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ABSTRACT

Perfluorooctanoic acid (PFOA) is a persistent and bioaccumulative refractory
organic pollutant, which has aroused great concern on its environmental fate. Herein,
inspired by biomimetic materials, a preeminent heterogeneous catalyst, iron-porphyrin
loaded biochar (Fe(TPFPP)/BC) was constructed to activate persulfate (PS) for PFOA
degradation. Moreover, the existence of persistent free radicals (PFRs) on biochar could
transfer electrons to iron-porphyrin and PS to directly or indirectly speed up the
generation of SO4 - and OH - By introducing ascorbic acid (AA) as an electronic
circulation agent to maintain the concentration of PFRs, the%lTPP)/BC-PS-AA

system could degrade 75.90% PFOA in 30 min, even rea . with increasing

reaction time. The effects of key factors on PFOAegegradatio

only provides insights into the catalytic f& egpating biomimetic thought, but also
f

provides an efficient method to degra

ere investigated. The

ased as well. This work not

reaction mechanism and degradation pathway we

ated compounds (PFCs).

oxidation
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1. Introduction

Perfluorinated compounds (PFCs) are a class of anthropogenic chemicals, which
contain a fully fluorinated hydrophobic alkyl chain and hydrophilic end group. They are
widely used in industry and household surfactants and fire-fighting foams owing to their
special properties, i.e. thermal stability and oxidative resistance*). Perfluorooctanoic
acid, one of the most typical and common detected perfluorinated compounds, is
usually detected in soil, surface water, and groundwater® °l. PFOA is bioaccumulative
and possesses long-distance transmission capability. Once ingested into human body via
food ingestion and drinking water, it can interfere with endocrigf€ processes and induce
potential reproductive and developmental toxicity!*®l.

It is difficult to naturally degrade PFOA dgg to its ssong C-F bond (531.5

kJ molH, Many efforts have been made to dis @ OA involving adsorption(®,
sonolysist™, advanced oxidation™, etc[”&%’them, adsorption is a flexible and
effective strategy. However, it suffer Itations such as eluent treatment!*3-15],
Similarly, complicated operatio energy consumption limit the large-scale
application of sonolysis!*® 1@rnatively, advanced oxidation process is a relatively
ideal treatment m od.@vhe advantages of simplified operation and high versatility,
high amenability an¥environmental compatibility™® 1, In particular, it can efficiently
convert organic pollutants into biodegradable small organic or inorganic substances
within a short reaction timel?%,

Persulfate based advanced oxidation process has been proved to be capable of
degrade various refractory organic pollutants such as PFOAY. To activate persulfate,
heatl??l, radiation!®®l, electrolysis®l, and other methods!?>?®l have been developed.

Although heat activation and electrolysis activation can achieve satisfactory activation

rate, they are energy-consuming and need complex equipment. Compared with these



energy-based activation methods, heterogeneous catalysts have higher catalytic activity
and reusability.

Biomimetic materials can cleverly exploit the structure of the organism which has
been incessantly optimized and adjusted by the natural selection in the evolution?-31,
They are quite attractive, especially the advantages of high efficiency and optimized
structurel®> *3, Inspired by the concept, iron-porphyrin, a biomimetic model for the
hemin-containing enzymes, awakened our interest to construct an efficient catalyst.
Iron-porphyrin is a tetrapyrrole ring containing a divalent iron ion in the center, which is
similar to the structure of the active site of peroxidase enzymgP 2. It could play an
important role in transferring electrons during the caiqlyti\N\Qraa#ss. Indeed, iron
catalysts have been reported to possess excellent gatalytic pesformance in activating
persulfatel®® *71 e.g., zero-valent iron*8! and ferr xidel*l, Fe? has a favorable
activation effect on persulfate, however, 4 s fom poor stability. Free state Fe?*
suffers from being consumed rapidly &ver energy for persulfate activation. In
relative terms, iron-porphyrin i ctive, stable, environmentally friendly, and
can be used repeatedly. HO@I might form catalytic inactive dimers in aqueous
solution due to eclqgr ajgregation, then resulting in the passivation of catalytic
activity!® “1. To o¥rcome this drawback, immobilization is a feasible strategy to
improve the stability and activity of iron-porphyrint> #1 which could result in a
significant increment in the reuse of iron-porphyrinf*41,

Biochar is a carbonaceous material, which can be prepared from forestry and
agricultural residues*!, sediment“’l domestic wastel*’l, etc*® “°1. It has abundant
functional groups, high surface area and well developed pore structurel™. According to
the physical and chemical properties of biochar, it might be an ideal carrier to support

iron-porphyrin and maintain the stability and activity of the biomimetic enzyme model.



