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Abstract

The availability of excess nutrients (phosphorus (P) and nitrogen (N)) in wastewater systems causes many water quality 
problems. These problems include eutrophication whereby algae grow excessively and lead to depletion of oxygen, death of 
the aquatic life and bad odours. Biological phosphorus removal has gained attention because the condition of wastewater is 
manipulated in order to facilitate nutrient removal by the microbial communities in the wastewater. It has been reported that 
filamentous bacteria are capable of removing P at a similar or higher rate to that of heterotrophic bacteria. It has also been 
reported that conditions that facilitate biological nitrogen removal promote bulking in a biological nutrient removal system. 
The aim of the project was therefore to evaluate the role of filamentous bacteria in biological nutrient removal (BNR) proc-
esses. For denitrification this was achieved by performing the nitrate reduction preliminary screening test followed by batch 
tests. Neisser staining was used to locate polyphosphate granules in cells. All Neisser positive isolates were evaluated for P 
accumulation employing batch tests. The findings of this study demonstrated that 29% of the isolates were true denitrifiers, 
3% were sequential denitrifiers, 11% were nitrate respirers, 13% were non-denitrifiers and 45% were nitrate respirers at high 
concentrations (1 g/ℓ and 0.5 g/ℓ) and true denitrifiers at low concentrations (0.2 g/ℓ). The results of the nitrate reduction batch 
test demonstrated that up to 18.46 mg/ℓ nitrate was reduced to nitrogen gas. 53% of the isolates reduced nitrite, 33% resulted 
in nitrite accumulation and 9% did not react to nitrite. Of the 38 isolates 16% were positive for the Neisser stain, 34% were 
positive for the glycogen stain and 79% were positive for the PHB stain. Batch test results showed phosphate accumulation 
of up to 17.12 mgP/ℓ. It was demonstrated by this study therefore, that filamentous bacteria have the potential to biologically 
remove nutrients. These research findings will serve as a basis for further investigations.

Keywords: activated sludge, denitrification, glycogen accumulating organisms, filamentous bacteria,  
phosphorus removal

Introduction

Biological nutrient removal (BNR) has gained attention over 
chemical nutrient removal because of the high cost of the chemi-
cal process and the large sludge volumes produced. (Machnika 
et al., 2005 and Sarioglu, 2005). BNR has three stages, i.e. the 
anaerobic compartment, anoxic compartment and aerobic com-
partment. In the anaerobic compartment phosphate accumulat-
ing bacteria (PAOs) are selected for and phosphate is released 
from the bacteria. Under anoxic conditions denitrification and 
phosphate uptake take place while nitrification and phosphate 
uptake take place under aerobic conditions (Van Loosdrecht, 
2004).
 The process of phosphate uptake involves exposing the 
PAOs to alternating anaerobic-aerobic conditions. Under anaer-
obic conditions PAOs take up the carbon source and store it in 
the form of polyhydroxybutyrate (PHB). This is accompanied 
by the degradation of internally stored polyphosphate in order 
to provide energy for carbon source uptake. Phosphate is then 
released in the form of orthophosphate. Under aerobic condi-
tions PAOs take up orthophosphate to replenish their polyphos-
phate pools using stored PHB as a carbon and energy source 
(Barak and Van Rijn, 2000; Mino et al., 1998).
  Denitrification is the biological conversion of nitrate to more 
reduced forms such as dinitrogen gas (N2), nitrous oxide (N2O) 

