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ABSTRACT
In South Africa, the information about the distribution and activity of anaerobic ammonium
oxidizing (anammox) bacteria is very limited and anammox systems have not yet been tested and
implemented. In this study, the existence and diversity of the anammox bacteria from various
South African habitats are investigated. Batch systems were used to enrich anammox biomass from
sludge collected from three Pretoria municipal wastewater treatment works. Anammox activity was
tested and detected in two of the three wastewater treatment works after 90 days of primary
enrichment. The activity was confirmed by consumption of both NH4

C and NO2
¡ in the system. The

presence of anammox bacteria was also confirmed by polymerase chain reaction (PCR) amplification
of the 16s rRNA of the anammox using anammox-specific primers. All clones retrieved were closely
related to Brocadia species and were most abundant in all habitats tested. The maximum growth
rate of anammox was also estimated on both experiments using a relatively new model.
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Introduction

One of the legacies of the current dominance of the
human kind on earth is the evident impact on nitrogen,
phosphorous and sulphur cycles. Latest reports indicate
that human activities such as increased combustion of
fossil fuels and increased demand for nitrogen in agricul-
ture and industry continue to alter the global cycle of
nitrogen [1,2]. Because of the increased nitrogen mobil-
ity, excess nitrogen from human activities has serious
and ongoing environmental consequences for aquatic
and terrestrial ecosystems [2].

It is extremely important to remove nitrogen to meet
minimum disposal requirements during wastewater treat-
ment because of its contribution to the eutrophication of
receiving waters, and the toxicity and direct threat it poses
to aquatic life [3]. The nitrogen in wastewater is presented
mainly as ammonium (NH4

C) [4], which can be removed
by physico-chemical or biological processes [5]. Currently,
there are several methods that are used for removal of
nitrogen from wastewater. For example, physical mem-
brane processes or ion exchange can be used to remove
ammonium using a cation exchange resin [6–9]. The dis-
advantage of the physical processes is that, in both cases,
a highly concentrated brine or a highly acidified effluent
stream is produced which requires further neutralization
before disposal. On the other hand, biological processes
including nitrosification–nitration–denitrification can be

employed as a cleaner process [10–13]. Biological nitrogen
removal is considered less expensive and more effective
than physico-chemical treatments and thus has been
used more often to achieve nitrogen removal from
domestic wastewaters [14].

The conventional biological nitrogen removal pro-
cesses are generally used for treating wastewaters with
quite low nitrogen concentrations (concentration less
than 100 mg N/l) [4]. Some wastewater streams consist
of high concentrations of nitrogen, mostly in the form of
ammonium. If these streams are returned back to the
inlet of the municipal WWTP, they increase the ammo-
nium loading in the mainstream. Conventional biological
nitrogen-removal process (denitrification–nitrification) is
uneconomical and complicated when treating high
nitrogen-containing wastewaters with low C/N ratio. Dur-
ing the last decade, several new sustainable and cost-
effective alternatives have been discovered and studied,
and their implementation can be a valid option to treat
strong nitrogenous wastewaters characterized by high
ammonium concentrations and low biodegradable
organic matter content. Currently, anammox process is
considered to have potential for treating wastewaters
with high ammonium concentrations [15,16].

The anammox (anaerobic ammonium oxidation) pro-
cess is novel and promising alternative nitrogen-
removing technique in which ammonium is directly
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oxidized to dinitrogen gas using nitrite as the electron
acceptor under anoxic conditions [17]. For up until the
1990s, ammonium oxidation was thought to only take
place under aerobic conditions [18,19]. Over two deca-
des ago, Broda [20] predicted the existence of chemoli-
toautotrophic bacteria capable of oxidizing ammonium
using nitrite as electron acceptor on the basis of thermo-
dynamic calculations. The predictions were experimen-
tally corroborated by Mulder et al. [21] two decades later
in a denitrifying fluidized-bed reactor treating effluent
from a yeast plant. That reactor removed an ammonium
loading rate of 0.4 g NH4C¡N¢L¡1¢d¡1 by this process.
By nitrogen balances, they hypothesized the following
stoichiometry and called the process Anammox:

