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ABSTRACT

A novel system integrating Johannesburg (JHB) and sulfur autotrophic denitrification (SAD)
process was proposed with the purpose of efficient removal of organic matter and nitrogen
when treating low COD/TN ratio municipal wastewater. The characteristics and fate of dis-
solved organic matter in the Johannesburg-Sulfur autotrophic denitrification (JHB-SAD) sys-
tem were investigated using excitation–emission matrix fluorescence spectroscopy with a
parallel factor analysis. Three components were identified including tryptophan-like (com-
ponent C1), tyrosine-like (component C2), and fulvic-like (component C3) materials. The tyr-
osine-like and tryptophan-like materials, which were more abundant than fulvic-like
materials, were the dominant components of the raw municipal wastewater in Shenyang
North Wastewater Treatment Plant. In the JHB-SAD system, the tyrosine-like and trypto-
phan-like materials were more efficiently removed than the fulvic-like materials, and the
removal efficiencies of the three components were 80.8% (tryptophan-like materials), 72.5%
(tyrosine-like materials), and 33.4% (fulvic-like materials), respectively. Furthermore, the
removal performance of the three components varied in the different zones of the JHB-SAD
system. The tryptophan-like and fulvic-like materials were removed in the pre-anoxic,
anaerobic, and aerobic zones. The tyrosine-like materials were mainly degraded in the
anoxic and aerobic zones; then, they were released by the bacteria in the SAD reactor. In
addition, the tryptophan-like materials had a very significant positive linear correlation with
the concentrations of soluble chemical oxygen demand.
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1. Introduction

Excessive discharge of organic matter and nitrogen
pollutants can result in the deterioration of water
quality, eutrophication of water environments, and
potential hazards to human health [1–3]. A stringent
discharge standard (GB18918–2002) in China has been
implemented to control the discharge of pollutants.
Thus, efficient organic matter and nitrogen removals
from municipal wastewater have become a challenge
for wastewater treatment plants (WWTPs). Biological
nutrient removal (BNR) systems, such as anaerobic/
anoxic/aerobic (A2/O) and anoxic/aerobic (A/O), are
preferred and have been widely applied in innovative
WWTPs due to their economic advantages compared
with physicochemical technologies [3–6]. However,
efficient nitrogen removal is typically unreliable
because of the shortage of organic carbon [3,7,8].
Recently, a novel system integrating the Johannesburg
(JHB) process and the sulfur autotrophic denitrifica-
tion (SAD) process was developed to improve nitro-
gen removal from low COD/TN ratio municipal
wastewaters [9]. The nitrogen removal efficiency of
the JHB-SAD system reached 93.8% under a COD/TN
ratio of 4–5. The JHB process combines the advantages
of the anaerobic/anoxic/aerobic (A2/O) process with
the modified University of Cape Town (MUCT) pro-
cess. An outstanding characteristic of the JHB process
is the addition of a pre-anoxic zone prior to the A2/O
process to remove nitrates in return sludge. Due to
limited organic carbon and inefficient heterotrophic
denitrification, TN in the effluent of JHB was mainly
composed of NO�

3 -N with lower lever COD concentra-
tion. Based on the effluent characteristic of JHB pro-
cess, SAD process was proposed to improve nitrogen
removal performance. SAD bacteria can utilize sulfur
as electron donor and nitrate as electron acceptor to
carry out autotrophic denitrification. The stoichiomet-
ric equation of elemental-sulfur-utilizing autotrophic
denitrification was described in Eq. (1) [10]:

1:06NO�
3 þ 1:11 S þ 0:3CO2 þ 0:785H2O ¼

) 0:5N2 þ 1:11 SO2�
4 þ 1:16Hþ þ 0:06C5H7O2N

(1)

In this novel system, the JHB process mainly utilizes
organic matter to remove nitrogen pollutants, but

excellent nitrification in the JHB system is also neces-
sary for enhanced nitrogen removal; thus, the SAD
process, which utilizes sulfur as an electron donor,
was integrated with the JHB process to further remove
nitrate that was not removed due to carbon organic
shortage. Therefore, JHB-SAD can achieve efficient
nitrogen removal to treating the low COD/TN munici-
pal wastewater.