and nitric oxide (NO). Facultative aerobes that can utilise nitrate 
instead of oxygen as a final electron acceptor are responsible for 
denitrification. The breakdown of carbonaceous organics in the 
denitrification process is similar to that in the aerobic process, 
the only difference being in the final stages of the electron trans-
fer (Sedlak, 1999). This would indicate the need for strict anoxic 
conditions in the denitrifying system (Lilley et al., 1997). It has 
been demonstrated that under acidic conditions denitrification 
can take place in the presence of oxygen (Martin, 1991). Nitrate 
will replace oxygen in the endogenous respiration reaction. The 
rate of denitrification depends on the nature and concentration 
of the carbonaceous matter undergoing degradation. Most inves-
tigations agree that denitrification is a zero-order reaction with 
respect to nitrate being reduced to very low nitrate concentration 
levels (Martin, 1991). 
 A hypothesis for the cause of bulking by the low food-to-
microorganism (low F/M) filamentous bacterial group in a BNR 
system was proposed by Casey et al. (1999). In this hypothesis 
it is stated that the floc-forming organisms are able to reduce 
nitrate to di-nitrogen gas through the denitrification intermedi-
ates. Casey et al. (1999) state that in a BNR system, competi-
tion between floc-forming and filamentous bacteria for mutu-
ally growth-limiting substrate is influenced by the inhibition of 
substrate utilisation of floc-formers under aerobic conditions. If 
denitrification is incomplete at the onset of the aerobic phase, 
the intracellular denitrification intermediates inhibit the aero-
bic cytochrome o of floc formers and their substrate utilisation  
ability is therefore inhibited. At this stage filamentous bacteria 
utilise the substrate and proliferate in the system, leading to 
bulking (Casey et al., 1999). 
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 It was recently discovered by Machnika et al. (2005) that fil-
amentous bacteria can remove nutrients biologically. They state 
that filamentous bacteria are also capable of removing phospho-
rus at a rate similar to or higher than that of heterotrophic bacte-
ria in the activated sludge. The aim of this study was therefore to 
evaluate the role of filamentous bacteria in BNR.

Experimental

Isolation of pure cultures of filamentous bacteria 

The cultures of filamentous bacteria used to conduct this research 
were isolated, cultivated and purified according to Ramothokang 
et al. (2003). A Gram stain was conducted to verify purity of iso-
lates and also as a characterisation tool. 

Denitrification

Preliminary screening 
Pure cultures of filamentous bacteria were each screened for 
their denitrification ability at 1 g/ℓ, 0.5 g/ℓ and 0.2 g/ℓ nitrate 
and nitrite concentrations as potassium salts respectively, 
employing the nitrate reduction method devised by Drysdale et 
al. (1999). The colorimetric biochemical reduction test was used 
to screen for nitrate and nitrite reduction (Cappucino and Sher-
man, 1992). 

Batch test 
Isolates exhibiting a positive result for denitrification were then 
studied further in duplicate in the form of a batch test by inocu-
lating 5 mℓ of two-day-old starter cultures into 145 mℓ of CGYA 
broth (Atlas, 1993) supplemented with 0.1 g/ℓ potassium nitrate 
that had been sparged with nitrogen gas for 1min to create 
anoxic conditions. A volume of 5mℓ of sample was drawn every 
hour. Nitrogen concentration (as nitrate and nitrite) was there-
fore monitored hourly for 6h and concentrations were analysed 
using an auto-analyzer (Technicon Auto Analyzer AAII, Der-
motech South Africa). Slow continuous stirring was employed 
to keep filamentous bacteria in suspension. The cultures were 
grown at room temperature (20 to 25°C). The control was an 
uninoculated broth.

Phosphorus removal

Evaluation of storage polymers
The Neisser, PHB (Jenkins et al., 1993), and Glycogen stain 
(Periodic Acid Schiff’s method by McManus, 1946 as cited 
online at http://www.hoslink.com.hist/6.HTM, accessed Sep-

tember 19, 2003) were employed to determine polymer storage 
(regions) within the filamentous bacteria.

Batch test
Neisser-positive pure filamentous bacterial cultures were grown 
anaerobically for 24 h in CGYA broth with glucose (Glycogen 
stain positive isolates) or acetate (PHB stain positive isolates) to 
deplete phosphorus in polyphosphate granules. A volume of 35 
mℓ of the respective medium was added into a 40 mℓ anaerobic 
vial. This is a pre-requisite in order to identify a PAO (Lacko et 
al., 2003). Cultures were grown at room temperature. Cells from 
anaerobic incubation were suspended into a respective 115 mℓ 
CGYA broth containing 10 mg/ℓ K2HPO4. Phosphate concentra-
tion was monitored every hour for 6 h using the auto-analyzer. 
A control comprised 150mℓ of an uninoculated broth (Jørgensen 
and Paulii, 1995).

Results and discussion

Denitrification (preliminary screening)

Results of this study show that filamentous bacteria can be 
grouped into five groups of denitrifiers as per Drysdale et al. 
(1999) namely true denitrifiers, sequential denitrifiers, nitrate 
respirers, non-denitrifiers and those that can be nitrate respirers at 
high concentrations and true denitrifiers at low concentrations. 

