with foam-like shells by using silica
spheres as template.” Liu et al synthesized hollow carbon
spheres with hexadecyl trimethyl ammonium chloride (CTAC)
as template and silicate oligomers as structure supporter.>®

A plausible application of the hollow carbon particles is to
load functional materials into their cavities.* However, multi-step
synthesis and post-treatment are usually indispensable to
produce such composites, which hampers their applications.***
Recent years, benefiting by the convenience and flexibility, poly-
acrylic acid (PAA) based colloids have been frequently used as soft
templates for preparing hollow silica materials.**>* However, the
PAA colloids can hardly form in solutions with a relative larger
water/ethanol ratio due to the higher solubility of PAA in water,
which is favorable for the RF coating.'”** We have previously re-
ported that PAA can effectively prevent Mn>" ions from precipi-
tation in an ethanol/water/ammonia mixture (the volumes are 90,
0.2 and 2 mL, respectively and 0.3 mmol Mn ions are added) due
to the strong interactions between the COO™ groups and Mn
ions.** Moreover, the PAA-Mn complex can form stable colloids
in the solution, which serve as effective templates for construct-
ing hollow silica materials. In this paper, by further increasing
the dosage of the Mn ions to 0.5 and 0.7 mmol, stable PAA-Mn
colloids have been successfully prepared in an ethanol/water/
ammonia mixture with higher water content (the volumes are
8,20 and 0.2 mL, respectively). Based on the as-prepared PAA-Mn
colloids, hollow RF and hollow carbon materials are successfully
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produced. As far as we known, it is the first application of the PAA
based soft template in the extended Stober method.

More remarkably, in addition to promoting aggregation of
the PAA molecules, a large amount of the Mn ions are retained
in the hollow RF particles even after template removal, which
are further transformed into MnO, particles simultaneously in
the following carbonization process. Therefore, the formation
of the hollow carbon particles as well as loading them with the
functional materials (MnO, particles) are achieved in step,
which is more facile than the traditional template methods. The
results of the control experiments suggest that the trafficability
of the RF shell and the motor ability of the PAA molecules are
the two key parameters for the formation of the hollow struc-
tures. Moreover, under the optimized condition, the as-
prepared hollow carbon and MnO, composite particles show
superior catalytic performance and promising stability for
methylene blue (MB) decoloration, which may find potential
applications in water treatment.

Experimental

PAA (M.W. = 1800) was provided by Aldrich. Manganese acetate
tetrahydrate, ammonia solution (25%), ethanol (99.5%),
hydrogen peroxide (H,O,, 30%), resorcinol and formaldehyde
were purchased from Sinopharm Chemical Reagent Company.
All chemical reagents are of analytical grade and used without
further purification. Deionized water was used in all the
experiments.

Typically, 0.5 mmol of the manganese salt and 120 mg PAA
were dissolved in 20 mL deionized water, followed by addition
of 0.2 mL ammonia solution and 8 mL ethanol to form a stable
colloidal dispersion. Then 0.2 g resorcinol and 0.28 mL form-
aldehyde were added into the colloidal dispersion under
vigorous stirring and the reaction time was prolonged for 10 h.
The product was collected by centrifugation and then washed
with deionized water several times. Finally, the sample was
dried and carbonized at 500 °C for 2 h. Abbreviations of the
sample names are shown in Table 1.

Characterization

The samples were characterized by X-ray diffraction (XRD,
Bruker D8), X-ray photoelectron spectroscopy (XPS, Escalab 250
Xi), thermal gravimetric analysis (TGA, DTG-60AH), trans-
mission electron microscope (TEM, JEM-3010), Fourier trans-
form infrared spectroscopy (FTIR, Nicolet Avatar 360) and
Raman spectrometer (Bruker Senterra R200-L). The specific

Table 1 Abbreviations of the sample names

Sample name Abbreviation
PAA and Mn ions colloid PAA-Mn-n“
RF coated PAA-Mn PAA-Mn-RF-n*
Hollow RF and Mn ions composite particles HRF-Mn-n“
Solid carbon and MnO, composite particles SC-Mn-n*
Hollow carbon and MnO,, composite particles HC-Mn-n*

“n=0.3,0.5 or 0.7, representing the amount of manganese salt added.
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surface areas were measured by an ASAP 2020 system (Micro-
meritics). UV-vis spectra were recorded on a 7600 MC UV-vis
spectrophotometer (BILON).

