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1. INTRODUCTION

WS Atkins were appointed by NRA at the end of February 1991 to 

prepare a feasibility study on removing iron from the augmentation 

borehole for the River Deben sited to the north of Debenham. At 

the time of appointment it was envisaged that no additional 

pumping or testing would need to be done and that the report would 

be submitted within four weeks, based on existing data.

However, due to some uncertainty as to the process requirements it 

was decided to carry out some limited additional testing. This 

delayed the preparation of the report.

The work carried out to date has indicated that a low technology 

sol ution of the type or i gi nail y envi saged by Angl i an NRA i s 

unlikely to be effective. This interim report has been prepared 

as a basis for discussion to decide upon further action.
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2. SUMMARY OF CONCLUSIONS

The iron present in the borehole water is associated with organic, 

matter. This makes it very difficult to remove without chemical 

addition. The deposition of iron in the river may appear to 

contradict this however it is likely that biological action in the 

river breaks down the organic/iron complexing.

Further testing is required to define possible treatment processes.

Use of the existing lagoon for iron settlement will present 

probl ems wi th i ron bei ng washed out when the stop 1 ogs are 

removed. Ideally settlement should be achieved in a separate 

lagoon.

We estimate that the capital cost of a plant for iron removal,

including chemical dosing, would be of the order of £50,000

excluding site supervision and land acquisition. This does not 

include the cost of a new settlement lagoon.
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3. ANALYSIS OF DATA FROM THE 1990 RUN

3.1 Introduction

During 1990 the augmentation borehole was pumped for 5J4 weeks and 

analyses were carried out on seven sets of samples, taken from 

points between the borehole itself and the river several 

kilometres downstream. This sampling showed the aeration/ 

settlement system to be ineffective, with most of the iron still 

in solution at the outlet from the lagoons, and precipitating out 

in the river downstream.

3.2 Discussion of Results

The results of the 1990 run are presented in Table 1. These are 

much poorer than was hoped for by NRA. The discussion of these 

includes a comparison with theoretical iron oxidation rates.

Iron oxidation by oxygen is not clearly understood. The rate 

depends upon several factors including pH, alkalinity, dissolved 

oxygen levels, and the presence of organic complexing agents. The 

borehole water is relatively high in Total Organic Carbon (TOC) 

for a groundwater (3 mg/1) and thus complexing may be an important 

factor.

The carbonate alkalinity is relatively high, and the theoretical 

analysis assumed that the oxidation follows the criteria put 

forward for the oxidation of iron in bicarbonate solutions. The 

theoretical analysis, published by Benefield, Judkins and Weand, 

was used to calculate the changes in soluble iron concentrations 

under the field conditions, and these results have been compared 

to the actual results. The theoretical analysis calculates iron 

oxidation rates; these are dependent upon pH, dissolved oxygen 

levels, dissolved iron levels, and temperature. The analysis 

assumes a temperature of 20.5*C and, as actual field temperature 

were around 10‘C, reaction rates have been halved in accordance 

with van't Hoff's rule.
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Table 1

Average Results of Analyses Purina 1990 Run

SamDlina Temp- Eh Dissolved Soluble Carbonate EH

Site r c y fFieldl -2
(mg/1)

Iron

.(mg/1)