The organic matter and nitrogen removal perfor-
mances of the JHB-SAD system were excellent; how-
ever, a thorough analysis of the dissolved organic
matter (DOM) was absent. DOM in municipal
wastewater mainly includes protein, humus, grease,
and surfactants [3]. Most of these compounds contain
a fluorophore that emits a characteristic fluorescence
when the excitation light is absorbed. The conven-
tional monitoring indexes, such as chemical oxygen
demand (COD), biochemical oxygen demand (BOD),
and total organic carbon (TOC), only represent the
total amount of organic matter, rather than distin-
guishing between the types of DOM. Further, the
COD index is of limited use for assessing the charac-
teristics and behaviors of DOM in the JHB-SAD sys-
tem. Moreover, toxic DOM in raw municipal
wastewater could result in low pollutant removal effi-
ciency [11], and the DOM from the JHB-SAD system
effluent could affect the receiving aqueous environ-
ment. Additionally, detailed information regarding
DOM throughout the JHB-SAD system was scarce.
Therefore, an insight into the characterization and
assessment of DOM has become important for this
novel JHB-SAD system.

Excitation–emission matrix (EEM) fluorescence
spectroscopy has been commonly used to discriminate
between types of DOM quickly and with a high sensi-
tivity, which makes it an ideal method to characterize
DOM [12–14]. The EEM fluorescence spectrum can be
thought of as a fingerprint of samples that include key
components in wastewater treatments. Additionally,
mathematic methods such as parallel factor analysis
(PARAFAC) have been used to interpret EEM [15–17].
Furthermore, EEM together with PARAFAC can pro-
vide a quantitative and qualitative characterization of
DOM, and the spectral characteristics of individual
fluorescence components when spectral overlapping of
EEM fluorescence spectra are severe. Yang et al. [18]
reported that the concentration and biodegradability
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of organic matter could be estimated by EEM with
PARAFAC. Yu et al. [19] reported that removal effi-
ciency of types of DOM in wastewater treatment was
assessed by EEM with PARAFAC. Therefore, The
EEM with PARAFAC as potential monitoring tech-
nique may play an important role in accessing water
quality of wastewater biotreatment system.

In this study, the characterization of DOM in the
JHB-SAD system was investigated using EEM with
PARAFAC. Based on the material balance, the fate of
DOM was assessed using the maximum fluorescence
intensity. The correlation between the DOM removal
performance and the concentration of soluble chemical
oxygen demand (SCOD) was also analyzed. These
results provide useful information regarding the novel
JHB-SAD system.

2. Experimental methods and materials

2.1. Experimental system and sample collection

A pilot-scale JHB-SAD system was installed to
upgrade an original wastewater treatment system and
to achieve effective organic matter and nitrogen
removals from a low COD/TN ratio municipal
wastewater. In order to reduce costs, the infrastruc-
tures of JHB process were established while consider-
ing existing infrastructures of original SDAO process
(Shenyang Degremont Anoxic Oxic process). The
anaerobic zone and pre-anoxic zone in JHB process
were derived from the primary settler and the sludge
recovery zone in SDAO process. The layout and a
schematic diagram of the JHB-SAD system are pro-
vided in Fig. 1 and Supplementary information
Fig. 1S, respectively. The JHB system consisted of pre-
anoxic (PAN, volume of 0.83 m3), anaerobic (ANA,
volume of 1.61 m3), anoxic (ANO, volume of 1.16 m3),

and aerobic zones (AE, volume of 2.77 m3), in addition
to a secondary settler (SES, working volume of
1.07 m3). The diameter and the height of anaerobic
zone were 1.10 and 1.85 m. The infrastructures of
three circles with different diameter were embedded
with each other and they were all 2.40 m in height.
Center circle was pre-anoxic zone with 0.71 m in
diameter; middle annulus was anoxic zone and its
major diameter and minor diameter were 1.10 and
0.71 m, respectively; External annulus was aerobic
zone and its major diameter and minor diameter were
1.70 and 1.10 m, respectively. The diameter and the
height of secondary sedimentation tank were 1.00 and
2.35 m. Cylindrical section of secondary sedimentation
tank was 1.23 m in height and circular cone section
was 0.70 m in height. Due to the low COD/TN ratio,
the SAD was added to improve the nitrogen removal
performance. The secondary settler effluent from the
JHB process was pumped into a SAD reactor. The
height and inner diameter of the up-flow SAD reactor
were 75 and 14 cm, respectively, and the packing
height of the SAD reactor was 70 cm. The SAD reactor
was filled with an equivalent diameter of 3–4 mm
granular sulfur and 0.8–1.2 mm limestone (mass ratio
2:1), and the porosity of the reactor was 45.7%. The
actual hydraulic retention time (AHRT) was 10 min.