Catalytic activity

In a typical process, 10 mg catalyst was dispersed in 50 mL MB
solution (100 mg L"), which was stirred at 80 °C for 60 min to
achieve an adsorption-desorption equilibrium. Then, 3 mL
H,0, solution was added into the mixture. The reaction was
conducted at 80 °C and the concentration of the MB solution
was monitored by a spectrophotometer based on the adsorption
peak at 664 nm. For the recycling tests, the used catalysts were
separated by centrifugation and washed with water for three
times. After drying in an oven at 60 °C, they were re-dispersed
into the MB solution and the catalytic reaction was carried
out followed the same procedure mentioned above.

Results and discussion
Synthesis and characterization of the HRF-Mn

Previously, we have found that PAA can effectively prevent the
Mn ions from precipitation in basic solution. They co-assemble
into stable colloids in the solution with low water content,
which are further used as templates for constructing hollow
silica materials.> Based on the similarities between the
synthesis of SiO, and RF, the PAA-Mn colloids would also be
qualified for the synthesis of hollow RF and hollow carbon
based materials.

Technically, the RF coating is always conducted in a water/
ethanol/ammonia mixture with higher water content."”*
However, due to the higher solubility of the PAA molecules in
water than in ethanol, the PAA-Mn colloids are hardly gener-
ated in such a solvent condition.?* As shown in Fig. 1a (solution
A), when 0.3 mmol Mn ions are dissolved in the solution,
a transparent and clear solution is formed. Interestingly, as the
concentrations of Mn ions are further increased to 0.5 and
0.7 mmol, the solution turned from transparent to cloudy
(solution B and C), suggesting the formation of PAA-Mn
colloids.??* Generally, one manganese ion (Mn>" or Mn’")
couples with two or three COO™ groups on PAA, which can serve
as cross-linking agents and also reduce the electrostatic repul-
sion between the PAA chains.? Therefore, the aggregation of the
PAA molecules is promoted by applying a higher Mn loading,
thus forming the PAA-Mn colloids. However, when 0.9 mmol
manganese salt is added, excess COO™ groups are occupied and
the PAA-Mn colloids become unstable and eventually precipi-
tate from the solution (solution D).

We attempt to analyze the sizes and size distributions of the
as-prepared colloids directly by dynamic light scattering (DLS),
but no qualified results can be provided, which may be due to
the high concentration of ions in the systems. Fig. 1b and c
shows the TEM images of the PAA-Mn colloids with different
Mn loading (0.5 and 0.7 mmol). For PAA-Mn-0.5 (Fig. 1b), the
products are highly aggregated and it is hard to recognize the
individual colloid particle. This indicates the PAA-Mn-0.5 are
very “soft”, which are coalesced to each other upon drying. In

n
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Fig.1 Photograph of the PAA solutions containing different amount of
Mn ions (a). TEM images of the PAA—Mn-0.5 (b) and PAA-Mn-0.7 (c).

contrast, the profiles of the PAA-Mn-0.7 are clearly observed in
Fig. 1c, which are subsphaeroidal with an average size around
29 nm. Since more Mn ions are used in the later sample and
they can form more cross-linking sites in the colloids, making
the product more rigid.>

For coating the PAA-Mn colloid with a RF layer, resorcinol
and formaldehyde were added into the system.'* After poly-
merization, the products were collected for TEM characteriza-
tion (Fig. 2). For the PAA-Mn-RF-0.3 (Fig. 2a and d), uniform
and well-dispersed spheres are observed. Because of the