True denitrifiers
According to Fig. 1, 29% of the total isolates were made up of 
true denitrifiers. True denitrifiers have nitrate and nitrite reduct-
ase enzymes in their cytoplasm. The presence of these enzymes 
allows these bacteria to reduce both nitrate and nitrite simulta-
neously. Denitrification occurs under anoxic conditions where 
these enzymes are induced (Cappucino and Sherman, 1992; 
Drysdale et al., 2001; Ramdhani, 2005; Robertson and Kuenen, 
1992).

Sequential denitrifiers
Current findings showed that only 3% were sequential denitri-
fiers (Fig. 1). Sequential denitrifiers can reduce nitrate to nitrite 
when grown in nitrate media, and when grown in nitrite media, 
nitrite is reduced to nitrogen gas (Drysdale et al., 1999). Nitrite 
reductase enzyme is inhibited in the presence of nitrate and this 
results in the build-up of nitrite in the nitrite media as shown in 
Table 1 (Ramdhani, 2005).

Nitrate respirers
Bacteria that can only reduce nitrate were observed in this 

Denitrification classification of filamentous bacteria
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study and they are called nitrate respirers. These 
bacteria lack the enzyme that facilitates nitrite 
reduction (nitrite reductase enzyme). Only 11% 
of the total isolates were nitrate respirers (Fig. 
1). Findings by Drysdale et al. (1999) state that 
nitrate respirers prefer aerobic environment as 
compared to anoxic. 

Nitrate respirers-true denitrifiers
At least 45% of the isolates in this study com-
prised of nitrate respirers at high nitrate con-
centrations of 1 g/ℓ and 0.5g/ℓand at low nitrate 
concentration of 0.2 g/ℓ these isolates were 
true denitrifiers (Fig. 1). This suggests that 
these isolates have both the nitrate and nitrite 
reductase enzymes but the nitrite reductase 
enzyme is inhibited at high nitrate concentra-
tion (Drysdale et al., 1999). These isolates may 
be responsible for bulking due to their affinity 
for low nitrate concentration and their inabil-
ity to accumulate nitric oxide intracellularly. 
Floc-forming bacteria under anoxic condi-
tions accumulate nitric oxide and it prevents 
oxygen utilisation under aerobic conditions. 
If these (nitrate respirers – true denitrifiers) 
organisms are present at the point conditions 
switch from anoxic to aerobic and denitrifica-
tion is incomplete, they will proliferate due to 
their ability to grow under aerobic conditions 
and their affinity for low nitrate concentration 
(Casey et al., 1999). The findings of this study 
agree with the hypothesis proposed by Casey 
et al. (1999), which states that if denitrification 
is incomplete at the onset of the aerobic phase, 
the intracellular denitrification intermediates 
inhibit the aerobic cytochrome o of the floc 
formers and their substrate utilisation is there-
fore inhibited. This is when the filamentous 
bacteria utilise the substrate and proliferate in 
the system, leading to bulking sludge (Casey 
et al., 1999).

Non-denitrifiers
Findings showed that 13% of the isolates were non-denitrifiers 
(Fig. 1). These isolates lack both nitrate and nitrite reductase 
enzymes, therefore they have no role in the denitrification proc-
ess (Drysdale et al., 1999).

Denitrification (batch test) 

57% of the isolates had the ability to reduce nitrite. This could be 
due to the presence of sequential denitrifiers as shown in a study 
by Ramdhani (2005). Sequential denitrifiers reduce nitrite only 
when grown in nitrite media (Drysdale et al., 1999). 33% of the 
isolates accumulated nitrite. Nitrite accumulation is dominant 
among nitrate respirers due to their inability to reduce nitrite 
because they lack the nitrite reductase enzyme (Table 1).
 It is therefore indicated by this investigation that filamen-
tous bacteria can reduce nitrate at a rate similar or even higher 
than that of heterotrophic bacteria. Reduction of up to 18.46 
mg/ℓ nitrate was observed which is higher than that of 7.46 
mg/ℓobserved by Lacko et al. (2003) using Alcaligenes spp. 
which had been incubated for 6h with an initial concentration 
of 11.29 mgNO3-N/ℓ. Results showed that 24% of the isolates 

proved to reduce nitrate in the range of 10 to 20 mg/ℓ nitrate. 
Manipulation of filamentous bacteria and enhancement of their 
nutrient removal capabilities may therefore have a substantial 
contribution in the BNR system since the presence of nitrogen 
is implicated with eutrophication and poor water quality. In 
addition, 30% of the isolates reduced nitrate in the range of 5 to 
10 mg/ℓ, which is in the range observed by Lacko et al. (2003). 