5 NH4 C 3 NO2
¡ ! 4 N2 C 9 H2OC 2HC (1)

Strous.et al. [22] optimized the process conditions and
found the following global equation of the process, based
on mass balance over anammox-enriched cultures:

NH4
C C 1:31 NO2

¡ C 0:066 HCO3
¡ C 0:13 HC� N2

C 0:26 NO3
¡ C 0:066 CH2O 0:5N 0:15C 2 H2O (2)

Ever since the anammox process was discovered in
Delft and the first anammox organism, Candidatus Broca-
dia Anammoxidans, was identified, many more studies
have reported the presence of anammox in natural envi-
ronments such as marine sediments [23–25], marine
sponges [26], estuarine/tidal river sediments [27–30],
deep-sea hydrothermal vents [31], hot springs [32] and
some freshwater ecosystems [33–36]. Consequently, new
species other than Candidatus Brocadia Anammoxidans
were discovered and identified and their 16srRNA were
determined. These were Candidatus Kuenenia stuttgartien-
sis, Candidatus Scalindua sorokinii, Candidatus Scalindua
brodae, Candidatus Scalindua wagneri, Candidatus Broca-
dia fulgida and Candidatus Anammoxoglobuspropionicus
[24,37–39]. Over the past years, the main focus has been
on shortening the start-up period and enhancing the
activity of anammox bacteria. In an effort to do this, Li
et al. [40,41] used a novel osmotic anammox system,
where anammox was linked to forward osmosis to
remove nitrogen. On the other hand, Yin et al. [42] added
reduced graphene oxides into an anammox reactor in
order to accelerate anammox growth and enhance the
activity and simultaneously improve the start-up period.

At the inception of this study, very little information
was available regarding the distribution, diversity and
abundance of anammox bacteria in the South African
wastewater treatment plants. Therefore, the principal aim
of this study was to investigate the extent of existence,

culture community analysis and location of anammox
activity in selected wastewater treatment plants.

Materials and methods

Sample collection

Wastewater samples were collected from three wastewa-
ter treatment plants in Pretoria, namely Daspoort,
Baviaanspoort and Zeekoegat wastewater treatment
plants. From Zeekoegat and Baviaanspoort, the sludge
samples were collected from both anoxic and anaerobic
zones of the second stage of the activated sludge system.
This was done by lowering a sampling jug with an
extended handle of about 1–1.5 m in length into the reac-
tor. The sludge samples were then transferred to 1-L plas-
tic containers. From Daspoort, the sludge samples were
taken from an anaerobic digester from the middle (anoxic)
and the bottom (anaerobic) part of the digester. This was
done by opening the valve in the middle and bottom
parts of the digester and collecting the samples into plas-
tic containers. At Daspoort, the samples were also taken
from the trickling filter by taking stones covered with bio-
film and were placed in plastic sampling containers. The
length from which the stones were taken was not mea-
sured but they were only sampled based on the attached
growth. All the samples were stored at room temperature
and cultured within 24 h of collection. The remaining sam-
ples were stored at 4 �C for future reference.

Experimental set-up

A series of batch reactors were set up and used for culti-
vation and enrichment of anammox bacteria. Each reac-
tor was a 500-mL serum bottle containing 300 mL of
simulated wastewater with the composition adapted
from Jetten et al. [43] (Tables 1 and 2). Each reactor was
inoculated with 20% of different activated sludge sam-
ples from different wastewater treatment plants. To get
rid of oxygen from the reactors and create anaerobic
conditions, the reactors were purged with argon gas for
15–20 min before sealing with rubber septa and alumin-
ium crimp seals. The reactors (Sigma Aldrich,

Table 1. Composition of anammox mineral medium.
Compound Concentration (g L¡1)

KNO3 0.2
KHCO3 1.25
NaH2PO4 0.05
CaCl2¢2H2O 0.3
MgSO4¢7H2O 0.2
FeSO4 0.006
EDTA 0.006
NaNO2 0.12
(NH4)SO4 0.15
Trace elements solution 1.25 mL L¡1
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Johannesburg, South Africa) were then shaken on a
rotary shaker (Lasec, Johannesburg, South Africa) or
stirred on a magnetic stirrer (Lasec) at a speed of
80–100 rpm at a temperature of 31 § 2 �C in the dark
controlled room. After 60 d of incubation, the synthetic
medium was replaced with the freshly prepared one to
replace the depleted nutrients. After 90 d of incubation,
experiments to test anammox activity were conducted
in small 500-mL reactors using the biomass from the pri-
mary enrichment reactors as the inoculum.