This journal is © The Royal Society of Chemistry 2018
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Fig.2 TEM images of the PAA-Mn-RF-0.3 (a and d), PAA-Mn-RF-0.5
(b and e) and PAA-Mn-RF-0.7 (c and f).

absence of the PAA-Mn colloids in the solution, the morphology
of the product is similar to that in the case of pure RF resin.'” As
the manganese concentration increased to 0.5 and 0.7 mmol,
the particles in the TEM images are around 41 and 44 nm
(Fig. 2b and c), respectively, smaller than the PAA-Mn-RF-0.3.
Moreover, the particles are irregular in shape and inter-
connected to each other, similar to the structures of the PAA-
Mn colloids (Fig. 1b and c). However, by careful observation, the
particles in Fig. 2e and f are more clear-cut than their coun-
terparts in Fig. 1b and ¢, indicating the successful coating of the
RF layers.

In the next step, the samples shown in Fig. 3 are washed
thoroughly with deionized water. For the PAA-Mn-RF-0.3
(Fig. 3a and d), there are no apparent shape or structure
changes observed, but the profile of the particles is smoother
due to the dissolution of the surface impurities. Interestingly,
when the PAA-Mn-RF-0.5 and PAA-Mn-RF-0.7 are washed with
water, the final products present obvious hollow structures
(Fig. 3b and c). This is due to the high solubility of the PAA
molecules in water, which can diffuse out through the pores in
the RF resin shell, leaving a cavity behind.** The cavity sizes of
the as-prepared HRF-Mn-0.5 and HRF-Mn-0.7 are 21 and 26 nm,
respectively, which is basically the same as the size of colloid
particles counted before.

To further prove that the PAA-Mn colloids inside the RF
resin shells can be simply removed by water washing, FTIR
spectra of the samples were also provided. In the spectrum of
the PAA-Mn-RF-0.5 (Fig. 4 line A), broad peaks observed at 3140
and 3433 cm ™" are due to the -OH ended groups in RF resin and
PAA.*® The band at 1604 cm ™' can be assigned to the stretches
of aromatic rings, implying that RF resin is successfully coated

RSC Adv., 2018, 8, 28525-28532 | 28527
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Fig. 3 TEM images of the PAA-Mn-RF-0.3 (a and d), HRF-Mn-0.5 (b
and e) and HRF-Mn-0.7 (c and f).

on the sample.”® Meanwhile, the band at 1404 cm ™ is due to the
C-O stretching modes of the COO- group.” The peaks at
1172 em™' and 1080 cm™' are associated with the C-O-C
stretching vibrations of methylene ether bridges.*® The peaks at
625 cm~ ' and 578 cm ! are attributable to the stretching mode
of Mn-O, confirming the presence of the manganese oxide or
the manganese hydroxide.”® After water washing, the FTIR
spectrum of the HRF-Mn-0.5 (Fig. 4 line B) is similar to that of
PAA-Mn-RF-0.5. However, the relative intensities of the peaks
assigned to the COO™ group (1396 cm™ ') and Mn-O (586 cm ™)
are reduced, confirming a large amount of PAA and Mn ions are
removed by the washing process. However, the above two peaks
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Fig. 4 FTIR spectra of the PAA-Mn-RF-0.5 (line A) and the HRF-Mn-
0.5 (line B).
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do not disappear completely, suggesting that PAA and manga-
nese are still partially residual.*® In fact, based on the concen-
tration of Mn ions (determined by ICP) in the supernatant after
centrifugation and washing, it is concluded that about 40% of
the total manganese element still exists in the HRF-Mn-0.5,
which may facilitate the in situ formation of manganese oxide
inside the hollow structures in the next carbonization process.