Alkalinity 

C^CQ3 (mg/1)
(Labora

1. Borehole 8.8 6.7 0.4 9.2 300 7.1

2. Lagoon inlet 9.1 6.5 3.1 9.5 285 7.1

3. Lagoon outlet

4. Hogsclose

9.0 6.8 3.7 7.7 285 7.1

Lane Bridge 

5. Just D/S 

of Confluence

9.7 6.9 8.1 1.8 280 7.5

with Stream 5.2 6.3 10.8 0 235 7.9

6. Farm Bridge

7. A1120 Road

7.0 7.2 8.8 0 260 7.9

Br Ashfield 8.8 7.'5 8.0 0 270 7.9

Notes

1. Results are average values.

2. It is noted that the field pH values are lower than the laboratory 

values. The reason for this is probably the release of dissolved 

carbon dioxide, causing the pH to rise. The data suggests that 

adequate aeration of the borehole water would certainly bring the 

pH up to over 7.5.
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Table 2

Variation of Ferrous Iron with time at a dissolved oxygen 

level of 3mq/l at various pHs at a temperature of 10.5*C

EH Time (minsl Ferrous Iron Concentration fma/11

6.50
6.50
6.50
6.50
6.50
6.50
6.50
6.50
6.50

0

15
30
45
60
75
90

105
120

10.0
9.64 
9.30 
8.97
8.65 
8.34 
8.05 
7.76 
7.48

6.65
6.65
6.65
6.65
6.65

0

15
30
45
60

10.0

9.30
8.65
8.04
7.48

6.80
6.80
6.80

0

15
30

10.0

8.63
7.45

Notes i) Based on plug flow.

ii) The dissolved oxygen level achieved in the trial was 

approximately 3 mg/1.

iii) This assumes an initial soluble iron level of 10 mg/1, as 

found during the trial run.

i
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Table 2 gives the theoretical times to reduce soluble iron levels 

from 10 mg/1 to below 7.7 mg/1 (the actual average soluble iron 

level in the lagoon effluent) at a range of pHs. pH 6.5 

represents the average pH of the influent, pH 6.8 is the value for 

the effluent, and pH 6.65 is the mean pH of the lagoon.

The theoretical detention time of the lagoon was reported by NRA 

to be six hours at a flow of 7.4 tcmd. It is apparent from 

Table 2 that the theoretical time to reduce soluble iron levels to 

those actually achieved is of the order of 60 to 120 minutes, 

dependant upon the actual pH within the lagoons. However it is 

not possible to estimate the effective retention of time of the 

lagoons, which will be reduced by short circuiting. The retention 

time is likely to be of the order of three hours under quiet 

conditions, with little wind-induced mixing. It thus appears 

likely that the actual oxidation rate is of the order of 30 to 70% 
of the calculated rate. Factors that may contribute to this lower 

rate include :

i) pH - the oxidation rate is very pH sensitive. However it is 

most unlikely that the pH in the lagoons will be less than 

6.5, and thus other factors must therefore account for the 

difference.

i i) Temperature - the theoretical analysis was done using 

published constants for a temperature of 20.5’C f and the 

van't Hoff rule was applied, halving the reaction rate for a 

temperature drop of 10’C, to a theoretical temperature of 

10.5‘C. Actual temperatures in the lagoons were apparently 

9*C, 1.5*C lower. This would further lower reaction rates 

to around 90% of those for 10.5’C . It has al so been 

suggested that the rate of iron oxidation is more sensitive 

to temperature than indicated by the van't Hoff rule.

iii) If the flow was higher than 7,000 tcmd, the retention would 

be less.
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iv) Other Factors - it is possible that factors such as the 

presence of organically complexed iron, alkalinity levels, 

and other factors may lead to an oxidation rate lower than 

that calculated. It is also possible that the presence of 

organic material in the water may lead to complexing of the 

oxidised iron and consequently a lower apparent oxidation 

rate.

Overall, a simple comparison of the field results with the 

\| theoretical calculations suggests that it would be prudent to 

assume that actual oxidation rates should be taken as around half 

the theoretical values.

Some readings of Eh are available. Compared to a Pourbaix diagram 

for the iron/water system at 25’C, the Eh/pH readings indicate 

that the stable form of iron is the ferric form, in virtually all 

cases. This is obviously incorrect for the raw borehole water, 

and could be due to faulty Eh readings, temperature effects, or 

other factors. Whatever the cause, the Eh readings are clearly 

misleading and have not been further considered.
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IRON OXIDATION AND REMOVAL 

Requirements for Iron Oxidation Using Atmospheric Oxygen

Figures 1 and 2 show the effect of pH and dissolved oxygen levels 

on the time taken to lower soluble iron levels from 10.0 to

1.0 mg/1 at temperatures of 20.5'C and 10.5'C. These figures have 

been derived from the Benefield Judkin and Weands theoretical 

analysis. Both these figures assume a fully mixed reaction 

vessel. The times in a plug flow reactor would be slightly less. 