Analytical methods

Ammonium, nitrite and nitrate were analysed calorimet-
rically according to the following methods:

Nitrate analysis – 10 mL saturated sulfumic acid and
40 mL reactor effluent were added together. To the mix-
ture, a total of 0.2 mL reagent was added containing 5%
salicylic acid in 98% sulphuric acid and 2 mL 4 M NaOH
(4 �C). This solution was analysed in a spectrophotome-
ter at 420 nm after a 30-min reaction.

Ammonium analysis – 760 mL of a solution was added
containing 0.54% ortho-pthalaldehyde, 0.05% b-mercap-
toethanol and 10% ethanol in 400 mmol L¡1 potassium
phosphate buffer (pH 7.3) to a 40 mL reactor effluent
sample. This solution is analysed in a spectrophotometer
at 420 nm after a 30-min reaction.

Nitrite analysis – 950 mL of a reagent was added con-
taining 1% sulfanilic acid and 0.05% N-naphthylethylene-
diamine in 1 mol L¡1 H3PO4 to 50 mL of reactor effluent.
This is followed by a spectrophotometric analysis at
540 nm after 5-min reaction.

The production of N2 was determined by pressure
transducer device as the increment of pressure in the
headspace of each reactor.

Detection of anammox by 16s rRNA gene
sequencing

To detect the presence of anammox in the reactors,
polymerase chain reaction (PCR) amplification targeting

the 16s rRNA of the anammox was performed. From the
reactors, samples were withdrawn and centrifuged at
6000 rpm for 10 min. Pellets were resuspended in phos-
phate-buffered saline (pH 7.4) and centrifuged again.
DNA was directly extracted from these samples using a
ZR Fungal/Bacterial DNA MiniPrepTM (Zymo Research
Irvine, CA, USA) according to the manufacturer’s instruc-
tions. The PCR primers used in this study are primer sets
AMX 368F-AMX 820R and AMX 368F-BS 820R (Table 3).

The PCR reaction mixture (50 mL) contained 25 mL of
DreamTaqTM Green PCR Master Mix (2X) (Fermentas Life
Sciences, Canada), 0.1 mmol L¡1 of each reverse and for-
ward primer, 1 mg of DNA template and nuclease free
water. DreamTaqTM Green PCR Master Mix is a ready-to
use solution containing DreamTaqTM DNA polymerase,
optimized DreamTaqTM Green buffer, MgCl2 and dNTPs.
The thermal cycle program used was an initial denatur-
ation at 95 �C for 5 min, followed by 45 cycles of dena-
turation at 95 �C for 30 sec, annealing at 50 �C for 30 sec,
extension at 72 �C for 2 min, final extension at 72 �C for
10 min and hold at 4 �C. The PCR products were recov-
ered and purified using ExoSAP amplicon purification kit
(Inqaba Biotech, Pretoria, South Africa) according to
manufacturer’s instructions. Purified DNA fragment
were ligated to pJET1.2/blunt cloning vector (Thermo
Scientific Waltham, MA, USA) and 16s rRNA gene clone
libraries were constructed by transforming Premade
Z-Competent TM E. coli Cells (Zymo Research) with a
vector.