At least 45% of the isolates showed weak nitrate reduction of 
0 to 5 mg/ℓ which was also observed in a study by Lacko et al. 
(2003) (Table 2). 

Phosphorus removal

With regard to phosphorus, 16% (Fig. 2) of the isolates had the 
ability to accumulate phosphate which was indicated by the 
presence of polyphosphate granules within the cells. 
 If subjected to alternating anaerobic and aerobic conditions 
bacteria can accumulate phosphate in the aerobic conditions if 
their internal phosphate had been depleted under anaerobic con-
ditions, provided the correct carbon source is provided (Mino et 
al., 1997). Most of the isolates preferred acetate as compared to 
glucose as a carbon source. This was determined by means of 

TABLE 1
Nitrite reduction batch test results in mg/ℓ

Org. no. At time 0 h  
(mg/ℓ)

After 6 h  
(mg/ℓ)

N reduced 
(mg/ℓ)

N accumu-
lated (mg/ℓ)

17 1.58 0.15 1.43
15 0.68 0.00 0.68
7 0.45 0.13 0.32
14 0.29 0.05 0.24
12 2.50 2.38 0.12
36 0.38 0.28 0.10
21 0.09 0.00 0.09
28 0.23 0.16 0.07
32 0.07 0.00 0.07
8 0.06 0.00 0.06
2 0.07 0.01 0.06
29 0.17 0.11 0.06
35 0.09 0.03 0.06
30 0.28 0.23 0.05
11 0.05 0.00 0.05
1 0.11 0.08 0.03
38 0.02 0.00 0.02
22 1.42 1.41 0.01
34 0.06 0.05 0.01
19 0.77 2.04 1.27
27 0.18 1.38 1.20
16 0.10 0.94 0.84
25 0.17 0.86 0.69
26 0.80 1.34 0.54
37 0.00 0.34 0.34
23 0.39 0.50 0.11
31 0.18 0.24 0.06
20 0.17 0.22 0.05
9 0.09 0.13 0.04
18 0.04 0.05 0.01
13 0.00 0.00 0.00
24 0.36 0.36 0.00
33 0.00 0.00 0.00
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(Ac) and glucose (Gl) respectively, which were used as car-
bon sources for phosphate release and accumulation determi-
nation. The number represents the isolate number. Batch test 
results of this study showed that filamentous bacteria could 
accumulate phosphate at a rate similar or higher than that of 
heterotrophic bacteria. This was shown by an accumulation of 
up to 17.12 mgP/ℓ by isolate Ac-27 (Fig. 3) that is close to that 
of 17.5 mgP/ℓ by Acinetobacter lwoffie observed by Sarioglu 
(2005), but it was lower than the 28.5 mgP/ℓ and 74.4 mgP/ℓ 
removal observed by Machnika et al. (2005) using a mixture 
of filamentous bacteria found in foam. The reason for high 
phosphate accumulation by foam filamentous bacteria may be 
due to the presence of diverse and mixed filamentous PAOs 
populations therein, as opposed to pure cultures used in the 
current investigation. 
 Other PHB (Ac-22, Ac-30 and Ac-34) isolates showed 
weak phosphate accumulation of between 0.567 mg/ℓand 2.139  
mg/ℓ (Fig. 3). Phosphate accumulation of between 0.567 mg/ℓ 
and 2.139 mg/ℓwas also observed for glycogen positive isolates 
(Gl-10 and Gl-24) (Fig. 4).

Conclusions

The results of this study demonstrate what was previously 
unknown, i.e. that filamentous bacteria can remove nutrients 
(N and P) at a rate that is higher than or similar to that of 
heterotrophic bacteria, which are known to be the primary 
nutrient- removing bacteria. Current findings also contribute 
to improving our understanding of the behaviour and possi-
ble contribution of filamentous bacteria to bulking conditions 
Although current investigations focused on pure culture and 
determining the capacity of filamentous bacteria to remove 
nutrients, the findings serve as a good indication of the poten-
tial of these organisms and also substantiate the ability of  
filaments to remove nutrients in situ. Findings of this research 
also validate the current thinking, i.e. enhanced biological 
phosphorus removal in activated sludge systems is not solely 
attributed to a single group of micro-organisms but rather a 
collective function of diverse groups of bacteria including 
filaments. 