Especially, biochar contains rich persistent free radicals®™ %2, These PFRs are stable but
reactive, and they can continuously provide electrons to other electron-acceptors, thus
promote reactive oxygen species (ROS) formation in aqueous medial®® %4, Therefore, it
is of great interest to investigate the situation when biochar and iron porphyrin meet.

Herein, inspired by biomimetic materials, a preeminent heterogeneous catalyst was
constructed based on the hemin-containing enzyme active center mimic
(iron-porphyrin), i.e. a camphor leaf biochar supported iron-porphyrin (Fe(TPFPP)/BC),
which was employed as an activator of persulfate to generate radicals for oxidizing
PFOA. Moreover, AA was introduced as an electronic circula%nt to regenerate
the PFRs in biochar. The degradation efficiency, degraggti ss and reaction
mechanism of PFOA by Fe(TPFPP)/BC-PS-AA sysigm were el®deidated. In addition, the
effects of other influencing factors on the removal A were analyzed as well. This
work not only provides a novel idea in c y integrating biomimetic thought,
but also provides an efficient method
2. Experimental sections
2.1. Chemicals and Material()

Camphor legyes qgobtained from Yuelu Mountain in Changsha, China.
Perfluorooctanoic d, 1ron-porphyrin (Fe(TPFPP)) and sodium persulfate were
purchased from Aladdin. HPLC-grade ammonium acetate was produced by Anaqur
Chemicals Supply corporation. HPLC-grade methanol was purchased from Merck. All
other chemicals and solvents were analytical grade and supplied by Sinopharm
Chemical Reagent limited corporation. Ultra-pure water was used throughout the PFOA
degradation experiments.

2.2. Preparation of Biochar

The collected camphor leaves were washed and over-dried at 110°C. The dried



leaves were broken into granule and sieved through 100 mesh. Then they were
pyrolysed at 400°C for 6 h under N2 flow condition. The obtained biochar (BC400) was
rinsed with ultra-pure water and oven dried (110 <C) for subsequent use.
2.3. Preparation of Fe(TPFPP)/BC

1 g BC400 and 0.1 g Fe(TPFPP) were dispersed into 50 mL DMF solution, and
then mixed by magnetic stirring for 30 min. The mixture was transferred into a Teflon
flask and placed inside a steel jar. The system was kept in a drying oven at 180°C for 8
h. After cooling down to room temperature, the solid was washed several times and

dried under vacuum at 40°C. The obtained sample was record d%ﬂFPP)/BC.

2.4. Electron Paramagnetic Resonance (EPR) Study

BC400 (0.02g) was enclosed in a quartz capMgry and then evaluated by EPR
Spectrometer (EMX 10/12, Bruker, Germany). nce frequency was 9.76 GHz,
the time constant was 40.96 ms, the mic er was 19.92 mW, the modulation

amplitude was 2.0 G, the modulatio

s, the sweep width was 20:@

concentration of BC4OOQ fied by EPR using a single crystal of ruby (1.5x1.5%
1.5 mm?®) doped w 15 Cr¥* mg?! as a standard.

2.5. Characterization

cy was 100 kHz, the sweep time was 81.92

t receiver gain was 1.0x 10%. The PFRs

The surface morphologies were analyzed by scanning electron microscopy (SEM)
using a JSM-5600 LV microscope (JEO, Ltd., Japan). Fourier transform infrared (FTIR)
spectra was recorded on NICOLET 5700 FTIR spectrometer. The crystal phase was
obtained by X-ray diffraction (XRD) on D8 ADVANCE powder X-Ray diffractometer.
The surface elemental composition and chemical state analyses were based on the
results of X-ray photoelectron spectroscopy (XPS) (Thermo Fisher Scientific, UK).

2.6. Degradation Experiments



50 mL PFOA solution was transferred into 150 mL conical flask. Then a certain
amount of Fe(TPFPP)/BC were added the conical flask, followed by adding persulfate

and AA to trigger the reaction. The PFOA degradation process was performed at 25 #1°C

by gas batch heating and mixed by a shaker (160 rpm). At this point, 10 mL aqueous
sample was taken and quenched by 0.2 mL methanol. The mixture was filtered through
0.22 um membrane, followed by SPE cleanup.