Sequencing was carried out with the BigDye Termina-
tor v3.1 Cycle Sequencing Kit (Applied Biosciences, Carls-
bad, CA, USA). Cleaned sequencing products were
analysed on the ABI 3500XL genetic analyser (Applied
Biosciences) using a 50-cm array and POP7. For phyloge-
netic analysis, 16S rRNA sequences, they were compared
with available database sequences via NCBI-BLAST
search, and the related taxa were obtained from Gen-
Bank. The multiple alignments were performed with the
CLUSTAL X program [44]. Sequences of 16S rRNA gene
were edited with the BioEdit program [45]. The phyloge-
netic trees were constructed via the neighbour-joining
and maximum-parsimony algorithms with the MEGA 3

Table 2. Composition of trace elements solution.
Compound Concentration (g L¡1)

H3BO3 0.5
CuSO4¢5H2O 0.04
KI 0.1
FeCl3¢6H2O 0.2
MnSO4¢H2O 0.4
Na2MoO4¢H2O 0.2
ZnSO4¢7H2O 0.4
NaCl 1
CoSO4 0.1
CaCl2 0.1
AlK(SO4)2¢12H2O 0.01

Table 3. PCR primers for anammox-bacteria-related 16s rRNA
genes.
Primer Target Sequence (5'–3')

AMX 368F All anammox bacteria
except for
Anammoxoglobus
propionicus

TTCGCAATGCCCGAAAGG

AMX 820R Brocadia anammoxidans,
Brocadia fulgida and
Kuenenia stuttgartiensis

AAAACCCCTCTACTTAGTGCCC

BS 820R Sculindua wagneri and
Scalindua sorokinii

TAATTCCCTCTACTTAGTGCCC
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program [46]. The similarity of the rRNA gene sequences
of the clones was compared with that of other known
anammox species.

Model development

The model was initially developed for determining the
maximum specific growth rate for autotrophic bacteria
in nitrification [47]. The model was confirmed by Melcer
[48] and termed it high F/M model. In the present study,
the model was adopted and modified to best describe
the anammox process. The model has the assumption
that nitrite consumption is the best signal for anammox
growth. A mathematical expression was then derived to
correlate nitrite consumption to biomass (anammox)
growth rate.

Biological reactions
In the calculations of the maximum growth rate of anam-
mox (mAn), it was assumed that the consumption of
nitrite was related to anammox growth. The rate expres-
sion to correlate nitrite consumption to biomass produc-
tion was as follows:

dSNO2

dt
D ¡ mAnXAnSNH

YAnðKNH C SNHÞ (3)

In the case where SNH is high enough not to be a rate
limiting (i.e. in high F/M ratio), Equation (3) may be sim-
plified as

dSNO2 D ¡ mAnXAn
YAn

(4)

For this condition, the growth of anammox biomass
can be expressed as

dXAn
dt

D ðmAn ¡ bAnÞXAn (5)

In batch reactors, the concentration of biomass can
be calculated by integration of Equation (5) to obtain
the following expression:

XAn D XA0eðmAn ¡ bAnÞt (6)

Substituting Equation (6) into (4) gives

dSNO2

dt
D ¡ mAnXAn;0

YAn
eðmAn ¡ bAnÞt (7)

Integration of Equation (7) gives the following
expression:

SNO2;t ¡ SNO2;0 D ¡
"

mAnXAn;0
YAðmAn ¡ bAnÞ e

ðmAn ¡ bAnÞt

¡ 1
mAn ¡ bAn

� �
mAnXAn;0

YAn
eðmAn ¡ bAnÞ0

#

SNO2;t D SNO2;0 ¡
mAnXAn;0

YAðmAn ¡ bAnÞ eðmAn ¡ bAnÞt¡ 1

� �
(8)

Model simulation
The simulation was performed using a computer pro-
gram for identification and simulation of aquatic systems
(AQUASIM 2.0) [49]. Batch experiments of cultures
obtained from two wastewater treatment works (Das-
poort and Zeekoegat) were conducted to evaluate the
rate equations of kinetic constants for processes taking
place in the batch reactors. The performance of the
mathematical model and the utility of different parame-
ters were then evaluated by simulating the biotransfor-
mation of nitrogen compounds by anammox bacteria.

Results and discussions

Enrichment of anammox biomass

Various attempts for anammox enrichment were per-
formed from different sludge samples using batch reac-
tors. The sludge samples that were used for starting
anammox enrichment were originating from three
municipal wastewater treatment plants. A period of
90 days was used for enriching anammox biomass due
to slow growth of anammox bacteria. This was done to
allow for enough time for anammox growth to large
numbers if it was initially present from the sludge sam-
ples. The results for anammox activity obtained by calori-
metric analysis of ammonia, nitrite and nitrate are
presented in Figures 1–3.