Synthesis and characterization of the HC-Mn

The TGA profile of the HRF-Mn-0.5 is shown in Fig. 5a. Between
25-300 °C, the weight loss is mainly due to the evaporation of
water and evolution of the unreacted oligomers.> Pyrolytic
carbonization occurs mainly in the range of 300-700 °C. And the
structure of matrix carbon becomes ordered within the 700-
1000 °C.**** In order to ensure both of the high carbon yield and
good dispersion of the products, the carbonization temperature
is set at 500 °C. Fig. 5b shows the FTIR spectra of HRF-Mn-0.5
(line A) and HC-Mn-0.5 (line B). After carbonization, the peaks
correspond to Mn-O (632 and 578 cm™") become more remark-
able, while most of the other bands are greatly weakened, indi-
cating the decomposition of the organic groups.* However, there
are still plenty of organic groups on the surface of the HC-Mn-0.5,
which may enhance their dispersibility in water.

Fig. 5c presents the Raman spectrum of the carbonized sample
(HC-Mn-0.7), in which two strong peaks at around 1355 and
1584 cm™ ' are observed. The former is due the characteristic D
band and the latter is attributed to the G band of carbon material.*
The crystallinity of the carbon materials is usually evaluated by the
peak intensity ratio between the D and G bands (Ip/Ig).** Here, the
I/l value is about 0.85, indicating the presence of large amount of
graphitic carbon.” The XRD patterns of the SC-Mn and HC-Mn are
shown in Fig. 5d. For all the samples, the broad peaks around 20°
are attributed to the (002) Bragg diffraction from turbostratic
carbon.*® However, no visible diffraction peaks belonging to the
manganese oxides are observed, which may be due to their small
size and low content in the samples.*®
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Fig. 5 TGA curves of the HRF-Mn-0.5 at N, atmosphere (a), the FTIR
spectra of HRF-Mn-0.5 (line A) and HC-Mn-0.5 (line B) (b), Raman
spectrum of the HC-Mn-0.7 (c), and XRD patterns of the SC-Mn-0.3
(line A), HC-Mn-0.5 (line B) and HC-Mn-0.7 (line C) (d).
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The chemical bonding states and compositions in the HC-
Mn are further investigated by the X-ray photoelectron spec-
troscopy (XPS). The signals of manganese, oxygen and carbon
elements can be observed from the survey spectra shown in
Fig. 6a. From the relative contents shown in Table 2, we can see
that the HC-Mn-0.7 bears the highest Mn loading. As shown in
Fig. 6b, two peaks around 653.6 and 641.8 eV are observed in the
three XPS spectra, corresponding to the Mn 2p3/, and Mn 2p;,,
spin-orbit states of Mn;O,, respectively.’® The observed sepa-
ration of 11.8 eV is in consistent with earlier reports for
Mn;0,.>> Furthermore, the satellites located around 646 eV
indicate the probable presence of MnO phase.'® The XPS results
suggest that MnO and Mn;0,4 may present in the three samples,
which are suitable for catalyzing the Fenton reaction.*®

Fig. 7 shows the TEM images of the SC-Mn and HC-Mn. The
morphologies of the three samples have no significant changes
compared to those before carbonization. However, due to the
shrinkage during carbonization, the cavity sizes of HC-Mn-0.5
and HC-Mn-0.7 are measured to be 14 and 21 nm, smaller
than those shown in Fig. 3b and c, respectively. Interestingly, in
the enlarged image of Fig. 7f, no MnO, particles are observed,
maybe due to their small size or similar contrast to carbon.'®
Additional element mapping images by EDS are given in Fig. 8,
confirming the existence and homogeneous distribution of the
Mn element.
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Fig.6 XPS survey spectra (a) and the high-resolution Mn 2p spectra (b)
of the samples.
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Fig. 9a shows the N, adsorption-desorption isotherms of the
manganese oxide and carbon composite particles. According to
the IUPAC classification, all the isotherms are identified as type
IV with a distinct hysteresis loop at relative pressures (P/P,)
from about 0.45 to 1.0, indicating the presence of meso-
pores.”*** Fig. 9b shows the pore size distributions of the three
samples. Since no porogen (such as CTAB) was used in the
synthesis, no sharp peaks are observed in all the three curves.
For the SC-Mn-0.3, most of the pores are located around 2.0 nm,
which are generated by the released gas during carbonization.®
In the curves of the HC-Mn-0.5 (line B) and HC-Mn-0.7 (line C),
broad peaks in the range of 12-15 nm and 18-22 nm are
consistent with the cavity sizes of the HC-Mn-0.5 (14 nm) and
HC-Mn-0.7 (21 nm), respectively. As listed in Table 2, benefiting
from the large surface to volume ratio of the hollow structures,
the BET surface areas of the HC-Mn-0.5 and HC-Mn-0.7 are all
above 300 m® g~ ', much larger than that of the SC-Mn-0.3 (195.5
m” g~ '). Moreover, the HC-Mn-0.5 bears a larger BET surface
area than HC-Mn-0.7, which may be attributed to the higher Mn
content and more aggregation of the HC-Mn-0.7.