Current work

All the isolates are currently being identified with the appli-
cation of a molecular technique, fluorescent in situ hybridisa-
tion (FISH) and their identity are being confirmed by genetic 
sequencing of the DNA for genetic-level identification.

Figure 2
Storage polymer 

results in percentage

TABLE 2
Nitrate reduction batch test results in mg/ℓ

Org. no. At time 0 h 
(mg/ℓ)

After 6 h 
(mg/ℓ)

N reduced 
(mg/ℓ)

16 23.90 5.44 18.46
31 16.27 3.53 12.74
11 15.20 2.75 12.45
14 16.17 4.09 12.08
34 15.02 2.94 12.08
13 19.27 7.22 12.05
38 14.89 3.26 11.63
8 15.12 4.43 10.69
21 12.54 2.74 9.80
25 14.19 4.69 9.50
27 9.85 0.44 9.41
17 17.27 8.02 9.25
29 16.88 7.81 9.07
22 9.07 0.15 8.92
30 14.57 5.72 8.85
26 17.29 11.96 5.33
18 13.08 7.76 5.32
12 24.82 19.74 5.08
19 7.29 2.39 4.90
36 16.58 12.05 4.53
37 15.50 11.44 4.06
32 20.71 16.88 3.83
35 19.85 16.23 3.62
28 20.90 17.52 3.38
20 18.92 16.00 2.92
1 22.55 20.04 2.51
23 20.35 17.94 2.41
2 17.16 15.19 1.97
9 20.33 18.50 1.83
7 17.48 15.75 1.73
15 11.09 9.84 1.25
24 20.67 19.48 1.19
33 15.62 14.63 0.99
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the glycogen stain (glucose) and PHB stain (acetate). These 
findings agree with a study by Mino et al. (1997) which states 
that acetate (Ac) is a preferred carbon source for PAOs under 
anaerobic conditions (Fig. 2). For the purpose of the study Ac 
and Gl presented on the graphs (Figs. 3 and 4) depict acetate 
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Recommendations

It is recommended that the BNR system be manipulated in  
such a manner that the ability of filamentous bacteria to remove 
nutrients be optimised to achieve better BNR, without com-
promising the rest of the activated sludge system and without 
inciting bulking or causing any system perturbations . Future 
research should focus on determining the role of PAO’s and deni-
trifiers in situ collectively, and using novel molecular techniques 
such as combined Fluorescent in situ hybridisation – microauto-
radiography (FISH-MAR) to elucidate the roles of these micro-
organisms in biological nutrient removal.

Acknowledgements

The authors would like to thank the National Research Founda-
tion (NRF) of South Africa for funding this research and the 
eThekwini Municipality for all their assistance throughout the 
course of this study. 

References   

ATLAS RM (1993) Handbook of Microbiological Media. CRC Press, 
USA. 

BARAK Y and VAN RIJN J (2000) A typical polyphosphate accumula-
tion by the denitrifying bacterium Paracoccus denitrificans. Appl. 
Environ. Microbiol. 66 (3) 1209-1212. 

CAPPUCINO JG and SHERMAN N (1992) Microbiology: A Labora-
tory Manual (3rd edn.) Rockland Community College: Suffern, NY, 
USA. 

CASEY TG, WENTZEL MC and EKAMA GA (1999) Filamentous organ-
isms bulking in nutrient removal activated sludge systems (Paper 11: 

A biochemical/microbiological model for proliferation of anoxic-aero-
bic (AA) filamentous organisms). Water SA 25 (4) 443-451. 

DRYSDALE GD, KASAN HC and BUX F (1999) Denitrification by 
heterotrophic bacteria during activated sludge treatment. Water SA 
25 (3) 357-362.

DRYSDALE GD, KASAN HC and BUX F (2001) Assessment of deni-
trification by the ordinary heterotrophic organisms in an NDBEPR 
activated sludge system. Water Sci. Technol. 43 (1) 147-154. 