The total inflow was maintained at 0.56 m3/h dur-
ing the JHB process, and the influent distribution ratio
of the pre-anoxic and anaerobic zones were 30 and
70%, respectively. The nitrate recycling ratio (R) and
sludge return ratio (r) were set at 200 and 100%,
respectively, in the JHB process. The mixed liquor sus-
pended solid (MLSS) was maintained at 2,500–
2,700 mg/L. The sludge retention time (SRT) was
maintained for 27–33 d by discharging the waste
sludge. The dissolved oxygen (DO) concentration in
the aerobic zone was controlled at 2.0–2.5 mg/L.

PAN
ANO

AE SES

SAD
effluent

sludge return waste sludge

70%
influent

30% influent

nitrate 
recycling

ANA

Fig. 1. Layout of the JHB-SAD system. PAN: pre-anoxic zone; ANA: anaerobic zone; ANO: anoxic zone; AE: aerobic zone;
SES: secondary settler; SAD: sulfur autotrophic denitrification.
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The characteristics of the influent and pollutant
removal performance of the JHB-SAD are described in
Fig. 2. The influent temperature and operating temper-
ature of JHB-SAD system was given in Supplementary
information Fig. 2S.

The pilot-scale JHB-SAD system was conducted in
Shenyang North WWTPs in Shenyang City, Liaoning
Province, China. The raw municipal wastewater was
collected from WWTP sewer line and pumped to
pilot-scale JHB-SAD system. The water samples of
JHB-SAD system were filtered using a glass fiber filter
(nominal pore size 0.45 μm). The filtrate was stored in
amber glass bottles at 4˚C until analysis, and all sam-
ples were analyzed within 48 h. The sampling times
were 25 December 2013, 9 January 2014, and 20 Jan-
uary 2014, with the corresponding JHB-SAD operation
phase of beginning, medium, and end.

2.2. Analytical methods

The SCOD was measured using a Lian-hua COD
quick-analysis apparatus (Lian-hua Tech Co., Ltd,
China).

The EEM of the samples was measured on a Hita-
chi Fluorescence Spectrophotometer (F-7000). The

PMT voltage was set at 700 V, and both the excitation
and emission slit widths were a 5-nm band pass with
the scanning speed set at 2,400 nm min−1. The EEM
was measured with excitation wavelengths ranging
from 260 to 550 nm and emission wavelengths ranging
from 200 to 450 nm [13].

2.3. PARAFAC analysis method

Prior to the analysis, the Raman and Rayleigh scatter
effects were removed by subtracting the pure water
spectrogram from the sample spectrogram. The PAR-
AFAC analysis was used to discriminate components
from overlapping EEM fluorescence spectra data. All
data were decomposed into a trilinear and a residual
array using:

xijk ¼
XF

f¼1

aif bjf ckf þ eijk (2)

where xijk was the fluorescence intensity of sample i at
emission wavelength j and excitation wavelength k; F
was the number of components; aif was directly pro-
portional to the relative intensity of component f in
the sample i; bjf and ckf were scaled estimates of the
fluorescence component f at emission wavelength j
and excitation wavelength k, respectively; and eijk was
the residual noise, which represents the variability not
accounted for by the model [19]. Matlab software was
used to calibrate and correct the data. The Domfluor
toolbox 1.7 for Matlab was used to implement and
validate the PARAFAC model [15]. In the PARAFAC
analysis, independent components were identified and
the maximum fluorescence intensity (Fmax) of individ-
ual components was also obtained.

2.4. The calculation of pollutant removal efficiencies

The EEM with PARAFAC provided a characteriza-
tion of the DOM in the JHB-SAD system. Based on the
material balance, individual component removal effi-
ciencies within the JHB-SAD system were calculated
using Eqs. (3) through (8).
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Fig. 2. Variations of the nitrogen and COD along the JHB-
SAD system. inf: influent; PAN: pre-anoxic zone; ANA:
anaerobic zone; ANO: anoxic zone; AE: aerobic zone; SES:
secondary settler; SAD: sulfur autotrophic denitrification
reactor.