Figure 1 plots calculated times at 20.5’C, and Figure 2 doubles 

these times to allow for a 10‘C lower temperature. As discussed 

earlier, it appears prudent to double the theoretical times shown 

on both Figures.

Aeration of the well water using either spray aeration or cascade 

aerators will have two effects; it will introduce dissolved oxygen 

into the water, and allow the escape of carbon dioxide, raising 

the pH. The dissolved oxygen level from a specified aeratio 

ocess can be predicted with some confidence, but the degree of 

carbon dioxide release and the associated increase in pH cannot be 

so easily calculated.

Suffolk Water Company's experience with the treatment of Crag 

water is that aeration will raise the pH to between 7.2 and 7.5. 

The laboratory testing carried out as part of this Study confirms 

that aeration should achieve a pH in excess of 7.2. Aeration will 

raise the dissolved oxygen to above 75% saturation. It can be 

seen from Figure 2 that these conditions will require theoretical 

reaction times of between four minutes (for pH 7.5) and fifteen 

minutes (at pH 7.2). It is therefore most important to know the 

pH of the aerated water. In addition, as discussed above, 

apparent reaction rates may be lower than the theoretical values 

used to derive the reaction times on the Figures, and if these 

rates are halved then a reaction time of between eight and thirty 

minutes will be required.
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Based on the above it would appear that a reaction time of 20 

minutes, equivalent to a volume of 100m^ at a flow of 7.4 tcmd, 

would be expected to lower soluble iron levels to 1.0mg/l. This 

is less than the maximum time of thirty minutes discussed above, 

but we feel this would have been reasonable, as the pH should be 

well above 7.2, if it were not for the results of the additional 

testing that was done. However, as discussed below, this testing 

has raised doubts as to whether the oxidised iron can in fact be 

removed.

4.2 Removal of Oxidised Iron

Removal of the oxidised iron depends upon it settling out within 

the lagoon. This in turn requires that it be in the form of 

particles of sufficient size to settle fast enough to be removed 

within the lagoon. The iron will normally oxidise and precipitate 

as very fine particles that effectively will not settle.

It is therefore necessary to get these fine particles to 

coagulate. This is normally done by agitating the suspension, 

leading to the formation of eddies which bring the small particles 

into contact, leading them to coagulate into larger settleable 

particles. The process is referred to as flocculation - the 

formation of floes.

For precipitated ferric particles the efficiency of coagulation 

depends upon the particle size and density. The more material 

there is per unit volume of water, the more chance there is of 

collisions between particles and coagulation occuring. For the 

water in question there will be of the order of 9 mg/1 of iron as 

f erri c . This is a 1 ow concentrati on and probl ems may be 

experienced in coagulating the iron, without the addition of 

further chemicals to assist.

Flocculation is normally achieved in flocculation tanks, which are 

tanks which are gently stirred by large paddle mixers. An 

alternative approach is to use a baffled channel.
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This is a channel with baffles which impart turbulence to the 

water. The advantage i s that no mechani cal equi pment i s 

required. Baffled channels have a number of disadvantages, 

particularly that they are difficult to adjust.

Once a floe of sufficient size has been formed, the iron can be 

removed by settlement. Settlement requires quiescent conditions 

and a suitable retention time. An alternative approach is to 

float the iron upwards, using the fine bubbles produced in a 

dissolved air flotation unit.

Production of a settleable floe can be a major problem. There are 

conflicting pH requirements, with flocculation occuring better at 

pH values below 7, and oxidation at values above 7.0. 

Additionally organic matter may stabilise ferric colloids and may 

also form soluble complexes using ferric iron.

4.3 Results of Laboratory Testing

The Results of the laboratory testing are presented in 

Appendix A. The testing was carried out on 30 litres of well 

water collected in three containers on 20 March 1991. The samples 

were transferred in cool boxes to the laboratory where they were 

refrigerated overnight and tested the following day. Testing 

covered aeration, and coagulation with ferric sulphate and three 

polyelectrolytes, two of which were coagulant aids and one of 

which was an organic coagulant. The testing programme assumed 

that the oxidised iron would be uncomplexed.