The effects of key parameters (e.g. Fe(TPFPP)/BC dosage (0, 0.1, 0.2, 0.5, 1 and 2

g/L), persulfate concentration (0, 6.04, 12.06, 24.15, 36.23 and 60.39 mM), AA

concentration (0, 1, 2, 5, 10 and 25 mM), initial pH (1, 2, 9 and 11) and

coexisting anions (ClI" and COs*) (0, 0.01, 0.05, 0.1, mM)) on the
degradation of PFOA were investigated. And theqgdical quelching experiment was

studied. The initial pH of the mixture was 2.89. the mixture was adjusted by
0.1 M HCI or NaOH solution. All experir& rried out in triplicate.

The residual sulfate was treat usMIg ettringite precipitation method. The
specific treatment steps were sup@v support information.

2.7. Products Analysis ()

PFOA and itegcomgogition products were analyzed by a high-performance liquid
chromatograph (HPRC) Agilent 1290/6460 Triple Quad equipped with a mass
spectrometer operated in negative ion electrospray ionization mode, and the
quantification limits of PFOA was 9 ng/L ( RSD <5.5%, S/N =7.2, n =6). PFOA and its
decomposition products were separated by Cig column (2.1x 100 mm; 1.8 um, Agilent).

The column was held at 30°C and the flow rate was 0.3 mL/min. The mobile phase

consisted of (A) 10 mM ammonium acetate and (B) methanol. The eluent gradient was
set t013 min. It was started with 40% B and maintained 1 min. Then B was increased to

100% in 6 min, then it was held for another 3.5 min. And finally B was returned to 40%
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over additional 2.5 minutes.

3. Results and discussion
3.1. EPR Analysis

EPR spectroscopy was conducted to investigate the effect of PFRs in BC400,
involving their concentration and species. A broad singlet EPR signal was observed of

BC400 in Fig. 1. The g-factor and AHp.p, of BC400 was 2.0036 and 6.8000G,

respectively. Since the g-factor of carbon-centered radicals with an adjacent oxygen
atom was in the range of 2.0030—-2.0040, while the g-factor of carbon-centered radicals
was less than 2.0030 and that of oxygen centered radicals wege an 2.00400°1, |t
means that carbon-centered radicals with an adjacent ox were dominant in

BC400. In addition, the concentration of PFRs in BCMQO reached 2.69x 10%° spins/g.

3.2. Characterization

The morphology of BC400 and Fe( P) was investigated by SEM. As seen

in Fig. 2a, the pore size distributi uniform and ordered closely on BC400.
Obviously, a large specific s %ﬂ and a high adsorption site could be provided.
When obtaining the Fe Q based adhesion effect, the iron-porphyrin spherical
particles were hig Qand dense on the biochar support (Fig. 2b). These results
indicated that BC400%s an excellent support to disperse and stabilize iron-porphyrin. It
was beneficial to immobilizing the artificial enzyme active center mimic and achieving
an excellent catalytic effect.

Moreover, the composition of elements in BC400, iron-porphyrin and
Fe(TPFPP)/BC were tested by XPS. A new band of iron was detected in the spectrum of
Fe(TPFPP)/BC. Besides, the bands of nitrogen, carbon and oxygen had a marked
increase compared to that of BC400 (Fig. 3a). As shown in C 1s spectrum (Fig. 3b),

the C=0 binding energy of Fe(TPFPP)/BC is 287.3 eV, which both shifted 2.1 eV
8



compared with BC400 and iron-porphyrin, and the percentage of C=0 increased by
6.07% and 4.62%, respectively. These results indicated that the immobilization of
iron-porphyrin on biochar would affect the chemical state of C. According to Fe 2p
spectrum (Fig. 3c), Fe(TPFPP)/BC presented two new peaks at 711.24 eV and 724.42
eV compared to BC400, which were attributed to the existence of Fe species in Fe-N.
While, there were almost no change in the chemical state of O and N (Fig. 3d and Fig.
3e). The above results suggested that Fe(TPFPP)/BC was successfully synthesized, and
the structure of iron-porphyrin had no change in the preparation process, i.e. the

biomimetic enzyme model on the Fe(TPFPP)/BC could give E!:Iplay to its catalytic

activity. Specific data for the binding energy of each elgglr
BC400, iron-porphyrin and Fe(TPFPP)/BC was sumgarized in N\able 1.
The crystal structure of materials was obs XRD. The powder X-ray

diffraction patterns of BC400, iron-porphyi a%TPFPP)/BC were shown in Fig. 4a.