Formation mechanism: dual roles of the Mn ions

Based on the above results, the formation mechanisms of the
HRF-Mn and HC-Mn are proposed. Due to the strong interaction
between Mn ions and the COO™ groups on PAA, the Mn ions
serve as the cross-linking agent and charge shield, promoting the
formation of the PAA-Mn colloids in water/ethanol/ammonia
mixture with high water content.* Then, the PAA-Mn colloid is
coated with a RF layer via the extended Stober method. In
previous reports, PAA based colloids are frequently used to
prepare hollow silica materials. Since the silica shells synthesized
by the Stober method are normally porous, the low-molecular
weighted PAA can diffuse out of the silica shell and dissolve in
water.** So, it is obvious that the PAA molecules can also pass
through the RF shell synthesized by the extended Stober method
to form the hollow structure. For comparison, if the RF coated
colloids (using the PAA-Mn-RF-0.5 as example) were first cured
by hydrothermal treatment, and then washed with deionized
water, solid particles instead of HRF are produced (Fig. 10a and
c). It is well known that the molecular network of the cured RF
resin is more compact,* which may prevent the PAA molecules
passing through, leading to the formation of solid structure. In
addition, if some H,0, was added into the solution of the PAA-
Mn colloids, transforming most of the Mn ions into solid
manganese oxide particles in advance, hollow structure cannot
be produced either (Fig. 10b and d)."® We guess that the solid
particles may restrict the movement of the PAA molecules,
making them trapped inside the RF shells. These results suggest
that the trafficability of the RF shell and the motor ability of the
PAA molecules are the two key parameters for preparing of the
hollow RF structure.

Moreover, unlike the small molecules, the PAA cannot be
removed completely. This phenomenon is also observed in the
Arabic gum system.* The residual PAA can catch considerable Mn
ions, which further serve as the precursor for the in situ formation
of MnO, during the carbonization step. Our strategy is very feasible

RSC Adv., 2018, 8, 28525-28532 | 28529
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Table 2 Physicochemical properties of the manganese oxide and carbon composites

Sample name Surface area (m* g~ ") Pore volume® (cm® g ™) Average pore width (nm) Mn loading” (%)
SC-Mn-0.3 195.5 0.14 6.95 5.7
HC-Mn-0.5 386.2 0.56 10.4 9.0
HC-Mn-0.7 308.3 0.66 16.5 12.1

“ single point adsorption total pore volume at P/P, = 0.97. ” Weight percentage determined by ICP.

to synthesize the MnO, and hollow carbon composites. In addi- Catalytic performance
tion, it also ensures the small size and well dispersion of the MnO,,

both of which . . i 17 To evaluate the catalytic activities of the as-prepared samples
oth of which are very important in catalysis.