Figures 1 and 2 illustrate the results with successful
enrichment obtained after enrichment. First, simulta-
neous ammonium and nitrite removal was observed in
these reactors. Additionally, an increased production of
nitrate was also observed at the same time. There was
no consumption of ammonia and nitrite observed in the
rest of tested samples for the duration of experiments
(results not shown). This observation suggested the
absence of anammox activity in these reactors. There
was also no significant change in the control reactor
(Figure 3) where there were no cells added. Out of the
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seven enrichment attempts that were performed, only
three were successful.

Notably, because the cultures were pre-enriched
before testing the anammox activity, it took only 22 d
for complete consumption of the substrates in Daspoort.
On the contrary, when Dapena�Mora [50] was enriching
anammox using municipal sludge, it took two months of
reactor operation just to observe noticeable consump-
tion of NH4

C and NO2
¡. Recently, it took 40 d for Chen

et al. [51] to start up a reactor using a pre-enriched
mixed denitrifying-anammox sludge. However, it took
just above 80 d for the Zeekoegaat culture for complete
consumption. This was attributed to low anammox bio-
mass concentration and confirmed by PCR results which
showed a very faint positive band on a gel (results not
shown). Furthermore, Qin et al. [52] reported that high
concentration of anammox bacteria translate into higher
rate of nitrogen conversion.

Anammox was also detected in a trickling filter sam-
ple and was only confirmed by PCR. These results are in
accordance with those reported by Schmid et al. [37],
who also detected anammox bacteria with high anaero-
bic ammonium oxidation activity in a trickling filter. It
was noteworthy that enrichment was observed mostly
from samples that were collected from anoxic condi-
tions. This observation could be a characteristic associ-
ated with the favourable conditions of anammox
bacteria. A summary of all enrichment experiments is
shown in Table 4.

PCR identification and phylogenetic analysis

After a successful enrichment was obtained, PCR was
performed using anammox-specific primer sets
Amx368F-Amx820R and Amx368F-BS820R. The PCR for
the middle, trickling filter and Zeekoegaat anoxic reac-
tors’ DNA extracts resulted in positive amplicons for
both primer sets (results not shown). These results were
the second confirmation of the presence of anammox
from the two reactors including the trickling filter. On
the other hand, no positive results were observed for all
other reactors.

Sequencing of the cloned 16s rRNA fragments
resulted in the detection of sequences which were

Middle reactor

Time (days)

0 10 20 30 40 50

C
on

ce
nt

ra
tio

n 
(m

g/
L)

0

100

200

300

400

500

600

 ammonium 
 nitrite 
 nitrate 

Figure 1. Middle reactor represents the results for the reactor
inoculated with Daspoort sample collected from the middle part
of an anaerobic digester.
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Figure 2. Zeekoegaat anoxic represents results from reactor
inoculated with sludge samples obtained from the anoxic zone
of the secondary stage of Zeekoegaat treatment plant.
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Figure 3. Control reactor represents the results for the reactor
that was not inoculated with sludge.

Table 4. Summary of enrichment experiments.
WWTP Zone of sampling Enrichment

Daspoort Trickling filter Yes
Daspoort Anaerobic digester (middle) Yes
Daspoort Anaerobic digester (bottom) No
Baviaanspoort Anoxic No
Baviaanspoort Anaerobic digester No
Zeekoegaat Anoxic Yes
Zeekoegaat Anaerobic digester No
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highly similar to known anammox bacteria. Figures 4
and 5 are showing the phylogenetic trees obtained from
the sequencing of the retrieved clones. These results
showed that the anammox bacteria from an anaerobic
digester (middle reactor), trickling filter and Zeekoegaat
WWTP were all closely related to Brocadia species (ful-
gida, anmmoxidans and caroliniensis) (Figures 4 and 5).
Previously, Hu et al. [53] enriched Brocadia fulgida from a
peat soil. Correspondingly, S�anchez Guill�en et al. [54]
found that B. fulgida was the dominant anammox strain
throughout the long-term operation of a sequencing
batch reactor seeded with granular sludge for sewage
treatment. Dapena�Mora [50] likewise performed