S proportion in

Fe(TPFPP)/BC displayed the basal di j0Yg@¥aks in the similar location with BC400,
indicating that the iron-porphyri@ Ization took place on the surface and at the
edges of biochar, which didfgot cgange the structure of biochar. The high purity of the
sample during theg m@’ion process was also confirmed since no other crystalline
impurity was det&

To further verify the functional group structure of the obtained materials, BC400
and Fe(TPFPP)/BC were tested by FTIR (Fig. 4b). Because of the low iron-porphyrin

loading amount on the support, the FTIR spectra of Fe(TPFPP)/BC was mainly based

on the characteristic vibration bands of the groups of BC400. The bands at 1602 cm™
and 1311 cm™ in the spectrum of Fe(TPFPP)/BC were attributed to amine groups. The
peak that appeared at 1749 cm™ in the spectrum of BC400, which was attributed to

C=0 bonds, shifted to 1752 cm™ in the spectrum of Fe(TPFPP)/BC. Meanwhile, a new
9



absorption peak was observed at 700 cm™. These results indicated that the artificial
enzyme active center mimic was anchored onto BC400 through covalent bonds, i.e.
O=C-Cl.
3.3. Degradation Process

Compared to PS alone system and Fe(TPFPP)/BC alone system, the
Fe(TPFPP)/BC-PS-AA system could degrade PFOA efficiently and rapidly (Fig. 5a, Fig.
5b). 56.85% PFOA was degraded in just 5 min. After reacting for 30 min, the
degradation efficiency was 75.90%, and then reached 90.88% in 12 h. To reveal the
effect of different factors in the PFOA degradation procesgl a series of reaction
parameters, e.g., Fe(TPFPP)/BC dosage, PS dosage, AAago %and coexisting
anions were involved.
3.3.1. Impact of Fe(TPFPP)/BC dosage

Effects of different Fe(TPFPP)/BC&@’, 0.1, 0.2, 0.5, 1, 2 g/L) on the

degradation of PFOA were investig

c). The persulfate alone system only
degraded 21.20% PFOA. In cont rise of degradation efficiency of PFOA was
achieved when added Fe(TPgPP)C. With the Fe(TPFPP)/BC dosages increasing from
0.1g/Ltolg/L,t de@)n efficiency of PFOA improved from 36.96% to 87.33%.
The increase in d%n might attribute to the following aspects. Firstly, the amount
of active sites and catalytic reaction centers increased with the increment of
Fe(TPFPP)/BC dosage, which was in favor of persulfate activation and radicals
generation for oxidizing PFOA. Next, it was noteworthy that the total PFRs on the
biochar was positively related with the dosage of Fe(TPFPP)/BC. On the one hand, the
growing PFRs could persistently provide electrons to iron-porphyrin, thereby speeding

up activating persulfate. On the other hand, they could directly transfer electrons to

persulfate to produce radicals. Nevertheless, the degradation efficiency of PFOA was

10



not significantly improved when Fe(TPFPP)/BC varied from 1 g/L to 2 g/L. It was
inferred that the active sites and catalytic reaction centers of activated persulfate had
reached saturation and the contribution of adsorption was negligible.
3.3.2. Impact of persulfate concentration

Effects of various persulfate concentrations (0, 6.04, 12.08, 24.15, 36.23, 60.39
mM) were investigated as well. It was speculated that the PFOA degradation was
dependent on the persulfate concentration. The degradation efficiency in Fe(TPFPP)/BC
alone system was 36.35% (Fig. 5d). Because iron-porphyrin as hemin-containing

enzymes active center mimic, it could function as an oxyge<E;ansfer reagent. The

carried oxygen molecules could combine with electrons o rm Oz 81, And
PFRs on BC400 could induce OH -generation in thegresence oNO,[°"1. Once the system
supplemented with persulfate, the existing Fe(TP would activate persulfate to
generate SO4 5 which could also trig o&c generation (Eqg. 1-5) to degrade

PFOA. When the persulfate concentr creased to 60.39 mM, the degradation
efficiency of PFOA reached 0. QLU was important to note that overdose of
persulfate could accelerate r@cavenging, because excessive SO4 -could react with
S,0s> (Eq. 6 a Y)Qj)voke self-consumption (Eq. 8 and 9). Obviously, an

appropriate persulfa¥ dosage would maintain high degradation efficiency of PFOA,

meanwhile avoid materials waste.