The testing confirmed that proper aeration should raise the pH of 

the water to within the range of 7.2 to 7.5. The final pH after 

60 minutes of aeration was 8.28. (Aeration was achieved using a 

bubbler, and the times are not related to aeration times needed in 

a spray aerator or a cascade aerator.)

The jar testing failed to produce a floe, except where ferric 

sulphate was dosed as a coagulant. J

* p
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Testing of the supernatants suggested that this floe was entirely 

due to the ferric sul phate dosed, and was not derived from 

precipitated iron. The pH of the supernatant was approximately. 

6.65 when ferric sulphate was used, this reflects the acidity of 

ferric sulphate solution.

The jar testing using polyelectrolyte coagulant aids and an 

organic coagulant failed to produce any floes. The testing was 

done at a pH of approximately 7.5. It appears quite certain that 

that there was little oxidised iron that could be flocculated in 

the jars.

In addition to the coagulation/flocculation testing, a sample of 

water was aerated to a pH of 8.28 over a period of sixty minutes 

no oxidised iron was seen. This strongly suggests that the iron 

was complexed with organic matter in the water. There was a rapid 

rise in pH to 7.5, followed by a slower increase to pH 8.2.

The laboratory concluded that ferrous iron was not being oxidised 

to ferric. However the alternative is that the iron was oxidised 

but did not precipitate, being present as a ferric salt complexed 

with the organic matter in the water. In view of the strong 

oxidising conditions this appears more likely.

It appears from the laboratory testing that further investigations 

are required to properly define possible ways of removing the 

iron. The testing strongly suggests that the iron is complexed 

with organic material present in the water, and that removing it 

will not be easy. We believe that under the oxidising conditions 

represented by a pH of, say, 7.5 and a dissolved oxygen level of 

8 mg/1, the ferrous iron should oxidise fairly rapidly. However 

it appears that coagulating and settling the iron will not be 

straightforward.

Where iron is complexed with organic matter a pH in excess of 8.5 

is normally required to ensure rapid natural oxidation and 

precipitation of the iron.



For the Debenham borehole this would require the addition of lime 

or caustic soda, as the highest pH reached after aeration was

8.25. Alternatively, chlorination may ensure oxidation and 

precipitation at a lower pH.

The laboratory testing indicated that iron removal is not 

straightforward and that further work is required to define the 

process requirements.
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5.0 DISCUSSION AND CONCLUSIONS

5.1 Introduction

The 1990 trial failed to significantly lower iron levels. An 

analysis of the results and the existing system has shown that 

even if the iron was uncomplexed, then the existing system might 

not perform well due to the low dissolved oxygen level and the low 

pH in the lagoon.

However the laboratory testing indicates that the iron is 

complexed with organic matter and that the system, even if 

improved, cannot be expected to perform satisfactorily.

It is clear that simple iron removal using aeration and settlement 

is unlikely to oxidise and settle the iron. Further testing is 

required but it appears that either pH correction or chlorination 

will be required.

During the 1990 trial run the iron did settle out in the river 

downstream of the lagoon. This suggests that the complexed iron 

was released, allowing it to precipitate. It appears likely that 

this was due to biological action within the River.

5.2 Modifications to the Works

It appears that the existing works will require to be modified to 

provide the following unit processes :

Aeration

pH adjustment or chlorination 

Reaction vessel 

Flocculation 

Settlement

Aeration would oxygenate the water and drive off some of the 

dissolved carbon dioxide, elevating the pH to around 7.5.
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This would be followed by either chemical addition to raise the pH 

to 8.5, say, or by chlorination. The choice would depend upon the 

results of further laboratory testing and upon environmental and 

practical considerations. If pH adjustment was carried out, then 

causti c soda is 1i kely to be the preferred chemi cal. If 

chlorination was used, then liquid sodium hypochlorite would be 

dosed. In either case the dosage would be determined by 

laboratory testing.