anammox enrichment from municipal activated sludge
and found Kuenenia stuttgartiensis as major anammox
species in the enrichment culture. On the contrary,
Schmid et al. [37] isolated K. stuttgartiensis from the trick-
ling filter biofilm. This indicates that each anammox spe-
cies can occupy diverse ecological niches. There is still
no well-defined niche definition for the anammox spe-
cies. However, there are reports that Brocadia and Kue-
nenia species are commonly found in wastewater
treatment plants and bioreactors [55]. Based on the phy-
logenetic tree analysis, it was clear that the South African
wastewater treatment plants (Pretoria region) were dom-
inated by Brocadia species.

Figure 4. Phylogenetic tree showing relationships of anaerobic digester enrichment culture 16S rRNA gene clone to other anammox
bacteria. The scale bar represents 2% sequence divergence.

Figure 5. Phylogenetic tree showing relationships of tickling filter and Zeekoegaat enrichment cultures 16S rRNA gene clone to other
anammox bacteria. The scale bar represents 1% sequence divergence.
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Model calibration

During model calibration, certain parameter values of
the model are adjusted in order to generate the results
that are in agreement with the experimental data. In the
present study, the calibration approach was to fit the
model simulation data on the nitrite experimental data
obtained during batch experiments. The maximum
growth rate of anammox was determined by performing
a nonlinear regression analysis on Equation (8) using
AQUASIM program. By using Equation (8) and the experi-
mental data, three other biokinetic coefficients (bAn, XAn,0
and YAn) were also predicted.

Estimation of maximum growth rate

The maximum growth rate values predicted by the
model are presented in Table 5. The growth rate for Das-
poort and Zeekoegaat cultures were estimates as 0.101
and 0.023 h¡1, respectively. These values are consider-
ably higher than those reported in. [22,56]. Although the
maximum growth rates for the present study were
higher than those in literature, the culture from Zeekoe-
gaat had lower growth rate than the culture from Das-
poort. Strous et al. [22] attributed the low anammox
growth rate to low substrate consumption rate. This was
confirmed in the present study as it took more than 80 d
for nitrite to be completely consumed with the Zeekoe-
gaat culture while it took only 45 d for nitrite consump-
tion with the Daspoort culture. This means that the low
growth rate for Zeekoegaat was due to low nitrite con-
sumption rate.

The yield coefficients for anammox biomass were cal-
culated to be 9.9 mg biomass mg¡1 N and 9.5 mg bio-
mass mg¡1 N whereas the decay rate coefficients were
0.0049 and 0.0003 d¡1 for Daspoort and Zeekoegaat,
respectively. Based on these values, the anammox con-
centration was calculated to be 8 mg L¡1 on both experi-
ments (Table 5).�

In assessing the validity of the model, the model pre-
dictions were compared to measured experimental data.
According to Figures 6 and 7, the model predicted val-
ues fit to measured experimental data quit well for Das-
poort and Zeekoegaat experiments, respectively.
However, there was a bit of deflection in the Zeekoegaat
experiment (Figure 7) due to instability of the reactor at

the beginning of the experiment. The good agreement
between the model and measured data is evidently
demonstrating the validity of the model developed in
this study. Therefore, this model is suitable for estimating
maximum growth rate for anammox in batch
experiments.

Conclusions

The study provided evidence for the existence of anam-
mox bacteria in some of Gauteng wastewater treatment
plants. The study also provided the information of the
possibility of wide distribution of anammox with little
diversity as it was found out that the habitats are domi-
nated by only Brocadia species. The maximum growth
rate of anammox bacteria was determined to be higher
than previously reported in literature.

Table 5. Estimation of maximum growth rate using high F/M
growth model.

Culture
XAn

(mg L¡1)
mAn

(h¡1)
Decay
(h¡1)

Yield
(mg cell mg¡1 N)

Daspoort 8.2933585 0.101103 0.004899 9.8909667
Zeekoegaat 8.2395867 0.023865 0.00032 9.5331898
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Figure 6. Comparison between measures and predicted values
of NO2

¡ – Daspoort sample.
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Figure 7. Comparison between measures and predicted values
of NO2

¡ – Zeekoegaat sample.
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