SOs.- + HO — SO4* + H" + OH - (1)
SOs - + H,O — HSO4 + OH - )
OH -+ OH-— H,0; 3)

OH -+ H02 — H0 + Hz- 4)
OH™ + H202 <> Hp0 + HOy (5)
SO4 - + $508% — SO04% + S,0q - (6)

11



SOs - + $08% — 3504 (7)
SO4 - + SO4 - — S$,08% (8)
SO4 - + SO4 - - 2S04% (9)

3.3.3. Impact of AA concentration
As an electronic circulation agent, AA in the Fe(TPFPP)/BC-PS-AA system could
“charge” to BC400, further influence the degradation of PFOA. The effects of different
AA concentration (0, 1, 2, 5, 10, 20 mM) on the PFOA degradation were showed in Fig.
6a. AA could markedly promote the degradation efficiency of PFOA. With the addition
of 1 mM AA, the degradation efficiency of PFOA increase 0%, compared to
AA free system. Certainly, AA could continuously supp ns to BC400 and
regenerated the consumed PFRs, thereby maintainygjhe sustainable electron transfer
process from BC400 to porphyin and pers% ade system exhibit a higher
efficiency in the generation of radicals, tw ncing PFOA degradation process.

3.3.4. Impact of initial pH

The initial solution p other critical operation parameter that might

influence the Fe(TPFP A system, involving the oxidant activity, the radical

oxidation potentia ation degree of organics, and the surface charge of solid,
etc®. Various initia®pH conditions (1, 2, 3, 5, 7, 9, 11) were investigated for the
degradation of PFOA by Fe(TPFPP)/BC-PS-AA system. The degradation efficiency of
PFOA under acidic condition was generally superior to that under alkaline condition

(Fig. 6b). The maximum degradation efficiency was 90.69% with pH=2, by contrast, the

efficiency was only 49.02% when pH was 11. The possible reasons were summarized as

follows: 1) SO4 -could be formed by H* catalysis under acidic condition as shown in

Eqg. 10 and 11. 2) Quite a number of SO4 -and OH - were depleted under alkaline

12



condition. Under alkaline conditions, SO4 - would convert into OH - (Eq. 2 and 12).
Then, OH -could react with itself and generated H20 (Eq. 3). Then, the generated H20-
could react with SO4™ - (Eq. 13), which would increase the depletion of SO4 = 3) When
the pH was around 7, some of the formed SO4 -would convert into OH - (Eg. 1), and
then OH - became the dominant radical in the system. OH - had a relatively poor

reactivity compared to SO = 4) In addition, AA was easy to be oxidized in alkaline

solution and lost the role of elector donor.

Notably, the pH of the unadjusted sample was 2.89, just located in the pH range of

extreme environments by introducing enzyme Qr. ter mimic instead of using

enzyme directly. &
SZOQ HS,0g" (10)
@

-+ 5042 + HY (11)

i -+ OH — SO4% + OH - (12)

82+ HoOp <> 2H" + 250,42+ O, (13)

3.3.5. Impact of coexisting anions

The coexisting anions in solution would also influence the degradation of PFOA.

To test the effect of coexisting anions, two commonly coexisting anions, i.e. Cl" and
COs%, were explored. As shown in Fig. 6¢, CO3% showed a stronger inhibitory effect on
the degradation of PFOA than CI". When the concentration of C032' increased to 0.5
mM, the degradation efficiency was reduced by 27.48% compared to the control group.

Both CI-and COs? could react with SO4™ -and generated other radicals (Eq. 14-16), and
13



the redox potential was SO4” > Cl > Cl; > CO3z . Moreover, the original pH was

2.89, just located in the optimum pH range (1-3). In this pH range, the
Fe(TPFPP)/BC-PS-AA system had excellent PFOA degradation efficiency. But the
addition of CO3®> would increase pH of system (Eq. 17). These explained why COs*
showed great inhibitory effect on the degradation of PFOA, and why PFOA degradation

was enhanced slightly when the concentration of CI” was maintained at a low level.