The reaction vessel would have a retention time of around 

15 minutes and would be followed by a hydraulic flocculation 

channel, to encourage the formation of large readily-settleable 

floes.

A suggested layout is shown on Figures 3 and 4. This is a 

conceptual layout, indicating the works required. Further testing 

would refine the layout.

The cost of such a plant would be of the order of £50,000 to 

£70,000 excluding the cost of site supervision and land 

acquisition. Running costs would depend upon chemical use.

5.3 The Sludge Problem

The borehole water has an iron concentration of 10 mg/1. If this 

was to be removed as ferric carbonate, at a flow rate of 7.2 tcmd, 

this is equivalent to a weight of 72 kg of iron/day, or almost 

200 Kg/day of ferric carbonate. Over four months the weight of 

ferric carbonate could be over 20 Tonnes of dry material. As the 

sludge will have a low solids content, the volume of sludge may be 

of the order of two or three hundred cubic metres of material. 

This would cause significant disposal problems.

If the iron was settled out in the existing lagoon, there would be 

a layer of sludge over the whole of the lagoon area. This would 

be thickest in the centre of the lagoon, where the water is 

deepest, and, possibly, at the inlet end.
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The main problem will arise when the lagoon is taken out of 

service and drained down for the winter. As the lagoon empties, 

the sludge on the sides will tend to wash down into the central 

channel, and the central channel itself will be scoured of sludge 

by the movement of water. It is also possible that storms will 

result in very high flows that will produce scouring velocities 

through the lagoon, leading to sludge being washed out into the 

stream.

When the lagoon is taken out of service for the winter the weir 

boards will be removed. In order to reduce the amount of sludge 

lost downstream, precautions would have to be taken. These would 

include :

Part lowering the water level and then desludging the

central part of the lagoon using a suction tanker.

Not fully draining down the lagoon during the winter.

However it is clear that there would inevitably be a loss of 

sludge and that the only satisfactory long term solution is either 

some form of bypass or the construction of a dedicated iron 

removal lagoon off the water course itself.

5.4 Flows Through the System

The flow through a modified plant will obiously depend upon the 

water level in the borehole, the discharge level at the aerator, 

the hydraulic losses in the pipeline, and the pump 

characteristics. In the absence of data on water levels in the 

borehole, the flow has been assessed on the basis of the pump 

curve and data on the levels of the existing facilities. The pump 

has a duty point of 9.07 tcmd at a head of 21 metres. The present 

effective discharge level is approximately 35.9m at the river.

The revised discharge level will be approximately 41m, 

approximately 5m higher.
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If it is assumed that the effect of raising the discharge point 5m 

is to increase the head on the pump from 21 to 26m then, based on 

the pump curve, the discharge will drop to 7.2 tcmd. Lower flows 

could be obtained by throttling on the pump discharge. If a 

higher flow was required then it would be necessary to upgrade the 

pump. It may be possible to increase flows by up to 10% by 

replacing the impeller, but flows in excess of this would 

certainly require a new motor.

5.5 Conclusions

The iron in the borehole water is associated with organic matter, 

which makes it unsuitable for removal by a simple 

aeration/settlement system. Even if the iron was present without 

organic matter, the existing facilities may not perform as 

intended due to low dissolved oxygen and pH.

The laboratory testing indicated that iron was not oxidised or 

precipitated at a significant rate at a pH up to 8.25. Thus 

further testing is required to confirm the conditions necessary 

for iron oxidation and removal with this water.

More consideration needs to be given to the problem of sludge 

production and removal. If NRA's requirement is to prevent iron 

sludge from being washed in to the River Deben then the existing 

lagoon is unsatisfactory and some form ■ of separate settlement 

lagoon off the line of the stream is required. This would be used 

during the period that the well was being pumped, and would be 

drained and the accumulated sludge removed when the well was not 

in use.