Pre-anoxic zone: SPAN ¼ 30% � Cinf þ r � CSES þ ð30% þ rÞ � CPAN

Cinf
(3)
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where SPAN, SANA, SANO, SAE, SSES, and SSAD were
individual component removal efficiencies in the pre-
anoxic zone, anaerobic zone, anoxic zone, aerobic
zone, secondary settler, and SAD reactor, respectively;
the Cinf, CPAN, CANA, CANO, CAE, CSES, and CSAD repre-
sented the Fmax of the individual components in the
influent, pre-anoxic zone, anaerobic zone, anoxic zone,
aerobic zone, secondary settler, and SAD reactor,
respectively; 30 and 70% denoted the influent distribu-
tion ratio of the pre-anoxic and anaerobic zones,
respectively; and R and r were the nitrate recycling
and sludge return ratios, respectively. Eqs. (3) through
(8) were used to calculate the DOM component
removal efficiencies of the different zones (Fig. 5(b)).

2.5. Correlation analysis between the SCOD and Fmax of
the individual components

To study the correlation between the Fmax of the
individual components and the SCOD, we utilized the
following linear regression model (9):

Y ¼ kX þ C0 (8)

where Y was the SCOD concentration; X was the
independent variable and represented the Fmax of the

individual components; and k and C0 were constant
values. Eq. (9) was used to assess the correlation
between the SCOD and Fmax of the individual compo-
nents (Fig. 6). In addition, the correlation between the
SCOD and Fmax of the individual components were
also investigated by calculating Pearson correlation
coefficients using SPSS Statistics 19 software (IBM,
USA).

3. Results and discussion

3.1. EEM spectra characteristic and PARAFAC analysis of
JHB-SAD system

The EEM spectra of the raw municipal wastewater
and the JHB-SAD system were presented in Fig. 3 and
Supplementary information Figs. S3 and S4. There
were five fluorescence peaks (B1, B2, T1, T2, and C)
identified in the influent. Peak B1 (Ex/Em = 225–230/
310 nm) and peak B2 (Ex/Em = 275–280/305–310 nm)
were attributed to the protein fluorescence of the
tyrosine-like materials [19,20]. Peak T1 (Ex/Em = 225–
235/345–350 nm) and peak T2 (Ex/Em = 280/350–
355 nm) were related to the protein fluorescence of the
tryptophan-like materials [19]. A shoulder peak C
(Ex/Em = 315–320/405–410 nm) was found and
described for the visible fulvic-like materials [19]. In

Anaerobic zone:SANA ¼ 30%þ rð Þ � CPAN þ 70% � Cinf � 1 þ rð Þ � CANA

Cinf
(4)

Anoxic zone: SANO ¼ 1 þ rð Þ � CANA þ R � CAE � 1 þ r þ Rð Þ � CANO

Cinf
(5)

Aerobic zone: SAE ¼ 1 þ r þ Rð Þ � CANO � 1 þ r þ Rð Þ � CAE

Cinf
(6)

Secondary settler: SSES ¼ 1 þ rð Þ � CAE � 1 þ rð Þ � CSES

Cinf
(7)

SAD reactor: SSAD ¼ CSES � CSAD

Cinf
(8)
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Fig. 3. Variations of the EEM spectra along the JHB-SAD system on 9 January 2014: (a) influent; (b) pre-anoxic zone; (c)
anaerobic zone; (d) anoxic zone; (e) aerobic zone; (f) secondary settler effluent; (g) SAD reactor effluent.
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addition, a new peak A (Ex/Em = 240–245 nm/395–
405 nm) was detected in the JHB-SAD system and
related to the UV-fulvic-like materials [21]. The fluo-
rescence intensity of peak A changed little in the JHB-
SAD system.

Compared with peaks A and C, the fluorescence
intensities of peaks B1, B2, T1, and T2 were signifi-
cantly decreased throughout the JHB system. This
indicated that the protein-like materials were decom-
posing in the JHB process. Moreover, the JHB process
was inefficient at removing the fulvic-like materials
that were refractory biodegradable organic com-
pounds. However, the fluorescence intensity of peaks
B1 and T1 were increased in the SAD reactor, which
could be related to the metabolism of SAD bacteria.
Microorganisms can produce multiple types of com-
pounds, such as proteins, coenzymes, and humus [22–
24]. The microbial metabolites related to peaks B1 and
T1 could not be effectively decomposed by the SAD
bacteria compared with decomposition by hetero-
trophic micro-organisms in the JHB process. This is
because the SAD bacteria are autotrophic micro-organ-
isms and are inefficient at removing organic matter.