(SC-Mn-0.3, HC-Mn-0.5, HC-Mn-0.7) in Fenton process, an
organic dye of MB is chosen as the model pollutant.***° Fig. 11a
shows the UV-vis absorption curves recorded at different time
intervals using HC-Mn-0.7 as catalyst. Before adding H,0,, the
MB solution and the catalysts were stirred for 60 min to reach
the absorption equilibrium. As H,0, is added, the peak inten-
sity of the MB solution decreases sharply in the first 10 min, and
then continuously drops to nearly 0 at 50 min, indicating the
gradual degradation of MB.***' The degree of MB degradation is
calculated by the absorbance of the MB at 664 nm. As can be
seen in Fig. 11b, due to their larger surface area, the MB
adsorptions in HC-Mn-0.5 and HC-Mn-0.7 are 17.4% and
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Fig. 10 TEM images of the washed products if the colloids were first
hydrothermally cured (a and c) and if H,O, was added into the solution
of the PAA—-Mn colloids before RF coating (b and d).

19.3%, respectively, higher than the SC-Mn-0.3.**>** When H,0,
is added, 21.5%, 88.3% and 94.4% of MB dye are degraded by
SC-Mn-0.3, HC-Mn-0.5 and HC-Mn-0.7 in 50 min, suggesting
the superior catalytic activity of the HC-Mn-0.7.*** For
comparison, the MB degradation is only 6.7% if only H,0O, is
used but no catalyst is added, confirming that the decoloration
of the MB solution is due to the catalytic effect of the catalyst.

In order to investigate the degradation kinetics, the first-
order kinetic model is applied to fit the degradation data and
the results are shown in Fig. 11c. It is apparent that all experi-
mental data follow the first-order kinetic model well.”®* The
degradation rate constants of MB for SC-Mn-0.3, HC-Mn-0.5
and HC-Mn-0.7 are 0.00335, 0.03844 and 0.05868 min *,
respectively. Obviously, the HC-Mn-0.7 exhibit the best activity.
The superior catalytic activity of the HC-Mn-0.7 is attributed to
the relatively high content, small size, well dispersion, and low
valence states of the MnO,."**' In addition, the large surface
area of the hollow structure can provide faster mass exchange,

a = b 10
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}-+— HC-Mn-0.5
02 f+—SC-Mn-0.3
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Fig. 11 Typical UV-vis absorption spectra of the MB solution recorded
at reaction different time using HC-Mn-0.7 as catalyst (a), plots of C/Cq
(b) and In(Co/C) (c) versus reaction time and the recycling performance
of HC-Mn-0.7 (d).
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which is favourable for the catalytic reaction. Compared to
those of the manganese oxides-based catalysts (Table S17), the
results are more remarkable, even though the Mn loading in our
case is relatively low.

As shown in Fig. 11d, the HC-Mn-0.7 also shows an excellent
recyclability, since the removal efficiency of MB only decreased
by 3.0% after five cycles. This phenomenon may be due to the
large number of functional groups on the surface of HC-Mn-0.7,
which prevents the Mn ions from leaching during the catalytic
reaction. In addition, Fig. S11 shows the TEM image of the HC-
Mn-0.7 after the cycling tests. Compared with the samples
shown in Fig. 7, no apparent structure change is observed,
proving the good stability of the HC-Mn-0.7.

Conclusions

In summary, a soft template method is shown here to synthesis
the HC-Mn materials, in which the hollow structures are formed
by simply water washing and the incorporation of the MnO, can
be simultaneously achieved during the carbonization process.
The Mn ions play two key roles in the synthesis: First, they
promote the formation of the PAA-Mn colloids in solutions
which are suitable for RF coating. Secondly, considerable Mn
ions are retained after the template removal, which are trans-
formed into MnO,. By conducting control experiments, it has
been proven that the trafficability of the RF shell and the motor
ability of the PAA molecule are both important for the formation
of the hollow structures. This approach is much more facile and
effective than the traditional methods and the as-prepared HC-
Mn-0.7 showed superior catalytic activity toward methylene
blue degradation.
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