A treatment plant using the existing lagoon for settlement would 

cost of the order of £50,000 to £70,000. If a separate new lagoon 

were to be used for settlement then the cost would be higher.
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APPENDIX A 

Results of Laboratory Testing
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RIVER DEBEN AUGMENTATION STUDY - JAR TESTING

1. Jar tests were earned out on Thursday 21.3.91 on samples of borehole water provided 
by WS Atkins Water as detailed in the Business Proposal.

2. The samples were analysed as agreed. A 31 sub-sample was taken for each run, and 
aerated to 75% dissolved oxygen saturation using an aquarium aerator. 75% saturation 
was reached after about 5 minutes, in which time the pH increased from 6.8 to 7.5 in 
each run. The results of the flocculation tests were as follows:

2.1 Ferric sulphate dose

Run Temp
(°C)

Fe
dose
(mg/1)

Time of 
floe
formation
(mins)

Size
of
floe

Partial
Stlmnt
Time

Total
Stlmnt
Time
(mins)

Appear
of
Super
natant

Final
PH

la 8.5 0 0 - - - - -

i t 5 15 small 25% in 
10
mins

40 slight
colour

6.67

i i 10 10 large 50% in 
10
mins

25 very
slight
colour

6.65

lb 10 0 0 - - - - -

i : 15 5 large 50% in 
5 mins

10 clear 6.63

i i 25 2 small
unstable

50% in 
5 mins

10 fine
particles

6.62

Since 15 mg/1 appeared to be the optimum dose, total iron determinations were carried out 
on one sample with a zero dose, and on the supernatant of the 15 mg/1 dose. The results 
were:

Dose (mg/1) Total Iron (mg/1)

0 7.56

15 7.25

2.2 Polyelectrolyte and Organic Coagulant

No floe formation was observed in any of the remaining four runs using LT25, LT22S and 
LT31. No further total iron analyses were performed.



2.3 pH change/rate of C 02 release

The remaining water was continuously aerated until a stable pH was reached. The pH change 
over time was measured and recorded. The results were as follows:

(mins) pH

0 6.85 The initial dissolved oxygen saturation
7.00 was 50%, and reached 75% after about 5

1 7.12 minutes. It would appear from these results,
2 7.26 that 100% saturation was reached after about
3 7.36 11 minutes.
4 7.46 The test was continued for a further 30
5 7.53 minutes in which time the pH changed to 8.28
6 7.61 The sample was allowed to stand for 30
7 7.68 minutes, but significantly no floe formed.
8 7.74
9 7.80
10 7.85
11 7.90
12 7.94
13 7.98
14 8.01
15 8.04
16 8.07
17 8.10
18 8.13
19 8.15
20 8.17
21 8.19
22 8.22
23 8.24
24 8.25
25 8.25
26 8.26
27 8.26
28

Discussion

8.26

Oxidation of ferrous iron in the borehole water was not achieved in these tests. Aeration to 
75% saturation, which gave a pH of 7.5, was not sufficient to convert ferrous to ferric iron. 
Subsequent flocculation with ferric sulphate resulted in an insignificant removal of soluble 
ferrous (ca.4%); no floe was formed after the additions of polyelectrolytes or organic 
coagulant.

Supersaturation of the borehole water for about 1 hour to a pH of 8.28 resulted in no ferrous 
iron oxidation, presumably as a result of the high organic content of the water.



4. Recommendation

These tests have demonstrated that aeration of the borehole water to 75% dissolved oxygen 
saturation will result in an increase in pH to about 7.5, and the pH at 100% saturation will 
be about 7.9. It is known that insoluble ferric iron is precipitated out about 2km downstream 
of the point of discharge to the River Deben, after a nominal retention of 6 hours in a lagoon. 
It is therefore recommended that further tests be carried out on borehole samples aerated to 
various dissolved oxygen saturations between 75% and 100%, and observations made on floe 
formation after standing for 6 hours. Total iron analyses could then be performed on 
supernatant water where floes are formed. If no flocculation was achieved from these tests, 
lime or caustic soda could be added to aerated and unaerated samples in order to adjust the 
pH to 8-10 and thereby achieve oxidation of ferrous iron. It would then be possible to assess 
iron removal at a pH acceptable to the NRA for discharge to the River Deben.