SOs -+ ClI" — SO4* + Cl - (14)
Cl-+ClI'— Cly - (15)
SO4 -+ CO3% — SO4> + COsy % (16)
COz* +H* -»HCO3 (17)

3.3.6. Radical Quenching Experiment

To verify the main species of radicals wo% A degradation, methanol was
tert-butyl alcohol for OH = These

scavengers show different reactl gtant with SO4” -and OH - The reaction rate

adopted as the scavenger for SO4 -an

constants of methanol Wlth@ OH -are 3.2x10° Mt st and 9.7x108 M1 s?
respectively. By cgQtr @eactlon rate constants of tert-butyl alcohol with SO4™ -and

OH -are 4~9.1x10° N(! s and 3.8~7.6>108 M 571 As shown in Fig. 6d, 65.27%

PFOA could be degraded with no scavenger added into system. After adding scavenger,
the degradation efficiency decreased to 17.72% (methanol) and 28.50% (tert-butyl
alcohol), respectively. These results demonstrated that SO, -was the dominant radical
species worked in degradation process.
3.4. Reaction Mechanism

Based on the results and analysis above, Fe(TPFPP)/BC-PS-AA system could

degrade PFOA quickly and efficiently. During the PFOA degradation process, two kinds
14



of radicals i.e. SO4 -and OH - were presumed to degrade PFOA. Accordingly, there
were two different chemical reaction pathways to degrade PFOA by the
Fe(TPFPP)/BC-PS-AA system, and the possible degradation pathways and
intermediates were concluded in Fig. 7. In fact, this speculation matched the detection
results of intermediates by LC-MS-MS in PFOA degradation process (Fig. S1).
Particularly, Fe(TPFPP)/BC displayed extremely strong catalytic activity on
persulfate. In the activation process, Fe(Il)(TPFPP) transformed into Fe(IV)(TPFPP)
and the generated radicals reacted with PFOA, then Fe(IV)(TPFPP) turned into
Fe(II)(TPFPP). PFRs on the biochar played an irreplaceablgfrole in the electronic
transfer process. On the one hand, it could supply electroqgt rphyrin, thereby
speeding up the conversion of Fe(lll)(TPFPP) to &e(I1)(TPFM™). On the other hand,

PFRs could transfer electrons to persulfate directly, forming radicals. Certainly,
Fe(TPFPP)/BC is an excellent catalyst, @

w& le to give full play to the catalytic
- ining enzyme active center, while the
s well.

PFRs from biochar are utilized c@
During the whole rea(@x acted as an electronic circulation agent, which

constantly transfeged eqgctr@ps to biochar to regenerate the consumed PFRs, thereby

activity of iron-porphyrin similar to

maintained electron ¥ganster process from biochar to iron-porphyrin.
4. Conclusion

In summary, inspired by biomimetic materials, a preeminent heterogeneous
catalyst Fe(TPFPP)/BC was constructed to activate persulfate for PFOA degradation
with AA as electronic circulation agent. The Fe(TPFPP)/BC-PS-AA system could
degrade 75.90% PFOA in 30 min, and then reached 90.88% with increasing reaction
time. The excellent degradation capability was attributed to the high catalytic activity of

iron-porphyrin similar to the hemin-containing enzyme active center mimic, and the

15



cooperative action of PFRs on biochar. In addition, PFRs could constantly supply
electrons to iron-porphyrin and persulfate for accelerating the generation of SO4 -and
OH -with the aid of AA. Especially, this system could maintain the efficient degradation
under original strong acidic conditions without pH adjustment. This study shows that it
is efficient and feasible to construct catalyst by introducing biomimetic thought, and
biomimetic catalyst is expected and promising for degrading refractory organic

pollutants.
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Tables

Table 1. Assignments of main spectral bands based on their binding energy (BE) for the

core electrons of BC400, iron-porphyrin and Fe(TPFPP)/BC

Existential BC400 Fe(TPFPP) Fe(TPFPP)/BC
XPS
spectra form Percent of Percent of Percent of
P of elements BE/eV valence BE/eV valence BE/eV valence
statea/% statea/% statea/%
Cls c—C 284.8 60.53 284.7 72.30 284.7 58.06
C—OH — — 286.8 10.78 285.6 20.40
C=0 289.2 15.47 288.8 16.92 287.3 21.54
O1s C=0 533.1 100 531.9 50.7 1.3 4952
C—OH — — 533.3 4 33.1 50.48
N 1s Fe—N — — 398. 50.99 398.4 24.81
C—N 400.3 100 400. .00 400.1 75.19
Fe Fe—N — — % 34.93 711.24 33.98
— &.23 65.07 724.42 66.02
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