GLYCOGEN STAIN (2003) The Periodic Acid Schiff Method. http://
www.hoslink.com.hist/6.HTM  Accessed on 19 September 2003.

JENKINS D, RICHARD GM and DAIGGER TG (1993) Manual on the 
Causes and the Control of Activated Sludge Bulking and Foaming 
(2nd edn.) Lewis Publishers, USA. 

JØRGENSEN K and PAULII A (1995) Polyphosphate accumulation 
among denitrifying bacteria in activated sludge. Anaerobe. 1 161-168. 

LACKO N, DRYSDALE GD and BUX F (2003) Anoxic phosphorus 
removal by denitrifying heterotrophic bacteria. Water Sci. Technol. 
47 (11) 17-22. 

LILLEY ID, PYBUS PJ and POWER SPB (1997) Operating Manual for 
Biological Nutrient Removal: Waste Water Treatment Works. Water 
Research Commission Report no. TT 83/97, South Africa.

MACHNIKA A, SUSCHKA J and GRÜBEL K (2005) The importance 
of potassium and magnesium ions in biological phosphorus removal 
from waste water. Institute of http://www.lwr.kth.se/Forskningspro-
jekt/Polishproject/JPS12MSG.pdf Accessed on 17 November 2005. 
Environmental Protection and Engineering, University of Bielsko-
Biala, Poland 

MARTIN AM (1991) Biological Degradation of Wastes. Elsevier Sci-
ence Publishers, Canada. 

MINO T, ARUN V, TSUZUK T and MASTUO T (1997) Effect of 
Phosphorus Accumulation on Acetate Metabolism in the Biological 
Phosphorus Removal Process. Pergamon Press, Oxford, UK. 

MINO T, VAN LOOSDRECHT MCM and HEIJNEN JJ (1998) Micro-
biology and biochemistry of the enhanced biological phosphate 
removal process. Water Res. 32 (11) 3193-2307. 

Phosphate accumulation by PHB positive isolates

0

10

20

30

40

50

60

0 1 2 3 4 5 6

Time (hrs)

P 
co

nc
. (

m
gP

/l) Control
Ac-22
Ac-27
Ac-30
Ac-34

Phosphate accumulation by glycogen positive isolates

0
5
10
15
20
25
30
35
40

0 1 2 3 4 5 6

Time (hrs)

P 
co

nc
. (

m
gP

/l)

Control

Gl-10

Gl-24

Figure 3
Phosphate 

accumulation 
by PHB posi-

tive isolates on 
acetate

Figure 4
Phosphate 

accumulation 
by glycogen-

positive 
isolates on 

glucose

http://www.hoslink.com.hist/6.HTM
http://www.hoslink.com.hist/6.HTM
http://www.lwr.kth.se/Forskningsprojekt/Polishproject/JPS12MSG.pdf
http://www.lwr.kth.se/Forskningsprojekt/Polishproject/JPS12MSG.pdf


672 Available on website http://www.wrc.org.za
ISSN 0378-4738 = Water SA Vol. 32 No. 5 (Special edn. WISA 2006)

ISSN 1816-7950 = Water SA (on-line)

RAMDHANI N (2005) Functional Characterization of Heterotrophic 
Denitrifying Bacteria in Waste Water Treatment Systems. Master’s 
Degree Dissertation, Durban Institute of Technology, South Africa. 

RAMOTHOKANG TR, DRYSDALE GD and BUX F (2003) Isola-
tion and cultivation of filamentous bacteria implicated in activated 
sludge bulking. Water SA 29 (4) 405-410. 

ROBERTSON LA and KUENEN M (1992) Nitrogen removal from 
water and waste. Microb. Control Pollut. 227-267. 

SARIOGLU M (2005) Biological phosphorus removal in a sequencing 
batch reactor by using pure cultures. Process Biochem 40 1599-
1603. 

SEDLAK R (1991) Phosphorus and nitrogen removal from municipal 
wastewater: Principles and Practice (2ndedn.). Lewis Publishers, 
USA. 

VAN LOOSDRECHT MCM (2004) Role of Biological Processes in 
Phosphate Recovery. http://www.nhm.ac.uk/mineralogy/phos/
loosdr.htm Accessed on 3 December 2004.

http://www.nhm.ac.uk/mineralogy/phos/loosdr.htm
http://www.nhm.ac.uk/mineralogy/phos/loosdr.htm