Throughout the JHB-SAD system, the fluorescence
peak intensity ratios of B2/B1 and T2/T1 were muta-
tive (Table 1). The intensity ratios of B2/B1 and T2/T1

revealed a constitution of protein-like materials [25].
Table 1 shows that the peak intensity ratios of B2/B1

were increased in the aerobic zone, whereas T2/T1

was decreased in the non-aerobic zone and then
increased in the aerobic zone. This result indicated
that the protein-like materials related to the peaks of
B1 tended to be removed in the aerobic zone, whereas
the protein-like materials related to the peaks of T2

tended to be decomposed in the non-aerobic zone. In
the SAD process, the peak intensity ratios of B2/B1

and T2/T1 were decreased. This indicated that the pro-
tein-like materials, related to the peaks of B1 and T1,
were mainly microbial metabolites produced by the
SAD bacteria.

PARAFAC modeling was used to separate the over-
lapping EEM spectra and to analyze the independent
fluorescence components. Three components (C1, C2,
and C3) were identified by PARAFAC (Fig. 4). The com-
ponents, C1, C2, and C3, all exhibited primary and sec-
ondary peaks located at Ex/Em of 225 and 280/345 nm

(component C1), Ex/Em of 230/305 and 345 nm (com-
ponent C2) and Ex/Em of 245 and 310/420 nm (compo-
nent C3). Based on the position of the peak, the
composition of the components could be determined
according to previously reported categories [15,19];
component C1 was related to a tryptophan-like material,
component C2 was related to a tyrosine-like material,
and component C3 was determined to be a fulvic-like
material.

The maximum fluorescence intensities (Fmax) of the
individual components were also obtained using PAR-
AFAC. Fmax was related to the concentration of differ-
ent components [19]. Fig. 5(a) shows the Fmax of the
fluorescence components during the wastewater treat-
ment. The average Fmax of components C1 (Fmax of
2,588 au) and C2 (Fmax of 1,834 au) were higher than
that of component C3 (Fmax of 879.1 au) in the influent.
The EEM spectra characteristic and PARAFAC analy-
sis showed that the tyrosine-like and tryptophan-like
materials were the dominant fluorescence components
in the raw municipal wastewater of Shenyang North
WWTPs where the JHB-SAD system located at, which
is consistent with the results of previous studies [26–
28]. Those two protein materials are mainly derived
from washing water, food residue, excrement, and
other proteins [29]. Fulvic-like materials were also
found in the wastewater, and these originated in
residual humus in drinking water or microbial
metabolites in sewer lines [22,23,30].

3.2. The calculation of fluorescence component removal
efficiencies

The fate of the fluorescence components were
tracked using their Fmax values in the JHB-SAD sys-
tem. The Fmax and removal efficiencies of components
C1, C2, and C3 along the JHB-SAD system are shown
in Fig. 5. Throughout the JHB-SAD system, compo-
nents C1 and C2 were significantly decreased com-
pared with component C3, and the average Fmax in the
system effluent were 497.0 au (component C1), 503.7
au (component C2), and 585.2 au (component C3). The
three component removal efficiencies in the JHB-SAD
system were 80.8% (component C1), 72.5% (component
C2) and 33.4% (component C3).

Table 1
Variations of the fluorescence peak intensity ratios along the JHB-SAD system

Inf. PAN ANA ANO AE SES SAD

B2/B1 1.19 ± 0.08 1.56 ± 0.33 1.02 ± 0.13 1.47 ± 0.11 2.96 ± 0.28 3.03 ± 0.21 1.93 ± 0.81
T2/T1 0.98 ± 0.10 0.74 ± 0.12 0.72 ± 0.04 0.85 ± 0.10 1.02 ± 0.10 1.06 ± 0.14 0.81 ± 0.27
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As shown in Fig. 5(b), component C1 was mainly
degraded in the pre-anoxic, anaerobic, and aerobic
zones, and the corresponding removal efficiencies
were 19.1, 38.6, and 21.6%, respectively. The anoxic
zone and the SAD reactor were inefficient at remov-
ing component C1. Component C2 removal efficien-
cies in the anoxic and aerobic zones were 25.1 and
65.3%, respectively, which indicated that component
C2 was mainly removed in the anoxic and aerobic
zones. The removal efficiency of component C3 was
lower than for components C1 and C2 in the JHB-
SAD system. Component C3 was mainly removed in
the pre-anoxic (9.92%), anaerobic (7.55%), and aerobic
zones (17.1%). In contrast, the Fmax of components C2

and C3 increased in the SAD process and anoxic
zones, respectively, indicating that microbial metabo-
lites in the SAD process and anoxic zone were asso-
ciated with the tyrosine-like (component C2) and
fulvic-like (component C3) materials, respectively. The
results suggested the following. First, protein-like
materials (component C1 and C2) were effectively

removed in the JHB-SAD system. Second, bacteria in
the pre-anoxic and anaerobic zones tended to
degrade tryptophan-like materials (component C1).
Bacteria in the anoxic zone tended to remove tyro-
sine-like materials (component C2). At the same time,
nitrate was removed in pre-anoxic, anaerobic, and
anoxic zone via heterotrophic denitrification as
shown in Fig. 2. It indicated that tryptophan-like
materials (component C1) severed as electron donor
for heterotrophic denitrification reaction in pre-anoxic
and anaerobic zone, and tyrosine-like materials (com-
ponent C2) were utilized as electron donor by hetero-
trophic denitrification bacteria in anoxic zone. Third,
bacteria in the aerobic zone were able to remove both
tryptophan-like and tyrosine-like materials (compo-
nents C1 and C2), and pollutants could be further
decomposed by aerobic micro-organism to lower con-
centration level comparing to non-aeration micro-or-
ganism in JHB process. Fourth, tyrosine-like materials
(component C2) were generated and released by
the metabolism of SAD bacteria (this result was

Fig. 4. The three components of the JHB-SAD system decomposed using the PARAFAC approach: (a) component C1; (b)
component C2; (c) component C3.
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consistent with that reported in Section 3.1 of this
study). Fulvic-like materials (component C3) were
released in the anoxic zone and then a part of com-
ponent C3 was removed in the aerobic zone. Fifth,
the JHB-SAD system was inefficient at removing ful-
vic-like materials (component C3) compared with the
removal of protein-like materials.

3.3. Correlation between the SCOD and Fmax of the
individual components

The SCOD concentrations were fitted to the Fmax of
the individual components using the linear regression
model: Y = kX + C0 (Fig. 6). The Fmax of component
C1 revealed the most positive linear correlation
with the concentrations of SCOD (which were
SCOD = 0.0283 C1 + 8.356, the correlation coefficient
R2 = 0.9687). In contrast, the correlation between
the SCOD and Fmax of components C2 and C3

was SCOD = 0.0327 C2 + 11.63 (R2 = 0.8233) and
SCOD = 0.1406 C3 – 61.085 (R2 = 0.5949), respectively.
On the other hand, the correlation between SCOD and
Fmax of the individual components was further accessed
by calculating Person correlation coefficients. The
results showed that the Person correlation coefficients
between SCOD and Fmax of components C1, C2, and C3

were 0.984, 0.907, and 0.771, respectively. Therefore, the
order of correlation between the SCOD concentration
and Fmax of the individual components was Fmax of
component C1 > Fmax of component C2 > Fmax of com-
ponent C3. The results indicated that component C1,
related to tryptophan-like materials, can be used as an
indicator of SCOD in the JHB-SAD system.
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the Fmax of components: C1 (a); C2 (b); C3 (c).
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4. Conclusions

The main conclusions of this study are as follows:
(1) tryptophan-like and tyrosine-like materials were the
dominant fluorescence components in the raw munici-
pal wastewater and were more efficiently removed than
the fulvic-like materials in the JHB-SAD system; (2) bac-
teria in the non-aerobic zone of the JHB process tended
to remove protein-like materials, and bacteria in the
aerobic zone of the JHB process were able to remove
multiple DOMs; (3) the tyrosine-like materials were
released by bacteria in the SAD reactor; and (4) a signif-
icant positive linear correlation was found between the
tryptophan-like materials and SCOD.

Supplementary material

The supplementary material for this paper is avail-
able online at http://dx.doi.10.1080/19443994.2015.
1137496.
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